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Announcing a new generation 
of International Paper Supertrees. 

And not a moment too soon. 

Do you have any idea 
how much paper and wood 
the average American will 
use by the year 2000? 

Over a ton a yea r. 
Now multiply that by 

264.4 million Americans, 
and ask yourself where on 
earth all that paper and 
lumber will come from. 

At International Paper, 
we're \'vorking hard to 
conle up with some ansvvers. 

Like Supertrees. 
The average Supertree 

grows faster, taller, straighter, 
and healthier than ordinary 
pine trees. 

lt produces more wood 
fiber for more paper. And like 
all trees, a Su pertree is a renew
able resource. 

The best of the best. 

How do you breed cham
pionship animals? Simply 
cxplained, you find two cham
pions and mate them. 

At International Paper, 
we've been doing the same 
thing with our Supertrees. 

After years of testing, we've 
mated the best of our original 
Superh'ees, and now we're be
ginning the second-generation 
selections. These new Super-

By 1980, Illtentlltiolllli Pllper will IlI1ve plllllted 
two SlIpertrees for every persoll ill AmericlI. 

trees will be even straighter. 
Even taller. Even healthier than 
their p arents. 

There will be more Super
trees, too. In fact, by 1980, In ter
national Paper will have planted 
two Supertrees for every man, 
woman and child in the country. 

We've been working to 
build the world's fiber supply 
for decades. And not just with 
Su pertrees. 

Other things we're
� 
d·oing. 

We've developed the Land
owner Assistance Program, to 
help small landowners do a 
better job of managing their 
forests. 

We're finding ways to get 
more wood fiber from our trees. 
For example, we're experi ment-

ing with a new machine 
that harvests tap roots that 
used to be left in the 
ground. 

We're moving ahead 
on projects like cooperative 
nurseries. Tree farm pro
grams. Forest research. 

Will all this be enough 
to keep tllC world's fiber 
supply going strong? 

It will help. But more 
must be done. 

At International Paper, we 
believe forest products com
panies, private landowners and 
government should work togeth
er to develop more constructive 
policies for managing America's 
forests. The wrong policies can 
make tree farming impossible 
and force the sale of forest land 
for other purposes. The right 
policies can assure continuation 
of America's forest resources. 

If you'd like more informa
tion about what has to be done 
to assure the world's fiber supply, 
write to: International Paper 
Company, Department 107-A, 
220 East 42nd Street, New York, 
N.Y 10017. 

@ INTERNATIONAL 

1'1 PAPER 
COMPANY 

220 EAST 42NO STREET NEW YORK. NEW YORK 10017 
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SABENA BELGIAN LUFTHANSA GERMAN LAKER AlRWIIYS 
WORLD AIRLINES AIRLINES 

GARUDA 
INDONESIAN AIRWIIYS 

JAPAN AIR LINES 

For a free luggage st icker of your favorite airline flying the DC-10, send us the name of the airline, 
your n a me and address. Write: Box 1 4 526, St. Louis, MO. 63178. 

PAKISTAN 
INTERNATIONAL AIRLINES 

MALAYSIAN 
AIRLINE SYSTEM 

McDonnell Douglas DC-tO: 
more and more airlines like it DecatllSe..----

more and more people like it. 

PHILIPPINE 
AlR LINES 
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WINE TALK 
by Austin, Nichols 

M. de Rausan thought so highly of 
this wine that he dumped it in 
the Thames. 

Rather than sell his claret to London 
merchants at a price he considered 
unworthy, one 18th-century proprie
tor of Chateau Rausan began throw
ing it overboard, cask by precious 
cask. Finally, with four barrels bobbing 
in the river, the wine merchants 
relented. 

Today, we at Austin, Nichols find 
that M. de Rausan's pride was fully 
justified. For the wine from his vine
yard -now known as Chateau Rausan
Segla - is one of the great red wines in 
the world. Among the wines of Mar
gaux-famous for their bouquet-it is 
regarded as exceptionally full and 
fragrant. 

Of Rausan, the wine expert Benja
min Franklin once said, 'This wine I 
import for my self." And of Rausan
Segla, the experts at Austin, Nichols 
say, "This wine we import for you." 

MIS E"1 COUTEllLE AU (HATE/IV 

THE COVER 

The photograph on the cover shows a complete general-purpose computer 
enlarged 3Jf diameters. The actual device is two inches square and .2 inch 
thick and weighs two ounces. One of a family of microcomputers desig
nated TDY 52, it is made by the Teledyne Systems Company (see "Micro
computers," page 32). The unit depicted on the cover is a programmable, 
parallel 16-bit microcomputer. The term "16-bit" defines the length of the 
"word," consisting of O's and 1's, that the machine can handle in its arith
metic operations. Conventional minicomputers, which occupy several cubic 
feet, typically process words of from 12 to 32 bits and are up to 10 times 
faster. Otherwise the tiny Teledyne device can do essentially everything 
that much larger machines can do. The two largest elements are highly 
complex integrated circuits, each containing some 6,000 transistors on a sin
gle chip of silicon. The two chips control the four slightly smaller chips, 
each a four-bit "slice," that incorporate the arithmetic and logiC circuits and 
operate in parallel. These six principal integrated circuits and various small
er ones are made by the National Semiconductor Corporation. Teledyne 
assembles the chips on a ceramic wafer and interconnects them with six 
glass-insulated conducting layers. All told the system incorporates more 
than 100,000 transistors. It communicates with the outside world through 
120 leads, 30 on a side, the ends of which are visible at the edges of the pho
tograph. In quantities between 50 and 500 the Teledyne microcomputer, 
designed chiefly for military systems, sells for $1,295. Other companies 
package chips in less compact form in machines that sell for much less. 
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As your introduction to membership in the BOOK-OF -THE -MONTH CLUB® 

The most comprehensive encyclopedia 
of philosophy ever published ... 
FORONLY 

$1750 ��� �:��::�:: ;11�� ........ year at substantial savings 
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handsome four-volume reader's edition 

ONE OF THE GREATEST repositories of philo
sophical information available anywhere, 

The Encyclopedia of Philosophy is the only major 
philosophical reference work published in English 
since 1901. 

In this unique 5,000,000-word work can be 
found clear, authoritative answers to almost any 
question concerning philosophy - ancient, medi
eval and modern, Eastern as well as Western. And 
because the work represents the collaboration of 
more than 500 philosophers and philosophical 
scholars from twenty-four countries, every shade 
of opinion is represented. No thinker or move
ment is dismissed as too radical, no issue is scanted 
as too controversial. There are articles, for exam
ple, that discuss such contemporary matters as the 
ethics of suicide and euthanasia and the benefits 
and dangers of computing machines. 

Clearly, The Encyclopedia of Philosophy be
longs in every personal library, particularly in 
homes where there are high school or college stu
dents. Up to now its high price has kept it out of 
the reach of most families. But, as a new member 
of the Book-of-the-Month Club, you may own it 
for less than a tenth of the cost of the original 
eight-volume edition. Because only a limited num
ber of sets have been set aside for this offer, you 
are advised to act quickly. 

SPECIAL FEATURES AND EDITORIAL FACTS 
• 4200 pages • Paul Edwards, editor 

in chief • 5,000,000 words 
• Editorial Board of 153 
international scholars • Nearly 1500 articles, 

including 900 on 
individual philosophers 

• Contributors: 500 
specialists from 
twenty-four countries • ISS-page index 

A SMALL SAMPLING OF THE IDEAS 
AND PHILOSOPHERS IN THESE VOLUMES 

Pain 
Nothing 

Truth 

LOCKE 

CONFUCIUS 

ERASMUS 

SARTRE 

RUSSELL 

Atheism 
Free Will 
Nonsense 

Semanlics 
Humanism 
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The Absolute 
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NEWTON 
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I Please enroll me as a member of the Book-of-the-Month Club and send 

I me the four-volume reader's edition of The Encyclopedia 0/ Philosophy, 
I billing me $17.50. I agree to buy at least four Selections or Alternates 

during the first year I am a member, paying in most cases special mem
bers' prices. My membership is cancelable any time after I buy these 
four books. A shipping charge is added to all shipments. 
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three and a half weeks. 
• If you wish to purcha5e the Selection, do nothina and it 
will be shipped to you automatically. 
• If you do not want the Selection - or you would like one 
of the Alternales or no book at all - simply indicate your 
decis.ion on the reply form always enclosed with the News 
and mail it so we receive it by the date specified. 
• If, because of late mail delivery of tl:!e N�ws, you should 
receive a Selection without having had at least 10 days to 

decide whether you .... ant it, that Selection may be re
turned at Club ellpense. 
• If you continue after your trial membership, YOol will 
earn at least one Book·Dividend. Credit for every Selec
lion or Alternate you buy. These Credits enable you to 
acquire for your library a wide variety of books, called 
Book-Dividends, at astonishing savinas - at least 70% 0/ 
publishers' list prices. Under this unique system, more than 
100 Book-Dividends will be available to choose from 
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• All books distributed by the Book-of-the-Month Club 
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LETTERS 
Sirs: 

In his article in the September 1974 
Scientific American ["The Populations 
of the Underdeveloped Countries"] Paul 
Demeny expresses skepticism about the 
potential of family-planning programs 
for reducing fertility. His reasons are 
that "people can be expected to find the 
means to control fertility if they want 
to" and that "people tend to act in ac
cordance with their interests as they 
best see them." It follows that couples 
have large numbers of children because 
they perceive it to be in their best inter
est to have large numbers of children or, 
more simply, because they want large 
numbers of children. 

Two questions arise. First, do poor 
people actually want large families? Sec
ond, have family-planning programs 
been a failure? Demeny's reasoning is 
that the fact poor people have large fam
ilies is itself convincing proof that they 
want large families. No other evidence is 
necessary. If we assume people always 
act in their own best interest, then any
thing they do is ipso facto what they 
want to do. Such reasoning is clearly tau
tological. Quite different explanations 
for such behavior are pOSSible. In the 
case of fertility, couples may not know 
how to avoid having many children; or 
if they know, they may not have access 
to effective methods; or they may be de
terred by religious or social taboos, or 
fear of health hazards, from even trying 
to control their fertility. 

What empirical evidence we have by 
no means supports the contention that 
people in the underdeveloped countries 
want big families. A leading demogra
pher who has done extensive fertility re
search in Latin America says: "In the 
past two decades more systematic infor
mation has been collected concerning 
Third World attitudes toward family size 
than on any other issue in the century. I 
would summarize the results of this re
search as follows: One common theme 
that has come out loud and clear is that 
most poor people do NOT want large 
families." (]. Mayone Stycos, Family 
Planning Perspectives, Vol. 6, No. 3; 
Summer, 1974.) 

Nor does Demeny adduce convincing 
evidence that family-planning programs 
have failed. Studies by his colleagues at 
the Population Council show that in less
developed countries where programs 
employ at least four of the major current 
means of fertility control (conventional 
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contraceptives, IUD's, pills, voluntary 
sterilization and abortion) fertility has 
been declining rapidly. (Parker Mauldin, 
"Assessment of National Family Plan
ning Programs," a paper presented at the 
Population Tribune in Bucharest, Au
gust, 1974.) 

Space forbids any attempt to survey 
the scores of family-planning programs 
operating throughout the world today. 
Two examples will suffice to suggest cau
tion in accepting the sweeping verdict of 
the family-planning opponents. In South 
Korea the total fertility rate fell from 6.2 
in 1960 to 4.2 in 1968. This is almost ex
actly the same decline as occurred in the 
U.S. from 1840 to 1885. The vigorous 
Korean family-planning program is cred
ited by competent researchers with hav
ing had much to do with this greatly ac
celerated drop in fertility, particularly 
since fertility fell in rural areas by nearly 
the same amount as in urban areas. 
"Without the family-planning program, 
the rural fertility decline could have 
been only a fraction of the urban de
cline. Virtually no commercial contra
ceptive outlets existed in rural areas be
fore the program began, and there are 
still few; abortion has become common 
only quite recently." (George Worth et 
aI., "Korea/Taiwan 1970: Report on the 
National Family Planning Programs," 
Studies in Family Planning, Vol. 2, No. 
3, pa.ge 60. The Population Council, 
1971.) 

The other example comes from Tur
key. The total fertility rate in the Etimes
gut district dropped from 4.9 in 1967 to 
3.7 in 1973. Nusret Fisek concludes on 
the basis of an exhaustive study that the 
decline is evidence of "the effectiveness 
of a family-planning program in chang
ing fertility behavior." (Nusret H. Fisek, 
"An Integrated Health/Family Planning 
Program in Etirnesgut District, Turkey," 
Studies in Family Planning, Vol. 5, No. 
7, page 2lO. The Population Council, 
1974.) 

Recent experience in the U.S. is also 
relevant. Many people in the U.S., as 
elsewhere, argued that the poor could 
not be expected to adopt effective meth
ods of fertility regulation unless and un
til they became non poor. Proponents of 
this view opposed any direct program to 
make contraceptives available to low
income people. The skeptics have been 
proved wrong. Large numbers of low
income people have availed themselves 
of the birth-control services offered by a 
greatly expanded network of public and 
private clinics. Fertility rates-and the 
incidence of unwanted births-not only 
have declined but also have dropped 
more rapidly among low-income women 

than among higher-income women. 
(Frederick S. Jaffe, "Public Policy on 
Fertility Control," SCientific American, 
July, 1973.) 

We do not know, of course, if family
planning programs will be sufficiently 
effective sufficiently fast to head off di
sastrous consequences of population 
growth. Even less do we know if the in
direct effects of other development pro
grams on fertility will have the desired 
effect. What we do know, from our brief 
experience so far, is that family-planning 
programs do contribute to the reduction 
of fertility and that they cost very little 
compared with other development ef
forts. The sensible strategy would seem 
to be to push ahead vigorously on the 
family-planning front as well as on the 
other development fronts. A negative at
titude toward family planning, such as 
Demeny's, can only have the unfortu
nate effect of reducing the meager finan
cial support for such programs and sap
ping the enthusiasm and energy with 
which they are carried on. 

ALAN SWEEZY 

Professor of Economics 
Associate Director, Population 

Program 
California Institute of Technology 
Pasadena 

Sirs: 
When people say that they do not 

want to have large families but in fact 
keep having them, one must wonder 
about the reliability of the instruments 
that measure their wishes "loud and 
clear." More fundamentally, one must be 
mistrustful of the pertinence of a notion 
of wishes that are so neatly contradicted 
by actual behavior. If people want to 
have fewer children, why do they not 
have fewer children? To say that they 
do not know how to prevent them is 
hardly persuasive. Don't they know 
where babies come from? The question 
is neither callous nor irrelevant. There is 
ample historical evidence, including ev
idence from populations that were once 
poor, rural and illiterate, that fertility 
can be greatly reduced without access to 
modern methods of contraception. There 
is no reason to assume that the same 
thing would not happen anywhere in 
the contemporary world if that is what 
people really wanted. 

Trying to answer the question of what 
people "really" want of course leads us 
straight into the domain of metaphysics. 
The need is for conceptual categories 
that make useful analysis and interpreta-

© 1975 SCIENTIFIC AMERICAN, INC



A dramatic introduction to the benefits you'll enjoy as a member of the 
QUALITY PAPERBACK BOOK SERVICE 

We will send you at once the 

Yale University 
Complete Shakespeare 
All the plays and poems in 40 handsome volumes 
for only 51250 [ Publisher's list price: $80 ] 

If you join the Quality Paperback Book Service now and 
agree to buy six more books or sets within the next year 

H
ERE'S an extraordinary opportunity 

for those who collect the classics in 
fine paperback editions. You can add the 
complete forty-volume Yale University 
paperback edition of all Shakespeare's plays 
and poems-an 580 value-to your library 
for only 512.50, with membership. 

This edition not only includes all the plays 
and poems; it also contains a wealth of 
background information prepared by di.s-

tinguished Shakespeare scholars to help 
you gain a deeper understanding of Shake
speare and his works: copious notes, ex
planations of the sources and history of 
each play, useful glossaries of obscure 
words and phrases. Moreover, this paper
back edition is one of the most readable 
Shakespeares in print. 

As a QPB member, you'll save money on 
many of today's most significant paper-

backs. Every Main Selection comes to you 
at a full 20,),0 discount, and you'll also qual
ify immediately for our Free Book Plan. 

If you've been frustrated by the diffi
culty -perhaps the impossibility -of lo
cating good books in economical paper
back editions, give the QPB the short 
trial outlined. You have everything to 
gain, including the forty-volume Yale 
University Complete Shakespeare. 

HOW MEMBERSWP WORKS r-------------
QUALITY PAP ERBACK BOOK SERVICE, INC. You will receive the QPB Review fifteen times a year 

-about every 3Y2·weeks. This informative catalog de
scribes the Main Selection plus at least fifty Alter
nates. The Main Selection is always offered at a 20% 
discount. 

2 If you want the Main Selection, do nothing. It will 
be shipped to you automatically If you want one or 
more of the Alternates-or no book at all -just indi
cate your decision on the reply form always enclosed 
with the Review and return it by the date specified. 

3 Free books. For every book or set you buy (exclusive 
of the Yale University Complete Shakespeare, your in
troductory forty-volume set for S12.50) you earn at 
least one Bonus Point, and the Bonus Points you 
accumulate entitle you to free books and sets. (You 
pay only shipping charges.) 

4 Return privilege. If your Review is delayed in the 
mail and therefore you receive the Main Selection 
without having had ten days to notify us if you did 
not want it, you may return that Selection at our 
eXejpbpcnsec· 

QUALITY PAPERBACK 
BOOK SERVICE, INC. 
Middletown, Pennsylvania 17057 
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Move to New York one year. Jump 

to California the next. The old 

executive game can get pretty tire· 

some-unless you put yourself in 

the hands of Gallery of Homes 

professionals. They'll find a new 

home fast, give your old home 

nationwide exposure for a quick 

sale, then help with financing, 

transportation, and moving. Let 

Gallery in on the game today and 

come up a winner. 

Call Toll Free (8001 323·3898 
Ask for Mrs. Johnson 

GALLERY OF HOMES, INC. SI·1 
579 W. North Ave. 

Elmhurst, Illinois 60126 
am interested in detailed infor· 

mation on these cities: 

Name ____________________ __ 

Address: _________________ _ 

City. State __ Zip ___ OPlease send me your FREE 
photo magazines of homes for 
sale across the USA. 
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tion possible. The assumption that what 
people actually do indicates that they 
prefer that particular course of action 
to all alternatives available to them 
opens the door for a systematic investi
gation of how choices are affected when 
specific circumstances change. Since 
such a notion of preference is central to 
economic analysis, Professor Sweezy's 
complaint about applying such "tauto
logical reasoning" to the understanding 
of fertility choices is quite puzzling. 
More seriously, reluctance to see high 
fertility in the case of an individual cou
ple as a plausible expression of what is 
best for that couple when all elements 
that influence fertility decisions are tak
en into account has been and remains re
sponsible for much wishful thinking and 
lopsided advice in designing population 
policy. 

Knowledge of and access to contra
ceptives is only one of the many ele
ments that condition fertility choices. It 
is hardly ever the dominant element. In 
the U.S., for instance, fertility (after 
more than a century of steady decline) 
reached below replacement levels in the 
1930's. The postwar period brought a 
baby boom. Did people forget how to 
practice birth control? The boom ended 
and fertility resumed its downwar:d 
course well before the advent of the pill 
and easy abortion. 

The situation in less-developed coun
tries defies easy generalization. That 
lowering the price of birth control in
creases the demand for it is not in ques
tion. The question is: By how much is 
the demand increased? One cannot tell 
without actual experience. The record 
thus far is at best mixed. Where socioec
onomic change has been rapid, programs 
are quite successful, although success is 
perhaps best understood as demonstrat
ing the emergence of demand rather 
than creating it. Elsewhere the accom
plishments appear less promising. Pro
fessor Sweezy is clearly more inclined to 
describe the results of family-planning 
programs in optimistic terms than I am; 
it may simply be a matter of tempera
ment. To ascribe the existence of persist
ing high fertility in much of the world 
primarily to inability to control fertility, 
however, is to take a patently unten
able position. 

It does not follow that efforts to pro
vide better knowledge of and access to 
contraceptives are not worth while. I am 
certainly well aware of the "scores of 
family-planning programs operating 
throughout the world today," and I said 
in my article that their "potential is far 
from having been exhausted," a position 
certainly consistent with the advocacy of 

vigorous expansion of family-planning 
programs. 

Paradoxically, to call for family-plan
ning programs on the ground that people 
want to control their own fertility has 
provided less than adequate impetus to 
vigorous expansion of such programs in 
many developing countries. Indeed, a 
disproportionately heavy share of both 
advocacy and financing remains of for
eign origin. Needs for all kinds of ser
vices are all too numerous and all too 
poorly satisfied; if the need for family 
planning is seen as being merely one of 
them, it is not unnaturally perceived as 
being a matter of low priority. To give 
action (including family-planning pro
grams) in the population field greater ur
gency and better domestic support than 
it now has requires an analysis and iden
tification of the population problem that 
cuts deeper than the facile diagnosis that 
couples would like to have lower fertility 
but simply do not know how to go about 
it. 

PAULDEMENY 

The Population Council 
New York 
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50 AND tOO 

YEARS AGO 

MAY, 1925: "In semidesert Bechu
analand in South Africa there has just 
been found the almost perfect fossil skull 
and jawbone of an extinct creature de
scribed by its sponsor, Professor Ray
mond A. Dart of the University of the 
Witwatersrand, as intermediate in type 
between the living anthropoid apes and 
man. The new fossil has been named 
Australopithecus africanus, or "South 
African ape," but it will probably also 
come to be known under the designation 
of the Taungs skull, from the name of 
the community near which the remark
able fossil was discovered." 

"What is the strange process by which 
such a vast store of heat is created in the 
stars? Several answers have been given, 
of which the most radical of all now ap
pears to be the best. Ever since the dis
covery of radioactivity it has been real
ized that matter possesses enormous 
internal energy by virtue of its own con
stitution. This relation, at first vague and 
speculative, was reduced to quantitative 
form by Einstein, who concluded that 
mass and energy should be inter convert
ible. If matter is transformed into heat 
in the stars, a tremendous amount of 
heat may be created at the expense of a 
slow decrease in mass." 

"Thousands of universes, each similar 
to the lens-shaped galaxy of stars of 
which our sun is an insignificant mem
ber, with the nearest universe so distant 
that its light travels for a million years 
before it reaches us, have been shown 
to exist by Dr. Edwin P. Hubble. 
Through telescopes these universes ap
pear to be clouds of light, more or less 
circular and with a spiral structure. By 
means of variable stars in these distant 
galaxies the distance of a few of them 
has been determined, and in the opinion 
of Dr. Harlow Shapley, director of the 
Harvard College Observatory, this proves 
the theory that they are 'island universes' 
lying entirely outside our own system." 

"Trees that give weather reports for 
ages long past when there was no other 
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weather bureau to record them are de
scribed by Professor A. E. Douglass of 
the University of Arizona. After discov
ering a correlation between known his
torical climatic conditions and compara
tively recent tree rings, Professor Doug
lass began to carry his researches back 
into earlier centuries, using trees of the 
ages-old forests of the Southwest as his 
time sticks." 

"William Jennings Bryan, the rec
ognized leader of anti-evolutionary 
thought, is ignorant of the facts of evolu
tion and has no legitimate claim to pop
ular leadership in such an issue. This 
was the statement made by Professor 
Edward L. Rice before the American 
Association for the Advancement of 
Science. Although Mr. Bryan recently 
joined this great association himself, and 
it is hoped that he will now become let
ter-perfect in the scientist's point of view, 
an analysis of his writings against evolu
tion shows that he has not taken the 
pains to inform himself on the subject. 
Professor Rice suggests that Mr. Bryan 
should get down to facts rather than 
opinions and concludes that Mr. Bryan 
advances no new evidence but ignores or 
denies the data collected by scientists." 

MAY, 1875: "When Lyell and the rest 
of the uniformitarian school of geology 
began to attribute all geological changes 
to the protracted operation of the influ
ences now remodeling the earth's sur
face, it was objected that time was too 
short for such proceedings. By Darwin's 
day such objections were worn out. Men 
had become accustomed to granting 
hundreds of millenniums for the periods 
of the geologist, yet they stood aghast at 
the demand for more. Geology had been 
modest in its demands compared with 
the rising science of biology. Darwin's 
theory called for an extension of time 
compared with which that of the geo
logical record was small, and his oppo
nents refused. Now we learn that, what
ever objections may be urged against the 
evolution theory, lack of time for the 
slow development of creation is not one 
of them. The soundings of the Challenger 
expedition give a clue to ages of life 
whose duration dwarfs to insignificance 
that of the periods between the Lower 
Silurian and the present, the limits for
merly set for the duration of life on the 
earth. Vast periods covered by the dep
osition of many thousands of feet of 
Cam brian and Laurentian rock must now 

be added, and even they do not bring us 
sensibly nearer to the beginning," 

"Dr. W. A. Hammond, president of 
the Neurological Society, recently de
livered an address before that body ad
vocating the theory that the spinal cord 
shares with the brain the faculties of 
perception and volition. Dr. Hammond 
reviewed experiments showing that a 
frog from which the brain has been re
moved continues to perform those func
tions that are immediately connected 
with the maintenance of life. The heart 
beats and the stomach digests; if the web 
between the toes is pinched, the limb is 
immediately withdrawn; if the shoulder 
is scratched with a needle, the hind foot 
of the same side is raised to remove the 
instrument. Dr. Hammond said he did 
not contend that the spinal cord is, in 
the normal condition of the animal body, 
as important a center of mental influence 
as the brain. But it seems we are justified 
in concluding that the faculties of per
ception and volition are seated in the 
cord as well as in the central ganglia." 

"The names of Croce-Spinelli and 
Sivel, two of the most daring and suc
cessful of French aeronauts, are now to 
be added to the long list of those who 
have laid down their lives in the cause of 
science. In company with M. Gaston 
Tissandier they attempted to ascend to a 
higher altitude than had ever before 
been reached. The balloon Zenith start
ed on its voyage from Paris, shot direct
ly upward and reached a height of 
21,000 feet in a very few minutes. At 
this elevation the aeronauts inhaled a 
little oxygen from a respirator. Then 
three of the nine 80-pound bags of sand 
were emptied and the ascent continued. 
Sivel soon became intoxicated with re
peated doses of oxygen and in his ex
hilaration threw over the respirator as 
well as the ballast and a number of the 
instruments. Again the Zenith soared 
aloft, and Tissandier, as he lapsed into a 
stupor, read from the barometer an al
titude of 29,000 feet. When he awoke 
two hours later, the balloon was falling 
and both his companions were dead of 
suffoca tion." 

"It is now accepted that storms are 
circular, and that most of them extend 
over a space hundreds of miles in ex
tent, and often 1,000 or more. The 
storms are not only circular but also ro
tary, and they advance across the coun
try at a rate varying from 200 or 300 to 
much more than 1,000 miles per day. 
Their average direction is a little north 
of east." 
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THE AUTHORS 
FRANK PRESS ("Earthquake Predic

tion") is professor of geophysics and 
chairman of the department of earth and 
planetary sciences at the Massachusetts 
Institute of Technology. A graduate of 
the City College of New York, he ob
tained his M.A. and Ph.D. from Colum
bia University in 1946 and 1949 respec
tively. He taught geology at Columbia 
for several years before being appointed 
professor of geophysics and director of 
the seismological laboratory at the Cal
ifornia Institute of Technology in 1955. 
He moved to M.LT. in 1965. Press 
served as chairman of the Earthquake 
Prediction Panel of the U.S. Office of 
Science and Technology and has been 
chairman of the board of advisers of the 
Geological Survey's National Center for 
Earthquake Research since the center's 
inception in 1966. He is also currently a 
member of the National Science Board. 

DEBORAH H. SPECTOR and DA
VID BALTIMORE ("The Molecular Bi
ology of Poliovirus") work together at the 
Center for Cancer Research of the Mas
sachusetts Institute of Technology. Spec
tor, who received her bachelor's degree 
from Smith College in 1971, began her 
Ph.D. training at M.LT. at the same time 
that her husband entered medical school. 
"The combination has enhanced both of 
our approaches to science," she writes, 
noting that it has given her "the oppor
tunity to discuss the implications and rel
evance of basic research for the medical 
sciences." Baltimore is American Can
cer Society Professor of Microbiology at 
M.LT. and consulting scientist at the 
Children's Hospital Medical Center and 
the Children's Cancer Research Founda
tion in Boston. He did his undergradu
ate work at Swarthmore College and his 
graduate work at M.I.T. and Rockefeller 
University, acquiring a Ph.D. from the 
latter institution in 1964. He was a re
search associate at the Salk Institute for 
Biological Studies for several years be
fore joining the M.I.T. faculty in 1968. 
He comments that "I am perhaps best 
known outside the community of virolo
gists for my work on reverse transcript
ase, the enzyme that synthesizes a DNA 
product of the RNA genome of RNA tu
mor viruses." 

ANDRE G. V ACROUX ("Microcom
puters") is a member of the technical 
staff of Bell Laboratories in Holmdel, 
N.J. A native of France, he studied mod-

ern languages, specializing in Russian, at 
the Ecole Nationale Superieure des 
Langues Orientales Vivantes in Paris at 
the same time that he attended the Ecole 
Superieure d'Electricite, receiving his 
Diplome d'Ingenieur from the latter in
stitution in 1959. He then came to the 
U.S., where he earned an M.S. in electri
cal engineering from the University of 
Notre Dame in 1961 and a Ph.D. in 
mechanical engineering from Purdue 
University in 1963. He was at the Illi
nois Institute of Technology until 1972, 
when he joined Bell Laboratories. 

GREGORY J. CHAITIN ("Random
ness and Mathematical Proof") lives and 
works in Buenos Aires, where he carries 
on his mathematical research "essential
ly as a hobby." Born in Chicago in 1947, 
Chaitin grew up in New York City, 
where he attended the Bronx High 
School of Science and the City College 
of the City University of New York. At 
the age of 11, he reports, "I won a first 
prize in the school science fair with a 
van de Graaff electrostatic generator 
based on a design in 'The Amateur Sci
entist' department of Scientific Ameri
can. By junior high I began to concen
trate my reading on mathematics and 
computers, and at the age of 15 I was 
able to actually play with computers, 
thanks to the Columbia University Sci
ence Honors Program." Chaitin devel
oped his ideas on a definition of ran
domness based on the computer during 
his first year at City College. He left col
lege without a degree in 1966 and 
moved with his parents to Buenos Aires, 
where he went to work for the IBM 
World Trade Corporation as a computer 
programmer. He also teaches courses on 
computers and mathematics at the Uni
versity of Buenos Aires and has been in
vited to lecture on his research at a num
ber of universities in the U.S. 

BRIAN C. R. BERTRAM ("The Social 
System of Lions") teaches animal behav
ior at the University of Cambridge. Fol
lowing his graduation from Cambridge 
in 1965, Bertram spent two years in In
dia studying the Indian hill myna bird. 
He wrote up the results of this research 
for a Ph.D., which he received from 
Cambridge in 1969. His fieldwork on 
lions, which forms the basis of the pres
ent article, was done at the Serengeti Re
search Institute in Tanzania between 
1969 and 1973. He writes: "I wish to 
thank the directors of the Tanzania Na
tional Parks and the Serengeti Research 
Institute for permission to work in the 
Serengeti; this is S.R.I. Publication No. 
172. I am also grateful to the Natural 

Environment Research Council, U .K., 
to the Royal Society, London, and to the 
African Wildlife Leadership Foundation, 
Washington, D. C., for financial support." 

STUART PLATTNER ("Rural Mar
ket Networks") teaches anthropology at 
the University of Missouri at St. Louis. 
After studying fine arts at Cooper Union 
in New York, Plattner went to work as a 
graphic designer. "After a few years," he 
relates, "I realized that I wanted to learn 
more about the world, and so I entered 
the School of General Studies at Colum
bia University. I majored in anthropol
ogy and received my B.S. at Columbia 
and my M.A. and Ph.D. from Stanford 
University. I wrote 'Rural Market Net
works' while teaching anthropology with 
the Fulbright program at the University 
of San Antonio Abad in Peru. At present 
I am living in Chiapas in Mexico, contin
uing my studies of the economics of 
itinerant peddling in a developing area." 

CARL SAGAN and FRANK DRAKE 
("The Search for Extraterrestrial Intelli
gence") are professors of astronomy at 
Cornell University, where Sagan is di
rector of the Laboratory for Planetary 
Studies and Drake is director of the Na
tional Astronomy and Ionosphere Cen
ter. "In returning from the International 
Astronomical Union meetings in Sydney 
in 1973," they write, "we spent some 
days skin-diving in Bora Bora in Tahiti, 
where our Scientific American article 
was first devised. Since Polynesia had 
been settled by voyagers crossing thou
sands of kilometers of ocean, we thought 
a two-kilometer journey by outrigger 
canoe would be a modest homage to 
those intrepid explorers, particularly 
since we were assured that such canoes 
are unsinkable. We discovered that this 
is true; when they are swamped, they 
only sink as far as the shoulders of the 
passenger, and the outrigger affords 
some discouragement to those sharks 
that are to starboard. The experience 
confirmed our belief that radio com
munication is easier than direct contact." 

HENRY S. HORN ("Forest Succes
sion") is a Princeton University professor 
of biology currently on leave at the Har
vard Forest in Petersham, Mass. A 1962 
graduate of Harvard College, he re
ceived his advanced training at the Uni
versity of Washington, where he ob
tained a doctorate in zoology in 1966. 
He has been a member of the Princeton 
faculty ever since. Among his major in
terests apart from the theme of his arti
cle he lists "family, butterflies, carpentry 
and music." 
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MEASUREMENTBcOMPUTATION: changing things for the better-------

STIMULUS MEASUREMENT 

UNIT 
UNDER TEST 

A new standard communications 
link that facilitates conversation 
among instruments. 

It wasn't long ago that all instruments were 
in human terms, totally deaf and dumb. They

' 

could not hear instructions so you made them do 
their job by setting knobs and switches. And 
when the job was done, they could not tell you 
the results; the only way to find out was to read, 
and then analyze, their displays. 

Many instruments have since learned to "talk." 
On command, they can output measurement re
sults and transmit them remotely in code. More 
and more are being equipped to "listen": send 
them prearranged signals and they can program 
their own controls, remotely. Add a control func
tion to such instruments-to tell them when to 
talk and when to listen-and they can com
municate with each other automatically. 

This sounds easy, but it hasn't been. Although 
the three basic elements for automatic instrumen
tation systems-talkers, listeners, and control
lers-are readily available, one who sets out to 
?esign and assemble such a system quickly runs 
mto severe frustrations. The different elements 
are ra:ely compa�ible; more often than not, they 
use �Ifferent logiC, speak a different language, 
and mterconnect with different hardware. 

Avoiding this electronic Tower of Babel is 
what the Hewlett-Packard Interface Bus (HP-IB) is 
all about. A standard interface system, the HP-IB 
forms a basic communications link that allows 
interconnected system components to communi
cate effectively, in an orderly and unambiguous 
manner. The interface system involves much 
more th�n the stan

.
dardization of in terconnecting 

c��l�s; It 
.
als

.
o defmes the interface logic capa

bilities wlthm the system instruments, the scope 
of the data codes used on the interface, and the 
timing and control techniques for exchanging 
messages. 

To talk or to listen : never a doubt. 
In the HP Interface Bus, all system devices are 

exposed to all system communications. But a 
device can neither send nor receive a message 
unless told to do so by the system controller: at 
any given time, it can be either a talker or a 
listener, but not both. Listeners receive program
ming data from a controller or measurement data 
from talkers; talkers send measurement data to 
listeners. There can never be more than one active 
controller or one talker at the same time but there 
can be as many as 14 concurrent liste�ers. 

Depending on its capabilities, a device may 
play more than one role at different times. A cal
culator or computer, for example, can be talker, 
listener, or controller; a programmable digital 
voltmeter alternately talks when it outputs its 
measurement and listens when it's being pro
grammed; a paper punch can only play the role 
of listener. 

The bus: a common interconnection. 

All system devices are interconnected on a 
common set of 16 signal lines. Eight of these 
lines form the data bus which carries all data 
messages bidirectionally between talkers and 
listeners, in bit-parallel byte-serial fashion. The 
transfer bus uses three lines to ensure that data is 
interchanged only from the intended talker to 
t�e designated listeners, through an interroga
tIOn and reply sequence. The remaining five sig
nal lines constitute the control bus, by which the 
controller directs an orderly flow of information 
across the interface, sending commands to the 
devices and receiving service requests from 
them. Although system control is always dele
gated (never assumed), it may be shifted from 
one system device to another. 

HP-IB simplifies systems, small or large. 

An HP-IB system can consist of one talker one 
listener, and no controller; for example, a co�nter 
and digital printer for semi-automatic data log
ging. At the other extreme, a completely auto-
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matic system may include as many as 15 instru
ments possessing stimulus, measurement, dis
play, storage, and control capabilities. Whether 
a calculator, computer, or the processor of a 
"smart" instrument, the controller operates the 
entire system through an interface connection (a 
single I/O card)-an obvious economy compared 
to non-bus systems that require one I/O card for 
each instrument. 

System configuration: fundamental problems 
solved. 

Although the HP-IB does not provide instant 
systems, it does solve the fundamental interface 
problems that have plagued instrumentation 
system designers and users until now. Designers 
·no longer need to invent custom interfaces for 
each new product; users no longer need to famil
iarize themselves with an interface unique to 
each new product. Cable and connector problems 
are minimized by the use of a simple, passive 
cable interconnection system. 

HP-IB protocol allows the designer to assign 
talk and listen addresses to each device to suit 
his purposes. Each address is set at the device 
to any desired value, through a switch on a rear 
panel, jumper wires on a PC board, or other con
venient means. 

The HP-IB imposes minimal functional re
strictions on data transfer between a talker and a 
listener. For example, data bytes may consist of 
from one to eight bits. Once a device is addressed, 
data can be transferred using any coding and 
format convention appropriate to the application. 
The most commonly used codes are the printable 
characters of the ASCII code set, and the number 

HEWLETT iJIJ PACKARD 

Sales and service from 172 offices in 65 countries. 

Palo Alto, California 94304 

representations are typically FORTRAN 
compatible. 

Minimal timing restrictions are imposed on the 
data rates by the HP-IB. Data is transferred 
asynchronously at a rate that suits the devices 
involved; burst rates of 1 megabyte per second are 
possible over limited distances. Data may be 
transferred directly between devices, thus re
ducing message traffic on the bus. 

More than a theory, HP-IB is a reality now. 

Within Hewlett-Packard, the common inter
face concept has already been incorporated into 
a growing list of more than 25 instruments and 
accessory products as well as our computers and 
programmable desk-top calculators. Addition
ally, the HP-IB is our implementation of new 
IEEE Standard 488- 1975-and it has served as a 
model for the IEC Recommendation recently 
released for ballot among member nations. Thus 
the possibility exists that this concept will be
come internationally applicable to the inter
facing of instruments, without regard to manu
facturer or nation of origin. 

Obviously an idea whose time has come, the 
common interface is here now, still another as
pect of the new measurement technology that is 
taking shape at Hewlett-Packard. 

For more information, write to us. Hewlett
Packard, 1504 Page Mill Road, Palo Alto, 
California 94304. 

Mail to: Hewlett-Packard, 1504 Page Mill Road. Palo Alto, CA 94304. 

Please send me further information on the 

Hewlett-Packard Interface Bus. 

Name _________ Tille _____ _ 

Company _______________ _ 

Address _______________ _ 

Cily _______ Slale ___ Zip ___ _ 
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Earthquake Prediction 

Recent technical advances have brought this long-sought goal within 

reach. With adequate funding several countries, including the U.S., 
could achieve reliable long-term and short-term forecasts in a decade 

The forecasting of catastrophe is an 
ancient and respected occupation. 
It is only in recent years, however, 

that earthquake prediction has parted 
company with soothsaying and astrology 
to become a scientifically rigorous pur
suit. At present hundreds of geophysi
cists and geologists, mainly in the U.S., 
the U.S.S.R., Japan and China, are en
gaged in research with earthquake pre
diction as the direct goal. Most of these 

D NO DAMAGE 
o MINOR DAMAGE 
CJ MODERATE DAMAGE 
• MAJOR DAMAGE 

by Frank Press 

investigators believe that the goal is at
tainable. Some are more pessimistic. A 
few actually think that the side effects of 
prediction might be worse than the ben
efits and that the goal should be aban
doned. Research on earthquake predic
tion therefore exemplifies many of the 
problems that face modem society: tech
nology assessment, the design and orga
nization of a massive mission-oriented 
project, the competition for funds and 

RISK OF DAMAGE FROM EARTHQUAKES is assessed in a broad, climatological sense 
in this map of the U.S., based on information compiled by the Coast and Geodetic Survey. 

The map is based primarily on historical records of destructive earthquakes and does not 
take into account the' fact that earthquake tremors are much more frequent in the Western 

states than elsewhere. A third of the nation's population live in two darkest·colored regions. 
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the political niceties of an undertaking 
involving admittance to previously in
accessible regions of another country. 

I share the view of most of my col
leagues that earthquake prediction is a 
highly desirable goal. Because of the 
large increase of population density in 
the earthquake-prone sections of the 
U.S., the potential loss from an earth
quake as strong as the San Francisco 
shocks of 1906 could be as high as tens 
of thousands dead and hundreds of thou
sands injured, with property damage 
measured in the billions of dollars. A 
catastrophe on this scale would be un
precedented in the history of the coun
try, yet it is an event that most seismolo
gists expect to occur sooner or later. The 
seismic-risk map of the U.S. shows the 
most probable locations of strong earth
quakes [see illustration at left.]. The map 
is based primarily on earthquake his
tory; it does not take into account the 
frequency of occurrence. Hence Boston 
is shown to be as risky as Los Angeles 
(mainly because of a single great quake 
that occurred in the Boston area in 
1755), even though tremors are 10 times 
less frequent on the East Coast than on 
the West Coast. It is a sobering thought 
that a third of the nation's population 
live in the two regions of highest risk. 

Preliminary results of current inves
tigations indicate that predictions of 
strong earthquakes could be made many 
years in advance. It also appears likely 
that a method for making short-term 
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predictions, as short as weeks or even 
days, will be developed. With this dual 
capability it should become possible to 
devise a remedial strategy that could 
greatly reduce casualties and lower 
property damage. For example, the long
range prediction of a speCific event could 
spur the strengthening of existing struc
tures in the threatened area and moti
vate authorities there to enforce current 
building and land-use regulations and to 
revise such codes for new construction. 
A public-education campaign on safety 
procedures could also be instituted. 

Short-term prediction could mobilize 
disaster-relief operations and set in mo
tion procedures for the evacuation of 
weak structures or particularly flamma
ble or otherwise hazardous areas. The 
shutdown of special facilities, such as 
nuclear power plants and gas pipelines, 
and the evacuation of low-lying coast
al areas subject to tsunamis, or "tidal 
waves," could also follow a short-term 
forecast. 

The problem of how one communi
cates an earthquake prediction to the 
public and the consequences that flow 
from such warnings (and from possible 
false alarms) are now being examined. 
Research into the social aspects of earth
quake prediction will presumably ad
vance along with progress toward a 
physical solution of the problem. For 
these reasons most experts consider the 
ability to predict earthquakes to be jus
tifiable on both humanitarian and eco
nomic grounds. 

W ith the advent of the theory of plate 
tectonics the distribution of earth

quake belts around the world became 
understandable. According to this view, 
the earth's lithosphere, or outer shell, 
is divided into perhaps a dozen rigid 
plates that move with respect to one an
other. Most of the large-scale active 
processes of geology-vulcanism, moun
tain-building, the formation of oceanic 
trenches, earthquakes-are concentrated 
at or near plate boundaries [see illustra
tion on next two pages]. It is easy to see 
why stresses build up along plate bound
aries, where the relative motion of the 
plates is resisted by frictional forces. 
When the stress increases to the point 
where it exceeds the strength of the 
rocks of the lithosphere or overcomes 
the frictional forces at the boundary of 
a plate, fracturing occurs and an earth
quake results. The plate-tectonic model 
combined with earthquake statistics al
ready makes it possible to predict earth
quakes in the climatological sense of 
identifying particularly dangerous areas 

HOUSING TRACTS constructed within the San Andreas Fault zone near San Francisco 

appear in the aerial photograph at bottom, made by Robert E. Wallace of the Geological 

Survey in 1966; the photograph at top shows the same scene approximately 10 years earlier. 

Solid white line in each view traces the approximate position of fault along which the 

ground ruptured and slipped some two meters during the great earthquake of 1906. Broken 

white lines give approximate boundaries of main fault zone. Pacific Ocean is at lower left . 
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and estimating the relative degree of 
danger. What is needed, however, is 
prediction more akin to weather fore
casting: Where and when is the next 
earthquake likely to take place? 

A combination of laboratory and field 
experiments over the past five years has 
led to a breakthrough in thinking about 
the problem of earthquake prediction. 
When a rock is squeezed, it deforms and 
eventually breaks. Just before it breaks 
it swells, owing to the opening and ex
tension of tiny cracks. This inelastic in
crease in volume, a phenomenon long 
known to laboratory experimenters as 
dilatancy, begins when the stress reaches 
about half the breaking strength of the 
rock. In the mid-1960's William F. Brace 
and his colleagues at the Massachusetts 
Institute of Technology showed that 
measurable physical changes accompa
ny dilatancy in laboratory experiments; 

such effects include changes in the elec
trical resistivity of the rock and in the 
velocity at which elastic waves travel 
through the rock. Brace suggested that 
dilatancy and its effects might be de
tectable in the earth's crust and provide 
a basis for earthquake prediction; his 
suggestion generated much excitement 
at the time because it opened up the 
possibility that premonitory physical 
changes could be observed in advance of 
earthquakes. 

In the late 1960's two Russian investi
gators, A. N. Semenov and I. L. Nerse
sov, startled the seismological world 
with a report that unusual variations in 
the velocity of seismic waves appeared 
just before earthquakes in the Carm re
gion of Tadzhikistan. Subsequently the 
Russians announced that in earthquake
epicenter regions in Carm, Tashkent and 
Kamchatka they had detected changes 
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both in electrical resistivity and in the 
content of the radioactive gas radon in 
the water of deep wells. 

These reports triggered a Hurry of 
activity in the U.S. American seismolo
gists went to the U.S.S.R. to see the data 
firsthand. They also began arranging 
their own experiments in order to ob
serve the precursory phenomena. Tech
nical papers on these phenomena au
thored by Russian, American and Japa
nese workers began to be presented in 
increasing numbers at scientific meet
ings and in journals. Last year a group of 
American geologists and geophysicists 
visited China and found a large-scale 
earthquake-prediction program under 
way, with important results that had not 
yet been reported at international meet
ings or in publications. 

It is fortunate that a number of earth
quake precursors have been found, each 

" 
< 

:, 

PACIFIC PLATE 

EPICENTERS OF 30,000 EARTHQUAKES recorded between 1961 

and 1967 are indicated on this world map plotted by M. Barazangi 

and H. J. Dorman of Columbia University on the basis of informa· 
tion supplied by the Coast and Geodetic Survey. Also shown are 

the dozen or so moving plates that, according to the modern the· 

ory of plate tectonics, comprise the earth's rigid outer shell Most 

earthquakes take place at or near plate boundaries, where the rela· 

tive motion of the plates is resisted by frictional sticking until the 

stress builds up to the point where the rock fractures, causing an 
earthquake. Intraplate earthquakes, such as those that appear in the 
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based on a different physical measure
ment. Confidence in a prediction is en
hanced when it is based on several in
dependent lines of evidence, each with 
its distinctive "noise" history and its 
distinctive anomaly signaling an earth
quake. How are the precursory anoma
lies observed? 

An array of seismographs can be used 
to sense precursory changes in the ve
locity of compressional waves and shear 
waves in the focal region of an earth
quake [see illustration on next page]. The 
seismic waves originate in smaller earth
quakes within the focal region, in larger 
earthquakes outside the focal region or 
in artificial sources such as explosions 
or mechanical devices. Such anomalous 
changes have been observed in sever
al parts of the U.S., the U.S.S.R. and 
China. 

Seismically active regions have many 

SOUTH 

AMERICAN 

PLATE 
� 

eastern U.S., are rare but can be destructive. 
China, squeezed by large plates on the south 

and the east, has a high level of seismic 

activity, which may be attributable to the 

existence of "mini plates" in central Asia. 

more small earthquakes than large ones. 
This "background" of small tremors var
ies in time. Periods of calm before a 
strong shock are frequently observed; 
the background activity appears to go 
through a minimum and then to increase 
just before the main shock. The pattern 
of radiation of seismic waves reflects the 
stress field in the crust. In central Asia 
Russian investigators have found that 
the stress pattern shown by the small 
tremors is random during the calm pe
riod but becomes highly organized be
ginning three or four months before the 
main shock. The compressional stresses 
become aligned in the same direction as 
that of the forthcoming main shock. 

Another approach is to measure 
anomalous changes in the volume of 
crustal rock in the focal region. The 
changes can be observed by tiltmeters, 
by devices for monitoring changes in sea 
level (corrected for oceanographic and 
meteorological effects) and by repeated 
surveying. In parts of Japan and China 
historical records of precursory changes 
in the level of lakes, rivers or the sea, 
sometimes dating back hundreds of 
years, may be related to the same phe
nomena [see illustration on page 19]. 

Precursory changes in water level, 
water turbidity and temperature in deep 
wells can be observed visually or with 
instruments. Observing the radon con
tent of well water, a technique used ex
tensively in the U.S.S.R. and China, also 
seems to be a sensitive indicator of forth
coming seismic activity [see top illustra
tion on page 21]. 

If an electric current is fed into the 
earth's crust between two points several 
kilometers apart, voltage changes be
tween two other points will show up if 
the resistivity of the intervening crustal 
rocks changes. Such precursory fluctua
tions have been reported in the U.S., 
the U.S.S.R. and China [see bottom il
lustration on page 21]. 

Magnetometers on the earth's surface 
can detect changes in magnetiC field with 
a strength of about a hundred-thou
sandth of the earth's natural field. By 
subtracting the changes sensed by "stan
dard" instruments removed from the epi
central region, noise introduced by fluc
tuations in the stream of electrically 
charged particles from the sun (the "solar 
wind") can be reduced and anomalous 
changes in the focal region can be de
tected. Precursory magnetic signals have 
also been observed in the U.S., the 
U.S.S.R. and China. 

�though one can conceive of an earth
quake-prediction strategy based 

purely on empirical observations such as 

these, it is highly desirable to have a 
physical model that explains the obser
vations. A model not only enhances con
fidence in the basic notion of predict
ability but also makes for more efficient 
research procedures. 

Two principal models have been pro
posed, both growing out of laborato
ry experiments. The dilatancy-diffusion 
theory, proposed by Amos M. Nur of 
Stanford University in 1972 and extend
ed by Christopher H. Scholz, Lynn R. 
Sykes and Y. P. Aggarwal of Columbia 
University in 1973, is supported by most 
American specialists. Another model, 
which might be called the dilatancy
instability theory, was proposed in 1971 
by workers at the Institute of Physics of 
the Earth in Moscow. It also has a few 
American and Japanese adherents. The 
models have a common feature: the 
growth of cracks as stress builds up in 
the crust just before an earthquake [see 
illustration on page 23]. 

Both models begin with a stage in 
which elastic strain builds up in the 
earth's crust. In the next sta ge small 
cracks open in the strained portion of 
the crust and dilatancy becomes a domi
nant factor. In the Russian view the de
velopment of cracks "avalanches" in this 
stage. In both models it is the second 
stage that marks the real beginning of 
precursory phenomena, since the open 
cracks change the physical properties of 
the rock. Seismic velocity (the ratio of 
compreSSional-wave velocity to shear
wave velocity) drops. Electrical resistiv
ity increases if the rock is dry and de
creases if it is wet. Water flow through 
the rock increases (and therefore more 
radon enters the water from the rock). 
Volume in the dilatant zone increases. In 
the American model the number of small 
tremors decreases in this stage because 
the cracks become undersaturated in wa
ter as they increase in number; as a re
sult sliding friction increases and inhib
its faulting. 

The two models differ markedly in 
the third stage. In the American model 
water diffuses into the undersaturated 
dilatant region. The main effect of this 
inflow is to increase the seismic velocity 
and to raise the pore pressure in the 
cracks, weakening the rock to the point 
where small earthquakes increase in 
number and the main shock follows. In 
the Russian model water plays no role 
in the third stage. Instead the avalanche
like growth of cracks leads to instability 
and rapid deformation in the vicinity of 
the main fault. The stress load drops par
tially in the region surrounding the zone 
of unstable deformation, cracks partial
ly close and the rock recovers some of 
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PREMONITORY CHANGES in seismic velocity (the ratio of compressional·wave velocity 

to shear·wave velocity) were ohserved in the late 1960's just before two fairly large earth· 

quakes in the Garm region of Tadzhikistan by A. N. Semenov and I. L. Nersesov of the In. 

stitute of Physics of the Earth in Moscow. These composite diagrams, drawn from their 
work, are based on a number of smaller earthquakes in the region. Each point represents a 
deviation of the seismic velocity from the normal regional value and is derived by measur· 

ing the travel times of compressional waves and shear waves from each small earthquake to 

a local network of seismograph stations. The colored bands indicate the statistical scatter 
of the observations. The duration of the calm period preceding the main earthquake ap· 

pears to increase with the magnitude of the forthcoming event. (The two earthquakes 

shown measured 5.4 and 4 on the Richter scale.) Seismic.velocity anomalies of this type 

have been observed about 18 times in U.S.S.R., 10 times in U.S. and several times in China. 

its original characteristics. This sequence 
of events accounts for the increase in 
seismic velocity, the decrease in volume 
and the other changes typically observed 
in the third stage. The developing insta
bility finally gives way to faulting, and 
the main shock ensues. In both models 
stress is released by the earthquake, and 
the crustal rock recovers most of its orig
inal properties. 

An empirical formula, derived by 
James H. Whitcomb, J. D. Garmany and 
Don L. Anderson of the California Insti
tute of Technology, connects the dura
tion of the precursory anomaly with the 
magnitude of the predicted earthquake. 
For example, an event with a magnitude 
of 5 on the Richter scale has an anomaly 
lasting for about four months, whereas 
a major earthquake, with a magnitude of 
7, say, would be preceded by an anoma
ly beginning some 14 years before the 
event. The formula is still rough, partic
ularly in the high-magnitude range, but 
it appears that the large earthquakes 
will provide warning times on the order 
of 10 years. The discovery that the size 
of an earthquake, as well as its location 
and timing, is predictable should hold 
important implications for the design of 
an earthquake-mitigation strategy. For
tunately the larger the magnitude of the 
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forthcoming quake, the longer the lead 
time available for making plans to com
bat its effects. 

What is most needed now to bring 
earthquake-prediction technology 

to the point of implementation is a larg
er number of examples of successful pre
diction. So far only about 10 earthquakes 
have been predicted before the fact. 
Perhaps three times as many have been 
"predicted" after the fact by going back 
to the data and finding precursory sig
nals. It is difficult to know how many 
formal predictions, based on the meth
ods described above, have failed. The 
number is probably less than 10, which 
is not bad for the rudimentary research 
networks now in operation. That is still 
too small a sample to eliminate unreli
able methods and to design a compre
hensive, operating prediction system. 
Although the major earthquake belts ex
tend for tens of thousands of kilometers, 
only a small fraction of that distance is 
instrumented adequately to test predic
tion methods. With the pooling of the 
data being gathered in various countries, 
however, the number of case histories 
should grow rapidly in the next few 
years, and statistically valid tests of pre
diction methods should be forthcoming. 

Seismologists of different nationalities, 
like workers in any other field of science, 
need to combine their results in order to 
advance toward a common goal. 

The leading agency for earthquake
prediction research in the U.S. is the 
Geological Survey, which runs a strong 
program centered in California and sup
ports a research program in several uni
versities. In central California, the re
gion where the San Andreas Fault is 
most active, the GeolOgical Survey has 
installed a network of stations equipped 
with seismometers and tiltmeters. Mag
netic and electrical observations are also 
conducted but to a much lesser degree . 
In southern California a large number of 
instruments are being installed in a joint 
effort involving the Geological Survey 
and Cal Tech. Data from these arrays 
are mostly telemetered into Menlo Park 
and Pasadena on telephone and micro" 
wave circuits. This growing ability to 
pinpoint earthquake locations and moni
tor precursory velocity changes, tilts, 
magnetic Huctuations and changes in 
electrical resistivity is beginning to pay 
out. Recently workers associated with 
the Geological Survey found that 10 
California earthquakes were preceded 
by tilt changes in the vicinity of the epi
center [see illustrations on page 20]. 
Precursory changes in seismic velocity 
have been reported for about 10 earth
quakes in California and New York. 

Perhaps the most significant new data 
were gathered on November 28, 1974, 
when a magnitude-5 earthquake struck 
about 10 miles north of Hollister in cen
tral California. The tremor was preceded 
by distinct tilt changes and magnet
ic fluctuations convincingly above the 
noise level, and with indications of seis
mic-velocity changes. John H. Healy of 
the Geological Survey chided his col
leagues the night before the quake for 
not publicly announcing the forthcom
ing event. 

In spite of these interesting results the 
U.S. program is still not sufficiently 
supported to make prediction a reality 
within the next decade. It is simply a 
matter of too few methods being tested 
in too few places. With the present level 
of support many potentially important 
methods cannot be tested, such as arrays 
of wells monitoring water level and ra
don content, networks of resistivity sen
sors, sea-level gauges, advanced survey
ing techniques and so forth. Even now 
more data are being accumulated than 
can be digested, a situation that could 
easily be rectified if a large computer 
were provided to scan and automatically 
analyze the incoming stream of data. 
Universities and industries with much 

© 1975 SCIENTIFIC AMERICAN, INC



research talent are insufficiently in
volved because of the lack of funds. Few 
studies are being conducted outside 
California. An additional $30 million per 
year could make prediction within a dec
ade a realistic goal. The cost-effective
ness of such an investment is obvious 
when one remembers that the relatively 
modest San Fernando tremor (magni
tude 6.6) that struck just north of Los 
Angeles in 1971 resulted in damage of 
more than $500 million. 

The earthquake-prediction program 
of the U.S.S.R. is centered in the Insti
tute of Physics of the Earth in Moscow. 
A program involving laboratory and 
field measurements, comparable in level 
to our own, is being carried out. The 
Russian field experiments form the long
est series so far, having been started 
nearly 20 years ago. The impressive dis
covery of anomalous precursors sterns 
from these efforts. The strategy of the 
Russian investigators is somewhat differ
ent from our own in that several experi
mental sites are being monitored in cen
tral Asia and Kamchatka with a lower 
density of instruments compared with 
our heavier emphasis on specific areas in 
California. Moreover, the Russians are 
explOring more methods than we are. 
Nevertheless, it appears that in the ab
sence of a major new initiative, operat-

ANOMALOUS UPLIFT of the earth's crust 

in the vicinity of Niigata in Japan was ob· 

served for about 10 years before the di· 

sastrous 7.S.magnitude earthquake there in 

1964, according to the Japanese investiga. 

tor T. Dambara. The uplift was detected by 

plotting changes in the height of bench 

marks measured in repeated land surveys. 

The graphs at right correspond to the let· 
tered bench.mark sites (black dots) shown 

on the det"iled map. Evidence of the crustal 
uplift was also obtained from records show· 

ing a precursory drop in mean sea level ob. 
served by a tide·gauge station at N ezugasaki. 
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TILTING OF EARTH'S CRUST just before earthquakes has been observed by investi
gators associated with the Geological Survey using an array of sensitive tiltmeters (black 
dots) installed along 85 kilometers of the San Andreas Fault east ot Monterey Bay. Circled 

crosses denote epicenters of all earthquakes with a magnitude greater than 2.5 recorded in 
the region between July, 1973, and March, 1974. Data summarized in illustration below 

were obtained at Nutting tiltmeter site. seven kilometers southwest of the town of Hollister. 
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<E--WEST TILT (MICRORADIANS) EAST---;. 

SEVEN-MONTH RECORD of crustal tilting was made during parts of 1973 and 1974 with 
the aid of a tiltmeter located in a shallow hole at the Nutting site. The colored dots repre
sent the weekly mean tilt direction and magnitude. Several major local earthquakes are 
indicated; each is preceded by clear precursory change in tilt direction. M. J. S. Johnston 
and C. F. Mortensen of the Geological Survey report that precursory anomalies of this type 
have been detected on at least 10 occasions; the largest such event was on November 28, 
1974, when a magnitude-S earthquake struck about 10 miles north of Hollister. So far no 
comparable tilt change has been recorded that has not been followed by an earthquake. 
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ing prediction systems covering large 
areas will not be forthcoming in the 
U.S.S.R. either in this decade. As part of 
the environmental treaty between the 
U.S. and the U.S.S.R. there has been a 
rewarding exchange of ideas and person
nel in the fields of earthquake prediction 
and seismic engineering. A formal bi
lateral working group has been estab
lished. In this way both American and 
Russian workers are kept informed of 
the latest unpublished developments; 
joint experiments are under way, and 
there is healthy criticism of each side's 
efforts by the other. This kind of close 
cooperation would have been unthink
able a few years ago. 

Although Japanese earth scientists 
have been devoted to the notion of 
earthquake prediction since the turn of 
the century, a formal research program 
dedicated to this goal did not get under 
way until 1965. For years reports of 
anomalous sea-level changes and tilts 
prior to earthquakes have emanated 
from Japan, but the data were sparse 
and of uneven quality, and the world 
community of geophysicists was unim
pressed. It now seems that some of 
these reports must have described true 
precursory phenomena. In any case the 
Japanese workers include some of the 
world's best geophysicists. It is there
fore a tragedy that a strike has crippled 
the Earthquake Research Institute in 
Tokyo for several years. 

The Japanese are currently emphasiz
ing surveys every five years extending 
more than 20,000 kilometers. So far 17 
observatories have been equipped with 
strain detectors and tiltmeters. Observa
tions of the level of seismicity, of 
changes in the velocity of seismic waves 
and of magnetic and electrical phenom
ena are also under way. Cooperation be
tween the U.S. and Japan in this field is 
quite close. 

This past October I had the good for-
tune to participate in a month-long 

trip to China as a member of a group of 
10 American earthquake specialists. 
This tour of Chinese research facilities 
followed a visit by 10 Chinese earth
quake experts to the U.S. earlier last 
year. Since scholarly publication in 
China was suspended during the "cul
tural revolution," almost everything we 
saw in China was new to us. Following 
the destructive Hsing-t'ai earthquake of 
1966 the Chinese embarked on a major 
effort in the field of earthquake prediC
tion. Chairman Mao and Premier Chou 
En-lai issued statements charging Chi
nese scientists with achieving this goal. 
At present some 10,000 scientists, engi-

© 1975 SCIENTIFIC AMERICAN, INC



20 

-

� W I-
:J 15 a: w Cl. 
en w 
ii ::l U ! � 

0 

I 10 0 
!:-
Z 0 Cii en 
� w 
Z 0 

� 

V ,/ 

/ 
/ 

.".. .,. t t � .......-5 0 « a: EARTHQUAKE (MAGNITUDE L) EARTHQUAKE (MAGNITU�E 4) 

o 
1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 JANUARY FEBRUARY MARCH APRIL 

AMOUNT OF RADIOACTIVE GAS RADON dissolved in the 
water of deep wells has been found by Russian researchers to in· 

crease significantly in the period preceding an earthquake. The 

two examples shown here were recorded before two major earth. 

quakes in the vicinity of Tashkent. The 1966 event (lelt) had a 
magnitude of 5.3; the 1967 aftershock (right) had a magnitude of 

4. This promising observational technique is used extensively in 
both the U.S.S.R. and China, but it has not yet been tried in U.S. 

neers, technicians and other workers are 
engaged in the program-more than 10 
times the number of such workers in 
the U.S. 

A unique feature of the Chinese ap
proach is the use of an even larger num
ber of amateurs, mostly students and 
peasants, who build their own equip
ment, operate professional instruments. 
in remote areas and educate the local 
people about earthquakes. So far 17 
fully equipped seismograph stations and 
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250 auxiliary stations have been in
stalled. Data pertinent to earthquake 
prediction are being obtained at a total 
of 5,000 points. Every method described 
in this article is being tested in China. 
The Chinese say that they have made 
successful predictions, involving the 
evacuation of people from their homes 
and a consequent saving of lives. They 
also admit to false alarms and failures, 
chalking these up to the fact that their 
program is new and they are still in a 

learning phase. The motivation for suc
cess is strong. The high population den
sity, the nature of rural construction and 
the high degree of seismicity make China 
particularly vulnerable to earthquakes. 

Although it is difficult to gauge the 
quality of the Chinese program from a 
brief visit, there is no question that the 
potential is great. In a few years the 
Chinese will probably be gathering more 
data than anyone else, owing to the size 
of their program and the more frequent 

EARTHQUAKE (MAGNITUDE 4) 

'A""Q""' (MAGNIT"o:r.-. 7-)----��----i-l----�--------� 

I-:> i= en Cii 100 w a: 

EARTHQUAKE 
EARTHQUAKE (MAGNITUDE 6) 

�---+-t--\------t------'�----i 
..J « u ii 95 
I-u W ..J W 
� 90 
w 
(!l z « 85 :z: u 

CHANGES IN ELECTRICAL RESISTIVITY of the earth's crust 

prior to earthquakes have been reported in the U.S.S.R., China and 

the U.S. The data for this graph were obtained by G. A. Sobolev 

and O. M. Barsukov for a series of earthquakes monitored in the 

U.S.S.R. between 1967 and 1970. Measurements of this type are 

made by feeding an electric current into the ground and observing 

voltage changes a few kilometers away. In general it has been found 

that earthquakes are preceded by a decrease in crustal resistivity. 
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incidence of earthquakes in their coun
try. It may well be that-the first statisti
cal validation of prediction methods will 
come from China. It would be a pity if 
political considerations were to inhibit 
close international cooperation on this 
score, because joint projects with China 
could pay out in a more rapid achieve
ment of a mutually desirable goal. 

Although the prediction of earth
quakes has been emphasized in this ac
count, a comprehensive program to re
duce vulnerability to destructive earth
quakes includes progress in other areas: 
earthquake engineering, risk analysis, 
land-use regulation, building codes and 
disaster preparedness. Unlike earth
quake prediction, about which there is 
a good deal of optimism but (so far at 
least) no guarantee of success, research 
and development in these other areas is 
bound to result in reduced casualties 
and lowered economic losses. Earth
quake engineering deals with the effi
cient and economic design of structures 
that may have to withstand the shaking 
of earthquakes. The alteration of exist
ing structures to improve their perform
ance is included. Not only are resi
dences, commercial buildings, schools, 
hospitals, dams, bridges and power 
plants examined individually but also 

MAY 4. 1959 

the interaction of all these elements in 
the system we call a community is con
sidered. This developing technology can 
serve its purpose only if it is transferred 
from the investigators to the profession
al practitioners and to the regulatory 
bodies that draft building codes. 

The damage caused by recent earth
quakes in Japan and Alaska diamatized 
the fact that structures that could with
stand the shaking were nevertheless 
toppled by foundation failure. Severe 
ground-shaking can cause soils to settle 
or liquefy and thereby lose their ability 
to support structures. Research on this 
poorly understood phenomenon is an 
important aspect of earthquake engi
neering. When it is better understood, 
it might be possible to take counter
measures or to institute land-use regula
tions that would limit construction on 
vulnerable soils as well as along active 
faults, in potential landslide areas or in 
coastal zones subject to tsunamis. 

Some regions suffer major earthquakes 
frequently, others suffer them infre
quently. In some places the potential for 
severe ground-shaking is higher because 
seismic waves propagate with less at
tenuation or because the soil resonates 
and amplifies the ground motion. In one 
city the problem following a quake is 

o 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 
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REDUCTION IN NATURAL ELECTRIC CURRENTS inside the earth just before an 

earthquake has also been observed by the Russian investigators. Data were obtained by reo 

cording voltage changes between points a few kilometers apart. Arrows denote earthquakes. 
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fire; in another it is flooding. Construc
tion practices differ from region to re
gion. Some of these factors are known 
explicitly; some can only be described 
in probabilistic terms. All of them, and 
other factors as well, must be combined 
into an overall assessment of risk on 
which decisions must be based. Risk as
sessment is a new and important part 
of earthquake research. Also helping to 
provide a rational basis for decision mak
ing about land use and construction in 
earthquake regions is economic analysis 
of such questions as to what degree, in 
an area with a given probability of 
strong earthquakes, the added costs of 
safer construction are offset by the po
tential saving of life, property and pro
ductivity. 

The possibility of controlling or modi-
fying earthquakes arose a few years 

ago as the result of a chance discovery. 
The injection of wastewater into a deep 
well near Denver was found to have 
triggered small earthquakes. Since that 
time both laboratory and field experi
ments have shown that the injection of 
a fluid in a fault zone reduces frictional 
resistance by decreasing the effective 
normal stress across the fault. In a sense 
fluid injection serves to weaken the fault, 
whereas fluid withdrawal can strengthen 
it. If a preexisting stress is present, an 
earthquake could result if a fault were 
unlocked by fluid injection. In a remark
able field test of these ideas workers 
from the Geological Survey injected and 
withdrew fluids in a water-injection well 
of the Rangeley oil fields in Colorado 
and found that in this way they could 
switch seismicity on and off. 

The extension of these results to the 
control of a major active fault such as 
the San Andreas Fault is unlikely in the 
near future. Some future generation, 
however, may be able to modify earth
quakes by the injection of fluid and the 
controlled, gradual release of crustal 
strain. Science often advances more rap
idly than is expected, of course, and in 
any case research on the possibility of 
modifying earthquakes should be en
couraged for the sake of the next genera
tion, if not of our own. 

Although the number of case histories 
is still too small to make a positive state
ment about the feasibility of earthquake 
prediction, most seismologists would 
agree that prediction is an achievable 
goal in the not too distant future. Un
fortunately the level of present effort in 
the U.S. is below that required to move 
rapidly to an operating prediction sys
tem. If a major earthquake were to 
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strike the U.S., the following day would 
almost certainly see abundant resources 
made available for a large-scale earth
quake-mitigation program. (The earth
quake-prediction programs of China and 
the U.S.S.R. were launched after severe 
earthquakes in each of those countries. ) 
How does one sell preventive medicine 
for a future afBiction to government 
agencies beleaguered with current ill
nesses? 

It is proper, I believe, for scientists to 
assume an advocate role when they per
ceive an inadequate government re
sponse to some new opportunity or to 
some future danger. Earth scientists 
have a case to make. They can point to 
housing tracts placed in fault zones or 
on unstable hillside slopes. They can 
cite a newly built hospital that collapsed 
when shaken by the moderate San Fer
nando earthquake. The same tremor 
caused a dam to be stressed to near the 
failure point. A slightly larger shock 
would have resulted in casualties in the 
tens of thousands in the floodplain be
low the dam. Scientists can question the 
policy of a government that spends bil
lions in construction but is unable to 
support research that would safeguard 
its own investment. They can question 
the wisdom of budgeting less than a 
tenth of a percent of the total construc
tion investment for research on possible 
hazards. They can show how a research 
dollar invested today can yield an enor
mous return in lives saved and property 
preserved tomorrow. At a time when 
basic research budgets have not kept 
pace with the growth of the economy 
as a whole, earth scientists can point up 
the practical value to society of their 
new comprehension of the forces that 
have shaped the earth. 

TWO MODELS of the mechanism responsi. 

ble for earthquakes have been proposed in 

an attempt to put earthquake prediction on 
a sound theoretical basis. One view, called 

the dilatancy.diffusion model, was devel· 
oped mainly in the U.S. The alternative, 

sometimes known as the dilatancy.instabil. 

ity model, was formulated in the U.S.S.R. 

The black·outlined curves show the expect· 

ed precursory signals according to the 

American model; the colored curves show 
the expected precursory signals according to 

the Russian model. (Dilatancy is the techni· 

cal term used to describe the inelastic in· 

crease in volume that begins when the stress 

on a rock reaches half the breaking strength 

of the rock.) The illustration is based on the 
work of Christopher H. Scholz, Lynn R. Sykes 

and Y. P. Aggarwal of the U.S. and V. I. 

Myachkin and G. A. Sobolev of the U.S.S.R. 
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POLIOVIRUS PARTICLES lie closely packed in the cytoplasm of 

a cell. About 1,000 virions, or virus particles, form a crystalline ar· 

ray in the plane of the electron micrograph; other virions are out 
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of the plane. The viruses are stained with lead and enlarged 

about 200,000 diameters in the micrograph, made by Samuel Dales 

of the Public Health Research Institute of the City of New York. 
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The Molecular Biology of Poliovirus 

The agent of a once dreaded disease has become a tame laboratory 

organism, an excellent instrument for studying the multiplication 

of a virus and the cellular machinery it converts to that purpose 

by Deborah H. Spector and David Baltimore 

A
irus is the most minimal of or
ganisms, a protein-packaged snip
pet of genetic information that 

takes over the mechanisms of a living 
cell and converts them to a new purpose, 
which is simply the manufacture of new 
viruses. In the process viruses often kill 
cells and thus destroy tissue and cause 
disease. On the other hand, viruses are 
good laboratory animals, as it were, and 
even good laboratory instruments. Be
cause they contain little genetic infor
mation and give rise to a limited number 
of recognizable products, they are ideal 
organisms in which to study the basic 
life processes: the replication of genetic 
information and its translation into pro
tein. And because they reproduce only 
by appropriating particular elements of 
a cell's machinery, they are also excellent 
tools with which to probe into cells and 
learn how those cellular elements func
tion. 

One of the most effective viruses for 
these purposes is the once dreaded po
liovirus. It has been intensively investi
gated since its discovery in 1909, origi
nally of course because it attacks the 
nerve cells of the gray matter of the 
spinal cord and is the agent of poliomye
litis. It grows well and to high concen
trations in laboratory cultures of the hu
man tumor-cell line called HeLa. It is 
stable and easy to handle, and the de
velopment of the Salk and the Sabin 
vaccines in the 1950's rendered it safe. 
Poliovirus is also small even by viral 
standards; it seems to contain just 
enough genetic information to accom
plish its own reproduction, with little 
extra genetic material to complicate mat
ters. In the past 15 years a great deal has 
been learned about the multiplication of 
poliovirus and thus about certain cellular 
mechanisms. Here we shall give an ac
count of some of those findings, after first 

describing the virus and its parasitic way 
of life. 

An electron micrograph of the polio
virus virion (the virus particle) reveals a 
sphere 27 nanometers (millionths of a 
millimeter) in diameter. There are indi
cations that the sphere is actually an 
icosahedron, a polyhedron with 20 faces, 
but that shape has not yet been resolved 
in micrographs. The virion consists only 
of protein and the nucleic acid RNA. 
The protein is formed into a capsid, a 
coat enclosing the nucleic acid that is 
constructed of 60 identical subunits ar
ranged in icosahedral symmetry; it in
corporates 60 copies each of four pro
teins that are designated VP 1, VP 2, 
VP 3 and VP 4. 

poliovirus RNA is a single chain of 
about 7,500 of the subunits called 

nucleotides, each of which consists of a 
ribose sugar component and one of four 
organic bases: adenine, uracil, guanine 
and cytosine. The nucleotides are linked 
by phosphate groups joining the carbon 
atom at position No. 3 on one sugar to 
the carbon at position No. 5 on the ad
jacent sugar. The two ends of the po
liovirus RNA molecule are chemically 
distinct: at one end there is a free No. 3 
position on the sugar and at the other 
end there is a No. 5 position with a ter
minal phosphate group. The two ends of 
the RNA molecule are therefore desig
nated the 5' and the 3' ends [see illustra
tion on next page J. There are four kinds 
of nucleotide, named for their bases: 
adenylic acid, uridylic acid, guanylic 
acid and cytidylic acid, better known as 
A, U, G and C. For the most part they 
are distributed in what looks like ran
dom order, but their sequence is actually 
the code that specifies the genetic mes
sage. At the 3' end, however, there is a 
unique sequence: a string of about 75 

adenylic acids in a row. Such a sequence 
is called polyadenylic acid, or poly-A. 
Its presence in poliovirus was discovered 
in 1972 by John A. Armstrong, Mary P. 
Edmonds, Hiroshi Nakazato, Bruce A. 
Phillips and Maurice H. Vaughan, Jr., of 
the University of Pittsburgh; later Yo
shiaki Yogo and Eckard Wimmer, then 
at the Saint Louis University School of 
Medicine, showed that the poly-A con
stituted the 3' end of the molecule. Simi
lar stretches of poly-A have been found 
on a number of cellular and viral RNA's. 

In cells and in some viruses the genetiC 
material is DNA, and RNA is the sub
stance of various intermediary structures 
in the translation process; messenger 
RNA, for example, is transcribed from 
the original DNA and is thereupon trans
lated into protein. In the poliovirus and 
certain other viruses that contain no 
DNA, the RNA is itself the carrier of the 
genetic information, which is translated 
into molecules of protein by the infected 
cell's machinery. Poliovirus RNA is both 
a genetic RNA and a messenger RNA: 
the information in the viral RNA is trans
lated directly into protein, with no inter
mediate step of transcription into anoth
er RNA. The sequences of amino acids 
that make up the poliovirus proteins are 
specified by the 7,500 nucleotides of po
liovirus RNA, and so the proteins must 
consist overall of about 2,500 amino 
acids (because it takes a code "word" of 
three nucleotide "letters" to specify one 
amino acid). That number of amino acids 
would make about 10 average-sized 
proteins. In a cell there are thousands of 
different proteins, and so poliovirus has 
only a tiny fraction of the information 
possessed by a cell. Since a virus is such 
a simple organism, however, and since 
it turns the cell's complex machinery 
to its own purposes, this small amount 
of information can be devastating: six 
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RNA, the genetic material of the poliovirus, is a chain of nucleo· 

tides (a), each consisting of a ribose sugar, a phosphate group and 
one of four organic bases: adenine (A), uracil (U), guanine (G) 
and cytosine (C). The sequence in which the nucleotides appear 

constitutes the genetic code. The phosphates join the carbon atom 

at position No.3 on one sugar to carbon No.5 on the next sugar; 'an 

RNA molecule therefore has distinct 3' and 5' ends. RNA replicates 

(forms copies of itself) through assembly of complementary nucleo· 
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PROTEIN CHAIN/" 

tides to form a complementary strand (b) according to base·pairing 

rules: A pairs with U and G pairs with C. Hydrogen bonds (broken 
lines) link complementary bases. RNA, in the form known as meso 

senger RNA, is the medium whereby the genetic code is translated 

into protein (c) in the cellular structures called ribosomes. The 

RN A is "read" by small transfer RNA's that recognize three·letter 

codons (sequences of three bases) as codes for specific amino acids. 

The elongating cbain of amino acids folds to he come a protein. 
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hours after a single poliovirus attaches 
itself to a cell there are 100,000 new 
virions and the cell is dead. 

The details of the events that accom
plish that end-the replication of the viral 
RNA, its translation into proteins and the 
assembly of the proteins and the RNA 
into virions-are now starting to become 
clear in our laboratory at the Massachu
setts Institute of Technology and in other 
laboratories. Beyond that, studies with 
poliovirus RNA and related RNA's have 
provided detailed information about the 
translation mechanisms in the eukaryotic 
(nucleated) cells of mammals and other 
organisms, and have at least narrowed 
down the possible functions of poly-A. 

The infection of a cell in man or some 
other primate by poliovirus depends 

in the first instance on the virion's ad
sorption to the cell. There is an attrac
tion between capsid protein and a cellu
lar receptor so specific that even viruses 
closely related to the floliovirus bind to 
different receptors. (Naked infectious po
liovirus RNA can infect cells that lack 
specific receptors, but in that case the 
proliferating virions are unable to bind 
to the cells, and so the infection is con
fined to a Single cycle.) The binding of 
the virion is followed by the release of 
RNA from its protein coat and its entry 
into the cytoplasm of the cell; just how 
the transfer is accomplished is still not 
known. 

Poliovirus replicates in the cytoplasm 
of the infected cell, not in the nucleus; 
even cells whose nucleus has been re
moved will grow the virus. The time 
course of viral multiplication varies con
siderably, depending on such factors as 
the specific virus strain, the host cell, the 
nutritional state of the cell and the mul
tiplicity of infection. When HeLa cells 
are infected under optimal conditions, 
no new virus is detectable until about 
three hours after infection; during the 
intervening "eclipse" period the viral 
functions are getting under way. During 
this phase the virus also inhibits the syn
thesis of cellular RNA and protein, thus 
freeing most of the &ll's machinery for 
the virus's purposes. 

As we have indicated, the injected 
poliovirus RNA must serve two basic 
functions in order to initiate an infec
tion. First, it must act as the messenger 
RNA to be translated into viral protein. 
More specifically, if the viral RNA is to 
be replicated, there must be an active 
replicase (a replicating enzyme, in this 
case RNA-dependent RNA polymerase). 
Since there is little evidence of replicase 
activity in uninfected cells, it appears 
that the synthesis of at least some of the 

r-- ABOUT 7,500 NUCLEOTIDES -., ".-- ABOUT 75 A'S ____ 
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POLIOVIRUS RNA is a single chain of nucleotides. There is an A at the 5' end, followed 

by roughly 7,500 nucleotides that code for the viral proteins. Then, after two G's, there is a 
distinctive sequence of ahout 75 A's, or what is called poly.A, at the 3' end of the strand. 

enzyme is directed by the viral RNA. 
Second, the viral RNA must act as a tem
plate for the synthesis by the replicase 
of a new molecule of RNA, one that has 
a sequence of nucleotides that is the mir
ror image of the viral-RNA sequence. 
This is accomplished through the fun
damental complementarity in the struc
ture of nucleic acids: according to the 
base-pairing rules, A always pairs with 
U and G always pairs with C. The virion 
RNA is called plus RNA and the com
plementary RNA that is synthesized in 
the cell is called minus RNA. The minus 
RNA serves in turn as a template for the 
synthesis of new copies of plus RNA. 

Ct us follow the translation process step 
by step. The viral-RNA molecule 

becomes attached to cellular ribosomes, 
the major constituents of any cell's pro
tein-synthesizing system. The RNA and 
several ribosomes form a polyribosome, 
the structure on which protein synthesis 
is carried out. Here the viral RNA acts 
as messenger RNA to specify the amino 
acid sequence of the various viral pro
teins. The first viral RNA to enter the 
cell has to compete in the translation 
process with cellular RNA. Subsequent 
molecules of viral RNA have an easier 
time because the virus somehow inter
feres progressively with the ability of the 

5' 
RNA 

� 

host cell's ribosomes and messenger RNA 
to interact and thus makes the ribosomes 
available for synthesizing viral proteins. 
HeLa-cell polyribosomes, for example, 
begin to disintegrate immediately after 
poliovirus infection; they are replaced by 
larger polyribosomes, and it is in these 
larger structures that the synthesis of 
viral proteins proceeds. One of the most 
interesting unanswered questions of vi
rology is how poliovirus and many other 
viruses selectively inhibit host-cell pro
tein synthesis and take over the ribo
somes to make viral protei�s. 

Many nucleic acid molecules appear 
to have "punctuation points" along their 
length that signify the beginning and 
end of a gene, which can be defined as a 
sequence of nucleotides that codes for a 
single kind of protein. The poliovirus 
RNA molecule appears to have only two 
punctuation points: one "start" signal 
and one "stop" signal. Ribosomes there
fore attach themselves near the 5' end I)f 
the RNA and proceed along the entire 
length of the molecule, forming a giant 
chain of amino acids with a molecular 
weight of about 250,000. This huge pro
tein, really a polyprotein, is then sys
tematically cleaved by proteolytic en
zymes. (The early stages of the cleavage 
process are very fast; we can only iden
tify the complete polyprotein by incor-

3' 

P 00 H2N ------------------------��------------------------.. COOH 
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TRANSLATION of poliovirus RNA results in the synthesis of a single very large protein 

designated P 00, which is immediately cleaved to yield three proteins: P 1, P X and P 2. 

P X and P 2 are probably forms of replicase, the enzyme that polymerizes new RNA 

strands. P 1 is the precursor of structural proteins that form the coat of new virus particles. 

P 1 is cleaved to form VP 0, VP 3 and VP 1; finally VP 0 is cleaved into VP 4 and VP 2. 
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CAPSID IS FORMED in a series of steps in 

which the capsid proteins are cleaved and 
aggregated. A likely pathway (details are 

still being studied) is shown here. P 1 is cut 

into three smaller molecules that remain 

assembled in a structural subunit, five of 

which aggregate. Twelve aggregates are as· 

sembled (possibly as shown here, at the 

vertexes of an icosahedron) into the empty 
procapsid. The provirion encloses a viral. 

RNA molecule. Finally the protein VP 0 
is cleaved and the new virion is complete. 
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porating into it chemical analogues of 
some of the normal amino acids, which 
prevents cleavage.) The polyprotein, 
which we call P 00, is cleaved at two 
sites to make three products, P 1, P X 
and P 2. Probably either P X or P 2 rep
resents the replicase enzyme; perhaps 
both of them do. 

P 1 is the precursor molecule for the 
viral capsid proteins, which are succes
sively cut from it and aggregated into 
structures of increasing size. First P 1 is 
cleaved to yield three direct products, 
VP 0, VP 1 and VP 3, that seem to re
main aggregated as a single structural 
subunit. Five of these subunits aggregate 
into a fivefold molecule and then 12 of 
these pentamers come together to form 
an empty shell, the pro capsid. A procap
sid combines with a molecule of viral 
RNA, making a provirion, Finally the 
VP 0 molecules of the provirion are 
cleaved into two distinct proteins, VP 2 
and VP 4. We have distinguished each of 
these steps in the laboratory by separat
ing the different structures and particles 
on the basis of their sedimentation rates 
and then analyzing their protein and 
RNA content. 

Whereas most poliovirus research has 
been conducted with HeLa cells, in the 
past four years we and our associates 
Lydia Villa-Kamaroff and Harvey F. 
Lodish have developed systems that 
make it possible to investigate the trans
lation of poliovirus RNA outside the cell. 
When we add poliovirus to extracts of 
various cells (including HeLa cells) un
der the proper conditions, we can detect 
translation, at a low but measurable ef
ficiency, into a protem that is recogniz
able as P 00, the largest poliovirus pro
tein. The synthesis is initiated at only 
one site on the RNA molecule, which is 
an indication of correct translation in a 
cell-free system; the protein chains do 
tend, however, to stop growing before 
they are completed. We are now exploit
ing these cell-free systems to study vari
ous aspects of the translation process in 
greater detail and also to try to learn 
how the virus irthibits cellular protein 
synthesis. 

Once some of the infecting RNA mole-
cules have been translated, the en

zyme replicase becomes available for the 
transcription of complementary RNA 
(the minus strand) from viral RNA (the 
plus strand). Pres�mably the replicase 
attaches itself to the poly-A tail at the 3' 
end of. the viral RNA and proceeds to 
synthesize a minus strand, which begins 
with a sequence of complementary poly
U at its 5' end [see illustration on oppo-

site page J. As each minus strand is com
pleted it serves as a template for the 
simultaneous transcription of several 
new viral (plus) molecules. We have iso
lated a structure reflecting that stage: 
several plus strands of graduated lengths 
partially bonded to the minus strand on 
which they are being synthesized; we 
call such a structure the replicative inter
mediate. (We still do not know whether 
two different replicases are required for 
transcription from plus to minus and 
from minus to plus or whether a single 
enzyme performs both functions.) Each 
replicative intermediate transcribes plus 
strands for only a short time. Apparent
ly a plus strand then fails to peel off and 
remains bonded to its minus strand, so 
that what was a functioning replicative 
intermediate becomes a double-strand 
RNA molecule. Such double-strand mol
ecules accumulate until at the end of the 
infection cycle they account for a fairly 
large proportion of the total viral RNA 
in the infected cell. 

Experiments in our laboratory and in 
that of Wimmer, who is now at the State 
University of New York at Stony Brook, 
suggest that the poly-A tail at the 3' end 
of viral-RNA molecules is transcribed 
from the poly-U sequence at the 5' end 
of the minus strand. The poly- U se
quence is heterogeneous, ranging in 
length from about 50 to more than 200 
nucleotides, whereas the poly-A se
quence runs about 75 nucleotides. It is 
possible that a plus strand can be pushed 
off its minus-strand template before all 
the U's are transcribed by the arrival of 
the next replicase molecule with its plus 
strand. We have noted that late in infec
tion, when the rate of RNA synthesis has 
slowed down and there may be less such 
pushing, there are poly-A tails with more 
than 75 A's on many newly synthesized 
viral-RNA molecules, suggesting that the 
length of the tail is determined by the 
period during which the viral-RNA mol
ecule remains associated with the repli
cative intermediate. 

The synthesis of poliovirus RNA can 
be divided into two periods. During the 
eclipse phase (the first three hours after 
infection) RNA synthesis proceeds at an 
exponential rate; toward the end of that 
period protein synthesis reaches a peak. 
Then for about an hour the rate of syn
thesis remains constant and viral RNA 
accumulates at a linear rate. The cause 
of the switch from exponential to linear 
synthesis is not known, but it comes just 
about when the cell is beginning to man
ufacture new virions from the newly syn
thesized RNA and proteins. At the end 
of the hour-long second phase the rate of 
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RNA synthesis falls off rapidly, as does 
the synthesis of viral protein; the cell is 
by now functionally dead, although some 
viral activity may continue for a while 
before the cell bursts. The changing 
events of the viral multiplication cycle, 
such as the phases of RNA synthesis, ap
pear not to be the result of direct tem
poral control of various genes. In some 
other viruses particular genes are turned 
on and off at different times; there are 
"early" enzymes, for example, that are 
synthesized at the direction of genes ac
tivated early in the infective process. 
In the case of poliovirus the same set 
of viral-gene products is synthesized 
throughout the infection, albeit at dif
ferent rates; something other than genet
ic control of protein synthesis must reg
ulate the changes in rate. 

To take one example, every newly 
synthesized RNA molecule has three pos
sible destinies. It can serve as a template 
for the transcription of a minus strand, 
it can serve as a template for translation 
into protein or it can become associated 
with capsid proteins and form a new vi
rion [see illustration on next page] . We 
know that as the infection proceeds 
more and more of the RNA goes to form 
virions, presumably because more capsid 
protein is available for the RNA to asso
ciate with. For a time it appeared that 
the poly-A sequence might be involved 
in regulating the destiny of viral RNA, 
but that has not proved to be the case. 

Does the poly-A have any important 
role in the viral growth cycle, then? 

That is what we have been trying to de
termine for the past year. We began by 
analyzing the poly-A of RNA molecules 
involved in replication, translation and 
the formation of virions; there was no 
difference in the average size of the poly
A tail in the three conditions. The only 
consistent difference in size we could 
find was the temporal one to which we 
have alluded: viral-RNA molecules with 
longer than normal tails are produced 
late in the infection cycle. These long
tailed molecules are never found in vi
rions; perhaps it is the excess poly-A that 
keeps them out. That still would not ex
plain the normal role of normal amounts 
of poly-A, however. 

In order to learn whether the poly-A 
mattered at all to the virus we asked 
what would happen to the infectivity of 
naked polioviruS RNA if it lacked the 
poly-A tail. The poly-A could be re
moved by an enzyme, ribonuclease H, 
that has a speCial property: it breaks 
down only that part of a single-strand 
RNA molecule which is bonded to a 
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DOUBLE· STRAND RNA 

REPLICATION of poliovirus RNA (the "plus" strand) begins with the attachment of a 

molecule of the enzyme replicase at the 3' poly.A end. Moving along the plus strand, the 
replicase assembles a complementary minus strand, which then serves as the template for 
the synthesis of a number of new plus strands. The minus strand has anywhere from 50 to 

200 U nucleotides at the 5' end, hut most of the new plus strands end up with only about 
75 of the complementary A's; possibly they are "pushed off" the minus strand before all 

the U's have been transcribed into A's. After a number of new plus strands have peeled off, 

the replicative intermediate ceases to function and ends up as a double strand of RNA. 

complementary strand of DNA. In DNA 
thymidylic acid (T) takes the place of the 
U in RNA and therefore bonds to A. By 
hybridizing a DNA molecule consisting 
of poly-T to the poly-A of poliovirus 
RNA molecules we were able to digest 
away more than 80 percent of the poly
A with ribonuclease H. The resulting 
RNA, now deficient in poly-A, turned 
out to be less than 5 percent as infectious 
as poliovirus RNA with a normal com
plement of poly-A. That could be be
cause the RNA needs poly-A in order to 
get into the cell. We cannot test that pos
sibility, however, because one can detect 
RNA entry only through its infectious 
effects. In any case it seems unlikely. 

We have assumed, therefore, that the 
poly-A does not prevent the entry of 
RNA but rather plays a critical role in 
some intracellular step in the multiplica
tion of poliovirus. 

When we examine cells exposed to 
RNA that is deficient in poly-A, we find 
no evidence that the RNA can multiply. 
In view of the RNA's double function in 
multiplication, as a template for protein 
synthesis and as a template for its own 
replication, the poly-A might be neces
sary either for translation or for replica
tion. One experiment argues against a 
role for poliovirus poly-A in the transla
tion of viral proteins: at least in two cell
free protein-synthesizing systems, polio-
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virus RNA that is deficient in poly-A is 
translated as efficiently as RNA with 
a normal complement of poly-A. That 
leaves us with the likelihood that poly-A 
plays some necessary role in the replica
tion of poliovirus RNA, but the nature 
of that role is obscure. 

Sequences of poly-A are not peculiar to 
poliovirus RNA. They are also found 

as integral elements at the 3' ends of a 
number of other RNA's, notably the mes
senger RNA of nucleated cells. In spite 
of investigations by a number of labora
tories the biological function of these se
quences is still not known. 

The mechanism of messenger-RNA 
synthesis in nucleated cells is still an un
settled question. One widely accepted 
hypothesis is that the messenger RNA 
is derived from longer molecules called 
heterogeneous nuclear RNA, a collection 
of RNA molecules of different lengths 
that are transcribed from the cell's DNA 
and are found in the nucleus. A sequence 
of about 200 nucleotides of poly-A is 
somehow added to the 3' end of some of 
the heterogeneous RNA molecules. This 

5' 

(+) 

postb'anscriptional addition of poly-A 
differs from the transcriptional addition 
we have described for poliovirus RNA, 
which utilizes poly-U as a template. For 
one thing, in cellular DNA there are no 
long sequences of poly-T, the DNA ana
logue of RNA's poly-U, that could serve 
as templates for poly-A transcription. 
Furthermore, there is a lapse of about 10 
minutes between the transcription of the 
heterogeneous nuclear RNA molecules 
and the addition of poly-A to some of 
them. It appears that pieces of the het
erogeneous RNA that have poly-A tails 
are cut down to the size of messenger 
RNA and then transported through the 
nuclear membrane into the cytoplasm of 
the cell, there to become messenger
RNA molecules that attach themselves 
to ribosomes and are translated into pro
tein [see bottom illustration on opposite 
page]. While the messenger-RNA mole
cules are in the cytoplasm their poly-A 
tails gradually become shorter, until they 
are only about 100 nucleotides long. (On 
the other hand, there is evidence that 
poly-A is sometimes added to messenger 
RNA in the cytoplasm.) 

( +) 

Several enzymes that act to add poly
A to RNA have been found in both the 
nucleus and the cytoplasm of many kinds 
of cells. The ubiquity of these enzymes 
implies not only that the addition of 
poly-A could take place in either the nu
cleus or the cytoplasm but also that the 
poly-A plays some Significant role in 
the genesis or functioning of messenger 
RNA. The role is presumably not in rep
lication (as it apparently is in the case of 
poliovirus RNA) since no evidence has 
been found for the replication of cellular 
RNA. And the role is presumably not in 
the transcription of RNA from DNA be
cause most of the poly-A is added some 
time after transcription. 

It has been suggested that the primary 
function of poly-A has to do with the 
processing of messenger RNA and its 
transport from the nucleus to the cyto
plasm. This hypothesis seems to be ne
gated by the finding that there are per
fectly good messenger RNA's that are 
made in the nucleus of cells and trans
ported to the cytoplasm and that do not 
contain poly-A. 

It seems more likely that poly-A is 
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NEWLY SYNTHESIZED VIRAL RNA can go one of three ways. 

It can be transcribed into a minus strand (I), be translated into 

protein (2) or be associated with capsid proteins to form a new vi· 

rion (3). If it is transcribed into a minus strand, the minus strand 
serves as a template for the transcription of more viral RNA that 

either is recycled (0) or ends up in a double strand of RNA (b). 
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involved in the translation of messenger 
RNA into protein. Here the evidence 
appears somewhat contradictory. There 
are some indications, first of all, that 
poly-A is not absolutely necessary for 
translation. That was the implication of 
our findings with poliovirus RNA in 
cell-free systems. Similarly, the efficien
cy of translation of rabbit messenger 
RNA coding for hemoglobin or of mixed 
cellular messenger RNA has been shown 
to be only slightly lower than normal 
when the RNA is deficient in poly-A, 
again in cell-free systems. 

Protein synthesis is less efficient in 
most cell-free systems, however, than 
it is in cells. When all the cellular ma
chinery is present, the results are some
what different. Investigators at the Free 
University of Brussels and at the Weiz
mann Institute of Science in Israel re
cently injected rabbit-hemoglobin mes
senger RNA with and without poly-A 
tails into the egg cells of the toad Xeno
pus lamJis. (The egg's protein-synthesiz
ing system had previously been shown 
to be capable of translating most mes
senger RNA from other species.) During 
the first hour after infection the two 
kinds of RNA supported identical rates 
of hemoglobin synthesis. After that, 
however, the rate of synthesis began to 
decline in the cells injected with RNA 
that lacked poly-A, and by the fifth hour 
it was only half the original rate. Trans
lation of the RNA that contained poly-A, 
on the other hand, continued at the 
original rate for at least 48 hours. Al
though it is difficult to formulate any 
general conclusion based on the transla
tion of a specific RNA in a very special
ized cell, the result suggests that poly-A 
may help to stabilize cell messenger 
RNA's in some way and thus keep them 
operating at maximum efficiency. 

The poly-A story, incomplete as it is, 
is typical of the kinds of knowledge that 
emerge from the study of viruses and 
the cells they infect. By studying polio
virus multiplication we have learned 
some things about HeLa cells. The work 
has defined specific receptors on the cell 
surface, has explained some elements of 
the cellular machinery for protein syn
thesis and has shown how newly made 
proteins are processed. In the case of 
poly-A we have been able to demon
strate a role in viral metabolism for a 
structure that is ubiquitous in cells but 
has no clearly defined role in the cell. 
In the future we can expect that more 
detailed knowledge of how a number of 
mammalian viruses grow will help to 
unravel the complex mechanisms that 
enable cells to live and fulfill their varied 
functions. 
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POLY·A is removed from poliovirus RNA with an enzyme, ribonuclease H, that digests 

only RNA bonded to complementary DNA. Viral RNA (1) is combined with poly.T, the 

DNA analogue of poly.U (2). The poly.T bonds to poly.A (3), and the ribonuclease H de· 

grades most A nucleotides (4), leaving a viral·RNA molecule deficient in poly.A (5). 
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CELLULAR RNA may also have poly.A sequences. They are found, for example, on meso 

senger RNA and on what is called heterogeneous RNA. The poly.A is apparently added to 

the heterogeneous RNA after the RNA has been transcribed from DNA. Then the RNA is 
cleaved and the strands with poly.A at the 3' end are transported through the nuclear memo 

brane into the cytoplasm, where they serve as messenger RNA that is translated into protein. 

. 31 

© 1975 SCIENTIFIC AMERICAN, INC



MICROCOMPUTERS 

Evolutionary successor of the minicomputer, the microcomputer 

is a set of microelectronic "chips" serving the various computer 

functions. It has opened up new realms of computer applications 

I
t is now about 15 years since the elec

tronics industry learned to make 
miniature electronic circuits on a 

"chip" of silicon substrate by alternating 
processes of masked etching and diffu
sion. In the early 1960's the commercial
ly available integrated circuits incorpo
rated at most a score of components such 
as diodes, transistors and resistors. Pro-

by Andre G. Vacroux 

duction yields (the fraction of circuits 
that worked) were low, and packaging 
technology did not allow the realization 
of practical devices with more than a 
dozen leads, or connections. The basic 
technology, however, was so amenable 
to improvement and the rivalry among 
manufacturers was so keen that every 
year since then the number of compo-

COMPLETE MICROCOMPUTER, manufactured by Motorola Semiconductor Products, is 
contained on a single plastic card 9%. by 5%. inches. More than a dozen manufacturers make 
similar machines. The large rectangular package with 40 pins, or leads, at the extreme right 
is the microprocessor, or central processing unit, which performs all arithmetic and logic 
functions and supervises the operation of the entire system. The microprocessor is a com· 
plex integrated circuit fabricated on a chip of silicon less than a quarter of an inch on an 
edge (see illustration on opposite page). The Motorola microcomputer also has seven mem
ory packages: one read-only memory (ROM) and six random-access, read/write memories 
(RAM's). Two other large integrated-circuit packages, known as peripheral interface adapt
ers (PIA's), manage the flow of information to and from peripheral equipment (such as 
keyboards and tape units) that can be connected to the microcomputer. The entire unit con
tains some 60,000 transistors. It operates on five volts and performs more than 100,000 oper
ations per second. It sells for $975. Simpler machines can be assembled for much less. 
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nents that could be economically placed 
on a single chip has doubled. Today 
chips less than a quarter of an inch on 
an edge can incorporate well over 20,000 
components. As a result the cost per 
component has in 10 years dropped by 
a factor of more than 100, from about 20 
cents to a small fraction of a cent. 

The steady increase in component 
density, combined with parallel ad
vances in circuit organization and com
plexity, has predictably led to the micro
computer, a full-Hedged general-purpose 
machine whose logic and memory cir
cuits can be mounted on a single plastic 
card that would fit comfortably inside a 
cigar box. Where space is at a special 
premium the complete microcomputer 
can be squeezed onto a substrate two 
inches square [see illustration on the 
cover of this issue]. 

The microcomputer is a direct de-
scendant of the minicomputer, whose 

first embodiments were the PDP-5 and 
PDP-B, small parallel data processors 
introduced in 1963 and 1965 by the 
Digital Equipment Corporation. The 
PDP-B, roughly the size of a two-drawer 
legal file cabinet, became known as a 
minicomputer primarily because of its 
physical size, not because of limitations 
in its performance. Nearly as powerful 
as much larger computers costing sever
al times more, it was soon widely imi
tated. Within a decade it had given rise 
to an entire industry concerned not only 
with "hardware" (the computers them
selves) but also with "software" (the pro
grams) and with innumerable peripheral 
devices and auxiliary services. 

Minicomputers rapidly found their 
way into existing systems. To them they 
brought, in addition to cost reductions, 
the Hexibility and simplified design of 
stored-program machines. More impor
tant, they made possible a wide range of 
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new applications that called for an in
expensive resident computer. 

Much of the success of the minicom
puter industry was due to the dramatic 
advances being made in microelectronics 
throughout the 1960's. These advances 
had a twofold effect. The performance of 
minicomputers improved steadily, and 
the size and cost of the systems de
creased at a rate averaging 30 percent 
per year. (The PDP-5 sold in 1963 for 

$27,000; only two years later the more 
powerful and significantly smaller PDP-
8 was available for only $18,000.) It was 
clearly just a question of time until the 
further integration of microscopic com
ponents would lead to a microcomputer, 
a machine that would have tens of thou
sands of components on a single chip, or 
at most a few chips, and that would re
quire no more than a few hundred milli
watts of power. 

By the late 1960's it was still difficult 
to predict when single-chip computers 
would become a reality because semi
conductor manufacturers had been con
centrating on the development of what 
are termed bipolar devices. In such de
vices the currents in the transistors arc 
carried by both electrons and "holes." 
(A hole is a site in a semiconductor 
where an electron is absent, so that 
whereas the electron is a negative cm-

MICROPROCESSING UNIT of the microcomputer on the oppo

site page is an integrated circuit laid down on a single.crystal sili· 

con chip .210 by .217 inch, enlarged about 33 times in this photo· 

micrograph. The chip bears about 5,400 transistors fabricated by 

the metal·oxide·semiconductor (MOS) technology. Since CUI'rent i. 
carried by electrons it is known as an N·channel device (for lIe�,,

tive channel l. Black lines projecting outward are leads bonded 

to pins of finished package. In small lots the unit sells for $360. 
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rent carrier the hole is a positive current 
carrier.) With bipolar devices high com
ponent densities were difficult to achieve, 
and substrate sizes were limited because 
of low production yields and problems 
with the dissipation of heat. At about 
this time, however, older fabrication 
problems that had plagued the metal
oxide-semiconductor (MOS) technology 
were solved, and it became possible to 
economically manufacture large unipo
lar devices with high component den
sities and low heat production [see 
"Metal-Oxide-Semiconductor Technol
ogy," by William C. Hittinger; SCIENTIF
IC AMERICAN, August, 1973]. Initially 
these devices were exclusively of the P
channel type (PMOS): their transistors 
operated with positive current carriers 
(holes). Although PMOS devices are an 
order of magnitude slower than bipolar 
devices, they have higher component 
densities, lower power requirements and 
better production yields that make them 

ideally suited for applications such as 
electronic calculators and computer 
memories. 

The PMOS technology contributed to 
a major conceptual advance in 1971, 

when the Intel Corporation, which had 
undertaken to develop a calculator chip, 
chose to design it as a more versatile, 
programmable, single-chip microproces
sor. A microprocessor is equivalent to 
the central processing unit of a larger 
computer. Known as the Intel 4004, the 
device processes blocks consisting of 
four bits, or binary digits, at a time. It 
has 2,250 transistors on a silicon sub
strate measuring .117 by .159 inch, and 
it comes in a package with 16 pins, or 
leads. All that is needed to make the mi
croprocessor into a minimal general-pur
pose microcomputer that could sell for 
less than $50 are two additional devices 
(a control memory and a temporary stor
age memory) and a master clock to time 

WORKING MICROCOMPUTER is contained in a small desk.top unit to which various 
input and output devices can be attached. The Intellec-8 unit sbown here, built by the Intel 
Corporation, is coupled to a teletypewriter and a paper-tape punch for recording the rna, 
chine's output. For the most part microcomputers are used not as a substitute for a larger 
computer but rather as specially programmed subsystems that serve as "resident" com· 
puters in a complex device or system, such as a process-control instrument or a traffic-light
control system. In developing programs that will eventually be placed in read-only memo
ries of a resident microcomputer, it is convenient to use a specially equipped version of 
microcomputer itself, such as the one in Intellec 8. The price of the Intellec 8 is $3,540. 
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the system's operation [see illustration 
on page 38]. 

A few months later Intel introduced_ 
an eight-bit microprocessor chip, the 
BOOB, that had more computing power 
and flexibility than the 4004 and was 
more suitable for control applications 
and data handling. In spite of limitations
that resulted mainly from a packaging· 
constraint of IB pins, the BOOB was to re
main for two years the only available 
eight-bit machine. 

The two Intel microprocessors and_ 
two other early PMOS models (made by 
Rockwell International and National 
Semiconductor) were quickly incorpo
rated into a wide range of applications, 
from specialized laboratory instruments 
to sales terminals and electronic games. 
As more engineers became aware of the 
microprocessor technology, other new· 
uses evolved rapidly. At the same time 
more semiconductor manufacturers 
sought to establish a foothold in the rap
idly expanding microprocessor market. 

Although there have been a few fail
ures, more than 20 different micro
processors have appeared within the 
four years since the introduction of the 
Intel 4004. Most of the machines still 
use the PMOS technology, which has 
been developed to such a level that one 
12-bit microprocessor, made in Japan by 
Toshiba, has 11,000 transistors on a sin-

-

gle chip .22 by .24 inch. Most of the 
newer microprocessors, however, use
either the faster NMOS technology, in· 
which the transistors operate by means 
of negative current carriers (electrons), 
or the complementary MOS (CMOS) 
technology. CMOS combines the PMOS 
and NMOS technologies to achieve a re
duction in power requirements and to 
improve resistance to extraneous noise. 
The first bipolar microprocessors began 
to appear late last year. 

Coming three decades after the first 
electronic computers, microprocessors 
benefited from the experience accumu
lated in system organization and com
puter architecture. Many advanced con
cepts and features, frequently unavail
able in machines several orders of mag
nitude larger and more expensive, are 
standard in almost every microprocessor. 
One such feature, known as a stack, is a 
set of electronic registers organized so 
that the subroutines called up by a pro
gram are handled on a last-in-first-out 
basis: after executing one subroutine or 
more the microprocessor can return 
quickly to the main program sequence. 

. 

The parallel development of many mi
crocomputer systems has given rise to a 
number of original designs and architec
tures, a term that refers to the organiza-
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tion of a computer. The everyday mean
ing of architecture, referring to both a 

style of construction and a particular 
way of assembling structural materials 
to achieve a functional goal, carries over 
into the field of computer design. Com
puter architecture describes the arrange
ment of the central processing unit 
(CPU), the memory elements for the 
storage of programs and data, the in
put and output devices and the master 
clock. Thus one architecture may em
phasize facility of arithmetic operations 
and another may stress convenience of 
input and output operations. Whereas 
both have a CPU, a memory and input 
and output ports, the first is more suited 
for lengthy numerical analysis and the 
second is more suited for control appli
cations and the monitoring of external 
equipment. 

The CPU, or microprocessor, is the 
most expensive component (or group 

of components) of a microcomputer. It 
fetches the control instructions stored in 
the memory and then decodes, interprets 
and implements them. The CPU man
ages the temporary storage and retriev
al of data and regulates the exchange 
of information with the outside world 
through the microcomputer's input and 
output ports. It incorporates the arith
metic and logic unit (ALU), in which all 
operations are performed, and a certain 
number of registers. Finally, it synchro
nizes the operation of the various com
ponents. 

Microcomputers are usually classified 
according to the number of bits that can 
be handled by their CPU. Their perform
ance is judged by the richness of their in
struction set, by the bit efficiency of their 
program (the number of bits that need 
to be stored in the program for the im
plementation of a given set of tasks) and 
by the speed with which they execute 
typical programs. Such distinctions have 
mainly to do with their capacity for op
erating in "real time." If speed of opera
tion is not a consideration, almost any 
microcomputer can serve in a given ap
plication. Some machines, however, may 
be more economical than others for par
ticular jobs. 

Four-bit single-chip microprocessors 
such as the Intel 4004 or the PPS-4 made 
by Rockwell International are particular
ly economical. They are well suited to 
systems designed for decimal arithmetic, 
or to systems that do not have to deal 
with "words" consisting of many bits. 
Four-bit microprocessors are the most 
natural choice for products such as elec
tronic scales (which are now common in 
supermarkets) and sales terminals. For 

MACHINE 
LANGUAGE 

00 100 001 
00 000 010 
00 000 111 

01 111 110 

00 100 011 

10 010 110 

11 110 010 
00 001 011 
00 000 011 

00 101 111 

00 111 100 
11 000 110 
00 000 101 

00 100 011 

01 110 111 

11 001 001 

ASSEMBLY 
EXPLANATION LANGUAGE 

Load into the memory-address "pointer" (a special register 
ABS LXIH 2 7 in the CPU) the address, defined by 2 and 7, of the location 

where X is to be found in memory. 

MOVA, M Move the contents of memory X into the accumulator. 

-
"Increment" the pOinter (that is. add 1 to the address of X 

INXH to locate the address of Y ). 

SUBM 
Subtract the contents of memory Y from the accumulator 
(so that it now contains X - Y). 

If the accumulator is positive ( X > Y ), jump to LOC. 
JP LOC (The address of LOC is given by the next two eight-bit words, 

the binary representations of 11 and 3.) 
Since the accumulator represents a negative number ( X < Y ), 

CMA 
the corresponding positive number is obtained, in binary 
arithmetic, by "complementing" the accumulator (that is, 
exchanging all 1 's and O's) and ... 

INRA ... by incrementing the accumulator (adding 1). 

LOC ADI 5 Add 5 to the accumulator (which gives either X - Y + 5 
or V-X + 5). 

INXH Increment the pointer (which means adding another 1 to the 
address of Y to locate the address of Z). 

MOVM,A Move the contents of the accumulator into memory ( Z ) . 

RET The subroutine has been completely executed. 
Return to the main program. 

HIGH-LEVEL LANGUAGE (PL/M) 
ABS: PROCEDURE; 
IF X > Y, THEN Z = X - Y + 5; OR ELSE Z = Y - X + 5; 
RETURN; 
END ABS; 

HIERARCHY OF LANGUAGES originally developed for programming large computers 

is now used with microcomputers. This example shows the structure of three equivalent 

languages used with the Intel 8080 microcomputer: machine language, assembly language 

and a high.level (or compiler) language, in this case PL/M, a language comparable to For

tran in sophistication. The microcomputer is being instructed in a subroutine to subtract 

the smaller of two positive numbers, either X or Y, from the larger, to add 5 and to make Z 
equal to the result. The machine language consists of a collection of eight-bit words stored 

in the machine's read.only memory. (The division of the eight bits shown here is strictly 

for the convenience of the programmer.) The assembly language employs a dictionary of 

words, letter sequences that serve as mnemonic aids and correspond to one or more eight. 

bit "words" of machine language. The instructions conveyed by the two equivalent Ian· 

guages are explained in the third column. In this example it is assumed that X, Y and Z are 

stored in sequentially numhered memory locations starting at 1794 (00000111 00000010) and 

that both X and Yare positive integers smaller than 127 (27 - 1). ABS and LOC are sym· 

bolic addresses arhitrarily labeled by the assembly.language programmer. Note that one of 

the instructions, ADI 5, calls for two eight-bit words of memory and that two others, LXIH 

2 7 and JP LOC, call for three words. The central processing unit contains a 16·bit "ad· 

dress pointer" capable of designating some 65,000 different memory locations. The compiler 

language assumes that variables X, Y and Z have been defined earlier in the program. 

such applications a microcomputer con
trol system consisting of three or four 
chips costing less than $50 can be placed 
on a printed-circuit board between four 
and six inches square. 

Eight-bit microprocessors are the most 
popular at the present time. Their word 
length makes them a natural choice for 
all applications that involve communi
cations equipment, which commonly 
works with eight-bit encoded characters. 
They have more complete instruction 
sets and more computing power than the 
four-bit units and have many of the fea
tures found in larger machines. Although 
many of them require more supporting 
devices, some of the most recent eight
bit CPU's can make a complete minimal 
microcomputer with as few as five de-

vices. A few 12- and 16-bit machines 
have been introduced, mostly for process 
control and other complex tasks. Some of 
them are highly integrated versions of 
previously available minicomputers, for 
which they are an economical substitute 
when speed is not critical. 

Although the design concept of put
ting an entire microprocessor on a single 
chip is an attractive one, a system con
sisting of several chips, each with a 
smaller number of components, has its 
advantages: higher production yields, 
fewer pins per device and better heat
dissipation characteristics. Accordingly 
some manufacturers have brought out 
multichip microprocessors. The usual 
approach is to design one common con
.. rol section and several identical two- or 
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four-bit "slices" for the arithmetic and 
logic unit and the registers. The slices 
are connected in parallel, making it pos
sible to put together machines that have 
several different word lengths. This ap
proach was first taken by National Semi
conductor, which introduced a four-bit 

PMOS slice that could be used as a mod
ular unit in the design of machines rang
ing from four to 32 bits. Bit-slice archi
tecture, as it is called, is now the rule in 
bipolar microprocessors because of the 
necessity of limiting component densities 
to facilitate the dissipation of heat. 

Some multichip machines have the 
advantage that they can be "micropro
grammed" by the user. Microprogram
ming, which is not the same thing as pro
gramming a microcomputer, is a tech
nique by which the functional architec
ture of some machines can be redefined 

EVOLUTION OF COMPUTER CIRCUIT TECHNOLOGY is epit. 

omized in this sequence of five modules from computers huilt over 

the past 20·odd years. All are depicted 45 percent actual size. The 

numbers at the upper left corner of each photograph show approx· 

imately what portion of the computer's total circuitry is repre
sented by the module. The first picture (top left) shows a module 

from one of the first large commercial computers, announced in 

1952. The entire computer contained some 3,000 vacuum tubes. The 

remaining four modules were all built by the Digital Equipment 

Corporation.lfhe first (top middle) is from the earliest minicom· 

puter, the PDP.5, which was introduced in 1963. The module con· 

tains nine transistors in individual "cans" and other discrete com· 

36 

© 1975 SCIENTIFIC AMERICAN, INC



By working at the microprogram level 
one can speed up the creation of new in
structions with which certain programs 
are executed, and even modify the mi
crocomputer so that it can emulate the 
operation of another type of machine al
together. 

Although the microprocessor is the 
most complicated and expensive single 
function of a microcomputer system, it is 
in fact completely controlled by the 
memory that surrounds it. In the evalu
ation of a CPU attention must be given 
to the variety of modes made available 

ponents. In the next module (top right), from the PDP.8/I of 1968, five to 10 transistors are 

in each of nine integrated·circuit packages. The next module (bottom left), from the 

PDP.8/ A of 1974, incorporates more than 110 integrated.circuit packages, each containing 

hetween 25 and 50 transistors. The last module, Digital'. LSI·ll (bottom right) is a com· 

plete minicomputer, with 65,000 hits of memory, containing more -than 1l0,000 transistors. 

Its list price is less than $1,000, and it is more powerful than PDP·5, which sold for $21,000. 

for accessing instructions and manipu
lating data, since these operations signif
icantly influence the ease of program
ming, the speed of execution and even
tually the size of the memory itself. In 
many cases the most costly part of a sys
tem's hardware is the memory subsys
tem. For many years the memory re
quirements of digital systems were met 
with ferrite cores: tiny ceramic rings 
densely strung on a mesh of fine wires. 
Core memories are still widely used in 
many large computers and minicomput
ers, but an ever increasing number of 
users are turning to semiconductor mem
ories. Fabricated on silicon chips by the 
same technology used to make micro
processors, semiconductor memories re
quire less power than core memories, are 
easier to use, take up less space and have 
recently become less expensive. Since 
MOS memories are also far easier to in
tegrate into an MOS microcomputer sys
tem, they are the overwhelming choice 
of microprocessor users. 

Most semiconductor memories found 
in microcomputers are of the ran

dom-access type. Access to any memory 
location can be gained in a uniform 
amount of time. The two main types of 
random-access memory differ in their 
"volatility," that is, in their ability to re
tain their contents under various operat
ing conditions. The computer program 
and tables of £Xed data are mainly 
stored in "read-only memory," or ROM, 
devices. ROM's are nonvolatile: their 
contents cannot be altered during the 
operation of the computer, and the re
tention of stored data does not depend 
on a supply of power. The contents of 
an R,OM are simply binary patterns of 
1's and D's that are programmed in ad
vance by the user. When large volumes 
of identical ROM's are required, the pro
gramming is most economically done by 
the semiconductor manufacturer's cus
tom-making one of the masks employed 
during fabrication. Such an ROM is said 
to be "mask-programmed." Mask-pro
grammed ROM's can store up to 214 
(16,384) bits, and the cost can fall to less 
than a tenth of a cent per bit. 

When only a few ROM's are to be pro
grammed, as in laboratory development 
work, one can use "field-programmable" 
ROM's (PROM's). A popular type of 
PROM, introduced almost concurrently 
with the first microprocessors, can be 
programmed and then erased. It incor
porates arrays of floating-gate ava
lanche-injection transistors, which are 
capable of trapping a charge when a 

pulse in excess of 40 volts is applied to 
them. {Microcomputers, depending on 
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the technology used in the chip, operate 
at from five to 17 volts.) The charges can 
subsequently be removed by exposing 
the device to intense radiation (ultravio
let or X rays). The trapping of charge, 
of course, is what makes it possible to 
program the device; the removal of 
charge is equivalent to erasure. The cost 
per bit for PROM's is about 10 times 
more than the cost for mask-pro
grammed ROM's, and the capacity of 
the devices is at present limited to 213 
(8,192) bits. 

The temporary storage of data calls 
for memories that can be modified while 
the microcomputer is operating. This 
capability is found in the semiconductor 
"read/write" memories called RAM's. 
(Some engineers prefer the designation 
R/WM to avoid possible confusion with 
ROM.) Read/write memories are cur
rently one of the most competitive prov
inces of the semiconductor industry. 
Typical devices can store as many as 212 

(4,096) bits at costs that are dropping 
toward a tenth of a cent per bit. 

A typical microcomputer system incor
porates both volatile and nonvolatile 
memories. Some applications, however, 
do not need temporary data storage be
yond what can be handled by the micro
processor's internal registers, so that the 
read/write memory can sometimes be 
omitted. In other applications perma
nent storage is omitted and read/write 
memories serve to store both the pro
gram and the data. When only read/ 

write memories are employed, the pro
gram must be reloaded each time the 
power is shut off (either on purpose or 
accidentally) unless a battery backup 
system has been included in the system 
to maintain the contents of the memory. 
With some of the newer CMOS semicon
ductor memories such a backup system 
can operate for weeks on as few as three 
or four "penlight" batteries. 

In applications that require the bulk 
storage of large amounts of data other 
storage mediums such as tape cassettes 
or flexible (floppy) disks can be used. 
The peripheral devices for recording in 
these storage mediums were initially de
veloped for use with minicomputers, but 
their cost has now decreased to justify 
their use in some minicomputer systems. 
Currently under development are all
electronic bulk-storage systems that will 
use charge-coupled devices or magnetic
bubble memories. They should be cheap
er, faster, more capacious and more re
liable than present systems. 

Semiconductor manufacturers saw in 
microprocessors an opportunity both 

to introduce new products and to in
crease their memory business. What they 
did not foresee was the strong demand 
that would arise from their customers for 
engineering support to exploit the new 
technology. The manufacturers soon dis
covered it was necessary to supply not 
only devices but also complete systems, 
including hardware and software of the 

CLOCK 

CONTROL 
MEMORY �=====>1 MICROPROCESSOR 1<======>1 

INPUT/OUTPUT 
DEVICES 

MEMORY 
(TEMPORARY 
STORAGE) 

FUNCTIONAL DIAGRAM OF MICROCOMPUTER is similar to a diagram of a large con· 

ventional machine. The microprocessor performs all arithmetic operations, logic operations 

and data manipulation, following instructions stored in the control memory. A read/write 

memory provides temporary storage for the data generated during a computation. An elec· 

tronic clock provides timing pulses for overall synchronization of all operations. Finally, 

input and output devices enable the microprocessor to communicate with the outside world. 
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kind available from the manufacturers of 
larger computers. 

Hardware support was quick to come, 
from outside venders as well as from the 
semiconductor manufacturers, in the 
form of completely assembled subsys
tems. Fabricated as boards or modules, 
the subsystems can be directly incorpo
rated into larger systems of many kinds. 
The availability of standardized but pro
grammable modules is particularly use
ful for prototype development or for 
equipment manufactured in small series, 
which do not justify a custom-made mi
crocomputer design. 

It is well known that in any computer 
system the software is likely to account 
for the largest fraction of the develop
ment cost. This is no less true for micro
computers, and it is indicative of the im
portance of giving the user comprehen
sive support. Although few microcom
puter software packages compare favor
ably with those available for larger and 
more expensive machines, they consider
ably simplify the task of putting togeth
er a microcomputer system. 

A microcomputer program consists of 
a sequence of binary words stored in a 
control memory. The instructions thus 
defined are said to be written in machine 
language [see illustration on page 35]. 
Although a programmer can elect to 
write his program directly in this form, 
the process is time-consuming and prone 
to error. Programming is made consid
erably simpler by assembly languages, 
which are available for all microcomput
ers. These languages allow the substitu
tion of mnemonic words such as ADD, 
SUB and JUMP for the binary words of 
the machine language; they also simplify 
the task of putting program data into 
a memory by giving the memory "ad
dresses" arbitrary labels instead of ab
solute locations. An assembly-language 
program must be translated into ma
chine language before it is committed to 
a memory; this conversion is accom
plished by an assembler, which checks 
the assembly-language program for cer
tain types of errors and, if none are 
found, produces the desired machine
language code. The assembler is a pro
gram that sometimes can be executed by 
the microcomputer itself. 

A higher level in the hierarchy of pro
gramming languages is represented by 
procedure-oriented languages, such as 
Fortran or PL/M. To translate state
ments written in these languages into 
machine language one uses a compiler. 
When a compiler is available, it speeds 
up programming, and the resulting easi
er to understand programs simplify the 
problems of documentation and mainte-
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nance. Unfortunately compilers, because 
of their general nature, tend to generate 
machine-language programs that are not 
highly efficient in speed of execution or 
in number of instructions. Typically they 
require from 10 to 100 percent more 
control memory than would have been 
needed if the programmer had worked 
at the assembly-language level. The de
cision whether or not to use a compiler 
is based on trade-offs involving the ex
perience of the programmer, the time 
available for software development and, 
probably most important, the expected 
production volume of the system. Econ
omies in memory achieved by more ef
ficient programs can obviously justify 
greater software-development costs. 

The differences between microcom
puter software and minicomputer soft
ware go beyond the support level. In 
general, microcomputers have a signifi
cantly less extensive instruction set. 
Their shorter word lengths (four to 16 
bits against the minicomputer's eight 
to 32) resb'ict the number of binary com
binations that can be used in the instruc
tions and the number of ways memories 
can be addressed, which increases the 
number of steps needed to execute an 
operation. This fact combines with the 
inherently slower performance of MOS 
devices to make present microcomputers 
between three and 10 times slower than 
minicomputers. 

Microcomputers should be judged, 
however, not by how they compare 

with machines many times bigger and 
more expensive but by the impact they 
have had on the design of electronic 
systems. In many cases they are replac
ing systems based on custom-designed 
large-scale integrated circuits (LSI's). 
These specially made integrated circuits 
can be justified only when they are pro
duced in volumes large enough (50,000 
units, say) to amortize their develop
ment costs. They combine the advan
tages of high density and low power dis
sipation, but they cannot be modified or 
adapted for an application for which 
they were not deSigned. One can readily 
see the broad appeal of high-volume 
versatile devices such as microprocessors 
incorporating no custom-made features 
except the contents of a separate and 
easily programmed read-only memory. 
Not the least of the microprocessor's at
tractions is that it eliminates the lengthy 
effort required to deSign, "debug" and 
manufacture a special LSI circuit. 

Until recently digital circuits were de
Signed almost exclusively with "hard
wired" lOgic. Integrated circuits with a 
low or medium level of integration (typ-
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D 
SINGLE-CHIP MICROPROCESSOR, such as the chip on page 33, contains the hasic com· 

ponents shown in this hlock diagram. Instructions from the stored program are decoded 

by the decode·and·control unit and implemented by the circuits in one or more of the 

other blocks. The arithmetic and logic unit (ALU) performs arithmetic and logic oper

ations. The registers serve as an easily accessible memory and can be used for data that are 

frequently manipulated. An accumulator is a special register closely associated with the 

ALU. It is one of the sources of data for the ALU and is the immediate destination of all 

its results. The address buffers supply the control memory with the address from which to 

fetch the next instruction. They also supply the read/write memory with the address from 

which the next datum is to be read or into which it is to be written. Input! output huffers 

are bidirectional: they can read instructions or data into microprocessor or send data out. 

ically with from 20 to 200 transistors per 
device) were interconnected by wires or 
by metallized paths on printed-circuit 
boards. Although this approach is very 
powerful (indeed, it is used in most of 
the electronic equipment manufactured 
today), it yields an inflexible product 
that is difficult to modify or improve 
without major redesign. Most of the 
microcomputers in service today were 
adopted as a replacement for inflexible 
circuitry. Their use would be justified 
by their advantages in number of com
ponents, fabrication costs and power re
quirements, but it is to their flexibility, 
inherent in all stored-program systems, 
that they owe most of their popularity. 
Development time is significantly de
creased. Modifications, improvements or 
selection of options can be implemented 
by simple program changes even after 
the machine has been installed in the 
field; all it takes is the substitution or 
the reprogramming of a PROM device. 

A good example of an application for 
which microcomputers are ideally suit
ed is systems designed to control auto
mobile traffic lights. Although these con
trol systems have a constant objective 

(the regulation of vehicle and pedestrian 
flow), the requirements and constraints 
can change significantly, depending on 
state and city regulations, the intersec
tion configuration, the traffic patterns 
and densities, the seasons and even the 
time of day. In earlier designs, which in
corporated a great many separate cir
cuits and relays, sections of each con
troller had to be custom-wired to meet 
the requirements of a specific intersec
tion. With the substitution of microcom
puters, traffic-light controllers can use 
common equipment throughout; the 
only custom-designed features are at the 
program level and are included in the 
read-only memories. Thousands of such 
controllers are currently being installed. 

O ther typical microcomputer applica-
tions are desk-top computers, com

pact business machines, bank terminals, 
check processors, payroll systems, proc
ess controllers and chemical analyzers. 
Over the next few years microcomput
ers should penetrate strongly into such 
areas as communications (with "smart" 
terminals), biological and medical re
search (with better monitoring and diag-
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nostic instruments) and education (with 
more practical and economical teaching 
machines). In the 1980's microcomput
ers will be commonplace in the home in 
consumer electronic products, appli
ances, security devices and innumerable 
gadgets and toys. 

The automotive industry will prob
ably be the largest single user of mi
crocomputers. They will replace the 
custom-designed LSI devices already in
stalled by many manufacturers for mon
itoring brakes, lights and battery, for 
seat-belt interlocks and for skid control. 
Together with appropriate transducers 
and sensors, they will take up many new 
functions such as the control of ignition, 
the optimization of the fuel-air mixture, 
the reduction of exhaust emissions and 
even the continuous indication of fuel 
consumption in miles per gallon. 

The telephone system also offers a 
large market for microcomputers. Al
ready used for some time at Bell Labora-

tories in instruments specially designed 
for testing equipment, microcomputers 
are now being included in some of the 
newer Bell System central-office equip
ment for automatic maintenance and 
protection. They are also at the heart of 
the new family of "transaction" tele
phones that enable merchants and banks 
to check a customer's credit within a 
few seconds. Under microcomputer con
trol the new telephones automatically 
read the customer's magnetically en
coded credit card, consult a computer 
data base over the ordinary lines of the 
direct-dialing network and authorize the 
transaction. 

The demand for microcomputers and 
the continuing evolution of solid-state 
technology will reduce the cost of mi
croprocessors and memories, will im
prove production yields and will lead to 
higher levels of integration. Particularly 
promising at the present time is one of 
the newest bipolar technologies: inte-
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"BIT SLICE" ARCHITECTURE, represented in this functional block diagram, provides 

a means for achieving variable word length. In this scheme the microprocessor consists of 

one or two common sections that control several parallel "slices" incorporating the regis

ters and the arithmetic and logic unit (RALU). If each slice is capable. as is shown here. 

of processing four bits of information, an assembly of four slices can simultaneously 

process 16 bits. Microcomputer on the cover of this issue follows this bit·slice architecture. 
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grated injection logic (IlL). This tech
nology is characterized by a greater den
sity of components on the substrate, 
higher speed of operation and lower
pcwer requirements. Microprocessors 
will be among the first devices to exploit 
these advantages. 

As chips with larger numbers of com
ponents on them become more econom
ic, more sophisticated microcomputer 
architectures can be expected. For ex
ample, larger read/write memories will 
be available on the microprocessor chips 
themselves, and entire portions of cen
tral processing units will be duplicated 
or triplicated in order to simplify the 
handling of multiple processes or to pro
vide self-checking. 

As microcomputers find wider ranges 
of applications, relatively simple systems 
built around a single microprocessor 
will continue to account for the largest 
fraction of the production volume. It is 
predicted that factory sales of micro
computers will reach $500 million by 
1980 and $1 billion by 1983. One can 
expect that an increasing amount of at
tention will be given to systems incor
porating more than one microprocessor, 
whether it is for multiprocessing (in 
which a certain kind of task can be 
shared by several machines) or for dis
tributed intelligence (in which a large 
number of microcomputers with as
signed roles operate under the super
vision of a central machine). This trend 
will shift the developmental center of 
gravity away from the architecture and 
performance of single microcomputers 
to the organization of hierarchical sys
tems incorporating many computers. 
Such systems will find applications in 
process control, data acquisition and in
ventory control. They will be a small 
factor in the total microcomputer mar
ket, but they will be unique in that they 
will bring together microcomputers, 
minicomputers and full-sized computers. 

Any attempt to speculate on the poten-
tial applications of a new device as 

powerful and versatile as the microcom
puter is bound to appear naive within a 
very few years. The early user of a new 
technology is constrained by his past ex
perience to direct his thinking along fa
miliar channels. Moving beyond its cur
rently obvious applications (such as traf
fic-control systems), the microcomputer 
will soon be in the hands of a new gen
eration of designers who will be trained 
to regard it as a simple device, much 
as today's engineers look at transistors 
or even moderately complex integrated 
circuits. 
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We want to be useful ... and even interesting 
Communication by microscope 
Besides looking through a microscope, you can take pictures with it. 
You may want the pictures only as a record of what you saw. Or you 
might want them for communicating to others your thoughts on what 
you saw. If so - unless you feel there is no room for improvement 
in your photomicrography - Kodak Publication P-2,· "Photography 
through the Microscope," may prove helpful. In the course of telling 
how to get the most out of our products, it discusses things we don't 
even provide. For example, Kohler illumination: 

There are microscope illuminators (in 10th-grade biology labs, per
haps) that do not use lenses to direct the light into the substage con
denser. In that case, don't worry about Kohler illumination because 
you <:an't have it, nor can you expect as much resolving power from a 
high-aperture objective as theory predicts. If you have progressed be
yond such equipment, carefully read the manual that comes with the 
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microscope. Hope that if 
the manufacturer's sugges

tions are followed Kohler 
illumination will be main

tained, even if that name is 
not used. A brain, concentrat

ing its attention on the fascinating 
details of the specimen, learns to 

ignore unevenness of illumination 
and other off-Kohler effects. Not 

being that smart, the photographic 
process faithfully renders them 

and may well exaggerate them 
to the point of losing what's 

important in the subject. 
It can be bad 

enough to rob the 
audience of faith 
in the cleverness 

of the com
municator. 
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LAMP 

THE KOHLER ILLUMINATION PRINCIPLE 

The collector lens gathers light from the emitting source, whether lamp fila
ment or arc. Source should be in sharp focus at the aperture diaphragm. Its 
image should be centered with that diaphragm, and it should be large enough 
to extend just a bit beyond the widest opening. If it is much larger, you are 
wasting light. If it is much smaller, you may be lOSing sQme of the resolving 
power the objective could be delivering. Two further images of the light source 
will be formed, one by the condenser and objective in combination and the 
second by the eyepiece. If an image of the aperture diaphragm and within it 
the relayed image of the light source coincide with the plane of the shutter 
and are no larger than the shutter opening, the film is getting the full benefit 
of the light to keep down problems from long exposures, and it is seeing the 
most of the specimen's structure and the least of the light source's structure. 

She must have gone to the dentist 

Visible-excited IR luminescence 

Since the funeral took place as long ago as 600 
A.D. in what the palefaces later named Jersey 
County, l11inois, the archaeologists took the 
liberty of disturbing the lady's rest, Their in
vestigations bring new respect for the culture 
of her people. Therapeutic dentistry, it seems, 
was not beyond their technological capability. 
To evaluate the evidence for that, send for the 

article "Multi-spectrum Investi-

I., 
. 

gation of Prehistoric Teeth."· If 
more interested in the photo-
graphic methods than in the find
ings, get Kodak Publication 
M-27, * "Ultraviolet and Fluores
cence Photography." 

�:E- KODAK Directory of Products and Services for the Health Sciences is available free from 
Dept. 55M, Kodak, Rochester, N.Y. 14650, as is the article on the evidence for prehistoric 
dentistry. Kodak Publications P-2 and M-27 can be ordered from photo dealers, some book
stores, or at $3.25 and $2.25, respectively, from our Dept. 454. (Prices subject to change 
without notice. Please add applicable taxes.) 
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No Reasonable Alternative 

T
he unprecedented price of import
ed oil and the uncertainty of de
liveries from the Middle East have 

stimulated a fractious debate about the 
most desirable way for the U.S. to meet 
its future energy needs. On various 
grounds, often coupling a concern for 
the environment with a concern for hu
man welfare and safety, critics have ob
jected to each of the principal avenues 
for expanding the U.S. energy supply: 
the strip-mining of coal, the mining and 
retorting of oil shale, offshore drilling for 
oil and gas and the construction of nu
clear power plants. The last of these op
tions has now been vigorously defended 
in a statement signed by a group of 32 
scientists headed by Hans Bethe of Cor
nell University. Eleven members of the 
group, including Bethe, are Nobel prize
winners. Some excerpts from the state
ment follow: 

"In the next three to five years conser
vation is essentially the only energy op
tion. . .. But there must also be long
range realistic plans and we deplore the 
fact that they are developing so slow
ly .... There are many interesting pro
posals for alternative energy sources 
which deserve vigorous research effort, 
but none of them is likely to contribute 
Significantly to our energy supply in this 
century .. . .  If we look at each possible 
energy source separately, we can easily 
find fault with each of them, and rule out 
each one. Clearly, this would mean the 
end of our civilization as we know it. 

"Our domestic oil reserves are run
ning down. [Thus] we must ... permit 
off-shore exploration .... We shall have 
to make much greater use of solid fuels, 
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[of which] coal and uranium are the 
most important options .... The U.S. 
choice is not coal or uranium; we need 
both. Coal is irreplaceable as the basis 
of new synthetic fuels to replace oil and 
natural gas. However, we see the pri
mary use of solid fuels, especially of 
uranium, as a source of electricity. Ura
nium power, the culmination of basic 
discoveries in physics, is an engineered 
reality generating electricity today. Nu
clear power has its critics, but we believe 
they lack perspective as to the feasibility 
of non-nuclear power sources and the 
gravity of the fuel crisis. 

"All energy release involves risks, and 
nuclear power is certainly no excep
tion . ... We have confidence that techni
cal ingenuity and care in operation can 
continue to improve the safety in all 
phases of the nuclear power program, in
cluding the difficult areas of transporta
tion and nuclear-waste disposaL... On 
any scale the benefits of a clean, inex
pensive and inexhaustible domestic fuel 
far outweigh the possible risks. We can 
see no reasonable alternative to an in
creased use of nuclear power to satisfy 
our energy needs." 

The Nobel prizewinners who signed 
the statement, in addition to Bethe, were 
Luis Alvarez, John Bardeen, Felix Bloch, 
Joshua Lederberg, Willard F. Libby, 
Edwin M. McMillan, Edward M. Pur
cell, I. I. Rabi, Glenn T. Seaborg and 
Eugene Wigner. 

The SALT free Weapons 

T
he publicity surrounding the bilater-
al arms-control negotiations carried 

on by the U.S. and the U.S.S.R. over the 
past few years under the general head
ing of SALT (Strategic Arms Limita
tion Talks) has tended to focus attention 
on only one component of each side's 
arsenal of nuclear weapons: the "stra
tegic" component, which by definition 
includes only those long-range nuclear 
weapons capable of hitting targets in
side one nation from launching sites 
inside the other nation (or from missile
launching submarines on the high seas). 
At present the U.S. has a wide numerical 
lead over the U.S.S.R. in independently 
targetable strategic nuclear warheads. 
It is estimated that by the middle of this 
year the U.S. will have emplaced ap
proximately 8,500 such strategic weap-

ons (deliverable by land-based missiles, 
sea-based missiles and bombers), com
pared with the Russian total of perhaps 
2,800. For the past four years the U.S. 
has been producing strategic nuclear 
weapons at the rate of about three per 
day. Under the "ceilings" set by the two 
superpowers in their November 1974 
Vladivostok understanding the U.S. 
could have as many as 21,000 strategic 
nuclear weapons deployed by 1985. 

What is ignored in this strategic arith
metic is the vast stockpiling of "tactical," 
or comparatively short-range, nuclear 
weapons by both sides. According to a 
recent report published in The Defense 
Monitor, the newsletter of the Center for 
Defense Information, the U.S. alone has 
approximately 22,000 tactical nuclear 
weapons distributed around the world. 
This total includes about 7,000 on land 
in Europe, 1,700 on land in Asia, 2,500 
aboard U.S. Navy combat ships and the 
remainder (10,800) assigned to bases 
in the U.S. The total number of tacti
cal nuclear weapons deployed by the 
U.S.S.R. is not public knowledge, but it 
is believed the Russian forces in Europe 
have some 3,000 to 3,500 tactical nucle
ar weapons at their command, giving the 
U.S. forces in Europe a roughly 2 : 1 ad
vantage in this category. 

Tactical nuclear weapons were first 
introduced in Europe by the U.S. in 
1954, three years before the Russians be
gan their deployment. At present the 
U.S. tactical nuclear weapons in Europe 
include at least four different kinds of 
surface-to-surface missiles (Lance, Ser
geant, Honest John and Pershing), two 
sizes of nuclear artillery shells (155-mil
limeter and 203-millimeter), nuclear sur
face-to-air missiles (Nike-Hercules), nu
clear air-to-surface missiles (Walleye), 
nuclear demolition munitions and nucle
ar depth bombs, as well as large num
bers of nuclear air-to-surface bombs ca
pable of being delivered by more than 
500 U. S. fighter-bombers. The U.S. tac
tical nuclear forces are stationed in a 
number of European countries but are 
most heavily concentrated in West Ger
many. (France also maintains some of its 
tactical forces in West Germany.) 

The researchers at the Center for De
fense Information point out that their es
timate of 2,500 for U.S. tactical nuclear 
weapons at sea is "conservative." There 
are currently some 284 ships and subma-
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rines in the U.S. Navy that can carry nu
clear weapons, and the authors state that 
"the maximum loading of nuclear weap
ons would result in a number four times 
larger than the Center estimate." 

The Defense Monitor report con
cludes by calling for a "national debate 
on U.S. tactical nuclear weapons," ar
guing that "the excessive secrecy sur
rounding tactical nuclear weapons hin
ders oversight by Congress and is un
necessary to preserve U.S. security." The 
very presence of U.S. tactical nuclear 
weapons abroad in their view invites 
preemptive nuclear strikes, the likely re
sult of which would be "the destruction 
of the country in which they were used." 
In addition to the risk that "an exchange 
of tactical nuclear weapons would esca
late into a full-scale nuclear war," the re
searchers contend that "the dispersion 
of so many tactical nuclear weapons 
around the world greatly increases the 
danger of theft, terrorism and acci
dents." The security of the U.S. would 
be enhanced, they believe, by the re
moval of most land-based U.S. tactical 
nuclear weapons from Europe, all land
based tactical nuclear weapons from 
Asia and all nuclear bombs and nuclear 
air-to-surface weapons from U.S. air
craft carriers. 

What Are the New Particles? 

T
he experiments in high-energy phys
ics that culminated last November in 

the discovery of two massive subnuclear 
particles were undertaken in the hope of 
choosing from numerous possibilities a 
single valid theory of particle structure. 
The result has been quite the opposite: a 
rich crop of theories proposing to explain 
the new particles has sprouted in Physi
cal Review Letters, and as yet there is 
no way to winnow the harvest. 

" 
The parti�

,
les can be observed only as 

resonances, or enhancements of the 
probability of an interaction between 
other particles; they cannot be detected 
directly. They were discovered at about 
the same time but by entirely different 
techniques at the Stanford Linear Accel
erator Center (SLAC) and the Brook
haven National Laboratory. Estimates of 
their mass have been revised since the 
initial reports and are now given as 
3.095 GeV (billion electron volts), or 
slightly more than three times the mass 
of a proton, and 3.684 GeV. At SLAC 
they have been named psi(3095) and 
psi(3684); at Brookhaven only the less 
massive particle has been observed, and 
it is called J. 

The most intriguing characteristic of 
the particles is their long lifetime. They 

decay in 10-20 second, and although by 
ordinary standards that is a very brief in
terval, it is about 1,000 times as long as 
was expected. Other resonance particles 
decay by the "strong" interaction in 
about 10-23 second. Virtually all specula
tions on the nature of the new particles 
are in essence attempts to account for 
their curious persistence. 

One large group of theories involves 
revisions of or elaborations on the "quark 
model," which postulates pOintlike enti
ties that can be combined in pairs or trip
lets to make up known particles such as 
protons and pions. Even though quarks 
have never been observed in isolation, 
the theory that predicts them is firmly 
established, and there is good reason to 
believe that the psi particles, like other 
kinds of matter, are made up of them. 
The psi particles might not, however, be 
made of the same kinds of quarks as or
dinary matter. 

The original formulation of the quark 
model required three quarks; a decade 
ago another formulation was proposed, 
incorporating a fourth quark with a new 
property arbitrarily called charm. One 
of the first suggested explanations of the 
new particles was that psi(3095) might 
be a charmed quark and a charmed anti
quark, bound into an "atom" of char
monium. The delayed decay of psi(3095) 
into ordinary particles could then be ex
plained by a tendency to conserve 
charm. In this scheme and similar ones 
discussed by several theorists psi(3684) 
is merely an excited state of charmoni
um. At least two additional excited states 
are predicted, and it should be possible 
to detect the radiation emitted in transi
tions between them. 

Another modification of the quark 
hypothesis postulates a property of mat
ter arbitrarily called color. Each of the 
three original quarks is assumed to come 
in three colors, so that there are nine 
quarks all together; ordinary matter does 
not display color because it consists of 
a quark and an antiquark or of three 
quarks with all the colors in equal pro
portion. It has been suggested that the 
psi particles are the first observed states 
of colored matter, that is, they may con
sist of a combination of quarks having 
net color. Their lifetime would be ex
plained by a tendency to conserve col
or; once again a multiplicity of other 
particles is predicted. 

The charm and the color hypotheses 
have in common the supposition that the 
decay of the psi particles into ordinary 
matter is inhibited by the conservation 
of a previously unobserved property. 
Several theorists have offered explana
tions based on other hypothetical prop-

erties. One group has postulated a 

new property called paracharge, which 
would be conserved in the strong inter
actions but not in electromagnetic inter
actions, which generally take about 10-21 
second. Another theory proposes the 
new property gentleness, which likewise 
would be conserved in strong interac
tions but not in electromagnetic interac
tions. This theory assumes an ensemble 
of six quarks: the three usual ones and 
three gentle ones. 

Another hypothesis that attributes the 
psi lifetime to conservation predicts that 
the new particle is a chirneron, a particle 
that exhibits certain properties some of 
the time but different properties at other 
times. If this formulation should prove 
correct, interactions involving the psi 
particle would violate the conservation 
of electric charge and parity. 

A quite different approach to the 
problem of explaining the psi is taken 
by two groups of investigators who sug
gest that it is merely an aggregate of 
previously observed particles. The most 
likely candidate is the omega particle, 
which has a mass of 1.672 GeV; the psi
(3095), they propose, is a bound state of 
an omega and an antiomega particle. 
The decay of the psi is then equivalent 
to the annihilation of the bound pair, 
which might be inhibited by the angular 
momentum of the system. No new con
served properties are required by this 
theory, but many similar bound states of 
other particles would be expected. 

Perhaps the most sweeping theories 
of all are those that require not a new 
property of matter but a new kind of 
force or interaction. Two groups of phys
icists have made such proposals. These 
explanations have the advantage that 
the strength of the interaction can be ad
justed to exactly the value required to 
account for the lifetime of the psi parti
cle. On the other hand, they demand a 
fundamental revision of the doctrines of 
physics merely to explain the existence 
of two anomalous particles. 

Experiments capable of testing at 
least some of these hypotheses are under 
way at SLAC and at several other labo
ratories. Not all the proposals are im
mediately subject to test, but it is hoped 
that this time the experimental work 
will at least reduce the number of viable 
theories rather than breeding more. 

Acetaldehydism 

J
t is clear enough that prolonged, heavy 

consumption of grain alcohol dam
ages the liver, the heart and other tis
sues-but why? The mechanism of these 
familiar effects has never been clearly es-
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tablished; indeed, much of the blame 
has often been put on the nutritional de
ficiencies that frequently accompany se
rious alcoholism. Now it appears that 
acetaldehyde, into which alcohol is con
verted in the liver, may be largely to 
blame. Alcoholics may actually suffer 
from acetaldehydism. 

Acetaldehyde was known to be a po
tent cell poison and so has been under 
suspicion for some time. The primary en
zyme system by which alcohol is oxi
dized to form acetaldehyde is quickly 
saturated, however, so that the acetalde
hyde level does not keep climbing as 
alcohol is consumed. That seemed to 
argue against a major role for acetalde
hyde in causing damage that is clearly 
associated with the ingestion of alcohol. 
Charles S. Lieber and his associates at 
the Bronx Veterans Administration Hos
pital and the Mount Sinai School of 
Medicine undertook a precise study of 
the relation of alcohol and acetaldehyde 
blood levels. Their results were reported 
in The New England Journal of Medi
cine by Mark A. Korsten, Shohei Matsu
zaki, Lawrence Feinman and Lieber. 

The investigators infused into the 
veins of six patients with chronic alco
holism and five control patients enough 
pure grain alcohol (ethanol) to attain a 
concentration in the blood normally as
sociated with moderate intoxication, and 
then monitored the alcohol and acetal
dehyde levels continually for eight to 10 
hours. Both levels were predictably high 
after the infusion. The alcohol level fell 
off steadily as the alcohol was metabo
lized, but the acetaldehyde level did 
not vary for some time; it remained on 
a plateau until a certain alcohol level 
(remarkably similar in all patients) was 
reached, at which point it fell abruptly. 
The acetaldehyde plateau was signifi
cantly higher in the alcoholics than in 
the control patients, however. 

Lieber and his associates interpret 
their results as indicating, first of all, that 
there is a logical dose-response relation 
between alcohol and acetaldehyde, albe
it a complex one. The abrupt end of the 
acetaldehyde plateau (at an alcohol lev
el at which the primary oxidative mech
anism for alcohol, mediated by the en
zyme alcohol dehydrogenase, is still sat
urated) could indicate the presence of a 
second enzyme system that handles high 
concentrations of alcohol. Most impor
tant, the high level of the plateau in al
coholics suggests that they are indeed 
different: that they either metabolize al
cohol more quickly or fail to break down 
acetaldehyde as quickly. The latter 
seems to have been the case in the pa
tients under study. There may be a vi-
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cious circle at work. Acetaldehyde is 
known to cause liver damage; the dam
age may interfere with acetaldehyde 
metabolism in the liver, leading in turn 
to still higher acetaldehyde levels and 
more liver damage. 

Shang China and Olmec Mexico 

H 
ow is it that, no later than 1,000 

years before the Christian Era, 
high cultures flourished in both the Old 
World and the New? Did the peculiar 
blend of technology and social organiza
tion that we call civilization arise only 
once and then diffuse worldwide, or 
did each major civilization develop inde
pendently? Writing in American Anthro
pologist, Betty J. Meggers of the Smith
sonian Institution asks this still unan
swered question while presenting data 
strongly suggestive of a transpaCific con
tact in the second millennium B.C. be
tween the first civilization in China, the 
Shang, and the first in the New World, 
the Olmec. 

Meggers suggests that unprejudiced 
analysis of the parallels between Shang 
and Olmec may allow a decision as to 
which of three leading hypotheses is cor
rect. These are, first, that civilization 
arose only once, so that all examples 
found anywhere in the world are relat
ed; second, that civilization arose inde
pendently in the Old World and the 
New, and third, that civilizations have 
arisen repeatedly. Meggers herself is an 
advocate of the first hypothesis; she and 
her husband, Clifford Evans, have pre
sented persuasive evidence of involun
tary prehistoric traffic between Japan 
and Ecuador (see "A Transpacific Con
tact in 3,000 B.C.,

" by Betty J. Meggers 
and Clifford Evans; SCIENTIFIC AMERI

CAN, January, 1966). 
The Olmec civilization arose abruptly 

and without apparent preliminary stages 
among the agricultural villages of south
ern Mexico in about 1200 B.C. The most 
spectacular Olmec sites lie along the 
coast of the Gulf of Mexico in the states 
of Veracruz and Tabasco. Olmec influ
ence and trade in exotic materials such 
as jadeite, hematite, basalt and obsidian, 
however, extended to the Pacific coast 
states of Guerrero, qaxaca and Chiapas 
and even into neighboring Guatemala. 
The principal Olmec monuments are 
both flat-topped and pyramidal earth 
platforms oriented on a north-south axis, 
inscribed altars and stelae made of ba
salt, colossal basalt heads and great 
quantities of polished jadeite, some in 
the form of axe blades and adze blades, 
some in the form of small figurines and 
some in apparently ceremonial forms, 

including elongated tablets. Olmec re
ligious sculpture represents, among oth
er deities, a feline form (the "were-jag
uar") and a precursor of the better
known Toltec and Aztec deity, the 
feathered serpent. 

The Shang civilization arose abruptly 
among agricultural villages in the lower 
Yellow River basin around 1750 B.C. Its 
best-known sites are in northern Honan, 
but Shang remains are found from Shan
tung in the east to Shensi in the west and 
as far south as Hunan. Anyang, the 
Shang "capital" in the 14th century B.C., 

contains numerous earth platforms ori
ented on a north-south axis. Shang crafts
men worked in jade and bone and were 
expert bronze casters. Shang officials 
evidently carried jade tablets of various 
shapes and sizes as badges of rank; most 
of the jade was imported from Sinkiang, 
some 1,400 miles to the west. The princi
pal Shang religious practice appears to 
have been ancestor worship, but spirits 
of the sky and the earth were also recog
nized. The earth spirit was often depict
ed as a tiger and sometimes as a snake. 

Meggers summarizes the principal 
Shang-Olmec parallels as follows: 

Writing: Divinatory Shang inscrip
tions are the earliest-known form of Chi
nese ideographic writing. No significant 
Olmec inscriptions are known, but cer
tain designs that are frequently repeated 
in Olmec carvings may have symbolic 
meaning; three of the Olmec designs re
semble Shang ideographs. 

Symbols of rank: Certain Olmec jade 
tablets have the same shape as certain 
Shang jade rank badges; they may have 
had a similar function. 

Architecture: Both Shang and 01-
mec centers feature north-south-oriented 
earth platforms and buried drains. 

Settlement pattern: Neither the Shang 
nor the Olmec centers seem to have 
housed large resident populations. They 
appear to have been occupied mainly 
by administrators, religious leaders and 
craft specialists. 

Iconography: A feline deity is fea
tured in both Shang and Olmec religious 
art; in both, many of the representa
tions omit the animal's lower jaw. The 
parallel between the Olmec snake with 
feathers and the Shang flying snake, or 
dragon, may also be significant. 

If the rise of the Olmec civilization 
was a consequence of transpacific con
tact with China, Meggers writes, the im
plications are far-reaching. She notes 
that many authorities "already accept 
the interrelationship of all civilizations 
in the Old World." If diffusion from the 
Old World is responsible for the appear
ance of civilization in the New World, 
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Meggers points out, all civilizations 
"would be traceable to a single origin." 

Videograph 

A "videodisc" system that presents re-
corded pictures and sound on a 

standard television set will be put on the 
home-appliance market next year by 
North American Philips Corporation and 
MCA Inc. (formerly the Music Corpora
tion of America). The player looks 
somewhat like a phonograph and the 
record resembles a phonograph record. 
The distinctive feature of the system is 
an optical "stylus," which replaces the 
needle of the phonograph. The stylus is 
a scanner employing a one-milliwatt he
lium-neon laser as its sensor. 

Because of this feature the record is 
not touched by the playing device and 
therefore will not wear out or deterio
rate. The optical stylus also makes it 
possible for the viewer to pick out ran
domly part of a record for display, to 
run a scene in reverse or in slow motion, 
to look at single frames and to view a 
film frame by frame. The sponsors plan 
also to make available a device resem
bling a pocket calculator, whereby the 
viewer can enter numbers from a cata
logue and summon up individual pic
tures, such as photographs of famous 
paintings. 

The two companies plan to sell the 
player for about $500 and the records 
for from $2 to $10 each, depending on 
their length and content. Among the re
corded programs that will be available 
are commercial motion-picture films, in
structional films and such nontheatrical 
subjects as sports events and newsreels. 

F eatherburgers 

I
n February this department carried a 

brief account of investigations into the 
breeding of featherless chickens, which 
would have the advantage of not wasting 
feed by converting it into inedible feath
ers. Harvey C. McCaleb of Columbia, 
Mo., writes to point out that feathers are 
not necessarily inedible. He cites the 
work of John Cherry of the University 
of Georgia, who is studying methods of 
isolating the protein of feathers so that 
it can be used as a food additive. Ac
cording to Cherry, chicken-feather pro
tein is already being used as a supple
ment to feeds, and there is no reason 
why it cannot be added to dog, cat and 
even human food. McCaleb comments: 
"I think 'Science and the Citizen' should 
be fair to our feathered friends, as there 
are those who think there is a great fu
ture for feathers." 

Minolta helps you 
discover a new world. 

A Minolta SR-T can help you share the wonder of discovery by not hold
ing you back. 

You're comfortable with a Minolta SR-T from the moment you pick it up. 
This is the 35mm reflex camera that lets you concentrate on the picture, 
because the viewfinder shows all the information needed for correct ex
posure and focusing. You never have to look away from the finder to adjust 
a Minolta SR-T, so you're ready to catch the one photograph that could 
never be taken again. 

And when subjects call for a different perspective, Minolta SR-T cameras 
accept a complete system of interchangeable lenses, from "fisheye" wide 
angle to super-telephoto. 

Look into the fast handling Minolta SR-T and discover your own new 

world. For more information, see your photo dealer or write Minolta 

Corporation, 101 Williams Drive, Ramsey, New Jersey 07446. In Canada: 
Anglophoto Ltd., P. Q. 

Minolta SR-I Cameras 
Is your camera a means of self·expression? If so, enter the Minolta Creative Photography Contest. Grand 
Prize. two weeks in the south Pacific islands for two, $1000 cash, and a Minalta SR-T 102. 1428 other valu
able prizes will be awarded. Nothing to buy. Minolta equipment not required. See your Minolta dealer 
for details and registration. Or write. Minolta Creative Photography Contest, Box 1831. Blair, Neb. 68009. 
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western Electric 
Reports: 

Listening to the 
cry of materials 
under stress. �� 

O
pera stars have shattered a 
glass·by singing at its reso
nant frequency. The phenom-

enon: Acoustic standing waves in the 
g lass can exceed its breaking strength. 
Acoustic waves can also be set up by internal 
metallurgical processes. For example, when 
a material is strained beyond its elastic 
I im it, it emits a "cry."This characteristic 
signal, called a"stress wave;' was observed 
by Bell Labs' scientists in 1948. 

NowWestern Electric engineers have 
applied acoustic techniques to non
destructive testing of materials used in the 
manufacture of Bell System telephone 
equipment. Many manufacturing operations, 
such as drilling,welding and thermocomp 
bonding, place materials under a great deal 
of stress, which may lead to cracking. 

For example, when silicon integrated circuits 
are bonded to their ceramic mounts, the ceramic 
may sustain very small "microcracks." While 
that may be of no immediate consequence, it can 
lead to failure years later, when moisture accumulated 
in the microcracks may disrupt circuitry. Detecting 
microcracks with a microscope or by destructive 
sampling is both costly and tedious. 

Western Electric's Engineering Research 
Center has developed the bold idea of detecting 
microcracks by listening to the sound of the bonding 
process. The "cry" of the unit being bonded is 
compared to sounds normally emitted 
during a satisfactory bond. Anything outside 
the normal range indicates microcracking. 

The Beam Lead Bonder 
an integrated circuit 

to its substrate. The Substrate 
Crack Detector (to the left of 

the bonder) measures the 
stress waves emitted during 

the bonding process 

An acoustic sensor, 
attached to the base of the 
bonder, detects the sound 

of a microcrack 

The process can detect microcracks smaller 
than a thousandth of an inch. 

Thresholds were determined experimentally 
at the Engineering Research Center. 

Benefit: Monitoring stress wave 
sounds has made possible real-time, 
non-destructive testing of ceramic 
substrates on the production line, 
to help ensure that each circuit 
will give years of uninterrupted 
service to Bell System users. 

A go I no-go Signal tells the operator 
whether to accept or reject the unit. 

@ 
Western Electric 

We're part of the Bell System. 
We make things that bring people closer. 
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�RANDOMNESS AND MATHEMATICAL PROOF 

Although randomness can be precisely defined and can even be 

measured, a given number cannot be proved to be random. This 

enigma establishes a limit to what is possible in mathematics 

Jt0st everyone has an intuitive no
tion of what a random number is. 
For example, consider these two 

series of binary digits: 

0 10 10 10 10 10 10 10 10 10 1  
0 1 10 1 100 1 10 1 1 1 1000 10 

The first is obviously constructed accord
ing to a simple rule; it consists of the 
number 0 1  repeated ten times. If one 
were asked to speculate on how the se
ries might continue, one could predict 
with considerable confidence that the 
next two digits would be 0 and 1. In
spection of the second series of digits 
yields no such comprehensive pattern. 
There is no obvious rule governing the 
formation of the number, and there is no 
rational way to guess the succeeding dig
its. The arrangement seems haphazard; 
in other words, the sequence appears to 
be a random assortment of O's and l's. 

The second series of binary digits was 
generated by Hipping a coin 20 times 
and writing a 1 if the outcome was heads 
and a 0 if it was tails. Tossing a coin is 
a classical procedure for producing a 
random number, and one might think at 
first that the provenance of the series 
alone would certify that it is random. 
This is not so. Tossing a coin 20 times 
can produce any one of 220 {or a little 
more than a million} binary series, and 
each of them has exactly the same prob
ability. Thus it should be no more sur
prising to obtain the series with an ob
vious pattern than to obtain the one that 
seems to be random; each represents an 
event with a probability of 2-20. If origin 
in a probabilistic event were made the 
sole criterion of randomness, then both 
series would have to be considered ran
dom, and indeed so would all others, 
since the same mechanism can generate 
all the possible series. The conclusion 

by Gregory J. Chaitin 

is singularly unhelpful in distinguishing 
the random from the orderly. 

Clearly a more sensible definition of 
randomness is required, one that does 
not contradict the intuitive concept of a 
"patternless" number. Such a definition 
has been devised only in the past 10 
years. It does not consider the origin of 
a number but depends entirely on the 
characteristics of the sequence of digits. 
The new definition enables us to de
scribe the properties of a random num
ber more precisely than was formerly 
possible, and it establishes a hierarchy 
of degrees of randomness. Of perhaps 
even greater interest than the capa
bilities of the definition, however, are 
its limitations. In particular the defini
tion cannot help to determine, except in 
very special cases, whether or not a giv
en series of digits, such as the second one 
above, is in fact random or only seems 
to be random. This limitation is not a 
Haw in the definition; it is a consequence 
of a subtle but fundamental anomaly in 
the foundation of mathematics. It is 
closely related to a famous theorem de
vised and proved in 193 1 by Kurt Codel, 
which has come to be known as Coders 
incompleteness theorem. Both the theo
rem and the recent discoveries concern
ing the nature of randomness help to de
fine the boundaries that constrain certain 
mathematical methods. 

Algorithmic Definition 

The new definition of randomness has 
its heritage in information theory, the 
science, developed mainly since World 
War I I, that studies the transmission of 
messages. Suppose you have a friend 
who is visiting a planet in another galaxy, 
and that sending him telegrams is very 
expensive. He forgot to take along his 
tables of trigonometric functions, and he 

has asked you to supply them. You could 
simply translate the numbers into an ap
propriate code {such as the binary num
bers} and transmit them directly, but 
even the most modest tables of the six 
functions have a few thousand digits, so 
that the cost would be high. A much 
cheaper way to convey the same infor
mation would be to transmit instructions 
for calculating the tables from the under
lying trigonometric formulas, such as 
Euler's equation eia; = cos x + i sin x. 

Such a message could be relatively brief, 
yet inherent in it is all the information 
contained in even the largest tables. 

Suppose, on the other hand, your 
friend is interested not in trigonometry 
but in baseball. He would like to know 
the scores of all the major-league games 
played since he left the earth some thou
sands of years before. In this case it is 
most unlikely that a formula could be 
found for compressing the information 
into a short message; in such a series of 
numbers each digit is essentially an in
dependent item of information, and it 
cannot be predicted from its neighbors 
or from some underlying rule. There is 
no alternative to b-ansmitting the entire 
list of scores. 

In this pair of whimsical messages is 
the germ of a new definition of random
ness. It is based on the observation that 
the information embodied in a random 
series of numbers cannot be "com
pressed," or reduced to a more compact 
form. In formulating the actual defini
tion it is preferable to consider commu
nication not with a distant friend but 
with a digital computer. The friend 
might have the wit to make inferences 
about numbers or to construct a series 
from partial information or from vague 
insbuctions. The computer does not have 
that capacity, and for our purposes that 
deficiency is an advantage. Instructions 
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10100 

INPUT � 
---:>:;. � ----?-:> 11111111111111111111 

a OUTPUT 

b 

01101100110111100010 

INPUT EJ OUTPUT 

------':» COMPUTER :> 01101100110111100010 

ALGORITHMIC DEFINITION of randomness relies on the capabilities and limitations of 

the digital computer. In order to produce a particular output, such as a series of binary dig. 

its, the computer must be given a set of explicit instructions that can be followed without 

making intellectual judgments. Such a program of instructions is an algorithm. If the de· 

sired output is highly ordered (a), a relatively small algorithm will suffice; a series of 

twenty I's, for example, might be generated by some hypothetical computer from the pro

gram 10100, which is the binary notation for the decimal number 20. For a random series of 

digits (b) the most concise program possible consists of the series itself. The smallest pro· 

grams capable of generating a particular series are called the minimal programs of the se· 

ries; the size of these programs, m'easured in bits, or binary digits, is the complexity of the 

series. A series of digits is defined as random if series' complexity approaches its size in bits. 

given the computer must be complete 
and explicit, and they must enable it to 
proceed step by step without requiring 
that it comprehend the result of any part 
of the operations it performs. Such a pro
gram of instructions is an algorithm. It 
can demand any finite number of me
chanical manipulations of numbers, but 
it cannot ask for judgments about their 
meaning. 

The definition also requires that we be 
able to measure the information content 
of a message in some more preCise way 
than by the cost of sending it as a tele
gram. The fundamental unit of informa
tion is the "bit," defined as the smallest 
item of information capable of indicating 
a choice between two equally likely 
things. In binary notation one bit is 
equivalent to one digit, either a 0 or a l. 

We are now able to describe more 

ALPHABET 

GRAMMAR 

AXIOMS 

RULES OF INFERENCE 

precisely the differences between the 
two series of digits presented at the be
ginning of this article: 

0 10 10 10 10 10 10 10 10 10 1 
0 1 101100 1 10 1 1 1 1000 10 

The first could be specified to a comput
er by a very simple algorithm, such as 
"Print 01 ten times." If the series were 
extended according to the same rule, the 
algorithm would have to be only slightly 
larger; it might be made to read, for ex
ample, "Print 01 a million times." The 
number of bits in such an algorithm is a 
small fraction of the number of bits in 
the series it specifies, and as the series 
grows larger the size of the program in
creases at a much lower rate. 

For the second series of digits there 
is no corresponding shortcut. The most 

THEOREM 1 

THEOREM 2 

THEOREM 3 

THEOREM 4 

THEOREM 5 

FORMAL SYSTEMS devised by David Hilbert contain an algorith� that mechanically 

checks the validity of all proofs that can be formulated in the system. The formal system 

consists of an alphabet of symbols in which all statements are to be written; a grammar that 

specifies how the symbols are to be combined; a set of axioms, or principles accepted with· 

out proof, and rules of inference for deriving theorems from the axioms. Theorems are 

found by writing all the possible grammatical statements in the system and testing them to 

determine which ones are in accord with the rules of inference and are therefore valid 

proofs. Since this operation is performed by an algorithm it could be done by a digital 

computer. In 1931 Kurt Godel demonstrated that virtually all formal systems are incom

plete: in each of them there is at least one statement that is true but that cannot be proved. 
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economical way to express the series is 
to write it out in full, and the shortest 
algorithm for introdUCing the series into 
a computer would be "Print 0 1 10 1 100-
1 10 1 11 100010." If the series were much 
larger (but still apparently patternless), 
the algorithm would have to be expand
ed to corresponding size. This "incom
pressibility" is a property of all random 
numbers; indeed, we can proceed direct
ly to define randomness in terms of in
compressibility: A series of numbers is 
random if the smallest algorithm capable 
of specifying it to a computer has about 
the same number of bits of information 
as the series itself. 

This definition was independently pro
posed about 1965 by A. N. Kolmogorov 
of the Academy of Sciences of the 
U.S.S.R. and by me, when I was an un
dergraduate at the City College of the 
City University of New York. Both Kol
mogorov and I were then unaware of re
lated proposals made in 1960 by Ray J. 
Solomonoff of the Zator Company in an 
endeavor to measure the simplicity of 
scientific theories. During the past dec
ade we and ,others have continued to ex
plore the meaning of randomness. The 
original formulations have been im
proved and the feasibility of the ap
proach has been amply confirmed. 

Model of Inductive Method 

The algorithmic definition of random
ness proVides a new foundation for the 
theory of probability. By no means does 
it supersede classical probability theory, 
which is based on an ensemble of pos
sibilities, each of which is assigned a 

probability. Rather, the algorithmiC ap
proach complements the ensemble meth
od by giving precise meaning to con
cepts that had been intuitively appealing 
but that could not be formally adopted. 

The ensemble theory of probability, 
which originated in the 17th century, re
mains today of great practical impor
tance. It is the foundation of statistics, 
and it is applied to a wide range of prob
lems in science and engineering. The 
algorithmic theory also has important 
implications, but they are primarily the
oretical. The area of broadest interest is 
its amplification of Coders incomplete
ness theorem. Another application 
(which actually preceded the formula
tion of the theory itseU) is in Solomonoff's 
model of scientific induction. 

Solomonoff represented a scientist's 
observations as a series of binary digits. 
The scientist seeks to explain these ob
servations through a theory, which can 
be regarded as an algorithm capable of 
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OBSERVATIONS PREDICTIONS THEORY SIZE OF THEORY 

01010101010101010101 TEN REPETITIONS OF 01 23 CHARACTERS 
0101010101 

01010101010000000000 FIVE REPETITIONS OF 01 FOLLOWED BY TEN O's 44 CHARACTERS 

INDUCTIVE REASONING as it is employed in science was ana· 

lyzed mathematically by Ray J. SolomonofJ. He represented a sci· 

entist's observations as a series of binary digits; the observations 

are to he explained and new ones are to be predicted by theories, 

which are regarded as algorithms instructing a computer to repro· 

duce the observations. (The programs would not be English sen· 

tences but binary series, and their size would be measured not in 

characters but in bits.) Here two competing theories explain the 
existing data; Occam's razor demands that the simpler, or smaller, 

theory be preferred. The task of the scientist is to search for mini· 

mal programs. If the data are random, the minimal programs are no 
more concise than the observations and no theory can be formulated. 

generating the series and extending it, 
that is, predicting future observations. 
For any given series of observations there 
are always several competing theories, 
and the sc ientist must choose among 
them. The model demands that the 
smallest algorithm, the one consisting of 
the fewest bits, be selected. Stated an· 
other way, this rule is the familiar for· 
mulation of Occam's razor: Given differ. 
ing theories of apparently equal merit, 
the simplest is to be preferred. 

Thus in the Solomonoff model a theory 
that enables one to understand a series 
of observations is seen as a small com
puter program that reproduces the ob
servations and makes predictions about 
possible future observations. The smaller 
the program, the more comprehensive 
the theory and the greater the degree of 
understanding. Observations that are 
random cannot be reproduced by a small 
program and therefore cannot be ex
plained by a theory. In addition the fu
ture behavior of a random system cannot 
be predicted. For random data the most 
compact way for the scientist to com
municate his observations is for him to 
publish them in their entirety. 

Defining randomness or the simplicity 
of theories through the capabilities of 
the digital computer would seem to in
troduce a spurious element into these 
essentially abstract notions: the pecu
liarities of the particular computing 
machine employed. Different machines 
communicate through different comput
er languages, and a set of instructions ex
pressed in one of those languages might 
require more or fewer b its when the in
structiens-- are translated into another 
language. Actually, however, the choice 
of computer matters very little. The 
problem can be avoided entirely simply 
by insisting that the randomness of all 
numbers be tested on the same machine. 
Even when different machines are em
ployed, the idiosyncras ies of various 
languages can readily be compensated 
for. Suppose, for example, someone has 

a program written in English and wishes 
to utilize it with a computer that reads 
only French. Instead of translating the 
algorithm itself he could preface the 
program with a complete English coW'se 
written in French. Another mathemati
cian with a French program and an En
glish machine would follow the opposite 
procedure. In this way only a fixed num
ber of bits need be added to the pro
gram, 

'
and that number grows less sig

nificant as the size of the series specified 
by the program increases. In practice a 
device called a compiler often makes it 
possible to ignore the differences be
tween languages when one is addressing 
a computer. 

Since the choice of a particular ma
chine is largely irrelevant, we can choose 
for oW' calculations an ideal computer. 
It is assumed to have unlimited storage 
capacity and unlimited time to complete 
its calculations. Input to and output 
from the machine are both in the form 
of binary digits. The machine begins to 
operate as soon as the program is given 
it, and it continues until it has finished 
printing the binary series that is the re
sult. The machine then halts. Unless an 
error is made in the program, the com
puter will produce exactly one output 
for any given program. 

Minimal Programs and Complexity 

Any specified series of numbers can 
be generated by an infinite number of 
algorithms. Consider, for example, the 
three-digit decimal series 123. It could 
be produced by an algorithm such as 
" Subtract 1 from 1 24 and print the re
sult," or " Subtract 2 from 125 and print 
the result," or an infinity of other pro
grams formed on the same model. The 
programs of greatest interest, however, 
are the smallest ones that will yield a 
given numerical series. The smallest pro
grams are called minimal programs; for 
a given series there may be only one 
minimal program or there may be many. 

Any minimal program is necessarily 
random, whether or not the series it gen
erates is random. This conclusion is a d i
rect result of the way we have defined 
randomness. Consider the program P, 
which is a minimal program for the se
ries of digits S. If we assume that P is not 
random, then by definition there must 
be another program, P', substantially 
smaller than P that will generate it. We 
can then produce S by the following al
gorithm: "From P' calculate P, then 
from P calculate S." This program is only 
a few bits longer than P', and thus it 
must be substantially shorter than P. P 
is therefore not a minimal program. 

The minimal program is closely re
lated to another fundamental concept in 
the algorithmic theory of randomness: 
the concept of complexity. The complex
ity of a series of digits is the number of 
bits that must be put into a computing 
machine in order to obtain the original 
series as output. The complexity is there
fore equal to the s ize in bits of the mini
mal programs of the series. Having 
introduced this concept, we can now 
restate our definition of randomness in 
more rigorous terms: A random series of 
digits is one whose complexity is ap
proximately equal to its size in bits. 

The notion of complexity serves not 
only to define randomness but also to 
measure it. Given several series of num
bers each having n digits, it is theoretical
ly possible to identify all those of com
plexity n - 1, n - 10, n - 100 and so 
forth and thereby to rank the series in 
decreasing order of randomness. The ex
act value of complexity below which a 

series is no longer considered random 
remains somewhat arbitrary. The value 
ought to be set low enough for numbers 
with obviously random properties not to 
be excluded and high enough for num
bers with a conspicuous pattern to be 
disqualified, but to set a particular nu
merical value is to judge what degree of 
randomness constitutes actual random
ness. It is this uncertainty that is re-
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flected in the qualified statement that the 
complexity of a random series is approxi
mately equal to the size of the series. 

Properties of Random Numbers 

The methods of the algorithmic theory 
of probability can illuminate many of the 
properties of both random arid nonran
dom numbers. The frequency distribu
tion of digits in a series, for example, can 
be shown to have an important influence 
on the randomness of the series. Simple 
inspection suggests that a series consist
ing entirely of either O's or l's is far from 
random, and the algorithmic approach 
confirms that conclusion. If such a series 
is n digits long, its complexity is approxi
mately equal to the logarithm to the base 
2 of n. (The exact value depends on the 
machine language employed.) The series 
can be produced by a simple algorithm 
such as "Print 0 n t imes," in which vir
tually all the information needed is con
tained in the binary numeral for n. The 
s ize of this number is about log2n b its. 
S ince for even a moderately long series 
the logarithm of n is much smaller than 
n itself, such numbers are of low com
plexity; their intuit ively perceived pat
tern is mathematically confirmed. 

Another binary series that can be prof
itably analyzed in this way is one where 
O's and 1's are present with relative fre
quencies of three-fourths and one-fourth. 
If the series is of s ize n, it can be demon
strated that its complexity is no greater 
than four-fifths n, that is, a program that 
w ill produce the series can be written in 
4/5n b its. This maximum applies re
gardless of the sequence of the digits, so 
that no series with such a frequency dis
tribution can be considered very ran
dom. In fact, it can be proved that in any 
long b inary series that is random the 
relative frequencies of O's and l's must 
be very close to one-half. ( In a random 
decimal series the relative frequency of 
each digit is, of course, one-tenth.) 

Numbers having a nonrandom fre
quency distribution are exceptional. Of 
all the possible n-digit binary numbers 
there is only one, for example, that con
sists entirely of O's and only one that is 
all 1's. All the rest are less orderly, and 
the great majority must, by any reason-

RANDOM SEQUENCES of binary digits 

make up the majority of all such sequences. 

Of the 2" series of n digits, most are of a 

complexity that is within a few bits of 

n. As complexity decreases, the number of 

series diminishes in a roughly exponential 

manner. Orderly series are rare; there is 

only one, for example, that consists of n 1'8. 

able standard, be called random. To 
choose an arbitrary l imit, we can cal
culate the fraction of all n-digit b inary 
numbers that have a complexity of less 
than n -10. There are 21 programs one 
digit long that might generate an n-digit 
series; there are 22 programs two digits 
long that could yield such a series, 23 
programs three digits long and so forth, 
up to the largest programs permitted 
within the allowed complexity; of these 
there are 2" - 11. The sum of this series 
( 21 + 22 + 23 + ... + 2" - 11) is equal 
to 2" - 10 - 2. Hence there are fewer 
than 2" - 10 programs of s ize less than 
n - 10, and since each of those pro
grams can specify no more than one se
ries of digits, fewer than 2" - 10 of the 
2" numbers have a complexity less than 
n - 10. Since 2" - 10/2" = 1/ 1,024, it 
follows that of all n-digit binary numbers 
only about one in 1,000 have a complex
ity less than n - 10. In other words, only 
about one series in 1,000 can be com
pressed into a computer program more 
than 10 digits smaller than itself. 

A necessary corollary of this calcula
tion is that more than 999 of every 
1,000 n-digit binary numbers have a 
complexity equal to or greater than 
n - 10. If that degree of complexity can 
be taken as an appropriate test of ran
domness, then almost all n-digit num
bers are in fact random. If a fair coin is 
tossed n times, the probability is greater 
than .999 that the result will be random 
to this extent. It would therefore seem 
easy to exhibit a specimen of a long se
r ies of random digits; actually it is im
possible to do so. 

Formal Systems 

It can readily be shown that a specific 
series of digits is not random; it is suffi
cient to find a program that will generate 
the series and that is substantially small
er than the series itself. The program 
need not be a minimal program for the 
series; it need only be a small one. To 
demonstrate that a particular series of 
digits is random, on the other hand, one 
must prove that no small program for 
calculating it exists. 

It is in the realm of mathematical 
proof that Codel's incompleteness the
orem is such a conspicuous landmark; 
my version of the theorem predicts that 
the required proof of randomness cannot 
be found. The consequences of this fact 
are just as interesting for what they re
veal about Codel's theorem as they are 
for what they indicate about the nature 
of random numbers. 

Codel's theorem represents the reso
lution of a controversy that preoccupied 
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mathematics during the early years of 
the 20th century. The question at issue 
was: "What constitutes a valid proof in 
mathematics and how is such a proof to 
be recognized?" David Hilbert had at
tempted to resolve the controversy by 
devising an artificial language in which 
valid proofs could be found mechanical
ly, without any need for human insight 
01' judgment. Codel showed that there 
is no such perfect language. 

Hilbert established a finite alphabet 
of symbols, an unambiguous grammar 
specifying how a meaningful statement 
could be formed, a finite list of axioms, 
or initial assumptions, and a finite list of 
rules of inference for deducing theorems 
from the axioms or from other theorems. 
Such a language, with its rules, is called 
a formal system. 

A formal system is defined so precise
ly that a proof can be evaluated by a 
recursive procedure involving only sim
ple logical and arithmetical manipula
tions. In other words, in the formal sys
tem there is an algorithm for testing the 
validity of proofs. Today, although not 
in Hilbert's time, the algorithm could be 
executed on a digital computer and the 
machine could be asked to "judge" the 
merits of the proof. 

Because of Hilbert's requirement that 
a formal system have a proof-checking 
algorithm, it is possible in theory to list 
one by one all the theorems that can be 
proved in a particular system. One first 
lists in alphabetical order all sequences 
of symbols one character long and ap
plies the proof-testing algorithm to each 
of them, thereby finding all theorems (if 
any) whose proofs consist of a single 
character. One then tests all the two
character sequences of symbols, and so 
on. In this way all potential proofs can 
be checked, and eventually all theorems 
can be discovered in the order of the 
size of their proofs. (The method is, of 
course, only a theoretical one; the pro
cedure is too lengthy to be practical.) 

Unprovable Statements 

Codel showed in his 1931 proof that 
Hilbert's plan for a completely system
atic mathematics cannot be fulfilled. 
He did so by constructing an assertion 
about the positive integers in the lan
guage of the formal system that is true 
but that cannot be proved in the system. 
The formal system, no matter how large 
or how carefully constructed it is, can
not encompass all true theorems and is 
therefore incomplete. Codel's technique 
can be applied to virtually any formal 
system, and it therefore demands the 
surprising and, for many, discomforting 

RUSSELL PARADOX 

Consider the set of all sets that are not members of themselves. 

Is this set a member of itself? 

EPIMENIDES PARADOX 

Consider this statement: "This statement is false." 

Is this statement true? 

BERRY PARADOX 

Consider this sentence: "Find the smallest positive integer which to be specified requires 

more characters than there are in this sentence." 

Does this sentence specify a positive integer? 

THREE PARADOXES delimit what can be proved. The first, devised by Bertrand Russell, 

indicated that informal reasoning in mathematics can yield contradictions, and it led to the 

creation of formal systems. The second, attributed to Epimenides, was adapted by Godel 

to show that even within a formal system there are true statements that are unprovable. 

The third leads to the demonstration that a specific number cannot be proved random. 

conclusion that there can be no defini
tive answer to the question "What is a 
valid proof?" 

Codel's proof of the incompleteness 
theorem is based on the paradox of 
Epimenides the Cretan, who is said to 
have averred, "All Cretans are liars" 
[see "Paradox," by W. V. Quine; SCIEN
TIFIC AMERICAN, April, 1962]. The para
dox can be rephrased in more general 
terms as "This statement is false," an 
assertion that is true if and only if it is 
false and that is therefore neither true 
nor false. Codel replaced the concept of 
truth with that of provability and there
by constructed the sentence "This state
ment is unprovable," an assertion that, 
in a specific formal system, is provable if 
and only if it is false. Thus either a false
hood is provable, which is forbidden, 
or a true statement is unprovable, and 
hence the formal system is incomplete. 
Codel then applied a technique that 
uniquely numbers all statements and 
proofs in the formal system and thereby 
converted the sentence "This statement 
is unprovable" into an assertion about 
the properties of the positive integers. 
Because this transformation is possible, 
the incompleteness theorem applies with 
equal cogency to all formal systems in 
which it is possible to deal with the posi
tive integers [see "Codel's Proof," by 
Ernest Nagel and James R. Newman; 
SCIENTIFIC AMERICAN, June, 1956]. 

The intimate association between 
Codel's proof and the theory of random 
numbers can be made plain through 
another paradox, similar in form to the 
paradox of Epimenides. It is a variant 
of the Berry paradox, first published in 

1908 by Bertrand Russell. It reads: 
"Find the smallest positive integer 
which to be specified requires more 
characters than there are in this sen
tence." The sentence has 114 characters 
(counting spaces between words and the 
period but not the quotation marks), yet 
it supposedly specifies an integer that, 
by definition, requires more than 114 
characters to be specified. 

As before, in order to apply the para
dox to the incompleteness theorem it 
is necessary to remove it from the realm 
of truth to the realm of provability. The 
phrase "which requires" must be re
placed by "which can be proved to re
quire," it being understood that all state
ments will be expressed in a particular 
formal system. In addition the vague no
tion of "the number of characters re
quired to specify" an integer can be re
placed by the precisely defined concept 
of complexity, which is measured in bits 
rather than in characters. 

The result of these transformations is 
the following computer program: "Find 
a series of binary digits that can be 
proved to be of a complexity greater 
than the number of bits in this program." 
The program tests all possible proofs in 
the formal system in order of their size 
until it encounters the first one proving 
that a specific binary sequence is of a 
complexity greater than the number of 
bits in the program. Then it prints the 
series it has found and halts. Of course, 
the paradox in the statement from which 
the program was derived has not been 
eliminated. The program supposedly 
calculates a number that no program its 
size should be able to calculate. In fact, 
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a 
This statement is unprovable. 

b 
The complexity of 01101100110111100010 is greater than 15 bits. 

c 
The series of digits 01101100110111100010 is random. 

d 
10100 is a minimal program for the series 11111111111111111111. 

UNPROVABLE STATEMENTS can be shown to be false, if they are false, but they cannot 

be shown to be true. A proof that "This statement is unprovable" (a) reveals a self·contra· 

diction in a formal system. The assignment of a numerical value to the complexity of a par· 

ticular number (b) requires a proof that no smaller algorithm for generating the number 

exists; the proof could be supplied only if the formal system itself were more complex than 

the number. Statements labeled c and d are subject to the same limitation, since the identifi. 

cation of a random number or a minimal program requires the determination of complexity. 

the program finds the first number that 
it can be proved incapable of finding, 

The absurdity of this conclusion 
merely demonstrates that the program 
will never find the number it is designed 
to look for. In a formal system one can
not prove that a particular series of digits 
is of a complexity greater than the num
ber of bits in the program employed to 
specify the series. 

A further generalization can be made 
about this paradox. It is not the number 
of bits in the program itself that is the 
limiting factor but the number of bits 
in the formal system as a whole. Hidden 
in the program are the axioms and rules 
of inference that determine the behavior 
of the system and provide the algorithm 
for testing proofs. The information con
tent of these axioms and rules can be 
measured and can be designated the 
complexity of the formal system. The 
size of the entire program therefore ex
ceeds the complexity of the formal sys
tem by a fixed number of bits c. (The 
actual value of c depends on the ma
chine language employed.) The theorem 
proved by the paradox can therefore be 
stated as follows: In a formal system of 
complexity n it is impossible to prove 
that a particular series of binary digits 
is of a complexity greater than n + c, 

where c is a constant that is independent 
of the particular system employed. 

Limits of Formal Systems 

Since complexity has been defined as 
a measure of randomness, this theorem 
implies that in a formal system no num
ber can be proved to be random unless 
the complexity of the number is less than 
that of the system itself. Because all 
minimal programs are random the the
orem also implies that a system of great
er complexity is required in order to 

prove that a program is a minimal one 
for a particular series of digits. 

The complexity of the formal system 
has such an important bearing on the 
proof of randomness because it is a 
measure of the amount of information 
the system contains, and hence of the 
amount of information that can be de
rived from it. The formal system rests 
on axioms: fundamental statements that 
are irreducible in the same sense that a 
minimal program is. (If an axiom could 
be expressed more compactly, then the 
briefer statement would become a new 
axiom and the old one would become a 
derived theorem.) The information em
bodied in the axioms is thus in itself ran
dom, and it can be employed to test the 
randomness of other data. The random
ness of some numbers can therefore be 
proved, but only if they are smaller than 
the formal system. Moreover, any for
mal system is of necessity finite, whereas 
any series of digits can be made arbi
trarily large. Hence there will always be 
numbers whose randomness cannot be 
proved. 

The endeavor to define and measure 
randomness has greatly clarified the sig
nificance and the implications of Co
ders incompleteness theorem. That the
orem can now be seen not as an isolated 
paradox but as a natural consequence of 
the constraints imposed by information 
theory. In 1946 Hermann Weyl said that 
the doubt induced by such discoveries as 
Coders theorem had been "a constant 
drain on the enthusiasm and determina
tion with which I pursued my research 
work." From the point of view of infor
mation theory, however, Coders the
orem does not appear to give cause for 
pessimism. Instead it seems simply to 
suggest that in order to progress, mathe
maticians, like investigators in other sci
ences, must search for new axioms. 
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The Social System of Lions 

The organization of the social unit of lions) the pride) 

and the beha()ior of the anilnals in it are a sensiti()e 

reflection of the lion �s adaptation to its en()ir0111 nent 

O
ne of the principal habitats of the 
lion (Panthera leo) is the Serengeti 
National Park in Tanzania, an 

area of 5,000 square miles where about 
1,500 lions live with some two million 
other large mammals. Here other investi
gators and I, working at the Serengeti 
Research Institute, have been able to 
make detailed observations of the lion's 
habitat and way of life over a period of 
years. From these observations is begin
ning to emerge an overall picture of the 
integrated system consisting of the lion's 
environment, its prey, its hunting behav
ior, its social organization, its sexual be
havior and its reproduction. 

Lions are distinctive as hunters and 
as social animals. No other animal that 
hunts in groups on land approaches the 
lion in size. No other species of cat is 
social. 

In the Serengeti National Park lions 
are the largest of the predators and, ex
cept for hyenas, the most numerous. 
Their prey includes a variety of large 
mammals; zebras and wildebeests are 
taken most often, but the lions also kill 
buffaloes, gazelles, hartebeests, impalas, 
warthogs and other animals. Lions are 
particularly adept at catching such prey 
in fairly open country, mainly because 
they tend to hunt cooperatively. 

Even for lions prey animals are not 
easy to catch, since the prey animal can 
usually run faster than a lion. Therefore 
most hunting efforts by lions fail, even 
at night, when they do most of their 
hunting and when they most often suc
ceed at it. When lions hunt in a group, 
they spread out and each one stalks 
toward the prey, which is therefore like
ly to be surrounded. A prey animal flee
ing from a lion it has detected Illay run 
within range of one it has not seen and 
thus be caught. And when a prev animal 
is caught, all the lions in the hunting 
group feed on it. 
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Cooperative hunting tends to be more 
successful for the lions than solitary 
hunting, although solitary hunting is not 
unusual among them. The females do 
most of the hunting. One can speculate 
that they are more effective at it than the 
males because they do not have an un
wieldy large mane and are lighter. (A fe
male weighs about 120 kilograms, or 265 
pounds, and a male about 180 kilograms, 
or 395 pounds.) In any case the males, 
being stronger than the females, can gain 
access to any kill made by the females. 

The communal hunting and communal 
living of lions are clearly interrelated. 

The social unit of the lion-the pride-is 
a long-lasting entity. Its nucleus is a 
group of from tlu-ee to 12 females of 
breeding age. They are accompanied by 
a smaller group of males of breeding age; 
most often a pride will have two such 
males, but the number can range from 
one to six. The pride also includes cubs 
of various ages. 

The members of a pride are not likely 
to be together all the time or even most 
of the time. Individual lions sometimes 
go off on their own or in the company of 
one or two other lions. Some lions tend 
to be with certain individuals much more 
frequently than they are with others. All 
members of the pride encounter one an
other fairly often, however, and at such 
times they interact peaceably. 

Each pride occupies a territory that is 
a few miles in diameter. Intruding lions 
are kept away, par.ticularly by the males. 
The territories do not have sharply de
fined boundaries, so that between adjoin
ing territories both overlapping and gaps 
are found. A territory may shift with the 
seasons, although if prey animals can be 
found in it throughout the year, such 
shifts are small. Most of the woodland 
area of the park can be visualized as be
ing subdi"ided into a mosaic of separate, 

adjoining pride territories with little 
overlap. 

In addition to the lions living in ter
ritorial prides one finds lions that are 
nomadic. They tend to follow the migra
tory herds of prey animals, and so they 
wander through the territory of prides 
and also tlu-ough areas not permanently 

PRIDE OF LIONS lives in the Serengeti 

National Park in Tanzania. This group, 

which is part of a pride, includes an adult 
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occupied by other lions. About 15 per
cent of the lion population live in this 
way. The nomads are not a different 
population but represent the surplus 
from the resident breeding population. 
Many of the nomads are males at a par
ticular stage in their life cycle; some 
nomads are females that have been 
expelled from their pride. Since the no
mads make up only a small part of the 
total population and are much less suc
cessful in reproducing, I shall not discuss 
them further and shall concentrate on 
the more typical resident lions, as exem
plified by two adjacent Serengeti prides. 

The data on the two prides, which oc
cupy territories near Seronera in the mid
dle of the park, were gathered over sev
en years of observation. George B. Schal
ler of the New York Zoological Society 
had started keeping records on the same 
prides in 1966. I continued the records 
from 1969 to 1973, and my successors 
at the Serengeti Research Institute are 
maintaining them now. 

Since the prides are adjacent, the lions 
in the two different social groups are 

usually within four or five miles of each 
other. The climatic conditions in the 
areas are similar, and the densities of 
prey change seasonally in much the same 
way. Therefore one can reasonably as
sume that differences between the two 
prides are caused by factors operating 
within the prides rather than by gross 
seasonal factors common to both of them. 

The prides are in an area frequented 
by tourists, and so the lions have become 
accustomed to vehicles. In an automo
bile one can get close to the animals 
without disturbing them. They are easy 
to observe at ranges of from 10 to 40 
yards. Moreover, after watching a pride 
for a period of time one finds that the 
lions are recognizable individually by 
such markings as nicks in the ears 
(caused by squabbling at kills), scars, 
missing teeth and the arrangement of 
whisker spots. I made an identity card 
for each lion; it included photographs of 
the animal and notations on the animal's 
characteristic features. 

Finding the lions was a bigger prob
lem than recognizing them. In another 

area I had been locating the animals by 
tracking the radio signal emitted by a 
small transmitter in a collar fitted around 
each animal's neck. That, however, 
could not be done in the tourist area. 
Therefore I had to drive around in the 
territories of the prides in the hope of 
finding some of their members, and often 
I could find only a few. As a result my 
observations of individuals were neces
sarily intermittent and irregular. When 
I did find a group, I made a note of 
which individuals were there and also 
kept records of newborn cubs and lions 
that were pregnant, feeding, mating or 
sick. 

Even though the observations were in
termittent, the fact that they were con
ductedover a period of seven years made 
it possible to amass a great deal of in
formation. (Observations must be made 
over a long period of time in any case be
cause lions are long-lived and have a 
long generation time.) \;Vhere necessary 
I have drawn on data from other prides 
to supplement the records. Let us now 
examine what this information reveals 

male eating a prey animal at right and an adult female standing at 

left. The other lions are cubs or sub adults. A typical pride usually 

includes two or three adult males, from five to 10 adult females and 

a number of cubs. Lions are termed cubs up to the age of two years 

and subadults until they are four years old. In the background is a 

kopje, an outcropping of rock that is characteristic of the region. 
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about the interaction of the social sys
tem of lions and their reproduction. 

Considering the females first, it is sig-
nificant that no strange female 

joined any of the prides observed. There
fore every female in' a pride was born 
and reared in that pride. No prides were 
observed to die out, and no new pride 
was seen to form. (It is likely that both 
events occur but that they are uncom
mon.) If a pride lasts for some decades 
at least, it follows that all the females in 
it are likely to be related to one another. 
They are sisters, mothers, grandmothers, 
half-sisters, cousins and so on. The per
manent nucleus of a pride is therefore a 
group of related females with a range of 
ages. 

To be born in a pride, however, is not 
necessarily to remain in it. At the age of 
about three years a subadult female is 
either recruited into the pride or driven 
out of it. (Lions are termed cubs until 
they are two years old and subadults be
tween the ages of two and four.) A lion
ess is more likely to be recruited if the 
pride has relatively few adult females 
than if it has a large number. 

A lioness that is expelled becomes no
madic. She leaves the territory of the 
pride and roams over large distances in 
search of a living. Such females do not 
reproduce nearly as effectively as the 
resident females. Schaller has shown that 
they do not survive as long and that they 
produce smaller litters, whose members 
are less likely to survive. 

TERRITORIES OF TWO PRIDES in the Serengeti National Park 

show where the members might be on a typical day. In the Sero· 

nera pride's area are (1) a male, two females and .five small cubs; 

(2) a male and female mating; (3) three females and seven large 

cubs; (4) a peripheral female, and (5) two subadult males, no· 

madic intruders. Masai pride has (1) a male alone; (2) two males 

with a kill; (3) four females and II cubs; (4) a female and four 

subadults; (5 and 6) females with new cubs, and (7) a female alone. 
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It would seem that if a group of no
madic lionesses were to come on a suit
able area for a territory, they would set
tle there and establish a pride. It is like
ly, however, that any suitable area would 
already be occupied by a pride and that 
the members of it would not allow the 
newcomers to settle there or to join it. 

A female that is recruited into a pride 
has an easier and more productive life. 
She will generally produce her first litter 
when she is about four years old and will 
continue bearing litters until within a 
couple of years before her death at the 
age of about 18. A recruited female 
therefore has a reproductive period of 
some 13 years. 

For young males the ordinary course 
of events is quite different. At the age 

of about three they leave the pride in 
which they were born. They may leave 
voluntarily or they may be expelled. 
Males depart in small groups of up to 
half a dozen members each. Staying to
gether as a group, they join the nomadic 
portion of the population. 

At that age a young male has very 
little mane. He is sexually active, how
ever, and will mate if he encounters an 
unattended estrous female. During the 
next two years or so the male gradually 
reaches adult size, and his mane develops 
from a scruffy fringe around the neck to 
a darkening cape from head to shoulders. 
The young males hunt for themselves 
and also scavenge what they can from 
the carcasses of animals that have died 
of natural causes or have been killed by 
other predators. 

Mter about two years of this kind of 
life the group of males is likely to find a 
pride it can take over. It may be a pride 
whose males have left or died. If it is a 
pride with males still in residence, the 
new group may take over by driving 
them out. 

The driving out of resident males is 
sometimes a slow process. The newcom
ers settle at the edge of the pride's ter
ritory and gradually expand their area 
of operation. In other cases the takeover 
is sudden and dramatic, being brought 
about by a fight that the resident males 
lose. In either case the new males come 
into possession of the pride and its ter
ritory. 

The pride they have taken over is un
likely to be the pride they grew up in. 
It might be any of the prides in the 
park. As a result the males are unlikely 
to be genetically related to the females. 
On the other hand, the males are closely 
related to one another, because they are 
the collective offspring of a group of re-
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DAY'S MOVEMENTS by several members of the Seronera pride are plotted for a group 

of three adult females and seven cubs (black), an adult male (gray) and another adult male 
(broken line). Most activities, such as hunting, feeding, finding companions and patrolling 
the territory, take place at night. During most of the day the animals rest in the shade. 

lated females and have stayed together 
since they left those females. This dis
tinction accounts for the apparently 
unique social structure of lions: a per
manent group of closely interrelated fe
males and a smaller group of separately 
interrelated coequal males, which are 
with the females for a short period. 

The length of time during which the 
males stay in possession of the pride 
varies. On the average it is two or three 
years before they in turn are expelled by 
a new group of younger, stronger or more 
numerous males. The lions that are ex
pelled are unlikely to find another pride 
they can take over, because they are old
er now and also may have been injured. 
Moreover, they are probably less effi
cient at hunting than they were as young 
lions. In the pride they could depend on 
the females to do most of the hunting. 

Meanwhile they have become bulkier 
and have acquired a mane. Therefore 
the conditions of life for males that have 
been expelled from a pride are harsh. 
For these reasons the effective reproduc
tive period of the males is much shorter 
than that of the females, being only as 
long as the few years during which the 
males are in possession of a pride. 

The brevity of the male reproductive 
period is a result of the strong competi
tion between male groups. Males are 
likely to be expelled from a pride soon 
after they are past their prime or are re
duced in number by injury, disease or 
death. A single male can almost never 
retain possession of a pride in the Se
rengeti because almost any pair of males, 
fighting in tandem as they do, can de
feat him. Similarly, larger groups of 
males can defeat smaller groups, other 
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things being equal, and so the larger 
groups have the longest tenure of prides. 
In addition large groups (of from three 
to six males) sometimes manage after 
a while to take over a second adjacent 
pride too and to keep possession of both 
prides concurrently. Thus it is to the 
selective advantage of a male to have 
male companions. 

T ionesses do not appear to have a regu-
1-.1 lar estrous cycle in the wild: they 
come into heat at variable intervals of 
between three weeks and a few months. 
A lioness usually remains in heat for a 
few days, and during that time she will 
mate on the average every 15 minutes. 
The first male to encounter a female 
coming into estrus temporarily gains 
dominance over other males. He mates 
with her and by his presence keeps other 

FIRST TAKEOVER 

, t 

males 20 yards or more away. Competi
tion among males for an estrous female 
is rare. A female sometimes changes 
males while she is in heat, but she seldom 
does so more than once a day. Occasion
ally, if several females are in heat at the 
same time, a male may mate with more 
than one female. 

The females of a pride are often in 
heat synchronously. The synchrony is 
unrelated in time to the synchrony in ad
jacent prides, so that it must be caused 
by some factor operating within the 
pride. POSSibly the females are respond
ing to Signals from one another, such as 
pheromones in the urine, or to signals 
from the males. Another possibility is 
that they are responding to particular 
characteristics of their food intake, such 
as a series of kills of large prey animals. 
The data are scanty, and it is difficult 

SECOND TAKEOVER 

, '( 

with lions in the wild to obtain informa
tion on the mechanisms involved. 

Notwithstanding the energetic mating 
performance of lions, most mating peri
ods do not result in the birth of cubs. It 
is difficult to tell why, again for want of 
adequate information. The male almost 
always ejaculates and probably produces 
viable sperm. Whether the low level of 
births has to do with ovulation, fertiliza
tion or abortion in the female is not 
known. 

When a female does conceive, the ges-
tation period is some 14 or 15 weeks, 

which is a remarkably short time for such 
a large animal. As a result the cubs are 
tiny at birth, weighing less than 1 per
cent of the adult weight. A litter usually 
consists of two or three cubs; the range 
is from one through five. I could not find 
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REPRODUCTIVE EVENTS in a pride of lions are portrayed for 

males (black), females (color) and cubs (thin lines). At the end of 

the first year the original group of males is driven out by a new 

group, which in turn is driven out some three years later. Below the 

events involving adult males one sees what happened to the pride's 

permanent group of interrelated females and tbeir cubs. A horizon· 
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tal line that stops means tbat the individual died. Mortality among 

cubs is higb, often because males on taking over a pride will kill 

the cubs already there. One also sees, notably after the second take· 

over in this case, a tendency toward synchrony of births and en· 

hanced survival of cubs at times when the pride has few or no older 

cubs. Cub survival also affects timing of a female's successive litters. 
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any factors that could be shown to in
fluence the size of the litter. 

Cubs can be born in any month of the 
year. The timing of births appears to be 
influenced by social factors rather than 
by the climate or the food supply. A 
lioness generally produces a litter when 
the cubs of her preceding litter are from 
20 to 30 months old, provided that they 
have survived. If they have died, her 
next litter will be born some six to 12 
months after the death of the last cub. 

The females of a pride tend to pro
duce litters at about the same time. The 
synchrony of estrus contributes to the 
synchrony of births, of course, but it can
not be the only factor because the syn
chrony of estrus is much more precise 
and because most periods of estrus do 
not result in cubs. The phYSiological 
causes, pOSSibly pheromonal ones, for the 
synchrony of births remain to be deter
mined, and it will not be easy to deter
mine them with lions in the wild. 

Evidence can be found for the influ
ence of further social factors on the tim
ing of births. For example, if one ex
amines the timing of births in relation 
to the arrival of new adult males, one 
finds that for about six months after the 
new males take over few litters are born. 
Then the production of litters rises 
sharply. 

Why should it be that males do not 
succeed in siring offspring until they 
have been in the pride for about three 
months? Possibly stress associated with 
their presence makes the females less 
likely to conceive. Their presence may 
also cause abortion among females that 
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RESULTS OF MATING are indicated for 10 female lions. Usually a large number of mat

ings is needed for a female to produce cubs. Because of this and the mortality rate of about 
80 percent among cubs, number of matings per offspring reared to adulthood is about 3,000. 

NEW MALES ARRIVE 

were pregnant when the new males ar- NORMAL I----+---...t-----t------lr--r-T---t------"'I'---� 
rived. 

Eon cubs suckle as long as they can, 
which is from six to eight months, 

when the mother stops lactating. Long 
before that, at the age of two or three 
months, the cubs have started to eat 
meat, so that they undergo a period of 
gradual weaning. The cubs are totally 
dependent on the adults to get food for 
them until they are at least two years 
old. 

Only a small proportion of cubs attain 
that age; the mortality among cubs is 
about 80 percent. Schaller has concluded 
that about a fourth of the deaths are vio
lent, being brought about mainly by 
other lions but also by hyenas, buffaloes 
and accidents. Another fourth of the 
deaths are attributable to starvation, 
since cubs are the least able to get and 
keep even small pieces of meat at times 
when food is in short supply. Half of the 
deaths are of unknown origin, because 
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TIME (MONTHS) 

EFFECT OF TAKEOVER on the birth rate (color) and the death rate (black) of cubs is 
charted. At the point indicated by the broken line a pride is taken over by a new group of 
males. Mortality of cubs rises immediately, and few litters are born for several months. 
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the carcass is not found and the animal 
was not previously seen to be ailing. 

I have looked for factors that might 
influence the survival of cubs. The mor
tality was higher at times when few prey 
animals were available. In the two prides 
near Seronera the level of mortality 
tended to be higher from October to 
March, but the times of food shortage 

4 

differ greatly from year to year and from 
pride to pride, depending on the move
ments of the migratory prey species. 

The time of year when cubs were born 
did not influence their chance of surviv
al, but the time of birth in relation to the 
birth of other cubs in the pride was im
portant. Litters tended to show poorer 
survival if appreciably older cubs were 

present in the pride. The reason is likely 
to be that at kills the stronger animals 
can plunder the share of the weaker 
ones. 

Litters that were born synchronously 
survived better than litters that were not. 
Synchrony of births makes communal 
suckling and rearing possible, so that 
cubs have a more regular supply of milk 

EVENTS IN LIFE CYCLE of a pride are portrayed, beginning 

with mating (1). Cubs suckle for several months (2) and until the 
age of two are dependent on adults to provide food by catching 

prey animals (3). Subadult males leave at about age three and be. 

come nomadic (4). Females usually remain with the pride but may 

be expelled at about age three if the pride has an excess of females. 

Expelled females become nomads. Young males from a pride tend 

to stay together. At about age five two or more or them will take 

over a pride by driving the resident males out (5). The pride is 

unlikely to be the pride in which the young males were reared. 
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Sequence of photographs showing a 12th or 13th Century 
ceremonial room mural in Anasazi (Pueblo) Indian cliff' 
ruin in Canyon del Muerto, Arizona, Photographs ranging 

from 10.4 inches (upper left) to 5 miles (lower right) 
display the find in relation to its surroundings, All photo
graphs are reproduced at their actual size, 
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"Polaroid Corporation 1975 Polaroid® SX-70'· 

ONE CAMERA: 

10.4 INCHES TO INFINITY. 
Slip an SX-70 Land camera in one jacket 

pocket, and some film packs in another, and 
you're ready to document your field trip. 

Your field may be archeology, paleontology 
or criminology. It doesn't matter. What mat
ters is the SX-70's versatility and portability. 

Consider these u niq ue virtues: 
With a touch of the finger and a glance 

through the split-image rangefinder, you can 
focus to get a one-half life-size image of a sub
ject 10.4 inches from your lens. Or a panoramic 
view at infinity. Or anything in between. (You 
can even get a life-size image, if you need it, 
by attaching our optional close-up Jens.) 

When you're working in the field, you have 
to concentrate on your surroundings. So it's a 

blessing to have a camera that doesn't com
pete for your attention. With the SX-70 you 
just focus on your subject, frame and press the 
electronic button. Period. 

There's no worry that part of the subject 
will be cut out of your print. (Our single-lens 
reflex viewing system delivers what you see in 
the viewfinder.) 

No preoccupation with your light conditions. 
(Our automatic electronic exposure control sys
tem takes care of that.) 

No need to time the development of your 
prints as they emerge from the camera into 
broad daylight. And nothing to peel or throw 
away. (Our film takes care of all that.) 

With the SX-70, you can take a sequence of 
up to ten photographs at intervals as short as 
1.5 seconds. 

The color values of those photographs are 
incredibly true-to-life. And our revolutionary 
metallized dyes will keep those colors from 
fading for an incredibly long time. 

Furthermore, since SX-70 prints are vir
tually grainless, you could photograph a medi
eval castle (for example) at infinity, and study 
its gate hinges under a magnifying lens back 
at your desk. 

But before you leave to return to your desk, 
you'll know that each of your photographs 
contains exactly what it's supposed to. Be
cause the print develops itself completely in 
minutes. So, if the camera moved, or you want 
to change the angle of a particular shot, you 
can reshoot then and there. 

What will it cost to have an SX-70 on your 
next trip? Wrong question. 

What will it cost to go 
without one? 

The SX-70 camera from Polaroid. 
Covers the whole field. 

On the spot. 
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American industry 

offers a tremendous potential for 
energy savings right now. 

One way to reduce our dependence 
on foreign oil is to use energy more 
efficiently. This means using less elec
tricity and heating oil in our homes 
and saving gasoline in our cars. 

American industry also offers a great 
potential for using energy efficiently. 
Why? Because industry uses at least 
one-third of all the energy consumed 
in the U.S. today. 

Exxon will save enough energy 
to run New York City for 30 days. 
All major industries require large 
amounts of  energy. In  fact, 25 percent 
of all our energy is consumed by just 
six industries: farming and food pro-

cessing, aluminum, chemical, iron and 
steel, paper, and petroleum refining. 

In the case of Exxon, we use energy 
to make energy. But, by the end of this 
year Exxon expects to cut energy us
age at our U.S. refineries by 15 per
cent of what we used in 1972. The 
energy we save could heat the homes 
in Pittsburgh for one year or provide 
enough electricity to run New York 
City for one month. 

No more "full speed ahead." 
A ship captain can save fuel the same 

way you save gasoline in your car. By 
slowing down our U.S. tankers and tow
boats and by cutting nonessential 
power demands, Exxon saved 5.5 mil
lion gallons of fuel last year. That is 
enough to power 5 700 farm tractors for 
a year. 

Last year, our 54-story headquarters 
in New York cut energy requirements 
by nearly 35 percent. Our Houston of
fice reduced consumption of electric-

ity by 7.3 million kilowatt-hours. That 
is enough electricity to power 575 
average-sized homes for one year. 

Recently Exxon switched all com
pany cars from standard size to inter
mediate or compact size. We expect 
that this will save 500,000 gallons of 
gasoline annually-or enough to run 
500 cars for one year. 

There is evidence of progress. 
As a nation, there is evidence that we 
are making progress on curbing 

energy use. Figures from the U.S. Bu
reau of Mines and the American Petro
leum Institute show that demand for 
energy dropped 3,3 percent in 1974 as 
compared to 1973, Gasoline consump
tion alone dropped 2 percent. 

Take a good look at how you run 
your operation, whether it's a corpora
tion, a small business, or a home in the 
suburbs, We think you'll be surprised 
at the ways you can use energy effi
ciently to conserve our nation's energy 
supplies. And you'll save money too, 
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and are less often left untended. Per
haps also more communal hunting by 
their mothers makes for more successful 
hunting and hence a larger food supply. 

With survival as with births the take
over of a pride by new males appears to 
have an effect. On the basis of somewhat 
scanty data it seems that the mortality 
rate among cubs goes up for about three 
months after the new males arrive. An 
indirect cause might be stress effects on 
the females, making them produce less 
milk or hunt less efficiently. A direct 
cause is the killing of cubs by the new 
adult males. It is difficult to determine 
how prevalent this behavior is, but the 
available evidence suggests that males 
on taking over a pride are quite likely to 
kill cubs already there. The apparent 
avoidance of new males by females with 
cubs reinforces that evidence. 

One is led to ask what evolutionary 
reason might explain the killing of cubs 
by new adult males. A plaUSible answer 
can be found in the short reproductive 
period of the males. It produces a strong 
selective pressure for the evolution of 
behavior that increases the reproductive 
output of the males during that period. 
A female whose cubs have died comes 
into estrus sooner and gives birth sooner 
to cubs fathered by a new male. More
over, without the presence of older cubs 
to compete with new cubs for food the 
offspring of the new males will have a 
better chance of survival. 

It is also interesting from an evolu
tionary point of view to ask why the 
matings of lions are so inefficient, that is, 
why the number of births is so low in 
relation to the number of matings. One 

reason appears to be that lions are under 
much less selective pressure than other 
animals to breed efficiently. They do not 
have a breeding season that must not 
be missed, and they run no risk of preda
tion that would increase the importance 
of mating quickly and efficiently. 

The question might be modified to ask 
why the females have evolved in such 
a way that they mate at times when it is 
highly likely that they will not produce 
cubs as a result. An explanation could be 
that an effect of the system is to reduce 
competition among the males by reduc
ing the genetic value to them of each 
copulation. Assuming that lions mate ev
ery 15 minutes for three days, that only 
one in five three-day mating periods re
sults in cubs, that the mean size of litters 
is 2.5 cubs and that the mortality among 
cubs is 80 percent, then a male must 
mate on the average some 3,000 times 
for each of his offspring reared to the 
next generation. When a single copula.
tion is of such small potential conse
quence, the pressure on a male to fight 
another male for an opportunity to copu
late is small. It is not to the evolutionary 
advantage of the females to have the 
males of a pride competing, because in
jury to the males causes them to be re
placed more quickly by other males, 
which in turn results in increased mor
tality among the cubs of the females. 

The same selective pressure may have 
a bearing on the synchrony of estrus 
among the females in a pride. It too 
tends to reduce competition among the 
males by ensuring that each male more 
often has an estrous female to be oc
cupied with. 
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IDENTITY CARD was prepared by the author for each lion in the prides he observed. It 

included photographs of the animal and a drawing that showed the animal's distinctive 

physical features, such as scars, nicks in the ears and the positioning of its whisker spots. 

" 

ALMADEN 
SOLERA 
SHERRIES 
Almaden Flor Fino, light and 
bone dry, the perfect aperitif. 
Serve chilled. 

Almaden Cocktail Sherry, delicate, 
pale and dry, delicious on the 
rocks. 

Almaden Golden Sherry, nutty 
and medium dry, �ppropriate 
before, during or after any meal. 

Almaden Cream Sherry, rich, soft 
and moderately sweet, delight
ful with cheese and fresh fruit. 

Almaden Vineyards, Los Gatos and Paicines. California 

65 

© 1975 SCIENTIFIC AMERICAN, INC



RURAL MARKET NETWORKS 

They form geometrical patterns that provide a basis for close 

analysis. Two recent investigations bring out the critical role 

of such systems in contrasting countries: China and Guatemala 

P
eriodic markets are essential to the 
articulation of agricultural socie
ties. The markets usually meet 

once every few days; crowds come from 
the countryside to sell their fann prod
uce and buy manufactured goods and 
foodstuffs from other areas. Government 
officials frequently visit on market days 
and local places of worship hold services, 
so that a fanner can combine economic, 
political and religious activities at one 
time and place. The market is also an 
arena of social interaction. It has much 
of the excitement of a fair, with friend
ships made, love affairs begun and mar
riages arranged. In many societies the 
end of a market day is often marked by 
drinking, dancing and fighting. 

Anthropologists interested in the 
study of rural markets originally concen
trated their attention on the interactions 
within the marketplace. An example is 
Sidney Mintz's analysis of the conHicts 
between peasants and changing coali
tions of townsmen, tradesmen and offi
cials in a typical Haitian market [see 
"Peasant Markets," by Sidney W. Mintz; 
SCIENTIFIC AMERICAN, August, 1960]. 
Recently interest has shifted from this 
kind of study to an examination of re
gional market networks as integrated 
(and integrating) systems. The shift is in 
large part due to the stimulus of an ex
citing conceptual development in eco
nomic geography: central-place theory. 
Here I shall report on one such study 
that demonstrated, with respect to Chi
na, the remarkable Vitality of central
place systems of periodic markets and 
on another study showing, with respect 
to Guatemala, how normal economic 
evolution can be stifled by the imposi
tion of a central-place system from 
above. By way of introduction to the 
two studies I shall first define central
place theory. 

The basic elements of central-place 
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theory were first proposed in the 1930's 
by the German economic geographer 
Walter Chris taller and were elaborated 
by another German economic geogra
pher, August Losch. The theory is built 
on several formal simplifying assump
tions that are so abstract as to seem en
tirely unrelated to the real world. Yet 
the final model has been shown to be 
strikingly appropriate to several real
world agrarian societies; more impor
tant, it has brought a fresh understand
ing of how such systems work. 

C
hristaller's fundamental model is 

predicated on the existence of a fea
tureless landscape. It has neither such 
natural obstacles as mountains nor such 
natural highways as rivers. Transport is 
equally easy in all directions and, at least 
initially, the population is evenly dis
tributed among "lowest level" settle
ments without markets [see illustration 
on opposite page]. 

It is further assumed that all the pop
ulation's commercial actions are econom
ically motivated, that the region is with
out social or political barriers to trade 
and that traders are freely competitive, 

so that markets can arise anywhere on 
the landscape in response to purely eco
nomic factors. The effect of these as
sumptions is that a constant demand for 
goods and services is evenly distributed 
across the featureless landscape. The as
sumptions also ensure that every mem
ber of the population will shop at the 
nearest market; as a result the markets 
that do arise in response to demand will 
be evenly spaced. 

One additional assumption is that at 
any particular market all consumers will 
be charged the same price for the same 
article. This assumption has the follow
ing important implications. Given a sta
ble market price for each kind of com
modity, if the consumer is to calculate 
the real cost of an article, he must add to 
its price the cost of his visit to the mar
ket and his return home. This cost, of 
course, varies directly in proportion to 
the distance traveled. Therefore at some 
calculable distance from the market the 
real cost of any particular article will be 
so high that t�e consumer's demand for 
the article will drop to zero. The zero
demand distance will obviously be dif
ferent for different kinds of goods and 

THEORETICAL GROWTH of a network of markets is traced through six successive stages 
in the illustration on the opposite page. The process hegins, according to the central-place 
theory proposed hy the economic geographer Walter Christaller, with a featureless land
scape (a ) occupied hy equidistantly spaced marketless settlements, interconnected (right) 

hy a grid of pathways that can all he traveled with equal ease. Given a demand within each 
settlement for high-vjllue goods, evenly spaced markets for the goods will appear (b, left), 

creating a pattern of overlapping circles with radii equal to the maximum range of the 
goods. These are A centers (small colored circles) ; the overlap is soon eliminated (c, left) 

by the establishment of hexagonal trade boundaries between adjacent centers. The popula
tion will also express a demand for low-value goods with smaller maximum ranges. At first 
(d, left) the B centers that meet this demand (larger circles) will arise within existing A
center trade boundaries. Areas of unsatisfied demand (gray ) remain between the B centers, 
however, and additional B centers arise to satisfy the demand (e, left ). Packing converts 
hound aries between tangent B centers into smaller hexagons (f, left) and the network is 
complete. Each A-center area contains one B center and its entire hinterland (upper left) 

and one-third of the hinterland of each B-center hexagon tangent to the central hexagon_ 
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services, but for each article it repre
sents the radius of a circle that contains 
within its circumference all the consum
ers with a positive demand for the arti
cle. That radius is called the article's 
maximum range. 

Every article offered for sale in a cen
tral-place market also has a minimum 
range. For example, whereas the num
ber of consumers within the circle of 
positive demand for an article repre
sents the total potential volume of sales 
of the article, that demand is not neces
sarily sufficient to ensure the economic 
success of the supplier. In .order to cover 
expenses and receive a normal income 
each supplier must make a minimum 
number of sales within a specific inter
val of time. A circular territory large 
enough to generate this minimum num
ber of sales is the supplier's trade area, 
and the radius of this circle is the arti
cle's minimum range. 

Maximum and mmlmum ranges are 
related. The relation has been intensive
ly explored by James H. Stine of Okla
homa State University. He notes that 
two real-world practices, itinerant mar
keting by peddlers and the periodic con
vening of markets, are related to a sit
uation wherein the minimum range of 
an article exceeds its maximum range. 
For example, if a supplier needs more 
consumers than are willing to patronize 
a particular central-place market, he 
must periodically shift location in order 
to tap a larger area of positive demand. 
In effect he is adding together a series of 
maximum ranges until their sum is equal 
to the minimum range of the article he 
offers. That is why many real-world ru
ral markets convene only periodically. 
For example, by meeting every seventh 
day the venders increase the maximum 
ranges of the articles being offered, since 
by then the consumer demands of each 

ELABORATED MARKET HIERARCHY is of the same kind outlined on the preceding 
page. Each B center (black circle inside small black hexagon), the lowest category, lies in
side a triangle (not shown) connecting three centers of a higher category. The trade area 
of each A center (colored circle inside larger colored hexagon), the first higher category, 
encloses a B center and its hinterland and also one-third of the hinterland of each of the 
B centers tangent to the first. Each center in the next higher category (black and colored 

circles inside the largest black hexagon) encloses an A center and its hinterland and also 
one·third of the hinterland of each A center tangent to the first. No higher categories are 
shown in the diagram. The upward progression, however, can be continued indefinitely. 
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of the six previous days have been added 
together. Conversely, if the minimum 
range of an article is less than its max
imum range, the supplier will not need 
to move from one market to another and 
may even find it worth while to increase 
the frequency of market meetings. 

O
bviously the ranges of some goods 
and services differ from the ranges of 

others by entire orders of magnitude. For 
example, an individual household will 
want commodities such as fresh vegeta
bles quite often and yet the consumer is 
not willing to travel very far to buy 
them. The vegetable supplier in turn 
can be satisfied by the demands of a 
relatively small number of consumers, 
because in the course of a year each 
household will buy a great deal of his 
produce even though the individual 
transactions will be small. Commodities 
of this kind are said to be low-order 
goods. The area of positive demand for 
them, and thus their maximum range, is 
small; at the same time the frequency 
of the demand means that their mini
mum range is also small. 

A contrary example is provided by 
what are called high-order goods and 
services, which are characterized by far 
greater maximum and minimum ranges. 
Goods and services of this kind, for in
stance articles of furniture or the advice 
of an attorney, have a great maximum 
range because their cost is high and the 
consumer's cost of travel is trivial by 
comparison. Furthermore, the consum
er's positive demand for such goods and 
services arises infrequently, and so he is 
willing to travel a considerable distance 
to satisfy it. The minimum range of such 
goods and services is equally great for 
the same reason. The purchases made by 
any one consumer are infrequent; if the 
supplier is to carry out the number of 
transactions per unit of time necessary 
for economic success, his trade area must 
be an extended one. 

It is a basic prediction of Christaller's 
central-place models that any center 
where high-order articles are available 
will also offer low-order ones but that 
a center where low-order articles are 
available will not necessarily provide 
high-order ones. It follows that different 
kinds of central places will come into 
existence, dealing in goods with different 
ranges. The models must therefore ac
count for systematically integrated hier
archies of markets. How do such region
al networks arise? 

Beginning at the beginning, with a 
population living in marketless low
est-level settlements evenly distributed 
across a featureless plain, let there be a 
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positive demand for a spectrum of high
er-order goods with an average maxi
mum range M. Given the stipulation 
that no part of the plain will be left un
served, markets for these goods will 
arise at a series of lowest-level settle
ments so spaced that the circular trade 
area of each market slightly overlaps 
the trade area of the next. Packing effi-

ciency demands that overlapping be 
eliminated by converting the circles into 
a grid of tangent hexagons, polygons 
that exactly fill the space and minimize 
the disadvantage to the consumers in the 
hinterland farthest removed from each 
central place. The market for higher-or
der goods at each of these central places 
we shall call an A center. 

Given a similar positive demand for 
lower-order goods with a smaller max
imum range, M 1> where will the markets 
for these goods, which we shall call B 
centers, arise? The first such markets 
will certainly be at the places where the 
A-center markets are already estab
lished. Economy of scale dictates this 
decision. Consumers are already visit-

SECOND MARKET HIERARCHY devised by Christaller makes 
allowance for the ease or difficulty of transport. B·center bexagons 
(black) are still found inside A·center hexagons (color), but now 
the additional B centers in the grid (small black circles) are 10' 
cated at halfway points on the communication lines (broken black 

lines) that connect the A centers (colored circles). Similarly, the 

next higher center (black and colored circles) contains within its 
hexagonal trade area one A center complete with hinterland and 
half of the hinterland of each of the A centers tangent to the first. 
In this hierarchy the market area (K) of each higher category in· 
cludes the entire hinterland of one next lower center and half of 
the hinterland of the six centers tangent to it; thus K equals four. 
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There are tiIl1.es 

when only 

the very best 

will do. 

A birthday. 

Happy homecoming. 

Welcome to fatherhood. 

The Holiday season. 

Bon voyage. 

Welcome to the neighborhood. 

Thank you. 

Father's Day. 

A n anniversary. 

... these are just some of the 

times you instinctively feel the 

gift should be equal in every 

way to the thought. You wish 

the best; you give the best. 

W hat is best? 

We'd like to give you an easy 

answer. We'd like to say that 

Maker's Mark is the finest 

whisky to come out of 

Kentucky. 

But Bill Samuels, our 

president, won't let us say it. 

He says there's no such thing 

as a universal "best" in whisky 

- that it's always a matter of 

personal taste. 

We do know this, Bill set out 

to make the very best whisky 

he knew how - and as a fourth 

generation Kentucky distiller, 

he knew how. 

And in his own eyes, he 

succeeded. In other words, he 

believes Maker's Mark is the 

best Kentucky whisky to be 

had at any price. And we can 

say that there's a large and 

steadily growing number of 

people who agree with him. 

There is no way our little 

distillery can put up enough 

it tastes 
. 

expenSIVe 
... andis. 

Made from an original old style 
sour mash recipe by Bill Samuels, 

fourth generation Kentucky Distiller. 

Maker's Mark Distillery, Loretto, Ky .• 

Ni"ety Proof- Fully Matured. 

Maker's Mark to go around 

everywhere. So you may not 

be able to find it the first place 

you try - but that's another 

reason why those who receive 

a bottle will value it all the 

more. 

Just for giving? 

So far, we haven't touched on 

those times when you yourself 

might feel especially deserving. 

All we can say is this: Try a 

bottle of Maker's Mark. There's 

a good chance you will consider 

it the best you've ever tasted . 

And if so, you'll be all set for 

those times when only the very 

best will do. 

Free booklet. 

When you're in our neck of 

the woods, we cordially 

invite you to visit our little 

distillery on Star Hill Farm 

near Loretto. Meanwhile, 

if you have an interest in 

the history of whisky-making 

in the Bluegrass state, write 

for a free copy of our little 

booklet, "The Wonderful 

World of Kentucky Whisky." 
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ing the A centers. If while the consum
ers are visiting the higher-order market 
they also buy lower-order goods, the ac
tion splits the cost of transportation be

I tween the two classes of commodities, 
in effect reducing the real cost of the 
lower-order goods and increasing their 
maximum range. 

The process will not, however, end 
there. Because the maximum range of 
the goods offered at B-center markets is 
smaller than the maximum range of the 
A-center goods the A-center hinterlands 
will still include large regions of unsatis
fied demand for lower-order articles. If 
the unserved areas equal the minimum 
range of the Ml suppliers, then addition
al B centers will arise in these vacant 
areas until no demand remains unsatis
fied. When the process is complete, the 
kind of market hierarchy the model dis
plays is known as the K-equals-three pat
tern. This is to say that the market area 
(K) lying inside a large A-center hexa
gon is made up of the hinterlands of 
three B centers as follows. One of the 
three is the B-center hinterland that lies 
entirely within the boundaries of the 
A-center hinterland. The other two are 
not entire B-center hinterlands; rather, 
they consist of a one-third share of each 
of the six surrounding B-center hinter-

o 5 10 
, , , 
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lands that lie partly inside the A-center 
hexagon. 

A K-equals-three hierarchy need not, 
as in this example, involve only two 
classes of markets. The same ordering 
process can be imagined for markets 
dealing in goods with any number of 
ranges. No matter how elaborate the 
hierarchy, the market specializing in 
goods with the greatest range would 
have a total hinterland equivalent to 
three market areas of the next lower or
der. Each of the three would embrace 
three of a still lower order,. for a total of 
nine. The number of markets in the or
der below that would be 27, the num
ber below that would be 81, and so 
forth. 

A K-equals-three structure,. as Chris
taller pOinted out, is created by what he 
called the marketing principle. By this 
he meant that it is the structure most 
attuned to the needs of rural consumers 
because the ratio of high-level centers to 
low-level centers is at a maximum. Each 
successively lower-order market is equi
distant from three higher-order markets, 
so that a B-center consumer or trader 
has a choice of three equally convenient 
places to shop for higher-order goods. 
At the same time an A-center consumer 
or trader in search of lower-order goods 

! 
N 

SZECHWAN COUNTRYSIDE southeast of the city of Chengtu was surveyed in 1949 and 
1950 by G. William Skinner. Its five larger market towns (colored areas) are equivalent to 
Christaller A centers in the transformations shown on the opposite page; a number is as· 
signed to each. The 10 smaller market towns (black circles) are equivalent to Christaller B 
centers; a letter is assigned to each. The lines define approximate market boundaries. 
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can tap not only the resources of his 
"home" B-center market but also those 
of six adjacent B centers. 

By relaxing the constraint that trav-
el within the model landscape be 

equally easy in all directions Chris taller 
formulated a second kind of market hi
erarchy with a pattern different from 
the one I have been describing. Apply
ing what he called the transport princi
ple, he connected the higher-order A 
centers to one another by means of fully 
developed communication routes, such 
as roads or rivers. The existence of these 
developed routes meant that the con
sumer's travel costs were lower. Thus 
the true cost to the consumer of the 
goods and services obtained from such 
central places was also lower. A model 
of this kind approximates real-world sit
uations such as when in mountainous 
terrain road construction is costly and it 
is economically more practical to travel 
greater distances on existing roads than 
to build more direct ones. A second real
world situation that is approximated 
by the transport-principle model is one 
where travel by land is not particularly 
difficult but where waterways, which al
low freight to move at a lower cost per 
ton-mile than roads do, make the ship
ment of many categories of goods by 
barge economically attractive. 

When the transport principle is ap
plied, the B centers that arise to fill the 
unsatisfied demand for lower-order arti
cles are no longer situated equidistant 
between three A centers, as in a K
equals-three hierarchy. Instead they 
arise at the halfway point along each of 
the communication routes that link the 
A centers. The market hierarchy that 
comes into being as a result is one of the 
K-equals-four type. That is, each A cen
ter controls a market area that embraces 
its own B-center hinterland and half 
(rather than a third) of the hinterland of 
each of the six surrounding B centers. 

Christaller's two models, and they are 
not the only ones, are both intellectually 
and graphically elegant, but are they 
truly descriptive of real-world situa
tions? Until a decade ago, when G. Wil
liam Skinner, who was then at Cornell 
University, published the results of his 
1949-1950 fieldwork in the Chinese 
province of Szechwan and his analysis 
of market reform during China's subse
quent "Great Leap Forward," most cen
tral-place studies had been rationaliza
tions of the nonexistence of Christaller's 
predicted patterns in the real world. 
Skinner's study reversed this trend. His 
diagrammatic abstractions of portions of 
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the Szechwan landscape excited many 
economic anthropologists. From this 
work emerged the possibility of using 
abstract models to analyze the complex 
ethnographic reality one encounters in 
fieldwork. 

When Skinner observed the tradi
tional rural marketing system in the vi
cinity of Chengtu, the second city of 
Szechwan, he found that both the geo
graphical distribution of different kinds 
of markets and the hierarchical relations 
between them closely matched Christal
ler's models. Moreover, utilizing histori
cal records for this part of China and 
other parts that covered a span of three 
centuries or more, he discovered that 
the rise and decline of rural markets was 
in accord with the models' predictions. 
Finally, by means of interviews and a 
close reading of contemporary accounts, 
Skinner was able to demonstrate that 
when the central government attempted 
to "leap forward" in the countryside by 
restructuring the traditional hierarchy 
of rural markets, the normal How of trade 
was disastrously interrupted. Only by 
reinstituting the old marketing structure 
were the bureaucrats able to restore the 
orderly movement of agricultural prod
ucts from the rural communes to the ur
ban population. 

The points of approximation between 
Skinner's findings and the predictions of 
Christaller's models include the follow
ing. First, Skinner found a broad net
work of what he calls standard markets 
that resemble the models' B centers. At 
these markets neighboring rural house
holds could satisfy virtually all their nor
mal commercial needs. The standard 
market was the downward terminus for 
manufactured goods and the upward 
entry point for the farm produce that 
Howed through the regional marketing 
system. (There was a lower category of 
market: a village-based meeting where 
some fresh vegetables were exchanged 
between farm households. Since the ex
change was purely horizontal and did 
not involve the upward movement of 
produce, Skinner omitted these trans
actions from his analysis.) 

Given an even distribution of the 
population, as in Christaller's model, 
such a B center should be surrounded by 
concentric rings of settlements: "mar
ketless villages" numbering six in the 
first ring, 12 in the next, 18 in the third 
and so on. Skinner found that the usual 
Chinese pattern was a two-ring one: the 
average number of villages surrounding 
each standard market was 18 and the 
combined population of villages and 
market town averaged slightly less than 

FIRST ABSTRACTION of the IS-center rural market hierarchy transforms meandering B

center (black) and A-center (color) boundary lines into two sets of intermeshed polygons. 
Unlike the B-center polygons, only two of the A-center polygons possess closed boundaries. 

SECOND ABSTRACTION of the market hierarchy produces the Christaller-model pattern 
of larger and smaller hexagons. The five A centers (color) provide the foundation of the 
larger grid and the 10 B centers the smaller one. The K-equals.three pattern has emerged. 
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8,000. Such a "standard market com
munity," the market town together with 
its satellite villages, was the basic unit 
of traditional Chinese rural society. As 
Skinner notes, an adult male member of 
such a unit has a "nodding acquaintance 
with almost every adult in all parts of 
the . . .  system." That is because in the 
course of his life he has traveled to the 
B center literally thousands of times, as 
have all the farmers from the other vil
lages in the market community. 

Skinner found that the standard mar
kets, or B centers, were geographically 
distributed in such a way with respect to 
higher-level markets, or A centers, that 
their trade boundaries could be rear
ranged into the pattern of tangent hex
agons typical of the Christaller models. 
For example, 15 market towns southeast 
of Chengtu could quite readily be "ab
stracted" into a K-equals-three model 
[see illustrations on preceding page]. 
Another group of market towns to the 
northeast of Chengtu, where a portion 
of a mountain range restricts travel and 
a navigable stream provides an alterna
tive to travel by road, could be abstract
ed into. a K-equals-four model. 

The spatial organization of the Sze
chwan markets was matched temporally 
by a complex interlocking system of al-

/ 
N 

ternate market days. If, for example, one 
A-center market met on the fourth, sev
enth and lOth days of a 10-day cycle, 
the adjacent A centers were likely to 
hold their markets on the third, sixth 
and ninth days or on the second, fifth 
and eighth days. The same nonconflict
ing periodicity characterized the sched
ule of B-center market days with respect 
to the A-center schedule. For instance, 
in the K-equals-three area southeast of 
Chengtu one A center, Chung-ho-chen, 
held its market on the first, fourth and 
seventh days of the 10-day cycle. The 
market days of the six surrounding B 
centers fell either on the second, fifth 
and eighth days of the cycle or on the 
third, sL'(th and ninth days. 

This, of course, served everyone's in
terests. If a farmer from a B-center sat
ellite village happened to need some 
high-order article obtainable only at the 
A center, his trip to acquire the item 
need not have cost him a lost B-center 
market day. Similarly, one of the local 
elite who resided in the B-center hinter
land and needed A-center goods or ser
vices, such as books or medical atten
tion, could obtain them and still not 
leave his place of work on a B-center 
market day. Meanwhile the itinerant 
trader, who plays an important role in 
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SECOND SZECHWAN AREA surveyed by Skinner lay northwest of Chengtu; the land· 
scape included part of a mountain range and a navigable stretch of the T'o River. Skinner 
found six larger market towns (color ),  three of them on the river, and 13 smaller market 
towns (black ), some of them in mountainous terrain. The two classes have been assigned 
numbers and letters respectively. Roads shown connect higher.level and lower·level towns. 
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the vertical How of goods, could make 
the rounds of the B-center markets on 
a schedule that enabled him to return 
to his A-center base at regular intervals, 
there to dispose of the lower-order com
modities he had acquired during his 
travels and replenish his stock of higher
order merchandise. 

O
ne of Skinner's findings that was not 
predicted by Christaller's models is 

that the standard market community 
constitutes an endogamous unit. That is, 
whereas children who grow up in the 
same rural village may or may not mar
ry one another, a marriage with someone 
from outside the community composed 
of the B center and its satellite villages 
is a rarity. Personal knowledge of the 
character of one's potential in-laws is, 
of course, an important factor in match
making, and information of this kind 
would be relatively easy to acquire with
in the confines of the marketing com
munity. Skinner's finding provides an 
important corrective to a tendency 
among anthropologists to regard the vil
lage community as the only appropriate 
unit for investigation. It has made his 
colleagues more sensitive to the impor
tance of supra villa ge levels of social 
integration. 

Early in the 1950's the new regime in 
China introduced two institutions that 
were expected to "socialize" lUral trade. 
The first was a network of state trading 
companies, each specializing in some 
category of commodities 'such as food 
grains or edible oils. The companies 
were headquartered in cities and major 
market towns and had branches in re
gional markets where sales and pur
chases were made. In effect the state 
trading companies constituted the na
tional wholesale apparatus. 

The second institution was a some
what similar network of supply and mar
keting cooperatives. These were located 
in the countryside, collecting local prod
ucts and distributing the goods provided 
by the state trading companies. By 1955 
the cooperatives were handling at least 
50 percent of the rural retail business. 
Skinner suggests that by that date most 
B-center shopkeepers and itinerant trad
ers were "dependent on 'socialist com
merce' for their supply of goods." 

It was not long before public "self
criticism" began to reveal Haws in the 
new trade apparatus. The local and 
national press printed complaints that 
some lUral farmers had to travel all the 
way to an urban center to buy such 
short-maximum-range articles as "a 
package of tobacco or [a few ounces] of 
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wine," that perishables were "not pur
chased and sold in time" and that other 
agricultural produce, while "left un
wanted" in the producing areas, was in 
short supply in "marketing areas." As 
the dislocations became more evident 
a government policy of relaxation was 
adopted. "Both rural production and ru
ral-urban trade revived," Skinner notes. 
Traditional rural marketing practices 
continued thereafter until the govern
ment delivered a thunderbolt in 1958. 

"With an agrarian economy . . .  still 
largely unmodernized," Skinner writes, 
"with a rural marketing network over 
seven-eighths of whose nodes were tra
ditional periodic markets, the regime at
tempted not merely to reform, not grad
ually to obviate, not eventually to by
pass, but to dispense altogether with the 
traditional." In August and September, 
1958, the supply and marketing cooper
atives were merged to form a single de
partment within each agricultural com
mune; the department was responsible 
for the sales of the commune's produce 
and the purchase of its necessities. Tra
ditional marketing weeks were abruptly 
discontinued, Skinner notes, and the 
"periodic markets in most of agrarian 
China were closed." 

Disruption followed almost immedi
ately. For example, the planning com
mission in one county seat of Hupeh 
province reported that at the end of 
three months 400 kinds of products were 
in short supply and 32 categories of food 
were completely out of stock. Officials in 
one county in Shantung complained that 
such seasonal fruit crops as cherries and 
apricots were allowed to rot because of 
delays in organizing a market for the 
produce. In an effort to bolster the sup
ply of young livestock for fattening, a 
group in Hopei province attempted a 
new procurement technique. A purchas
ing party was sent into two adjoining 
provinces to acquire 10,500 piglets. In 
August, 1959, the provincial newspaper 
noted angrily, the purchasing party had 
returned with more than 60 percent 
of its piglets dead or injured because 
of poor handling and the difficulties of 
long-distance transport. Incidents of the 
same kind were multiplied by the thou
sands; both the horizontal flow of prod
uce between rural villages and the two
way vertical flow between city and coun
trySide were slowed to a trickle. 

In the countryside, Skinner reports, 
the farmers managed to tide themselves 
over the winter of 1958-1959 by using a 

quasi-religious marketing mechanism
the "temple fair""-that had not been spe
cifically outlawed. By the summer of 

FIRST ABSTRACTION of the 19·center hierarchy ignores river and mountainous terrain 

and divides the landscape into small (black) and large (color ) polygons that represent 
the market areas of B centers and A centers respectively. Road network is also omitted. 

SECOND ABSTRACTION produces another Christaller·model pattern of larger and small. 
er hexagons. Note, however, that one of the smaller hexagons (left) does not include a 

B·center market town hut is a space filler that makes allowance for the rigors of mountain 
transport. The pattern that has emerged is that of the Christaller K·equals.four model • 
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1959, however, as the piglets were dying 
on their way to Hopei, the regime real
ized the extent of its mistake. In August 
the unofficial voice of the government, 
the newspaper Ta Kttng Pao, hailed a 

"new departure": in certain provinces 
"rural markets" were being introduced. 
A month later, on September 23, 1959, 
the State Council made the govern
ment's retreat official. "Rural markets," 
the council declared, "facilitate the ex
change of commodities." Supply and 
marketing departments were therefore 
directed to organize rural markets "so as 
to smooth the flow of materials between 
town and countryside . . .  and activate 
the rural economy." As Skinner points 
out, the fear of lOSing face prevented the 
State Council from speaking in the new 
directive of any reestablishment of a 
traditional system. The directive did 
note, however, that the schedules of the 
new rural markets were to be set "in 
accordance with old usage." 

The retreat was total, although some 
years were to pass before the traditional 
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rural marketing system recovered its 
full vigor and the government whittled 
down the size of the agricultural com
munes to the point where the size and 
population of an average rural "produc
tion brigade" were roughly equal to those 
of a village, and those of an 'average 
commune were roughly equal to the tra
ditional town-plus-satellite-villages con
figuration of a B-center marketing sys
tem. As Skinner concludes, technological 
advances in the future are bound to 
transform the traditional Chinese sys
tem, but in this critical period of Chinese 
history it was not the government's de
sign that imposed its form on rural so
cialization but the design of the b'adi
tional marketing community. 

Skinner's account of the vitality of the 
traditional Chinese rural market system 
has greatly influenced other students of 
rural societies. One particularly inter
esting study is Carol A. Smith's detailed 
analysis of the market system in the 
western highlands of Guatemala. The 
rural markets of China and Guatemala 

MILES 
I 

50 

WESTERN GUATEMALA within a 100-mile radius of Quezaltenango, the second-largest 
city in the nation, was surveyed in the 1960's by Carol A_ Smith. She found a ring of six 
sizable Ladino market towns surrounding Quezaltenango (Roman numerals) and 12 lesser 
Ladino market towns (Arabic numerals) peripheral to them. An independent grid of mar
kets dealing in Indian agricultural produce (lettered black triangles) was also present, but 
only a few of the 20 major bulking centers were located on tbe main highways. In the same 
way that Quezaltenango was central to the network of Ladino markets, a nearby major 
Indian market, San Francisco el Alto, was central to the network of rural bulking centers_ 
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have certain similarities: both are found
ed on periodic markets held at various 
locations, and the markets serve not only 
the townsfolk but also the rural popu
lation. As Smith's work demonstrates, 
however, the resemblance between the 
two systems is superficial. Although it 
is possible to abstract the geographical 
pattern of the Guatemalan central places 
so that it nearly duplicates a Christallel' 
model, the difference between the Gua
temalan and the Chinese models is pro
found. This should not be taken as 
demonstrating any serious deficiency in 
Christaller's theory, but it is a warning 
that his models cannot be expected to 
duplicate all the subtleties of real-world 
situations, which rarely meet the as
sumptions of central-place theory. The 
real-world situation in China is a cul
turally homogeneous one, although the 
culture is socially stratified. In Guate
mala the culture not only is socially 
stratified but also, as a result of the re
gion's colonial history, is divided into 
two quite different worlds: the Ladino 
and the Indian. In itself the dichotomy 
might not be significant. What gives it 
significance is the fact that the Ladino 
world controls the national economy. 

Indians, whose first language is Mayan 
rather than Spanish, make up about 

half the population of Guatemala. Most 
of them work as semisubsistence farm
ers and live according to Mayan cultural 
patterns. Ladinos, whose first language 
is Spanish, are heirs to a tradition that is 
culturally (and often genetically) a mix
ture of the Spanish and the Indian. The 
Ladinos usually live in the towns, and 
they are most often engaged in non
agricultural work. They are also SOcially, 
politically and economically the heirs of 
the conquistadors, and thus they are the 
dominant power in the nation. 

The market system studied by Smith 
surrounds the regional center of western 
Guatemala: Quezaltenango, a central 
place with a population of some 40,000 
[see illustration at left]. Many commer
cial establishments are permanently lo
cated there, and manufactured goods of 
importance to the economy of the sur
rounding area are available in the city. 
Moreover, the size of the resident non
agricultural population means that Que
zaltenango generates a strong demand 
for farm produce from the adjacent 
countryside. In the regional marketing 
hierarchy Smith classifies Quezaltenan
go as the pinnacle of the Ladino market
town system. 

The city's major lines of communica
tion lead radially outward to six inter
mediate-level Ladino market towns. For 
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the sake of comparison the six can be lik
ened to the A centers of the Chris taller 
models. Beyond these A centers, lying ei
ther on the same major lines of communi
cation or on branches or minor roads, are 
12 lower-level Ladino market towns; 
they can be likened to the B centers of 
the models. These 19 central places, 
Quezaltenango included, constitute the 
framework of Ladino economic control: 
the vertical distribution of goods manu
factured outside western Guatemala
fuel, machinery, iron tools and factory
made cloth and clothing-begins in the 
city and moves downward to the A cen
ters and thence to the B centers. Quezal
tenango and five of the six A centers are 
also the administrative capitals of their 
districts and hence control political dis
bursements as well. 

The geographical distribution of the 
Ladino central places differs from that 
predicted by the Chris taller models. 
When the demand for goods is distribut
ed evenly over the landscape, the mod
els predict that the A centers will be 
Widely spaced and that the lesser B cen
ters will be distributed between the A 
centers. In western Guatemala, however, 
the B centers are peripheral to the A 
centers. According to Smith, the abnor
mal market distribution is due to an un
even distribution of demand: purchasing 
power declines significantly in propor
tion to distance from the city. Moreover, 
the number of Ladino households in the 
A centers is greater than the number in 
the B centers, and the Ladino popula
tion of Quezaltenango is the largest of 
all. The Indian population reflects the 
same economic gradient. It is most com
mercialized in the central zone. Fewer 
of the Indian households there engage 
exclusively in subsistence agriculture, 
and so the Indian family income is high
er. In response to these factors the best 
roads are in the central zone and the 
worst ones are on the periphery. 

The subsistence needs of the Ladino 
households in the region are largely met 
by purchases of Indian-raised produce. 
The trade network that delivers the prod
uce is composed of a grid of lower-level 
central places that Smith calls rural 
bulking centers. The predominance of 
wholesale trade over retail trade distin
guishes the bulking centers from their 
Ladino counterparts. They are situated 
in Indian communities where large com
mercial establishments are rarely if ever 
found. The Indian markets meet peri
odically, primarily to collect produce for 
export to the Ladino market towns but 
also to meet the Indian demand for such 
products as salt and cloth. 

Smith identified 20 major rural bulk-
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FIRST ABSTRACTION that allowed Smith to connect the six intermediate Ladino market 
towns to Quezaltenango and to one another with straight lines and similarly to connect the 
peripheral and the intermediate Ladino market towns produced a curious pattern. All 20 . 
rural bulking centers (black ) fell within one or .another of the 24 triangles formed by lines 
connecting the Ladino markets. When the bulking centers were grouped into irregular but 
tangent hexagons (colored lines), each contained one of the higher.level Ladino markets. 

SECOND ABSTRACTION of the Guatemala market hierarchy is arranged to approximate 
a Christaller K-equals-three model. The divergence of the real-life situation from the model 
is evident_ B-center Ladino markets are not interspersed among the Ladino A centers but 
are peripheral to them_ Only in the highest central place is a rural bulking center found 
along with a Ladino market_ Moreover, the shares of bulking-center hinterland "belonging" 
to Ladino A centers actually represent not a two-way flow between higher and lower mar
kets in a single integrated hierarchy but a one-way Ladino levy of Indian foodstuffs. 
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ing centers in western Guatemala, not 
including the largest one. This was sit
uated near Quezaltenango in the Indian 
town of San Francisco el Alto, and it 
played a predominant role in the whole
saling of Indian produce. In effect the 
San Francisco market occupied a posi
tion with respect to the rest of the rural 
bulking-center network very much like 
the position of Quezaltenango with re
spect to the network of Ladino market 
towns. Smith also found that when she 
connected the various Ladino market 
towns with abstract straight lines, most 
of the triangles so constructed contained 
a rural bulking center [see top illustra
tion on preceding page]. Such a pattern, 
with lower-level markets enmeshed in a 
grid that connects higher-level markets, 
superficially duplicates Christaller's K
equals-three, or marketing, principle. 

H 
ow does the Guatemalan marketing 

hierarchy differ from the tradition
al Chinese one, and what do the differ
ences mean? Smith argues as follows. 
The regular distribution of central 
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places in Guatemala, as in China, indi
cates that distance is an important influ
ence on marketing behavior that will di
rectly affect market location. The con
centration of major central places near 
Quezaltenango, the economic center of 
western Guatemala, however, is not pre
dicted by theory. It suggests that a spa
tial economy can be strongly influenced 
both by ethnic considerations and by the 
real-world distribution of political pow
er. In Guatemala, Ladino political pow
er translates into monopoly over certain 
aspects of the economy, and this monop
oly control is realized in the cenb'ipetal 
pattern of market centers, where increas
ingly smaller centers feed into the La
dino political capitals. 

How is the dominance of Ladino cen
ters maintained? For one thing, goods 
are not free to flow in any direction in 
the market structure, as models of nor
mal central-place systems assume. In 
Guatemala, Smith notes, the Indian lU
ral bulking centers play a role that the 
Ladino market centers do not. The bulk
ing of foodstuffs by the Indian market-

TWO KINDS OF RURAL·URBAN FLOW are symbolized in this diagram. The movement 
of foodstuffs in both is indicated by black arrows ; in both this flow culminates in agricul· 
tural exports (broken black arrows, top). The movement of manufactured goods in both is 
indicated by colored arrows ; some imported goods (broken colored arrows) reaching im· 
port·export centers eventually flow to the lowest rural markets. In the first kind of flow ( a )  

the one·way movement o f  produce means that foodstuffs from one rural market cannot reach 
any other rural market. Under these circumstances all farmers are under pressure to grow 
a little of everything. In the second kind of flow (b ) produce grown in one part of the 
country reaches many markets, and local farmers can hetter their economic lot by raising 
specialized cash crops. The first system resembles the one imposed from ahove in Guate· 
mala, analyzed by Smith ; the second, the traditional one in China analyzed by Skinner. 
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places and their shipment to the Ladino 
towns is a one-way process. It is not re
Ciprocated by a downward distribution 
of farm goods shipped to the Ladino 
market towns from other zones. When 
the foodstuffs reach the Ladino towns, 
they remain there, to be consumed by 
the local Ladino population. This proc
ess is facilitated by the road network (all 
of which feeds into the Ladino towns) 
and by the Ladino control of road build
ing, trucking and storage facilities in the 
region. 

Smith finds this to be a fact of the 
greatest importance because, far from 
faCilitating the development of the Gua
temalan hinterland, the marketing sys
tem actually blocks development. In the 
contrasting example of China the free 
flow of goods through the market system 
means that any local community can, if 
it chooses, specialize in the production of 
a single commodity, secure in the knowl
edge that the staples the community does 
not produce will be forthcoming from the 
market. In Guatemala, since the Ladino 
market towns do not redistribute food
stuffs, the only exchange of agricultural 
goods between villagers is at the level of 
the rural bulking centers. No bulking 
center is connected to any other bulking 
center through a higher-level market [see 
illustration at left J .  

The result, in Smith's interpretation, is 
that the market system represented by 
the Ladino market towns neither inte
grates the region nor assists in the devel
opment of regional economic specializa
tion. Instead the Ladino market towns 
"divide and conquer" the local Indian 
communities, forCing the rural farmers 
to engage mainly in subsistence agricul
ture for the sake of self-sufficiency and 
thereby limiting the Indians' capacity to 
raise cash crops that might supplement 
their income. 

Smith notes that the Guatemalan pat
tern is to be found in other parts of the 
world, and she argues that it is no coin
cidence that the areas where it exists are 
all former colonial possessions. The pat
tern, she suggests, arises from a process 
of "underdevelopment" that is impressed 
on the marketing stlUcture of subject 
countries by the colonizing nations. In 
such marketing systems the flow of ag
ricultural products begins in a network 
of low-level bulking centers and travels 
upward through a hierarchy of markets 
to a central place for consumption, for 
export or for both. Paralleling this up
ward flow is a downward flow of import
ed manufactures. There is, however, no 
horizontal flow of farm produce between 
the different agricultural districts of the 
region. 
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In such a system whatever underde
velopment may already exist in the re
gion will be perpetuated. Farmers can
not specialize lest they gamble their sur
vival on a market system that is not 
structured to deliver the food they need. 
Artisans cannot become manufacturers, 
not only because the goods imported 
from industrialized nations abroad are 
likely to be cheaper and better made 
than the local product but also because, 
as with foodstuffs, there is no provision 
for the horizontal How of goods. 

The dependency of the underdevel
oped system is also perpetuated by the 
How of profits as investment capital. In 
an independent system the profits from 
commerce and agriculture are available 
for investment in such support services 
as communication, transportation and 
education. Basic resources of this kind 
increase the productivity of labor over 
the long run. In a dependent system such 
as Guatemala the market facilitates the 
introduction of imported goods. These 
suppress the development of local man
ufacturing and allow the proceeds from 
commerce to How up and out of the sub
ject country to the already developed 
supplier. There the profits are available 
for investment in the basic resources of 
the developed nation, further increasing 
the gap in productivity between the de
veloped and the underdeveloped coun
tries. In Guatemala the gap widens not 
only between Indians and Ladinos but 
also between Guatemala and the devel
oped nations. 

I see no solution, easy or hard, for the 
dismal problem of the gap between 

the developed and the underdeveloped 
nations. The recent creation of cartels 
among the exporters of primary products 
such as petroleum is bringing a How of 
capital from the developed nations into 
the exporting nations. Whether this capi
tal will be used to create the basic under
structure of education, communication 
and the other services that support the 
economies of the developed nations re
mains to be seen. Meanwhile nations 
without major natural resources to mo
nopolize (for example India) will face 
hard times indeed. If studies such as 
Skinner's and Smith's hold any lesson for 
policymakers, it is that national develop
ment requires a free and vigorous system 
of internal exchange and that such ex
change will be facilitated by a hierarchi
cal network of central-place markets. As 
for external exchange, particularly ex
change with more developed nations, 
the underdeveloped nations may find 
that judiciOUS restriction is the better 
part of wisdom. 
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The Search for Extraterrestrial Intelligence 

There can be little doubt that ci(Jilizations more ad(Janced than 

the earth's exist elsewhere in the uni(Jerse. The probabilities 

in(Jol(Jed in locating one of them call for a substantial effort 

Is mankind alone in the universe? Or 
are there somewhere other intelli
gent beings looking up into their 

night sky from very different worlds and 
asking the same kind of question? Are 
there civilizations more advanced than 
ours, civilizations that have achieved in
terstellar communication and have es
tablished a network of linked societies 
throughout our galaxy? Such questions, 
bearing on the deepest problems of the 
nature and destiny of mankind, were 
long the exclusive province of theology 
and speculative fiction. Today for the 
first time in human history they have en
tered into the realm of experimental sci
ence. 

From the movements of a number of 
nearby stars we have now detected un
seen companion bodies in orbit around 
them that are about as massive as large 
planets. From our knowledge of the 
processes by which life arose here on the 
earth we know that similar processes 
must be fairly common throughout the 
universe. Since intelligence and tech
nology have a high survival value it 
seems likely that primitive life forms on 
the planets of other stars, evolving over 
many billions of years, would occasion
ally develop intelligence, civilization and 
a high technology. Moreover, we on the 
earth now possess all the technology 
necessary for communicating with other 
civilizations in the depths of space. In
deed, we may now be standing on a 
threshold about to take the momentous 
step a planetary society takes but once: 
first contact with another civilization. 

In our present ignorance of how com
mon extraterrestrial life may actually be, 
any attempt to estimate the number of 
technical civilizations in our galaxy is 
necessarily unreliable. We do, however, 
have some relevant facts. There is rea
son to believe that solar systems are 
formed fairly easily and that they are 
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by Carl Sagan and Frank Drake 

abundant in the vicinity of the sun. In 
our own solar system, for example, there 
are three miniature "solar systems": the 
satellite systems of the planets Jupiter 
(with 13 moons), Saturn (with 10) and 
Uranus (with five). It is plain that how
ever such systems are made, four of 
them formed in our immediate neighbor
hood. 

The only technique we have at pres
ent for detecting the planetary systems 
of nearby stars is the study of the gravi
tational perturbations such planets in
duce in the motion of their parent star. 
Imagine a nearby star that over a period 
of decades moves measurably with re
spect to the background of more distant 
stars. Suppose it has a nonluminous com
panion that circles it in an orbit whose 
plane does not coincide with our line of 
sight to the star. Both the star and the 
companion revolve around a common 
center of mass. The center of mass will 
trace a straight line against the stellar 
background and thus the luminous star 
will trace a sinusoidal path. From the 
existence of the oscillation we can de
duce the existence of the companion. 
Furthermore, from the period and am
plitude of the oscillation we can calcu
late the period and mass of the com
panion. The technique is only sensitive 
enough, however, to detect the pertur
bations of a massive planet around the 
nearest stars. 

The single star closest to the sun is 
Barnard's star,. a rather dim red 

dwarf about six light-years away. (Al
though Alpha Centauri is closer, it is a 
member of a triple-star system.) Ob
servations made by Peter van de Kamp 
of the Sproul Observatory at Swarth
more College over a period of 40 years 
suggest that Barnard's star is accompa
nied by at least two dark companions, 
each with about the mass of Jupiter. 

There is still some controversy over his 
conclusion, however, because the obser
vations are very difficult to make. Per
haps even more interesting is the fact 
that of the dozen or so single stars near
est the sun nearly half appear to have 
dark companions with a mass between 
one and 10 times the mass of Jupiter. In 
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"CYCLOPS," an array of 1,500 radio an· 

tennas each 100 meters in diameter, is one 

system that has been proposed as a tool for 

detecting signals from extraterrestrial civ· 
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addition many theoretical studies of the 
formation of planetary systems out of 
contracting clouds of interstellar gas and 
dust imply that the birth of planets fre
quently if not inevitably accompanies 
the birth of stars. 

We know that the master molecules of 
living organisms on the earth are the pro
teins and the nucleic acids. The proteins 
are built up of amino acids and the nu
cleic acids are built up of nucleotides. 
The earth's primordial atmosphere was, 
like the rest of the universe, rich in 
hydrogen and in hydrogen compounds. 
When molecular hydrogen (H2), meth
ane (CH4), ammonia (NHa) and water 
(H20) are mixed together in the pres
ence of virtually any intermittent source 
of energy capable of breaking chemical 
bonds, the result is a remarkably high 
yield of amino acids and the sugars and 
nitrogenous bases that are the chem
ical constituents of the nucleotides. For 
example, from laboratory experiments 
we can determine the amount of amino 
acids produced per photon of ultraviolet 
radiation, and from our knowledge of 

stellar evolution we can calculate the 
amount of ultraviolet radiation emitted 
by the sun over the first billion years of 
the existence of the earth. Those two 
rates enable us to compute the total 
amount of amino acids that were formed 
on the primitive earth. Amino acids also 
break down spontaneously at a rate that 
is dependent on the ambient tempera
ture. Hence we can calculate their 
steady-state abundance at the time of 
the origin of life. If amino acids in that 
abundance were mixed into the oceans 
of today, the result would be a 1 percent 
solution of amino acids. That is approxi
mately the concentration of amino acids 
in the better brands of canned chicken 
bouillon, a solution that is alleged to be 
capable of sustaining life. 

The origin of life is not the same as 
the origin of its constituent building 

blocks, but laboratory studies on the 
linking of amino acids into molecules re
sembling proteins and on the linking of 
nucleotides into molecules resembling 
nucleic acids are progressing well. In-

vestigations of how short chains of nu
cleic acids replicate themselves in vitro 
have even provided clues to primitive 
genetic codes for translating nucleic 
acid information into protein informa
tion, systems that could have preceded 
the elaborate machinery of ribosomes 
and activating enzymes with which cells 
now manufacture protein. 

The laboratory experiments also yield 
a large amount of a brownish poly
mer that seems to consist mainly of long 
hydrocarbon chains. The spectroscopic 
properties of the polymer are similar to 
those of the reddish clouds on Jupiter, 
Saturn and Titan, the largest satellite of 
Saturn. Since the atmospheres of these 
objects are rich in hydrogen and are 
similar to the atmosphere of the primi
tive earth, the coincidence is not sur
prising. It is nonetheless remarkable. 
Jupiter, Saturn and Titan may be vast 
planetary laboratories engaged in pre
biological organic chemistry. 

Other evidence on the origin of life 
comes from the geological record of the 
earth. Thin sections of sedimentary rocks 

ilizations. The individual antennas would be connected to one an· 

other and to a large computer system. The effective signal.collect. 

ing area of the system would be hundreds of times greater than 

that of any existing radio telescope and would he capable of de. 

tecting even such relatively weak signals as the internal radio· 

frequency communications of a civilization as far away as several 

hundred light.years. Control building shown in center of array in. 

cludes observatory with telescope operating at visible wavelengths. 
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between 2.7 and 3.5 billion years old 
reveal the presence of small inclusions a 
hundredth of a millimeter in diameter. 
These inclusions have been identified by 
Elso S. Barghoorn of Harvard University 
and J. William Schopf of the University 
of California at Los Angeles as bacteria 
and blue-green algae. Bacteria and blue
green algae are evolved organisms and 
must themselves be the beneficiaries of a 
long evolutionary history. There are no 
rocks on the earth or on the moon, how
ever, that are more than four billion 
years old; before that time the surface of 
both bodies is believed to have melted in 
the final stages of their accretion. Thus 
the time available for the origin of life 
seems to have been short: a few hundred 
million years at the most. Since life orig
inated on the earth in a span much short
er than the present age of the earth, we 
have additional evidence that the origin 
of life has a high probability, at least 
on planets with an abundant supply of 
hydrogen-rich gases, liquid water and 

sources of energy. Since those conditions 
are common throughout the universe, 
life may also be common. 

Until we have discovered at least one 
example of extraterrestrial life, how

ever, that conclusion cannot be consid
ered secure. Such an investigation is one 
of the objectives of the Viking mission, 
which is scheduled to land a vehicle on 
the surface of Mars in the summer of 
1976, a vehicle that will conduct the first 
rigorous search for life on another plan
et. The Viking lander carries three sepa
rate experiments on the metabolism of 
hypothetical Martian microorganisms, 
one experiment on the organic chemistry 
of the Martian surface material and a 
camera system that might just conceiv
ably detect macroscopic organisms if 
they exist. 

Intelligence and technology have de
veloped on the earth about halfway 
through the stable period in the lifetime 
of the sun. There are obvious selective 

advantages to intelligence and technolo
gy, at least up to the present evolutionary 
stage when technology also brings the 
threats of ecological catastrophes, the 
exhaustion of natural resources and nu
clear war. Barring such disasters, the 
physical environment of the earth will 
remain stable for many more billions of 
years. It is possible that the number of 
individual steps required for the evolu
tion of intelligence and technology is so 
large and improbable that not all inhab
ited planets evolve technical civiliza
tions. It is also possible-some would say 
likely-that civilizations tend to destroy 
themselves at about our level of techno
logical development. On the other hand, 
if there are 100 billion suitable planets 
in our galaxy, if the origin of life is high
ly probable, if there are billions of years 
of evolution available on each such plan
et and if even a small fraction of tech
nical civilizations pass safely through the 
early stages of technological adoles
cence, the number of technological civi-
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FREQUENCY (GIGAHERTZ) 

RADIO SPECTRUM of the sky as it is seen from the earth is quite 

noisy. Any radio telescope picks up the three·degree.Kelvin back· 

ground radiation (gray line), the remnant of the primordial fire

ball of the "big bang." The background radiation begins to fall off 

at about 60 gigahertz (billion cycles per second). At that frequency 

the quantum noise associated with all electromagnetic radiation 

(broken black line) begins to predominate, and the total noise lev· 

el rises. Noise from within our galaxy (dark colored line) is due 

mainly to synchrotron radiation emitted by particles spiraling in 

around the lines of force in magnetic fields. Together these three 
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sources of noise define a broad quiet region in the radio spectrum, 

between ahout one gigahertz and 100 gigahertz, that would be near

ly the same for observers in the neighborhood of the sun and ob

servers in similar regions of the galaxy. The earth's atmosphere is 
also a source of noise (light colored line) because molecules of wa· 

ter and oxygen absorb and reradiate energy at 22 gigahertz and 60 
gigahertz. All sources of noise added together yield the curve in 

black, representing the total sky noise detected on the earth. The 

broken vertical line in color is frequency of spin. flip of the-elec

tron in un·ionized hydrogen atom at frequency of 1.420 gigahertz. 
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lizations in the galaxy today might be 
very large. 

It is obviously a highly uncertain ex
ercise to attempt to estimate the number 
of such civilizations. The opinions of 
those who have considered the problem 
differ significantly. Our best guess is that 
there are a million civilizations in our 
galaxy at or beyond the earth's present 
level of technological development. If 
they are distributed randomly through 
space, the distance between us and the 
nearest civilization should be about 300 
light-years. Hence any information con
veyed between the nearest civilization 
and our own will take a minimum of 30Q 
years for a one-way trip and 600 years 
for a question and a response. 

Electromagnetic radiation is the fast
est and also by far the cheapest method 
of establishing such contact. In terms of 
the foreseeable technological develop
ments on the earth, the cost per photon 
and the amount of absorption of radia
tion by interstellar gas and dust, radio 
waves seem to be the most efficient and 
economical method of interstellar com
munication. Interstellar space vehicles 
cannot be excluded a priori, but in all 
cases they would be a slower, more ex
pensive and more difficult means of com
munication. 

Since we have achieved the capabil
ity for interstellar radio communication 
only in the past few decades, there is 
virtually no chance that any civilization 
we come in contact with will be as back
ward as we are. There also seems to be 
no possibility of dialogue except be
tween very long-lived and patient civ
ilizations. In view of these circum
stances, which should be common to 
and deducible by all the civilizations in 
our galaxy, it seems to us quite possible 
that one-way radio messages are being 
beamed at the earth at this moment by 
radio transmitters on planets in orbit 
around other stars. 

To intercept such signals we must 
guess or deduce the frequency at which 
the signal is being sent, the width of the 
frequency band, the type of modulation 
and the star transmitting the message. 
Although the correct guesses are not 
easy to make, they are not as hard as 
they might seem. 

Most of the astronomical radio spec
trum is quite noisy [see illustration on 
opposite page]. There are contributions 
from interstellar matter, from the three
degree-Kelvin background radiation left 
over from the early history of the uni
verse, from noise that is fundamentally 
associated with the operation of any de
tector and from the absorption of radia-

INVESTIGATOR OBSERVATORY DATE 
FREQUENCY OR 

TARGETS WAVELENGTH 

DRAKE N.R.A.O. 1960 1,420 MEGAHERTZ 
EPSILON ERIOANI 
TAU CETI 

TROITSKY GORKY 1968 21 AND 30 12 NEARBY 
CENTIMETERS SUN LIKE STARS 

VERSCHUUR N.R.A.O. 1972 1,420 MEGAHERTZ 10 NEARBY 
STARS 

EURASIAN NET- 1972 TO 16. 30 AND 50 PULSED 
TROITSKY WORK, GORKY PRESENT CENTIMETERS SIGNALS FROM 

ENTIRE SKY 

ZUCKERMAN 1972 TO -600 NEARBY 
PALMER N.R.A.O. PRESENT 1,420 MEGAHERTZ SUN LIKE STARS 

EURASIAN NET· 1972 TO 
PULSED 

KARDASHEV 
WORK, I.C.R. PRESENT 

SEVERAL SIGNALS FROM 
ENTIRE SKY 

BRIDLE 1974 TO SEVERAL 
FELDMAN 

A.A.O. 
PRESENT 

22.2 GIGAHERTZ 
NEARBY STARS 

DRAKE 1975 (IN 1,420, 1.653 AND SEVERAL NEAR-
SAGAN 

ARECIBO 
PROGRESS) 2,380 MEGAHERTZ BY GALAXIES 

ATTEMPTS TO DETECT SIGNALS beamed toward the earth by other civilizations have 

so far been unsuccessful, but the number of stars that have been examined is less than .1 

percent of the number that would have to be investigated if there were to be a reasonable 

statistical chance of discovering one extraterrestrial civilization. "N.R.A.O." is the National 

Radio Astronomy Observatory in Green Bank, W.Va.; "Gorky" is the 45·foot antenna at 
Gorky University in the U.S.S.R.; "Eurasian network" is a network of omnidirectional an· 

tennas in the U.S.S.R. that is being operated jointly by V. S. Troitsky of Gorky University 

and N. S. Kardashev of the Institute for Cosmic Research (I.C.R.) of the Academy of Sci· 

ences of the U.S.S.R.; "A.R.O." is the Algonquin Radio Observatory at Algonquin Park in 

Canada; "Arecibo" is 1,000·foot radio·radar antenna at Arecibo Observatory in Puerto Rico. 

tion by the earth's atmosphere. This last 
source of noise can be avoided by plac
ing a radio telescope in space. The other 
sources we must live with and so must 
any other civilization. 

There is, however, a pronounced min-
imum in the radio-noise spectrum. 

Lying at the minimum or near it are sev
eral natural frequencies that should be 
discernible by all scientifically advanced 
societies. They are the resonant frequen
cies emitted by the more abundant mol
ecules and free radicals in interstellar 
space. Perhaps the most obvious of these 
resonances is the frequency of 1,420 
megahertz (millions of cycles per sec
ond). That frequency is emitted when 
the spinning electron in an atom of hy
drogen spontaneously flips over so that 
its direction of spin is opposite to that 
of the proton comprising the nucleus of 
the hydrogen atom. The frequency of 
the spin-flip transition of hydrogen at 

1,420 megahertz was first suggested as 
a channel for interstellar communication 

in 1959 by Philip Morrison and Giusep
pe Cocconi. Such a channel may be too 
noisy for communication preCisely be
cause hydrogen, the most abundant in
terstellar gas, absorbs and emits radia
tion at that frequency. The number of 
other plausible and available communi
cation channels is not large, so that de
termining the right one should not be too 
difficult. 

We cannot use a similar logiC to guess 
the bandwidth that might be used in in
terstellar communication. The narrower 
the bandwidth is, the farther a signal 
can be transmitted before it becomes too 
weak for detection. On the other hand, 
the narrower the bandwidth is, the less 
information the signal can carry. A com
promise is therefore required between 
the desire to send a Signal the maximum 
distance and the desire to communicate 
the maximum amount of information. 
Perhaps simple signals with narrow 
bandwidths are sent to enhance the 
probability of the signals' being re
ceived. Perhaps information-rich signals 
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with broad bandwidths are sent in or
der to achieve rapid and extensive 
communication. The broad-bandwidth 
signals would be intended for those 
enlightened civilizations that have in
vested major resources in large receiving 
systems. 

When we actually search for signals, 
it is not necessary to guess the exact 
bandwidth, only to guess the minimum 
bandwidth. It is possible to communi
cate on many adjacent narrow bands at 
once. Each such channel can be studied 
individually, and the data from several 
adjacent channels can be combined to 
yield the equivalent of a wider channel 
without any loss of information or sen
sitivity. The procedure is relatively easy 
with the aid of a computer; it is in fact 
routinely employed in studies of pulsars. 
In any event we should observe the max
imum number of channels because of 
the possibility that the transmitting civ
ilization is not broadcasting on one of 
the "natural" frequencies such as 1,420 
megahertz. 

We do not, of course, know now 
which star we should listen to. The 

most conservative approach is to turn 
our receivers to stars that are rather sim
ilar to the sun, beginning with the near
est. Two nearby stars, Epsilon Eridani 
and Tau Ceti, both about 12 light-years 
away, were the candidates for Project 
Ozma, the first search with a radio tele
scope for extraterrestrial intelligence, 
conducted by one of us (Drake) in 1960. 
Project Ozma, named after the ruler 
of Oz in L. Frank Baum's children's sto
ries, was "on the air" for four weeks at 

1,420 megahertz. The results were neg
ative. Since then there have been a num
ber of other studies. In spite of some 
false alarms to the contrary, none has 
been successful. The lack of success is 
not unexpected. If there are a million 
technical civilizations in a galaxy of 
some 200 billion stars, we must turn our 
receivers to 200,000 stars before we 
have a fair statistical chance of detect
ing a single extraterrestrial message. So 
far we have listened to only a few more 
than 200 stars. In other words, we have 
mounted only .1 percent of the required 
effort. 

Our present technology is entirely 
adequate for both transmitting and re
ceiving messages across immense inter
stellar distances. For example, if the 

1,000-foot radio telescope at the Arecibo 
Observatory in Puerto Rico were to 
transmit information at the rate of one 
bit (binary digit) per second with a 
bandwidth of one hertz, the signal could 
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be received by an identical radio tele
scope anywhere in the galaxy. By the 
same token, the Arecibo telescope could 
detect a similar Signal transmitted from 
a distance hundreds of times greater 
than our estimate of 300 light-years to 
the nearest extraterrestrial civilization. 

A search of hundreds of thousands of 
stars in the hope of detecting one mes-

BRIGHTNESS TEMPERATURES 
(MILLIONS OF DEGREES K.) 

D 3.000 

D 9,000 

sage would require remarkable dedica
tion and would probably take several 
decades. It seems unlikely that any ex
isting major radio telescope. would be 
given over to such an intensive program 
to the exclusion of its usual work. The 
construction of one radio telescope or 
more that would be devoted perhaps 
half-time to the search seems to be the 

EARTH IS BRIGHT at the frequencies be· 

tween 40 and 220 megahertz because of the 
radiation from FM radio and VHF televi· 

sion broadcasts. The power radiated by the 

stations is shown averaged over squares five 
degrees in longitude by five degrees in lati· 

tude. The radio brightness is equivalent to 
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only practical method of seeking out 
extraterrestrial intelligence in a serious 
way. The cost would be some tens of 
millions of dollars. 

So far we have been discussing the re
ception of messages that a civiliza

tion would intentionally transmit to the 
earth. An alternative possibility is that 

we might try to "eavesdrop" on the ra
dio traffic an extraterrestrial civilization 
employs for its own purposes. Such ra
dio traffic could be readily apparent. On 
the earth, for example, a new radar 
system employed with the telescope at 
the Arecibo Observatory for planetary 
studies emits a narrow-bandwidth sig
nal that, if it were detected from another 

star, would be between a million and 10 
billion times brighter than the sun at 
the same frequency. In addition, be
cause of radio and television transmis
sion, the earth is extremely bright at 
wavelengths of about a meter [see illus
tration on these two pages]. If the plan
ets of other civilizations have a radio 
brightness comparable to the earth's 

the temperature to which each area on the earth would have to be 
raised in order to produce the actual radio emission observed. Tbe 
three brightest areas are the locations of three particularly power. 
ful radar systems: the radio·radar antenna of the Haystack Observa· 
tory in Massachusetts, operating at a wavelength of 3.75 centimeters 
and giving a brightness temperature of 2.3 X 1020 degrees K., the 

1,000·foot radio·radar antenna of the Arecibo Observatory, operat· 

ing at a wavelength of 12.6 centimeters and giving a brightness tem· 
perature of 1.4 X 1021 degrees K., and the 210·foot antenna of the 

Jet Propulsion Laboratory at Goldstone, Calif., operating at a wave· 
length of 12.6 centimeters and giving a brightness temperature of 
6.2 X 1019 degrees. Systems radiate so much power that at those 
wavelengths and in the direction of their beam they are brighter 
than the sun and should be detectable over interstellar distances. 
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from television transmission alone, they 
should be detectable. Because of the 
complexity of the signals and the fact 
that they are not beamed specifically at 
the earth, however, the receiver we 
would need in order to eavesdrop would 
have to be much more elaborate and 
sensitive than any radio-telescope system 
we now possess. 

One such system has been devised in 
a preliminary way by Bernard M. Oliver 
of the Hewlett-Packard Company, who 
directed a study sponsored by the Ames 
Research Center of the National Aero
nautics and Space Administration. The 
system, known as Cyclops, would con
sist of an enormous radio telescope con
nected to a complex computer system. 
The computer system would be designed 
particularly to search through the data 

from the telescope for signals bearing 
the mark of intelligence, to combine nu
merous adjacent channels in order to 
construct signals of various effective 
bandwidths and to present the results of 
the automatic analyses for all conceiv
able forms of interstellar radio commu
nication in a way that would be intel
ligible to the project scientists. 

To construct a radio telescope of enor-
mous aperture as a single antenna 

would be prohibitively expensive. The 
Cyclops system would instead capitalize 
on our ability to connect many individ
ual antennas to act in unison. This con
cept is already the basis of the Very 
Large Array now under construction in 
New Mexico. The Very Large Array 
consists of 27 antennas, each 82 feet in 
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ARECIBO MESSAGE IN BINARY CODE was transmitted in 1974 toward the Great Clus· 

ter in Hercules from the 1,000·foot antenna at Arecibo. The message is decoded by break· 

ing up the characters into 73 consecutive groups of 23 characters each and arranging the 
groups in sequence one under the other, reading right to left and then top to bottom. The 

result is a visual message (see illustration on opposite page) that can be more easily inter· 
preted by making each 0 of binary code represent a white square and each 1 a black square. 
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diameter, arranged in a Y-shaped pat
tern whose three arms are each 10 miles 
long. The Cyclops system would be· 
much larger. Its current design calls for 
1,500 antennas each 100 meters in di
ameter, all electronically connected to 
one another and to the computer system. 
The array would be as compact as pos
sible but would cover perhaps 25 square 
miles. 

The effective signal-collecting area of 
the system would be hundreds of times 
the area of any existing radio telescope, 
and it would be capable of detecting 
even relatively weak signals such as tele
vision transmissions from civilizations 
several hundred light-years away. More
over, it would be the instrument par ex
cellence for receiving signals speCifically 
directed at the earth. One of the greatest 
virtues of the Cyclops system is that no 
technological advances would be re
quired in order to build it. The neces
sary electronic and computer techniques 
are already well developed. We would 
need only to build a vast number of 
items we already build well. The Cy
clops system not only would have enor
mous power for searching for extrater
restrial intelligence but also would be 
an extraordinary tool for radar studies 
of the bodies in the solar system, for 
b'aditional radio astronomy outside the 
solar system and for the tracking of 
space vehicles to distances beyond the 
reach of present receivers. 

The estimated cost of the Cyclops sys-
tem, ranging up to $10 billion, may 

make it prohibitively expensive for the 
time being. Moreover, the argument in 
favor of eavesdropping is not completely 
persuasive. Half a century ago, before 
radio transmissions were commonplace, 
the earth was quiet at radio wave
lengths. Half a century from now, be
cause ,)f the development of cable tele
vision and communication satellites that 
relay signals in a narrow beam, the earth 
may again be quiet. Thus perhaps for 
only a century out of billions of years do 
planets such as the earth appear remark
ably bright at radio wavelengths. The 
odds of our discovering a civilization 
during that short period in its history 
may not be good enough to justify the 
construction of a system such as Cy
clops. It may well be that throughout 
the universe beings usually detect evi
dence of extraterrestrial intelligence 
with more traditional radio telescopes. 
It nonetheless seems clear that our own 
chances of finding extraterrestrial intel
ligence will improve if we consciously 
attempt to find it. 

How could we be sure that a particu-
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ARECIBO MESSAGE IN PICTURES and accompanying transla· 

tion shows the hinary version of the message decoded. Each num· 

ber that is used is marked with a label that indicates its start. When 

all the digits of a number cannot be fitted into one line, the digits 
for which there is no room are written under the least signifi. 

cant digit. (The message must be oriented in three different ways 

for all the numbers shown to be read.) The chemical formulas are 
those for the components of the DNA molecule: the phosphate 
group, the deoxyribose sugar and the organic bases thymine, ad· 
enine, guanine and cytosine. Both the height of the human being 
and the diameter of the telescope are given in units of the 
wavelength that is used to transmit the message: 12.6 centimeters. 
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lar radio signal was deliberately sent by 
an intelligent being? It is easy to design 
a message that is unambiguously artifi
cial. The first 30 prime numbers, for ex
ample, would be difficult to ascribe to 
some natural astrophysical phenomenon. 
A simple message of this kind might be 
a beacon or announcement signal. A sub
sequent informative message could have 
many forms and could consist of an 
enormous number of bits. One method 
of transmitting information, beginning 

simply and progressing to more elabo
rate concepts, is pictures [see illustration 
on preceding page]. 

One final approach in the search for 
extraterrestrial intelligence deserves 

mention. If there are indeed civilizations 
thousands or millions of years more ad
vanced than ours, it is entirely possible 
that they could beam radio communica
tions over immense distances, perhaps 
even over the distances of intergalactic 

space. We do not know how many ad
vanced civilizations there might be com
pared with the number of more primi
tive earthlike civilizations, but many of 
these older civilizations are bound to be 
in galaxies older than our own. For this 
reason the most readily detectable radio 
signals from another civilization may 
corne from outside our galaxy. The rela
tively small number of such extragalac
tic transmitters might be more than com
pensated for by the greater strength 

THOUSAND·FOOT ANTENNA of the radio·radar system at the 

Arecibo Observatory is made of perforated aluminum panels whose 
spherical shape is accurate to within 1/8 inch over the antenna's 

entire area of 20 acres. The triangular structure suspended above 
the antenna holds the receiver and the transmitter for the system. 

Control rooms and office buildings are to lower right of antenna. 
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of their signals. At the appropriate fre
quency they could even be the brightest 
radio signals in the sky. Therefore an al
ternative to examining the nearest stars 
of the same spectral type as the sun 
is to examine the nearest galaxies. Spiral 
galaxies such as the Great Nebula in 
Andromeda are obvious candidates, but 
the elliptical galaxies are much older 
and more highly evolved and could con
ceivably harbor a large number of ex
tremely advanced civilizations. 

There might be a kind of biological 
law decreeing that there are many paths 
to intelligence and high technology, and 
that every inhabited planet, if it is given 
enough time and it does not destroy it
self, will arrive at a similar result. The 
biology on other planets is of course ex
pected to be different from our own be
cause of the statistical nature of the evo
lutionary process and the adaptability 
of life. The science and engineering, 
however, may be quite similar to ours, 
because any civilization engaged in in
terstellar radio communication, no mat
ter where it exists, must contend with 
the same laws of physics, astronomy and 
radio technology that we do. 

Should we be sending messages our
selves? It is obvious that we do not 

yet know where we might best direct 
them. One message has already been 
transmitted to the Great Cluster in Her
cules by the Arecibo radio telescope, but 
only as a kind of symbol of the capabili
ties of our existing radio technology. 
Any radio signal we send would be de
tectable over interstellar distances if it is 
more than about 1 percent as bright as 
the sun at the same frequency. Actually 
something close to 1,000 such signals 
from our everyday internal communica
tions have left the earth every second 
for the past two decades. This electro
magnetic frontier of mankind is now 
some 20 light-years away, and it is mov
ing outward at the speed of light. Its 
spherical wave front, expanding like a 

ripple from a disturbance in a pool of 
water and inadvertently carrying the 
news that human beings have achieved 
the capacity for interstellar discourse, 
envelops about 20 new stars each year. 

We have also sent another kind of 
message: two engraved plaques that ride 
aboard Pioneer 10 and Pioneer 11. 
These spacecraft, the first artifacts of 
mankind that will escape from the solar 
system, will voyage forever through our 
galaxy at a speed of some 10 miles per 
second. Pioneer 10 was accelerated to 
the velocity of escape from the solar sys
tem by the gravitational field of Jupiter 

o 
ENGRA VED PLAQUE on the Pioneer spacecraft to Jupiter is another message that has 

been dispatched beyond the solar system. Meaning of symbols is given in text of article. 

on December 3,1973. Pioneer 11 swung 
past Jupiter on December 4, 1974, and 
will travel on to Saturn before it is ac
celerated on a course to the far side of 
the galaxy. 

Identical plaques for each vehicle 
were designed by us and Linda Salzman 
Sagan. Each plaque measures six by 
nine inches and is made of gold-anod
ized aluminum. These engraved cos
mic greeting cards bear the location of 
the earth and the time the spacecraft 
was built and launched. The sun is lo
cated with respect to 14 pulsars. The 
precise periods of the pulsars are speci
fied in binary code to allow them to 
be identified. Since pulsars are cosmic 
clocks that are running down at a large
ly constant rate, the difference in the 
pulsar periods at the time one of the 
spacecraft is recovered and the periods 
indicated on the plaque will enable any 
technically sophisticated civilization to 
deduce the year the vehicle was sent on 
its epic journey. Units of time and dis
tance are specified in terms of the fre. 
quency of the hydrogen spin-Hip at 
1,420 megahertz. In order to identify 
the exact location of the spacecraft's 
launch a diagram of the solar system is 
given. The trajectory of the spacecraft is 
shown as it leaves the third planet, the 
earth, and swings by the fifth planet, 
Jupiter. (The diversion of Pioneer 11 
past Saturn had not been plarmed when 
the plaques were prepared.) Last, the 
plaques show images of a man and a 
woman of the earth in 1973. An attempt 
was made to give the images panracial 
characteristics. Their heights are shown 

with respect to the spacecraft and are 
also given by a binary number stated 
in terms of the wavelength of the spec
tral line at 1,420 megahertz (21 centi
meters). 

These plaques are destined to be the 
longest-lived works of mankind. They 
will survive virtually unchanged for 
hundreds of millions, perhaps billions, of 
years in space. When plate tectonics has 
completely rearranged the continents, 
when all the present landforms on the 
earth have been ground down, when civ
ilization has been profoundly trans
formed and when human beings may 
have evolved into some other kind of 
organism, these plaques will still exist. 
They will show that in the year we called 

1973 there were organisms, portrayed 
on the plaques, that cared enough about 
their place in the hierarchy of all intelli
gent beings to share knowledge about 
themselves with others. 

How much do we care? Enough to de-
vote an appreciable effort with ex

isting telescopes to search for life else
where in the universe? Enough to take a 
major step such as Project Cyclops that 
offers a greater chance of carrying us 
across the threshold, to finally commu
nicate with a variety of extraterrestrial 
beings who, if they exist, would inevi
tably enrich mankind beyond imagina
tion? The real question is not how, be
cause we know how; the question is 
when. If enough of the beings of the 
earth cared, the threshold might be 
crossed within the lifetime of most of 
those alive today. 
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FOREST SUCCESSION 

The study of a woods in New Jersey has yielded a predictive model 
for the succession of trees in a mixed forest. Two basic factors 
are the moisture in the soil and the geometry of leaf arrangement 

W
hen a forest has been devas
tated by man or by a natural 
catastrophe such as a hurri

cane, in time a semblance of the original 
forest returns. The regeneration of the 
forest goes through several stages called 
succession: trees that are dominant in 
one stage of regeneration succumb to 
trees of other species in the next. Forest 
succession raises a number of basic ques
tions. Is there an orderly and predictable 
pattern to the changes? Does succession 
reach a stable end point if given enough 
time? Do different patterns of succession 
lead to the same final stage? Conversely, 
can one initial stage of succession lead 
to different final stages? Are some stages 
of succession more fragile than others? 
Answers to these basic questions are 
needed before we can hope to answer 
more practical questions. Can the natu
ral regeneration of a forest be speeded 
up by enlightened human intervention? 
How can succession be controlled in or
der to keep a forest in its most produc
tive state? 

One of the more appealing aspects of 
studying forest ecology is that basic 
questions can be explored with a modest 
investment in technical equipment. Most 
of my own work is done with a pencil, a 
notebook and a measuring tape. The one 
specialized piece of equipment that is 
essential is an ingenious device for ex
tracting a "core," or cylinder, of wood 
from a tree. The core provides a cross 
section of the tree's annual growth rings 
and hence a record of its age. Although 
I have access to a full-sized electronic 
computer, most of my calculations can 
easily be done with an inexpensive pock
et calculator. My laboratory fits into a 
carpenter's apron. 

Forest succession proceeds too slowly 
for it to be observed directly. Ideally 
one would like to find several plots of 
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land with similar physical characteristics 
but different and well-documented his
tories. Unfortunately reliable historical 
records of land use are rare. Some inves
tigators attempt to infer historical pat
terns of land use from the qualitative 
pattern of vegetation, arriving at suc
cessional patterns with a marvelous but 
spurious internal consistency. In order 
to avoid such circular deductions I make 
a comparative census of the ages of all 
the trees on various plots of land, all with 
unknown histories. I then infer succes
sional patterns, and within these hypo
thetical patterns I measure changes in 
competition between different species of 
trees and differences in their growth 
rate. The empirical patterns I arrive at 
have led to some theoretical abstrac
tions, which I have provisionally tested 
with further observations. 

Before attacking the general questions 
about the succession of trees in a 

forest, I shall document the details of the 
particular succession I have examined. 
A 500-acre woods in Princeton, N.J., 
owned by the Institute for Advanced 
Study has proVided a convenient natural 
laboratory for my work. A small portion 
of the woods apparently was never 
farmed, and the remainder is divided 
into plots that were last farmed at vari
ous times from 35 to 150 years ago. The 

only widespread disturbances were a 
blight that led to the loss of all the chest
nut trees by 1920 and the uprooting of 
several trees in the hurricanes of 1938 
and 1944. Throughout the woods' recent 
history each of the plots has been within 
seeding distance of trees that are char
acteristic of different successional stages. 

As a first approximation the stands are 
ordered by the age of the oldest trees of 
the dominant species: gray birch (33 
years), bigtooth aspen (35 years), sweet 
gum (37 years), black gum (50 years), 
red maple (about 65 years), oak, hickory, 
tulip tree and dogwood (each about 120 
years) and beech (about 250 years). For 
each stand I sought the answers to three 
questions: Is the stand under invasion 
by species that are characteristic of 
supposedly later stands? Is there a se
nile population among species that sup
posedly belong to earlier stands? Are the 
dominant species begetting their kind 
locally? 

One cannot take the first approxima
tion seriously or use the absolute ages of 
the trees to answer these questions be
cause trees that have rotted away may 
be well represented by their offspring. 
On the other hand, the relative age pro
files of the various species in each stand 
will clearly show how well each species 
will be represented in the near future. 
An invading species will be represented 

FOREST STANDS in the 500·acre woods of the Institute for Advanced Study in Princeton, 

NJ., are identified by the dominant species of trees in each stand. The dominant species in 

the six stands on the opposite page, photographed with a "fish-eye" lens, are bigtooth aspen 

(top left), black gum (middle left), oak-hickory-tulip (bottom left), gray birch (top right), 

sweet gum (middle right) and beech (boltom right). The three stands at the left are on 

well-drained soils; the three at the right are on wetter soils. Note that the stands on the wet· 

ter soils have a greater number of canopy trees than those on the drier soils. Grapevines fes· 

toon the middle story of the bigtooth aspen stand. Gray birch stand has been invaded by the 

thorny vine greenbriar. Sweet gum has crowded out gray birch, which lies on forest floor. Oak, 

hickory and tulip are about equally abundant in their stand, which has understory of dogwood. 
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by many seedlings, a respectable num
ber of saplings and perhaps a few small 
trees. A locally reproducing species will 
have trees in several age classes, with a 
preponderance of young trees. If a stand 
consists of nothing but older trees, it is 
senile, and its fate depends on whether 
other species will invade it before the 
dominant population reproduces suffi
ciently for the trees that have died to be 
replaced. 

Analysis of the age profiles of the trees 
in each stand shows that the gray birch 
and the bigtooth aspen are senile wher
ever they occur and that their stands are 
under heavy invasion by all the other 
local species. The black gum and the 
sweet gum are reproducing locally, but 
their understories are full of red maple, 
beech, oak and hickory. The red maple is 
also reproducing locally, but its stand is 
being invaded by beeches and a few 
oaks. The oak-hickory-tulip stand is se
nile, with a few beeches here and there. 
The beech stand is senile, but its under
story is filled with root sprouts, so that 
the next generation undoubtedly will 
have an abundance of beech. 

The soils in which the stands grow are 
also a factor in the pattern of succession. 
The oak-hickory-tulip stand and the 
bigtooth aspen stand are on coarse, 
well-drained soil, which is aerated to as 
great a depth as I can reach with a two
meter soil auger. (The aeration is indi
cated by the rusty color of the iron ox
ides in the soil.) In the red maple stand 
and the beech stand the average water 
table is within a meter of the surface of 
the fine, sticky soil. The stands of other 
species of trees are on intermediate soils. 

I have developed a hypothetical suc
cessional pattern that is consistent with 
my observations of the actual stands [see 
illustration on next page]. Bigtooth as
pen invades open spaces readily but 

gives way to oak, hickory and tulip on 
dry soil and to black gum on wetter soil. 
Gray birch is also an invader of open 
space, but it gives way to black gum or 
to sweet gum, depending partly on the 
history of the plot and partly on some 
subtleties of drainage. On dry soil black 
gum succumbs to oak, hickory and tulip, 
but on poorly drained soil black gum and 
sweet gum are displaced by red maple. 
Beech will replace red maple, although a 
series of dry years enables oak and hick
ory to invade red maple stands. Con
versely, in wet seasons beech slowly in
vades the oak-hickory-tulip stand. 

This hypothetical successional pattern 
is, of course, an abstraction. It represents 
what could happen, not what actually 
has happened or what necessarily will 
happen. In reality the oak-hickory-tulip 
stand has the characteristics of a former 
woodland pasture: compacted soil and a 
paucity of small trees. The red maple 
stand consists of sprouts from the stumps 
of an earlier stand that had been cut. 
The sweet gum stand has trees of almost 
uniform age and is just downwind from 
a huge and prolific sweet gum tree. The 
black gum stand is in the lee of the tall 
beech stand and is severely buffeted by 
turbulent eddies during windstorms. 
The black gum trees that dominate their 
stand have had their tops broken off sev
eral times and have regrown to their 
present height. 

The only stands that are true to the 
hypothetical successional scheme are the 
gray birch, bigtooth aspen and beech 
stands. The beech trees may even belong 
to the original forest. Their trunks are 
free of branches to a great height, and 
the ground under them still has the 
mounds and pits created by the uproot
ing of trees in windstorms of the past, in
dicating that the land has never been 
plowed. 

BA BIGTOOTH ASPEN 

BC BLACK CHERRY 

BE BEECH 

DW FLOWERING DOGWOOD 

GB GRAY BIRCH 

SF SASSAFRAS 

SG SWEET GUM 

TU TULIP HI HICKORY 

BG BLACK GUM RM RED MAPLE 

RO RED OAK 

WA WHITE ASH 

WO WHITE OAK 

DIAGRAMMATIC STRUCTURES of a gray birch forest (top) and a red maple forest (bot. 

tom) are shown on the opposite page. The dominant species in each forest is dark·colored, 

and the relative heights and abundances of all the species on a 20·by·20·meter plot of ground 
are given. Although the gray birch dominates the canopy in its stand, it is being challenged 

by red maple. There are no gray birches in the understory of the red maple stand, but there 

are scattered young red maples. Beech appears to be invading the red maple stand. If the 

two stands are indicative of successional patterns, then gray birch gives way to red maple. 

Since the gray birch stand was originally colonized by both red maple and gray birch at 

about the same time some 35 years ago, the successional shift from gray birch to red maple 

is brought about by the late competitive dominance of red maple rather than by invasion. 

Several intriguing patterns arise from 
the hypothetical successional scheme. It 
shows that as long as there is enough soil 
moisture the succession converges on a 
beech forest. On dry soil, however, the 
succession either ends or stalls at an 
earlier stage, with the development of 
an oak-hickory-tulip forest. The succes
sional sequence of gray birch to black 
gum to red maple to beech could actual
ly take place on poorly drained soil. The 
sequence of bigtooth aspen to oak-hick
ory-tulip could occur on well-drained 
soil. I am justified therefore in assuming 
that real successions would show pat
terns like those I observe among these 
contemporary stands. 

How do successional changes affect 
the productivity of a forest? In

dexes of the annual production of new 
wood and the standing volume of wood 
can be calculated from the height, diam
eter and annual increase in radius of 
trees that are representative of each age 
class of each species in a stand. I plotted 
these "parabolic volume" indexes of the 
standing crop of wood and the annual 
production of new wood against the suc
cessional age of each stand [see illustra
tion on page 95]. As an open field devel
ops into a forest the amount of standing 
wood increases steadily, but the produc
tion of new wood first increases and 
then decreases as the forest's composi
tion changes. The decline in the produc
tion of new wood is more obvious when 
production is expressed as the "interest 
rate," that is, the annual production of 
new wood divided by the volume of 
wood in the standing crop. 

The geometrical arrangement of the 
leaves of a tree plays a role both in the 
tree's productivity of wood and in the 
successional pattern of a stand. The opti
mal leaf arrangement for intercepting 
and utilizing light most efficiently de
pends on the amount of light that is 
available to the tree. Leaves are able to 
conduct photosynthesis at about 90 per
cent of their maximal rate with as little 
as 25 percent of full sunlight. At lower 
levels of incident light, however, an op
timal tree should intercept all the avail
able light at its highest intensity. That 
is achieved by having a single layer of 
leaves in a shell around the tree. In a 
crowded stand a single-layer shell can 
provide no more than one unit of leaf 
area for each unit of ground area under 
the tree. 

At high intensities of sunlight the tree 
should have leaves distributed through
out its total branch volume, subject only 
to the constraint that the interior leaves 
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must receive enough light to balance 
their own metabolic costs. Leaves need 
at least 2 percent of full sunlight to pay 
for themselves metabolically. If the dis
tribution of leaves is optimal, the total 
leaf area can exceed the ground area 
under the tree severalfold even in a 
dense stand. In the open, therefore, the 
monolayered tree with its lesser leaf area 
is competitively inferior to the multilay
ered tree. Conversely, deep shade may 
prevent the growth of a multilayered 
tree because its heavily shaded interior 
leaves do not pay for themselves and 
must draw their sustenance from the 
peripheral leaves. 

A monolayered tree produces dense 
foliage at the tips of well-lighted 

branches. The developmental program 
for a multilayered tree consists in pro-

BIGTOOTH ASPEN 

ducing lacy foliage at the tips of well
lighted branches and at the tips of any 
interior branches that are sufficiently 
lighted or that manufactured a local sur
plus of sugar in the previous season. An 
adjustment between dense and lacy foli
age can be made by control of the shape 
and lobing of the leaves, the length of 
the leaf stems and the spacing' of leaves 
along the twig. For leaves that are spi
rally arranged along the stem or are set 
in pairs at right angles, several of the 
parameters must be adjusted concurrent
ly, but for leaves that lie in the same 
plane along the stem, either opposite 
another leaf or alternating with other 
leaves, only the distance between leaves 
need be altered. 

Why cannot a tree have an adaptive 
leafing strategy that is flexible, depend
ing on the existing light conditions? An 

I 
I 

/ 

optimal strategy would require either 
the ability to predict future lighting con
ditions or a system of communication 
between the inner leaves and the outer 
ones. I have no doubt that I shall even
tually locate species of trees that make 
such an adjustment, but the few exam
ples I have found so far are not convinc
ing enough to warrant discussion. Hence 
I work currently with the assumption 
that a species of tree is characteristically 
either monolayered or multilayered in its 
arrangement of leaves [see illustration 
on page 96l. 

An appropriate and convenient ex
pression of the distribution of leaves in 
a tree is the effective number of leaf lay
ers within the tree with respect to the 
leaf area at the periphery of the tree. 
To obtain it I measure with a light meter 
the proportion of light that penetrates 
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IV 

HYPOTHETICAL PATTERN OF SUCCESSION has been derived 

by the author from measurements of primary factors that deter· 

mine succession in each stand. Dominant species in each stand are 
dark-colored; other species are light-colored. The capacity of the 

soil to hold water increases from the bigtooth aspen stand at upper 

left to the beech stand at lower right. The solid-line arrows rep· 

resent successional changes that are consistent with the relative 

age distributions of the species involved. Any of the intermediate 

stages, except red maple, can be bypassed. There is some evidence 

that other changes, shown by broken.line arrows, can also occur. 
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a single densely foliated branch at the 
outer edge of the tree and then the pro
portion of light that penetrates through 
the densest part of the entire tree. From 
these measurements I calculate how 
many outside branches it would take to 
reduce the light to the amount that 
comes through the tree as a whole. That 
is done by determining how many times 
the proportion of light coming through 
the branch must be multiplied by itself 
in order to obtain the light intensity 
coming through the tree. The answer is 
given by the ratio of the logarithms of 
the two measured light intensities. 

In the early successional stage the 
number of branch layers is 4.3 for gray 
birch, 3.8 for bigtooth aspen, 3.8 for 
white pine and 2.7 for sassafras. In the 
intermediate successional stage the num
ber of branch layers is 2.7 for white ash, 
2.6 for black gum, 2.7 for red maple, 2.2 
for tulip, 2.7 for red oak and 2.7 for 
hickory. In the late successional stage 
the number of branch layers is 1.9 for 
sugar maple, 1.5 for beech and 1.6 for 
hemlock. From these numbers it is ob
vious that the early successional trees 
tend to have more branch layers than 
trees in later stages. 

We now have a clue to understanding 
at least part of the successional pat

tern in the stands I have studied. Multi
layered trees are able to grow faster than 
monolayered trees in the open environ
ment of early succession, but the shaded 
understory of these multilayered trees is 
less suitable for their own offspring than 
it is for monolayered trees. When mono
layered trees eventually reach the cano
py, their understory is well shaded, and 
multilayered trees can live only in the 
gaps left by the death of large trees. 

Several other successional patterns 
follow directly from differences in the 
geometrical distribution of leaves. A tree 
must disSipate the solar heat it absorbs. 
The heat to be diSSipated (and hence the 
water lost through evaporation) is spread 
over a greater leaf area in a multilayered 
tree than it is in a monolayered one. 
This means that the water loss per unit 
of photosynthesis is lower for a multi
layered tree than it is for a monolayered 
one. On well-drained soil where water is 
scarce multilayered trees should there
fore be dominant. On moist soil, where 
monolayered trees eventually come to 
dominate the canopy by virtue of their 
competitive advantage in the shaded 
understory, wood productivity will fall 
because the monolayered trees are less 
productive than the multilayered trees 
they displace. Moreover, the species most 
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SUCCESSIONAL CHANGES IN PRODUCTIVITY are shown in these graphs, measured 

hy indexes of the standing crop of wood (top), the production of new wood (middle) and 

ratio of the production of wood 1.0 standing crop (bottom)_ The successional age is given 

logarithmically. The hlack line in each graph connects plots of the trees on moist soils, from 

gray birch through heech. The colored line connects the two stands that grow on drier 
soils. The sweet gum stand, which grows on soil intermediate in moisture content, is plotted 

by itself. Note that with increasing age production lirst increases and then decreases, except 

for sweet gum, which maintains very high production in a young and densely stocked stand. 
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adapted to shade should have an unbro
ken peripheral layer of leaves and thus 
should cast a shade so deep that not even 
their own offspring can grow in it. We 
can expect, then, that undisturbed for
ests in which monolayered trees domi
nate the canopy will have little or no 
new growth and will be senile. 

Another potentially important differ
ence between monolayered trees and 
multilayered trees is their susceptibility 
to attack by insects. I have often seen 

DAWN REDWOOD 

SILVER MAPLE 

spring inchworm caterpillars defoliate 
a multilayered tree by eating one layer, 
lowering themselves on silk threads to 
the next layer and so on throughout the 
tree. This behavior is less efficient on a 
monolayered tree. If the inchworms try 
to change their foraging position by low
ering themselves, they find themselves 
on the ground and then must proceed to 
the base of the tree and up the trunk. 
I have the impression that inchworms 
defoliate the local monolayered trees 

less often than they do the multilayered 
ones, but the evidence is insufficient to 
demonstrate that the difference is eco
logically significant. 

To sum up, interspecific differences in 
the geometrical distribution of leaves are 
at least partly responsible for the pattern 
of succession, for the successional chang
es in the age structure and productivity 
of trees and perhaps even for differential 
predation by some insects. Furthermore, 
the number of branch layers is a measur-

SUGAR MAPLE 

DISTRIBUTION OF LEAVES in multilayered and monolayered 

trees is depicted schematically in a slice through the middle of the 

tree. Dawn redwood and silver maple are typical of multilayered 

trees, with leaves scattered throughout the volume of the tree. 
Hemlock and sugar maple are virtually monolayered, with leaves 
concentrated at the ends of branches. Although the two conifers 

have similar branching patterns and a similar pattern of leaf at· 

tachment. their total leaf distribution is quite different. The same 

difference holds for the two superficially similar maples. In open 

spaces, where the intensity of sunlight is high, the multilayered tree 
is competitively superior to monolayered tree, but in shaded under. 

story of a forest monolayered tree has the competitive advantage. 
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able criterion for predicting a tree's rate 
of growth and its requirements for light 
and water. I believe predictions based 
on the number of branch layers could 
be useful in evaluating new varieties of 
trees for forests and gardens. 

The hypothetical successional scheme 
predicts that the most aggressive species 
of monolayered tree will completely 
eliminate its competitors if given enough 
time and a favorable environment. In 
reality many factors other than tolerance 
of shade will determine the outcome of 
competition for places in the canopy of 
a forest. The effect of these additional 
factors can be taken into account by em
pirically determining the probability of 
whether a tree will be replaced by an
other of its kind or replaced by a tree of 
another species. I have estimated the re
placement probability for each tree in 
a stand, and from the matrix of these 
probabilities I can calculate how many 
trees of each species can be expected to 
remain in the stand after any given in
terval [see illustration at right]. The 
probabilities are estimated by counting 
the number of saplings of each species 
under a canopy tree. I then gratuitously 
assume that every sapling under the can
opy tree has an equal chance of replac
ing that tree in the next generation of 
the canopy. 

When the probabilities for successive 
generations are calculated, even

tually a stationary distribution is reached 
where the proportion of different species 
in the canopy does not change. The 
probability matrix can be weighted to 
take into account the fact that species 
differ in longevity and that the genera
tion span is not the same even for trees 
of the same species. When the actual 
distribution of trees that form the cano
py of the beech forest-the oldest and 
least disturbed stand in the woods I 
studied-is compared with the predicted 
distribution of trees, the prediction is 
surprisingly accurate [see illustration on 
next page]. 

A word of caution is in order. I was 
fortunate to have found forest stands 
that began with the invasion of open 
fields. Later species grew up in the shade 
of the pioneering species, and the nu
merical abundance of saplings in the 
understory proved to be a reasonable 
predictor of a species' success in reach
ing the canopy. Other successions might 
be determined by a race among different 
species to invade a new gap after a can
opy tree has fallen, by biochemical inter
action among trees, by changes in the 
climate or in the soil or by a multitude 

BIGTOOTH ASPEN 3 5 9 6 6 0 2 4 2 60 3 

GRAY BIRCH 0 0 47 12 8 2 8 0 3 17 3 

SASSAFRAS 3 1 10 3 6 3 10 12 0 37 15 

BLACK GUM 1 1 3 20 9 1 7 6 10 25 17 

en w 
U SWEET GUM 0 0 16 0 31 0 7 7 5 27 7 w Q. en 
>- WHITE OAK 0 0 6 7 4 10 7 3 14 32 17 Q. 
0 Z <{ 

RED OAK () 0 0 2 11 7 8 8 8 8 33 17 

HICKORY 0 0 1 3 1 3 13 4 9 49 17 

TULIP 0 0 2 4 4 0 11 7 9 29 34 

RED MAPLE 0 0 13 10 9 2 8 19 3 13 23 

BEECH 0 0 0 2 1 1 1 1 8 6 80 

r NEXT GENERATION OF WHITE OAK = .02GB + .03SF + 
.01BG + .1WO + .06RO + .03HI + .02RM + .01BE 

MATRIX OF PROBABILITIES for the replacement of existing canopy trees in a forest by 
trees of the same or other species is based on the assumption that every sapling under a 
canopy tree has an equal chance of replacing the tree. Each entry in a row is the percent of 

the total number of saplings found under a canopy tree of the species listed. For example, 

under the bigtooth aspen canopy tree 3 percent of the saplings are bigtooth aspens, 5 per· 

cent are gray birch and so on. The figures in each row add up to 100 percent. A sample cal· 

culation is given for the proportion of the forest that will be white oak in the next genera· 

tion. The calculation shows that white oak will replace 2 percent of the gray birch, 3 per· 

cent of the sassafras, 1 percent of the black gum and so on. The new composition of the for· 
est can then be substituted in the equation, and the composition of the second generation of 

canopy trees can be calculated. Repetition of the calculations leads to a stationary distribu· 

tion in which the composition of the canopy remains unchanged in subsequent generations. 

of other interactions among plants, ani
mals and the physical setting. Such situ
ations would call for more complex and 
perhaps technically impossible measure
ment of replacement probabilities. 
Nonetheless, as long as the fate of a giv
en spot in a forest is dependent only on 
its current occupant and a limited num
ber of neighbors, a theoretical represen
tation of succession as a tree-by-tree re
placement process is at least reasonable 
in principle. 

The replacement process has several 
intriguing properties. First, it converges 
on the same final distribution of trees no 
matter at which successional stage it be
gins. This suggests that the convergence 
is a statistical property rather than a bio
logical one, although there are interest-

ing biological reasons behind both the 
form of the replacement matrix and the 
final distribution to which the process 
converges. When the longevities of dif
ferent species of trees are taken into ac
count, the relative proportion of each 
species in the successive stages changes, 
but- no new qualitative properties are 
seen to emerge. 

When a forest that has reached a sta
tionary state is disturbed, it takes longer 
for it to return to a stationary state if 
the mst species to regenerate perpetu
ates itself rather than giving way to oth
er species. Local self-replacement there
fore slows down the achievement of a 
stable stationary state. Moreover, if each 
species' contribution to the next genera
tion is made to be proportional to its 
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ACTUAL 

25 
TREES IN CANOPY (PERCENT) 

50 75 

PREDICTED DISTRIBUTION AND ACTUAL DISTRIBUTION of canopy trees in a for· 

est are surprisingly close to each other. The prediction is the stationary distribution that 

was calculated from the matrix of probabilities in the illustration on the preceding page and 

the weighted longevities of each species. There are no hidden circularities because the 

predicted composition and the actual one are based on completely different sets of data. 

current abundance, then even small dis
turbances from the stationary stage may 
be self-augmenting. There might even 
be several stationary stages, depending 
on which species colonize first. 

The model I have developed shows 
that it is dangerous to assign a unique 
successional status to a species; and that 
it is ridiculous to determine the succes
sional status of a plot solely by the spe
cies of trees that are on it. The final stage 
of succession is really a mosaic of patch
es of varying successional age. Some 
species that are characteristic of early 
stages of succession, such as the black 
gum, persist in the late stages, both in 
the theoretical model and in reality. The 
age structure of each species within a 
stand and in several stands must also be 
taken into account. 

The effects of eliminating one tree 
species or more from a forest can be cal
culated from the matrix of transition 
probabilities. Although such calculations 
are .!l0. substitute for real experiments, 
they may be useful as an aid in deciding 
which experiments would be worth con
ducting. One could attempt to find out 
how to speed or to slow certain succes
sions. For example, the model indicates 
that patch-cutting, the harvesting of lo
cal groups of trees while leaving a large 
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area of uncut forest around them, should 
result in a more rapid return to the sta
tionary stage than the cutting down of 
all the trees or even "high-grading": the 
removal of all commercially valuable 
trees. 

The dynamic stability of succession 
must decrease with time, almost by the 
definition of succession. If a late succes
sional stage is disturbed, the regenera
tion must pass through a long series of 
changes before the late stage is regained. 
That is the exact opposite of the more 
traditional view that the stationary state 
of a forest persists as a result of an in
trinsic stability of the entire community 
and that forests tend to resist the per
turbations imposed on them by man or 
by natural catastrophes. 

The traditional argument of stability 
has been invoked to justify the con

servation and management of natural 
areas. A more careful analysis shows that 
a forest in a stationary state is in fact 
more unstable than. a forest in an early 
stage of succession. Where natural for
ests in a stationary state are desirable, 
perhaps they should be protected not 
only from disturbance but also from 
well-intentioned attempts at manage
ment. 
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but don't work like 
the Earth" shoe. 

Today, a lot of peo
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our shoe. Some even 
use names that sound 
like ours, and have ads 
that look like ours! 

It seems like every
body's trying to be us. 

But what they don't 
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Iy lowering the heel of 
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tail just right. To per
fect the arch. To make 
the toes wide, comfort
able and functional. 
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special way so that it 
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walk in a natural roll
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Introduction to 
Contemporary Psychology 

100 

Announcing a New Text "Although we feel that there is not necessarily any incompatibility 

by EDMUND J. FANTINO and GEORGE S. REYNOLDS, among prevailing psychological points of view, we also feel that the 

University of California, San Diego 

An instructor's guide and study guide will be published 

along with the text. A free test item file will be sent to 

teachers upon class adoption of the text. 

introductory student deserves a fair look at, and a sure feel for, all 

of them."-The Authors 

Many students take an introductory psychology course to satisfy an 

area requirement, others take it as a prerequisite to more advanced 

courses in psychology, still others take it because they find the 

subject fascinating. Introduction to Contemporary Psychology is a 

text that will serve all these students well. 

This book takes a new approach to introductory psychology-it is 

an intentionally eclectic text, treating the subdisciplines and many 

schools of thought that constitute modern psychology from the 

point of view of the psychologists actually involved in them. Such 

an approach gives students an appreciation of the great scope of the 

science and prepares them for subsequent specialization. 

Introduction to Contemporary Psychology is divided into two 

major parts. The first half of the book deals with such basic psycho

logical processes as learning, remembering, thinking, perception, 

motivation, instinct, and heredity. Whenever appropriate, the 

authors have included a discussion of the physiological correlates of 

behavior. The second half of the book discusses the major subdisci

plines of psychology and the important theoretical controversies of 

the science. 

Publication date: February 1975 
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Good Reading 
for Anyone Interested In 
the Many Dimensions of 
Psychology 

Psychology in Progress 

Readings from SCIENTIFIC AMERICAN 

With I ntroductions by 

RICHARD C. ATKINSON, Stanford University 

Psychology in Progress is a collection of 39 Scientific American 

articles, selected to give readers an appreciation of the scope of 

modern psychology, an acquaintance with the frontiers of psycho· 

logical research, and clear explanations of basic psychological prin

ciples. Some of the topics included are "Pleasure Centers in the 

Brain," "Teaching Language to an Ape," "Schizophrenia," "The 

Effects of Observing Violence," and "I ntelligence and Race." The 

book includes a study guide and helpful introductions to the arti· 

cles, making this valuable supplementary reading for an introduc

tory course. 

Publication date: Spring 1975, cloth $12.00, paper $6.25 

A Guide to Psychologists and Their Concepts 

VERNON J. NORDBY and CALVIN S. HALL 

This book belongs in the library of every reader with more than a 

passing interest in psychology. Here are clear and accurate discus

sions of the lives and works of 42 men and women who have helped 

shape the modern behavioral sciences. The book includes a portrait, 

biography, summary of major ideas, and list of important writings 

for each psychologist. 

1974,187 pages, 42 illustrations, cloth $8.00, paper $3.50 

A Primer of Drug Action 
ROBERT M. JULIEN, University of California, Irvine 

Here is a sensible new approach to drug education. Organized along 

the lines of a textbook of pharmacology, this book presents a 

medically accurate discussion of the major classes of psychoactive 

drugs-the sedatives, tranquilizers, stimulants, opiates, and psych

edelics-at a level easily comprehended by college and advanced high 

school students. The style throughout is objective, allowing readers 

to form their own conclusions about the social and moral issues of 

drug use and abuse. 

Publication date: February 1975, cloth $10.00, paper $4.95 

A Teacher's Manual is available. 

A Primer of Psychobiology 
Brain and Behavior 
TIMOTHY J. TEYLER, Harvard University 

A Primer of Psychobiology is a brief, informative introduction to 

what is known about the structure and fu nction of the nervous 

system and how these relate to behavior. Free of jargon and special

ized terminology, this book is designed to be readily understood by 

the introductory level psychology student and the general reader. 

Publication date: January 1975, cloth $6.95, paper $3.50 

Conceptual Blockbusting 
A Guide to Better Ideas 
JAMES L. ADAMS, Stanford University 

Conceptual blocks are mental walls that get between a problem and 

its solution. Conceptual Blockbusting is a freewheeling but serious 

guide to identifying and eliminating these blocks. The book is also a 

good introduction to the classical theoretical writings on creativ· 

ity-by Freud, Jung, Maslow, and others-and to the modern tech· 

niques of applied creativity such as brainstorming and synectics. The 

boo k includes exercises and problems designed to improve the 

reader's "idea-having" abilities. 

1974,137 pages, 42 illustrations, cloth $5.95, paper $3.45 

Some Must Watch While Some Must Sleep 

WILLIAM C. DEMENT, Stanford University 

This brief, fact-filled book is an exciting introduction to the modern 

scientific study of sleep, dreams, and sleeping disorders. Sleep 

appears to be a highly dynamic state with a complexity rivaling 

waking consciousness. Among the topics discussed are: the "jet lag" 

phenomenon; the amount of time spent dreaming; sleep learning; 

sleep deprivation; and how sleeping pills make insomnia worse. 

1974,148 pages, 30 illustrations, cloth $5.95, paper $2.95 

II 
W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 

58 Kings Road, Reading, England RG1 3AA 
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MATHEMATICAL GAMES 
On the remarkable Csaszar polyhedron 

and its applications in problem solving 

by Martin Gardner 

S
ome 20 years ago Donald W. Crowe, 

now a mathematician at the Uni
versity of Wisconsin, discovered a 

surprising correspondence between the 
skeletons of n-dimensional cubes and the 
solution of a classic puzzle called the 
Tower of Hanoi. I described his discov
ery in this department in May, 1957, 
and the report is reprinted in The Scien· 
tific American Book of Mathematical 
Puzzles & Diversions. In "Mathematical 
Games" for August, 1972, the corre· 
spondence was extended to Gray binary 
codes and to the solution of another 
classic puzzle, the Chinese rings. 

Professor Crowe has now done it 
again. In studying the skeletal structure 
of a bizarre solid known as the Csaszar 
polyhedron he has found some remark
able isomorphisms that involve the sev
en-color map on a torus, the smallest 
"finite projective plane," the solution of 
an old puzzle about triplets of seven 
girls, the solution of a bridge-tourna. 
ment problem about eight teams and 
the construction of a new kind of magic 
square known as a Room square. 

The polyhedron that leads into so 
many apparently unrelated recreations 
is enormously interesting in itself. It is 
the only known polyhedron, apart from 
the tetrahedron, that has no diagonals. 
(A diagonal is a line joining two vertexes 
that are not connected by an edge.) Con
sider, for example, the tetrahedron. It 
has four vertexes, six edges, four faces 
and no diagonals. An edge joins every 
pair of corners. 

Skeletons of polyhedrons are isomor
phic with graphs, that is, with sets of 
poin ts (vertexes) joined by lines (edges). 
If an edge connects every pair of points 
in a set of n points, it is called a com
plete graph for n points. Any polyhedron 
without diagonals clearly must have a 
skeleton that is a complete graph. Since 
no polyhedron can have fewer than four 
corners, the complete graph for four 
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points is the Simplest such graph that 
corresponds to a polyhedral skeleton. 

We must now be careful to make pre
cise definitions. A simple polyhedron is 
one that is topologically equivalent to a 
sphere and whose faces are all simple 
polygons: polygons topologically equiv
alent to a disk. (If you think of a simple 
polyhedron as having elastic faces, the 
polyhedron can be inHated like a balloon 
to form a sphere.) This rules out such 
nonsimple structures as two polyhedrons 
joined by an edge or a corner, stellated 
polyhedrons with intersecting faces, sol
ids with tunnels or interior holes and so 
on. Imagine a polyhedron with a surface 
like that of a cube with a smaller cube 
on the center of one face. The polyhe
dron can be inHated to a sphere, but is it 
simple? It is not, because one face is a 
ring. 

It is not hard to show that the tetra· 
hedron is the only simple polyhedron 
with no diagonals. Now, however, an 
interesting question arises. Let us define 
a toroid as a polyhedron whose faces are 
all simple polygons, but the solid itself 
is topologically equivalent to a sphere 
with one tunnel or more going all the 
way through it. Is it possible to con
struct a toroid with no diagonals? 

The answer to the question was not 
known until the late 1940's, when a 
Hungarian topologist, Akos Csaszar, 
succeeded in constructing such a poly
hedron. Its skeleton is the complete 
graph for seven points, which is shown 
in symmetrical form at the left in the top 
illu�tration on page 104. The graph is 
isomorphic with the skeleton of a six
dimensional simplex, the 6-space ana
logue of the tetrahedron. Since an edge 
joins every pair of points, the polyhe
dron has 21 edges and 14 triangular 
faces. 

It is not difficult to make a paper 
model of the Csaszar polyhedron. Copy 
the two patterns in the illustration on 
the opposite page on paper of good 
quality (or thin cardboard) and cut the 
copies out. Shade the seven colored tri
angles on both sides. Crease the paper to 
make "mountain folds" along each bro-

ken line and "valley folds" along each 
solid line. 

l. With the pattern for the base, fold 
the two largest triangles to the center 
and tape the A edges to each other. Turn 
the paper over. Fold the two smaller tri
angles to the center and tape the B 
edges together to obtain a completed 
base. 

2. The six-f<lced conical top is formed 
by taping the C edges together. Place it 
on the base as shown in the drawing of 
the completed model. It will fit in two 
ways. Choose the fit that joins triangles 
of opposite colors, then tape each of its 
six edges to the corresponding six edges 
of the base. 

It is not yet known if there is another 
toroid without diagonals. By applying 
elementary Diophantine analysis (find
ing integral solutions of equations), 
however, Crowe has shown that if 
there is another, it will have at least 12 
vertexes and six tunnels. His proof is as 
follows: 

For simple polyhedrons there is a fa
mous formula, discovered by Leonhard 
Euler, that relates the vertexes (v), edges 
(e) and faces (f). It is 

v-e+f=2. 

The formula is easily proved, and it 
takes only a bit of extra work to modify 
it for toroids. Letting h stand for holes, 
the formula is 

v-e+f=2-2h. 

If a toroid is without diagonals, its 
skeleton is a complete graph, and for 
any complete graph, edges and vertexes 
are related by the formula 

e = )�v(v -1) . 

The faces and edges of a toroid with
out diagonals are related by the formula 

f = 2e / 3. 

Substituting the values for e and f 
in the formula v -e + f = 2 -2h and 
simplifying, we get 

12h = v2 - 7 v + 12 . 

Factoring the right side gives h a 
value of 

h = (v -3)(v - 4) . 
12 

The values of v and h must be inte
gers, and we also know that v must be 
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greater than 3. If v is 4, h has a value 
of zero. These values fit the tetrahedron. 
If v is 5 or 6, h is not integral, proving 
that no toroid without diagonals can 
have five or six corners. When v is 7, h is 
1. This corresponds to the Csaszar poly
hedron. The next solution in integers is 

PATTERN FOR TOP 

C 

v = 12, h = 6. Whether a toroid can be 
constructed for these values remains un
known. Nor is it known if toroids exist 
for the next two solutions: v = 15, h = 

11, and v = 16, h = 13. From here on, 
Crowe points out, the number of tun
nels exceeds the number of vertexes, so 

LINE DRAWING 
OF COMPLETED 
POLYHEDRON 

that we can probably rule out all higher 
toroids. 

The Csaszar polyhedron has one tun
nel, which means that if our model's sur
face consisted of rubber rather than pa
per, we could blow it up to the shape of 
an inner tube. Its 21 edges would then 

PATTERN FOR BASE 

COMPLETED BASE 

Patterns for making a model of the Csaszar polyhedron 
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Skeleton of the Csaszar polyhedron (left) and its dual, the seven·color torus map (right) 

form a complete graph for seven points 
on the surface of the torus. None of these 
edges would intersect one another, prov
ing that the complete graph of seven 
points has a toroidal crossing number of 
zero. (See the discussion on crossing 
numbers in this department for June, 
1973.) 

Suppose now that on this torus we 
change the complete graph to its dual. 
That is done by putting a point inside 
each of the 14 triangular faces, then 
drawing an edge from each point to the 
paints inside its three neighboring faces. 
Since each new edge crosses one old 
edge, the number of new edges remains 
21. The number of faces and the num
ber of vertexes, however, are switched. 
The new graph is shown in a symmetri
cal planar form at the right in the illus
tration above. Crowe has made the 14 
vertexes alternately colored and gray 
and has numbered them as shown for 
reasons that will shortly be clear. Its 
"faces" are hard to see, but you can 

trace out seven regions, each region sur
rounded by six edges. 

This graph can also be drawn on a 
torus without any intersecting edges. 
When that is done, the result turns out 
to be the familiar seven-color toroidal 
map [see illustration below]. Note that 
every two of the seven hexagonal re
gions share a common edge. This means 
that if the map is colored so that no two 
contiguous regions have the same color, 
seven colors are required. On a plane no 
more than four regions can be mutually 
contiguous, but on a torus the maximum 
is seven. 

As an exercise the reader may like to 
put a dot inside each region on the torus 
and see if he can convert the map to its 
dual by the same procedure described 
above. Simply draw an edge to connect 
each pair of dots. Each edge must cross 
just one boundary segment, and there 
must be no intersecting of the new edges 
with each other. Some lines must, of 
course, wrap around the torus. If you 

A seven-color map on the torus. (Regions 3, 4 and 7 wrap around) 
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succeed, the new graph will be isomor
phic with the complete graph of seven 
points and also with the skeleton of the 
Csaszar polyhedron. 

Now, here is how Crowe used the 
dual graph of the skeleton of the Csaszar 
polyhedron to solve the following puz
zle. Seven girls live in a house. Each day 
a triplet of girls is allowed to leave the 
house for a visit to town. How can the 
triplets be chosen so that at the end of 
seven days every pair of girls will have 
been in exactly one of the seven triplets? 

The graph at the right in the top illus
tration at the left provides two solutions. 
For one solution note each gray vertex 
and write down the (unordered) triplet 
of numbers on the three colored ver
texes that are adjacent (connected by an 
edge) to it. For the other solution write 
down the numbers on the gray vertexes 
adjacent to each colored vertex. The two 
sets of triplets are 

Gray vertex 
124 
235 
346 
457 
561 
672 
713 

Colored vertex 
126 
237 
341 
452 
563 
674 
715 

Each set is called a "Steiner triple 
system" of order 7 or a "finite projective 
plane" of order 2. Steiner systems and 
projective planes are topics of great im
portance in modern combinatorial theo
ry, but we can (regrettably) mention 
them only in passing. 

Because the seven-color graph is the 
dual of the Csaszar skeleton, with each 
of its 14 vertexes corresponding to one 
of the 14 faces of the model of the 
Csaszar polyhedron (gray spots to white 
faces, colored spots to colored faces), we 
can just as easily extract the two solu
tions from the model. On the model no 
face shares a border with a face of the 
same color. If the faces are numbered to 
correspond to the numbers on the ver
texes of the graph, the triplet of numbers 
on the three white faces adjacent to each 
colored face gives one solution, and the 
triplet of numbers on the three colored 
faces adjacent to each white face gives 
the second solution. 

Another way to find the same two sets 
of triplets on the model is to number the 
vertexes of the model, any way you like, 
from 1 through 7. The numbers at the 
three corners of each colored face give 
one set of triplets and those at the three 
corners of each white face give the other 
set. The two solutions will be equivalent 

© 1975 SCIENTIFIC AMERICAN, INC



to the two sets of triplets listed above, 
although the numbers may not match. 
The numbers are no more than arbitrary 
symbols on a symmetrical graph. To see 
the equivalence it may be necessary to 
permute them in some way, such as 
changing all 1's to 5's, all 5's to 3's and 
so on. 

The two solutions obtained by any of 
these methods are also identical in the 
sense that one can be changed to the 
other by permuting the elements; in 
other words, there is only one basic solu
tion. The next higher Steiner triple sys
tem is of order 9. It too has a unique 
basic solution. Nine girls go out in daily 
triplets for 12 days, each pair appearing 
in just one triplet. Can the reader find 
the solution before I give it next month? 

The two variants we obtained for the 
order-7 solution are, as Crowe recog
nized, related in a curious way. No trip
let appears in both sets, and if two pairs 
of girls in one set appear with the same 
third girl (for example, in the first set 
1,2 and 3,6 each appear with 4), the 
same pair appears with different girls 
(5,6) in the second set. When both of 
these properties hold, the two solutions 
are called orthogonal. 

A Steiner triple system of order n is 
possible only when n is equal to 1 or 
3 (modulo 6). Every orthogonal pair of 
such systems of order n, Crowe goes on 
to explain, provides a solution to the 
following bridge problem for n + 1 
teams. Suppose there are eight teams of 
card players and seven tables. Each 
team must play exactly once with each 
of the other teams and also exactly once 
at each table. 

This is how Crowe tells us to construct 
the tournament. First draw a square 
matrix seven cells by seven cells. Con
sider the pair 1,2. In the first set of trip
lets it is associated with 4 and in the sec
ond set with 6, so that we put 1,2 in the 
cell at the intersection of the fourth col
umn and the sixth row [see illustration 
on this page]. Consider another pair, 1,3. 
It is with 7 in the first set and with 4 in 
the other, so that 1,3 goes in the seventh 
column and the fourth row. Follow this 
procedure for all pairs of numbers. The 
final step is to combine 8 with 1, 2, 3, 4, 
5, 6, 7 along a diagonal from the cell at 
the upper left to the cell at the lower 
right. Each column indicates a table, and 
each row indicates a round of simultane
ous play at four of the seven tables. All 
conditions of the desired tournament are 
now met. 

The matrix is called a Room square of 
order 8. Such a square is an arrangement 
of an even number of objects, n + 1, in 
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The smallest nontrivial Room square 

a square array of side n. Each cell is ei
ther empty or holds exactly two differ
ent objects. In addition each object ap
pears exactly once in every row and 
column, and each (unordered) pair of 
objects must occur in exactly one cell. 

The smallest Room square is trivial. 
It is of order 2 and consists of one cell 
that contains 1,2. No Room squares are 
possible for four or six objects, so that 
the order-8 square is the smallest non
trivial Room square. 

For years I assumed that such squares 
were called Room squares because they 
concern objects placed in "rooms," but 
in researching this column I found that 
they are named after their discoverer, 
Thomas C. Room, now at the Open Uni
versity at Manchester in England. He 
first defined them in a paper, "A New 
Type of Magic Square," in The Mathe
matical Gazette, Volume 39, page 307, 
1955. Combinatorial enthusiasts have 
been working on them ever since. 

The interested reader can find out 
more about Room squares by checking 
the follOWing papers in Journal of Com
binatorial Theory: "On Furnishing Room 
Squares," by R. C. Mullin and E. Ne
meth, Volume 7, November, 1969; "On 
Room Squares of Order 6m + 2," by 

C. D. O'Shaughnessy, Volume 13, Series 
A, November, 1972, and "Solution of 
the Room Square Existence Problem," 
by W. D. Wallis, Volume 17, Series A, 
November, 1974. The last article proves 
that Room squares exist for all orders 
(which must be even) except 4 and 6. 

There is still more! H. S. M. Coxeter, 
in editing the 12th revised edition of 
W. W. Rouse Ball's classic Mathematical 
Recreations and Essays, published last 
year by the University of Toronto Press, 
explains how the Steiner triple system of 
order 7 can be used for constructing an 
"anallagmatic pavement" of order 8. 
Consider the order-8 chessboard. If we 
place any two rows alongside each other, 
either every cell in one row will match 
the color of its neighbor in the other or 
every cell will not match its neighbor's 
color. We want to color the 64 cells with 
two colors so that the following property 
holds: If any two rows are brought 
together, half of the paired cells will 
match and half will not, and the same 
will be true of any two columns. 

Such squares are also known as Hada
mard matrixes, after the French mathe
matician Jacques Hadamard, who stud
ied them in the 1890's. Apart from the 
trivial case of order 2 no Hadamard ma-

IO� 
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trix is possible unless the order is a mul
tiple of 4. It is not yet known if matrixes 
for all such orders exist. The first doubt
ful case is order 188. 

The upper illustration below shows 
how our first Steiner triple system pro
vides a Hadamard matrix for the chess
board. The problem involves eight girls 
and eight days. Number the rows and 
columns as shown. The eighth girl is an 
older girl who chaperones the triplets 
daily, and on the eighth day all eight 
girls go into town. For each day (indi
cated by a row) color the cells that indi-

GIRLS 
2 3 4 5 6 7 8  

A Hadamard chessboard 

8 

Hadamard matrixes for powers of 2 
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cate the three girls (plus the chaperone) 
who walk to town. The result: a Hada
mard matrix! 

There is a simple technique for gen
erating Hadamard matrixes for all or
ders that are powers of 2 [see lower il
lustration on opposite page J. The order-2 
pattern is placed in three corners of the 
order-4 square, and its negative (colors 
reversed) goes into the lower right cor
ner. The same procedure with the or
der-4 pattern generates the order 8, and 
so on for the higher powers. 

More generally, given two Hadamard 
matrixes of orders m and n, a matrix of 
order mn can be created simply by re
placing each colored cell of m by the 
entire pattern of n and each nncolored 
cell of m by the negative of n. The large 
matrix is called the tensor product of 
the two smaller ones. It does not matter 
whether m is larger, smaller or equal to 
n. If, for example, you have a Hadamard 
matrix of order 12, the tensor product of 
two such matrixes is a Hadamard matrix 
of order 144. 

Hadamard matrixes are more than 
playthings. They are used for the con
struction of valuable error-correcting bi
nary codes, and for descriptions of such 
applications the reader is referred to the 
marvelous new edition of Ball's book (so 
heavily revised as to be almost a new 
work) and to the references it cites. 
When the Mariner spacecraft of 1969 
sent back pictures of Mars, Coxeter tells 
us, they were sent in an error-correcting 
code based on the order-8 Hadamard 
matrix. 

In closing, let us return to the Csaszar 
polyhedron and pose an intriguing prob
lem. The Csaszar toroid cannot be con
structed if all its faces are equilateral tri
angles. Suppose a one-hole toroid is 
made entirely of congruent triangular 
faces, all equilateral. What is the mini
mum number of faces it can have? Bon
nie M. Stewart, a mathematician at 
Michigan State University, considers 
this problem on page 48 of his book Ad
ventures among the Toroids, which he 
published in 1970. (This remarkable 
volume, which deals entirely with build
ing models of regular-faced toroids, is 
available from the author, 4494 Wausau 
Road, Okemos, Mich. 48864, for $6.40 
postpaid.) 

Stewart gives the construction of such 
a torus with 54 faces, 27 vertexes and 
81 edges. Recently one of his students, 
Kurt Schmucker, found a one-hole toroid 
with 48 equilateral triangular faces. 
Whether that is the minimum, however, 
is another tantaliZing and unanswered 
toroidal question. 
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scope enthusiasts and leading col
leges, universities and science 
centers the world over repeat-
edly select Celeslron telescopes: 

The Celestron 5. A tabletop 
observatory for exploring the 
Moon, planets, scores of open star 
clusters and gossamer nebulae at up 
to 300X. For casual observing or tele
photography, rest the instrument on 
any flat surface, swing up the 
tube and focus. Close in 
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a mile. The 3Y2-lb. tube 
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price, including electric 
clock drive and setting cir
cles, $720) 

The Celeslron 8. Eight full 
inches of aperture make this 

portable observatory in a suitcase the 
amateur's favorite for studying the sur

face features of Mars, the subdivided 
rings of Saturn, the ever-changing 

belt structure of Jupiter, the 
intricate filamentary detail 

of deep-sky nebulae, the 
central regions of glob

ular clusters at up to 
500X. Also the ulti

mate terrestrial tele
scope or telephoto! 
(Size swung down: 
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WI.: 23 Ibs., $845) 
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The appeal of this 

prestigious, fully 
electric dome' instrument is enhanced by a 

unique design that also makes it the world's 
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into your compact car in fiv� minutes! Within 
range of the Celestron 14, at up to 

850X, are the delicate contrast levels 
of the diffuse and planetary nebulae, 

the spirals of remote galaxies, 
and the quasars. (Size swung 

down: 18" x 22" x 44", WI.: 108 
Ibs., $3,750) 
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An Evel's eye view 
0/ the Snake River Canyon 

It commanded the world's 
attention. Some 30,000 con· 
verged on Idaho's Snake River 
Canyon to see it. Evel Knievel, 
daredevil motorcyclist, would 
attempt to jump the canyon in 
a steam-driven "sky cycle:' 
Uncannily, it seemed a greater 
challenge than a moon shot. 

How does it feel to be shot 
3000 feet into the sky and gaze 
down into a canyon 600 ft. deep? 

To find out, photographer 
Stu Allen bought the rights to 
mount remote-controlled cam
eras aboard the sky cycle, 
bringing back an Evel's eye 
view of the flight. 

"With $70;000 and weeks of 
preparation invested in the 
project:' says Allen. "I had to be 
able to recover my film - even if 
the sky cycle was blown all over 
the desert. I checked with NASA 
and found that their Nikons, 
similar to my off-the-shelf 
models, withstood impact tests 
of 0 to 50 G's in 5 microseconds 
-the equivalent of hitting a 
camera with a sledge hammer!" 

The cameras would have to 
function in desert air, where 
humidity hovered at zero per
cent. The aft camera, mounted 
atop a pressurized tank of 
485°F water, became so hot 
the film was seared. 

At liftoff, the parachute 
opened prematurely, and the 
sky cycle crashed into the 
canyon wall with a force of 
12.5 G's, tumbling down the 
precipice. 
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But Allen's Nikons worked you'll want to be ready for that 
perfectly throughout the flight, once-in-a-lifetime picture 
descent and afterwards, despite opportunity. A day when you'll 
a smashed lens shade, cracked need the camera so versatile, so 
battery pack and scratches. reliable, it's the choice of about 

like most photographers, 90 percent of photojournalists. 
you'll never send your cameras Write for Folio lOA Nikon Inc., 
on a canyon jump. But if you're Garden Ci� N.Y. 11530.lIDl� 
serious about photography, (Canada: Anglophoto Ltd., PQ.) 

Someday, you're going to need a Nikon. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

A pure and transparent liquid of unft known identity can often be iden-
tified by comparing the speed of 

light in the liquid with the speed of light 
in air. This ratio, which is termed the in
dex of refraction, has been accurately 
measured and tabulated for thousands of 
substances by institutions such as the 
National Bureau of Standards. The in
dexes are listed in handbooks of chem
istry and physics._ 

With this information and a modest 
collection of apparatus (an instrument 
for measuring the speed of light in a liq
uid, a thermometer and paper strips that 
have been treated to indicate acidity and 
alkalinity) the experimenter can identify 
many reagents and can also determine 
the concentration of some solutions. A 
homemade refractometer for measuring 
the speed of light in liquids has been 
built by Gene and Gary Frazier (2705 
Gaither Street SE, Washington, D.C. 
20031). The instrument includes as the 
source of light a helium-neon laser, a 
classroom version of which can now be 
bought for less than $100. A helium
neon laser can also be made at home, 
although the task is not an easy one [see 
"The Amateur Scientist," SCIENTIFIC 
AMERICAN, September, 1964, and De
cember, 1965]. The Frazier brothers 
have written as follows about the princi
ples and the operation of their instru
ment. 

"Our refractometer measures the 
speed of light indirectly. It is based on 
the fact that a ray of light changes direc
tion when it passes at an oblique angle 
from one medium, such as air, into an
other, such as water, having a different 
optical density. That is why a straight 
stick that has been pushed into clear 
water at an angle appears to bend at the 
interface of the water and the air. 

"The amount that a ray of light bends 

Making a refractometer for 
the identification of liquids 

at the interface of adjoining mediums 
was first described quantitatively 354 
years ago by the Dutch mathematician 
Willebrord Snell. Snell multiplied the in
dex of refraction of each medium by the 
trigonometric sine of the angle made by 
the ray in each medium with respect to 
a line forming a right angle with the in
terface. He found that the two products 
are always equal. Expressed symbolical
ly the relation is n sin </> = n' sin </>', in 
which nand n' symbolize the indexes of 
refraction of the respective mediums 
and </> and </>' symbolize the respective 
angles made by the ray with a line that 
is perpendicular to the interface. The re
lation, which is named Snell's law, is ba
sic to the design of lenses and prisms. It 
also figures in the production of many 
familiar compounds, including sugar (in 
solution) and alcohol. 

"A simple apparatus that demon
strates the principle of the refractometer 
can be set up with parts available at a 
novelty store. The demonstration re
quires only a circular protractor, a rec
tangular aquarium (or some other kind 

of rectangular tank made of glass or 
clear plastic) and a narrow beam of light 
that can be directed downward at an 
oblique angle into a liquid contained in 
the tank. Immerse the protractor to its 
midpoint in the liquid. The light should 
barely graze the upper part of the pro
tractor at an angle of precisely 45 de
grees with respect to the vertical. The 
table of trigonometric functions lists the 
sine of 45 degrees as .707107. 

"The beam of light enters the liquid 
from the air. The index of refraction of 
air can be assumed to be 1.0000, be
cause the speed of light in air differs 
from its speed in a vacuum by only three 
parts in 10,000. For this instrument the 
numerical values of the first medium in 
Snell's law are n = 1.0000 and sin </> = 
.707107. To demonstrate the operation 
of the instrument flll the tank with water 
to the middle of the circular protractor. 
Switch on the light beam and adjust it to 
strike the water at exactly 45 degrees. 
Read the angle made by the submerged 
beam with the vertical. If a laser is the 
light source, the experimenter should be 
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A simple refractometer 
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lu.ser 

able to read the angle to within one de
gree. 

"In water the observed angle el>' 
should be about 32 degrees. The table 
of trigonometric functions lists the sine 
of 32 degrees as .529919. According to 
Snell's law, the index of refraction of wa
ter, n', is equal to n sin cp / sin cp', or 
1.0000 X .707107 / .529919 = 1.33437. 
The speed of light in air is 186,228 miles 
per second. The speed of light in water 
is equal to the speed of light in air divid
ed by the index of refraction of water: 
186,228 / 1.33437 = 139,562.5 miles 
per second. This speed is lower than the 
best recorded value of the speed of light 
in water at 20 degrees Celsius by only 
112 miles per second, or about .08 of 1 
percent. The error stems from the diffi
culty of measuring angles closely with a 
protractor. 

"Although an accuracy of .08 of 1 per
cent is adequate for rough measure
ments, the identification of unknown 
liquids and the study of the concen
tration of solutions require accuracies 
better than .004 of 1 percent. Finely 
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rerr�ction cell 

The refractometer made by Gene and Gary Frazier 

wrought apparatus is needed to measure 
angles directly to this accuracy. Mea
surements of length to the same accu
racy can be made with apparatus that is 
much easier to improvise at home. 

"We cast about for a scheme that 
would enable us to measure angles in
directly to within at least a tenth of a 
degree. We finally hit on the idea of 
causing the specimen to displace a beam 
of light sideways and of employing a 
concave mirror to amplify the displace
ment. In this scheme the beam of light 
in air falls obliquely on one side of a 
glass cell with flat, parallel walls. The 
cell contains the specimen liquid. 

"The beam is bent in the horizontal 
plane at the interface of the cell and the 
air. It then propagates through the cell 
and emerges into the air through the op
posite wall. At this interface the beam 
bends exactly the same amount as it did 
at the first one but in the opposite direc
tion, because it now proceeds from a 
medium of relatively high refraction into 
a medium of lower refraction. The path 
of the beam after its encounter with the 

cell exactly parallels its path prior to the 
encounter. The displacement increases 
with the index of refraction of the speci
men. The apparatus is aligned when the 
cell is empty so that the beam proceeds 
to the center of the concave mirror, 
which can be of spherical form. 

"When the cell contains a liquid, the 
displaced beam falls on the mirror at a 
point some distance from the optical 
axis. The beam is reflected by the mirror 
at an angle that increases with the dis
placement. The reflected beam falls on 
a horizontal scale that can be positioned 
at any convenient distance from the 
mirror. 

"The displacement of the spot of light 
on the scale increases with the distance 
between the scale and the mirror and in
versely with the focal length of the mir
ror. Mirrors of spherical figure deflect 
the beam at disproportionately larger 
angles as the beam departs from the op
tical axis. For this reason the excursion 
of the spot of light does not increase 
from its zero position on the scale in di
rect proportion to the displacement of 
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Optical train of the instrument 
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the beam by the specimen, as would be 
the case if the mirror were a paraboloid. 
The distortion is taken into account 
when the instrument is calibrated. 

"The sensitivity of the instrument is 
determined by the thickness of the cell 
(T) and by the magnification of the dis
placement by the mirror. Our cell is 
made of standard microscope slides 25 
millimeters wide, 75 millimeters long 
and one millimeter thick. The thickness 
of the cell (T) is 75 millimeters. 

"The displacement (cI) of the beam 
can be calculated with the formula that 
is included in the accompanying sche
matic illustration of the instrument [bot
tom of these two pages]. For example, in 
water, which has an index of refraction 
of 1.3333, the calculation for displace
ment is 75 X .707107 X 1 - {.707107 / 
[ (1.3333)2 - (.707107)2] 1 1= 19.86 mil
limeters. If the mirror had a paraboloi
dal figure of 100 millimeters focal length 
(c) and the scale were located 1,500 mil
limeters from the focal plane (a), the dis
placement of the spot of light on the 
scale (d) would amount to a X d / c, or 

J = T siYl � (1 

MATERIALS 
RESEARCH 
CENTER 
REPORTS On the easy 

magnetization 
of metallic glasses. 

Ribbons and wires made of f�rrous metallic glasses can be fully 
magnetized by applied fields of less than one Oersted and demagnetized 
by fields of several mill i-Oersteds. Indeed the earth's field can magnetize 
and demagnetize them. These METGLAS tm materials are typically composed 
of 80% transition metals (Fe, Co, Ni, etc.) and 20% metalloids (P, B, Si, 
etc.). They are quenched very rapidly from the liquid state (rates of about 
106 OK/sec) to retain the amorphous liquid structure. 

Ribbons of one alloy show the following properties under moderate 
tensile stress: coercive force = 0.007 Oe; induction at 1 Oe = 7800G; 
maximum permeability = 106; loop squareness = 0.99. For other com
positions, the saturation magnetization ranges from 8 to IS,OOOG. The 
electrical resistivities are about 3X larger than for crystalline Fe-Ni aJloys. 

These exceJlent properties are believed to result from the absence of 
grain boundaries which usually inhibit domain-wall motions and the 
absence of crystal anisotropy which usuaJly inhibits domain rotations. 
Glasses in which magnetostriction is also absent should have nearly 
infinite permeabilities. 

Unlike conventional soft magnetic materials, METGLAS alloys are 
extremely hard, strong and ductile. Therefore, their magnetic properties 
are much less sensitive to handling and are maintained after mechanical 
working. 

Possible applications include: current and pulse transformers, 
magnetic amplifiers, switches and memories, recording heads, transducers, 
delay lines and magnetic shields. 

Allied Chemical Corporation / Materials Research Center 
P.O. Box 1021R • Morristown, New Jersey 07960. 

1m Trademark of Allied Chemical. Corporation 
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• To learn about what lives in coastal 
waters, marshes, and estuaries. 

• To support coastal zone conserva· 
tion. 

• To receive Society publications - a 
Quarterly journal, newsletters, con· 
servation alerts. 

• To take part in Society activities
fish tagging, field trips, seminars, 
dive/study expeditions. 

Annual dues are $10 ($7.50 for stu· 
dents). 

AMERICAN LITTORAL SOCIETY 
HIGHLANDS, NEW JERSEY 07732 
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Please enroll me in the American Lit
toral Society_ Enclosed is my check for 
$ for first-year dues. 

NAME .... ..................... . .. . .. .................. . 
ADDRESS 

em ....... .. . ......... ..... ......................... . 

STATE . .. . ......... ..... ZIP 
Dues are tax deductible. 

Hours of instructive mathematical 
diversion in Gardner's biggest col
lection yet-25 columns originally 
published in Scientific American, 
now updated and expanded to in
clude source references, letters 
from readers, and answers to all 
the problems. 183 diagrams in 2 
colors. $5.95 paper 

At your bookstore or order from: 

�CHARLES SCRIBNER'S SONS, 
W Oept. M N 
597 Fifth Ave., New York, N.Y. 10017 

Please send me ___ copy(ies) of 
Martin Gardnet's Sixth Book of 
Mathematical Games from SCIEN
TIFIC AMERICAN @ $5.95. I en
close c.heck/money order, which 
includes 50¢ for handling and post
age, plus necessary sales tax. 
Name _____ _________ __ 

Address ________________ _ 

City ____________________ _ 

State Zip _____ _ 

(This offer expires 12/31/75) 

1,500 X 19.86 / 100 = 297.9 millime
ters_ 

"A beam of light that falls at an angle 
of 45 degrees on water at a temperature 
of 20 degrees C. is actually bent about 
32.027 degrees at the interface of the 
air and the water. Our instrument mea
sures the angle in terms of the excursion 
of the light spot on the scale at the rate 
of 9.25 millimeters per degree of dis
placement. This sensitivity enables us 
to easily measure the angle of refraction 
to within .1 degree and to determine 
the refractive index of liquids to within 
one part in 1,000. 

"A helium-neon laser is our light 

source for aligning the instrument and 
calibrating it and for measuring indexes 
of refraction. The output window of the 
laser is fitted with a short cylindrical 
cardboard tube that supports at its outer 
end a white cardboard disk. The disk is 
pierced with a centered pinhole about 
half a millimeter in diameter. A distant 
reflector that picks up the laser beam 
can be manipulated to reflect the beam 
back on itself. When the reflected spot 
of light is centered on the pinhole, the 
plane of the reflector is perpendicular 
to the beam. 

"To make the displacement cell cut 
from window glass a 3}�-inch square. 

microscope s/iJe 

Details 0/ the specimen cell 

laser-

JOO pr-is/'l1 �cf/ects 47- of 
6e<i\h1 b<i\ch to rinho/e. 

pin�ole 

Ct{r'obOAro $cY'ecn 
r'cf.,..�cti on cell 

Prism arrangement for setting the cell 
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Support the glass on a 3/4-inch wood 
base measuring five by eight inches. In
sert a wood screw through one end of 
the base at the center to function as a 
leg. The leg should support the base 
about half an inch above the workbench. 

"Insert somewhat longer wood screws 
through the corners of the opposite end 
of the board. These screws serve as ad
justable legs for leveling the wood base. 
Attach the glass square lightly to the 
center of the base with a dab of silicone
rubber cement. 

"Direct the beam of the helium-neon 
laser across the center of the glass square 
at a height of about 12 millimeters. Ap
ply a few thin dabs of epoxy cement to 
one long edge of a clean microscope 
slide. Center the tacky edge of the slide 
above the glass square about six milli
meters from one edge of the square and 
lower it into contact. Turn the wood 
base as required to reflect the laser beam 
from the microscope slide to the card
board disk of the laser. 

"Tilt the slide backward or forward 
to reflect the beam to the height of the 
pinhole. Center the beam exactly on the 
pinhole by manipulating both the base 
and the slide. Brace the slide in this posi
tion by placing one end of a light wood 
slat on the bench and resting the other 
end on the upper edge of the glass. Turn 
off the laser. 

"When the epoxy has hardened, add 
microscope slides to form the sides of 
the cell. They need not be accurately 
aligned, but do not disturb the position 
of the wood base or the aligned slide. 
Check the alignment of the first side. If 
the alignment has been disturbed, adjust 
the base to recenter the beam on the pin
hole. Complete the cell by adding and 
aligning the fourth side. 

"Manipulate the slide to center the 
beam on the pinhole without disturbing 
the position of the base and the first 
slide. When both the front and the back 
slides center the spot on the pinhole, 
both must be perpendicular to the laser 
beam and optically parallel. Make the 
completed cell watertight by coating all 
joints lightly inside and out with sili
cone-rubber cement. 

"One of the parallel sides must now 
be positioned at an angle of exactly 45 
degrees with respect to the laser beam. 
To make the adjustment fasten the long 
side of a 45-90-45-degree prism to one of 
the parallel sides of the cell with two 
short pieces of sticky tape. Adjust the 
beam of the laser to fall on the prism at 
a height some eight millimeters above 
the bottom of the cell. Adjust the base 
of the cell assembly to the position at 

. which one 45-degree facet of the prism 

The 5200 
Challenge,. 

There it is: the most incredibly authentic 
reproduction of the classic Rolls Royce 
Phantom II Sedanca Coupe ever seen. 26112" 
long. In exact 1/8 scale. The challenge? 
You build it yourself. With Pocher d'Italia's 
car model kit. With nuts, bolts and screws. 
With 2,199 separate parts of brass, stainless 
steel, copper, rubber, high impact plastic. 
No painting; no special tools needed. 
Doors, hood and trunk open. Steering, 
crankshaft, connecting rods, gears, fan, 
generator operate. Headlights turn on. For 
complete details on this and 3 other classic 

ARCHAEOLOGY-Dept. SA-2 
260 West Broadway. New York. NY 10013 

$8.50-1 year $15-2 years $22-3 years 

Add $1 per year for foreign postage. 

Please send ARCHAEOLOGY to: 

Name _______________________ _ 

Address _____________________ __ 

________________ Zip ___ __ 

car kits from 5100, send for our free 
full- color brochure. 

r--------------- -, I Deluxe Classics, Dept. SA4 
I 5900 Wilshire Boulevard, Suite 27f:JJ I 
I Los Angeles, California 90036 I 
I Please send me your free full-color brochure. I 
I I 
I 

Name: I 
I Address: I 
I City: I 

���� ___________ J 

rd year of service to the World's finest 
craftsmen and technicians. 

Na';ona'� 2000W" .. t Union A .. e. Dept.JAA 
Camera � ��:�:��:�;7��'_�;::O,80"O 

.- ---- -- ---- ... 

I Send a FREE copy ofthe Ne Flasher 
I 

l�n�a=m7e-----------------------1 
I��---------------- I 
I 

address 
I 

I city I 
I state zip 

Na t;onal � :::�e::·;;,n�:,=;:d�:�;tr�: 
Camera � phone (303)7B9-ra9� 
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Heildelbelrg BerUn 

textbook and reference 
a summary of univer

principles and ap-

reflects the beam back on the pinhole. 
The side of the cell now makes a 45-
degree angle with the beam [see lower 
illustration on page 112]. 

"Remove the prism without disturb
ing the position of the cell. A substan
tial amount of subsequent labor 

'
can be 

saved by making a metal plate contain
ing three detents that fit the three ad
justment screws of the cell assembly. 
The plate can be aligned, with the ad
justment screws in the detents, and 
screwed to the bench. Thereafter the 
cell can be removed (for cleaning) and 
automatically replaced in alignment by 
returning the tapered ends of the align
ment screws to the detents. 

"As we have mentioned, the ,horizon
tal displacement of the laser beam by 
the specimen cell is magnified at the 
position of the scale by reflection from 
a concave mirror. Ideally the mirror 
should be a paraboloid. Parallel rays that 
fall on all parts of the paraboloid pass 
through the focal point. For maximum 
convenience the mirror should have a 
small ratio of focal length to aperture, 
say fll, because for a given magnifica
tion the distance between the focal 
plane of the mirror and the scale varies 
inversely with the f ratio. The smaller 
the f ratio, the more compact the in
strument. 

"On the other hand, the difficulty of 
making parabolic mirrors varies inverse
ly with the focal ratio. It is all but im
possible for an amateur to make a good 
fll parabolic mirror. Mirrors of spheri
cal figure not only are easier to make but 
also are available commercially at mod
est cost from suppliers such as the Ed
mund Scientific Co. Rays that fall on 

the edge of such mirrors, however, are 
reflected at angles corresponding to sig
nificantly shorter focal lengths than rays 
reflected from zones closer to the center. 
We accepted this spherical aberration 
and compensated for it by calibrating 
the scale of the instrument with a series 
of test liquids of known refractive index. 

"The mirror is mounted on a wood L 
bracket fitted with adjustment screws 
that res em bles the cell bracket in prin
ciple. We attached the back of the fll 
mirror to a wood disk with silicone-rub
ber cement. The disk fits tightly into a 
wood rod B� inches in diameter. The 
rod is supported by an eyepiece holder 
of the rack-and-pinion type used in re
flecting telescopes. 

"The scale, which can be a 450-milIi
meter length cut from a meterstick, is 
also supported by a wood L bracket, 
but no screws are needed for making 
fine adjustments. The scale is fastened 
to a small sub-base of 1/4-inch plywood 
that is attached to the main bracket with 
wood screws. The screws pass through 
slots in the sub-base. The slots make it 
possible to adjust the height of the scale 
through a range of about an inch. The 
laser beam passes under the 'zero' end 
of the scale on the way to the mirror. 
The mirror deflects the beam laterally 
and also upward at an angle of about 
one degree. 

"To set up the instrument turn on the 
laser and mark the path of its beam 
above the bench with two widely sepa
rated pu.shpins. Draw a straight line on 
the workbench between the pins. With 
a carpenter's square draw a perpen
dicular to this line a few inches from the 
laser. Place the zero end of the scale 

Uipproxi mtJote tempe�o.tv.Y'e cor�ecti OilS 
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above the line and adjust the position of 
the scale to parallel the perpendicular. If 
the focal length of the mirror is about 
100 millimeters, place the mirror about 
1,600 millimeters from the scale. 

"With the cell empty switch on the 
laser. Shift the mirror to the position 
where its center intercepts the beam. 
Adjust the angle of the mirror to center 
'the reflected beam on the pinhole. Tilt 
the beam upward so that it falls on the 
scale. Adjust the scale sideways to center 
the beam on the zero graduation. The 
beam is not displaced significantly by 
the empty cell. 

"Switch off the laser. Measure the in
terior thickness of the cell to determine 
T as accurately as possible, at least to 
within .04 millimeter. Fill the cell with 
clear water at room temperature, prefer
ably at 20 degrees C. 

"Switch on the laser. In our instru
ment water causes the beam to appear 
upscale about 300 millimeters from the 
zero mark. The beam should remain 
fixed. Any movement of the beam may 
indicate temperature differences in the 
specimen liquid that give rise to cor
responding differences in the index of 
refraction and even convection currents. 
The effect can be minimized by working 
with specimen liquids that are at room 
temperature. 

"The instrument can now be cali
brated. We begin with a graduated scale 
such as a meterstick. To make the cali
bration we measure a series of increas
ingly refractive known solutions. An in
expensive series can be made up with 
cane-sugar syrup in increasing concen
tration. 

"Tabulate the known index of refrac
tion of each test solution and the cor
responding excursion of the light beam 
on the scale. The spot of light that in
dicates the position of the beam varies in 
diameter with its distance from the laser. 
Center the spot exactly on the zero 
graduation of the scale and thereafter 
read all upscale excursions with respect 
to the center of the spot. 

"In general, indexes of refraction 
range from 1.0010 for acetone at zero 
degrees C. through 1.8033 for a sugar 
solution of 85 percent at 30 degrees C. 
Within this range we established 15 
calibration points at approximately equal 
intervals on the scale. On a strip of pa
per we plotted the calibration points to 
make a replacement scale divided into 
increments of refractive index. We ce
mented the strip to the meterstick to 
make the instrument read directly. Al
ternatively, the tabulated data could 
have been plotted as a calibration 
graph." 

Selecting a turntable calls for more 
know-how than any other component. 
After all, no other component physica lly 
handles your largest investment in 
music: your record . 

Unless you know an audio expert, 
you'll probably depend on an audio 
salesman for advice. In that case, make 
sure he knows you want a quality 
turntable whose tonearm will preserve 
your records while getting the most out 
of them. 

Next, consider the convenience 
and safety of an automatic turntable 
versus handling a manual tonearm. 
And whether you'll ever 
want to play two or 
more records in 
sequence. 

The clock 
in our lobby 
was a gift 
from 
Napoleon to 
ComteJean 
Fran�ois 
deJean 
in 1806. 

(Chances are you'll want a fullY" 
automatic multi-play turntable.) 

Be sure to note the workmanship 
of the turntables that you're considering. 
Operate the switches and tonearm 
settings. If they are not precise, record 
wear wil l accelerate and the sound will 
deteriorate. 

Finally, ask the salesman which 
turntable he owns. Most audio 
professionals-record reviewers, a udio 
engineers, hi-fi editors and salespeople 
own a Dual. And that's all you really 
need to know to select a ID ® 

turntable like I . 
. an expert. 

United Audio Products 
Dept. SA, 120 So. Columous Ave .. 
Mt. Vernon, N.Y. 10553 
Exclusive U.s. Distribution 
Agency for Dual 

But is that any reason 
for you to stay with us? 

We think so. Because 
your stay in any hotel is 
made up of a thousand 
small details. And they 

all have to be right. 
That's why we pay such 

extravagant attention. 
With real antiques. 

Fresh flowers. Food and 
drink worried to perfec

tion. And most important, 
a staff that knows how to 

wait on you hand and foot 
without invading an inch 

of your privacy. 
The clock in our lobby is a 

symbol of that kind of at
tention to detail. 

Any hotel can give you 
the time of day. 

We give you a perfectly 
beautiful time. 

For people who understand the subtle differences. 
For reservations dial toll free in the U.S. (BOO) 227-4248, in California (BOO) 622-0812, or call Quick Reservations 
or 'Hotel Representatives Inc. (212) 838-31\0. 'H R.1. -the leading hotels of Europe and World WIde Associates. 
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NO-RISK GUARANTEEI Examine 
your 3 introductory books for 10 days. 
If not delighted, simply return them 
and your membership will be canceled. 
You pay nothing, OVJe nothing! 

66690. THE PHILOSOPHY OF QUAN
TUM MECHANICS. Max Jamme' This 
500-page volume explores virtually all of 
the major interpret�tions-fr<?m semi-clas
sical through the hidden variable theOries. 
to the modern stochastic and statistical 
interpretations. Counts as 2 of your 3 
books. $19.95 

73190. QUEUEING SYSTEMS VOL· 
UME I: Theory. Leonard Kleinrock. 
Klemrock's long awaited work. "If you 
study Queues. own this book," -Ivan T. 
Frisch, Editor-in-Chief of Networks, 
Counts as 2 of your 3 books. $19.95 

65235. OF TIME, PASSION, AND 
KNOWLEDGE. J. T. Frase, One 01 the 
world's leading authorities in the inter
disciplinary study of time offers a wide
ranging overview of the concept of time. 
Counts as 2 of your 3 books. $20.00 

66735. PHYSICS OF THE EARTH AND 
PLANETS. Alan H. Cook. "A well-written 
volume on the application of basic physics 
to the study of the earth and planets."
Choice. Counts as 2 of your 3 books, 

$24.75 

83760. THEORY OF COMPUTATION. 
Walter S. Brainerd and Lawrence H. 
Landweber. Fascinating new volume' Of· 
fers a totally new presentation of the theory 
01 computation in a mathematically rigor· 
aus fashion. An important book. Counts as 
2 of your 3 books. $19.95 

81620. SYMMETRY IN SCIENCE AND 
ART. A. � 6hubnikov and � A. Koptsik. 
This new edition of a classic work on sym
metry explores every facet of the subject. 
Counts as 2 of your 3 books: $35.00 

37580. TH.E CHEMIST'S COMPA· 
NION. Arnold J, Gordon and Richard A. 
Ford. This bible for the chemist offers an 
almost endless coliection of workday facts 
and figures presented in a logical easy-to· 
use lormat. $18.115 

39745. COMPANION TO CONCRETE 
MATHEMATICS. Z. A. Melzak. Delightful 
collection of problems together with 
historical notes, solutions, observations. 
and remarks for mathematicians at all 
levels. .$14.115 

52190. HANDBOOK OF APPLIED 
MATHEMATICS. Edited by Carl Pearson. 
Over 1,000 pages of vital and practical 
techniques for scientists and engineers 
who use mathematics as a tool. Counts as 
2 of your 3 books. $37.50 

35605. BEAST OR ANGEL. Rene 
Dubos. Intriguing investigation of human 
transformation from beast into man and 
speculations on yet higher forms. S8.85 

32120. ACROSS THE FRONTIERS. 
Werner Heisenberg. Stimulating collection 
of 1 � timely essays on twentieth century 
phYSICS. $7.95 

86540. THE WAY THINGS WORK 
BOOK OF THE COMPUTER. A veritable 
encyclopedia of information science, 
cyberneti�s. and data processing for the 
non-specialist. $8.95 

37195. BY THE EYIDENCE. L·. S. B. 
Leakey. Fascinating autobiography of one 
of the century's greatest paleontologist's 
Ille and work. $9.95 

64605. THE TREASURES OF TU. 
TANKHAMUN. IES. Edwards. An elegant 
portrait by the world's foremost Egyptolo
gist about Tutankhamun-his life, his 
spectacular treasure, and its incredible 
discovery. Lavishly illustrated. $14.00 

65040. THE UBIQUITOUS ATOM. Grace Spruch and Larry Spruch. Ideal 
volume for the layman seeking to develop 
a well-rounded knowledge of the atom. 

$14.95 
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The Library of Science 
Riverside, New Jersey 08075 
Please accepl my application for membership and send me the three volumes 
indicated. billing me only $3.95 for all three. I agree to purchase at least three 
additional Selections Ot Alternates during the lirst two years I am a member. under the 
club plan described in this ad. Savings range up to 30% and occasionally even more. 
My membership is cancelable any time after I buy these thtee books. A shipping and 
handling charge is added to ali s�ipments, Send no m oney. Member. are billed 
when boob arrive. 

3 books for $3.95Indicat ebynumberthe3bOOkIYOUwant. 

II II 
A':-cf;-e -w - e- x- pe-n-S-' iv-e-:-b-o-o7k-'S (n oted in book descrip tioL n-S'-j'-C'-O'-u--n:Ct--a'-s--2;'-:c-':h-= o"ic::- e:'.s. 

Name _________________________ _ 

Address ________________________ _ 

City State Zip _____ _ 
(Offer good in Continental U.S. and Canada only. Prices slightly higher in Canada.) 

L !�s!u�:e!!�:!e.:i=�U!o:s.:r:.t:�d:t!!!e� ___ __ .. 

(retail prices shown) 

48400. THE FASCINATION OF REP· 
TILES. Maurice Richardson. A treasure of 
absorbing and little-known information that 
gives us a totally different view of the 
remarkable world 01 reptiles. $10.00 

48470. FIELDBOOK OF NATURAL 
HISTORY. E. Laurence Palmer and H. 
Seymour Fowler. Most authoritative and 
comprehensive guide to natural history 
available. Over 2,000 illustrations. Counts 
as 2 of your 3 books. $19.95 

46500. THE EVOLUTION OF RADIO 
ASTRONOMY. J. S. Hey. One of the 
pioneers of radio astronomy offers an 
absorbing history of this powerful tech
nique's remarkable development. S 10.00 

82830. THE MILKY WAY. Fourth Edl· 
tion. Bart Bok and Priscilla Bok. Updated 
and expanded outsized volume, filled with 
over 125 pictures, charts and diagrams, 
includes the latest scientific research in 
wonderlully elegant style. $ 15.00 

62690. MIND IN THE WATERS. Com
piled by Joan Mcintyre. A unique collec
tion of scientific research and literature 
exploring the mysteries of intelligence in 
whales and dolphins. $14.95 

44941. THE ENC YCLOPEDIA OF 
PHYSICS. Second Edition. Edited by 
Robert M. Besancon. Updated and ex
panded edition of a modern classic. Over 
300 distinguished authorities in 344 arti
cles offer incisive, authorative information 
on every topic in physics today. Counts as 
2 of your 3 books. $37.50 

52650. THE HERITAGE OF COPER· 
NICUS. Edited by Jerzy Neyman. Spon
sored by the National Academy of Sci
ences-2S highly readable essays on the 
quasi·Copernican revolutions in the past 
five centuries. Contributions by 27 leading 
scientists. Counts as 2 of your books. 

$30.00 

34720. ATLAS OF ANCIENT ARCHAE· 
OLOGY. Edited by Jacquetta Hawkes. 
First sourcebook pinpointing the world's 
major archaeological sites, with 350 maps. 
site plans and drawings. The combined 
work of almost two dozen internationally 
renowned archaeologists. Counts as 2 of 
your 3 books. $19.50 

86200. THE WAY OF THE SACRED. 
Francis Huxley. Drawing on linguistics, 
anthropology, religion, philosophy, and psy
chology, a prominent cultural anthropolo
gist investigates the rites, beliefs, places 
and taboos that various societies have 
considered sacred. $14.95 

73170. QUANTUM PH YSICS. Robert 
Eisberg and Robert Resnick. Practical 
and useful explanation-without crmging 
from necessary complexities. $16.95 

40680. COSMIC CONNECTION. Carl 
Sagan. Introduction to exobiology-the 
science' dedicated to the study of extrater
restrial lile. $7.95 

73330. A RANDOM WALK IN SCI· 
ENCE. Compiled by Robert L Weber and 
Eric Mendoza. A collechon of jokes, short 
essays and poems on humor and humanity 
in physics and related sciences. $12.50 

42045. DESIGN OF MAN·COMPUTER 
DIALOGUES. James Martin. A thorough
going study of how effective communica
tion can be achieved between man and 
computer. $16.50 

44861. THE ENC YCLOPEDIA OF 
CHEMISTRY. Third Edition. Edited by 
Clifford A. Hampel and Gessner G. 
Hawley. Completely revised and greatly 
expanded new edition of a classic. Over 
1200 pages, invaluable charts, diagrams, 
and illustrations. Counts as 2 of your 3 
books. $39.50 

--HOW THE CLUB OPERATES-
The Book Club News, deSCribing the 
coming Main Selection and Alternate Se
lections, will be sent to you 15 times a year 
at three to four week intervals . •  If you 
wish to purchase the Main Selection, do 
nothing and it will be shipped to you 
automatically. • If you prefer one of the 
Alternates, or no book at all, simply indi· 
cate your deciSion on the reply form 
always enclosed with the News and mail it 
so we receive it by the date specified. • 
The New. is mailed in time to allow you at 
least 10 days to decide il you want the 
coming Main Selection. If, because of late 
mail delivery of the News, you should ever 
receive a Main Selection without having 
had the 10-day consideration period, that 
Selection may be returned at Club ex· 
pense . •  After completing your trial mem
bership, you will be entitled to take advan
tage of our bonus plan. 
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by Philip Morrison 

T
HE GALACTIC CLUB: INTELLIGENT 
LIFE IN OUTER SPACE, by Ronald 
L. Bracewell. W. H. Freeman and 

Company ($3.95). UFOs EXPLAINED, by 
Philip J. Klass. Random House ($8.95). 
The canon of space cartoons is full of 
wit, but no finer example can be found 
than the scene, imagined already in the 
year of Sputnik by Whitney Darrow, Jr., 
of the decisive moment in Eden mere 
seconds before the Fall. Eve is reaching 
for the apple, while the serpent lurks. 
But is it our Eden? Surely not, for the 
nude, still innocent pair, otherwise quite 
our own kind, sport little knobbed fore
head antennae. Toward her rushes the 
astronaut, polite, tainted and knowing, 
his earthly rocket in the background: 
"Miss! Oh, Miss! For God's sake, stop!" 

Ronald Bracewell is a distinguished 
radio astronomer and an artist with both 
brush and pen. Among the three dozen 
pictures in this delightful book, which 
is everywhere lighthearted but nowhere 
frivolous, is one of his own wash paint
ings, showing the swamp of another 
world. There are many other evocative 
outworldly prints and reproductions, in
cluding J. J. Grandville's juggler with 
planets, M. C. Escher's luminous surf 
where life lies implicit, Wassily Kandin
sky and the California contemporary Jes
se Allen. In this defining ambience he 
sets 15 graceful brief chapters (only one 
runs more than 10 text pages) that sur
vey in an up-to-date, easily read way the 
issues of that most discussed conjecture 
of contemporary science: "Somewhere in 
this galaxy or another I think there is 
other intelligent life." He urges study, 
rather than action now, but he plainly 
looks ahead to a grasped opportunity for 
interstellar contact. On the way to this 
reserved conclusion he marshals the evi
dence without much technical demand 
on the reader, with a variety of graphs 
and tables. The usual arguments about 
planets, stars and life's origin are pre
sented in a personal and engaging way. 

BOOKS 
Other conceptions of the search 

for extraterrestrial intelligence 

To them he adds much fresh material. 
Here is an account of Project Cyclops, 
the 1971 summer study of the Stanford/ 
NASA/Ames Faculty Fellowship pro
gram that produced a valuable report 
describing an ambitious microwave sys
tem-its eventual 10,000 dishes covering 
an entire desert county-for searching 
out messages in the galactic noise. Then 
he explains his own conjecture of a set of 
automatic probes, each sent to search 
star systems until it finds a plausible can
didate for membership in the Galactic 
Club. There it orbits, eavesdropping, un
til finally it can relay back home news of 
its success. 

Two of Bracewell's chapters are ex
plicit critiques, one of Immanuel Veli
kovsky's interplanetary "vermin," the 
other of Erich von Diiniken's astronaut
gods. To Velikovsky he turns a forbear
ing cheek: he accepts that the learned 
man's literary sources admit the possibil
ity of some cometary worldwide catas
trophe about 1500 B.C. but is entirely 
skeptical in detail of the bizarre pro
posal that a comet brought vermin from 
Jupiter or Venus to the earth in those 
days. For the best-selling von Diiniken, 
whose entire output is at a charitable es
timate disingenuous, he shows less toler
ance. That author denied the old Egyp
tians rope or wooden rollers to haul their 
pyramid stones, since their desert oases 
could not spare such goods! Von Diini
ken does not even mention the extensive 
Egyptian trade in cedar timbers from 
Lebanon or the museum samples of 
their heavy rope. A Russian author is 
cited to debunk tellingly the cosmonaut 
spacesuits seen by von Diiniken on Ainu 
statuettes. Why are these figures mainly 
women, with protruding bare breasts? 
(Why should they "pose before the an
cient Ainu partially depressurized ... ?") 
Those books, Bracewell says, "are a ro
manticist's fiction." 

Bracewell himself has produced no 
fiction here; his hypothesis may be ro
mantic, but he brings to it what it 
deserves: skeptical, evidential and mea
sured test. His book is a model for popu
lar science at its margins, tempted by the 
speculative a little past the stroke of Oc-

cam's razor but confident in its eventual 
ability to approximate the truth. If we 
are not alone, we should someday be 
aware of it. 

The book by Philip Klass is in an en
tirely different mood. Here is an in
formed investigative reporter at work, 
testing the alleged reports of witnesses 
and pulling hard link by link at the 
chains of evidence for the Hying saucers. 
Do you cite the radar-visual reports of 
pilots and radar men around Lakenheath 
in England in the mid-1950's? Then be 
prepared to understand the moving-tar
get indicator of the CPS-5 radar at La
kenheath. You may be chasing spurious 
blips, and "if an operator decides that a 
succession of such blips all derive from a 
single target, then he can easily con
clude" that he is watching a UFO that 
can stop and start instantly and move at 
impOSSible speeds. A single false visual 
report by a fighter pilot who demon
strably did not fully understand his own 
radar would remove this strange case 
from mystery into the commonplace puz
zle of radar "angels." It is clear that even 
confirmed radar reports can be no better 
than our knowledge of radar illusion, 
just as eyewitness accounts can be no 
better than our knowledge of optical il
lusion. No UFO author has taken such a 
look at radar as Klass, whose decade of 
experience in the field as an engineer has 
been augmented by a later career as a 
knowing technical reporter covering the 
aerospace industry. (Indeed, his own 
earlier book seeking a unified physical 
cause behind many UFO's-plasma dis
charges on power lines-itself made a 
case too strongly based on a few errone
ous reports and doctored photographs, 
some of which he mentions here.) 

This is a good-Sized, meaty, rather 
contentious work. It treats very success
fully many of the classic "sightings" of 
the past, making a strong prima faCie 
case of fraud in several of the best
known. The most recent Hap (late in 
1973) culminated in the tales of two 
shipyard workers from Pascagoula who 
reported that they had been taken 
aboard a Hying saucer for examination 
by aliens. Within 48 hours they were 

II� 

© 1975 SCIENTIFIC AMERICAN, INC



famous, with coverage on the television 
networks and worldwide wire services 
and with their own booking agent. The 
only evidence was their verbal account 
of an encounter aboard a saucer with 
lobster-clawed, Boating astronauts. It is 
hard to see why they were believed by 
professors from Evanston and Berkeley, 
who endorsed the unsupported tale with 
"something here ... not terrestrial" and 
"no question ... these two men have had 
a very terrifying experience." These two 
professors, whom it is fair to call friendly 
to the UFO, were after all not lawyers or 
even psychologists; their expertise lay in 
astronomy or in engineering. A new ar
gument for credibility seemed to have 
emerged when one of the troubled men 
underwent a polygraph test, which at 
best is hardly fully probative. This par
ticular test wilts under Klass's scrutiny. 
It was administered, he shows, not by 
the customary independent team of li
censed and experienced polygraph op
erators I;mt by "a young, inexperienced, 
'uncertified' operator" on the staff of the 
brother of the agent's friend and former 
classmate. 

It will all happen again: unsupported 
assertions of marvels seen, interviews by 
credential-bearing investigators who will 
accept the tale, a media delight and a 
subsequent set of talk shows. It ought to 
be self-evident that such "contact" sto
ries can gain weight mainly from assay 
by those experienced in the study of tes
timony, not from astronomers and aero
space experts. It was Klass the investiga
tive reporter, not Klass the engineer, 
who gave us relevant matter about Pas
cagoula, exactly in the way he might 
have done for a Watergate. One should 
not forget that truth in the next jour
nalists' marvel we learn about. 

During the 1973 scare the four-man 
crew of an Army helicopter in Ohio re
ported a night near-encounter with a 
very bright object-at first reddish, then 
green, then white-moving at high speed, 
which threatened a direct midair colli
sion, "sucked" their craft upward and 
temporarily killed their radio. The pilot 
told his story on the inevitable talk show 
and the crew collected $5,000 as a prize 
for the "best UFO case of 1973" (which 
was not awarded to those Pascagoula 
passengers, even though two of the 
judges were the same men who had been 
so beguiled by their anecdote). The con
vincing Klass account is: A distant fir�
ball (perhaps one of the Orionids, which 
would be right in date and direction), 
seen green through the green-tinted up
per canopy of the aircraft, white when 
seen through the clear plastic below, 
dimmed to red at a distance. The pilot 
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had instinctively pulled the craft out of 
his first startled evasive descent maneu
ver up to a safe altitude. After the light 
had vanished the crew, in a state of near
shock, found themselves climbing at an 
altitude of 2,500 feet. The pilot de
scribed his actions to Klass from mem
ory; what he recalled doing would in
deed have pulled his helicopter upward. 
The airports he sought to contact as last 
resorts were beyond his normal radio 
range, as later tests showed; the one 
nearby tower had by chance not re
sponded to his hurried call-a common 
enough occurrence. On later inspection 
nothing was awry with the helicopter. It 
was not a fraud but a believable mis
understanding. 

There is no more explicit and insight
ful account of UFO's than this one. Still, 
as the author reBects in the last lines of 
his text: "The myth of extraterrestrial 
visitors will persist ... because so many 
people want to believe." The reader can 
profit a great deal, even though the tone 
is sometimes rather more indignant than 
seems wise. We owe to the spirit of sci
entific curiosity a skeptical willingness to 
listen with patience to every witness, but 
to set highest of all the close examination 
of every bit of evidence. 

GEARS FROM THE GREEKS: THE ANTI-

KYTHERA MECHANISM-A CALENDAR 

COMPUTER FROM CA. 80 B.C., by Derek 
de Solla Price. Science History Publica
tions ($8.50). In this thin, learned, well
illustrated monograph (first published in 
the 1974 Transactions of the American 
Philosophical SOCiety) Professor Price re
counts a strange tale with a most happy 
ending. Driven off course by a gale on 
their way home around Eastertide in 
1900, two small oared cutters with 
sponge fishermen from Syme, an island 
near Rhodes, dropped anchor in a deep 
cove on the shore of the uninhabited 
rocky island of Antikythera, between 
Crete and the Peloponnesus. When the 
storm ended, they sent hard-hat divers 
over the side just where they lay, on the 
off chance of finding a few sponges. On 
the bottom, 40 meters down, lay a great 
wreck, a ship many times larger than 
their own, laden with amphoras and a 
treasure of statues of marble and bronze, 
sea-changed but still recognizable. By 
1902 the ship, probably bound from 
Rhodes to Rome about 2,000 years earli
er, had yielded its wealth of images, ever 
since on proud display in the Greek Na
tional Archaeological Museum in Athens. 

A heavy formless lump of verdigris 
lay among the bronze fragments of a 
statue of Hermes as the Athens restorers 
tried to fit them together. There were 

many such pieces, and each was ex
amined again and again to see where it 
would fit. After months-during which 
the lump must have dried and cracked 
open because of remnant wood inside it, 
this one piece was recognized as some 
kind of mechanism. In 1958 Professor 
Price, a student of the ancient history of 
clockwork and fine instruments, reex
amined the relic, which by then was 
widely known but only meagerly de
scribed. The cover of Scientific American 
for June, 1959, bore a photograph of the 
object, an illustration for his article "An 
Ancient Greek Computer." That study 
was tantalizing but largely conjectural; 
too many parts were lost or still hidden 
in the corroded mass. Since 1971 Pro
fessor Price has revisited the enigmatic 
and wonderful machine. This time he 
can almost see through it all, not only 
with improved insight but also with a 
fine set of careful radiographs, thanks to 
his collaborator, Charles Karakalos of the 
Greek Atomic Energy Commission. The 
evidence is here, in analyses, old photo
graphs and new, and many radiographs, 
some carefully marked to outline the 
gear teeth. (The all-irhportant tooth 
count was much aided by the meticulous 
work of Emily Karakalos.) Overall the 
mechanism has been pretty reliably 
worked out. There is a capping schemat
ic diagram giving the full logical recon
struction of this ancient analogue com
puter as far as we have it. It resembled 
a tall, narrow, rectangular mantel clock 
in size and form (a Roman foot high, 
roughly equal to an English foot) with 
a drive axle on the right side. One turn 
of the crank drive-which may have been 
done by hand or by water power-rep
resented a year. It was either set ahead 
a little day by day or perhaps moved 
more quickly as a demonstration device. 
The output dials include a four-year dial 
and other dials for moon position and 
sun position among the stars, for the lu
nar year and for the synodic (moon 
phase) month. (The moon and sun dials 
are not quite firmly established.) The 
fragmentary inscriptions preserved in
clude a text describing on the front face 
a rather familiar kind of Greek calendar, 
with pegs set daily by hand, and on the 
back face a scrap alluding to dials and 
pointers. The working parts include 40-
odd gears-all with excellent 60-degree 
gear teeth-hand-sawed and filed out of 
a single sheet of bronze about three 
square feet in area. The metal is simple 
tin bronze, with a tiny lead content prob
ably coming from an occasional solder 
joint, doubtless a repair. This suggests 
to the experts, Earle R. Caley of Ohio 
State University and Cyril Stanley Smith 
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of the Massachusetts Institute of Tech
nology, that the low-lead alloy was old
er than the time of construction-that a 
plain Rat plate of an old-fashioned alloy 
was held in stock a century or more be
fore it was shaped by the artisans. The 
best guess is that the mechanism was 
built under an "anonymous master," an 
original virtuoso mechanician in the shop 
of the stoic philosopher Posidonius of 
Rhodes, where Cicero reported seeing 
"the orrery recently constructed by our 
friend Posidonius, which at each revolu
tion reproduces the same motions of the 
sun, the moon and the five planets that 
take place in the heavens every day and 
night." It might have been this very 
machine! 

The most surprising attribute of the 
mechanism, established beyond doubt in 
this study, is the presence of an epicyclic 
differential turntable: a single big gear 
driven in opposing directions by two 
meshing smaller gears, each turning at 
its own rate. The numbers of teeth agree 
with what is expected for drives at the 
rate of the sidereal revolutions of the sun 
and the moon; the big gear then turns 
with the differential rate-the rate the 
moon displays when its motion is mea
sured not by the stars but by moon 
phase, that is, against the shifting sky 
position of the sun. The next differential 
gear seen in Europe is found in a famous 
clock made in Kassel in 1575; the scheme 
was common for much the same purpose 
by the 17th century. (Quite recently the 
University of Groningen physiCist Andre 
W. Sleeswyk has made a convincing case 
that the "south-pointing chariot," rein
vented-after ancient Chinese accounts
at the Sung court by the imperial en
gineer Wu Te-jen, used compound dif
ferential idler gears like your car's real' 
axle about the year 1107. The Chinese 
device, also a kind of analogue com
puter, was required to operate in real 
time, on the scale not of a clock but of 
a chariot. No connection between the 
two distinct inventions seems to be im
plied.) 

The Antikythera apparatus displays 
"the cyclical sequence of ... discrete phe
nomena rather than a continuum of 
events in a flOWing time." It is more ab
stract than the automated sphere of the 
heavens described vaguely by classical 
writers and ascribed to Archimedes, 
which presented all the planetary mo
tions. In his day, before the Alexandrians, 
those motions were approximated more 
roughly, and simple gear trains could do 
an adequate job. After Hipparchus the 
five planets were seen to have more com
plex orbits. This sophistication may have 
restrained the model-builders until the 

elaborations of the 14th century, which 
used a couple of hundred gears. The Rat 
astrolabe, using the projection we owe to 
the Alexandrian school, then set the style 
of sun-moon-star models. 

Professor Price accounts for this his
tory of gaps, of brilliant peaks and long 
declines, by invoking the occasional 
presence of an innovative mechanical 
genius who, unlike Archimedes or Leo
nardo, did not write or paint and hence 
remains unnoticed by the scholars in 
their libraries. ("A technological tradi
tion is ... much more fragile than any
thing that was encoded into a written 
book.") The memory of technology lies 
even now in the artifacts themselves 
more than in the testimony of bookish 
fellows who cannot even understand 
what they see. Who can doubt that the 
Pioneer 10 inscription will tell galactic 
archaeologists less about us than the 
substance of Pioneer itself will? 

SCIENTIFIC ANALYSIS ON THE POCKET 

CALCULATOR, by Jon M. Smith. John 
Wiley & Sons ($12.95). Within certifi
able memory one pushed a kind of mo
torman's lever attentively to and fro 
merely to generate an eight-digit prod
uct step by step on a whirring, clanking 
machine, heavy brass on its own wheeled 
stand. Nowadays a much cheaper wallet
sized integrated-circuit device sits sooth
ingly in the hand and silently displays 
such a product in glowing red diodes as 
fast as your fingers Ry on the small keys. 
In this interesting text-not aimed by any 
means at beginners but available in part 
to anyone-a software expert presents a 
practical guide for getting the remark
able most out of whatever modern pocket 
calculator you own. His exposition, clear 
if here and there a bit hasty (some errors 
in sign are to be found), is not tied to 
any specific make of calculator; he writes 
for three hypothetical machines, one of 
each of the three most popular types. 
The simplest hears only instructions to 
add, subtract, multiply and divide. Next 
is the engineering machine, with a four
register memory stack and a modest 
number of such wired-in functions 
as logarithms. Finally, the book treats 
the powerful programmable calculator, 
which possesses addressable storage. 
That device-it costs a few hundred dol
lars-provides "a quantum jump in pock
et computing capability " with its soft
ware library. The four-function kind now 
costs an order of magnitude less than the 
programmables do; "what is amazing is 
that these small ... machines ... can pro
vide tremendous computing power." 

The first 50 pages of overview include 
a neat account of the logical architecture 

of possible machines. There is no de
scription of any hardware behind the 
keys on the face of the machine. Most 
of the machines work with one of two 
logical designs: algebraic, with data and 
instructions strung along just as we write 
them with pencil on paper, or "reverse
Polish " logic, one of the newel' schemes 
(developed by the school of modern logi
cians around Lukasiewicz) in which op
erations always follow the data. Smith 
makes clear the relation between the 
logical language used and the extent of 
the memory. Then follow the clever nest
ing-parenthesis schemes that enable one 
to quickly compute such quantities as 
logarithms, trigonometric functions and 
binomial expansions even on the simplest 
machines. Much more-Bessel functions 
and beyond-can be handled by one or 
another ingenious scheme, often recur
sive, for which processes, examples and 
the needed coefficients are given. Smith's 
aim is to free the analyst from extensive 
tables; a few file cards can hold the 
framework to span a wealth of tabulated 
truths. Extrapolation and interpolation, 
many statistical calculations and simple 
iterative means of finding the roots of a 
polynomial all remain practical on the 
simplest machines. Naturally the more 
complex machines transfer many key
stroke operations to the chips within. A 
couple of keystrokes in addition to the 
number yield an eight-place logarithm 
on a machine with a chip that knows 
that function. On a simpler machine the 
same operation would require tens of 
strokes to get three- 01' four-place ac
curacy. 

In the next category are Fourier analy
sis and integration methods; most of 
these are not, of course, new to pocket 
calculators but have been the tools of 
numerical analysts for some time. Here 
care has been taken to adapt the routines 
for direct use on the pocket calculator. 
Difference equations and powerful low
error polynomial approximations are in
cluded. After a systematic account of 
statistical practice the volume ends with 
matter for the user of the programmable 
device, with an entire chapter on its use 
for many-parameter optimization prob
lems. There is an appendix on tricks of 
the trade (including a rather satisfying 
expletive to display for viewing upside 
down when things go awry). One lesson 
is well taught: the type of language or 
size of memory on your machine matters 
least of all; "what matters most is to be
gin to use some pocket calculator in ad
vanced analysis." If your interest is in 
number games or in Simple accounting, 
the book is not at all for you, but if you 
want numerical results for fairly com-
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plica ted operations out of an inexpensive 
pocket device, it is admirably direct. 

RAISED RELIEF TOPOGRAPHIC MAPS, 

UNITED STATES QUADRANGLES, pre
pared by the U.S. Defense Mapping 
Agency, Topographic Center. Scale 
1 : 250,000. Hubbard Scientific Com
pany, Northbrook, Ill. 60062 ($11.95 
each). PLASTIC RELIEF MAPS, WORLD 

QUADRANGLES, Series 1301P, prepared 
by Army Map Service. Scale 1 : 1,000,-
000. Defense Mapping Agency, Topo
graphic Center, Washington, D.C. 20315 
($8.75). At the lower right-hand' corner 
the U.S. Naval Reservation at Kittery 
Point is marked against blue water; more 
than two feet away, at the other end of 
the map diagonal, there is the contrast
ing reservation of the Dartmouth Outing 
Club below Mount Moosilauke. The 
New Hampshire countryside is here 
rendered in the most dramatic way, in 
accurate relief. Kittery is sea flat, but 
Dartmouth's mountain lies among the 
jagged peaks of the southern Whites, 
full half an inch high. Roads and rail
roads, built-up sites, sheets of fresh wa
ter such as great Lake Winnipesaukee, 
towns and dams and lookout towers 
speckle the green forested areas among 
thin contour tracery on the map. The 
excellent paper-flat quadrangles of the 
U.S. Geological Survey have here been 
combined and generalized to a more 
modest scale, to present in three dimen
sions a piece of our nation, mapped in 
six colors on molded and printed plas
tic-a sheet only about twice as thick as 
map paper yet tough enough to hold 
durably the peaks and valleys of the in
tricate surface. The threefold vertical ex
aggeration pays proper tribute to the 
force of gravity. The scale is well chosen 
for prolonged attention to a region 100 
miles across, say several visits on wheels 
to different spots and a saunter here and 
there on foot. The climber or hiker will 
need his more detailed and foldable 
maps on flat paper, but for people who 
are lucky enough to have access to a 
mountain vista or who want an amateur's 
overview of a region, this stiff, crinkled 
map at about four miles to the inch is a 
resource and a pleasure. (Study the fine 
structure of dawn and dusk with your 
desk lamp.) The commercial producers 
offer a clear order form with a fine index 
map; their prices are nowadays well 
above the old days of Government issue, 
but the service is good and the maps re
main a unique possession for any who 
love some distant countryside or their 
own. Libraries require their region's 
map, and one map ought to lie near any 
window with a mountain view. Three 
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hundred and three three-dimensional 
maps are available; they cover nearly the 
entire country west of the Black Hills, 
plus the Ozarks, the Upper Peninsula of 
Michigan and a wide belt along the Ap
palachians from Birmingham to Bangor. 
Much of Alaska and the Hawaiian Is
lands is also available. 

The Army Map Service is by no means 
out of business, although it has had its 
name changed to the wider, euphemistic 
form. Now that the U.S. plastic relief 
maps are on the commercial market the 
Defense Mapping Agency remains the 
source of beautiful three-dimensional 
maps prepared in the same way, but for 
regions over the entire world. These 
maps are similar in actual size to the 
U.S. maps, but they are at the less de
tailed scale of 1: 1,000,000, just 10 
kilometers to the centimeter. The sheet 
at hand-mostly blue sea-shows that 
wonder cone, Fuji-san, towering half an 
inch high, four inches from flat down
town Tokyo. (The map is too small for 
all 36 views of Fuji, but fine for half a 
dozen confirmations of Hokusai.) The 
map is well printed, with expected de
tail, but the color tints are related to 
height and not to vegetation; the effect 
on land is yellow-brown and autumnal. 
Only 150 sheets are available; they in
clude Alaska, the Rockies and the Coast 
Range, central Mexico and the Antilles, 
Europe and the Mediterranean from 
Rabat to the North Cape, east to the 
Caucasus, with the Baltic and Russian 
plains omitted. Southeast Asia is ready, 
from Java on to Japan, Korea and Kam
chatka, and there are sheets covering 
New Zealand, South India and a few 
other scattered places. The Alps would 
be a treasure, although they occupy sev
eral sheets. An order form will be sent 
free on request; if you enclose five cents 
and ask for it, an index map for these 
plastic relief maps of the world will come 
along. 

Paper maps require a strong effort of 
imagination to approach the thrill of the 
three-dimensional marvels, but we dare 
not hold them in low esteem. They too 
are wonders; these same maps are avail
able much more cheaply in two dimen
sions. The U.S. maps can be obtained 
from the Geological Survey in Denver or 
in Arlington, Va., $1 a sheet for the 
1 : 250,000 scale; the 1: 1,000,000 
world maps in flat paper-there are more 
than three times as many areas pub
lished in paper as there are in plastic 
relief-come from the Defense Mapping 
Agency. The same order form will work 
for these; for another five cents you can 
obtain the index map for the flat maps 
too, called Series 1301. 
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BOOKS 

proudly presents 

THE LIFE HISTORY OF 

THE UNITED STATES 

For every American family-a colorful, lavishly illustrated 
library of two centuries of struggle and triumph 

At last the whole American story has 
been told the way it richly deserves! Not 
just as a recital of names, dates. battles. 
nnd treaties. But as the intensely human 
story of pilgrims, trappers. traders, gun· 
fighters, homesteaders, cowboys, prospec
tors, doughboys. Conquering the wilder· 
ness, building a democratic nation, fighting 
to preserve it. 

The Life History of the United States 
uses the picture-story techniques for which 
TIME-LIFE BOOKS are famous. Stunning 
paintings and photographs. many in full 
color. Compelling writing. Little-known 
facts and anecdotes. 
• As a result, the story of America now 
springs to crackling life. You')) meet such 
people as: 
• John Hancock signing the Declaration of 
Independence in letters large enough. so 

legend has it, for the English to read with
out spectacles, 
• Our first Chief Justice. John Marshall, 
\.vho once defined judicial distinction as 
"the ability to look a la\.vyer straight in the 
eyes for two hours and not hear a damned 
word he says:' 
• Belva Lockwood. the first woman to ap-

pear on a presidential ballot. who called 
for "domestic insurrection" to win the 
vote for women, 
• Rough Rider Teddy Roosevelt, whose 
only fear while charging up San Juan Hill 
was that he might lose his glasses (so he car
ried 12 extra pairs). 

To make possible this tresh look at the 
whole American story. the Editors of 
TtME-LiFE BOOKS called upon outstand
ing historians to write about the periods 
they know best. Then the Editors searched 
museums. libraries. archives. and private 
collections around the country for some 
3,000 photographs, woodcuts and paint
ings, many in full color. which would best 
recreate the look and sound and smell of 
the p.ast. 

Examine Vol. 1 FREE for 10 days. 
The result is a rich library of text and 

pictures which belongs in the home of 
every American family that cares about 
our heritage as our nation approaches its 
200th birthday. And the volumes may be 
easily collected at a price anyone can afford. 
See coupon for deta'ils-then mail coupon 
to examine Volume 1 free for 10 days. 

• Some one million words; more than 
3,000 pictures, many In full color. 

Ir--------------------� r.iii TIME-LIFE BOOKS, Dept. BDASC2 
Time & Life Building, 

BOOKS Chicago, Illinois 60611 
Yes, I would like to examine Volume I of the Deluxe 
Bicentennial Edition of your series The Lire lIistory or rhe 
Unired Srares. Please send it to me for 10 d:lvs' free exami
nation and enter my subscription to thc sedes. If I decide 
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�n2h��g ��Ik�!( bJol��i�Y ;�1 \�Nl return the 

book within 10 days, my subscription for future volumes 
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o CHECK HERE tF YOU PREFER REGULAR EDITION. 
Regular binding with full-color front coyer. Onlv SS.9S 
per volume. BOAS DO 

Print Name ________________ _ 

Address __________________________________ __ 

City _________________ _ 

State _____________ Zip ____ _ 

Schools and Libraries: Order Library Style Bindings from 
Silver Burdett Company, Morristown, N.J. 07960, Eligible 
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Now the American dream 
doesn't have to become a nightmare. 
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There could be as many as 

20 million of them out there. 
They lie rusting on streets 

and countryside like a pox on 
the American landscape. 

Although they're 85% re
usable metal, they've piled 
up for years. 

Why? Simple economics: 
I t often cost more to transport 
and process a hulk than it was 

worth. 
But now, junked cars are 

moving faster t han ever. 

Higher demand for steel and 

growing concern for conser
vation have made steel scrap 
look better and better. 

Helping tip the scales is 
something Union Carbide 
helped develop: the ultra 
high-power electric furnace. 

It can make new steel 
using 100% scrap. It's cleaner 
than other furnaces and it 
uses less energy. 

It's also relatively small, so 

it may be located economi
cally near the source of scrap, 
reducing transportation costs. 

Union Carbide created the 
electrode that makes possible 
this versatile furnace. 

It's only one of our many 
contributions to the steel 
industry. 

But it's helping the coun
try get rid of a nightmare. 

• 
lOday,something we do 

will touch your life. 
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�he world's best judges 
of whisky have pinned 
lots of medals on TIewar's. 
It's still happening every day. Any 
Scotch�lover, sipping a Dewar's 
"White Label" for the first time, 
will mentally pin still another 
gold medal on its famous label. 
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DE Airs. 
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100% SCOTCH WHISKIES 
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BLENDED SCOTCH WHISKY ' 86.8 PROOF 
©SCHENLEY IMPORTS CO. N. Y., N. Y. 
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never varIes. 
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