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The April 
l owest 
$2,77� You won't find a car in the country priced lower 
than the Honda Civic Sedan .  But it isn't �price itself that's 
so amazing. It's that the Honda Civic Sedan gives you so 

much for so little. 

For example, the Civic gives you great handling, even in 
wet weather. The chassis layout, with front-wheel drive and 
transverse-mounted engine up front, provides excellent 
traction . And the Civic has power-assisted front disc brakes 
and rack and pinion steering as standard equipment . 

Now that you've priced the Honda Civic, we hope you'll 
find out more about it from your Honda dealer. The Honda 
,civic isn't just a great buy. It's a great car. 
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CVCC" CitiC.. Acc ord and 
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High altitUde models $35 

··EPA ESTlMATES.The 
your drivinl habits, your 
see your dealer. Califor nia 
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in parentheses. 
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Just a reminder that the most impressive thing a bout  Chivas Regal 
is whats in the bottle, not what's on it. 
12 YEARS OLD WORLDWIDE· BLENDED SCOTCH WHISKY· 86 PROOF· GENERAL WINE & SPIRITS CO., NEW YORK, N.Y. 
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The best ideas 
in multi-use batteries 

comefromES • 

The idea: develop a line of batteries that can give more than twice 
the life of conventional batteries for just a few cents more apiece. 

The result: our Ray-O-Vac® Heavy-Duty Super Cells. In most 
cases, penny for penny, they're the best batteries you can buy. 

Flashlight-type batteries have come a long way, thanks to our 
Ray-O-Vac Division. Just a few years ago, there were essentially 
only two types of general-use batteries: the long-lasting alkaline 
and the inexpensive zinc-carbon. 

Now there is a third that combines the best of both worlds, 
higher capacity with low cost. Which means whatever you need 
a battery for-radios, cassettes, flashlights, toys or whatever
the most popular sizes can last more than twice as long as ordi
nary batteries for just a few more cents each. 

Ray-O-Vac led in the development of extra-life, heavy-duty bat
teries. And its Heavy-Duty Super Cells 
are some of the fastest-growing zinc
carbon batteries on the market. 

If you'd like to learn more about our 
ideas in energy, write: Communications 
Department, ESB Incorporated, 5 Penn 
Center Plaza, Philadelphia, Pennsyl
vania 19103. Or call: (215) 972-8000. 

Ideas in energy_ 
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Why more people 
• 

are turning to 
Maintenance Leasing 

I 

at Ford Authorized Leasing System dealers. 

6 

It is economical because Ford Authorized Leasing System 
dealers are specializing in a new main� 
tenance lease program that can possibly 
offer you savings. 

Volume counts. As a group, 
Ford Authorized Leasing System dealers do 
more leasing business than any other orga� 
nization, therefore, they are well qualified 
to advise you on individual or fleet leasing. 

It's flexible. You can choose from two differ� 
ent maintenance leasing plans. Pick the 24,000� 
mile/24�month plan or the 40,000�mile/36�month plan. 

Service is available nationwide at more than 6,200 
Ford Motor Company Dealers. It gives you peace of mind to know that 
service is always close by. 

You can use coupons, not cash, for service. You can make a one�time payment 
for the convenient coupon book or have the cost prorated in your monthly rate. 
Insurance can be included, too. 

Above all, F ALS Maintenance Leasing is convenient. Your car is cared for 
by Ford�trained professionals using the latest diagnostic equipment and tools. And 
they have genuine Ford parts in stock for fast service. Remember, too, your 
Ford Authorized Leasing System dealer offers the kind of plan you need-open�end, 
closed�end, cars or trucks, individual or fleet. And if low cost is important to you, 
he's the man you want to see. 

Ford LTD FORD 
FORD DIVISION ... 

Consult your Yellow Pages for your nearest Ford Authorized Leasing System dealer. 
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THE COVER 

The photograph on the cover shows a rainbow formed in spray over Bridal 
Veil Creek in Yosemite National Park in California. The rainbow is unusual 
for the brilliance and purity of its colors. It is also distinguished by its apparent 
scale: the bow seems to be viewed at close range. Actually a rainbow cannot have 
a well-defined location. It is merely a cone of light rays with the observer at the 
apex (see "The Theory of the Rainbow," by H. Moyses Nussenzveig, page 116). 
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Cover photograph by Richard Rowan, 
Photo Researchers, Inc. 
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© 1976, Science 
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142 The Works of Isambard 
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Discover The 
Christian Brothers 

Premium Napa Valley 
Chenin Blanc. 

Chenin Blanc is one of the 
favorite white wines we produce here 
in The Christian Brothers Napa 
Valley W inery. And if any wine 
deserves to be called delicious, 
certainly it does. Our Chen in Blanc 
is wonderfully fruity, and has that 

delicate balance of natural sweetness 
and dryness so rare in table wines. 

Historically, the Chenin Blanc 
grape came from the Loire Valley in 
France. We have found it a home here 
in the soil and micro climates of the 
Napa Valley where it thrives and has 
developed superb characteristics. 

As with all of our table wines, 
Napa Valley Chenin Blanc is blended 
for fragrance , body, and varietal 
complexity. Each bottling represents 
several harvests and vineyard locales. 
This is our style of winemaking and 
we believe it gives each of our bottles 
all of the generosity of 
nature-every time. 

OurChenin 
Blanc is a wine 
you can either 
enjoy on a picnic, 
or serve at dinner. 
Salads , light meats , 
and fowl are a few suggestions to 
accompany it. And we think you'll 
agree it deserves its popularity. 

If you would like to know more 
about The Christian Brothers wines, 
please write to me. 

��:JSC. 
Cellarmaster 

The Christian Brothers 
Napa Valley, California 94558 

Worldwide Distributors: Fromm and Sichel, Inc., 
San Francisco, California. 
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SCIENTIFIC 
AMERICAN 

Offprints 
Each article in each issue of 

SCIENTIFIC AMERICAN is 
available in a separate Offprint 

starting January 1977 

.Offprints will be ready for delivery by 

the end of the month following the 

month of issue. In addition, over 1,000 
selected articles from earlier issues 

are available in Offprints and are listed 

in catalogue (see form below). 

Individual and Corporate Orders 
Offprints may be ordered in any quan

tity and combination. Price: $.35 
each; $5.00 minimum; payment with 

order. Coupon below suggests form 

of order. 

School and College Orders 
Offprints adopted for classroom use 

may be ordered direct or through 

campus bookstore. Price: $.35 each. 

Student sets of 10 or more Offprints 

are collated by publisher and deliv

ered as sets to bookstore. Offprint 

Readers, pre-selected course-oriented 

sets of Offprints, are accompanied by 

selector's commentary relating the ar

ticles to one another and to formal 

course work. Write for catalogue. 

W. H. Freeman and Company 
660 Market Street, San Francisco, Cal941 04 

Please send me Offprints: 

Title of Article Quantity 

Total 

Multiply by $ .35 

Payment Enclosed :::,$ __ -.:-_ 

Minimum order $5.00, payment with order 
California residents add sales tax 

o Please send free Offprint catalogue 

Name 

Address 

City and State Zip 
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LETTERS 
Sirs: 

The following verses are written in re
sponse to Martin Gardner's invitation 
[" Mathematical Games." February] to 
write poems based on transposing eta
oin shrdlu, with or without an added 
letter: 

SHARON DILUTE 

Old hunter, as I 
dash in to rule. 
insult a horde 
and so lie hurt. 

no adult heirs. 
riled, shout an 
oath: "Sin lured, 
had so ul inert." 

I share untold 
tales. Our hind 
had true loins, 
a tin shoulder. 

(Lutherans do. I 
should retain 
a ruined sloth, 
his aunt-older.) 

Saturn held 10, 
hurled oats in 

Scientific American, April, 1977; Vol. 236, No. 4. 
Published monthly by Scientific American, Inc., 415 
Madison Avenue, New York, N.Y. 10017; Gerard Piel, 
president; Dennis Flanagan, vice·president; Donald H. 
Miller, Jr., vice-president and secretary; George S. 
Conn, treasurer; Arlene Wright, assistant treasurer. 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue, 
New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk and will not be returned unless accom
panied by postage. 

Advertising correspondence should be addressed to C. 
John Kirby, Advertising Director, SCIENTIFIC AMERI
CAN, 415 Madison Avenue, New York, N.Y. 10017. 

Offprint correspondence and orders should be ad
dressed to W. H. Freeman and Company, 660 Market 
Street, San Francisco, Calif. 94104. For each offprint 
ordered please enclose 35 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue, New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance. 
Send both old and new addresses and enclose an ad
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right-hand corner of 
each month's mailing labeL) 

Name 

New Address 

Old Address 

hot laundries: 
lost hair, nude. 

(Do the urinals 
in Utah solder 
the dual irons 
thin? Also rude?) 

Sail round the 
lush, rationed 
Hanoi strudel: 
Oh. true island! 

Thus, dear lion, 
run! Hie, lads, to 
unlit Hades, or 
South Ireland" 

W AL TER G. LEIGHT 

Bethesda. Md. 

Sirs: 
In "Mathematical Games" Martin 

Gardner states that no one has made a 
dictionary word out of etaoin shrdlu, al
though "outlanderish" comes close. 

The word certainly does come close. 
"Outlandisher" appears in New Standard 
Unabridged Dictionary. It' follows "out
lander," meaning foreigner. "Outland
isher" is not further defined but is appar
ently a variant of "outlander." 

WESTON HARE 

Oxford, Mass. 

Sirs: 
Regarding the scrambling of the 

words in the poem by Oscar Wilde, with 
anagrammatic authorship [" Mathemat
ical Games," February], how about the 
following? 

Vilest poison in prison air 
Withers man, and well. 
Is it only there that the good 
Wastes like weeds? 
What bloom is in deeds? 

-Osw ALD C. IRE 

What is prison? 
It is that man wastes like weeds. 
Only in poison air well bloom 

vilest deeds, 
And there in withers the good. 

-ROD 1. CLA WSE 

In vilest prison is man well? 
Only there bloom poison weeds, 
And the good wastes in that air. 
What is it like?-withers deeds! 

-ERICO. L. DAWS 

What good is in prison? 
The vilest deeds 
Bloom well in there, 
And poison the air. 
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Delta is an air line run by professionals. 
Like Captain John Richards. john, who has been 

with Delta for 17 years, has D own just about .... ";-. � o" �)} 
every ai rliner from the DC .. ] up. He spent 9 years in ' �"'�� 
Delta's Training Depart ment, where he helped train'" �� "� 

about a third of Delta's ],200 pilots. Now he's back to his 
first love, flying full .. time as a 'lZ7 captain. 

John's job is getting people where they're going. Taking 
a family to a vacation resort. Whisking a busy executive to an 
important meeting. Bringing a col lege student home for a visit. 
When it comes to people, John Richards couldn't care more. 
And that goes for all 28,000 Delta professionals. 

Delta is ready when you are: 

This is Delta's Wide-Rid/}' L-1011 TriStar, 
a $21 million superjet. Cabins are almost 19 feet 
wide. All seats are two-on-the aisle. 

8A 
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QUESTAR 
700 

lied by Modern Photography "the best" the Questar 700 is unique in 

inging to the telephoto market a lens that guarantees theoretical optical 

rfection and flatness of field from edge to edge, with no linear distortion. 

ecise focusing from infinity down to 10 feet is accomplished with a single 

rn of the focusing ring, and at the 10-foot distance the image magnifl-

tion is 1 :4, an unheard-of ratio in telephoto lenses. Onl Questar can 

liver such performance. With its standard screw-thread T-mount adapter 

• • • II • • • • •  • 
mera. Write for our literature: Questar Corporation, Box Q700, New 

ope, PA 18938. 

Man it is that wastes. 
Withers like weeds. 

-DORA S. WILEC 

Man withers in prison: vilest deeds 
Bloom well. and only there 
It is that good wastes like weeds. 
What is in the poison air? 

-ROSA W. CLIDE 

This is the first time that the English 
major of the family has had more fun 
with the "Mathematical Games" section 
than the more mathematically oriented 
member of the family. I am sure you 
will agree that the anagrammatic au
thors deserve the inattention fame has 
paid them. but I did have fun making the 
verses up . 

CATHARINE M. HOFF 

Skokie. III. 

Sirs: 
In the interesting article on the anti

body combining site by J. Donald Capra 
and Allen B. Edmundson [SCIENTIFIC 
AMERICAN. January] it was stated that 
Bence-Jones urinary proteins were first 
observed by Henry Bence-Jones. a Lon
don chemical pathologist. Although it is 
true that Bence-Jones's papers of 1847 
and 1848 were concerned in some detail 
with the properties and analysis of the 
protein that has come to bear his name. 
he was not the first to describe its char
acteristics. That honor belongs to Wil
liam MacIntyre. who participated as a 
consulting physician in the first recorded 
case of the condition now commonly 
known as multiple myeloma. In particu
lar MacIntyre was the first to note the 
key and rather unusual property the 
protein had of first precipitating out of 
the urine at about 50 degrees Celsius 
and then redissolving as the temperature 
increased. This behavior was so charac
teristic that it was used for more than a 
century as a test. albeit one prone to 
ambiguities and misinterpretations. for 
the disease. 

Although Bence-Jones in his papers 
gives credit to MacIntyre for the discov
ery of the unusual properties of the 
urine. it is Bence-Jones who is associat
ed with the protein. This is probably be
cause MacIntyre delayed publication of 
his observation in a paper under his own 
name until 1850. a fact that perhaps 
should be noted by modern researchers. 

More detailed information on this 
controversy can be found in an informa
tive article by John R. Clamp that ap
peared in the December 23. 1967. issue 
of The Lancet. 

S. D. KRAMER 

Oak Ridge National Laboratory 
Oak Ridge. Tenn. 
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Anyordinary camera 
could have taken 
this photograph. 

The Yashica FR is 
no ordinary camera. 

Your chances of getting more than 
a snapshot jump sky high with 
the extraordinary Yashica FR system. 

For a lot of reasons. 
You see, an ordinary camera is 

like a local train. It has to stop at 
every shot. Hook up the Yashica 

FR to its compact, lightweight 
winder and you've got the express that's powered with 6 
batteries, not 4, for constant high speed shooting. Just focus, 
set exposure and you're off and "clicking" photo sequences 
at speeds up to 2.5 frames per second. And that's 20% faster 

than our competitors' fastest winders. 
Only the Yashica FR has an advanced electromag

netic release system for instant response and a unique 
focal plane shutter that assures shutter-speed accuracy 
by avoiding the "inertia lag" found in conventional de
signs. You get sharper prints and slides shot after shot 
after shot. 

Even the cable release is out-of-the-ordinary. 
Electromagnetics let you fire instantly from up to 30 
feet away. The line is so flexible you can wrap it around 
your fist. 

And then, if you can't be tied to the camera at all, just 
pick up the infrared remote control, point at the camera and 
shoot. Anything but ordinary. Likewise, the lenses. The 
Yashica bayonet mount takes on both Yashica ML and Carl 
Zeiss T-Star (T*) multi-coated lenses. 

The extraordinary Yashica FR: the fastest winder 
around, the accuracy of the electromagnetic release system 
and rugged compact design. No other camera can keep up 
with it. Visit your dealer. Or write to us: Yashica, Inc., 411 
Sette Drive, Paramus, New Jersey. 07652. _. 
In Canada: Yashica Canada Ltd., 
r;::;: r=I Ontario L4T 1L2. 
IiiiiiiiiiI � 
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Rufus Porter 
A Scientific American 

Rufus Porter-artist, inventor, journalist and founder, in 1845, of 
SCIENTIFIC AMERICAN -should be better known to his country
men. His exuberant murals adorn 100 New England homes and are 
finding their way into museums as treasures of American art. His 
long list of inventions was crowned before 1850 by his demonstra
tion of a self-propelled flying machine. His SCIENTIFIC AMERICAN 

spoke for the buoyant rationalism that committed this country to 
industrial revolution from early in the 19th Century. 

The 20-minute filmstrip for DuKane projectors Rufus Porter, A 

Scientific American [$22, shipping included} brings this Yankee 
Leonardo back again to life. In his own colorful words and pictures 
it recounts the story of his untiring enterprise and places him in the 
context of the era in American history he so well personified. 

Recommended for High School and Junior High School classes in 
American History, Social Studies and Art History. Available in film
strip and tape cassette for DuKane projectors. 

SCIENTIFIC AMERICAN, 415 Madison Ave.,NewYork,N.Y. 10017 , Dept. RP 

Please send me copies of Rtl/uJ Porter, A Scientific American, 
a filmstrip presentation for DuKane projectors, at $22 (shipping included). 
I understand I may return same and receive a full refund if I am not completely 
satisfied. 
Enclosed is my check for $, __ _____ _ 

Please include appropriate sales tax. 

Name (please print) 

Institution (if any) 

Address 

City and State Zip 

50 AND 100 
YEARS AGO 

APRIL, 1927: ' ' 'Hello, London. New 
York is calling.' Three months ago these 
words wafted across the sea over an in
visible 'talk bridge' and officially opened 
a telephonic service between the Old 
World and the New. When the interna
tional circuit was closed after its first 
day of operation, scores had chatted 
back and forth across the ocean at a cost 
of $75 for three minutes and $25 for 
each additional minute. It was a big day 
for radio." 

"The twin laws of the conservation of 
matter and the conservation of energy 
are as useful as ever, for they still serve 
to clarify our conceptions and to guide 
our experimentation. Yet neither law is 
now regarded as absolute in itself, and it 
seems that we shall have to substitute a 
general law that will include the two and 
allow for the transformation of matter 
into energy and vice versa. Einstein has 
worked out the formula for the equiva
lence of matter and energy, so that we 
can now calculate how much heat will 
be produced if a certain mass of matter 
is annihilated. This idea has been wel
comed by the astronomers, who have 
long been hard put to it to devise means 
of keeping up the fires of the sun." 

"Atmospheric nitrogen is quite use
less to either the explosive maker or the 
farmer until it can be forced to combine 
with hydrogen or oxygen to form am
monia or nitrates. When it is thus com
bined, it becomes quite invaluable to 
both, for either ammonia or nitric acid 
will serve the farmer, and ammonia can 
be converted into the nitric acid re
quired by the explosive maker. The syn
thesis of ammonia by various processes 
is rapidly gaining ground in the United 
States, and at the present time we have a 
potential capacity for ammonia synthe
sis equivalent to 30,330 tons of nitrogen 
per year. The by-product coke ovens of 
the world are also producing immense 
quantities of ammonia for agricultural 
use. In the United States in 1925 there. 
was produced ammonia from coke 
ovens equivalent to 123,600 tons of ni
trogen. Over the past 25 years the world 
has changed from practically 1 00 per 
cent dependency on the natural niter 
beds of Chile for its inorganic nitrogen 
supply to 30 per cent dependency." 

"With a car driven by a 500-horse
power motor running at 2.200 revolu
tions per minute Captain Malcolm 
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"The most complete and 
most scholarly dictionary 
of the English language" 

As an introduction to 
membership in the 

-The Christian Science Monitor 

BOOK':OF·THE·MONTH CLUB® 

yours for only 
$1750 rPUbl�Sher'S Iis:l L price $95 J 

THE SUGGESTED TRIAL: You simply agree 

to buy four Club choices within a year at substantial 

savings on most books you choose . 

T
HE OXFORD ENGLISH DICTIONARY is generally 
regarded as the final arbiter of the English 

language. Until recently, it has been available only 
as a thirteen-volume set, currently priced at $395. 
Now, through the combination of an ingenious 
method of micrographic reproduction and a fine 
Bausch & Lomb optical lens, every single one of its 
16,569 pages, 50 million words and close to 2 mil
lion illustrative quotations appears, in easily read
able form, in The Compact Edition. 

Book critic Christopher Lehmann-Haupt of The 
New York Times has said of this edition: "It 
is something of a miracle .. . . The Compact 
Edition is easier to work with than the original 
with its thirteen separate volumes." 

Even more extraordinary, as a trial member of the 
Club you may obtain the two-volume set for only 
$17.50. And as long as you remain a member, you 
will receive the Book-of-the-Month Club News,'" a 
literary magazine announcing the coming Selec
tion and describing other important books, known 
as Alternates, most of which are available at sub
stantial discounts - up to 40% on more expensive 
volumes. 

If you continue after your trial membership, you 
will earn at least one Book-Dividend'" Credit for 
every Selection or Alternate you buy. These Cred
its enable you to acquire for your library a wide 
variety of books, called Book-Dividends, at aston
ishing savings - at least 70% of publishers' list 
prices. 

All Book-of-the-Month Club books, including 
Book-Dividends, are identical to the publishers' 
editions in content, format, size and quality_ 

BOOK-OF-THE-MONTH CLUB, INC., Camp Hill, Pennsylvania 17012 

FEATURES 

• Boxed set of two volumes, 
9¥." x I3Y2" each 
- All I 6,569 pages of l3-vol
ume original included in the 
4134 pages of The Compact 
Edition through a photo-re
duction process which per
mits printing of four pages 
of original on one page of 
new edition 
• Paper is 3D-pound Special 
Dictionary White 
• Binding is library buckram 
- reinforced and stamped 
in gold 
• Bausch & Lomb magnify
ing glass included in special 
drawer of slipcase. 2" x 39's" 
lens scientifically designed 
to make reduced print easily 
readable 
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Campbell recently broke the world's 
record for a mile from a flying start: 
174.883 miles per hour. The same en
gine could drive a bombing plane at a 
speed of 232 miles per hour. The car 
cost $40,000 and required two years to 
make." 

"We have long been wont to think of 
our United States as having a more near
ly universal use of modern conveniences 
than any nation on earth. So we fondly 
dreamed. But now come figures issued 
by our Department of Commerce show
ing that in the proportion of homes 
eq uipped for electric service we are not 
first or even second but sixth. The list 
runs: Switzerland, 96.5 per cent; Japan, 
73.4 per cent; Denmark, 72.0 per cent; 
Canada, 62.3 per cent; New Zealand, 
59.0 per cent; United States, 5 6.0 per 
cent. To explain that the countries of the 
Old World are more densely settled than 
ours and that Canada and New Zealand 
have most of their populations in rela
tively small areas is poor consolation." 

APRIL, 1877: "The coal fields of Col
fax County, to the north of Las Vegas, 
are the most valuable and extensive de
posits within our territorial limits. After 
the purchase of the so-called Maxwell 
Land Grant by English capitalists a few 
years ago the new owners engaged the 
services of able engineers, who after 
surveying the grant reported they had' 
traced seams of coal averaging more 
than six feet in thickness over a tract of 
more than 100 square miles. More than 
60,000 acres of coal! Without taking 
into account the thousands of hearths 
that could be supplied with fuel. what a 
vast trade this would give to a railroad 
extended south from Colorado! What 
an immense amount of steam power this 
would create for the manufacturer and 
other enterprises!" 

"Dr. Kiihne, Professor of Physiology 
in Heidelberg, announces his having 
been able to obtain actual images on the 
retina that correspond to objects that 
had been looked at during life. Kiihne 
took a rabbit and fixed its head and one 
of its eyeballs at a distance of a meter 
and a half from an opening 30 centime
ters square in a window shutter. The 
head was covered for five minutes by a 
black cloth and then exposed for three 
minutes to a midday sky. The animal 
was then instantly decapitated, the eye
ball that had been exposed was rapidly 
extirpated in yellow light, then opened 
and instantly plunged in a 5 per cent 
solution of alum. On the following 
morning the milk-white and now tough
ened retina of the eye was carefully iso
lated, separated from the optic nerve 
and tanned. It then exhibited on a beau-

tiful rose-red ground a nearly square im
age with sharply defined edges. Profes
sor Bunsen was among the witnesses to 
this beautiful experiment." 

"At the Physical Society, London, 
Prof. Foster showed experimentally the 
polarization of heat rays, employing 
Nicol's prisms of 2% in. aperture and 
a thermopile surrounded by a double 
jacket and connected with a Thomson 
galvanometer. When the prisms were 
placed between the thermopile and a 
heat source and the prisms were at 90· to 
each other, only a slight movement of 
the galvanometer was observed. As the 
angle was diminished the amount of de
flection increased steadily up to about 
60 divisions on the galvanometer's 
scale." 

"The Central Pacific Railroad Com
pany has lately arranged to have 40,000 
trees of the species Eucalyptus globulus 
set out along the 500 miles of the right
of-way of the company. This is only the 
first installment, as it will require about 
800,000 of the trees for the 500 miles of 
valley where they are to be cultivated. 
The immediate object of the plan is to 
increase the humidity of the region and 
lessen the liability to drought. It is an 
established fact that the destruction of 
our forest trees over large tracts of the 
country is having a direct effect on 
the climate, and we are glad to know 
that this company is replacing, at least 
in part, the forests that have been de
stroyed." 

"A criminal lately gave a reporter of 
the New York Herald the following 
mode of introd ucing powder into a safe 
for the purpose of blowing open the 
doors. 'What tools did you use in drilling 
the holes?' asked the reporter. 'Good 
cracksmen don't use tools,' answered 
the burglar. 'I'll show you how to blow 
open any safe in New York without any 
tools. Just take me to a safe,' There hap
pened to be a safe in Judge Kilbreth's 
private room, and the writer acquainted 
the magistrate with the prisoner's pro
posal. 'By all means,' said Judge Kil
breth, 'let us !earn,' and in a moment the 
room was filled with spectators. The 
prisoner knelt beside the safe. Said he: 
'Look at this door. It fits so tight that 
no instrument can be introduced in the 
cracks and powder cannot be inserted. 
The burglar simply sticks putty along all 
the cracks except in two places, one at 
the top of -the door and the other at the 
bottom, where he leaves a space about 
an inch long uncovered by the putty. At 
the lower place he puts a quantity of 
powder, and he sucks out the air from 
the upper place, either with a suction 
pump, which is the better way, or with 
his mouth. The vacuum created in the 
safe draws in the powder through the 
small crack below. The entire job does 
not take more than five minutes.' '' 
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NAVY NUCLEAR PROPULSION. 
THE FASTEST WAY UP IN NUCLEAR ENGINEERING. 

If you want to get into nuclear 
engineering, start by getting into 
the Nuclear Navy. 

The Navy operates more than 
half the reactors in America. So 
our nuclear training is the most 
comprehensive you can get. You 
start by earning your commission 
as a Navy Officer. Then we give 
you a year of advanced nuclear 
technology, training that would 

cost you thousands if you could 
get it in graduate school. During 
your career, you'll get practical, 
hands-on experience with our 
nuclear powered fleet. Maybe 
you'll work on a nuclear subma
rine, maybe a nuclear cruiser. But 
wherever you work, you'll really 
get to prove your worth-as a 
young Nuclear Propulsion Officer 
entrusted with the most advanced 

NAVY OFFICER. 

technical equipment known to man. 
If that sounds like the kind of 

responsibility you're looking for, 
speak to your Navy recruiter. He 
can tell you if you qualify as a 
Nuclear Propulsion Officer 
Candidate. Or call toll free 800-841-

8000. (In Georgia, 800-342-5855.) 
Navy Nuclear Propulsion 

Officer. Some men wait for the 
future. He lives it now. 

IT'S NOT JUST A JOB, IT'S AN ADVENTURE. 
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Pinball computer 
Your home, apartment or office can become an 
action entertainment center with America's 
first commercial-home pinball machine. 

It's you against a computer. And the action 
and excitement from Fireball, your own com· 
puterized pinball machine, is nothing short of 
spectacu lar. 

Fireball's computer replaces many of the 
mechanical, scoring, conventional electronics 
and sensing devices of a standard pinball 
machine. It's a dramatic change in pinball de· 
vices and the start of a new consumer elec· 
tronics revolution. 

DESIGNED FOR ACTION 

Fireball contains flippers, bumpers, thum· 
pers, flashing lights, sounds and a full·sized 
playfield. The glass covering the playfield is 
safe, shatterproof and specially tempered. 

From one to four players can compete. 
Turn the unit on and simply program the com· 
pute( with the number of players by pressing 
the start button up to four times. Each play· 
er's score is kept separately in a memory and 
appears on the display for each player's turn 
and at the end of the game. 

The ball is automatically ejected and you 
pull the plunger to project it into action. The 
ball bounces from side to side from bumper 
to thumper. Lights flash and the scoring be· 
gins. You use the separately controlled flip· 
pers by pressing the flipper controls on the 
sides of the playfield which are low enough so 
that even a five year old can reach them. 

Flip a switch and Fireball can be pro· 
grammed for beginner or advanced skills al· 
though pinball is the only game everybody 
knows how to play within seconds after they 
step up to a machine. 

"WE'RE IN THE MONEY" 

The thrill of winning a bonus score or extra 
ball is enhanced by Fireball's songs and scor· 
ing tones. The computer's synthesizer plays 
seven songs-everything from "We're in the 
Money" when an extra ball is awarded to 
"The Party's Over" when the game ends. Var· 
ious scores sound five additional tones making 
the game a total sight and sound experience. 
A volume control lets you keep it loud at a 
party or turned down in quieter surroundings. 

COMMERCIAL PARTS AND FEATURES 

Fireball contains the same heavy·duty de· 
vices and scoring features as a commercial pin· 
ball machine. The game has a tilt feature-tilt 
Fireball and a tilt sign glows and the scoring 
stops. The full'sized, full·color commercial 
playfield even has a special friction silk·screen· 
ed surface so the ball will roll and not slide. 
Fireball differs from an arcade unit only by 
the start button which has replaced the coin 
slot and its new electronics. In fact, all future 
commercial machines will resemble Fireball 
within a year. 

MANY NEW FEATURES 

Fireball's computer is as powerful as the 
million dollar IBM computer sold in 1964. 
The solid·state LE D scoreboard replaces the 
old electromechanical pinball scoring wheels 
that often failed so Fireball's backboard is 
thinner and its scoring more reliable. Its memo 
ory not only keeps track of everybody's score 
but the exact playfield configuration and ex· 
tra bonus balls-something present arcade 
games can't do. 

The American·made Bally Fireball-the first 
computer pinball machine designed for both 
home and office entertainment centers. 

Although the playfield is just as large as the 
commercial machines, the entire unit has less 
weight, less bulk, and practically no service reo 
quirements making it ideal for the home or 
office. It takes up a space 2 feet by 4 feet and 
weighs 160 pounds. 

HOW TO JUSTIFY PINBALL 
(TAKE THIS TEST) 

If you paid more than $600 for either 
your TV set, stereo system or pool table-you 
should consider a pinball machine. You'll 
have more fun and action than watching TV, 
listening to your stereo or playing pool. 

And when guests pop in, your Fireball will 
be the talk and highlight of their visit. Your 
TV and stereo are used primarily for private 
viewing or listening. Your pinball machine is 
for all times-from your personal family enjoy· 
ment to big parties. It's the great new idea in 
home entertainment. 

TAX DEDUCTIBLE 

Consider Fireball for your office as either 
an executive toy or a free new benefit for 
your office or factory employees during their 
breaks. You get both an investment tax credit 
and depreciation. Fireball combines participa· 
tion, action and entertainment. A pinball 
machine is so intriguing that people pour 
dollars into them at arcades. It requires skill, 
sharpens responses and can become the single 
most talked about entertainment product in 
you r home or office. 

LASTING PLAY VALUE 

Fireball, unlike the new TV games, is par· 
tially a game of chance and thus can never be 
mastered. Even an experienced professional 
can lose to a youngster. A daughter can beat 
her father, grandma can beat grandpa and the 
surprise of an upset is what adds to the long 
lasting play value. A professional pinball mao 
chine is an amusement game that you rarely 
get tired of-no matter how good you get, no 
matter how long you've played. Ask any ar· 
cade operator. His customers will tire of his 
video games which he continually rotates with 
newer models but his pinball machines are 
played and played and played. 

Don't be confused. There are other games 
made by toy designers selling for one half the 
price. Fireball is not a toy and is built by a 
company that specializes in pinball machines. 
With all its sophistication it is the most service· 
free, quality pinball machine ever produced. 

When you buy an expensive product you 
must be absolutely satisfied that you get the 
service and a solid company standing behind 
your purchase for many years to come. Fire' 
ball is backed bya substantial company, Bally
in business since 1931 and now the world's 
largest manufacturer of coin operated amuse· 
ment games. JS&A is America's largest single 
source of space·age consumer products and 
also a substantial company-further assuranceS 
that your investment is well protected. 

A FRANK DISCUSSION OF SERVICE 

Fireball is a solid·state computer with its 
electronics condensed on integrated circuits
all hermetically sealed and all pre·tested for a 
lifetime of service. Fireball is also self·diag· 
nostic. Let us say something goes wrong with 
the system. Simply press the test button on 
the back panel of your machine and the exact 

problem is displayed on your scoreboard in 
digits. Check the instruction booklet and sim· 
ply remove the designated plug·in circuit 
board, light bulb or part and send it to the 
service department closest to you for a brand 
new replacement. Even your TV or stereo 
isn't that easy to repair. 

Please don't think service requirements are 
common. They're not. But we wanted to as· 
su re you that service was such an important 
consideration in its design that Fireball prac· 
tically repairs itself. And any defective com· 
ponent will be replaced free·of·charge during 
its dne year limited warranty. 

SHIPPING AND THE TRIAL PERIOD 

Each Fireball comes in two sections with 
four metal legs. The two sections quickly bolt 
together with the top portion also plugging 
into the bottom to make all electrical connec· 
tions. Within minutes after it arrives, your 
unit is ready to operate. 

Attach· the metal legs, plug it in and start 
playing. Don't even read the instructions on 
how to play it-you should know how within 
minutes. Then after you've played Fireball for 
awhile, go to your local arcade and play a stan· 
dard $1500 pinb.all machine. It's only then 
that you'll realize how much more value you 
are getting with Fireball. 

But let's be realistic. What if you don't like 
what you get? Simple. A toll·free call to 
JS&A and we'll arrange for the pick·up of 
your un'it and we'll pay all the pick·up and reo 
turn costs. And you can play Fireball for one 
month before you make up your mind. 

A GUARANTEE OF SATISFACTION 

The cost for your own pinball machine is 
$795 (Illinois residents add $39.75 sales tax) 
plus the freight which you pay upon receipt 
and whi

'
ch will run approximately $34 from 

our facilities in Northbrook to Los Angeles or 
less if you live closer. You can order Fireball 
with any major credit card by calling our toll· 
free number or you can send your check for 
$795 to the address shown below. We will 
then promptly ship your unit and advise you. 

We back Fireball with an outstanding ser· 
vice program made possible by plug·in com· 
mercial components. We provide the oppor· 
tunity to use Fireball for one month without 
obligation and if 1) it does not live up to 
every one of your expectations 2) for any 
reason you get tired of playing it, or 3) you 
don't find it more challenging after one 
month than when you first played it, give us a 
call and we'll pick it up at your door at our 
expense and refund your money. We provide 
fast service turnaround time should service 
ever be required and we have been in business 
for over a decade 'providing the same consci· 
entious service that has built our company in· 
to America's largest single source of quality 
space·age products. 

Why not let the fun and action of your 
very own pinball machine add to your home 
or office entertainment picture? We'll make 
just trying Fireball the best entertainment 
move you've ever made. Order one at no obli· 
gation today. 

�NATIONAL 
O 

SALES 
® GROUP 

Dept. SA One JS&A Plaza 
Northbrook, III. 60062 (312) 564·9000 

CALL TOLL·FREE. , .. 800 323·6400 
In Illinois call . . . . . . . .  (312) 498·6900 

©JS&A Group, Inc.,1977 
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chemistry from the University of Bir
mingham, in 1953 he went to Yale Uni
versity, where he spent two years study
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The Importation 
of Liquefied Natural Gas 

The shortages of the past winter have dramatized the increasing 
uncertainty of u.s. gas supplies. The importation of liquefied 
natural gas by ship may ameliorate the situation, but is it safe? 

by Elisabeth Drake and Robert C. Reid 

T
he consumption of energy in the 
U.S., which reached a peak of 75 
quads (quadrillion British thermal 

units) in 1973 and then declined slightly, 
is now on the rise again and is expected 
by the Federal Energy Administration 
to be at a level of 85 quads in 1980 and 
95 quads in 1985. About 30 percent of 
the energy comes from gas, and the in
centives for maintaining that proportion 
as the demand for energy rises are 
strong. Yet domestic production of nat
ural gas has fallen off sharply since it 
reached a peak in 1973 and appears like
ly to decline even more rapidly in the 
future unless new sources are found and 
developed. One way to supplement the 
dwindling supplies of natural gas is to 
import liquefied natural gas on a large 
scale from areas overseas that have an 
abundance of natural gas and little or no 
market for it. It is relevant to ask how 
promising this option is, that is, wheth
er the arguments for the importation 
of liquefied natural gas outweigh those 
against it. 

The obvious problem in transporting 
large amounts of natural gas by any 
means other than a pipeline is that at 
ordinary temperatures a gas occupies a 
large volume. If natural gas is cooled to 
a temperature of -162 degrees Celsius 
(-259 degrees Fahrenheit), however, it 
becomes a liquid with a six-hundredth 
the volume of the gas. The problems of 
transporting the fuel to places that can
not be reached by pipeline and of storing 
it in large quantities thereby become 
manageable. With liquefied natural gas 
the main problems are to find materials 
that will hold such a cold substance reli
ably and to determine what safety mea-
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sures must be adopted against the possi
bility that the liquid might escape. 

The arguments in favor of the large
scale importation of liquefied natural 
gas can be summarized quickly, since 
they are not complex. The U.S. needs 
additional sources of energy. Gas is par
ticularly desirable as a fuel because it 
burns cleanly and is easy to distribute to 
consumers. Gas heating is now installed 
in many homes, factories and public 
buildings. Natural gas, much of which is 
produced as a by-product of the petro
leum with which it is associated, is still 
wasted in many areas by being vented 
into the air or burned, since there is no 
local market for it. The technology for 
liquefying natural gas, for transporting 
it on the high seas and for storing it on 
land is in hand. Moreover, that technol
ogy is less complex and less expensive 
than the technology for making synthet
ic gas out of oil or coal. A considerable 
international trade in liquefied natural 
gas already exists: Japan imports about 
80 percent of its gas in liquid form, 
Western Europe 5 percent and the U.S. 
somewhat less than .1 percent. Indeed, 
the u.s. is at present a net exporter of 
liquefied natural gas: exports from Alas
ka to Japan are about three times great
er than imports from Algeria to a termi
nal in Massachusetts. (In last winter's 
gas-supply emergency the shipment of 
liquefied natural gas from Alaska to 
Massachusetts by way of the Panama 
Canal was authorized for the first time.) 
In 1976 the figures were exports of 32 
trillion B.t.u.'s to Japan and imports of 
10.8 trillion B.t. u.'s to Massachusetts. 
Put in more familiar terms, the annu
al imports were 450,000 cubic meters 

(three million barrels or 10 billion stan
dard cubic feet); in terms of the size of 
the ships currently fitted out to trans
port liquefied natural gas the imports 
amounted to about 12 shiploads. 

The arguments against the large-scale 
importation of liquefied natural gas fo
cus on the question of the safety of the 
undertaking. Liquefied natural gas, like 
gasoline and natural gas, can be danger
ous if it is handled carelessly or if large 
amounts are released in an accident 
against which insufficient safeguards 
have been provided. Allowance must 
also be made for the fact that the lique
fied gas is at a very low temperature. 

Afacility for liquefying natural gas 
and storing the liquid was built in 

Cleveland in 1941. In 1944 one of the 
storage tanks failed and a disastrous ac
cident resulted. No dike had been built 
around the tank to contain all the liquid 
in the event of a leak, so that the lique
fied gas flowed unimpeded into the sur
rounding area. The cold liquid boiled 
rapidly, and the vapors soon reached 
a source of ignition that touched off a 
huge fire in which 128 people died. 

This accident set the fledgling lique
fied natural gas industry back many 
years. Nearly two decades passed before 
the advantages of this form of the fuel 
were explored again. The possibility of 
doing so arose in part from work in the 
National Aeronautics and Space Ad
ministration and the Department of De
fense on rocket fuels; that work yielded 
improved materials for storing cryogen· 
ic liquids and new safety precautions for 
handling them. 

In the 1960's several municipal gas 
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TANKER FOR LIQUEFIED NATURAL GAS is under construc
tion at the Quincy Shipbuilding Division of the General Dynamics 
Corporation. Here a crane lowers one of the five metal spheres that 
will hold the liquefied na tural gas into a space in the hull that has 

been prepared for it. The sphere has a capacity of 25,000 cubic meters 
of liquefied natural gas, and the ship will c arry five such spheres. 
The spheres are protected by the white hemispherical structures. 
The spheres are built separately and shipped to the tanker by barge. 
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companies designed and built facilities 
that employed liquefied natural gas for 
"peak shaving." that is. for supplying 
fuel at times of unusually high demand. 
A company would buy. liquefy and 
store pipeline gas during periods when 
the demand was low and the price was 
below normal. Later. during cold spells 
when the capacity of the pipeline was 
strained and the price of gas was higher. 
the liquefied natural gas could be reva
porized and fed into the mains serving 
the company's customers. More than 60 
such plants are now operating in the 
U.S. and Canada. 

The peak-shaving plants have proved 
to be economically successful and have 
had an excellent safety record. They 
played an important role in maintaining 
gas service to residential customers dur
ing the unusually cold periods last win
ter. On this scale. then. the use of lique
fied natural gas as a fuel appears to be a 
sound concept. With the depletion of 
gas reserves in the region of the 48 con
tiguous states of the U.S .. however. the 
incentive to import liquefied natural gas 
for base-load operations is increasing. A 
base-load terminal would receive lique
fied natural gas on a regular basis from a 
fleet of tankers. store it in large tanks 
and revaporize it continuously to send it 
to the mains as fuel. 

The tankers projected for operations 
on this scale would each have a capacity 
of up to 165.000 cubic meters. which is 
enough liquefied natural gas to cover a 
regulation American football field to a 
depth of about 40 meters (125 feet). The 
storage tanks at the receiving terminal 
would be from two to four times the size 
of the 50.000-cubic-meter structure typ
ical of present peak-shaving facilities. 
Contemplating these prospects. many 
people have voiced concern about what 
would happen if a tanker carrying lique
fied natural gas were involved in a colli
sion or an airplane hit a storage tank or 
an earthquake occurred in an area occu
pied by a tank or a facility were sab
otaged. The question to be faced is 
whether the safety provisions that can 
be devised would be sufficient to allow 
the large-scale importation of liquefied 
natural gas to proceed with acceptable 
risks to the public. 

One cause for the concern about liq
uefied natural gas is an accident that 
took place in 1973 at a storage facility 
on Staten Island. which is part of New 
York City. The accident involved a tank 
that had been used to store liquefied nat
ural gas. From outside to inside the tank 
consisted of a concrete wall. an insulat
ing layer of polyurethane foam and a 
container for the liquid. The container 
was a membrane made of aluminized 
Mylar plastic film. 

After the tank had been in operation 
for about two years a leak developed in 
the Mylar film. The tank was shut down 
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and the liquefied natural gas in it was 
pumped out and vaporized for local 
consumption. Nitrogen gas was then 
blown into the tank to warm it and to 
eliminate any residue of flammable va
por. Eventually air was admitted to the 
tank and workmen entered to begin re
pairs. 

While the workmen were in the tank 
the insulation somehow caught fire. Hot 
gases from the combustion raised the 
internal pressure. The roof rose. as it 
had been designed to do if excessive 
pressure developed in the tank; in set
tling it collapsed into the tank. killing 40 
workers. Even though the accident did 
not involve any liquefied natural gas or 
endanger the public safety, it aroused 
local opposition to a terminal that was 
under construction nearby for the im
portation of liquefied natural gas. An
other source of concern was the fact that 
the terminal would bring ships carrying 
liquefied natural gas into waters where 
marine accidents had occurred. The is
sue of whether or not the terminal is to 
be operated remains unresolved. 

Most of the questions concerning the 
safety of liquefied natural gas relate to 
tankers and storage tanks. We shall dis
cuss some typical designs before return
ing to the safety question. 

The 35 liquefied natural gas tankers 
now in operation have an average ca
pacity of 46,000 cubic meters of liquid; 
41 other tankers that are under con
struction or in the design stage have a 
mean capacity of 124,000 cubic meters. 
As we have mentioned, plans are being 
laid for vessels that will carry 165,000 
cubic meters. 

The tanks on a ship carrying liquefied 
natural gas must have double walls and 
insulation more than a meter thick to 
reduce the vaporization rate. Accord
ingly a collision that might lead to a loss 
of cargo would have to be considerably 
severer than it would if the ship were 
built like a petroleum tanker, where the 
tank is the hull of the ship itself. Acci
dents such as ramming and grounding 
are highly unlikely to cause the release 
of cargo from a ship carrying liquefied 
natural gas. 

The tanks on a given liquefied nat
ural gas ship have one of three basic 

designs. The first is freestanding tanks, 
which are separate from the hull except 
for support members. The outside of 
each tank is insulated. and a clearance 
may be left between the insulation and 
the hull. The second design is membrane 
tanks. which receive support from the 

SPECIALIZED SHIP of the type that is under construction by the General Dynamics Corpo
ration is designed to carry 125,000 cubic meters of liquefied natural gas in five spherical tanks. 
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hull through load-bearing insulation. 
The third design is spherical tanks that 
are built outside the ship and then low
ered into prepared spaces during the fi
nal stages of its construction. With all 
three types of tank the primary contain
er for the liquid is made of welded met
al. In addition the freestanding tanks and 
the membrane tanks are required by the 
U.S. Coast Guard to have a secondary 
cryogenic barrier. (The requirement 
does not apply to spherical tanks be
cause they are built under conditions 
where the welds can be pretested for in
tegrity.) 

At sea a tanker carrying liquefied nat
ural gas presents an unusual profile. The 
density of the cargo is less than half the 
density of seawater, so that the ship 
rides high in the water. A typical ship 
has a draft of only 10 meters and a main 
deck that is from 20 to 25 meters above 
the waterline. Ballast tanks, which are 
filled with water, are required to provide 
stability on return voyages. At such 
times the tanker nonetheless carries a 
residual "heel" of liquefied natural gas; 
part of it is allowed to vaporize slowly to 
provide fuel for the ship, and the re
mainder serves to keep the temperature 
in the tanks low so that they do not have 
to be cooled before being loaded again. 

Since it is expensive to build and operate 
such a large and highly specialized ves
sel, its operators seek to minimize the 
amount of time the ship is idle. This ap
proach has led to the development of 
elaborate and efficient schemes for load
ing and unloading. Pipes carry liquefied 
natural gas between a ship and a tank on 
shore at a rate as high as some four cu
bic meters per second (50,000 gallons 
per minute). 

The storage tanks must be built of ma
terials that retain their strength at - 162 
degrees C. Carbon steel, which is the 
basic material for most steel construc
tion, is not satisfactory because it gets 
brittle at low temperatures. Certain ma
terials, however, have been extensively 
tested with liquefied natural gas and 
found to be suitable for the construc
tion of the inner tank, the one that ac
tually holds the cold liquid. The mate
rials include high-nickel steels, some 
aluminum alloys and prestressed con
crete. The insulation that is a requisite 
for every tank holding liquefied natural 
gas is put outside the structure that con
tains the liq uid and is held in place by an 
outer tank. The outer tank is what an 
observer sees. The insulation is usually 
the noncombustible material known as 
perlite. 

Storage tanks for liquefied natural gas 
at an import terminal are never small. A 
typical tank has an inner diameter of 55 
meters, an outer diameter of 58 meters 
and a height of 55 meters. It holds some 
90,000 cubic meters (550,000 barrels) of 
liq uefied natural gas. 

Each tank is surrounded by an im
poundment dike that must be capable of 
containing at least the entire contents of 
a full tank. In many cases the dike is 
built at some distance from the tank and 
is therefore fairly low (from two to 10 
meters high). Some recent designs have 
put the dike close to the tank, partly be
cause in the event of a fire the flames 
would be confined to a smaller area. 
Such a dike is likely to be almost as high 
as the tank itself. In addition to the dik
ing requirement, Federal regulations 
stipulate that a buffer zone wide enough 
to prevent another disaster of the Cleve
land type must be provided between the 
dike and the boundary of the facility. 

In the early stages of the development 
of facilities for liquefied natural gas 
there were plans to store the material in 
roofed holes in the ground. The lique
fied natural gas was expected to create a 
sealed cavity by freezing the adjacent 
soil. Experience with such tanks in the 
U.S. showed, however, that stresses 

Here the vessel is depicted in plan and elevation views. Each tank has 
an inside diameter of 120 feet and is heavily insulated to minimize 

vaporization of the cold liquid. Vapor that does form is put to use 
as supplemental fuel for the ship's engines, which usually burn oil. 
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build up in the frozen soil and cracks 
develop. The increase

"
in the amount of 

contact between the liquefied natural 
gas and the soil leads to an increased 
rate of heat transfer into the cavity. and 
the economics of the facility become 
marginal. Four such tanks in the U.S. 
have been abandoned; a few remain in 
operation in other countries. but they 
too are being phased out of service. 

In Japan. where land is scarce and 
earthquakes are a severe hazard. a num
ber of buried concrete tanks for lique
fied natural gas have recently been built. 
A tank of this kind typically has a 
foamed polymer inside the concrete as 
insulation. The insulation supports a 
membrane that functions as the seal for 
the liq uefied natural gas. 

o 0 
\J 

Liquefied natural gas has a number of 
interesting characteristics arising from 
the fact that methane. which is its main 
constituent. is mixed with small 
amounts of other compounds such as 
ethane. propane and nitrogen. One char
acteristic is the possibility of a "flame
less vapor explosion" when liquefied 
natural gas comes in contact with water. 
The phenomenon was first reported in 
1970 by David S. Burgess and his col
leagues at the U.S. Bureau of Mines. 
who were measuring the boiling rate of 
liquefied natural gas spilled on water. In 
the 56th test of an otherwise uneventful 
series a sharp explosion destroyed the 
experimental tank containing the water. 
Later a similar but larger explosion took 
place after about a quarter of a cubic 

meter of liquefied natural gas had been 
spilled on an open pond. In neither case 
did the material catch fire. 

To determine the cause of these ex
plosions Torr Enger and David E. 

Hartman of the Shell Pipe Line Corpor
ation carried out an extensive program 
of testing. They concluded that the ex
plosions resulted from the fact that a 
thin layer of the liquefied natural gas on 
the water had become so superheated 
that homogeneous nucleation of vapor 
occurred very rapidly. A flame less va
por explosion can happen only when the 
liq uefied natural gas incorporates sig
nificant fractions of ethane and propane. 
The range of composition is quite dif
ferent from that of typical liquefied nat-
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PROJECTS IN OPERATION 
PROJECTS UNDER CONSTRUCTION 

INTERNATIONAL TRADE in liquefied natural gas is sbown in terms of projects tbat are in 
operation, under construction or proposed. Tbe numerals represent billions of cubic meters 

PROPOSED PROJECTS 
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ural gas. which incorporates only small 
percentages of ethane and propane. 

Even when a flameless vapor explo
sion takes place. the damage is slight. At 
the Liquid Natural Gas Research Cen
ter of the Massachusetts Institute of 
Technology we measured pressures in 
the liquid close to the surface where the 
explosion occurs and found they were 
well below 690 kilonewtons per square 
meter (100 pounds per square inch). 
Since the pressure wave would attenuate 
rapidly with distance. if such an explo
sion took place on water adjacent to a 
tanker. it would have little effect on the 
hull of the ship. Pressures in the air 
above the explosion are of course even 
lower. 

A second interesting effect is that mix-
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tures of liquefied natural gas with differ
ing composition and density can strati
fy. This phenomenon was first recog
nized in 1971 after an incident at an im
port terminal in Italy. About 18 hours 
after a cargo of liquefied natural gas had 
been put into a storage tank the pressure 
in the tank began to rise. Soon the safety 
valves were actuated. and in the course 
of an hour some 150.000 kilograms of 
natural gas were vented. Fortunately the 
vented gas did not ignite and the pres
sure in the tank did not go high enough 
to cause any serious damage. 

An analysis of the incident revealed 
that the new load of liquefied natural 
gas had a higher density than the materi
al that was already in the tank. It was 
also warmer. Because of the difference 
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of na tural gas before liquefaction; the amount of liquefied natural gas moving in international 
trade or planned to be moved is about a six-hundredth the volume of the gaseous material. 

in density the new material, which had 
been loaded into the bottom of the tank. 
remained there. creating a two-layer 
system. Over the following 18 hours 
heat flowed into the tank through the 
bottom and the side walls. since even 
though the liquefied natural gas in the 
bottom layer was warmer than that in 
the top layer. it was still much colder 
than the surroundings. Such a flow of 
heat is normal, and in an unstratified 
storage tank it drives a convective circu
lation of liquefied natural gas that main
tains the entire contents of the tank well 
mixed and at essentially the same tem
perature. 

In a two-layer system the liquid in 
each layer still flows convectively. but 
the denser fluid is not sufficiently buoy
ant to enable it to penetrate the less 
dense upper layer. Thus energy can be 
stored in the denser layer. In time the 
transfer of heat and mass between the 
layers tends to equalize the difference in 
density. Then the layers may mix rapid
ly. As the material attempts to achieve 
thermal equilibrium. the intrusion of the 
warm bottom layer leads to a rapid gen
eration of vapor to release the excess 
energy that was accumulated while 
there were two layers. The contents of 
the tank have suddenly mixed. The phe
nomenon is commonly called rollover. 

Modern facilities have standard pro
cedures for preventing rollover. The less 
dense liquid may be loaded into the bot
tom of the tank and the denser into 
the top. This procedure tends to prevent 
stratification. Another option is to al
ways load the tank from the top; then . 
even if stratification occurs. the time re
quired for rollover is much longer than 
the residence time of liquefied natural 
gas in a storage tank at a typical import 
terminal. 

Problems other than flameless vapor 
explosions and rollover have re

ceived considerable attention. If lique
fied natural gas is spilled. it boils rapid
ly. Although the vapor is not toxic. it 
may in high concentration cause as
phyxiation by excluding oxygen. More
over. the low temperature of the materi
al may result in frostbite for anyone in 
the immediate vicinity of a spill. Both of 
these potential hazards are too localized 
to be of concern outside the boundaries 
of the facility. 

The major hazard of liquefied natural 
gas is fire. If a spill is ignited, it burns 
much like a pool of gasoline. If it is not 
ignited quickly. the flammable vapor 
may be carried by the wind until a 
source of ignition is encountered. Ex
periments in the U.S .. France and Japan 
have shown that once the vapor has 
been ignited a flame front burns back 
through the vapor toward the source 
from which the vapor came. 

Another serious question is whether a 
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fire in a cloud of vaporized liquefied nat
ural gas might develop into a detonation 
capable of producing a damaging blast 
wave. The consensus among workers 
who have studied the problem is that the 
probability of such an explosion in an 
unconfined space is small. The detona
tion of a vapor in open air has not been 
confirmed even when a high-explosive 
charge served as the initiator. Charles 
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D. Lind of the Naval Weapons Center at 
China Lake. Calif.. has been unable to 
obtain,detonations even with charges of 
up to two kilograms. 

Lind carried out his tests with mix
tures of methane and air enclosed in thin 
polyethylene hemispheres up to 20 me
ters in diameter. Ignition sources or ex
plosive charges were placed in the cen
ter at ground level, and the results were 

followed with high-speed photography. 
The polyethylene enclosure was de
stroyed by either the detonation of the 
high explosive or the resulting blast 
wave. but in no case did the combustion 
wave of the methane accelerate to be
come a detonation. Explosions of meth
ane-air mixtures have been demonstrat
ed in rigid enclosures. but normally the 
combustion wave must travel 30 meters 

STORAGE TANK designed to bold liquefied natural gas after it bas 
been delivered by tanker to an import terminal bas a capacity of 
90,000 cubic meters. Tbe tank is well insulated so tbat tbe liquefied 

natural gas, wbicb is stored at sligbtly more tban atmospberic pres
sure, does not vaporize too rapidly. Heating coils under tank serve to 
prevent frost beaves caused by temperature variations in tbe ground. 
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or more before it can become a self-sup
porting detonation wave. 

Tiquefied natural gas inside a storage 
L tank is innocuous; it cannot burn 
unless it is vaporized and mixed with air. 
Only if it is released can there be a haz
ard. Accordingly tankers and storage 
facilities for liquefied natural gas are 
designed and operated to prevent acci
dental release. 

Typicl!.lly tanks for liquefied natural 
gas are designed to meet standards that 
specify the severity of wind, earth
quakes and so on that the tank must 
withstand. The standard usually is the 
severest condition experienced with
in the past 50 or 100 years. Safety fac
tors, which are also laid down in build
ing codes, ensure that a tank will be able 
to withstand an even severer event. 
Moreover, in a storage facility it must 
be demonstrated that the public would 
not be endangered if the largest pipe 
connection to the tank should fail at the 
maximum rate of flow of liquefied natu
ral gas. 

Similar analyses of hazard are made 
for a liquefied natural gas tanker enter
ing a port. Data are collected on the traf
fic density and the type, speed and 
length of other vessels in nearby waters. 
Since the probability of collision should 
approach zero if the rules of the road are 
followed, analysts frequently make the 
conservative assumption that all ships 
move in a random manner. In any event, 
not all collisions would be severe 
enough to penetrate the double hull of a 
ship carrying liquefied natural gas deep 
enough to release any of the cargo. 
Therefore the analysis is carried further 
to estimate the minimum momentum 
and angle of impact for a striking ship to 
cause a major release of liquefied natu
ral gas. 

Only after careful analyses can one 
estimate the potential hazards to the 
public of an operation involving lique
fied natural gas. As an example, the risk 
associated with the proposed importa
tion of liquefied natural gas to Staten 
Island is estimated to be about one fatal
ity every 10 million years for people liv
ing or working along the approach route 
to the harbor. That level of risk is about 
10 times less than the risk of dying from 
a fire at home and about the same as the 
risk of being struck by lightning. 

Nevertheless, even though a facility 
can be designed to provide a high degree 
of safety in the event of the kind of acci
dent envisioned in the design standards, 
one may still postulate severer accidents 
resulting, say, from a massive earth
quake or from a sophisticated act of sab
otage. The sudden destruction of a tank 
containing liquefied natural gas would 
be expected to lead to a major fire with 
potentially disastrous consequences. 
Can society tolerate such a risk? 
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The general problem is not unlike the 
problems faced daily by industrial en
gineers and governmental regulatory 
agencies. For example, should a big jet 
airplane be allowed to fly over a crowd
ed public facility such as an athletic sta
dium? There is a low but always finite 
possibility of a crash with catastrophic 
results. 

Similar examples reveal that society 
tolerates certain highly improbable 
risks-risks that cannot feasibly be elim
inated by design-in order to reap the 
benefits of energy, consumer products, 
transportation, central water-supply 
systems and so on. On the basis of the 

studies that have been made of the haz
ards of liquefied natural gas and the ex
perience that has been gained in several 
countries in handling the fuel on a large 
scale. it seems reasonable to say that the 
hazards are similar to those involved in 
handling other fuels such as gasoline. 
propane (liquefied petroleum gas) and 
gaseous natural gas. Liquefied natural 
gas therefore appears to be a promising 
alternative source of energy. Moreover, 
it can be expected that further experi
ence in handling liquefied natural gas 
and further research by the industry and 
by regulatory agencies will raise the lev
el of safety in its use even higher. 
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The· Collision 

between India and Eurasia 

For the past 40 million years the Indian subcontinent has been 

pushing northward against the Eurasian land mass, giving rise to 

the severest earthquakes and the most diverse land forms known 

by Peter Molnar and Paul Tapponnier 

T
he region of the earth that exhibits 
the greatest diversity of geology, 
topography and climate, together 

with a strong susceptibility to major 
earthquakes, is the part of Eurasia that 
lies east of the Ural Mountains and 
north of the Ganges, embracing north
ern India, Pakistan, Afghanistan, the Ti
betan plateau, Mongolia, most of China 
and a large part of the eastern U.S.S.R. 
This profoundly disarranged region is 
roughly equal in area to all of North 
America from the Rio Grande to 60 de
grees north latitude, the parallel that 
crosses the northern tip of Labrador on 
the east and Cook Inlet in Alaska on the 
west. The world's highest mountains, 
the· Himalayas, rise abruptly from the 
flat, densely populated Ganges Plain in 
northern India and shield the Tibetan 
plateau from the seasonally shifting 
monsoon winds of southern Asia. Tibet 
supports a population of less than 1.5 
million in an area somewhat larger than 
Texas, Oklahoma and New Mexico 
combined. Tibet's average elevation is 
5,000 meters, higher than any point in 
the 48 contiguous states of the U.S. In 
contrast, eastern China has abundant 
rainfall and supports a population of 
close to a billion. (As long ago as 1556 a 
single earthquake near Sian, then the 
capital of China, is known to have killed 
830,000 people.) The broad, high moun
tainous zone that includes the Himala
yas and the Tibetan plateau presents 
such a barrier to travel that throughout 
history the populations of India and 
China have had remarkably little con
tact. North of Tibet the Gobi Desert 
presents another formidable barrier to 
migration and communication. The 
Tarim Basin, part of the Gobi Desert, is 
one of the driest and most inhospitable 
regions on the earth. Mountains as high 
as 5,000 meters surround it on three 
sides. Nearly constant winds blow 
across the basin with such force that 
they pile up sand dunes as much as 150 
kilometers long with wavelengths of 
three to five kilometers, clearly visible in 

30 

satellite pictures. North of the Gobi 
Desert, Lake Baikal. at 1.800 meters the 
deepest lake in the world, fills the Baikal 
rift zone, a huge crack in the earth's 
crust similar to the one in East Africa. 

Although the geology of Asia seems 
to present a chaotic jumble of land 
forms, much of the deformation of the 
surface, when it is viewed as a whole 
with the help of satellite photographs, 
seems to fall into a simple, coherent pat
tern attributable to a single cause: a geo
logical collision between the Indian sub
continent and the rest of Eurasia. This 
collision is still in progress. As an exam
ple of its current effects, we believe the 
great earthquake that devastated the in
dustrial city of Tang Shan last summer 
was the result of forces originating in the 
collision area 2,500 kilometers to the 
southwest. 

The possibility of quantitatively ana
lyzing the collision between India and 
Eurasia has developed only in the past 
10 years. The hypothesis of sea-floor 
spreading was first advanced in the mid-
1960's to explain the mid-ocean ridge, 
the great mountain range on the ocean 
floor- that runs for 40,000 kilometers 
across the world's ocean basins. At a rift 
in the crest of the ridge molten rock 
wells up from the mantle below and fills 
the gap that is left as the ocean floor on 
each side of the rift moves outward. It 
was also recognized that the ocean floor 
is magnetized in stripes of opposite po
larity, depending on the magnetic polar
ity of the earth itself at the time the mol
ten rock crystallized. (For reasons still 
not known the earth's magnetic polarity 
reverses at intervals of several hundred 
thousand years.) The study of magnetic 
reversals in the floors of the Indian and 
Atlantic oceans showed that India had 
traveled 5,000 kilometers with respect 
to Eurasia before the two collided. Since 
the beginning of the collision India has 
continued to move northward another 
2,000 kilometers with respect to Eur
asia. How can one account for the vast 
area of land that was displaced by the 

collision? We shall describe our hy
pothesis to account for the displace
ment and present the evidence support
ing it. 

The recognition of sea-floor spread
ing, which confirmed earlier conjec

tures of continental drift, quickly led to 
the much broader concept of plate tec
tonics, a concept that has inspired the 
renaissance in the earth sciences. Plate 
tectonics provides a physically simple 
mechanism for large-scale horizontal 
motions of separate portions of the 
earth's crust and makes it possible to be 
quantitatively precise in describing the 
kinematics of continental drift. One of 
the central concepts of plate tectonics is 
that a small number of large plates of 
the lithosphere, the high-strength outer 
shell of the earth, move rigidly with re
spect to one another at rates of one cen
timeter to 20 centimeters per year over 
the hotter, low-strength asthenosphere 
under them. Some 100 kilometers thick, 
this outer shell consists of the earth's 
crust and the upper part of the mantle. 
Thus in plate tectonics the earth's crust, 
which is both lighter than and chemical
ly different from the mantle under it, is 
visualized as being carried passively as 
part of a lithospheric plate. 

It is ironic that Alfred Wegener, who 
was probably the most important early 
proponent of continental drift, based 
much of his argument on the difference 
between the continental crust and the 
oceanic crust. The continental crust, 
which stands high above the oceanic 
crust, has deep roots going down about 
35 kilometers, whereas under the oceans 
the crust is only about six kilometers 
thick. Wegener viewed the continents as 
sturdy ships sailing majestically through 
the much weaker crust and mantle un
der the oceans. In actual fact, as is rec
ognized in plate tectonics, the ocean
ic crust and upper mantle-the lith
osphere-are extremely strong. They 
seem to be deformed only at the bound
aries of plates, so that the relative mo-
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tion of the plates can be described as the 
motion of rigid bodies. 

The continents usually act as rigid 
structures when they lie entirely within 
one plate. When a boundary between 
two plates passes through a continent. 
however. it is generally more diffuse 
than the boundary between two oceanic 

plates or the boundary between an oce
anic plate and a continental one. and 
it is accordingly much more difficult 
to define. Such diffuseness is apparent 
throughout the Mediterranean area. and 
it is particularly evident in Asia. where 
the India and Eurasia plates are con
verging. 

Before proceeding further we should 
like to emphasize the important role 
played in plate tectonics by the differ
ence between continents and oceans. 
Oceanic crust is formed as a part of the 
lithosphere at spreading ocean ridges. 
The oceanic lithosphere cools. shrinks 
and gets denser as it moves away from 

PORTION OF ALTYN TAGH FAULT, photographed from an al
titude of 950 kilometers by the Earth Resources Technology Satellite 
(ERTS) in February, 1973, is some 1,200 kilometers north of Mount 
Everest in the Sinkiang region of China. The fault, which slants to the 
upper right corner from the lower left, may be the greatest active con
tinental strlke-slip fault in the world. The term strike-slip means that 
the two sides of the fault are sliding past each other in opposite direc
tions. The southern block of the Altyn Tagh fault is evidently being 
driven to the right, or eastward, with respect to the northern block as 

a consequence of the coUision of India with the southern margin of 
Eurasia. The collision began some 40 million years ago and is contin
uing. About 180 kilometers of fault appears here. Entire fault can be 
traced for more than 2,500 kilometers if one includes Kansu fault, 
with which it merges at its eastern end (see map on pages 36 and 37). 
This ERTS photograph and those on pages 39 and 41 are reproduced 
with south at the top, so that topographical features are illuminated 
from the top. Otherwise shadows would point upward and the relief 
would tend to reverse so that the valleys would appear to be ridges. 
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the spreading center. An amount of 
crust equivalent to the amount added at 
a spreading ridge must return continu
ously to the mantle. This happens at 
subduction zones, where the oceanic 
lithosphere plunges into the astheno
sphere, pulled down because the de
scending lithosphere is cooler and there
fore slightly denser than the astheno
sphere surrounding it. Although the 
oceanic crust is about 15 percent less 
dense than the mantle, it is sufficiently 
thin to be carried down as part of the 
lithosphere. This appears to happen in 
many places, typically forming deep 
trenches adjacent to island arcs such as 
those rimming the western Pacific. 

Consider, however, what happens 
when a continent riding on the downgo
ing slab of lithosphere tries to plunge 
into the asthenosphere, traveling behind 
the consumed oceanic lithosphere. The 
continental crust, some 35 kilometers 
thick and almost 20 percent less dense 
than the mantle, is both too thick and 
too light to be carried down into the 
asthenosphere. Thus the buoyancy of 
the continental crust keeps it from being 
subducted and probably explains the 
fact that whereas the oceanic crust recy
cles itself about every 200 million years, 
large areas of the continents have exist
ed for billions of years. 

When two continents collide, they 
suture themselves together to 

form a larger continent. Either the rela
tive motion of the two plates on which 
the continents ride will change or a new 
boundary will form between the plates 
at a different place. Geologic history 
provides several examples. Some 250 
million years ago Europe and Siberia 
were sutured at the Ural Mountains, 
and at about the same time North 
America and Africa were sutured at the 
southern Appalachians, before the pres
ent-day Atlantic Ocean formed. When 
one looks at a geological map of Asia, 
several ancient sutures are apparent. A 
few years ago Peter N. Kropotkin, the 
first well-known Russian geologist to ac
cept continental drift (and the great
nephew of the famous anarchist of the 
same name), described Eurasia as a 
"composite continent" to which frag
ments have been successively sutured by 
collision over the past 800 million years. 
Most of the sutures in Eurasia appear to 
be older than 200 million years; only the 
suture between the Indian subcontinent 
and the rest of Eurasia appears to be 
younger. Here we shall consider only 
this most recent collision and its conse
quences. 

Although we argue that typical plate 
tectonics does not seem to apply to the 
portion of Asia that lies between India 
and Siberia and is tectonically active to
day, plate tectonics can be used to place 
constraints on the history of the relative 
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motion of the India and Eurasia plates. 
We can exploit the fact that if we know 
the history of the relative motion of 
plate a and any two other plates, band c, 
we can calculate the history of the rela
tive motion of band c. From geological 
studies in the North Atlantic by Jean 
Francheteau of the Centre Oceanolo
gique de Bretagne in France and by 
Walter C. Pitman III and Manik Tal
wani of the Lamont-Doherty Geologi
cal Observatory of Columbia Universi
ty we know how both Eurasia and Afri
ca moved with respect to North Ameri
ca, and thus we can calculate how they 
moved with respect to each other. Simi
larly, from the work of Robert L. Fisher 
of the Scripps Institution of Oceanogra
phy, D. P. McKenzie of the University 
of Cambridge and John G. Sclater of the 
Massachusetts Institute of Technology 
we know how India and Africa moved 
with respect to each other and therefore 
we can calculate where India was with 
respect to Eurasia at different times in 
the past. 

We do not know where the northern 
margin of the original Indian continent 
lies with respect to India today, because 
that margin has been much deformed in 
the creation of the Himalayas. For the 
purposes of calculating how much the 
India and Eurasia plates moved with re
spect to each other in different intervals, 
however, our ignorance on this point 
does not matter. Moreover, although we 
do not know how far north of India the 
old margin lies, we can determine from 
the geology of Asia the position of the 
boundary between rocks of the present 
Indian subcontinent and those that were 
part of Eurasia long before the collision. 

The primary evidence used to deline
ate a suture between two continents is 
the existence of the sequence of rocks 
known as an ophiolite suite. Ophiolites 
have three distinguishing characteris
tics. They show a particular sedimen
tary sequence incorporating bedded 
cherts, which are characteristic of deep
ocean sedimentary deposition. They 
contain remnants of pillow basalts: ig
neous rocks of lumpy form that are typi
cal of basaltic lava extruded under wa
ter, as at spreading ocean ridges. And 
they incorporate dense, dark rocks low 
in silicon dioxide known as ultramafics, 
which are thought to be typical of the 
mantle. Ophiolites are interpreted as be
ing a slice of the oceanic crust and upper 
mantle; accordingly their presence im
plies the former existence of an ocean 
basin. 

A belt of ophiolites follows the Indus 
and Tsangpo valleys in southern Tibet 
north of the Himalayas; it appears to 
mark the boundary between the sutured 
continents. Somewhat farther north 
there are volcanic rocks typical of those 
found at subduction zones, as in the An
des of South America. Just as oceanic 

COLLISION between India and Eurasia ap
pears to have compressed and distorted the 
earth's crust from the Himalayas to Siberia 
and from Afghanistan to the coast of China. 
Immediately north of the Himalayas, Tibet 
has been raised to an average elevation of 
5,000 meters. The Tibetan plateau is drained 
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to the east by a series of great rivers that arise in nearly parallel chan
nels but eventually fan out into rich deltas along an arc extending 
from the Bay of Bengal to the Yellow Sea. To make the geography and 
distances more familiar one can imagine a map of North America 
traced on top of this one so that the Rio Grande is roughly aligned 
with the Ganges, which would place Brownsville, Tex., close to Cal
cutta. (Actually Calcutta is about four degrees farther south than 

Brownsville.) Los Angeles would then coincide approximately with 
Kandahar in Afghanistan, Miami would be near Hanoi, and Port
land, Me., would be close to Peking. The Himalayas would sweep in a 
great arc from Nevada-Utah border to Mississippi, crossing Arizona, 
New Mexico, Texas and Louisiana. Tibetan plateau would include 
Colorado, Nebraska, Kansas, Oklahoma, Iowa and Missouri. Far to 
the north Lake Baikal would cut across northernmost tip of Quebec. 
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FAULT PLANE 

d 

DURING AN EARTHQUAKE one block of the earth's crust slips 
with respect to an adjacent block along a fault plane. In a normal 
fault (b) the blocks act as if they were being pulled apart. The over
lying block slides down the dip of tbe fault plane. In a thrust fault (c) 
the overlying block is forced up the dip of the fault plane because the 

maximum compressive stress is horizontal and perpendicular. In a 
strike-slip fault (d) the two blocks slide past each other. Lateral slip
page can be combined with normal or thrust faulting. From an anal
ysis of the seismic waves generated by an earthquake, called a fault
plane solution, one can tell what kind of fault motion has occurred. 

crust now plunges to the east under the 
Andes. presumably the old ocean floor 
between India and Eurasia plunged to 
the north under Tibet. In contrast the 
Himalayas. south of the suture. consist 
of slices of the old northern portion of 
India that have been stacked one on top 
of another to form the mountains. Pat
rick LeFort of the Centre de Recherches 
Petrographiques et Geochimiques in 
France and Maurice Mattauer of the 
University of Montpellier have shown 
that there is a progression from north to 
south in the piling up of such slices. so 
that the oldest thrust is to the north. The 
next step will probably be for a new 
fault to form farther south on the Gan
ges Plain and for material to the north of 
it to slide up and over the plain to the 
south. 

Although the geology of the Himala
I\. yas and Tibet is not well enough 
known to enable us to reconstruct the 
position of the northern margin of the 
original Indian continent. it does place 
important constraints on when India 
and Eurasia could have collided. Four 
observations imply a date of between 40 
and 60 million years ago. First. from 
geological investigation of the ophio
lites in the area. Augusto Gansser of the 
Swiss Federal Institute of Technology 
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found "exotic blocks" of the late Creta
ceous (about 70 million years ago) with
in the suite. Thus the ophiolites must 
have been part of an ocean floor until 
after that time. 

Second. Gansser describes a sequence 
of sedimentary rocks on the northern 
edge of the Himalayas that is typical of 
sequences found on continental shelves 
and slopes and that begins in the Cam
brian (about 500 million years ago) and 
continues until the early Eocene (about 
55 million years ago). Hence there ap
pears to have been an ocean between 
the converging continents until approxi
mately that time. 

Third. there is no known fossil record 
of mammals in India before about 50 
million years ago. Ashok Sahni and 
Vimal Kumar of Lucknow University 
in India report that the oldest mammals 
in India date from the middle Eocene 
(about 45 million years ago). The first 
Indian mammals are similar to those 
found in Mongolia. Thus although 
mammals had evolved on other conti
nents. it appears that they did not evolve 
independently in India. indicating that 
the continent remained isolated until 
about 45 million years ago. The colli
sion enabled a horde of Mongolian 
mammals to sweep into India. Fourth. 
Gansser infers that major mountain 

building in the Himalayas began in the 
Oligocene (about 35 million years ago). 

These observations do not enable us 
to determine precisely when India and 
Eurasia collided. but we think the event 
probably occurred 45 million years ago. 
give or take a few million years. It is 
highly improbable. however. that the 
old lllargins of India and Eurasia met 
flush along their full length. It is more 
likely that they first made contact when 
peninsulas met and that with the passage 
of time the zone of contact grew until 
the ocean basin between the continents 
was swallowed up. Thus we consider it 
likely that the initial contact may have 
been a few million years earlier than in
timate contact. 

From the history of sea-floor spread
ing in the Indian Ocean one can calcu
late the relative positions of India and 
Eurasia over some tens of millions of 
years. One can see immediately that be
tween 70 and 40 million years ago India 
moved about twice as far with respect to 
Eurasia as it has since then. A plot of the 
distance of the northeast and northwest 
corners of India at different times in the 
past from their present positions shows 
that the rate of convergence between 
them changed by a factor of two about 
40 million years ago. Given the uncer
tainties in the data the change in rate 
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could have come a few million years 
later or as much as 10 million years ear
lier. In any event we interpret the change 
in the rate at which India approached its 
present position as an indication that the 
first stages of collision came at about the 
same time as the change in rate. and that 
the buoyant continental crust of India. 
instead of being subducted. put a brake 
on the northward motion of the India 
plate. 

Although the reconstructions provide 
support for the view that continental 
crust cannot be subducted. they leave us 
with what may be a more difficult prob
lem. If we conclude that India and Eur
asia collided 40 million years ago. we 
must also conclude that since then India 
has traveled northward about 2.000 kil
ometers with respect to Eurasia. If the 
continents collided earlier. the distance 
covered is even greater. Bearing in mind 
that continental crust cannot be sub
ducted, we are faced with the problem 
of accounting for the displacement of a 
piece of crust that has an area the width 
of India and is 2.000 kilometers long. 

The continuing northward motion of 
India at a rate of about five centimeters 
per year is probably responsible for the 
widespread tectonic activity in Asia. For 
example, seismic activity is detected 
over an area extending some 3.000 kil
ometers north and east of the Himala
yas. Among the 22 greatest earthquakes 
listed by Beno Gutenberg and Charles 
F. Richter of the California Institute of 
Technology for the period 1897-1955. 
seven occurred in central and eastern 
Asia. four of them north of the Himala
yas. The deformation of the surface of 
the earth that accompanied some of 
these earthquakes was huge. The 1957 
Gobi-Altai earthquake in Mongolia, 
which came after the Gutenberg-Rich
ter study and would probably have been 
too small to have been included. caused 
displacements of as much as 10 meters 
along the main fault associated with the 
earthq uake. Such large displacements 
along faults seem to have been charac
teristic of several of the great earth
quakes in Asia. In any case it is clear that 
the region as a whole does not act as a 
rigid plate. 

Asia is known for high mountains not 
only in the Himalayas and Tibet but also 
farther north and east. where in the Tien 
Shan and N an Shan ranges there are 
peaks of up to 6.000 meters. Ordinarily 
high mountains are rapidly worn down 
by erosion, so that their existence im
plies large crustal movements in recent 
geologic times. Studies cond ucted by 
Russian geologists (V. N. Krestnikov, 
A. V. Goryachev. S. A. Zakharov and 
others) show that the area of the Tien 
Shan range was nearly fiat from 200 mil
lion years ago to 30 or 40 million years 
ago. and that it has been elevated since 
then. Although other reports we have 
seen are less definitive. they do suggest 
that the relief in Mongolia and China 

71 MILLION 
YEARS AGO 

55 MILLION 
YEARS AGO 

INDIA'S NORTHWARD DRIFT bas been reconstructed from magnetic reversals in tbe 
floors of tbe Indian and Atlantic oceans. As molten rock welled up into tbe rift in tbe ocean 
floor and bardened it became magnetized according to tbe prevailing polarity of tbe eartb's 
magnetic field. At infrequent and irregular intervals tbe eartb's polarity cbanges, leaving a rec
ord tbat can be dated. Tbis "time lapse" reconstruction sbows tbat India traveled some 5,000 
kilometers nortbward witb respect to Eurasia in tbe 20 to 30 million years before its collision 
witb Eurasia. Over tbe past 70 million years tbe nortbeastern tip bas actually traveled some 
7,000 kilometers. Velocity for continent as a wbole was about 10 centimeters per year for tbe 
first 30 million years and about five centimeters per year for tbe next 40 million. In tbis recon
struction it is arbitrarily assumed tbat the boundary of Eurasia is fixed in its present location. 
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today is comparably new. Hence the de
formation of a large part of the crust of 
Asia appears to have begun after the 
collision with India. We infer that the 
penetration of India into Eurasia caused 
the deformation. 

In trying to explain how India could 
have traveled 2.000 kilometers after 

it began to collide with Eurasia we obvi
ously have greater freedom in account
ing for the material displaced if we 
imagine its being absorbed over several 
million square kilometers rather than in 
a narrow zone near the suture. The for
mation of the Himalayas can account 
for only a fraction of the material dis
placed. so that it remains necessary to 
explain where the rest of it has gone. 
One method that has proved to be par
ticularly useful for deciding how mate
rial is displaced in oceanic regions at 
present is the determination of "fault
plane solutions" of earthquakes. Such 
solutions reveal the direction of relative 
movement along the fault. From the 
study of the waves radiated by an earth
quake one can determine both the type 
of faulting that took place during the 
earthquake and the direction of motion 
of one side of the fault with respect to 
the other. 

Geologists classify faults in three 
main categories. A normal fault results 
when stresses directed horizontally 
cause one side of the fault to sink with 
respect to the other. A thrust fault is 
produced when compressive stresses 
drive one side of a fault over the other 
side. In a strike-slip fault the two sides of 
a fault slide horizontally past each oth
er. If the opposite side of the fault moves 
to the left. as viewed from either side. 
the movement is termed left-lateral dis
placement. Movement in the opposite 
sense is right-lateral displacement. 
Working with Thomas J. Fitch. who is 
now at the Lincoln Laboratory of 
M.LT .. and Francis T. Wu of the State 
University of New York at Binghamton. 
we have compiled fault-plane solutions 
for some 75 earthquakes in Asia. 

Studies of earthquakes in the Himala
yas corroborate geological observations 
and show that India is continuing to 
thrust under the Himalayas in a norther
ly to northeasterly direction. Over the 
past 50 years several investigators have 
suggested that the northern margin of 
India was also thrust under the Tibetan 
plateau and that Tibet is at a higher alti
tude because of it. We and many other 
geologists now find this very unlikely. 
We see no evidence of such underthrust
ing going on now. and mechanically 
such a phenomenon seems highly con
trived. 

More recently John F. Dewey and 
Kevin Burke of the State University of 
New York at Albany have suggested 
that the Tibetan plateau is a result of a 
shortening of the crust in the entire Ti-
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betan-Himalayan region. with the Ti
betan crust behaving like an accordion. 
contracting horizontally and expanding 
vertically. Although we are not con
vinced that this concept is inapplicable 
to Tibet. we see no persuasive evidence 
for accepting it. For one thing. studies 
of earthquakes show that Tibet is not 
shortening but is stretching in an east
west direction. Moreover. from a com
parison of satellite photographs of Tibet 
with those of other mountainous areas 
in Asia where shortening is currently 
taking place. the surface deformation of 
the Tibetan plateau appears to be much 
less. and if folding of the crust has oc
curred. it is less recent. Nevertheless. 
even if the thickness of the crust has 
doubled in Tibet as a result of pressure 
from the south. only 600 or 700 of the 
2.000 kilometers can be explained in this 
way. 

In the Tien Shan area the pattern of 
deformation is again dominated by 
thrust faulting. with shortening in a 
northerly direction. The Russian seis
mologist V. L Ulomov estimates that 
the amount of shortening in the western 
part of the area is about 300 kilometers. 
a figure arrived at by imagining what 
would happen if the thickened crust 
there was flattened out (in his words 
"with a rolling pin") to normal thick
ness. For most of the rest of Asia fault
plane solutions of earthquakes indicate 
the overall predominance of strike-slip 
faulting. Thrust faulting is characteris
tic in only limited areas; normal faulting 
is fairly uncommon. For example. in 
Mongolia most earthquakes are associ
ated with strike-slip faulting. In any case 
earthquakes in Mongolia exhibit a fair
ly consistent northeast-southwest orien
tation of the maximum compressive 
stress. Although the pattern east of Ti
bet is more complex. it is similar to the 
pattern in Mongolia. 

Thus the faulting associated with 
earthquakes indicates that much of Asia 
is being squeezed in a direction lying 
between north-south and northeast
southwest. a pattern that is compatible 
with India's northward motion. The 
squeezing causes the crust in parts of 
Asia to shorten and thicken. Here again. 
however. even if one adds a possible 700 
kilometers of crustal shortening in Tibet 
to 300 kilometers in the Tien Shan area. 
one can still account for only 1.000 kil
ometers of shortening. or half of India's 
total travel toward Eurasia since the be
ginning of the collision. Another expla
nation must be sought for the remaining 
1.000 kilometers of displacement even 
if we are wrong in doubting the "accor
dion" shortening in Tibet. 

The satellite pictures of Asia play a 
central role in leading us to an alter

native explanation for the 2.000 kilome
ters of convergence between India and 
Eurasia. Perhaps the most striking fea-
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PRINCIPAL TECTONIC FEATURES that are thought to be associated with continuing 
northward push of the India plate againstthe Eurasia plate have been plotted by the authors, 
partly on the basis of the analysis of ERTS photographs and partly on the basis of studies of 
major earthquakes (colored dots), which reveal how the crust has moved along faults. The 
straight lines without arrowheads through dots indicate thrust faults. The double-headed ar
rows indicate normal faults. The pairs of anti parallel arrows indicate movement along strike
slip faults. The areas in color appear to be zones of recent uplift resulting from crustal shorten
ing. The overall impression is that the large Eurasian land mass that lies to the west of 70 de
grees east longitude has remained more or less undeformed as China bas been pushed to east. 
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CROSS SECTION OF THE COLLISION between India and Eurasia plates is shown schemat
ically. The upper diagram shows a cross section through the lithosphere and the asthenosphere 
about two million years before actual contact, when the land masses were still separated by 
about 200 kilometers of ocean. At that time the lithospheric plate carrying India was plunging 
under the Eurasia plate as today the Pacific plate is plunging under the South America plate, 
creating the Andes along the west coast of South America. The black dots show how earth
quakes tend to cluster along the boundary between plates and within the descending plate. The 
lower diagram depicts the situation today. The suture line, the Indus suture, is marked by the 
presence of ophiolites: sequences of rocks containing ocean sediments and showing other char
acteristics of having been formed in a suboceanic environment. Earthquakes are more dif
fusely distributed and shallower than they were before the collision. The Himalayas are slices 
of old Indian crust that have overthrust rest of India to the south, creating new faults that mi
grate southward. Active faulting seems to occur on main boundary fault. Crust under Tibet ap
pears to be unusually hot; lithosphere there may be so thin that bottom may lie within crust. 

RIGID PLASTIC BODY 

GEOMETRY OF SLIP LINES observed when an indenting tool made of a hard material such 
as steel is pressed into a softer material such as brass bears a striking resemblance to the distri
hution and directional sense of strike-slip faults in Asia. The slip lines are probably less sym
metrical in Asia than they are in idealized case because of asymmetry of boundary conditions. 
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tures seen in aerial photographs of any 
kind are strike-slip faults. They usually 
appear as sharply defined linear features 
in the topography. In Asia the strike-slip 
faults are among the clearest in the 
world. Although some of these faults 
were known from displacements during 
earthquakes or from geological studies, 
it appears that until recently some were 
not known, at least to most geologists. 

The Talasso Fergana fault in the Tien 
Shan area is well known to Russian geol
ogists and also stands out clearly in sat
ellite pictures. The sharp bends in the 
ridges near the fault trace distinctly 
show that the sense of motion for the 
fault is right lateral. The Bolnai, or 
Khangai, fault in northern Mongolia 
ruptured in 1905 during one of the 
greatest earthquakes of the century. Al
though the Bolnai fault is little known 
outside Mongolia and the U.S. S.R .. it 
too shows up clearly in satellite photo
graphs. Detailed fieldwork by the Rus
sian geologists S. D. Khilko, N. A. Flo
rensov and their colleagues shows that 
left-lateral displacement of a few meters 
extended for a distance of 370 kilome
ters during the 1905 earthquake. Per
haps the longest and greatest strike-slip 
fault in the world is the Altyn Tagh fault 
just north of Tibet. As far as we can 
determine it was unknown as an active 
fault, at least outside China, until the 
satellite pictures became available. 

For us the recognition of major strike
slip faults in Asia was an exciting mo
ment because it was immediately clear 
that there is a fairly simple pattern to 
them. By combining fault-plane solu
tions of earthquakes in Asia with the 
observed displacements on the earth's 
surface following some of the largest 
earthquakes and with the tectonic fea
tures linked to the faults that are visible 
in the satellite pictures we have been 
able to determine the sense of motion 
associated with the principal faults. In 
China and Mongolia the strike-slip 
faults generally run approximately east
west and consistently with left-lateral 
motion. Faults in the Tien Shan area, 
and some in or near Mongolia. run 
north-south or northwest-southeast and 
consistently with right-lateral motion. 
This is the pattern one would expect 
from a squeezing of the region in a di
rection lying between north-south and 
northeast-southwest, a squeezing that 
the collision between India and Eurasia 
would probably cause. Moreover, the 
predominance of strike-slip motion sug
gests that .the northward motion of India 
is accommodated essentially by materi
al moving out of the way of the imping
ing continents. 

In general the clearest, and therefore 
presumably the most important, faults 
are left-lateral faults that run east-west. 
Thus most of the lateral displacement of 
China out of the way of India would be 
to the east. This is understandable; ma
terial displaced to the west would have 
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to push against thousands of kilometers 
of the Eurasian land mass. The motion 
of China to the east is easily accommo
dated by its thrusting over the oceanic 
plates along the margins of the Pacific. 
Anyone who squeezes a tube of tooth
paste experiences a homely analogy to 
this type of displacement. The thumb 
and fingers correspond to Ind.ia and the 
rest of Eurasia. The closed end of the 
tube is analogous to the vast continental 
region of Eurasia that essentially blocks 
large-scale movement. toward the west. 
The open end of the tube is analogous 

to the subduction zones of the western 
Pacific. with China and Mongolia acting 
as the toothpaste. 

The existence of major strike-slip 
faults also helps to account for some 
other apparent peculiarities in the ge
ology of Asia. Although most of Asia 
appears to be experiencing horizon
tal compression in a direction between 
north and northeast. there are two nota
ble exceptions. Lake Baikal occupies a 
part of the Baikal rift system that is an 
expression of a northwest-southeast ex
tension. Similarly. Deng Qidong and his 

colleagues at the Geological Institute in 
Peking describe the Shansi graben in 
eastern China as a rift system created by 
another extension with the same orien
tation. We interpret both of these sys
tems as being partly the result of their 
proximity to strike-slip faults and as be
ing comparable to the tension cracks 
that develop at the ends of shear cracks. 

On this interpretation. after India col
lided with Eurasia the relative velocity 
of motion decreased. but India contin
ued to drive into Eurasia at a rate of five 
centimeters per year. In so doing it 

CRUSTAL THICKENING AND SHORTENING appear to have 
taken place in the region of the Tien Shan range southeast of Lake 
Balkhash, as is indicated in this ERTS photograph centered on 40.5 
degrees north latitude and 78.5 degrees east longitude. The picture 
shows folded sedimentary formations on the south side of the Tien 
Shan resulting from thrust faults in the crust under the sediments and 

dipping to the north under the Tien Shan. Seismic studies show that 
the crust is 20 to 30 kilometers thicker to the north of the Tien Shan 
than it is in stabler adjacent areas. This fact suggests that the earth's 
crust in the eastern portion of the Tien Shan has been shortened, or 
compressed, by as much as 300 kilometers, presumably because of 
the northward thrust of India, more than 1,000 kilometers away. 
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squeezed up mountains in front of it. but 
more important it pushed material out 
of its way. The flow of that material may 
have opened up rift valleys in a direction 
perpendicular to the direction of short
ening. so that in a sense India has 
wedged Eurasia apart. The overall pat
tern of deformation is physically similar 
to that caused by the indentation of a 
piastic medium by a blunt tool. We 
think the solutions developed by me
chanical engineers for indentation prob
lems may enable us to treat the state of 
stress in Asia quantitatively and may 
lead to a better understanding of the 
large-scale deformation of continents. 

The basic unproved assumption in the 
scheme we have been describing is that 
large horizontal displacements have ac
tually occurred on the strike-slip faults 
of Asia. To the best of our knowledge 
the most thoroughly studied of these 
faults is the Talasso Fergana fault in the 
U.S.S.R. There is controversy among 
Russian geologists over how much dis
placement has taken place on the fault. 
but V. S. Burtman suggests that it may 
amount to 200 to 250 kilometers of 
right-lateral motion. He suggests. how
ever. that much of the displacement oc
curred before India collided with Eur
asia. He is unable to estimate how much 

GOBI-ALTAI EARTHQU AKE OF 1957, which occurred along the Bogdo fault in the Gobi 
Desert, gave rise to the crustal displacements shown in these photographs made by the geolo
gist V. P. Solonenko. The earthquake, whose magnitude was 7.9 on Richter scale, produced 
a left-lateral strike-slip motion, which means that far block, as viewed from either side, moved 
to left. Motion reached 10 meters, among largest strike-slip displacements of recent times. 
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has taken place since then. As for the 
other faults. we can only say that most· 
of them are as prominent on the satellite 
photograI?hs as the San Andreas fault in 
California is. which has undergone 300 
kilometers of right-lateral displacement 
in the past 25 million years. If the dis
placements along the highly visible 
Asian faults are comparable to the dis
placement along the San Andreas fault. 
as we suspect. one can conclude that 
most of the 2.000 kilometers of conver
gence between India and Eurasia can be 
attributed to the lateral displacement of 
China. On the other hand. our hypothe
sis would be fatally wounded if it could 
be shown that the displacement along 
the major faults has amounted to only a 
few kilometers or at most a few tens of 
kilometers over the past 40 million 
years. 

In any case it is virtually certain that 
strike-slip faulting plays a key role in the 
process of suturing continents together. 
McKenzie noted some years ago that in 
the Middle East. the other important re
gion where continents are actively col
liding. the motion of the Arabian sub
continent toward Eurasia is forcing part 
of Turkey to move to the west in a direc
tion perpendicular to that of the con
verging continental blocks. Moreover. it 
is clear from detailed studies by Mat
tauer and his colleagues of portions of 
some old mountain belts such as those in 
France and Spain and in Morocco that 
strike-slip motion was important long 
after the continents had collided. It 
seems quite likely that as other ancient 
mountain belts are studied. evidence for 
large-scale horizontal movement along 
strike-slip faults will be found. Such 
analyses of continental tectonics are 
clearly not a direct application of plate 
tectonics to continents. To apply plate 
tectonics to the deformation of Asia 
would call for so many plates that the 
concept's utility would be lost. We sus
pect that the same will be found to be 
true for older continental collisions. 

At the same time we view the tecton
ics of Asia as being a direct consequence 
of plate motions. The earthquakes and 
great faults of India. China. Mongolia 
and the U.S. S.R. may be attributed to a 
simple phenomenon: the northward mo
tion of the Indian subcontinent riding on 
the India plate toward the Eurasia plate. 
What is perhaps most interesting about 
this interpretation is that it indicates that 
the movement of India caused the de
formation of a region more than 3.000 
kilometers away. Since the mountains 
were created by movement along the 
faults. and since the climate of the re
gion is in turn profoundly influenced by 
the topography. environmental condi
tions throughout much of Asia. includ
ing the harsh climate of the Himalayas. 
the Tibetan plateau. the Gobi Desert. 
Mongolia and parts of China. can also 
be attributed to a collision that has been 
in progress for 40 million years. 
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PORTION OF SHANSI GRABEN SYSTEM separates the eastern 
end of the forbidding Ordos plateau, part of the Gobi Desert, from 
the fertile, heavily populated valley of the Huang Ho. A graben is a 
sunken region where crustal blocks are being pulled apart. This mosa
ic of six ERTS photographs shows the surface features in an area 

260 kilometers by 345 kilometers near Taiyuan, about 500 kilometers 
southwest of Peking. The pictures in the mosaic were made at dif
ferent times of the year, so that in some of them snow and ice appear 
on ground and rivers. Shansi graben and the Baikal rift system resem
ble tension cracks that appear at oblique angles near strike-slip faults. 
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The Status of Interferon 
The protein that defends cells from Vlruses was discovered 20 

years ago. It has been diHicult to purify it and learn how it acts, 

but it still promises to be valuable against serious viral diseases 

It is now 20 years since Alick Isaacs 
and Jean Lindenmann discovered a 
substance that is released by cells 

exposed to a virus and that subsequently 
protects other cells against viral infec
tions. They named the substance inter
feron. because it seemed clearly to be 
the agent of viral interference. the phe
nomenon they were investigating at the 
National Institute for Medical Research 
in London. It had been recognized since 
the 1930's that the infection of animal 
cells in culture. or of an experimental 
animal itself. with one virus would for a 
time "interfere" with infection by other 
viruses. What Isaacs and Lindenmann 
found was that the first virus did not 
simply block other viruses from access 
to the same cells; it induced the infected 
cells to release something into their me
dium such that when the medium. free 
of any cells. was added to another cell 
culture. it made the new cells resistant to 
viruses. 

Isaacs and several of us then working 
in his laboratory quickly established 
some of the properties of interferon. It 
appeared to be a protein. and one with a 
fairly low molecular weight. Its action 
was not virus-specific. That is. it did not 
react selectively with a particular virus 
as an antibody reacts with a particular 
antigen. and it did not react with a free 
virus particle as an antibody reacts with 
an antigenic substance. It reacted in
stead with cells. and the affected cells 
then became resistant to a large number 
of different viruses. 

On the other hand. interferon was 
ordinarily species-specific: interferon 
made in chick cells was active in other 
chick cells but not in duck cells. and so 
on. In other words. interferon was a cel
lular agent. apparently part of the ani
mal cell's natural first line of defense 
against viruses. Because it was liberated 
from cells and could be harvested. be
cause it was effective against many vi
ruses and because it was a natural cell 
product. unlikely to harm cells or to 
provoke resistance in viruses exposed to 
it. interferon gave promise of having 
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great clinical significance. If it could be 
isolated. it could presumably be admin
istered to prevent or combat viral infec
tion in much the same way that antibiot
ics are deployed against inf�ction by 
bacteria. 

After two decades that promise has 
still not been fulfilled. It has taken a long 
time to find out just what interferon is. 
how it is made and how it functions in a 
cell. For those reasons. and because it is 
difficult to prepare large quantities of 
interferon. it is hard to establish just 
how effective the substance will be in 
clinical medicine. Within the past few 
years. however. small amounts of what 
seems to be pure interferon have been 
prepared. so that the task of characteriz
ing and analyzing it can proceed. We 
now have some indication of how it is 
induced and how it interferes with viral 
infection. And meanwhile a number of 
clinical trials have yielded evidence that 
interferon may be valuable in combat
ing certain serious viral diseases. 

Since interferon is a protein. it should 
have been only a matter of time be

fore it was purified by the standard mul
tistage procedures for purifying any 
protein: "salting out." ion-exchange 
chromatography. gel electrophoresis 
and so on. A number of workers tried 
those approaches. Disappointingly. al
though the standard methods did purify 
the substance to a considerable degree. 
they did not yield a homogeneous prod
uct that could be described as a single 

protein. The difficulty of isolating the 
pure protein has been a major problem. 

One reason for the difficulty is the 
very high specific activity of interferon. 
Activity is measured in arbitrary units. 
one unit being the amount of interferon 
that is required to reduce the yield of 
virus by 50 percent. The specific activity 
of pure interferon is apparently about a 
billion (109) units per milligram of the 
protein. The starting material for puri
fication. the crude interferon derived 
from a virus-treated cell culture. typi
cally has an activity of only 1.000 or 
10.000 units per milligram of protein. so 
that a very large volume of the crude 
material is required to obtain a very 
small amount of purified interferon. It is 
expensive to prepare such large vol
umes. and each step of the purification 
requires painstaking biological-assay 
procedures. 

There is a more fundamental difficul
ty: interferon molecules tend to stick to 
other molecules-in particular to other 
protein molecules-present in the crude 
solution. As a result many investigators. 
myself included. have sometimes puri
fied what turned out to be an unwanted 
protein that was merely contaminated 
by a small amount of interferon. 

Recently these difficulties have been 
largely overcome by two new develop
ments. The first is the application of af
finity chromatography [see top illustra
tion on page 45]. A substance for which 
interferon has a strong affinity is bound 
to a solid matrix. which is packed into a 

EFFECT OF INTERFERON is measured by assaying its ability to protect cells in a laboratory 
culture. These photographs indicate the degree of purification of human fibroblast interferon 
attained by Ernest Knight, J"r., of E. I. du Pont de Nemours & Company. A monolayer of 
human fibroblast cells is grown in a dish (1). Vesicular stomatitis virus is added to the medium; 
after 24 hours the cells are dead (2). If unpurified interferon is applied to the culture for 24 
hours hefore virus challenge at a concentration of about .02 microgram per milliliter, about 
half of the cells are protected (3); in other words, that concentration of the crude interferon 
provides one biological unit of activity. Ten biological units of the same material protect all the 
cells (4). When the purified interferon is applied, much smaller quantities are required to give 
the same degree of protection: only .005 nanogram per milliliter to provide a unit of activity, 
or SO percent protection (5), and .05 nanogram to protect all the cells (6). Purification has been 
4,000-fold; the specific activity of the purified protein is about 200 million units per milligram. 
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chromatography column. When the 
crude interferon solution is poured 
through the column. the interferon is re
tained on the matrix particles. whereas 
many of the impurities pass through. 
The interferon is thereupon eluted. or 
washed out. with a suitable solvent. 
Kurt Paucker and his colleagues at the 
Medical College of Pennsylvania have 
achieved a large degree of purification 
by using antibody to interferon as the 
high-affinity substance. William A. Car
ter and his colleagues at the Roswell 
Park Memorial Institute in Buffalo capi
talized on one of the ordinarily trouble
some interactions with a protein (albu
min) to obtain a 2.000-fold purification 
in a single step. Another type of affinity 
chromatography exploits the fact that 
interferon is a glycoprotein: its molecule 
has one carbohydrate side chain or more 
ending in a sialic acid group. Such a 
group binds very specifically to the plant 
substances known as lectins. That inter
action has been exploited. first by Ru
dolf Weil and his colleagues at the San
doz Laboratories in Vienna and later by 
other workers. 

The second development that has ad
vanced the task of purification is the 

discovery of a way to block the interac
tion of interferon with other proteins 
without destroying interferon's biologi
cal activity. William E. Stewart. work
ing at the Catholic University of Lou
vain in Belgium. boiled interferon pre
pared from human leukocytes (white 
blood cells) in a strong detergent. sodi
um dodecyl sulfate. Such treatment de
natures a protein. that is. it unfolds the 

• 

protein molecule's long chain of amino 
acids and makes the molecule inactive. 
Stewart found that after cooling and the 
removal of the detergent the interferon 
recovered its original biological activi
ty: it was renatured. This stability of in
terferon. under severe denaturing condi
tions that destroyed the usual protein
protein interactions. made it possible to 
separate interferon molecules from in
terferon that was adsorbed to some oth
er molecular species. 

Moreover. Stewart found that if the 
interferon preparation was boiled in the 
detergent in the presence of a reducing 
agent. it could be only partially rena
tured [see bottom illustration on opposite 
page]. This. he suggested. was because 
the crude preparation contained two 
types of interferon. one of which was 
not stable under reducing conditions. It 
thus became possible to separate two 
types of human-leukocyte interferon. 
The major component. designated Le. 
has a molecular weight of 15.000 and is 
not renatured after detergent treatment 
under reducing conditions. The other 
component. which accounts for less of 
the total interferon. is designated F; it 
has a molecular weight of about 21.000 
and is active whether or not a reducing 
agent is present during the detergent 
treatment. The two interferons differ in 
their degree of antiviral activity in cells 
from other species. the Le type having 
only about 5 percent of the protective 
effect on rabbit cells that it has on hu
man cells. whereas the F type is eq ually 
effective with rabbit and human cells. 
The F type is a glycoprotein; the Le type 
is probably not. The F type has also 

• 

been shown to be very similar to the 
interferon produced by human fibro
blasts. the precursors of connective-tis
sue cells. 

The Le type is itself separable into two 
proteins with molecules of rather simi
lar size. We therefore have a remarkable 
situation: human fibroblasts manufac
ture one type of interferon. whereas hu
man leukocytes manufacture two types 
and a trace of a third. No wonder purifi
cation has been so difficult! We do not 
know how these types of interferon dif
fer chemically. but their molecules 
probably have different amino acid 
chains. suggesting either that they are 
coded for by different genes or that a 
single gene product is processed in dif
ferent ways in the two kinds of cell. 

By capitalizing on affinity chromatog
raphy and on the detergent treatment 
several investigators have made consid
erable progress in purification. For ex
ample. Ernest Knight. Jr.. of the central 
research and development department 
of E. I. du Pont de Nemours & Com
pany has obtained human fibroblast in
terferon in what he thinks is probably a 
homogeneous form. It is a rather small 
protein. with a molecular weight of 
20.000. If enough of it can be accumu
lated. the determination of its amino 
acid sequence could proceed. and then 
artificial synthesis would be a real possi
bility. 

Until such synthesis is achieved we 
must depend on cells to make inter

feron. There are two possible ways to 
arrange that. One can induce cells in tis
sue culture to produce interferon and 

• 

INTERFERON (black dots) produced by a cell infected by a virus 
(colored disk) is liberated into the medium O. 2). The interferon some
how protects another cell of the same species (3) from a different 
virus (open colored circle), which is prevented from proliferating (4. 

5). The interferon does not protect a cell of a different species (6), in 
which the virus is able to multiply, eventually killing the cell (7, 8). 
This representation of the observed effects of interferon reflects the 
state of knowledge in about 1960, before mode of action was known. 
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then harvest the protein, purify it and 
administer it to patients. Or one can ad
minister an inducer directly to the pa
tient, stimulating the patient's cells to 
manufacture endogenous interferon. In 
either case we need to know how cells 
can best be induced to make interferon. 

Interferon was originally discovered 
by treating chick cells with influenza vi
rus, but it was soon apparent that many 
other viruses would induce the produc
tion of the substance. The virus did not 
even have to be infectious; attenuated 
viruses would do. Then it was found that 
agents other than viruses would induce 
interferon. The first such agents to be 
reported were two antibiotics, helenine 
and statolon, that had been extracted 
from molds. Investigators at the Merck 
Sharp & Dohme Research Laboratories 
undertook to find the active principle in 
helenine. First, however, they noted a 
report to the effect that antibody re
sponses in animals were enhanced by 
synthetic polynucleotides: analogues of 
DNA or RNA that are made in the labo
ratory by linking the nucleotide subunits 
of nucleic acids in arbitrary ways. They 
found that poly rI:rC, a synthetic RNA 
�nsisting of paired strands of riboino
sinic acid and ribocytidylic acid sub
units, was an extremely active inducer 
of interferon. Then they found that the 
active principle in helenine was also a 
double-strand RNA and showed that 
it came from a virus; the same thing 
turned out to be true for statolon. 

The Merck Sharp & Dohme workers 
went on to screen a variety of synthetic 
and natural nucleic acids by injecting 
them in rabbits and testing the rabbits' 
blood serum for the ability to protect a 
cell culture against viral infection. A 
number of double-strand RNA's were 
found to be effective inducers, with poly 
rI:rC particularly active. DNA was not 
effective, nor was single-strand RNA; 
the investigators suggested that the sin
gle strand of RNA that is the genetic 
material of most animal viruses must 
replicate within the cell to produce a 
double-strand RNA before it can trigger 
the production of interferon. 

Further research showed that viruses 
and double-strand RNA's are not the 
only substances that induce interferon 
(although they are the only ones that are 
active with typical tissue-culture cells). 
In particular, lymphoid cells, which 
make antibody and are involved in cel
lular immunity, were found to manufac
ture interferon when they were treated 
with the appropriate antigen, a mecha
nism that may have a role in the immune 
system. The antigen-induced interferon 
is readily distinguishable, both immuno
logically and by its physical properties, 
from the interferon produced by human 
cells in response to viruses or RNA's. 
This confirms the impression that there 
are a number of interferons, which have 

2 3 

AFFINITY CHROMATOGRAPHY is one method of purifying interferon. The crude inter
feron is poured into a column containing a solid matrix (a coarse powder) to which is attached 
a molecule that interacts strongly with interferon (1). The interferon binds to the molecule and 
is retained in the column, whereas the impurities in the crude solution tend to pass through (2). 
Then the interferon (color) is washed out by passing a suitable solvent through the column (3). 

BOILING IN DETERGENT sodium dodecyl sulfate (a) denatures human leukocyte (white 
blood cell) interferon, that is, it unfolds the protein chain and inactivates the molecule; on cool
ing, the protein is renatured and regains its activity. On cooling after being boiled with the 
detergent and a reducing agent, 2-mercaptoethanol (b), however, the interferon is only partial
ly renatured. Apparently leukocyte interferon has two components, one of which (black) is not 
renatured after being boiled under reducing conditions. The boiling treatment destroys most 
protein-protein interactions, so that it serves to separate interferon from some contaminants. 
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antiviral activity in common but differ 
in other ways. In the whole animal inter
ferons have been induced by a variety of 
substances. Genetic analysis of interfer
on production in inbred mice shows that 
the interferons manufactured in re
sponse to different inducers are con
trolled by different host genes-another 
indication of the complexity of the inter
feron system. 

The question of just how induction is 
accomplished is better investigated 

with cells in tissue culture than in the 
whole animal (since one can study a sin
gle population of cells) and with double
strand RNA's as the inducer. It seems 
clear that these RNA's interact with a 
receptor on the cell surface. That would 
explain why very particular structural 
requirements must be met by any nu
cleotide inducer: it must be double
stranded; both strands must have 
RNA's typical ribose ring, with a hy
droxyl (OH) group at the position of 
carbon atom No. 2; it must have a melt
ing temperature of more than 60 degrees 
Celsius, which is to say that it must be in 

o 1 
NUCLEUS 

3 

the helical form-not untwisted-at the 
temperature of the induction experi
ment, and it must have a certain mini
mum molecular weight. 

When the experiment is conducted at 
four degrees C., the RNA interacts with 
the receptor but is apparently 

'
only su

perficially bound, since treatment with 
the enzyme ribonuclease, which digests 
RNA, prevents the formation of inter
feron. If the preparation is warmed to 37 
degrees (body temperature), ribonu
clease no longer has any effect on inter
feron formation. There are two possible 
reasons: either the RNA has entered the 
cell at that temperature and is therefore 
no longer subject to attack by the en
zyme or the RNA is able at the higher 
temperature to send into the cell, with
out entering it, a signal that triggers the 
induction process. We cannot yet distin
guish between these two possibilities; it 
is known that the double-strand RNA's 
can enter cells, but no experiment has 
yet shown that they have to do so. On 
the other hand, it is clear that when a 
virus induces interferon, it does enter 
the cell and make new viral RNA inside 

2 
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the cell; even the inactivated viruses that 
induce interferon do so. That may be, 
as I mentioned above, because single
strand viral RNA must replicate and 
form double-strand RNA, which then 
serves as an inducer, but this has not 
been proved. 

What happens next, after the inducer 
has either entered the cell or sent a mes
sage into it? The species specificity of 
interferon indicated that its formation is 
controlled by the host cell. This was 
confirmed by the fact that interferon 
formation is inhibited by actinomycin D 
(which means that it requires RNA syn
thesis directed by DNA, presumably 
that of the host cell) and also by cyclo
heximide (which means that it requires 
protein synthesis). It would appear, 
then, that the inducer somehow triggers 
the "derepression" of a gene in the host 
cell, which is thereupon transcribed into 
messenger RNA, which in turn is trans
lated into a protein. Such a scheme has 
been confirmed in several ways. Y. H. 
Tan and Frank H. Ruddle of Yale Uni
versity showed, by means of experi
ments with human-mouse hybrid cells, 

�"S'NG'R RNA 5 ,1/ Y �RIBOSOME 

INDUCTION AND MODE OF ACTION of interferon are now un
derstood in some detail. A cell can be induced to make interferon by 
a double-strand RNA that binds to a cell-surface receptor (1) and 
then either enters the cell or sends a message to the cell nucleus from 

the surface (2). Or interferon can be induced by a virus that binds to a 
receptor (3) and then enters the cell, where it makes new RNA (which 
may need to be double-stranded) that serves as inducer (4). In any 
case the inducer triggers human chromosome No,S to produce a mes-
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that human chromosome NO. 5 is essen
tial for interferon formation. The con
trol of interferon synthesis by genes in 
the nucleus was supported by my own 
finding that the removal of the host cell's 
nucleus prevents interferon formation. 

The RNA-to-protein pathway has 
been demonstrated also by the extrac
tion of messenger RNA from interfer
on-producing cells and its subsequent 
translation to form interferon. Trans
lation was first accomplished in cells 
of a second species by Jacqueline De 
Maeyer-Guignard. Edward De Maeyer 
and Luc Montagnier of the Fondation 
Curie-Institut du Radium at Orsay in 
France. They added RNA from inter
feron-producing mouse cells to chick 
cells. which were thereby persuaded to 
make mouse interferon. Later Paula M. 
Pitha and her collaborators at the Johns 
Hopkins School of Medicine found that 
when mouse-interferon messenger was 
injected into oocytes (precursor egg 
cells) of the frog Xenopus. it too was 
translated. Finally the interferon mes
senger was translated in a cell-free pro
tein-synthesizing system (a mixture of 

cell extracts in the test tube); the inter
feron was identified not only by its bio
logical activity but also by precipitation 
with interferon-specific antibody to 
yield a polypeptide with the expected 
molecular weight. These last results im
ply. incidentally. that interferon does 
not depend on its carbohydrate side 
chains for its biological activity. be
cause a cell-free system cannot attach 
the chains. All these experiments leave 
unanswered. however. the central prob
lem of how the inducer triggers the host
cell gene to manufacture interferon 
messenger RNA. 

Once interferon is synthesized. how 
does it act in other cells against vi

ruses? First it must interact with the oth
er cells. The interaction appears to in
volve binding to a cell-surface receptor. 
and again that binding must initially be 
superficial: interferon binds at four de
grees. but at that low temperature its 
antiviral effect can be destroyed by 
treating the cells with enzymes that di
gest protein. The antiviral effect is 
achieved by warming the system to 37 

degrees. when it is no longer susceptible 
to the protein-digesting enzymes. What 
happens at 37 degrees is not clear. al
though recent investigations indicate 
that the interferon need not enter the 
cell: it is active even when it is bound to 
a solid support. which must keep it out
side. Ruddle and others have suggested 
that synthesis of the receptor is con
trolled in human cells by chromosome 
No. 21. because only those human
mouse hybrid cells that retain human 
chromosome No. 21 respond to human 
interferon. and the response is stronger 
in cells that have an extra copy of the 
chromosome. 

Interferon is not itself the antiviral 
agent. Its action can be inhibited by 
treating cells with actinomycin D or cy
cloheximide. suggesting that it acts by 
triggering a process involving both 
DNA-directed RNA synthesis and pro
tein synthesis. Moreover. the cell nucle
us must be present for interferon to act 
against viruses. The most obvious inter
pretation is that interferon. acting at the 
cell membrane. induces the synthesis of 
a new cellular messenger RNA that is in 

8 

senger RNA that is translated into the protein interferon (5). The in
terferon leaves the cell and binds to another human cell (6) at a recep
tor coded for by chromosome No. 21. That chromosome or another 
one is thereby caused to make a messenger RNA that is translated 

into an antiviral protein, which protects the cell: when a new virus 
appears and binds to the cell (7), it is able to enter the cell (8) but is 
not able (because the antiviral protein interferes with RNA synthesis 
or protein synthesis or both) to multiply and thus to kill the cell. 
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turn translated to yield another protein 
that actually has the antiviral effect. The 
translation of such a messenger can 
yield a large number of antiviral-protein 
molecules, so that such a scheme would 
provide an amplification mechanism: a 
single molecule of interferon can trigger 
the synthesis of a lot of antiviral protein. 
That would explain the very high bio
logical activity of interferon, only a few 
molecules of which seem to be required 
to protect a cell. 

The question of how the antiviral pro
tein actually inhibits the multiplication 
of viruses has been investigated in in
fected cells treated with interferon and 
in cell-free systems incorporating com
ponents from treated cells. Experiments 
with cells have established that interfer
on treatment does not keep the virus 
particles from entering the cell. There is 
good evidence that what it does is inhibit 
the synthesis of viral nucleic acid or vi
ral proteins or both; different combina
tions of viruses and cells give different 
answer. as to which step is inhibited. 
The step seems to be viral protein syn
thesis. in cells infected with vaccinia 
(cowpox) virus or with one of the small 
RNA viruses, but there is equally good 
evidence for an effect on viral RNA syn
thesis in cells infected with the small 
DNA-containing tumor virus SV40. 

As for cell-free systems, those pre
pared from interferon-treated cells seem 
to be affected in several ways, all of 
which have to do with the formation of 
new proteins. The initiation of protein 
synthesis is slowed down, perhaps partly 
because interferon treatment inhibits 
the necessary modification, called cap
ping, of the end of the messenger-RNA 
molecule where translation begins. In 
addition extracts from interferon-treat
ed cells are more sensitive to the effects 
of double-strand RNA, a known inhib
itor of the initiation of protein synthesis. 

The rate of growth of a new protein 
molecule is also depressed by treatment 
with interferon. That may be because 
the treatment depletes the supply of a 
particular transfer RNA required for 
protein synthesis or because it induces 
the formation of ribonucleases that de
grade the new messenger RNA's. Obvi
ously the impact of interferon treatment 
on protein synthesis is complex, suggest
ing that interferon acts more like a hor
mone, which may have many effects, 
than like a metabolic inhibitor with a 
single effect at a precisely defined stage 
of a particular synthetic pathway. 

If interferon can affect both nucleic 
acid and protein synthesis, why does 

it not kill cells as well as preventing virus 
multiplication? There are several possi
bilities. First, virus multiplication is an 
exponential process, so that a small ef
fect on an early event can have a mag
nified effect on subsequent stages. Sec
ond, it may be that interferon does in
hibit cellular processes as well as viral 
ones but that it is active only in cells that 
are infected by viruses; the infected cells 
would die but the vast majority of cells 
would not be affected. Third, there are 
indications that viral messenger RNA's 
have a higher avidity for components of 
the cell's protein-synthesis machinery 
than cellular messenger RNA's and that 
they may therefore be more strongly af
fected by interferon treatment than cells 
are. In any case interferon's discrimina
tion between viruses and cells is not ab
solute: interferon does slow the growth 
of cells, although at much higher con
centrations than are required to block 
the growth of viruses. A variety of other 
effects have been reported for interfer
on. For example, it enhances several dif
ferent cellular defense mechanisms, me
diated by different kinds of cells, and it 
changes the way certain cell-surface an-
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tigens are expressed. It is increasingly 
seen as being a versatile agent with ef
fects on both viruses and host cells, but 
with a much greater effect on viruses. 

As early as 1960 a collaborative re
search project was organized in Britain 
by the Medical Research Council and 
three pharmaceutical companies (Impe
rial Chemical Industries, Glaxo Labora
tories and the Well come Foundation) 
aimed at determining interferon's value 
as an antiviral agent in human beings. 
The first problem, and a continuing one, 
was to prepare enough interferon that 
was both active in human cells and safe 
to administer to human subjects. (The 
first trial was with monkey interferon, 
but that proved to be extremely expen
sive, and subsequent trials were with hu
man interferon.) Another problem was 
to devise test situations in which an ade
quate amount of interferon could be ad
ministered efficiently and a controlled 
and measurable response to viral in
fection could be observed. Norman B. 
Finter's group at Imperial Chemical In
dustries did experiments with mice that 
provided the basic information for the 
design of clinical trials. 

In the first trial. in 1961, monkey in
terferon was injected into one site on the 
upper arm of volunteers who had never 
been vaccinated against smallpox and a 
placebo was injected into another site. 
The next day both sites were challenged 
with vaccinia virus. Vaccinial lesions 
developed at 37 of 38 control sites and 
at only 14 of the 38 sites pretreated with 
interferon, a highly significant differ
ence. Such a trial was deliberately set up 
to favor a positive result: the interferon 
was injected locally into a limited num
ber of cells and the same cells were chal
lenged with virus. Successful results 
were achieved in a similar trial of the 
effects of interferon on vaccinia virus in 
the eye of rabbits. 
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LARGE-SCALE PRODUCTION of bum an leukocyte interferon is 
'
acbieved by a metbod developed by Kari Cantell in Helsinki. Wbole 
blood from blood banks is centrifuged and tbe tbin layer of leuko-

cytes (wbite cells) is drawn off; tbe leukocytes are "contaminated" 
witb some red cells, wbicb must be eliminated. Tbe purified wbite 
cells are suspended in a culture medium tbat includes some buman 
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It was much more difficult to demon
strate protection against less localized 
infections. Two trials in which interfer
on was administered to subjects with vi
ral respiratory infections, in 1965 and 
1970, were negative. In retrospect it is 
clear that not enough interferon was giv
en to protect the cells of the upper respi
ratory tract, which are very efficient at 
removing foreign material-including a 
potentially protective agent-through 
the wavelike motion of their cilia. The 
discouraging result served, however, to 
discredit the exogenous-interferon ap
proach. We turned for a time to the 
other possible approach: administering 
poly rI:rC and other nucleotides as anti
viral drugs with the hope of inducing the 
volunteer's own cells to produce en
dogenous interferon. The same ap
proach was taken in a number of other 
laboratories in the late 1960's [see "The 
Ind uction of Interferon," by Maurice 
R. Hilleman and Alfred A. Tytell; SCI
ENTIFIC AMERICAN, July, 1971]. Unfor
tunately, although the double-strand 
RNA's stimulated the production of 
large amounts of circulating interferon 
in experimental mice and other rodents. 
they gave rise to much less of the protein 
in monkeys and in human beings, proba
bly because they were destroyed by an 
enzyme in the serum. They also tended 
to cause high fever and had other toxic 
effects in human volunteers. It was con
cluded that at least in their unmodified 
form the double-strand nucleotides 
would not be effective and safe clinical 
agents in man. Recently, however, Hil
ton B. Levy and his colleagues at the 
National Institutes of Health and Car
ter's group at Roswell Park have been 
able to increase the activity-to-toxicity 
ratio of some double-strand RNA's by 
modifying them chemically, and clini
cal trials of the modified agents are 
planned. 
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When it seemed that the double
strand nucleotides would not serve as 
inducers of endogenous interferon, the 
attention of clinical investigators turned 
back to the exogenous protein. Kari 
Cantell of the State Serum Institute in 
Helsinki had developed a method for 
the large-scale production and purifica
tion of human interferon from leuko
cytes obtained from blood banks. Inter
feron produced by Cantell's group has 
made possible a number of important 
clinical trials. 

In 1972 a group at the Medical Re
search Council's Common Cold Unit 

in Salisbury tested interferon against in
fluenza and common-cold infections. A 
total dose of 800,000 units of human 
interferon per volunteer only slightly 
delayed the onset of infection by the in
fluenza virus. Much larger amounts (14 
million units per patient given in 39 dos
es over a four-day period) resulted in a 
statistically significant decrease in the 
symptoms of common-cold infection 
and in the presence of virus in material 
washed out of the nose. This was the first 
successful trial of interferon in com
mon-cold infection, and it was signifi
cant that no toxic effects were noted. It is 
not practical. however, to give interfer
on to prevent colds, if only because the 
cost of a million units of interferon is 
now about $50. 

There are people, however, for whom 
a viral infection can be life-threatening. 
Patients who have a chronic immuno
logical disorder or whose immune sys
tem has been depressed by drugs given 
to prevent the rejection of an organ 
transplant or to treat cancer are unusu
ally susceptible to a wide range of viral 
infections. Thomas C. Merigan of the 
Stanford University School of Medicine 
has found that interferon doses of be
tween 2.5 and 10 million units per day 
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• 
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will diminish both the spread and the 
pain of varicella-zoster infection in pa
tients with malignancies; another trial is 
now under way with 20 million units a 
day. Merigan has reported that the same 
high dosage appears tbe required to re
duce the excretion of virus from new
born infants (who have an immature im
mune system) chronically infected with 
cytomegalovirus. 

In what may be the most significant 
clinical result so far a group headed by 
Merigan and William S. Robinson at 
Stanford has reported a striking effect of 
interferon on a chronic infection associ
ated with serum hepatitis, or hepatitis 
B. In the U.S. about 10 percent of the 
patients hospitalized with hepatitis B 
become chronically infected with the vi
rus. It has been estimated that world
wide some 100 million people suffer 
from the chronic condition; they are 
subject to repeated active hepatitis at
tacks, with associated liver damage, and 
they can also transmit the disease to oth
er people.' Treatment with interferon 
doses of between 500,000 and 10 mil
lion units per day caused a rapid de
crease in the level of several hepatitis 
indicators in the blood: two antigens and 
an enzyme associated with the particles 
that are believed to be the virus respon
sible for the disease. The effect was tran
sient when the interferon was given for 
10 days or less, but it persisted as long as 
small doses were continued, and even 
for a time thereafter. In other words, the 
interferon appears to be interfering with 
the multiplication of the putative virus 
particles. The trial is being extended to 
study the effect of interferon on active 
hepatitis episodes. 

A most interesting trial is being con
ducted by Hans Strander and his col
leagues at the Karolinska Institute in 
Stockholm on the effects of interferon 
on osteogenic sarcoma, a rare bone can-

» 

or animal blood serum, Then the inducer, Sendai virus, is added; the 
cell suspension is incubated with the virus for 24 hours, in the course 
of which the cells produce interferon (color). The suspension is cen-

trifuged to remove the cells and viruses; the supernatant is a crude 
interferon preparation. It is assayed by testing its ability to reduce 
the areas of killed cells in a culture exposed to a challenge virus. 
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COMMON-COLD VIRUS (rhinovirus) was sprayed into the nose of volunteers, half of whom 
were treated (for one day before virus challenge and three days thereafter) with interferon, 
also by nasal spray. The treated subjects developed fewer common-cold symptoms (color bars) 
than the untreated control subjects did (gray bars). Less virus could be isolated from the nose of 
the treated subjects on the days indicated, and they also developed less antibody to the virus. 
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CHRONIC INFECTION with hepatitis B was treated with interferon in a trial reported by 
Harry B. Greenberg, then at the Stanford University School of Medicine, and his colleagues. 
In the case illustrated here three separate courses of interferon were given by injection; the 
numbers at the top give the dosage in multiples of 10,000 units per kilogram of body weight 
per day. The curves trace the effect of the interferon on the level in the patient's blood of two 
antigens and an enzyme, DNA polymerase, that are associated with "Dane particles," which 
are present in the blood of hepatitis B patients and are thought to be the hepatitis B virus. 
Short courses of large interferon doses had a clear effect, but a transient one; a sustained course 
of small doses appeared to result in a prolonged suppression of the putative virus'S activity. 
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cer that may be initiated by a virus. It is 
a serious disease. with a two-year sur
vival rate of only 20 percent. In the cur
rent trial the patients were first treated 
surgically and in some cases with X-ray 
therapy to reduce the tU)l1or load. Then 
between two and three million .units of 
interferon were injected three times a 
week for 18 months. Twenty-one pa
tients have now been treated without 
any side effects of the interferon being 
observed. In comparison with similar 
cases recorded earlier there appears to 
be a reduced incidence of metastasis 
(spread of the cancer to other tissues). 
which is the usual cause of death. The 
results are encouraging and the trial is 
continuing. If interferon is indeed influ
encing the course of this disease. it is 
hard to say how. It could be acting 
against some unidentified virus involved 
in the spread of the cancer. Or it could 
be functioning more generally as a cel
lular control agent retarding the growth 
of the cancer cells; the loss of the control 
of growth and proliferation is one char
acteristic of cancer cells. Now Martin S. 
Hirsch and his colleagues at the Massa
chusetts General Hospital have begun 
testing the effect of interferon on vari
ous cancers of the lymphatic tissues in 
patients who have received kidney 
transplants. 

The results of the trials I have cited 
clearly call for continued clinical in

vestigation of interferon's effect on ma
lignant diseases as well as on viral infec
tions. Such trials require large amounts 
of interferon. and so it is good news that 
the National Institutes of Health has ap
proved the expenditure of $ 1 million for 
the manufacture of human and mouse 
interferons. For the long term. however. 
what is needed is much cheaper interfer
on. and several ways of achieving that 
goal are being investigated. One possi
bility is to grow very large numbers of 
human lymphoblasts. the precursors of 
immune cells. and then to induce them 
to manufacture interferon; another is to 
alter some line of human cells by genetic 
manipulation so that they yield more in
terferon. Someday it may be possible 
through genetic manipulation to intro
duce the genes for interferon production 
into bacteria. vast quantities of which 
could then be grown to serve 'as interfer
on factories. 

Interferon has by now been firmly es
tablished as a specific and highly potent 
inhibitor of virus multiplication. There 
are indications that it is actually a regu
lator of various cell functions and that 
antiviral activity is just one of its proper
ties. We have increasingly firm grounds 
for believing it can be a valuable clinical 
agent-not for protecting the population 
as a whole from colds and influenza but 
for protecting the substantial number of 
patients for whom viral infections are 
potentially lethal. 
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Crinoids are beautiful even in black-and-white. 
Actually, you wouldn't be able to see here the difference between 

Kodachrome film and the new Kodak Ektachrome films. 

D. B. Macurda, Jr. of the University of 
Michigan Museum of Paleontology shot 
more than 350 36-exposure rolls of 
Kodachrome 25 film underwater in the 
Pacific and Indian Oceans in a program 
to learn more from the fossil record left 
by the ancestors of these beautiful echino
derms and to convey the story to special
ists, students, and interested public. 

For most purposes, the slightly finer 
grain in Kodachrome 25 film-impercep
tible except to a user like Professor Ma
curda-is outweighed by the speed advan
tages of Kodachrome 64 film. Graininess 
is best judged not from the fine detail but 
from the large uniform areas in a picture. 
Stay with Kodachrome film for finest 
grain. Both Kodachrome films can resolve 
100 line pairs per mm for a test object of 
1000: I contrast, about half that for a 
more realistic 1.6: I test object. 

If you are one to go by numbers, we 
give you 125 line pairs per mm resolving 
power (for a 1000: 1 test object) in the 
new Kodak Ektachrome professional films 
for process E-6. Process E-6 is swift and 
simple at the expense of more complexity 
we build into the film compared with 
Kodachrome film, for which the process
ing is not at all simple. With Ektachrome 
film you can be using the slides in a talk 
within the same hour they were shot, and 
if there is anybody in the audience who 
can see a difference in image quality from 
your other slides on Kodachrome film, 
you should suspect that person of being a 
Kodak employee. The directions that 
come with the Kodak Ektachrome film 
processing kit, process E-6, even tell how 
to "push-process" for enhanced speed and 
contrast. If you prefer to send your pro
cessing out, you can order "push-pro
cessing" if you need it. 

Kodak Ektachrome professional film 
for 35 mm slides comes in four versions: 
nominal speed 64 and 200 for daylight, 50 
and 160 for tungsten. "Professional" sig
nifies that a statement of actual measured 
speed is packed with the film and that re
frigeration until use and processing 
promptly thereafter are assumed. * 

If you wish to exaggerate color contrast 
more than can be done by "push-process
ing" (and if film speed 16 is fast enough), 
order Kodak photomicrography color film 
2483 from your supplier and give it pro
cess E-4. t 

"'Details in Kodak Pamphlet E-37 , "KODAK 
EKTACHROME Professional Films (Process E-6)." 

t Details in Kodak Publication P-302, "KODAK 
Photomicrography Color Film 2483." 

Either available from Dept. SSW, Kodak. Roch
ester, N.Y. 14650. 

Showing and telling without slides 
At the Second International Mycological Congress (Tampa, Fla., 8/27-9/3), all 
contributed "papers" are to be given in poster sessions, where from a visual dis
play one decides whether to stop and exchange thoughts person to person. We 
are honored that the congress circular refers those unfamiliar with the format to 
an advertisement of ours. No need to dig it out. Just scribble "POSTER SES
SIONS" on a postcard giving your name and address to Dept. SSW, Kodak, 
Rochester, N.Y. 14650. 
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SCIENCE AND THE CITIZEN 
Banning the Test Bomb 

A
few days after taking office Presi

dent Carter said he was "in favor 
of eliminating the testing of all 

nuclear devices instantly and complete
ly" and would "proceed quickly and ag
gressively" to negotiate a comprehen
sive test-ban treaty with the U .S.S.R. 
The present Threshold Test Ban Treaty 
places a limit of 150 kilotons on under
ground nuclear explosions on the as
sumption that it is possible to determine 
whether any seismic event larger than 
that is natural or man-made. That trea
ty. which went into effect just a year ago 
(March 31. 1976). and a companion one 
placing the same limit on the yield of 
nuclear explosives for peaceful purpos
es (for example canal excavation) are 
still to be ratified by the U.S. Senate. 
Although U.S. experts have not been 
able to find a justifiable use for peaceful 
nuclear explosives. the Russians profess 
a continuing interest in their potential. 
The peaceful-use treaty allows multiple 
explosions of devices smaller than 150 
kilotons. with three provisions: they 
must be separately distinguishable. their 
total yield must not exceed 1.500 kilo
tons and the country conducting the ex
plosions must allow observers from the 
other country to assure themselves that 
the event has no military significance. 
In the 21 months between the signing of 
the Threshold Test Ban Treaty in July. 
1974. and the date a year ago when the 
treaty took effect both countries acceler
ated testing of weapons with yields 
above the ISO-kiloton threshold. The 
U.S. conducted 25 underground tests of 
larger yield; the U.S.S.R. conducted an 
undetermined number. at least 10 of 
which exceeded 500 kilotons. 

The same groups in and out of the 
Senate that voiced opposition to the 
nomination of Paul C. Warnke as chief 
negotiator for the strategic-arms-limita
tion talks may oppose ratification of the 
two threshold test-ban treaties and 
would almost certainly oppose banning 
all tests. An example of the arguments 
that can be marshaled for and against a 
comprehensive test ban appears in the 
current issue of International Security. 
The article warning of the dangers of a 
total test ban is written by Robert W. 
Helm and Donald R. Westervelt of 
the Los Alamos Scientific Laboratory. 
where nuclear weapons are designed. A 
critique of their position is written by 
George Rathjens and Jack Ruina. arms
control specialists at the Massachusetts 
Institute of Technology. 

Although Helm and Westervelt are 
not opposed to ratification of the thresh
old test-ban treaties as such. they argue 
that the agreements probably make no 
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contribution to the goal of limiting the 
spread of nuclear weapons. The treaties. 
they think. could exacerbate dissatisfac
tions already expressed by certain non
nuclear states. in that the treaties not 
only allow the two major nuclear pow
ers to continue testing weapons of for
midable power but also encourage a dis
tinction between the military and peace
ful uses of nuclear explosives. Thus the 
treaties will allow the U.S. and the 
U.S.S.R. "to maintain a basic compe
tence in nuclear-explosive design tech
nology ... denied [to] the non-nuclear
weapon states [that] are parties to the 
[Nonproliferation Treaty]." This asym
metry is already being cited by some 
countries. such as India. as a reason for 
their not signing the Nonproliferation 
Treaty. 

The deeper concern of Helm and 
Westervelt. however. is that a compre
hensive test ban. by forbidding tests so 
small as to be indistinguishable from 
natural seismic events. would ultimately 
rest on good faith. even though it might 
contain provisions for the parties to 
challenge whether or not a particular 
seismic event was natural or nuclear. 
"This arrangement." they say. "would 
be unfavorable to the United States. 
where a watchful Congress. news media 
and public would interpret a [compre
hensive test ban] in the most restrictive 
way possible and make sure the United 
States conducted no tests whatever. The 
Soviet Union. however. with fewer do
mestic constraints. could conduct unde
tectable low-yield tests of substantial 
military significance." Helm and Wes
tervelt also believe the pending treaties. 
by legitimating the distinction between 
military and peaceful explosives. make 
it impossible either to outlaw or to su
pervise peaceful explosions in any com
plete test-ban agreement. They contend 
that the on-site inspection feature in the 
present peaceful-use treaty is workable 
only if it is coupled to a threshold limit 
high enough to be verifiable. They do 
not believe this threshold can ever go 
below "some tens of kilotons." 

In their commentary on the Helm and 
Westervelt position Rathjens and Ruina 
concede that they "know of United 
States/Soviet nuclear confrontation 
scenarios where the outcome depends 
strongly on details of weapons technolo
gy. [But they] lack military and political 
credibility. resting as they do on highly 
questionable assumptions .... No fine 
tuning of military technology [can alter] 
the basic truth: neither nation can de
fend itself against the other's destructive 
intent and no military technology now 
in the cards will change this because of 
both the size and the destructive capa
bility of American and Soviet nuclear 

forces .... [The] technical characteris
tics of United States and Soviet nuclear 
warheads per se are secondary to such 
technical aspects as those associated 
with the vulnerability. accuracy and re
targeting capability of our nuclear 
forces and. most important. with com
munications. command and control that 
determine the flexibility possible in the 
use of these forces." 

Rathjens and Ruina conclude: "An 
agreement at long last by the Soviet Un
ion and the United States to terminate 
all nuclear tests would increase both in
ternal and external pressure on other na
tions to follow suit and could discourage 
other countries [that] have not yet ini
tiated nuclear tests. particularly those 
[that] are most concerned with enhanc
ing their world image by going nuclear." 

Although Rathjens and Ruina do not 
discuss peaceful nuclear explosives spe
cifically in their commentary. they have 
stated on other occasions that an objec
tive examination of the evidence should 
persuade other countries of the correct
ness of the U.S. opinion that their utility 
is negligible. In any case the U.S. and the 
U.S.S.R. could agree to supply non-nu
clear countries (or even each other) with 
special nuclear explosives that could be 
used for engineering purposes under 
joint U.S.-U.S.S.R. technical supervi
sion. 

City Medicares 

Adecade of Medicare and Medicaid 
has moved the U.S. toward an in

creasingly expensive medical-care sys
tem that is "privately owned and public
ly financed" without adequate control in 
the public interest. according to a report 
on health-care spending in New York 
City by Columbia University's Center 
for Community Health Systems. The 
study documents escalating expendi
tures and a massive shift from private to 
public support between 1966 and 1975. 
The city now pays proportionately less 
of the medical bill than in 1966 and the 
Federal Government pays more, but the 
city nonetheless spent four times as 
much in 1975 as it did a decade earlier 
and has far less control over the cost and 
the quality of th� services for which it 
must pay. 

The authors of the report. Nora Piore. 
Purlaine. Lieberman and James Lin
nane, estimate that $6.7 billion was 
spent for hospital. physician, nursing
home and other health services in New 
York City in the fiscal year 1975, more 
than two and a half times as much as in 
1966. just before Medicare and Med
icaid went into effect. Public support 
(spending by the city. state and Federal 
governments) accounted for 60 percent 
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How can the best $15,000 
personal motor car in the world 

cost less than $9,0001 
Several years ago, an Alta Romeo cost more than a 
BMWor a Porsche. But then came the devalued lira. 

Since 1972, in the U.S., the dollar has grown 49% 
in buying power compared to the Italian lira. In 
that same period, the dollar has lost 27% in buying 
power compared to the German mark. 

That is why, in the U.S., Alta Romeo simply has 
not gone up in price the way German (and 
American) cats have. It is why you can now buy 
an Alta Romeo tor less than comparable BMW or 
Porsche models. 

This is the Alta Romeo, not an economy ver
sion. It has the all-aluminum engine. Only tour 
other cars have it. Rolls Royce, Jaguar, Ferrari, 
Maserati. 

It has the DeDion independent rear suspen
sion. Only one other car available in the U.S. 
has it-the $40,000 Aston-Martin. 

Combining these two costly major ad-
vances, Alta created the world's tirst truly 
balanced production car; halt its weight is in 
front halt in back. The result is precise 
handling, easy steering, sure-tooted road
holding. You sense a surer control...a 
f=lew grace under pressure. 

Alta Romeo may well be the best 
$15,000 car in the world even though it 

currently sells tor under $9,000. Visit your 
Alta Romeo dealer.There may never be a 
better time. 

6 engineering achievements In AHa Romeo, 
bred In 67 years of workf class racing competition 

1. All-Aluminum Engine. Its light weight makes possible better 
weight distribution for surer control. And. of course. its lighter 
weight is a gas·saver. 

2. Double Overhead camshafts. With this advanced feature. 
the Alfa is also economical to run. It gives you excellent gas 
mileage you might not expect in a high performance car.' 

3. Mechanical Fuel Injection. A�a's rugged fuel injec· 
tion system is the same kind used in racing cars 
because it is the most reliable made. 

4. DeDlon Independent Rear Suspension. 
It made possible a whole new driving 
experience-uncanny handling and � 
roadholding abilities that conven· \II 
tional systems simply cannot match. 

5. Four-Wheel Power Disc Brakes. __ 

Your Alfa stops faster-and without 
swerving or fading. Demonstrably 
superior to BMW and Porsche. 2 
according to Road & Track's 
January 1977 issue. 

6. Five-S peed Gea rbox. It is 
synchronized for smooth. effort

less shifting. T he fifth is an 
overdrive gear for maintaining 

high speeds at low engine rpm's 
-resulftng in exceptional gas 

economy and longer 
engine life. 

1 
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"I work for an energy compan� 
but that doesn't mean I hate 
Mother Naturel' 
"I'm not going to suggest 
that an oil well improves 
the horizon, or that an 
operating surface mine 
looks more attractive 
than the original land, 
scape;' says Gulf Project 
Engineer Ken Cassidy. 

"But the fact is that, to 
produce the energy we 
need now and will need 
in the future, we some, 
times have to disrupt the 
environment. 

We try hareler 

"We work hard to keep 
these disruptions as small 
as possible, and to get the 
work over with as quickly 
as possible. And I think 
we're doing pretty well. 

"I could show you sev, 
eral beautiful places that 
have yielded a lot of 
energy from under the 
earth, and that have been 

. reclaimed and replanted. 
They look as good as they 

Gulf Oil Corporation 

did before. Sometimes 
even better. 

From coal to bass 

"For instance, that spot 
in the picture. Twenty 
years ago it was a partial 
flood plain, so unproduc, 
tive you couldn't even get 
firewood out of there. 
Then fifteen years ago it 
was producing coal- it 
was a surface mine. Then 
it was reclaimed, revege, 
tated. Now it's a favorite 
campsite for my whole 
family. And there's no 
better spot for catching 
largemouth bass. 

Aelouble 
challenge 

"Here, Gulf has met 

two challenges: produc, 
ing energy and providing 
an environment that's 
good to live in. 

"There are bound to be 
areas in which energy 
companies and environ, 
mentalists may disagree. 
But there are solutions 
we can work on together. 

"It's a great challenge 
to recover energy from 
the earth without perma, 
nently disrupting the en, 
vironment. We are meet, 
ing this challenge. We'll 
continue to meet it one 

. » step at a time. 

� \� 
Gulf people: 

meeting the chal lenge. 

"We need the 
energy-but 
we need a good 
environment, too." 
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You've alwa,s wanted to cUmb a mountalD. 
You've alwa,s wanted to sail the ocean. 
You've alwa,s wanted to fl, an airplane. 

For $10 ,oa can Take 
Spread your wings! 

The Cessna Pilot Centers invite you to 
take a $10 Discovery Flight. This can be the 
start of a lifelong love affair with the sky. 

After a unique audio-visual 
presentation and preflight orientation, you 
will take the controls and be guided 
through basic flight manuevers by an 
instructor. 

And when you're back down on earth , 
you'll get all the answers to your questions 
about the Cessna Pilot Course. Since you 
know you're going to love it, you should 
know that more people earn their license in 
less time at Cessna Pilot Centers. And time 
is money. 

When you earn your private pilot's 
license, you're eligible to enter the 
"$300,000 TakeOff' Sweepstakes. Your 
participating Cessna Pilot Center has all 
the details. No purchase necessary. Void 
where prohibited by law. Sweepstakes 
closes December 31, 1979. Participation via 
entry forms distributed through flight 
schools or instructors in Maryland, 
Missouri and Wisconsin is void. 

But first things first. TakeOff to your 
nearby Cessna Pilot Center. * 

OF or the name and location of your nearest 
participating Cessna Pilot Center "TakeOff" flight 
school in the U.S., call toll-free 800/447 -4700. an 
Illinois call 800/322-4400) and ask for the Cessna f "TakeOff" operator! Call 24 hours a day, 7 days a 
week! In Canada call 800/261-6362. an Toronto call 
445-2231.) 
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of the 1975 total compared with only 29 
percent in 1966. The shift to public 
funding was noted in all components of 
health care. Public funds paid for 74 
percent of all hospital and nursing
home care in 1975 compared with 51 
percent in 1966, and for 68 percent of 
the care in all the city's hospitals as op
posed to 42 percent in 1966. In the nom
inally private sector government money 
subsidized 55 percent of the care in vol
untary and proprietary (profit-making) 
hospitals compared with only 15 per
cent earlier; public funds accounted for 
40 percent of the income of physicians 
in private practice in 1975, up from only 
.7 percent in 1966. 

The city has been hit hard even 
though its share of public funding 
dropped from 45 to 30 percent while the 
Federai Government's share increased 
from 17 to 44 percent. (Federal money 
accounts for 70 percent of the public 
health-care spending in the U.S. as a 
whole.) The city's bill rose from $350 
million in 1966 to $1.3 billion in 1975, 
from 13 percent of its total revenue to 
17 percent. And whereas 78 percent of 
the public support for hospitals had 
gone to the municipal institutions in 
1966, 53 percent of it went to voluntary 
and proprietary hospitals in 1975. As 
the city was forced increasingly to subsi
dize private hospitals and practitioners 
instead of financing its own municipal 
institutions, it increasingly lost control 
of its expenditures. 

Medicare and Medicaid have un
doubtedly provided better and more se
cure health care for old people and poor 
people, according to the report. The 
sharp income standards established for 
Medicaid have discriminated against 
the working poor, however, and have 
encouraged fraud on the part of pa
tients; poor control over public pay
ments has led to slipshod care and fraud 
by practitioners. The authors note, inci
dentally, that Medicaid, which is as
sumed to be a program for the very 
poor, has tended increasingly to fill the 
gap left by lack of adequate insurance 
for unusual medical expenses: 41 per
cent of the New York City Medicaid 
dollar was spent in 1973 for the "medi
cally needy": those faced with paying 
for long-term care or catastrophic ill
ness out of proportion to their ability to 
pay, who constituted only 9 percent of 
all Medicaid beneficiaries. 

The authors of the report draw sever
al conclusions. One is that major cities 
such as New York are finding it increas
ingly difficult to pay for health care for 
their populations out of shrinking rev
enues. Another is that Medicare and 
Medicaid are pumping public money 
into what remains a haphazard private 
health-care system. The report calls for 
"the design of instrumentalities capable 
of assuring equitable access to medical 
services- [and] more prudent use of 

health-care resources [allocated] in ac
cordance with public priorities." 

Zooming in on Phobos 

I
n February this magazine published 

an article by Joseph Veverka of Cor
nell University on the two moons of 
Mars, featuring photographs of them 
made by Mariner 9 and the Viking 2 or
biter through September, 1976. The lat
est photographs of the inner Martian 
satellite Phobos, obtained during the 
latter half of February by the Viking 1 
orbiter, have now revealed the nature of 
that satellite in unprecedented detail. 

Whereas the best of the earlier pho
tographs of the Martian moons were 
made from a distance of 880 kilometers, 
the new pictures were obtained at dis
tances ranging from 660 kilometers to 
as little as 100 kilometers. The effective 
resolution of the best images is sufficient 
to distinguish objects smaller than 10 
meters across. Moreover, the Viking 1 
orbiter passed so close to Phobos that 
the spacecraft's path was measurably 
perturbed by the satellite's feeble gravi
tational field. The measurements of the 
perturbations are being analyzed for in
formation about the object's mass and 
mean density, which will bear on its 
composition. 

Although the earliest Mariner 9 pho
tographs of Phobos showed that its sur
face is saturated by primary craters ex
cavated by the impact of large meteor
ites, the new high-resolution images 
have further revealed that the surface 
is also covered with numerous chains 
of irregularly shaped craters similar to 
chains of secondary-impact craters on 

the moon. Surprisingly, the chains of 
craters on Phobos are preferentially ori
ented in one direction: they lie parallel 
to the plane of the satellite's orbit 
around Mars. 

The high-resolution images have also 
provided more precise information on 
the nature of the enigmatic grooves dis
covered on the surface of Phobos by the 
Viking 2 orbiter. These earlier images 

showed that the grooves seemed to be 
concentrated near the satellite's north 
pole. The latest pictures reveal that the 
grooves are actually chains of craters, 
oriented parallel to the direction in 
which Phobos travels in its orbit. The 
grooves could have been created if Pho
bos had overtaken a cloud of debris 
composed of objects as large as hun
dreds of meters across. If the objects had 
been somewhat north of the center of 
Phobos' direction of travel, they would 
have struck Phobos obliquely near the 
north pole, skidding and perhaps even 
rolling across the satellite's surface. 
Over the next few months analyses of 
the 100 or so new pictures sent back by 
the Viking 1 orbiter should further dis
close the nature of Phobos. 

Plugging the Leaks 

About 33 percent of the energy pro
n duced in the U.S. is consumed in 
buildings: heating them, cooling them 
and running the appliances in them. The 
E nergy Research and Development Ad
ministration (ERDA) sees a "great po
tential for saving energy and money" by 
improving the insulation of buildings 
and increasing the efficiency of appli
ances. To that end the agency has set in 

Phobos is seen from the Viking 1 orbiter at a distance of 480 kilometers 
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motion an extensive program that will 
not only seek ways of conserving energy 
but also try to see that information 
about the new schemes reaches the con
sumers of energy. 

A major target is windows. Accord
ing to ERDA. "about one-fourth of all 
energy used for heating and cool
ing ... buildings is lost through win
dows." The loss is equivalent to 1.7 mil
lion barrels of oil per day. averaged over 
a year. ERDA is studying a plan that 
would combine an optical shutter and a 
heat mirror to make windows perform 
better. The shutter would be a gel-like 
substance attached to a second pane that 
would be added to an existing window. 
In summer when the rays of the sun 
reached certain levels of light and heat. 
the shutter would change the pane auto
matically from a transparent state to a 
cloudy. white state in which the window 
would reflect heat and light. The pane 
would also incorporate the heat mirror. 
consisting of a film capable of reflecting 
back into a room the long-wave infrared 
radiation supplied by the heating system 
of the building. In winter the sun's rays 
would pass through the window to help 
heat the room but the outward move
ment of the long-wave radiation would 
be inhibited by the heat mirror. 

ERDA has several ideas about appli
ances. One is the development of a long
lasting fluorescent light bulb that would 
screw into a socket like an incandescent 
bulb. The fluorescent bulb would supply 
the same amount of illumination but 
would consume 70 percent less energy. 
By 1985. according to the agency. the 
saving could amount to the equivalent 
of 165.000 barrels of oil per day. 

ERDA is also interested in developing 
tandem arrangements for appliances. 
The idea is that waste heat from one 
appliance would be used to operate the 
other. For example. exhaust heat from a 
refrigerator or an air conditioner could 
be put to work in a water heater. At the 
same time ERDA has found that adding 
insulation to a water heater is a good 
way to conserve energy. A kit for this 
purpose is already on the market. 
ERDA estimates the saving at 30.000 
barrels of oil per day by 1985 if all or 
most of the water heaters in the country 
were reinsulated. 

Particle Refrigerator 

Most of what is known of the struc
ture of matter has been learned by 

observing violent collisions between the 
constituent particles of atoms. The most 
violent collisions-and hence perhaps 
the most revealing ones-are those that 
take place when particles of equal ener
gy meet head on. In electron-positron 
storage rings. for example. electrons 
and their antiparticles circulate in oppo
site directions inside a single toroidal 
chamber. When an electron and a posi-
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tron collide. they annihilate each other 
and all their energy is converted into 
other forms of matter. The machine is 
particularly simple because the same 
impulses can be employed to accelerate 
and steer both the matter and the anti
matter beams. 

An obvious extension of this idea 
would be a similar machine in which 
protons and their antiparticles. the anti
protons. orbit in opposite directions. No 
device of this kind has been built. pri
marily because it has seemed too diffi
cult to generate a sufficiently intense 
beam of antiprotons that could be con
fined long enough to yield a worthwhile 
rate of collisions. Now there are two 
proposed ways in which such a beam 
might be created and stabilized. and 
plans have been discussed for convert
ing large proton accelerators into pro
ton-antiproton storage rings. If the plans 
are adopted. the converted accelerators 
might provide collision energies 40 
times greater than those available today. 

The difficulty of stabilizing a particle 
beam can best be understood by consid
ering the particles in their own frame of 
reference. as if one were traveling with 
the beam at just under the speed of light. 
It is then apparent that the particles do 
not move in unison: some go a bit faster 
or slower than the rest. and all of them 
have complicated motions transverse to 
the beam direction. The entire collec
tion of particles can be regarded as a 
gas. and the random motions are indica
tive of the gas temperature. If that tem
perature is too high. particles will strike 
the walls of the accelerator and the 
beam will be dissipated. 

Electrons (and positrons) have a sys
tem of natural cooling: each time an 
electron is accelerated it emits the radi
ant energy known as synchrotron radia
tion. In this way the disruptive thermal 
energy of the beam is radiated away. 
Protons and antiprotons. however. emit 
much weaker synchrotron radiation. 
and on their own they cannot rapidly 
damp their thermal motions. It has thus 
been proposed to refrigerate them. 

One method of reducing random fluc
tuations was suggested by Simon Van 
der Meer of the European Organization 
for Nuclear Research (CERN). The 
cross section of the beam. like the 
spread of a shotgun pattern. is measured 
at one section of the ring. and the "cen
ter of mass" of the pattern is deter
mined. Corrections to the trajectory are 
then quickly calculated and applied by 
electric fields farther around the ring. 
The correction signals are able to reach 
the far side of the ring in time only be
cause they are sent across a chord of the 
ring while the particles follow the cir
cumference. The technique has been 
given the name stochastic cooling. since 
the circulating beams are pushed by a 
statistical process toward the target or
bit. It was tested at CERN in 1975. 

The second technique is called elec
tron cooling. and it was first suggested a 
decade ago by Gersh Budker of the In
stitute of Nuclear Physics at Novosi
birsk in the U.S.S.R. The idea was first 
tested (at Novosibirsk) only last year. It 
requires a straight section in a particle-. 
storage ring carrying protons or antipro
tons. Electrons are passed through the 
straight section in the same direction 
and at the same speed as the heavier 
particles circulating in the ring. Colli
sions between the two kinds of particles 
are at thermal velocities. and in those 
collisions most of the excess momentum 
is transferred to the electrons. Since the 
electrons are almost 2.000 times lighter 
than protons or antiprotons. they can 
effectively cool by convection. After 
many passes through the "refrigerated" 
section of the ring. the beam has been 
confined to a narrower spread of ener
gies and a narrower cross-sectional area. 

The most important application of 
beam cooling would be the creation of a 
proton-antiproton storage ring from a 
large proton accelerator at CERN or at 
the Fermi National Accelerator Labo
ratory in Illinois. The proposal for Fer
milab has been described by David B. 
Cline of the University of Wisconsin 
and Carlo Rubbia and Peter M. McIn
tyre of Harvard University. Antiprotons 
would be created in collisions powered 
by the main proton synchrotron at Fer
milab. which now operates at an energy 
of from 400 to 500 GeV (billion elec
tron volts). Antiprotons with a compar
atively wide range of energies would be 
collected in a small storage ring. where 
they would be formed into a stabilized 
beam. probably by electron cooling. Ac
cumulating a sufficiently intense beam 
might take several hours. Finally the an
tiprotons would be dumped back into 
the main ring. where particles and anti
particles would be accelerated simulta
neously. Collisions might liberate an en
ergy of 800 GeV. To achieve the same 
effective energy with protons striking a 
fixed target would require a beam ener
gy of 320.000 GeV. 

What do physicists expect to see at 
800 Ge V? That energy corresponds to 
the temperature of matter prevailing in 
the first few moments of the universe. It 
is far enough removed from energy re
gimes that are now accessible that no 
prediction can be reliable. Moreover. 
since matter and antimatter annihilate 
each other in the collision. there are few 
a priori restrictions on what might be 
created,. One possibility is that the colli
sion might knock loose a quark. one of 
the supposed constituents of protons 
and related particles. A more likely ob
servation. however. is the intermediate 
vector boson. or W particle. which is 
believed to transmit the "weak" nuclear 
force. The W particle has been ardently 
sought for 10 years as the most impor
tant confirming evidence for an ambi-
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tious theory linking the weak force and 
electromagnetism. It is now generally 
conceded that the mass of the W is be
yond the range of existing accelerators. 
It should be well within the range of a 
proton-antiproton storage ring. 

Cloudburst 

On Saturday. July 3 1. 1976. a flash 
flood swept down the Big Thomp

son River in northern Colorado. killing 
139 people. An analysis of the flood and 
of the violent thunderstorm that trig
gered it has now been published by two 
meteorologists. John F. Henz and Vin
cent R. Scheetz. and a geologist. Donald 
O. Doehring of Colorado State Univer
sity. Writing in the journal Weatherwise. 
they point out that the river. which rises 
in Rocky Mountain National Park. is 
confined to a narrow canyon for a dis
tance of 20 miles between Estes Park 
and Loveland. This circumstance 
brought the Big Thompson above its 
banks in less than an hour after the rains 
began; a 20-foot crest moved down
stream at a speed of 25 feet per second 
and literally scoured out the canyon. 

The stage was set for the disaster the 
day before. when a large mass of cool 
Canadian air began to spill southwest
ward from Ontario and Manitoba. The 
Canadian air brought relief from 100-
degree heat in Nebraska and Wyoming 
before coming in contact with masses of 
moist tropical air moving up from the 
south on Saturday. 

One of the tropical air masses. from 
the Gulf of California, had by then 
crossed Arizona on a northeasterly 
track; the other, traveling northwest
ward from the Gulf of Mexico, had 
passed over Texas and the Oklahoma 
panhandle. The warm and the cool air 
masses came together over Colorado; 
by Saturday afternoon their interaction 
covered the eastern face of the Rockies 
with clouds at low, intermediate and 
high altitudes. 

When storm clouds build up over the 
Rockies, the prevailing westerly winds 
usually carry them away from the 
heights and out across the plains to the 
east. On this Saturday in July, however. 
the strong westward movement of the 
Canadian air mass held the growing 
thunderheads pinned against the eastern 
slopes. Between 6:00 and 6:30 P.M. sev
eral large thunderstorms developed 
over Boulder and Larimer counties. 
northwest of Denver. The moisture-lad
en air from the south began to mush
room upward until. within an hour, the 
tops of the thunderheads had reached an 
altitude of 60.000 feet in the evening 
sky, darkening the land before sunset. 

One thunderstorm in particular re
mained motionless from 6:30 to 10:30 
P.M. over a 250-square-mile area includ
ing the eastern border of Rocky Moun
tain National Park. the adjacent resort 
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town of Estes Park and the Big Thomp
son Canyon communities of Glen Com
fort and Drake. between Estes Park and 
Loveland to the east. 

When the rainfall began in the Big 
Thompson area. between 6:30 and 7:00. 
it was heavy. Moreover, because of the 
position of the storm more than half of 
the rain fell within a 150-square-mile 
portion of the watershed of the Big 
Thompson and its main tributary. the 
North Fork. The heaviest fall was near a 
North Fork community, Glen Haven: 
some 14 inches in three and a half hours. 
At the height of the storm the rate of 
precipitation held steady at five inches 
per hour for 30 to 45 minutes. With so 
much of the rainfall confined to a single 
watershed, the flash flood developed al
most instantaneously. 

Floodwaters first began to rise a few 
miles upstream from Drake at about 
7:00 P.M. By 7:30 rocks and debris car
ried off the slopes above U. S. 34 had 
blocked the highway. The river was 
soon 20 feet above its normal level in 
some places, and its rate of discharge 
had risen to more than 3 1,000 cubic feet 
per second. The velocity of the water in 
some feeder streams exceeded 30 miles 
per hour. 

By 9:30 P.M. the storm had weakened, 
and by 10:00 it began to move off to the 
northeast. Even before that the flood
waters had begun to subside. The Big 
Thompson peaked at Glen Comfort at 
8:00 P.M., at Drake, some 10 miles 
downstream, at 9:00 and at the mouth of 
the canyon at 1 1  :00. A late burst of rain
fall upstream caused one tributary, Dry 
Gulch, to peak at 10:30. Fortunately 
Dry Gulch has a small watershed; its 
flow eroded only some 6.000 cubic yards 
of fill from the base of the earth dam 
that holds Lake Estes before returning 
to a normal level. If the dam had failed. 
the catastrophe would have been virtu
ally a cataclysm. 

The Physics of Swinging 

Everyone knows how to set a play
ground swing in motion by "pump

ing" it. but few are familiar with the 
physical principles involved. In The 
American Journal 0/ Physics Stephen M. 
Curry of the University of Texas at Dal
las analyzes the mechanics of swinging 
and compares it to the functioning of a 
parametric amplifier. an oscillating sys
tem in which gain is produced by vary
ing a single parameter. such as the 
spring constant of a spring or the capaci
tance of an electrical circuit. 

Curry begins his analysis with a child 
pumping a swing by the method of alter
nately standing and squatting. This up
and-down motion periodically changes 
the length of the swing, or the distance 
from the pivot point to the center of 
mass. Because even at rest the swing is 
not perfectly vertical but has some slight 

initial energy, the child's pumping in
creases its amplitude by some small in
crement at each cycle of its motion. As 
the amplitude of the swing grows, the 
centrifugal force increases and the child 
has to apply a larger amount of power at 
every oscillation. The sum of the kinetic 
and the potential energy generated by 
his mechanical work is therefore peri
odically compounded like interest in a 
bank and increases exponentially with 
time. 

Contrary to intuition. weight is not an 
advantage in swinging; although a light 
child does less work than a heavy one 
against the gravitational and centrifugal 
forces. proportionately less energy is re
quired to get him swinging. Height. on 
the other hand. is a distinct advantage: 
the greater the distance is over which the 
child is able to vertically shift his center 
of mass, the larger will be the change in 
amplitude at each oscillation and the 
greater will be the rate of energy growth. 

According to theory, a swing cannot 
be made to oscillate from rest if its ini
tial energy is exactly zero. This apparent 
paradox can be understood intuitively 
on grounds of symmetry: if the swing is 
fixed in the vertical position. there is 
nothing that indicates any specific direc
tion of lateral motion. and the up-and
down components of the child's pump
ing cancel out. Such a condition of zero 
initial energy cannot, however. be real
ized in practice. Even if one reduces the 
temperature to absolute zero. the swing 
will still have a very small energy owing 
to the quantum-mechanical impossibili
ty of knowing the position and momen
tum of the center of mass exactly. Curry 
shows that in this worst possible case the 
minute initial energy of the swing can be 
amplified to a macroscopic level in a 
surprisingly short time. For a typical 
three-meter swing with a periodic length 
change of 40 centimeters the stored en
ergy will reach a few hundred joules (a 
factor of increase of 1036) in about six 
minutes. 

The mechanics of swinging while sit
ting is more complex and requires a dif
ferent kind of analysis. In order to 
pump. the child leans back suddenly so 
that his body acq uires a net angular 
momentum around his center of mass, 
displacing it from the initial position. 
This periodically applied torque rapidly 
starts the swinging motion. Unlike the 
pumping in the standing position, where 
the input power increases with ampli
tude, the torque applied in the sitting 
position remains approximately con
stant, and the total energy of the system 
increases linearly with time rather than 
exponentially. The best strategy for 
pumping a swing from rest, Curry con
cludes. is to pump in the sitting posi
tion until a certain optimum energy is 
reached and then resort to the standing 
position to increase further the ampli
tude of motion. 
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Why does ammonia on a platinum catalyst 
oxidize to nitric oxide one time and nitrogen 
gas another? Where do reactions take place on 
a platinum catalyst? What can be done to make 
catalysts live longer in an automotive catalytic 
converter? 

Finding answers to these and other ques
tions has been the object of a broad program 
by the Research Laboratories at General Motors. 

For instance, we've learned that it may be 
possible to select 
the product of ox
idation of ammo
nia on a platinum 
catalyst: either ni
tric oxide or the 
desired nitrogen 
g-as. How? By rais
mg or lowering the 
temperature. 
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What's more, by creating terraces 12 atoms 
wide by 1 atom high on a single crystal plat
inum surface, we've been able to determine the 
"active site" of this reaction. It's the atom at 
the step from one terrace to another. 

For us, this information is a stride toward 
our goal of an effective catalytic converter to 
reduce NOx emissions. For others, it may be 
a step in directions we had never considered, 
such as improved catalytic processes for making 
nitric acid or agricultural fertilizers. 

in another phase of our catalysis research, 
we've studied the life span of a catalyst pellet 
in the chemically demanding environment of 
automotive �xhaust gas. And from that, a 
mathematical model has been developed that 
points the way to future generations of longer 
living catalyst pellets. 

At the Laboratories, we're reacting to 
make catalysts even more effective in reducing 
automotive emissions. 

Where the 
(re)action is_ 
Our discoveries about 
catalysts could help put 
food on your table_ 

General Motors ' 
Research Laboratories 
Warren, Michigan 48090 
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Algorithms 
An algorithm is a set of rules for getting a specific output from 
a specific input. Each step must be so precisely defined it can 
be translated into computer language and executed by machine 

Ten years ago the word "algorithm" 
was tmknown to most educated 
people; indeed, it was scarcely 

necessary, The rapid rise of computer 
science, which has the study of algo
rithms as its focal point, has changed all 
that; the word is now essential. There 
are several other words that almost, but 
not quite, capture the concept that is 
needed: procedure, recipe, process, rou
tine, method, rigmarole. Like these 
things an algorithm is a set of rules or 
directions for getting a specific output 
from a specific input. The distinguishing 
feature of an algorithm is that all vague
ness must be eliminateq; the rules must 
describe operations that are so simple 
and well defined they can be executed by 
a machine. Furthermore, an algorithm 
must always terminate after a finite 
number of steps. 

A program is the statement of an al
gorithm in some well-defined language. 
Thus a computer program represents an 
algorithm, although the algorithm itself 
is a mental concept that exists indepen
dently of any representation. In a simi
lar way the concept of the number 2 
exists in our minds without being writ
ten down. Anyone who has prepared a 
computer program will appreciate the 
fact that an algorithm must be very pre
cisely defined, with an attention to detail 
that is unusual in comparison with the 
other things people do. 

Programs for numerical problems 
were written as early as 1 800 B.C., when 
Babylonian mathematicians at the time 
of Hammurabi gave rules for solving 
many types of equations. The rules were 
stated as step-by-step procedures ap
plied systematically to particular nu
merical examples. The word algorithm 
itself originated in the Middle East, al
though at a much later time. It comes 
from the last name of the Persian schol
ar Abu Ja'far Mohammed ibn Musa al
Khowarizml. whose textbook on arith
metic (about A.D. 825)  had a significant 
influence for many centuries. 

Traditionally algorithms were con
cerned solely with numerical calcula
tion. Experience with computers has 
shown, however, that the data manipu-

by Donald E. Knuth 

lated by programs can represent virtual
ly anything. Accordingly the emphasis 
in computer science has now shifted to 
the study of various structures by which 
information can be represented, and to 
the branching, or decision-making, as
pects of algorithms, which allow them 
to follow one or another sequence of 
operations depending on the state of af
fairs at the time. It is precisely these fea
tures of algorithms that sometimes 
make algorithmic models more suitable 
than traditional mathematical models 
for the representation and organization 
of knowledge. Although numerical al
gorithms certainly have many interest
ing features, I shall confine the follow
ing discussion to non-numerical ones in 
order to emphasize the fact that algo
rithms deal primarily with the manipu
lation of symbols that need not repre
sent numbers. 

Searching a Computer's Memory 

In order to illustrate how algorithms 
can fruitfully be studied, I shall consider 
in some depth a simple problem of re
trieving information. The problem is to 
discover whether or not a certain word, 
x, appears in a table of words stored in a 
computer's memory. The word x might 
be the name of a person, the number of a 
mechanical part, a word in some foreign 
language, a chemical compound, a cred
it-card number or almost anything. The 
problem is interesting only when the set 
of all possible x's is too large for the 
computer to handle all at once; other
wise one could simply set aside one loca
tion in the memory for each word. 

Suppose n different words have been 
stored in the computer's memory. The 
problem is to design an algorithm that 
will accept as its input the word x and 
will yield as its output the location j 
where x appears. Thus the output will be 
a number between 1 and n, if x is pres
ent; on the other hand, if x is not in the 
memory, the output should be 0, indi
cating that the search was unsuccessful. 

It is, of course, easy to solve this prob
lem. The simplest algorithm is to store 
the words in locations 1 through n and to 

look at each word in turn. If x is found in 
locationj, the computer should outputj 
and stop, but if the computer exhausts 
all n possibilities with no success, it 
should output 0 and stop. Such a de
scription of the search strategy is proba
bly not precise enough for a computer, 
however, and so the procedure should 
be stated more carefully. It might be 
written as a sequence of steps in the fol
lowing way: 

Algorithm A; sequential search. 
A 1 .  [Initialize.] Set j � n. (The arrow 

here means that the value of variable j is 
set equal to n, the number of words in 
the table to be searched. This is the ini
tial value of j. Subsequent steps of the 
algorithm will causej to run through the 
sequences of values n, (n - 1 ), (n - 2) 
and so on until it reaches either 0 or a 
location containing the input word x. ) 

A2. [Unsuccessful?] If j = 0, output j 
and terminate the algorithm. (Otherwise 
go on to step A3.)  

A3.  [Successful?] If x = KEYU], out
put j and terminate the algorithm. (The 
term KEYU] refers to the word stored at 
location j.) 

A4. [Repeat.] Set j � j - 1 (decrease 
the value of j by 1) and go back to 
step A2. 

This algorithm can be depicted by a 
flow chart that may help a person to 
visualize the steps [see illustration on 
page 65]. One reason it is important to 
specify the steps carefully is that the al
gorithm must work in every case. For 
example, the informal description given 
first might have suggested an erroneous 
algorithm that would go directly from 
step A 1 to step A3;  such an algorithm 
would have failed when n = 0 (that is, 
when no words at all were present), 
since step A 1 would set j to 0 and step 
A3 would refer to the nonexistent 
KEY[O]. 

It is interesting to note that Algorithm 
A can be improved by giving meaning to 
the notation KEY[O], allowing a word to 
be stored in "location 0" as well as in 
locations 1 through n. Then if step Al 
sets KEY[O] � x as well as j � n, step A2 
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can be eliminated and the search will go 
about 20 percent faster on many ma
chines. Unfortunately for program
mers, the most commonly used comput
er languages (standard FORTRAN and co
BOL) do not allow 0 to be employed as an 
index for a memory location; thus Algo
rithm A cannot be so easily improved 
when it is expressed as a program in 
those languages. 

Algorithm A certainly solves the 
problem of searching through a table of 
words, but the solution is not very good 
unless the number of words to be 
searched is quite small, say 2 5  or fewer. 
If n were as large as a million, a simple 
sequential search would usually be an 
unbearably slow way to look through 

the table. We would hardly go to the 
expense of building such a large table 
unless we expected to search it freq uent
ly, and we would not want to waste any 
time during the search. Algorithm A is 
the equivalent of looking for someone's 
telephone number by going through a 
telephone directory page by page, col
umn by column, one line at a time. We 
can do better than that. 

The Advantage of Order 

It is, in fact, instructive to consider a 
telephone directory as an example of 
such a large table of information. If one 
were asked to find the telephone number 
of someone who lives at 1 642 East 5 6th 

Street, there would really be no better 
way than to do a sequential search 
equivalent to Algorithm A. since a stan
dard telephone directory is not orga
nized for searches according to address. 
On the other hand, when one looks up 
someone's name, it is possible to take 
advantage of alphabetical order. Alpha
betical order is a substantial advantage 
indeed, since a single glance at almost 
any point in the directory suffices to 
eliminate many names from further 
consideration. 

If the words of a table appear consis
tently in some order, there are several 
ways to design an efficient search proce
dure. The simplest procedure starts by 
looking first at the entry in the middle of 

OUTPUT: [TI] 

OUTPUT:@] 
SEQUENTIAL-SEARCH ALGORITHM (Algorithm A in the text 
of this article) looks for an input word in a table where the entries 
have not been arranged in any particular order. This table has 25 en
tries, or keys: KEY[I], KEY [2] and so on up to KEY[25]. Each key 
is a person's name. Suppose the input word is the name "Grant". AI-

gorithm A searches for "Grant" by comparing it first with KEY[25], 
which is "Wilson", then with KEY[24], which is "Taft", and so on. 
Here "Grant" is found to be KEY [17], so that the algorithm outputs 
"17" (top). If input had been "Gibbs", Algorithm A would have com
pared "Gibbs" with all keys and output would have been 0 (bottom). 
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the table. If the desired word x is numer
ically or alphabetically less than this 
middle entry .  the entire second half of 
the table can be eliminated; similarly . if 
x is greater than the middle entry. one 
can eliminate the entire first half. Thus a 
single comparison yields a search prob
lem that is only half as large as the origi
nal one. The same technique can now be 
applied to the remaining half of the ta
ble. and so on until the desired word x is 
either located or proved to be absent. 
This procedure is commonly known as a 
binary search. 

Although the ideas underlying binary 
search are simple. some care is neces
sary in writing the algorithm. First. in a 
table that has an even number of ele
ments there is no unique "middle" entry. 
Second. it is not immediately clear when 
to stop in the case of an unsuccessful 
search. Teachers of computer science 
have noticed. in fact. that when students 
are asked to write a binary-search proce
dure for the first time. about 80 percent 
of them get the program wrong. even 
when they have had more than a year of 
programming experience! The reader 
who feels that he understands algo
rithms fairly well but has never before 
written a binary-search algorithm might 
enjoy trying to construct one before 
reading the following solution. 

Algorithm B; binary search. This al
gorithm employs the same notation as 
Algorithm A. Moreover. it is assumed 
that the first word. KEY[l]. is less than 
the second word. KEY[2]. which is less 
than the third word. KEY[3]. and so on 
all the way up to the last word. KEY[n]. 
This condition can be written KEY[I] 
< KEY[2] < KEY[3] < ... < KEY[n]. 

B 1 . [Initialize.] Set I�O. r�n + I. 
(The letter 1 stands for the left boundary 
of the search and r stands for the right 
boundary. More precisely . KEYI.!'J can
not match the given word x unless the 
location j is both greater than 1 and less 
than r.) 

B2. [Find midpoint.] Set j � L(l + r) / 
2]. (The brackets l J mean "Round down 
to the nearest integer." Thus if (l + r) is 
even. j is set to (l + r)12 : if (l + r) is odd. 
j is set to (l + r - 1)12.) 

B3.  [Unsuccessful?] If j = t. output 0 
and terminate the algorithm. (If j eq uals 
t, then r must be equal to t + 1. since r is 
always greater than I; therefore x cannot 
match any key in the table.) 

B4. [Compare.] (At this point j > t 
and j < r.) If x = KEYl.!l output j and 
terminate the algorithm. If x < KEY[j]. 
set r� j and return to step B2. If 
x > KEY[j]. set t � j and return to step 
B2. 

A play-by-play account of Algorithm 
B as it searches through a table of 25 
names is shown in the illustration on the 
next page. 

It seems clear that binary search (Al
gorithm B) is much better than sequen-

1 
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.
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__ --, ,°1 
A4. j<-j-l I 

STOP 

FLOW CHART FOR ALGORITHM A illustrates the logical path by which the brute-force 
sequential search looks for an input word x in a table of n keys. The algorithm searches for x by 
comparing it first with KEY[n], then with KEY[n - 1], then with KEY[n - 2] and so on. If x 
matches some KEY[;], the algorithm outputsj, the location at which x was found. If x is not in 
the table, the output of the algorithm is O. Arrow in step Al (j�n) means "Setj equal to n" in 
that step. Step in each box is explained in detail in the fuller form of Algorithm A in third col
umn of text on page 63. On the average Algorithm A must search half of the table to find x. In 
the worst case, if x is at KEY [I] or if x is not present, Algorithm A must search the entire table. 

tial search (Algorithm A). but how 
much better is it? And when is it better? 
A quantitative analysis will answer 
these questions. 

Quantitative Analysis 

First let us analyze the worst cases of 
algorithms A and B. How long can it 
possibly take each algorithm to find 
word x in a table of size n? The answer 
is easy for Algorithm A. If x equals 
KEY[l]. or if x is not in the table at all. it 
will take II executions of step A3;  that is. 
the desired word x must be compared 
with all II entries in the table before the 
search stops. Furthermore. the algo
rithm will never execute step A3 more 
than II times. When sequential search is 
applied to a table with a million entries, 
a million comparisons will be made in 
the worst case. 

The answer is only slightly more diffi
cult for binary search. Since Algorithm 
B discards half of the table remaining 
after each execution of step B4, it first 
deals with the entire table, then half of 
the table. then a quarter of the table, 
then an eighth of the table and so on. 
The maximum number of executions of 

step B4 will be k. where k is the smallest 
integer such that 2k is greater than II. For 
example, when binary search is applied 
to a table with a million (106) entries, k 
will be equal to 20. since 220 is greater 
than 106 but 106 is greater than 219. Thus 
if a table with 106 entries is searched 
using Algorithm B. at most only 20 of 
those entries will ever be examined in 
any particular search. 

From the standpoint of worst-case be
havior , one can go further and say that 
Algorithm B is not only a good way to 
search; it is actually the best possible 
search algorithm that proceeds solely by 
comparing x to keys in the table. The 
reason is that a comparison-based algo
rithm cannot possibly examine more 
than 2k - 1 different keys during its first 
k comparisons. No matter what strategy 
is adopted. the first comparison always 
selects a particular key of the table and 
the second comparison will be with at 
most two other keys (depending on 
whether x was less than or greater than 
the first key); the third comparison will 
be with at most four other keys ; the 
fourth comparison will be with at most 
eight other keys, and so on. Therefore if 
a comparison-based search algorithm 
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makes no more than k comparisons. the 
table can contain no more than 
1 + 2 + 4 + 8 + . . .  + 2k -1 distinct keys. 
and this sum equals 2k - 1 .  

The familiar game of Twenty Ques
tions can be analyzed by reasoning in a 
similar way. In this game one player 
thinks of a secret object. the name of 
which he conceals on a folded piece of 
paper. The other players try to guess 
what the object is by asking as many as 
20 questions that must be answered only 
by "Yes" or "No." The other players are 
also initially told whether the secret ob
ject is animal. vegetable or mineral. or a 
combination of those supposedly well
defined attributes. By arguing as I have 
in the preceding paragraph. one can 
prove that the other players cannot pos
sibly identify more than 223 different ob
jects correctly . no matter how clever 
their questions are. There are only 23 (or 
e ight) possible subsets of the set of at
tributes animal. vegetable and mineral. 
and there are only 220 possible outcomes 
of the 20 yes-no questions. Thus the to
tal number of objects one can possibly 

INPUT: I x = GRANT I 

identify is 2 23. The argumcnt holds cven 
when each question asked dcpends on 
the answers to the preceding qucstions. 

Stating this conclusion another way. if 
more than 223 different objects fiust be 
identified .  20 questions will not always 
be enough. The search problem is simi
lar but not quite the same, since an algo
rithm for searching does not simply ask 
yes-no questions. The questions asked 
by algorithms of the type we are consid
ering have three possible outcomes. 
namely x < KEY[j] or x = KEY[j] or 
x > KEYlJl When a table contains 2k 
or more entries. the above reasoning 
proves that k comparisons of x with keys 
in the table will not always be enough. 
Therefore every algorithm that searches 
a table of a million words by making 
comparisons must in some instances ex
amine 20 or more of those words. In 
short, binary search has the best possible 
worst case. 

The worst-case behavior of an algo
rithm is not the whole story, since it is 
overly pessimistic to base decisions en
tirely on one's knowledge of the worst 

that can happen. A more meaningful 
understanding of the relative merits of 
algorithms A and B can be gaincd by 
analyzing their average-case behavior. 
If each of the n keys in a table is eq ually 
likely to be looked up. what is the aver
age number of comparisons that will be 
needed? For sequential search (Algo· 
rithm A) the answer is the simple aver
age (l + 2 + 3 + ... + n)l n. which is 
equal to (II + 1 ) /2. In other words. to 
find x with Algorithm A one will on the 
average have to search through about 
half of the table. To determine the aver
age number of comparisons needed to 
find x using binary search (Algorithm 
B). the mathematics is only a little more 
complicated. In this case the answer 
is k - [(2k - k - 1 )/11]. where k. as be
fore, is the number of comparisons re
quired in the worst case. For large val
ues of II this answer is approximately 
equal to k - 1; therefore the average 
case of Algorithm B is only about one 
comparison less than its worst case. By 
carefully extending the argument made 
earlier it is possible to show that binary 

BINARY-SEARCH ALGORITHM (Algorithm B in the text) is a 
substantial improvement over the sequential-search algorithm when 
the table to be searched is large. The entries in the table must first be 
arranged in order. Here the 2S names are listed in alphabetical order. 
Again the input word x sought is "Grant". The algorithm compares 
"Grant" first with the key in the middle location, j, of the table. It cal
culates the initial value of j by setting the left boundary I of the search 
at 0 and the right boundary r at n + 1. In this case r is 26. Then I and 
r are added together and divided by 2, rounding down to the nearest 
integer if the answer is not already an integer. The midpoint j of the 
table is 26/2, or 13, which is the location of "Lincoln" (top). Since the 
name "Grant" is alphabetically less than "Lincoln", the algorithm dis-

cards the entire right half of the table, containing all names alphabeti
cally greater than or equal to "Lincoln". For the remaining half of 
the table the algorithm calculates a new midpoint, first setting r equal 
to the location j just examined, which is 13 (second from top). The 
new midpointj is (0 + 13)12, which must be rounded down to 6, loca
tion of "Garfield". "Grant" is alphabetically greater than "Garfield", 
so that the left quarter of the table is discarded and the left boundary I 
is set equal to 6 (second from bottom). When procedure is repeated 
once more, "Grant", is found in position 7 (bottom). If input word x 
had been "Gibbs", Algorithm B would have executed one more step, 
with I still equal to 6 and r set at 7. Midpoint j would have been 6, 
which is left boundary of search, meaning that "Gibbs" is not in table. 
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The legend continues ... 

Introducing the world's most 
sophisticated Diesel passenger car. 

The new Mercedes--Benz 300D. 

The new, 5-passenger Mercedes-Benz 3000 - the state of the Diesel passenger car an. 

Here is a most ingenious alternative to the conven
tional automobile. A truly remarkable new Mercedes
Benz. With a contemporary new look. With ample room 
for five people, an astonishing 5-cylinder engine and 

an unusually complete array of luxurious appointments and safety sys
tems. The new 3000. The most sophisticated Diesel passenger car the 
world has ever seen. 

For years, you've heard about 
exotic and promising alternatives to 
the conventional automobile engine. 
To date, only one alternative has kept 
its promise: the Diesel engine-for 
over 60 years, the most efficient com
bustion power plant in use. 

Now Mercedes-Benz has synthe
sized its proven, 5-cylinder Diesel 
engine with new, technologically ad
vanced body design, suspension, steer
ing and safety systems to produce the 
most ingenious alternative to the con
ventional automobile. 

A matter of taste 

Though only a trim 190.9 inches from 
bumper to bumper, the new 300D is 
an honest 5-passenger sedan. The 
secret of its spaciousness lies in new 
Mercedes-Benz technology that puts 
the room in the car in the car-with-

out adding bulk or sacrificing safety. 
Enter a new 300D and you're sur

rounded by a complete array of security 
and convenience features. All are 
standard equipment. Such things as 
cruise control, bi-level climate con
trol, electric windows, AM/FM radio, 
central locking system, 3-speed wind
shield wipers. 

The new 300D is not an exercise 
in opulence. But it does exhibit meticu
lous taste. And as your senses will tell 
you, there's quite a difference between 
the two ideas. 

Sports car handling 

T he new 300D is one of the most 
sparkling road cars Mercedes-Benz has 
ever engineered. I ts sophisticated 
power train, suspension and steering 
are those of a spOrts car. And that is 
why the new 300D handles like one. 

The new 300D's unique,5-cylinder 
engine is the most powerful, the 
smoothest Diesel yet engineered into 
a passenger car. But you pay no penalty 
for this performance bonus. The EPA 
estimates that the new 300D should 
deliver up to 28 mpg on the highway, 
23 mpg in town. (Your mileage will 
depend on how and where you drive 
and the condition and equipment of 
your car.) 

The state of the art 

For over 40 years, Mercedes-Benz has 
pioneered many of the major advances 
in Diesel passenger car engineering. 
The new 300D is the culmination of 
that experience. It is the state of the 
Diesel passenger car art. 

Test drive the new 300D. Experi
ence the most ingenious alternative to 
the conventional automobile. The 
most sophisticated Diesel rI\ 
passenger car in the world. 'OJ 
Mercedes.-Benz 
Engineered like no other car 

, in the world. 
ClM.".dcs-IXnz.1977 
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The Small Computer 
Twenty-five years ago a computer as powerful as the 

new Processor Technology Sol-20 priced out at a cool million. 
Now for only $995 in kit form or $1495 fully 

assembled and tested you can have your own small computer 
with perhaps even more power. It comes in a package about the 
size of a typewriter. And there's nothing like it on the market 
today. Not from mM, Burroughs, DEC, HP or anybody else! 

It fills a new role 
If you're an engineer, scientist or businessman, the 

Sol-20 can help you solve many or all of your design problems, 
help you quantify research, and handle the books too. For not 
much more than the price of a good calculator, you can have high 
level computer power. 

Use it in the oHice, lab, plant or home 
Sol-20 is a smart terminal for distributed processing. 

Sol-20 is a stand alone computer for data collection, handling 
and analysis. Sol-20 is a text editor. In fact, Sol-20 is the key 
element of a full fledged computer system including hardware, 
software and peripheral gear. It's a computer system with a 
keyboard, extra memory, I/O interfaces, factory backup, service 
notes, users group. 

It's a computer you can take home after hours to play 
or create sophisticated games, do your personal books and taxes, 
and a whole host of other tasks. 

Those of you who are familiar with small computers 
will recognize what an advance the Sol-20 is. 

Sol-20 offers all these features as standard: 
8080 microprocessor-1024 character video display 

circuitry -control PROM memory -1024 words of static low
power RAM-1024 words of pre programmed PROM-built-in 
cassette interface capable of controlling two recorders at 1200 
bits per second -both parallel and serial standardized interface 
connectors -a complete power supply including ultra quiet 
fan -a beautiful case with solid walnut sides -software which 
includes a preprogr ammed PROM personality module and a data 
cassette with BASIC-5 language plus two sophisticated computer 
video games-the ability to work with all S-IOO bus products. 

Full expansion capability 
Tailor the Sol-20 system to your applications with our 

complete line of peripheral products. These include the video 
monitor, audio cassette and digital tape systems, dual floppy 
disc system, expansion memories, and interfaces. 

Write for our new 22 page catalog. 
Get all the details. 

Processor Technology, Box N, 6200 Hollis St., 
Emeryville, CA 94608. (415) 652-8080. 
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search is also the best possible algorithm 
from the standpoint of the average case: 
every search algorithm must make at 
least k - [(2k - k - 1 ) /n] comparisons 
on the average. and many do worse. 

Better than the Best 

As soon as something has been proved 
impossible .. a lot of people immediately 
try to do it anyway. This seems to be an 
inherent component of human behav
ior. I have just proved that binary search 
is the best possible way to search a com
puter's memory. and so naturally I shall 
now look for a better way. 

In the first place. when the number of 
words in a table is small. Algorithm A 
actually turns out to be better than Al
gorithm B. Why does this not contradict 
the proof that binary search is best? The 
reason is that in comparing Algorithm A 
and Algorithm B I have so far been con
trasting only the number of compari
sons each algorithm makes. Actually 
Algorithm A requires less bookkeeping 
acti\lity. so that it takes less time for a 
machine to execute each comparison. 
On a typical computer Algorithm A can 
be made to take about 2n + 6 units 
of time. on the average. for a table of 
size n. Algorithm B. on the other 
hand. will require an average of about 
1 210g2 n - 1 1  + 1 2(k + 1 ) /n  units of 
time. under the same assumptions. Thus 
unless there are 20 or more keys to be 
searched. Algorithm A will be better 
than Algorithm B. These numbers will 
vary slightly from computer" to comput
er. but they show that the efficiency of 
an algorithm cannot be determined by 
counting only the comparisons made. 

There is another reason Algorithm B 
can be beaten. When we look up some
one's name in a telephone directory and 
compare the desired name x with the 
names on a page. our subsequent action 
is not influenced solely by whether the 
comparison shows that the desired 
name is alphabetically less than or 
greater than the names on the page; we 
also observe how much less than or how 
much greater than. and we turn over a 
larger chunk of pages if we think we are 
farther from the goal. The above proof 
that binary search is best does not apply 
to algorithms that make use of such 
things as the degree of difference be
tween x and a particular key. The proof 
for Twenty Questions can be attacked 
on similar grounds. For example. the 
players might notice the length of the 
secret word as it is being written down. 
or they might be able to gain informa
tion from the length of time the player 
being questioned hesitates before an
swering "Yes" or "No." 

Therefore a human being concerned 
about efficiency need not begin search
ing a telephone directory by bisecting it 
as a computer would; the time-honored 
method of interpolation with the aid of . 
alphabetical order probably works bet-

STA RT 
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FLOW CHART OF ALGORITHM B illustrates the rules governing binary search. The algo
rithm searches for the input word x in a table of n keys that have previously been arranged in 
order. First x is compared with the middle entry of the table. If x is greater than ( > ) the middle 
entry, it is compared with the midpoint of the right half of the table. If x is less than ( < ) the mid
dle entry, it is compared with the midpoint of the left half of the table. The process continues, 
with half of the remaining table being discarded each time, until either x is found or the search 
reveals that x is not in the table. The half brackets (L J) mean "Round down to the nearest inte
ger." Like Algorithm A, Algorithm B is written out in detail in first column of text on page 65. 

ter in spite of the proof that the binary 
search is best. In fact. Andrew C. Yao 
of the Massachusetts Institute of Tech
nology and F. Frances Yao of Brown 
University have recently shown that the 
average number of times an interpola
tion-search algorithm needs to access 
the table is only log210g2 n plus at 
most a small constant. provided that 
the table entries ar� independent and 
uniformly distributed random numbers. 
When n is very large. log210g2 n is 
much smaller than log2 n, so that inter
polation search will be significantly fast
er than binary search. The idea under
lying the Yaos' proof is that each itera
tion of an interpolation search tends to 
reduce the uncertainty of the position 
of x from n to the square root of n. Fur
thermore. they have proved that inter
polation search is nearly the best pos
sible. in a very broad sense: any algo
rithm that searches such a random table 
by making appropriate comparisons 
must examine approximately log210g2 n 
entries. on the average. 

These results are of great theoretical 
importance. although computational 
experience has shown that an interpola
tion search is usually not an improve-

ment over binary search in practice. The 
reason is that the data stored in a table 
are typically not random enough to con
form to the assumption of a uniform 
distribution; in addition n is typically 
small enough so that the extra calcula
tion per comparison required by each 
interpolation outweighs the amount of 
time saved by reducing the number of 
comparisons. The simplicity of binary 
search is one of its virtues. and it is im
portant to maintain a proper balance be
tween theory and practice. 

Binary Tree Search 

The binary search can be improved. 
however. in another way: by dropping 
the assumption that every key in the ta
ble is equally likely to be sought. When 
some keys are known to be far more 
likely candidates than others. an effi
cient algorithm will examine the more 
likely ones first. 

Before we explore this notion it will 
be helpful to look first at the binary 
search in a different way. Consider the 
3 1  words that are used most frequent
ly in the English language (according 
to Helen Fouche Gaines in her book 
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EIGHT SUBSETS 
OF ANIMAL, 
VEGETABLE, 
MINERAL 

QUESTION 1: 
TWO ANSWERS 

QUESTION 2: 
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QUESTION 20: 
TWO ANSWERS 

. , . . 

THE GAME TWENTY QUESTIONS demonstrates a fundamental 
limitation on the power of any branching-search method. In the game 
one player thinks of an object, which he describes as being animal, 
vegetable or mineral, or any combination of those characteristics. The 

opposing players try to guess what the object is by asking as many as 
20 questions, which must be answered "Yes" or "No." It can be proved 
that the players cannot identify more than 223, or 8,388,608, objects 
correctly. The reason is that the set of characteristics animal, vegeta-

Cryptanalysis). When these words are 
arranged alphabetically in the locations 
KEY[I], KEY[2]. KEY[3], . . .  ,KEY[3 1]  
of  a table. Algorithm B first compares 
the desired word x to the midpoint 
KEY[ 1 6]. which is the word ''1''. If x is 
alphabetically less than "I" . the next 
comparison will be with KEY[8]. which 
is the word "by"; if x is greater than "I", 
the next comparison will be with 
KEY[24]. which is "that". In other 
words. Algorithm B acts on the table of 
words by following a structure that 
looks like an upside-down tree, starting 
at the top and going down to the left 
when x is less and down to the right 
when x is greater [see top illustration on 
page 72]. It is not hard to see that any 
algorithm designed to search an ordered 
table purely by making comparisons can 
be described by a similar binary tree. 

The tree for binary search is defined 
implicitly in Algorithm B by arithmetic 
operations on /, rand j. It can also be 
defined explicitly by storing the tree in
formation in the table of words itself. 
For this purpose let LEFTIJ1 be the posi
tion in the table at which we are to look 
if word x is less than KEYIJ], and let 
RIGHTU] be the position at which we 
are to look if x is greater than KEYU]. 
For example, binary search in a table of 
3 1  words would have LEFT[ 1 6] equal 
to 8 and RIGHT[ 1 6] equal to 24. since 
the search starts at KEY[ 1 6] and then 
proceeds to either KEY[8] or KEY[24]. 
If the search is to terminate unsuccess
fully after determining that the desired 
word x is less than KEYIJ1 or great
er than KEYIJ], we respectively let 
LEFTIJ1 equal 0 or RIGHTIJ1 equal O. 
In the illustrations on page 72 those O's 
are represented by little square nodes at 
the bottom of the tree. 

The location of the first key to be ex
amined in a binary tree is traditionally 
known as the root; in the 3 1 -word exam
ple the root is 1 6. It is possible to con-
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struct search algorithms that do not start 
by looking at KEY[ 1 6]. and these may 
well be more efficient than Algorithm B 
if some words are looked up much more 
often than others. A generalized tree
search procedure follows: 

Algorithm C; tree search. 
Cl. [Initialize.] Setj equal to the loca

tion of the root of the binary search tree. 
C2. [Unsuccessful?] If j = O. outputj 

and terminate the algorithm. 
C3. [Compare.] If x = KEYU]. output 

j and terminate the algorithm. If 
x < KEYIJ], set j � LEFTU] and go 
back to step C2. If x > KEYU]. set 
j � RIGHTIJ1 and go back to step C2. 

Algorithm C is analogous to a pro
grammed textbook in which. depending 
on the answer to a certain question. each 
page tells the reader what page to turn to 
next. It works on any binary tree where 
all keys accessible from LEFTIJ1 are less 
than KEYIJ1 and all keys accessible 
from RIGHTIJ1 are greater than 
KEYIJ], for all locations j in the tree. 
Such a tree is called a binary search tree. 

One of the advantages of Algorithm C 
over Algorithm B is that no arithmetic 
calculation is necessary, so that the 
search goes slightly faster on a comput
er. The main advantage of Algorithm C. 
however. is that the tree structure pro
vides extra flexibility because the entries 
in the table can now be rearranged into 
any order. It is no longer necessary that 
KEY[I] be less than KEY[2] and so on 
up to KEY[n]. As long as the pointers 
LEFT and RIGHT define a valid binary 
search tree. the actual locations of the 
keys in the table are irrelevant. This 
means that one can add new entries to 
the table without moving all the other 
entries. For example. the word "has" 
could be added to the 3 1 -word binary 
search tree simply by setting KEY[3 2] � 
"has" and changing RIGHTIJ1 from 0 to 

32 .  where j is the location of the key 
"had". One might think that such addi
tions at the bottom of the tree would 
upset the balanced structure. but it can 
be shown mathematically that if new en
tries are added in random order . the re
sult will almost surely be a reasonably 
well-balanced tree. 

Optimum Binary Search Trees 

Since Algorithm C applies to any bi
nary search tree. one can hand-tailor the 
tree so that the most frequently exam
ined keys are examined first. Such tailor
ing reduces the average time required 
for a computer to carry out the search. 
although it cannot reduce the worst-case 
time. The bottom illustration on page 72 
shows the best possible binary search 
tree for the 3 1  commonest English 
words. based on Gaines's estimates of 
their frequency. The average number of 
comparisons needed to search for x in 
this optimum binary search tree is only 
3 .43 7 .  whereas the average number of 
comparisons needed in the balanced bi
nary search tree is 4.393 . It is worth not· 
ing that the optimum tree, which is 
based on the frequencies of the words, 
does not start by comparing x with the 
word "the". Even though "the" is by far 
the commonest English word. it comes 
so late in alphabetical order that it is too 
far from the middle of the list to serve as 
the optimum root. 

From the standpoint of conventional 
mathematics it is trivial to find the opti· 
mum binary tree for any particular set 
of n words and frequencies because 
there are only finitely many search trees. 
In principle one merely has to list all the 
trees and choose the one that works best. 
In practice. however, this observation is 
useless because the number of possible 
binary trees with n elements is equal to 
(2n)!/n!(n + I)!. where n! stands for the 
product I X 2 X 3 X ... X n. This for-

© 1977 SCIENTIFIC AMERICAN, INC



MINERAL 

�����------
NUMBER OF 
POSSIBLE OBJECTS 
I DENTIFIABLE 
WITH EACH 
ANSWE R  

23 ANIMAL, MINERAL VEGETABLE, MINERAL ANIMAL, VEGETABLE, MINERAL 

/\ /\ /\ /\ 
YES NO YES NO YES NO YES NO 24 

/\ /\ /\ /\ /\ /\ /\ /\ 
25 rES 1\ 

; NO 
1\ 

NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO 
/\ 1\ /\ /\ /\ /\ /\ /\ /\ 1\ /\ /\ /\ /\ /\ 26 YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO 

/I, 
. . 

/I, 
. . 

1\ 1\ /I, /I, /I, /I, /I, ('. 
. .  . . 

/I, 
. . 

/I, 
. . 

1\ ('. 1\ 1\ 1\ 
. . 

1\ 
. . 

1\ 
. . 

1\ 
" 

/I, 
. . 

1\ 
. . 

/I, /I, /I, 
. . 

1\ /I, 
. . 

/I, 
. . 

1\ /I, 

� 23 

ble and mineral bas only eigbt, or 23, possible subsets (including tbe 
null set Ii for an object witb none of tbose cbaracteristics), and tbese 
eigbt possibilities combine witb only 220 possible outcomes to tbe 
20 yes-no questions. A similar argument can be used to sbow tbat a 

searcb algoritbm asking at most 20 "less-equal-greater" questions 
cannot distinguisb more tban 220 - 1 different key values, since 1 + 
2 + 4 + 8 + + 2'9 = 220 - 1. Binary searcb is able to attain tbismax
imum limit, tbus it is tbe most efficient searcb algoritbm of its kind. 

mula shows that there are very many 
binary trees indeed, approximately 4nj 
V(7Tn3) of them. where 7T is the famil· 
iar 3. 1 4 1 59. For example. when 1/ is 3 1 . 
the total number of possible binary trees 
is 14, 544.63 6,039,226,909. and each of 
these 14 quadrill ion trees will be opti· 
mum for some set of assumed frequen· 
cies for the 31 words. How, then, is it 
possible to show that the particular tree 
I have chosen is the best one for Gaines's 
frequencies? The fastest modern com
puter is far from fast enough to examine 
14 quadrillion individ ual possibilities: 
if one tree were considered per micro
second, the task would take 460 years. 

There is, however, an important prin
ciple that does make the computation 
feasible: Every subtree of an optim um 
tree must also be optimum. In the opti
mum binary search tree for the 3 1  com
monest English words the subtree to the 
left of the word "of" must represent the 
best possible way to search for the 20 
words "a", "and" and so on over to 
"not".  If there were a better way, it 
would lead to a better overall tree. and 
the given tree would therefore not be 
optimum. Similarly, in that subtree the 
even smaller subtree to the r ight of "for" 
must represent the best possible way to 
search for the I I  words "from". "had" 
and so on over to "not". Each subtree 
corresponds to a set of consecutive 
words KEY[i]. KEY[i + I ], ... ,KEYU]. 
where I � i < j � n. It is possible to de
termine all the optimum subtrees by 
finding the small ones first and doing the 
computation in order of increasing val
ues of j - i. For each choice of indices i 
and j there are j - i + I possible roots 
of the subtree. As one proceeds up the 
tree with the computation and examines 
each possible subtree root the optimum 
subtrees to the left and right will have 
already been calculated. 

By this proced ure the best possible bi
nary search tree for 1/ keys and freq uen-

cies can actually be found by doing 
about n3 operations. In fact, I have been 
able to improve the method even fur
ther. so that the number of operations 
required can be reduced to n2. In the 
case of the 3 1 commonest words this 
means that the optimum binary search 
tree can be d iscovered after only 961 
steps instead of 14 quadrillion. 

I should point out that the preced ing 
paragraphs d iscuss several algorithms 
whose sole purpose is to determine the 
best binary search tree. In other words, 
the output of those algorithms is itself 
an algorithm for solving another prob
lem! This example helps to explain why 
computer science has been developing 
so rapidly as an independent d iscipline. 
In the study of how to use computers 
properly, problems arise that are inter
esting in their own r ight, and many of 
these problems require both a new and 
interrelated set of concepts and tech
niques. 

It is amusing and instructive to con
sider the worst possible b inary search 
tree for the 3 1 commonest English 
words in order to see how bad things 
could possibly become with Algorithm 
C. As in the case of the optimal trees. 
there is a way to determine such "pessi
mal" trees in about n2 operations. For 
the 3 1  words with Gaines's frequencies 
the pessimal binary search tree requires 
Algorithm C to make an average of 
19. 1 5 8  comparisons per search. By way 
of comparison the worst arrangement of 
the keys for a sequential search requires 
Algorithm A to make an average of 
22.907 comparisons per search. Hence 
even the worst case for Algorithm C can 
never be quite as bad as the worst case 
for Algorithm A. 

Hashing 

The above algorithms for searching 
are closely related to the way people 

look for words in a dictionary. There is 
actually a much better way to search 
through a large collection of words by 
computer. It is called hashing, and it is a 
completely d ifferent approach that is 
quite unsuitable for human use because 
it is based on a machine's ability to do 
arithmetic at high speeds. The idea is to 
treat the letters of words as if they were 
numbers (a = I, b = 2, C = 3 and so on 
through z = 26) and then to hash, or 
scramble, the numbers in some way in 
order to get a single number for each 
word. The number is the "hash address" 
of the word; it tells the computer where 
to look for the word in the table. 

In the case of the 3 1 commonest En
glish words we could convert each key 
into a number between 1 and 32 by add
ing up the numerical values of i ts letters 
and throwing away excess multiples of 
3 2 .  For example. the hash address of 
"the" would be 20 + 8 + 5 - 32 = I, 
the hash address of "of" would be 
15 + 6 = 2 1 , and so on for the rest of 
the list. If  one is lucky, each word will 
lead to a d ifferent hash address and any 
search will be very fast. 

In general, suppose there are m loca
tions in the computer's memory, and 
suppose we want to store n keys, where 
m is greater than n. Since n is eq ual to 3 I, 
let us say m is equal to 3 2. Suppose also 
there is a hash function h(x )  that con
verts each possible word x into a num
ber between 1 and m. A good hash func
tion will have the property that h(x )  is 
unlikely to be equal to h(y). if x and yare 
different words to be put into the table. 

Unless m is much larger than n, how
ever, nearly every hash function will 
lead to at least a few "collisions" be
tween the values h(x )  and h(y). It is ex
tremely improbable that n independent 
random numbers between 1 and m will 
all be different. Consider a common ex
ample : It  is well known that when 23 or 
more people are present in the same 
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room there is a better than even chance 
that two of them will have the same 
birthday. Moreover, in a group of 88 
people it is likely that there will be three 
individuals with the same birthday. Al
though this phenomenon seems para
doxical to many people, the mathemat
ics can be easily checked, and many 

seemingly impossible coincidences can 
be explained in the same way. 

to deal with the problem of collisions. 
Suppose we want to search a table for 

x but the hash address h(x) already con
tains word y. The simplest way to handle 
the collision is to search through loca
tions h(x), h(x) - 1, h(x) - 2 and so on 
until we either find x or come to an emp
ty position. If the search runs off one end 

Another way to state the birthday par
adox is to say that a hash function with 
m equal to 3 6 5  and n equal to 23 will 
have at least one collision, more often 
than not. Thus any search procedure 
based on a hash function must be able 

BINARY SEARCH TREE is implicit in Algorithm B, Here a tree 
graphically illustrates the order in which Algorithm B would probe 
an alphabetical table of the 31 commonest words in English. Starting 
at the "root," or top, of the tree, the input word x is first compared 
with the midpoint of the table, the word "I". If x is alphabetically 
smaller than "I", the search proceeds down the left branch of the tree; 
if x is greater, the search proceeds down the right branch. For ex
ample, if x is the word ''from'', the search first finds that x is less than 

OPTIMUM BINARY SEARCH TREE shows the best order of the 
31 words in the tree, based on the relative frequency of each word es
timated by Helen Fouche Gaines. The frequency of each word is rep
resented by the number below it. This tree is not as well balanced as 
the tree implicitly defined by the standard binary-search algorithm 
and shown in illustration above, and the search will therefore take 
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"I", then that x is greater than "by", then that x is less than "have", fi
nally that x is equal to ''from''. If x were not in the table, the search 
would stop at one of the 32 zeros (square nodes) at bottom of the tree. 
When branches of tree are represented explicitly in computer's mem
ory, rather than implicitly as in Algorithm B (which requires calcula
tion of midpoints), search goes slightly faster. It also becomes easier 
to insert new information: if one wants to add "has" (word in gray) 
to tree, one inserts it in alphabetical order in place of one of zeros. 

�1.849L 
� � l�l6 
�.29� 

longer in some cases. For example, to find the word "from" in this tree 
takes six steps instead of four (path in gray and color). On the average 
the optimum tree is faster for a computer to search, however, because 
the commoner words are tested sooner. Note that although the word 
"the" is by far the most frequently used word in English, it is not 
placed at root of the tree because it is too far from center of alphabet. 
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-�roid Type 665 Positive /Negative Film is ��: a preservative agent: The Royal Photo
graphic Society of Great Britain chose it to copy over 
1 2 ,000 rare masterpieces ( like the one below) from 
its Archives . Type 665 provides instant 3� x 4� 

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

FROM THE ARCHIVES OF THE ROYAL PHOJDORAPHIC SOCIETY OF OREAT BRI'E4IN. 

TI oo rn S) [  
( 1 887, 18'k"X  11 
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inal prints . Furthermore, since the Polaroid prints 
and negatives are produced in only 30 seconds, the 
original photographs can lie, untouched, under the 
camera until the archivist knows he has satisfactory 
copies . The irreplaceable originals can then be re-

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

REPRODUCED FROM A POLAROID TYPE 665 NEGATIVE ( 3lJl, X 414, ) 

o lMl [Jl [E ill S) 0 
, AT I N U M  PR I NT) 
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The new $2984* Colt. 
Isn't a Datsun. 
Isn't a Toyota. 

Its a lot of little ......... ge. 
The new Dodge Colt is 

such a lot of car, it's got M r. D. 
and M r. T. confused. Because Colt 
offers you the value you'd expect 
from this i mport, plus Dodge Colt 
sales and service coast to coast. 

47 MPG highway, 30 
MPG city. Colt wi l l  g ive you 
great m i leage, according to E PA 

estimates�* You r  m i leage may 
vary, accord ing to your car's 
cond ition, equ ipment. and you r 
driving habits. And Dodge Colt 
runs on either regu lar or u n leaded 
gas. 

Looking for a long list of 
standard features? Wel l  , you get it 
on all of our 77 Colt models. Even 
our lowest priced two-door coupe 
g ives you whitewal l  t ires, two 
recl in ing bucket seats; tinted glass 

in a l l  windows, carpeting,  adjustable 
steering colu m n ,  s imulated wood
grai ned instrument panel ,  fou r
speed manual transmission, q u iet 
sound i nsu lation,  tri p odometer, 
locking gas cap, and electric rear 
window defroster. 

And we offer you an optional 
automatic transmission to go with 
the standard 1 .6 l iter engine.  

So if you're thinking 
"import:' think about Dodge 
Colt. I t's not a Datsu n .  Not a Toyota. 
For $2984, it's a lot of l ittle Dodge. 
See it at you r  Dodge Colt Dealer's. 
*Manufacturer's suggested retail price, not 
i ncluding destination charge, taxes, title, and 
options. California prices higher. 
**Equip ped with standard 1 .6 l iter engine, 
four-speed manual transmission, and 3.31 
rear axle ratio. California mileage IO'lller. 
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of the table before it is completed. it 
resumes at the other end. This proce
dure. which is known as linear probing. 
can be spelled out in an algorithm: 

Algorithm D; hashing with linear 
probing. 

D 1 .  [Initialize.] Set j � h(x}. 
D2. [Unsuccessful?] If table entry j is 

empty . output 0 and terminate the algo
rithm. 

D3. [Successful?] If x = KEYU]. out
put j and terminate the algorithm. 

D4. [Move to next location.] Set 
j � j - 1 ;  then if j = O. setj � m. (Loca
tion m is considered to be next to loca
tion 1 . )  Return to step D2. 

If x is not in the table. and if the algo
rithm terminates unsuccessfully in step 
D2 because table entry j is empty . we 
could set KEY[J] � x using the current 
value of j. This would insert x into the 
table so that the algorithm could re
trieve it later. A subsequent search for x 
will follow the same path as it did the 
first time. starting at position h(x}. mov
ing to h(x} - 1 and so on. finding x in 
position j. Thus the search will proceed 
properly even when collisions occur. 

Returning to the example of the 3 1  
commonest English words. suppose the 
words are inserted one by one into an 
initially empty table in decreasing order 
of their frequency ("the" is inserted first. 
"of" is inserted second and so on). The 
result is the hash table shown in the illus
tration on the next page. Most of the 
words appear at or near their hash ad
dresses except for the ones that are in
serted into the table last; the least fre
quent word. "this" .  has been placed in 
position 8 although its hash address is 
24. because positions 9 through 24 were 
already filled by the time it was inserted. 
In spite of such anomalies the average 
number of times the table must be 
probed by Algorithm D in order to find 
a word turns out to be only 1 .666-less 
than half the average number of com
'parisons required to find the word with 
the optimum binary search tree. Of 
course. the time needed to compute h(x} 
in step Dl  must be added to the time for 
probing the table. For large collections 
of data. however. the hashing method 
will significantly outperform any bina
ry-comparison algorithm. 

In practice one would almost never let 
a hash table get as full as it does in the 
example. The number m of table posi
tions available is usually chosen to be so 
large that the table will never become 
more than 80 or 90 percent full. It can be 
shown that the average number of 

"PESSIMAL" TREE shows the worst possi
ble binary search tree for searching for tbe 
31 commonest English words_ This tree bas 
lost advantage of tree structure because one 
branch of each comparison is always "dead." 

1 5 .568 �--""' 
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1 THE ( 1 ) 
2 HAVE (4) 

3 TO (3) 
4 HIS  (4) 
5 
6 BE (7) 
7 FOR (7) 
8 THIS (24) 
9 I (9) 

1 0  BUT ( 1 1 ) 
1 1  WAS ( 1 1 ) 
1 2  HAD ( 1 3) 
1 3 H E  ( 1 3) 
1 4 FROM (20) 
1 5  AT (2 1 )  
1 6 NOT ( 1 7 )  
1 7 THAT ( 1 7 )  
1 8 WHICH ( 1 9) 
1 9  AND ( 1 9) 
20 AS (20) 
2 1  O F  (2 1 )  
22 ON (29) 
23 IN  (23) 
24 ARE (24) 
25 YOU (29) 
26 BY (27) 
27 WITH (28) 
28 IS (28) 
29 IT  (29) 
30 HER (31 ) 
31 OR ( 1 )  
32 A ( 1 )  

"HASH" TABLE provides a better way for a 
com puter to search through large files of data. 
For each word x one uses a computer's ability 
to do high-speed arithmetic by computing a 
hash address h(x), where the search for x is 
to start. The hash address for each of the 31 
commonest words is shown in parentheses af
ter each word; in this example each hash ad
dress was obtained by adding the numerical 
value of each letter (a = 1, b = 2 and so on up 
to z = 26) and discarding excess multiples of 
32. Sometimes two different words x and y 
have the same hash address h(x), so that they 
"collide." If x is not stored in position h(x), the 
search continues upward through positions 
h(x) - 1, h(x) - 2 and so on. For example, the 
hasb address of "his" is h + i + s, or 8 + 9 + 
19 - 32 = 4. The hash address of "have" is also 
4. To search for "have" the algorithm looks 
first in position 4 (light gray), then in position 
3 (dark gray) and finally in position 2 (color), 
where "have" is located. If word x is not in ta
ble, search for it will stop at empty position 5. 
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probes needed to find one word out of 1/ 
equally likely words that have been ran
domly inserted into a table of size m is 
1 + [(1/ - 1 ) l m  + ( 1/ - 1 )( 1/ - 2 ) / m 2  + 

( 1/ - 1 ) ( 1/ - 2 ) ( 1/ - 3 ) / m 3  + . ' ] 1 2 .  Let 
the symbol a stand for 1/ 1 m. the ful lness 
ratio or "load factor" of the table. As 1/ 
approaches infinity it can be shown that 
the average number of probes required 
to find any word x in a table approach
es the value I + (a + a2 + a3  + . ' ) 1 2 .  
which i s  equal t o  [ 1 + 1 /( 1  - a)] 1 2 .  
Furthermore. the true average number 
of probes will always be less than this 
limiting value. Therefore when the table 
being searched is 80 percent full. Algo
rithm 0 makes fewer than three probes 
per successful search on the average . 

It is important to note that the stated 
upper limit on the average number of 
probes per successful search holds for 
all tables that are eq ually full .  no matter 
how large the table is. The same cannot 
be said about binary-comparison algo
rithms. because their average running 
time per successful search will grow ar
bitrarily large as the number 1/ of words 
to be searched increases .  

Improving Unsuccessful Searches 

My statements in the preceding para
graphs about the small number of 
probes required with Algorithm D ap
ply only to cases where x is actually 
found in the table. If  x is not present. the 
average number of probes needed to 
ascertain that fact will be larger . 
namely 1 + [2n l m + 3 1/ (n  - I )  1 m 2  
+ 4n(n - l )(n - 2 ) 1  rn3 + ' ] 1 2 ;  when 
n is  large. this number is approximately 
equal to [I + 1 /( 1 - a)2] 12. In other 
words.  an average unsuccessful search 
in a large hash table that is 80 percent 
full requires nearly 13 probes. More
over . in my example of the 3 1  words in 
32 spaces. note that all unsuccessful 
searches must terminate at the single 
empty position 5 regardless of the loca
tion of the starting address h(x). A pre
cisely analogous situation occurred with 
the sequential search Algorithm A . .  
where a l l  unsuccessful searches end  at 
position O. 

In 1 973  O. Amble of the University of 
Oslo noted that the problem of unsuc
cessful search could be alleviated by 
combining the concept of hashing with 
the concept of alphabetical order. Sup
pose the 3 I commonest English words 
are inserted into the table in decreasing 
alphabetical order instead of in decreas
ing order of frequency. Since the table is 
probed by starting at the address h(x) 
and moving to h(x) - I and so on. all 
words lying between the address h(x) 
and the actual location of x must be al
phabetically greater than x lest there be 
a collision. A search for x can therefore 
be terminated unsuccessfully whenever 
a word alphabetically less than x is en-

co untered .  In other words. the following 
algor ithm can be used :  

Algorithm E:  l inear probing in  an  or
dered hash table. This algorithm as
sumes that KEY[;l is 0 when entry j is 
empty . and that all words x have a nu
merical value that is greater than O. 

E 1 .  [Initialize.] Set j - h(x). 
E2 . [Unsuccessful?] If  KEYU] < x. 

output 0 and terminate the algorithm. 
E3 . [Successful ?] If  KEYU] = x. out

put j and terminate the algorithm. 
E4. [Move to next .] Set j - j - 1 ;  then 

if j = O.  set j - m. Return to step E2 . 

The advantage of Algorithm E is il
l ustrated in the ordered hash table on 
page 80. S uppose one wants to deter
mine if "has" is one of the 3 I common
est English words. Its hash address is 
8 + I + 19 = 2 8 .  With Algorithm E the 
search terminates in six steps when it 
reaches j  = 22 ("by") instead of continu
ing through the table until it encounters 
the empty table entry at j = 5. 

In an ordered hash table the average 
number of probes per unsuccessful 
search is red uced to 1 + [n l m  + 
n (n - I )  I m 2  + n (n - I )  (n - 2) / m 3 
+ . .  ] 1 2. and this number is always less 
than [I + 1 / ( 1 - a)] 1 2. Thus the limit 
for a successful search and the limit for 
an unsuccessful one are identical. On 
the average . when an ordered hash table 
is 80 percent full .  Algorithm E will 
make less than three probes regardless 
of the size of n .  

This i s  all very well i f  the ordered 
hash table has been set up by inserting 
the keys in decreasing alphabetical or
der as I have described it. In practice . 
however . one cannot always assume 
that the words of a table have been en
tered in such a manner .  Tables often 
grow dynamically with use . and new 
words enter in random order. Although 
the structure of a binary tree (Algorithm 
C) and of an unordered hash table (Al
gorithm 0) will handle dynamic growth 
with ease. the structure of an ordered 
hash table (Algorithm E) is not so obvi
ously adaptable. Fortunately there is a 
very simple algorithm for inserting a 
new word into an ordered hash table : 

Algorithm F; insertion into an or
dered hash table. This algorithm puts a 
new word x into an ordered hash table 
and appropriately rearranges the other 
entries so that searching with Algorithm 
E remains valid. 

F I .  [Initial ize.] Set j - h(x) . 
F2.  [Compare.] If KEY[;] < x. inter

change the values of KEY[;l and x. 
(That is. set x to the former value of 
KEYU] and set KEYU] to the former 
value of x. ) 

F 3 .  [Done ?] If x = O. terminate the 
algorithm. 

F4 .  [ Move to next . ]  Set j - j - I ;  then 
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the Bang & Olufsen Beosystem 1 900. 
It's so simple, most people don't get it. 

An alternative to the airplane cockpit school of audio 

design. I t 's not knobs and dials that make su perb sou nd, it's 
superb engi neer ing.  
I n t h e  B e o s y s t e m 
1 900, there is almost 
none of the former ,  
and a g reat deal  of  
the latter. 

A few cases in  point : 
Your finger, the component. With the Beomaster® 

1 900, you become part of the syste m Al l  major controls are 
electronical ly activated by a l ight touc h  of you r finger on the 
front control panel. The instant you touch it an i l l umi nated 
i ndicator appears for each function, you always know the 
operational status of the 1 900, even in  the dark. 

For details, look inside. Secondary controls, for bass, 

Thanks for the memory. 

The Beomaster 1 900 also a l lows 
you one unforgettable conven
ience. You may pre-set the vol
ume level and pre-tu ne up to five 
FM stat ions. Then, at the instant 
you want it you have the station 
you want at the level you want. 
Why clutter you r memory when 
the syste m has one? 

treble,  and FM tu ning,  are 
o u t  of s i g h t ,  l i t e r a l l y 
c o n c e a l e d  b e h i n d  a n  
aluminu m door that opens 
and c loses i n  a manner 
remin iscent of  the Starship 
"Enterprise." 

lr '� • • , 
.� � � .,. 
"" '" '" ." .. .. .. .. .. _ '"  _ "  II' -... - .. - .. .. 

.... ' flo4 FIolJ "'"  � 

The turntable, taken to Its logical conclusion. The 
Beogram® 1 900 tu rntable's very low mass tone arm and MMC 
4000 cartr idge work magnif icently wi th each other, because 
they are made to work with each other, by eng ineers who ta lk 

t o  each ot h e r, l i s ten  to 
each other, and design for 
each other. I f  that str i kes 
you as overwh e l m i n g l y 
l o g i c a l ,  y o u ' d  b e  s u r 
p r i s e d  h o w  o t h e r  t u r n 
tables are put together. 

A scratched record is forever. (HoW to protect your 

investment.) No matter how little you 've spent on you r record 
col lection, chances are some of it i s  I r replaceable, wh ich 
makes it pr iceless. I t  makes sense to protect It -the way ou r 
MMC 4000 cartr idge does with an effective t ip mass of only 0.4 
mi l l igrams. (A t iny square of th is  page, th is big 0 weighs 1 .0 
mi l l igram) This results in a touc h  so del i cate t hat it's 
almost i mpossible to scratch you r records whi le playi ng 
them It a lso reduces wear considerably enabl ing you r 
records to cont inue working wel l  past normal ret i rement age. 

We don't recommend this, 
but with t he MMC 4 000 
cartr idge, it won't hurt .  

• •••• 

o 
It's not size that counts. It's perfor

mance. Can a speaker smal l  enough to fit on 
an eight- inch shelf (or unobtrus ive enough to 
hang on a wal l )  i m press your  a u d i o p h i l e  

fr iends? Yes, i f  they keep their  eyes c losed 
,.--.--__..mn-U· · · and thei r  ears open. 

The missing link: Our 100% solution. Phase d i stor 
tio n -a pri nc ipal  v i l la in in speaker performance -was iden
tif ied in  1 973 by Bang & Olufsen eng ineers. The f i rs t  pract ical 
solut ion to the probl em was presented i n  London i n  1 97 5  to 
the i nternational organization, the Audio Engineer ing Society, 
by Bang & Olufsen engi neers. 

Today that solut ion is  an i ntegral part of ou r Beovox® 
Phase-Link® Loud speakers (Pat. Pend. ). 

If a child can operate it, will 

an adult buy it? Because usabil
ity is at the heart of the Beosystem 
1 900's design, i t  is  true that a ch i ld 
can o p e rate i t .  But  o n l y  a very 
soph i st icated ad u lt can t ru ly  ap
preciate i t .  Welcome. Write to us at : 
Bang & Olufsen of Amer ica, 5 1 5  
Bu sse Road, Dept. 1 3 K  Elk Grove 
Vi l lage, I l l i nois 60007, we' l l  be happy 
t o  s e n d  you ou r b r o c h u re a n d  
dealer l ist . 

Bang & Olufsen 
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Genuine 
Unitron 
telescopes 
for un([er 
S200! 

Un i t ron 80mm 
spotti ng' scope . 

Exp l o re the moons of J u p i ter  or look 
at a sq u i rre l t h rough the extrao rd i na ry 
opt ics of a gen u i ne U n i t ron  te lescope ! 
The two- i n c h  U n i t ron  refractor for 
v iew i n g  the heavens i s  only $1 95 com
p l ete, and the new 80m m  U n itron 
w idef i e l d  spott i n g  scope for te rres
t r ia l  observat ions  starts at only $90 ! 

A n ice hobby g i ft for young and o ld ! 
Send coupon for  add i t iona l  i nfor

mat ion and f ree cata log .  

U NI T/?ON The value l ine 

1-------------, 
, Un i t ron Instruments. I nc .  1 , SUb. of Ehren re ich Photo-Opt ica l l n dus t r ies . l n c ' l 
1
1 01 Crossways Park West. Wood b u ry.  NY  11797 
USA (51 6) 364-8046 Dept .  SA -4 1 

I I 
I I 
I Name I please pr int  
' Address I 
I I 
I �w I 
I . I �t::e 

_ _ _ _ _ _ 
..!� 

_ _ _
_ 
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if j = O. again set j � m.  Go back to step 
F2. 

If we choose to insert the word "has" 
into the ordered hash table of the 3 1  
commonest English words by means of 
Algorithm F. the procedure would place 
"has" in position 22.  making room for it 
by moving "by" from position 22 to po
sition 1 8 . moving "at" from position 1 8  

1 THE ( 1 )  

2 HAVE (4) 

3 TO (3) 

4 H IS  (4) 

5 

6 BE (7) 

7 FOR (7) 

8 AND ( 1 9) 

9 I (9) 

1 0  BUT ( 1 1 ) 

1 1  WAS ( 1 1) 
1 2  HAD ( 1 3) 

1 3  H E  ( 1 3) 

1 4  ARE (24) 

1 5 AS (20) 

1 6  NOT ( 1 7) 

1 7  THAT ( 1 7) 

1 8  AT (21 ) 

1 9 WH ICH ( 1 9) 

20 FROM (20) 

21 OF (2 1 )  

,. 22 BY (27) 
23 IN (23) 
24 THIS (24) 
25 IS (28) 
26 IT (29) 
27 ON (29) 
28 WITH (28) 
29 YOU (29) 

30 A ( 1 )  

3 1 H E R  (3 1 )  

32 OR ( 1 )  

ORDERED HASH TABLE, which combines 
the concept of hashing with the advantage of 
alphabetical order, reveals more quickly when 
the input word is not present. Here all the 
words between position h(x) and the actual 10-
cation of x are alphabetically greater than x. 
Thus an unsuccessful search need not stop 
only at the empty position 5; it will also stop 
as soon a� a word alphabetically less than x is 
encountered. If desired word x is "has", with 
hash address 28 (light gray), search will stop 
when it reaches "by" at position 22 (dark gray). 

to position 1 5, moving "as" from posi
tion 1 5  to position 1 4, moving "are" 
from position 1 4  to position 8 and final
ly moving "and" from position 8 to the 
empty position 5. That may seem like a 
lot of work, but it takes only slightly 
longer than the task of inserting "has" 
into an unordered hash table using Al
gorithm D. In general the insertion of a 
word into an ordered hash table takes 
the same number of iterations as the in
sertion of the same word into an unor
dered hash table. Furthermore, the aver
age number of words in the table that 
must be interchanged by way of step 
F2 to accommodate the new word is 
(n - 1 )  1 2m + 2 (n - 1 )  (n - 2) 1 3m2  
+ 3 (n - 1 )(n - 2)/4m3 + " , which is 
approximately equal to 1 / ( 1  - a) + 
[log.( 1 - a)]la . where e is the familiar 
2. 7 1 828 .  Thus inserting words by Algo
rithm F is quite a reasonable task. 

In this specific case we actually should 
not have inserted "has" into the table 
because hash tables ought to have at 
least one empty position. By coinci
dence the smallest possible word in al
phabetical order. "a", is present in this 
completely full table. Hence linear 
probing with Algorithm E will still work 
correctly in all cases. If "a" were not in 
the table, however, an empty position 
would be needed in order to avoid end
less searching when the input word x 
was equal to "a". 

One of the most surprising properties 
of ordered hash tables is that each one is 
unique. If we use Algorithm F to build 
an ordered hash table from any set of 
words, the same table will be obtained 
regardless of the order in which the 
words are inserted. The reader may find 
it entertaining to prove this fact for him
self. 

Conclusion 

My discussion of ways to search for 
information stored in a computer's 
memory is intended to illustrate several 
important points about algorithms in 
general. As we have seen, an algorithm 
must be stated precisely, and it is not as 
easy to do that as one might think. When 
one tries to solve a problem by comput
er, the first algorithm that comes to 
mind can usually be greatly improved. 
Data structures such as binary trees are 
important tools for the construction of 
efficient algorithms. When one starts to 
investigate how fast an algorithm is, or 
when one attempts to find the best possi
ble algorithm for a specific application, 
interesting issues arise and one often 
finds that the questions have subtle an
swers. Even the "best possible" algo
rithm can sometimes be improved if we 
change the ground rules. Since comput
ers "think" d ifferently from people, 
methods that work well for the human 
mind are not necessarily the most effi
cient when they are transferred to a 
machine. 
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CRYSTALLINE SKELETON glows within a sea urchin larva in this 
micrograph made by one of the authors (Inoue) using a combination 
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of differential-interference and polarized-light microscopy. Two of 
the larva's four horns are visible. Magnification is 640 diam eters. 
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Biocrystals 

The development of an elaborate crystalline skeleton within 

the transparent embryo of the sea urchin provides a model for 

the shaping of hard mineralized tissues such as shell and bone 

P
recisely how embryonic develop
ment unfolds through the succes
sive division, rearrangement and 

differentiation of cells ansmg from a 
single fertilized egg is a central question 
of biology. A part of that question is 
how the developing embryo molds inor
ganic substances into hard crystalline 
structures such as bone, tooth and shell. 
These materials, which can be charac
terized as biocrystals, consist of regular 
three-dimensional arrays of calcium. 
silicon, phosphate, carbonate or some 
combination of these substances, and 
they are chemically indistinguishable 
from the crystals found in the inanimate 
world. They are remarkable, however, 
in that they exist not in the simple ge
ometric forms of non biological crys
tals but in intricately sculptured forms 
that vary with the living organisms 
that make them. Biocrystals are found 
throughout the animal kingdom, rang
ing from the silica skeletons of sponges 
to the layered crystals of calcium phos
phate that form the mineral component 
of human bones and teeth. 

. 

The sea urchin, the spine-covered ma
rine organism that lives in the shallow 
water of coral reefs or tidal pools, is an 
excellent organism for the investigation 
of biocrystals. In its embryonic form it 
grows two spicules, or starlike biocrys
tals, that eventually fuse to create a 
supporting skeleton for the four-horned 
larval form. Moreover, the embryo is 
transparent, so that it affords a clear 
view of living cells in the act of building 
mineral elements into crystalline struc
tures. 

The growth of the spicules within the 
developing sea urchin embryo has 

been described in considerable detail 
over the past half century. In season the 
adult sea urchin nurtures millions of 
ripe germ cells (eggs or sperm) within its 
spiny shell. Either naturally or on artifi
cial provocation (such as electrical stim
ulation or the injection of potassium 
chloride) the organism releases the germ 
cells through five microscopic pores. In 

by Shinya Inoue and Kayo Okazaki 

the surrounding seawater the sperm and 
eggs released by the male and female sea 
urchins unite and the fertilized eggs be
gin to divide. First the egg cleaves sym
metrically three times, giving rise to two 
tiers of four equal-sized cells stacked on 
top of each other. Then at the fourth 
division the cells divide unequally, giv
ing rise to eight intermediate-sized cells, 
four large cells and four small cells 
called micromeres. Most of the cells 
continue to divide until they form the 
blastula: a hollow sphere consisting of a 
single layer of cells. Some of these cells 
push into the hollow interior of the blas
tula while still maintaining contact with 
their neighbors, forming the primitive 
gut and mouth of the embryo, which is 
now called the gastrula. 

At this point descendants of the mi
cromeres, the four small cells arising at 
the fourth division. have migrated into 

the cavity of the gastrula. They are now 
designated primary mesenchyme cells, 
and with the aid of pseudopods-long 
contractile extensions-they associate in 
two groups, one group on each side of 
the primitive gut. There the pseudopods 
fuse, and within them appears a tiny cal
careous (limy) granule. Next the pri
mary mesenchyme cells, still connected 
by their pseudopods, organize them
selves into three radiating cables 120 de
grees apart. As the embryo continues to 
develop. the pseudopodial cables guide 
the growth of the calcareous granule 
into a triradiate spiCUle. a crystal shaped 
like a three-pointed star. 

Later the chains of mesenchyme cells 
assume other configurations. with each 
chain migrating in a different direction. 
The flat triradiate spicule is then sculp
tured by the pseudopodial cables into a 
three-dimensional form termed the skel-

ADULT SEA URCHIN is a common inhabitant of marine tidal pools and the shallow waters 
of coral reefs. In season it nurtures millions of eggs or sperm within its spine-covered shell. 
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etal spicule. The process begins with a 
slight right-angle bend in one of the 
arms of the triradiate spicule. The bent 
portion elongates and establishes the 
long axis of the skeletal spicule. which 
depending on the species has one rod or 
more projecting from it. Eventually a 
joined pair of skeletal spicules shaped 
somewhat like a folding chair provides 

2 

6 

9 10 

13 14 

an internal skeleton for the four-horned 
sea urchin larva. The shape of the larval 
spicule in each species of sea urchin is 
unique to that species. 

C
hemically the larval spicule is calci

um carbonate (CaCOa) containing 
a small amount of magnesium (5 per
cent) and organic matrix (1 percent). 

3 

7 

II 

Also a major constituent of coral. chalk 
and marble. calcium carbonate crystal
lizes in different forms. all of which ex
hibit the optical property of birefrin
gence: they split light waves into two 
components that oscillate in planes per
pendicular to each other. When such a 
crystal is placed in a beam of plane-po
larized light (that is. light in which the 

4 

8 

12 

16 

BOTTOM VIEW 
DEVELOPMENT OF THE SEA URCHIN from the fertilized egg 
to the larval form is diagrammed in this illustration. After fertiliza
tion the egg cleaves three times (1-3). The resulting eight cells then 
divide unequally (4), giving rise to eight intermediate-sized cells, four 
large cells and four small cells called micromeres (light color). The 
dividing cells next form a hollow sphere, or blastula (5, 6). Descen
dants of the micromeres, the primary mesenchyme cells, migrate into 
the blastular cavity (7, 8). An inward fOlding of the blastular wall 

forms the primitive gut of the embryo, now called a gastrula, and the 
mesenchyme cells associate on each side of the fold (9). There the 
pseudopods, or contractile extensions, of the mesenchyme cells fuse 
to form radiating chains, or cables. At the vertex of the cables a cal
careous granule (dark color) appears (10). The two granules in each 
embryo are gradually sculptured into flat triradiate spicules (11, 12) 
and then into complementary three-dimensional skeletal spicules. 
Finally the skeletal spicules fuse to form the larval skeleton (13-16). 
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Who can give you 
everything 

from Henry's Fort to 
Louise's Lake! 

This year why not 
come to Canada for 
your vacation? We've 
got so much to go for. 
And with Air Canada's 
special tours you can 
go for so much less. 

Take Air Canada's Canadapass.lts a unique 
one week fly/drive vacation that starts as low 
as $178* per person, double occupancy, plus 
air fare. Canada pass gives you the total free
dom of a car with unlimited mileage, and a 
guaranteed room every night, wherever you are, 
without reservations. Dine on fine French 
food in Quebec. Explore historic Fort Henry 
in Kingston, Ontario. Or relax on the beautiful 
beaches of Atlantic Canada. 

You don't go for fly/drive tours? Take our 
Rockies and Vancouver by Motorcoach tour 
this spring or fall. For $169t per person, double 

occupancy, plus air 
fare, you get six nights 
in really nice hotels, all 
transfers, provincial 
taxes, and sightseeing. 
And what sights you' ll 
see! The rugged beau

ty of Fraser Canyon. The emerald green of 
Lake Louise. And, of course, Vancouver, one of 
the worlds most spectacularly situated cities. 

So come to Canada. You can pay for your 
vacation-and even extend payments-with 
the American Express (ii��iiiiiiii_��i' 
CarcJ® "Sign & Travel'!® � � . 
Plan. If you don't have 

.6�c, 
the card, pick up an [ } 1 12 3¥S� 18· 9500b N 
application wherever it 

. . . I • 

is welcomed. CHAR��':.!. .. ���;! .. __ .. ,_ .. 
The American Express Card. Don't  leave 

home without it�M 

r------Air nada can ! _ _____ , 
SA4·77 

Air Canada, P.O. Box P, 
Staten Island, New York 10305. 

P lease send me your Yes, Canada book. I 
understand it's got tours that can give me every
thing from Henry's Fort to Louise's Lake to 
Peggy's Cove to Edward's Island to Victoria's 
City. 

Canada. So much to go for. 
Name ____________________________ __ 

Street ____________________________ _ 

City _______________ _ 

State Zip ____ _ 

My travel agent is ________________ --:=_ 

AIRCANADA® 
______ __ _____ ___ _____ J 

'IT AC-FRMG7 tIT AC UTL WF6 
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waves are oscillating in only one plane) 
and viewed through a polarizing filter. 
a characteristic phenomenon is seen. 
When the plane of polarization is orient
ed in a direction that is neither parallel 
nor perpendicular to the planes of atoms 
in the crystal. the crystal dramatically 
lights up. 

There are few sights to be seen 
through the microscope that are as love
ly as sea urchin larvae viewed in a mi
croscope equipped with polarizing fil
ters above and below the specimen. 
When the axes of the filters are crossed 
so that the field is darkened. the two 
skeletal spicules within each swimming 
larva alternately light up and go dark 
like twinkling stars. With every 360-de
gree rotation of a larva each spicule 
shines four times at orientations exactly 
90 degrees apart. 

The birefringence of the skeletal spic
ule of the sea urchin larva is strong 
compared with that of other birefrin
gent materials: the refractive index of 
the spicule is some 12 percent greater 
when the plane of polarization of polar
ized light is perpendicular to the long 
axis of the spicule than when the plane is 
parallel to that axis. This behavior. to
gether with information obtained by x
ray diffraction. suggests that the calcium 

carbonate in the spicule is crystallized in 
the calcite form. The structure of calcite 
consists of planes of calcium ions. which 
have two positive charges. alternating 
with planes of carbonate groups (C03). 
which have two negative charges. The 
calcium and carbonate planes are per
pendicular to the crystal's crystallo
graphic axis and thus define that axis. 
The bonding forces in calcite are weak 
across planes parallel to the faces of a 
rhombohedron. with the result that non
biological calcite crystals have a nearly 
perfect rhombohedral form. 

The birefringence exhibited by the 
skeletal spicule of the sea urchin larva 
tells us that each spicule. in spite of its 
complex external form. behaves optical
ly as though it were carved out of a larg
er crystal of non biological calcite. This 
larger crystal would be oriented so that 
the crystallographic axis runs along the 
length of the spicule. Hence the skeletal 
spicule of a sea urchin larva apparently 
combines the internal form of a single 
calcite crystal with the sculptured exter
nal form characteristic of the species. 

W
e first became fascinated by these 
structures 30 years ago while we 

were working with a hand-built polariz
ing microscope in the laboratory of Ka-

CHAINS OF MESENCHYME CELLS guide the sculpturing of the two triradiate spicules 
within the cavity of the sea urchin embryo in this micrograph. Magnification is 500 diameters. 
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tsuma Dan at the Misaki Marine Biolog
ical Station south of Tokyo. Two sum
mers ago we resumed our collaboration 
at the Marine Biological Laboratory in 
Woods Hole. Mass .. where one of us 
(Okazaki) held a Lillie Fellowship. Kent 
McDonald. a graduate student from the 
University of Colorado. was operating 
the laboratory's scanning electron mi
croscope. We all felt that here. perhaps. 
was an ideal tool for looking at the de
tailed structure of the spicule of the sea 
urchin larva in order to extend the 
knowledge we had gained with the po
larizing microscope. Accordingly we 
isolated both triradiate spicules and 
skeletal spicules by placing sea urchin 
embryos in fresh water. which causes 
the cells of the embryo to osmotically 
take up water and burst. The spicules 
were then washed clean with dilute so
dium hydroxide or Clorox (the same 
agents that are used to clean the adult 
sea urchin shells one finds in souvenir 
shops). 

The scanning electron microscope 
displayed the isolated spicules splendid
ly. The simple elegance of the triradi
ate spicules and the sculptured beauty 
of the skeletal spicules were wonderful 
to behold. But there was something 
strange. No matter what magnification 
we used-and at the highest magnifica
tion we could resolve structures only 
100 angstroms ( 10.5 millimeter) across
there were no signs of crystalline texture 
on the surface of the isolated spicule. 

We tried etching the spicules with 
weak acids and with a calcium-binding 
agent. The surface became eroded and 
rough but again we found no trace of the 
geometric crystalline forms that are 
commonly found in nonbiological cal
cite crystals exposed to weak acids. 
Moreover. nonbiological calcite tends 
to cleave along certain crystallographic 
planes and readily expose crystal faces 
that make characteristic rhombohedral 
angles with one another. When we frac
tured skeletal spicules. however. we 
could find no cleavage faces in the 
scanning electron microscope. Instead 
the spicules seemed to fracture along 
smooth. irregular faces. the way a non
crystalline material such as glass does. 
In short. although the skeletal spicules 
behaved optically as though they were 
single crystals. the scanning electron mi
croscope failed to reveal any sign of 
crystallinity. 

I
n an attempt to resolve this paradox 

we decided to see whether we could 
use isolated spicules as seeds on which 
to grow calcite crystals. If this could be 
done. the calcium carbonate molecules 
in the growing crystal would line up 
with similar molecules in the biocrystal
line spicule. revealing the underlying 
crystal structure. We therefore exposed 
isolated spicules to a saturated solution 
of calcium carbonate by first immers-
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Willkommen, Bienvenue, Welcome ... 
We've fifty different ways of saying "Pleased to meet you, make yourself at home'; 

and easily as many places where home will seem another world away - with Her Majesty's Regiments 

on Parliament Hill, or the poignant skirl of the Highland Piper, amid banter and barter at 

open-air markets, or the magic and pageantry of our Caribbean cultures, or the oom-pah-pah of Bavarian 

beerfests, and at any and all, por favor, pro sze bardzo, you're more than welcome. 

For a thousand ways to have fun this summer with a friendly foreign flavour, call COLLECT (416) 965-4008, 

or write: Ontario Travel. Dept: F., Queen's Park, Toronto M7A 2E5. 

We'll send you our Travellers Encyclopaedia. 

antana Canada 
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There's at least one thing 
you can afford 

thats the very best on earth. 
American telephone service is 

the best in the world. Yet it's well 
within the reach of virtually every 
American. 

This didn't happen by accident. 
Both the quality and economy 

of your telephone service benefit 
greatly from technological innova
tions Bell Laboratories and Western 
Electric produce for the Bell System. 

Money Well Spent ... 
Genuine innovation doesn't 

come cheap. 
But the money Western Electric 

spends on research and develop
ment at Bell Labs produces a lot of 
innovation. 

About 40% of what Western 
Electric makes today didn't exist 
in 1972. 

That's triple the amount of 
innovation of industry in general. 
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Though such innovation costs 
a lot, it saves you money. 

... Saves You Money. 
Take long distance calling, for 

example. It's one of the few things 
that costs little more today than 
25 years ago. That's because tech
nological improvements have helped 
hold costs down. 

For example, we have increased 
the capacity of coaxial cable systems 
from 600 simultaneous conversa
tions in 1941 to 132,000 today. 

We've increased sevenfold 
the capacity of our major microwave 
transmission system. 

And our largest electronic 
switching system can handle four 
times the capacity of the pre

ing and manufacturing questions at 
the forefront of technology. 

Without the intimate flow of 
information that exists between Bell 
Labs and Western Electric, many of 
our innovations would have been 
much longer in coming. 

Some might not have come at all. 

A Complex Future. 
Many future innovations will be 

even more complex, requiring even 
closer interaction. 

As part of the Bell System, 
Western Electric and Bell Labs will 
continue to put technology to work 
for you. 

So even if you can't afford the 
best of everything, you'll still 

be able to afford the 
vious system. 

Innovations like these 
involve answering engineer- @ 

. best of something: 
The best telephone service 
on earth. 

Bell Laboratories/Western Electric 
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ing them in a water solution of sodium 
bicarbonate and then adding calcium 
chloride in solution. 

When we observed the seed spicules 
under the polarizing microscope, they 
appeared to get fatter and shine brighter 
in a few minutes. The edges of each 

CRYSTALLOGRAPHIC AXIS 

spicule became jagged, yet the enlarged 
spicule still went dark as soon as its ori
entation was the same as when it went 
dark before treatment. It appeared that 
the calcium carbonate was depositing 
on the surface of the spicule with the 
molecules lined up in the same repeating 

STRUCTURE OF CALCITE consists of alternating planes of calcium ions (gray) and car
bonate groups (white) perpendicular to a vertical crystallographic axis. Binding forces within 
tbe crystal are weak along the faces of a rhombohedron, giving rise to its characteristic shape. 

v v 

aD POSTORAL 
ROD 

(Jt) ANTERO-
CRYSTAL- 01J LATERAL 
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01) 

FUSED PAIR OF SKELETAL SPICULES (light color) supports four-horned larva of the sea 
urchin Arbacia pUllctulata. Schematic diagram at the right shows how the elaborate rods of 
each skeletal spicule grow out from the arms of a flat triradiate spicule (dark color). Each skele
tal spicule, in spite of its complex shape, behaves optically as if it were carved out of a single 
calcite crystal in whicb the crystallographic axis runs along spicule's major axis of elongation. 
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remains of his maritime 
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TRIRADIATE SPICULES extracted from sea urchin embryos are 
magnified 4,200 diameters in this scanning electron micrograph. One 

DETAIL OF SKELETAL SPICULE from Arbacia, showing the elab
orately sculptured surface of the postoral rod, is magnified 8,600 di
ameters in this scanning electron micrograph. Note the absence of 
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arm of each triradiate spicule has begun the right-angled bend that 
will eventually grow to form the main body rod of the skeletal spicule. 

any crystalline faces on the smooth outer surface of the spicule or 011 
the three fractured surfaces at left. Instead fracture faces are smooth 
and concave, like those in a noncrystalline material sllch as glass. 
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pattern as that of the molecules in the 
spicule itself. 

The scanning electron microscope im
mediately confirmed this interpretation. 
Both the triradiate spicules and the skel
etal spicules were "decorated" with min
iature rhombohedral crystals resem
bling a stack of crystalline tiles. No mat
ter what part of a spicule we viewed. the 
corresponding crystal faces all lay par
allel to one another. regardless of the 
branching. sculpturing. bending or elon
gation of the spicule. The fact that the 
angle between the adjacent faces of the 
decorating crystals was characteristic 
of calcite was ascertained by viewing 
a stereoscopic pair of electron micro
graphs of a decorating crystal side by 
side with a rhombohedron of nonbio
logical calcite. 

It appeared that we had successfully 
amplified the crystallographic arrange
ment of the calcium carbonate mole
cules in the spicule. Since all the cor
responding surfaces of the decorating 
crystals were parallel to one another. all 
the calcium carbonate molecules that 
had acted as templates in the spicule 
also had to be oriented exactly parallel 
to one another. In fact. the crystallo
graphic axes of crystals decorating a sin
gle spicule were always oriented parallel 
to the crystallographic axis of the spi
cule itself. The same held true indepen
dently for both the left and the right spi
cule in a fused pair. so that at the junc
tion between the two spicules the two 
sets of crystals were joined with their 
crystallographic axes inclined to each 
other by the same angle as that at which 
the left and the right spicule were. 

The calcium carbonate molecules in 
each spicule are thus arranged as 

regularly as they are in a single crystal of 
non biological calcite, Yet the biocrys
tal. instead of conforming to nonbiolog
ical calcite in external shape. assumes 
the elaborate forms characteristic of 
each species of sea urchin. How does the 
sea urchin embryo accomplish the feat? 

As we have mentioned. the formation 
of each spicule in the developing em
bryo is guided by three radiating pseu
dopodial cables. or chains of mesen
chyme cells. It turns out that these 
cells suppress the growth of even the 
smallest crystal faces in the spicule. 
thereby preventing the formation of me
chanical weak spots and of abrasive sur
faces that could irritate the surrounding 
tissue cells. In a series of elegant experi
ments Sven Hbrstadius of the Universi
ty of Stockholm showed that it is the 
nucleus of the micromere cell (the pre
cursor of the mesenchyme cell) that car
ries inherited messages instructing the 
cells where and when to grow the bio
crystal so as to generate the pattern 
unique to the species. Just how the mes
enchyme cells decipher these messages 
and know their individual roles in col
lectively building up the biocrystal re-

Born Tough. 

Clarks 
Bull Hides. 

The bull is a tough cus
tomer if ever there was one. 
So we used genuine bull hide 
for our Clarks Bull Hides. And 
created a virtually indestruct
ible comfort shoe. 

Clarks Bull Hides are born 
tough to stay tough. T hey're 
made from leather that's al
most a quarter-inch thick. 
And so strong it can stand up 
to anything your active life 
serves up. Yet Bull Hides give 
you all the great comfort you 
expect from Clarks of Eng
land. Plus the kind of quality 

craftsmanship and attention 
to detail you don't get in an 
ordinary shoe. 

Try a pair of our Bull Hides. 
Available in several models 
for men and women in a nat
ural tone waxy finish that re
quires little or no care. 

Get tough. Get Clarks Bull 
Hides. For the rugged indi

vidualist in 

OF ENGLAND 
Made by skilled hands the world over. 

Clarks Shoes priced from $20.00 to $45.00. For the store nearest you write 
Clarks, Box 92, Belden Station, Norwalk, CT 06852 -Dept. 4SAB 
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TILE OF CALCITE CRYSTALS completely "decorates" a triradiate spicule that was isolated 
and used as a seed for crystal growth. The spicule was incubated in a solution of calcium chlo
ride and sodium bicarbonate. The axes of the decorating crystals are all exactly parallel, indicat
ing that the arrangement of the template calcium carbonate molecules in the biocrystal is iden
tical with that of a single crystal of nonbiological calcite. Magnification is 1,850 diameters. 

ABNORMAL TRIRADIATE SPICULES were produced experimentally by growing sea ur
chin embryos in seawater witb a diminished content of magnesium and calcium. These condi
tions weakened the mesenchyme cells so that they were unable to form normal pseudopodial 
cables. As a result the inorganic forces inherent in the calcite crystal overcame the biological 
forces exerted by the cells, and crystal faces appeared on the arms of the triradiate spicules. 
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mains to date an intriguing mystery. 
Recently one of us (Okazaki) succeed

ed in isolating micromeres from sea ur
chin embryos and growing them in tis
sue culture. The 20 or so mesenchyme 
cells descended from each micromere 
could make spicules with shapes charac
teristic of the species. This confirms that 
the micromeres alone can express suffi
cient genetic information to direct the 
growth of the skeletal spicules. 

What would happen if the embryo 
was not capable of arranging its pseudo
podial cables normally? Several years 
ago one of us (Okazaki) transferred 
embryos containing triradiate spicules 
from normal seawater to seawater con
taining a reduced concentration of calci
um ions. The mesenchyme cells then 
formed less extended pseudopodial ca
bles. and the normally slender tips of the 
triradiate spicules became bulbous. If 
the concentrations of both calcium and 
magnesium in the seawater were re
duced to a tenth of normal. the bulbous 
tips became angular. as though calcite 
crystals were growing there. Observing 
these spicules in three dimensions side 
by side with a similarly oriented rhom
bohedron of nonbiological calcite (with 
stereoscopic pairs of scanning electron 
micrographs). we found that every face 
at all three triradiate-spicule tips lined 
up exactly parallel to the faces of a sin
gle calcite rhombohedron. 

In an embryo deprived of adequate 
calcium and magnesium. then. crystal 
faces of calcite appear in the growing 
spicule. The forces that direct nonbio
logical calcite growth have overpow
ered the cellular control mechanisms 
and have created crystal faces that are 
inherent in the molecular bonding 
forces in calcite rather than the pattern 
normally seen in the biocrystal. To put it 
another way. the cells can no longer ex
press the pattern encoded in their genes. 
and the tendency of the non biological 
crystal to form its own characteristic 
faces dominates. 

I
n sum. when living organisms are 

building the mineral components of 
hard structures. they appear to take 
advantage of the crystallizing tendency 
of substances such as calcium carbon
ate and phosphate. utilizing the strong 
forces that hold the regularly arranged 
molecules together in a single crystal 
and yet guiding the growth of the crys
tals to the size and shape. and at the time 
and place. appropriate to the organ
ism. Biocrystals dramatize the interplay 
between inanimate molecular forces. 
which tend toward a minimum-energy 
configuration. and the organizational 
capacity of living cells. Life of necessity 
follows inanimate principles. but in
stead of doing so by brute force it seems 
to channel the flow of energy. guiding 
the arrangement of matter into increas
ingly complex and thermodynamically 
improbable forms. 
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The handcrafted watch. 
Eric Sloane; painter; writer; recorder and re-creator of the American past. 

Rolex; enduring time teller, exquisite machine, and handcrafted work of art. 

.� 
ROLEX 

The Rolex Oyster Perpetual Superlative Chronometer (10021202). In stainless steel with matching bracelet $350. Also in 14kt. gold with matching bracelet (1002/402) $1,465. 
Write for free color brochure. Rolex Watch U.S.A., Inc., Dept. S-116, Rolex Building, 665 Fifth Avenue, New York, New York 10022. 

Geneva· Bombay· Brussels· Buenos Aires· Caracas· Cologne· Dublin· Hong Kong· Johannesburg· London 
Madrid· Milan· Mexico· New York· Paris· Sao Paulo· Singapore· Tokyo· Toronto 
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�MEASUREMENT8COMPUTATION advances from Hewlett-Packard ------

The HP-25 The HP-67 

The HP programmables; or 
how to make a one-time investment 
in a machine you won't outgrow. 

Users of preprogrammed hand-helds who seek 
to extend their problem-solving skills can find 
themselves stalled by their machines' built-in limi
tations. For users whose needs are evolving, the 
practical entry-level choice for personal data pro
cessing may well be the programmable machine. 

Until about four and a half years ago, the slide rule 
was the personal number processor "of choice"- by 
necessity. Then, in 1972, Hewlett-Packard introduced 
an alternative: the first of a series of preprogrammed 
hand-held calculators that virtually revolutionized 
numerical data processing. 

Since then, we have pioneered another alternative: 
hand-held programmable machines that expand 
their utility beyond the power resident in the key 
functions, and thus offer the capacity to deal realis
tically with a user's evolving needs: 

• The keystroke programmable. The HP-25 ($145*) 
can be programmed by a series of keystrokes to solve 
automatically the repetitive problems every scientist 
and engineer faces. Its capabilities include branch
ing, conditional tests, full editing, and eight address
able memories. It also has 72 built-in functions and 
operations, which can be incorporated into your 
programs to save program steps, or used "as is." 

• The progra mmable with continuous memory. 
The HP-25C ($200*) adds a continuous memory to 
the HP-25, so that it can retain programs or data even 
when it is turned off. 

• The fully progra mmable. The HP -67 ($450 *) is the 
most powerful hand-held programmable HP has ever 
built. Programmed by prerecorded magnetic cards, 
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The HP-97 

or by keystroke for programs you develop (which can 
also be stored on magnetic cards for re-use), the 
HP-67 handles routines of up to 224 steps. But of 
even greater importance is the HP-67's capacity for 
automatic merging of keycodes (squeezing as many 
as three keystrokes into one step of program mem
ory). There are program packages for math, stat, EE, 
ME, clinical lab and nuclear medicine, and survey
ing, available at $35* per pac. 

• The fully programmable with thermal printer. 
The HP-97 ($750*) has all the capability of the HP-67, 
plus a built-in printer. Besides generating a perma
nent record of your results, the printer can aid sig
nificantly in programming, listing all or part of your 
programs complete with key memories, or tracing 
operations and results of each step of a running pro
gram to facilitate editing or debugging. While larger 
than pocket-sized, the HP-97 is small enough (8 by 9 
by 21/2 inches) to fit very portably into your briefcase. 

A few words about machine "language." 
All our hand-held and portable programmables in
corporate HP's special RPN logic system. It's simple, 
direct, and trustworthy. You can work involved 
equations in the order you find natural, without hav
ing to enter or keep track of parentheses and brackets. 
And you get answers you can trust! Programs using 
HP's logic system are generally shorter than those 
using the logic systems of most other machines, mak
ing the most efficient use of program memory space. 
This, plus fully merged keystrokes, makes each pro
gramming step a stride, not a hobble. 

And added value. 
If you are a professional; or aspire to be one, there's a 
programmable with the range of power and features 
you need. Plus the engineering quality that assures 
reliable performance. Plus worldwide service. Plus 
manuals and aids to make programming a snap. If the 
notion of having a personal computer in your 
pocket or briefcase seems attractive, the next step 
is up to you. 
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This HP computer advance automates financial reporting
and doubles as a scientific problem solver too. 

For technical enterprises big enough to com
puterize their financial accounting, and small 
enough to put the same computer to work for 
scientific problem solving, the new HP 9896 
desk-top system can fill both needs admirably 
and affordably. 

The HP 9896 system puts it all together in a func
tional desk enclosure. Controlling the system is the 
HP 9831A desk-top computer, with integral keyboard 
and display. It has a standard read-write memory of 
7,162 bytes, and is programmable in easy-ta-use 
BASIC language. The system also includes two flexi
ble disk drives for rapid access to stored programs 
and data, and a 9871A impact printer whose 96-
character interchangeable print disks provide 
typewriter-quality printouts. 

You also get a complete package of programs for 
general ledger, payables, receivables, payroll, and 
inventory. For larger organizations, the system can 

HEWLETT iff PACKARD 

1503 Page Mill Road. Palo Alto, California 94304 

For assistance call: Washington (301) 948-6370, Chicago (312) 255-9600, 

Atlanta (404) 955-1500, Los Angeles (213) 877-1282. 

handle selected tasks in areas of production control, 
forecasting, financial analysis, or personnel records 
management. 

The 9896 also has a library of scientific programs that 
include medical data analysis, structural and civil 
engineering data analysis, and general statistics for 
scientific problem solving. 

The 9896 system is expandable. Memory can be 
added by 8 Kbytes up to 32 Kbytes. Two additional 
disk drives can be added, each providing 500 Kbytes 
of storage. Other available peripherals include a 
thermal printer, paper tape reader or punch, card 
reader, and data cartridge cassette memories. 

Basic system price is $21,700*. If you'd rather buy 
programs independently, complete 9896 system 
hardware without business information manage
ment programs costs $18,700*. Leases start at $500* 
per month. As a Hewlett-Packard customer, you are 
assured of one responsible source for computer 
equipment, programs, training, support, and after
sale service. 

Mail to: Hewlett-Packard, 1503 Page Mill Road, Palo Alto, CA 94304. 
Please send me further information on 

( ) HP hand-held and portable programmables 

( ) HP 9896 computer system 

Name ______________ _ 

Company _____________ _ 

Address ______________ _ 

City _______ State __ Zip ___ _ 

*Domestic U.S. prices only. 00743 
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The Companions of Sunlike Stars 
Many stars have other stars as companions; do any of them have planets? 

An intensive spectrographic search for companions of 123 comparatively 

nearby stars provides a clue to the frequency of such planetary systems 

The sun is accompanied on its jour
ney through space by a retinue of 
nine planets, 32 natural satellites 

revolving around the planets, hundreds 
of comets and thousands of asteroids. 
Do other stars have similar arrays of 
companions? At present there is no di
rect way of telling, because if such a 
collection of bodies were associated 
with a nearby star, the most powerful 
telescopes on the earth could not detect 
them. The feeble light reflected from the 
companions would be lost in the bril
liant glare of the central star. 

Someday, perhaps, when large tele
scopes in space enable astronomers to 
view the stars unhindered by the distor
tions of the earth's atmosphere, it may 
be possible to resolve the brightest of the 
planetary companions around another 
star. With more sensitive auxiliary in
struments ground-based telescopes may 
even be able to determine whether a star 
is being perturbed by a large planet re
volving around it. There is some evi
dence that certain nearby stars, notably 
Barnard's star, may be attended by such 
unseen "dark companions," but the 
available data are inconclusive. 

On the other hand, there are many 
stars that are known to have other stars 
as companions. In some cases the mem
bers of a stellar pair are identical in 
brightness; in other cases the secondary 
star is quite faint. The sun does not ap
pear to have a companion star, although 
the possibility has not been completely 
eliminated that a faint companion star 
exists far outside the edge of the solar 
system. Is it possible that multiple-star 
systems are formed in a variety of com
binations, ranging from pairs of nearly 
equal brightness through pairs of quite 
differel)t brightness to solitary stars with 
planets? 

In 1960 Frank D. Drake, who was 
then working at the National Radio As
tronomy Observatory in Green Bank, 
W.Va., devised an experiment called 
Project Ozma, which was designed to 
detect other civilizations by listening for 
intelligible radio signals from certain 
nearby stars. For his first attempts 
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Drake selected stars not known to have 
companion stars, since it seemed to him 
they were the ones most likely to have 
planets. Was that a reasonable ap
proach? 

In an effort to answer questions such 
as these my colleague Saul Levy and I 
recently undertook a different kind of 
investigation at the Kitt Peak National 
Observatory in Arizona. We studied the 
spectra of a large number of compara
tively bright stars for clues to the possi
ble existence of unseen companions. In 
so doing we obtained some important 
new information about the frequency 
of occurrence of various multiple-star 
combinations and about the likelihood 
of eventually finding other planetary 
systems. 

As a star the sun is probably not much 
I\. different from many other stars in 
the sky. It is true that one can see more 
features-sunspots and prominences
on the sun than on any other star, but 
that is because the sun is the only star 
whose surface can easily be resolved 
from the earth. Other stars would ap
pear as pinpoints of light through even 
the largest telescopes if it were not for 
the fact that the earth's turbulent atmo
sphere smears out those pinpoints into 
apparent disks. There are several so
phisticated methods that show gross sur
face features in other stars, for example 
by studying certain stars as they are 
gradually eclipsed by other stars. In gen
eral, however, it seems reasonable to 
suppose that millions of stars are essen
tially identical with the sun. Stars that 
have roughly the same surface tempera
ture (6,000 degrees Kelvin), the same di
ameter (1.4 million kilometers) and the 
same evolutionary history as the sun has 
are accordingly called sunlike stars. 

There are basically four ways to de
termine whether a star is a member of a 
multiple-star system. The most obvious 
way is to watch (usually through a tele
scope) two stars that are close together 
and to record their relative positions in 
order to determine whether they grad
ually revolve around a common center 

of gravity. A complete revolution may 
take decades or centuries, but precise 
measurements can often show during a 
tenth of a revolution that the stars are 
following elliptical paths rather than the 
straight paths that stars accidentally 
passing in space would follow. Stellar 
pairs identified in this way are called vi
sual doubles. 

Sometimes the stars of a pair are so 
widely separated that for them to re
volve once around each other would 
take thousands or millions of years. It 
may not be possible to observe any or
bital motion in a human lifetime, or 
even in several human generations. 
Such stars may appear to have the same 
relative positions for decades, whereas 
another two stars, one near and one far 
away, that happen to be seen projected 
close together on the sky would appear 
to drift gradually apart, because each 
star typically has its own motion 
through space. Pairs of stars that are 
observed to stay together as they move 
across the sky are called common-prop
er-motion pairs. 

In some cases the companion star may 
be too faint or too close to the brighter 
star to be observed directly, but many 
accurate measurements of the brighter 
star's position may reveal that its path 
across the sky is a wavy line. Stars tend 
to move in straight lines unless they are 
perturbed by a companion, so that a star 
showing this kind of motion may be a 
member of a pair. A stellar system of 
this type is called an astrometric double. 
Few such systems are known because it 
generally takes hundreds of measure
ments of the position of an individual 
star to detect a significant perturbation. 

Finally, there are some stars that ap
pear to be single in a telescope but are 
revealed' by their spectrograms to be 
doubles. If the light from a star is spread 
out by color (or wavelength) with a 
prism or a diffraction grating, a pattern 
of absorption lines, or gaps in the array 
of colors, appears. The pattern of lines is 
characteristic of the star's temperature 
and composition. Each line is caused by 
a certain chemical element that absorbs 
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2.t-METER REFLECTING TELESCOPE at the Kitt Peak Nation
al Observatory in Arizona was used by the author and Saul Levy to 
determine the frequency of multiple-star systems among the 123 
sunlike stars visible to the unaided eye in the Northern Hemisphere. A 

total of 20 spectrograms of each star were obtained with the aid of 
the large spectrograph at the coude focus (see diagram on next two 
pages). The 2.t-meter reflector is unusually compact for such a large 
telescope, owing to small focal ratio (J12.63) of its primary mirror. 

97 

© 1977 SCIENTIFIC AMERICAN, INC



that specific wavelength of light. The 
relative positions of the lines are known 
to a high accuracy (six or seven decimal 
places). but for most stars the entire pat
tern is displaced to shorter or longer 
wavelengths because of the star's mo
tion with respect to the observer (the 
Doppler effect). If the star is approach
ing. the lines are shifted toward the vio
let end of the visible spectrum; if the star 
is receding. the lines are shifted toward 
the red end. An overall red shift of this 
type. known as the cosmological red 
shift. is characteristic of distant galaxies 
and furnishes the basic evidence for the 
widely accepted theory that the universe 
is expanding. 

For some stars the Doppler shifts vary 
with time. On some days the lines are 
shifted toward the violet end of the spec
trum and on other days they are shifted 
toward the red end. In most such cases 
the variable Doppler shifts are attribut
able to a star that is revolving in an orbit 
around a common center of gravity with 
an invisible companion. The companion 
is invisible simply because it happens to 
be much fainter than the primary star; 
hence the spectrum of the system is 
dominated by the primary. Such a sys
tem is called a spectroscopic double. 
since its duplicity is apparent only with 
the aid of the spectrograph. 

If the two components of a spectro
scopic double are nearly equal in bright
ness. the spectra of both stars are super
posed on the spectrogram. The lines are 
double when one star is approaching 
and the other is receding; the lines are 
single when the orbital motions are at 
right angles to the line of sight. Stellar 
pairs of this type are called double-lined 
spectroscopic doubles. 

Astronomers have been collecting data 
.fl. about various double-star systems 
among the brighter sunlike stars for 
nearly a century. Attempts were made 
in the 1930's and the 1960's to determine 
what fraction of all the stars visible to 
the unaided eye are double stars. but the 
estimates differed drastically. At one ex
treme the estimate was that only 18 per
cent of the sunlike stars are double; at 
the other extreme the estimate was 54 
percent. The difference arose from dif
ferent interpretations of whether the 
Doppler shifts of many of the stars are 
really variable or only reflect measuring 
inaccuracies. 

A few years ago Levy and I decided to 
determine more carefully the frequen
cy of doubles and other multiple stars 
among sunlike stars. The reasons for the 
project were several. One was to find out 
whether in the process of star formation 
the tendency for single stars to form was 
greater than that for multiple stars to 
form. Another was to learn. if we could. 
something about the probable incidence 
of planets outside the solar system. 
There were additional reasons for un-
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dertaking the project. but as happens so 
often in science many of the more inter
esting results come as a surprise. 

Levy and I observed all 123 sunlike 
stars visible to the unaided eye in the 
Northern Hemisphere. Each of these 
stars is within 85 light-years of the sun. 
and it seemed likely that among them 
essentially all the visual doubles that 
could be detected with current equip
ment had already been detected. For 
many of these stars. however. there was 
no evidence for variable Doppler shifts. 
Therefore we obtained about 20 spec
trograms of each star with the large 
spectrograph installed at the coude fo
cus of the 2. I-meter (84-inch) reflecting 
telescope on Kitt Peak. The spectro
grams were made at random times be
cause we had no knowledge in advance 
whether individual stars were double. 
and if they were. whether they would 
have orbital periods measured in days. 
months or years. By measuring the Dop
pler shifts at random times for each star. 
however. we could search for and usual
ly find the period that causes the Dop
pler shifts to repeat periodically. In our 
sample of 123 stars we discovered 25 
new spectroscopic doubles and im
proved the orbital elements for most of 

the 21 spectroscopic doubles previously 
known. In addition there were 23 visual 
doubles with known orbital elements in 
the sample and a total of 25 common
proper-motion pairs. Some pairs were 
detected in more than one way. so that 
the net total was 88 pairs. 

Some of the systems we observed are 
triple or even quadruple. A typical ex
ample would be a visual pair in which 
one component is a spectroscopic dou
ble. making a total of three stars. even 
though the spectroscopic companion is 
not actually seen. Among the 123 pri
mary stars 57 were found to have one 
companion. 11 to have two companions 
and three to have three companions. In 
percentages the observed frequencies of 
single to double to triple to quadruple 
stars are 42 to 46 to 9 to 2 percent. Thus 
more than half (57 percent) of the stars 
have at least one stellar companion. 

The preceding inventory is only part 
of the picture. because we are unable to 
detect all the companions that are likely 
to be present. For example. if a pair of 
stars were so close together that the 
components could not be detected as a 
visual pair and it happened that the 
plane of the orbits was almost exactly 
perpendicular to the line of sight. then as 
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CASSEGRAIN 

FOCUS 

2.1-METER 

PRIMARY MIRROR 
I 

OIL-PAD TANKS 

ALTERNATE LIGHT PATHS available with the Kitt Peak 2.1-me
ter reflector are shown in this cutaway schematic diagram. In the Cas
segrain arrangement a convex mirror at the upper end of the telescope 
tube reflects the light from the 2.1-meter primary mirror through a 
hole in the center of the primary mirror to a focus just below the lower 
end of the tube. Access to the Cassegrain focus is provided by means 
of a mobile steel platform. In the coude arrangement an inside ring at 
the npper end of the telescope tube is rotated to substitute the convex 

FOLDING MIRROR 

STARLIGHT 

COUDE 

SECONDARY 

MIRROR 

coude secondary mirror for the Cassegrain mirror. Three additional 
flat mirrors then reflect the starlight to a focus south of the telescope 
mounting, where the conde spectrograph is permanently monnted. 
The circuitous light path was chosen to avoid the necessity of attach
ing the 13.5-ton spectrograph directly to the telescope. The spectro
graph consists of five large cameras, ranging in diameter from .5 me
ter to 1.5 meters, that photograph spectra produced as a result of the 
dispersal of starlight by the diffraction grating at the coude focus. 
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III I 
DOUBLE-LINED SPECTROSCOPIC BINARY, designated 64 
Piscium, is represented by this pair of spectrograms, made on dif
ferent nights. Stellar spectrograms of this type are continuous streaks 
of color (dark horizontal bands on black-and-white negative prints) 

with narrow absorption gaps (light vertical lines) attributable to the 
presence of certain atoms in the atmospheres of the stars. In this case 
the dark (positive) reference lines for the stellar absorption lines were 
produced by an arc lamp and correspond to various emission lines 

the stars moved in their orbits they 
would be neither approaching nor re
ceding by significant amounts. The 
Doppler shifts would therefore be virtu
ally constant regardless of how fast the 
stars were traveling in their orbits. We 
would not be able to detect such a "face 
on" pair. 

It is possible, however, to tell how 
many such face-on doubles were 

missed. There is good evidence that the 
orbital planes of spectroscopic doubles 
are oriented at random. The best evi
dence comes from determining the frac
tion of stars in various parts of the sky 
that are eclipsing doubles. These dou
bles are at the opposite extreme: they 
are ones whose orbital planes are in the 
line of sight. Su-Shu Huang and Clar
ence Wade, Jr., of Northwestern Uni
versity found that the fraction of eclips
ing doubles is the same in all directions, 
so that orbital planes are randomly ori
ented. We can therefore calCulate statis
tically how many doubles we failed to 
detect because their orbital planes are 

LINE OF SIGHT 

perpendicular to the lines of sight. It 
turns out that we probably missed only 
one pair. 

More important, there are many dou
bles that cannot be detected because the 
mass of the companion is too small to 
cause detectably variable Doppler shifts 
of the primary star. The observations 
themselves show that if the orbital speed 
of a primary is less than about two kil
ometers per second, it is very difficult to 
distinguish between a real variation and 
an effect caused by measuring inaccura
cies. Typical orbifal speeds for the spec
troscopic doubles previously known are 
anywhere from 10 to 75 kilometers per 
second; for the newly discovered dou
bles the orbital speeds are between two 
and 10 kilometers per second. 

Again it turned out that after consid
eration of the doubles we did detect we 
could estimate how many we missed 
because the companions have a small 
mass. For systems in which the compan
ion has half the mass of the primary star, 
we probably missed less than one spec
troscopic pair for the 12 systems we de-

I 

I 
4,005.246 

WAVELENGTH (ANGSTROMS) 

tected; for systems with companions 
that are an eighth of the mass of the 
primary star, we probably missed two 
spectroscopic pairs for the six spectro
scopic pairs we discovered. 

There are undoubtedly other pairs of 
stars that escaped detection, for exam
ple a widely spaced pair that can easi
ly be resolved with a telescope but in 
which the companion is so faint that it is 
lost among the many faint background 
stars that surround any bright star. In
stead of going into further details about 
what types of missing pairs can or can
not be predicted and allowed for in our 
attempt to count all the pairs in a sample 
of stars, however, I shall proceed to our 
results. 

In our sample of 123 primary stars we 
counted the number of companions, ob
served or inferred from the incomplete
ness calculations, with various masses. 
We combined the pairs in groups: first 
those with approximately equal masses, 
then those with secondary stars of ap
proximately half the mass of the pri
mary stars, and so on. We also separated 

I II 

I 
4,030.755 4,034.490 

4,033.073 

I 

I 
4,045.815 

SINGLE-LINED SPECTROSCOPIC BINARY, named L Pegasi, can 
be detected in this pair of spectrograms, even though the spectrum of 
the secondary star does not appear at all. In the upper spectrogram 

the stellar absorption lines are shifted to the left of the reference lines, 
indicating that the visible primary star was approaching on that night. 
In the lower spectrogram the stellar lines are shifted to the right, in-
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Fe I Fe I Fe I Fe I 

I 'f 

I 1 I I 
associated with singly ionized iron atoms (Fe I) and singly ionized 
manganese atoms (Mn I). In the upper spectrogram the absorption 
lines are double because one component of the system is approach
ing while the other is receding. (According to the Doppler effect, the 

spectral lines of an approaching object are shifted toward the violet 
end of the spectrum, whereas the lines of a receding object are shift
ed toward the red end.) In lower spectrogram both stars are moving at 
right angles to line of sight, so that two sets of lines are coincident. 

the pairs by their orbital period. The re
sults were then arranged in a graph [see 
illustration on next page]. 

In the graph the results for pairs with 
an orbital period of less than 100 years 
are shown in color; the results for pairs 
with longer periods are in black. There 
are some missing points because we 
were unable to compute very well the 
numbers of undetected pairs in certain 
circumstances. 

It is evident from the graph that for 
the pairs with an orbital period of less 
than 100 years. as one progresses from 
pairs with nearly equal masses to pairs 
with small secondary -masses one finds 
fewer and fewer systems. The results for 
the pairs with a period of more than 100 
years are the opposite: as one progresses 
to lower masses one finds more pairs. at 
least down to secondaries with a fourth 
of the primary mass. 

The primary stars themselves follow a 
smooth curve called the van Rhijn dis
tribution. after the late Dutch astrono
mer Pieter J. van Rhijn. who counted 
stars in sample areas of the sky and with 

I 

I 

known individual distances. He found. 
for instance. that if within a given vol
ume of space near the sun there are six 
stars of approximately one solar mass. 
there will be 18 stars with half that mass. 
22 stars with a fourth as much mass and 
then perhaps decreasing numbers with 
still smaller masses. Van Rhijn's data 
were probably not very good for stars 
with a mass that is less than a fourth of a 
solar mass; hence beyond that point the 
curves are broken. For the pairs with a 
period of more than 100 years the curve 
is adjusted arbitrarily to start with 2.7 
stars of approximately one solar mass. 
Apparently in such pairs both the pri
maries and the secondaries follow the 
van Rhijn distribution. but they do not 
do so for the pairs with a period of less 
than 100 years. 

These data suggest that there are two 
types of double-star system. Before 

discussing the significance of this find
ing. however. it will be helpful to review 
something of what is known about the 
formation of stars. 

Very young stars can be recognized in 
several ways. One of the easiest is to 
identify any star that is burning its nu
clear fuel so rapidly that its entire life
time as a dwarf star will be less than a 
million years. Such stars are almost al
ways found in clouds of gas. such as the 
Great Nebula in Orion. In rare cases 
they are also found traveling rapidly 
through space away from their points of 
formation; such stars are known as run
away stars. Both from the observed inci
dence of young stars in clouds of dust 
and gas and from theoretical calcula
tions it is apparent that stars originate in 
dense clouds. The mechanism of forma
tion is only partly understood. It is nec
essary for parts of the gas clouds to 
reach a critical density such that the in
ward force of self-gravitation over
comes the outward forces of gas pres
sure and turbulence and also the forces 
exerted by magnetic fields. which affect 
the motions of charged particles. Parts 
of a cloud may reach such a density be
cause of accidental jostling or a shock 
wave from a nearby supernova explo-

I I 

I t 
4.063.597 4.071.740 4.118.549 4.132.060 4.143.871 

dicating that the primary star was receding on that uight. The shifts 
measure about .04 millimeter in the original spectrograms and corre
spond to an orbital motion of approximately 40 kilometers per sec-

ond. AlI four spectrograms on these two pages, made with the coude 
spectrograph of the 2.1-meter telescope on Kitt Peak, show a small 
portion of violet region of spectrum; longer wavelengths are to right. 
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RATIO OF SECONDARY MASS TO PRiMARY MASS 

RESULTS OF THE AUTHOR'S SPECTROGRAPHIC SURVEY of the frequency of mul
tiple-star systems among the 123 sunlike stars visible to the unaided eye in the Northern Hemi
sphere are plotted in this graph. First the observed (and inferred) stellar companions were clas
sified according to mass. Pairs with approximately equal masses were combined in one group; 
pairs with secondary stars of approximately half the mass of the primary stars were combined 
in ·another group, and so on. The pairs were then segregated by their orbital period. Pairs with a 
period of less than 100 years are represented in color; pairs with longer periods are shown in 
black. It is evident that for the pairs with an orbital period of less than 100 years, as one pro
gresses from pairs with nearly equal masses to pairs with small secondary masses one finds few
er and fewer systems, whereas for the pairs with an orbital period of more than 100 years, as 
one progresses to lower masses one finds more pairs, at least down to secondaries with a fourth 
of the primary mass. For the pairs shown in black both the primary stars and the secondary 
stars appear (within the accuracy of the measurements) to follow a smooth curve called the 
van Rhijn distribution, but for the pairs shown in color they do not do so, indicating that there 
are two types of double-star systems: stars that were formed together as a pair and stars that 
were formed separately. Extrapolation of the data presented here for both types of double-star 
systems suggests that all of the 123 primary stars in the sample have companions: 67 percent 
of the secondaries are normal stars, 15 percent are black dwarfs and 20 percent are planets. 
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sion. When the conditions are right. 
however. an entire cluster of stars is gen
erally formed at one time. 

The dense parts of gas clouds have 
much internal motion or turbulence that 
is not easily eliminated. Normally as a 
protostar. or part of a contracting cloud. 
contracts it rotates faster. eventually 
reaching the point where it becomes un
stable. The protostar may partly avoid 
that fate by throwing off the particles 
that have the most angular momentum. 
but it cannot succeed entirely in elimi
nating the rapid rotation. If a cloud with 
a mean density of 100 atoms per cubic 
centimeter produces stars with a mean 
density of 1023 atoms per cubic centime
ter. the mean internal gas motion of the 
cloud. which is about one kilometer per 
second. would increase to 10 million 
kilometers per second. Such a speed is 
20.000 times faster than the highest ro
tational speed possible for a stable star. 
Again. separating out and throwing off 
the atoms with the most angular mo
mentum will not solve the problem en
tirely. How then can a single stable star 
be formed? Perhaps it cannot. 

When a proto star contracts and spins 
faster. its shape deviates from the 
roughly spherical form. First it becomes 
an oblate. or flattened. spheroid and 
then at still higher speeds it becomes an 
ellipsoid with three unequal radii. Final
ly the object divides into two separate 
ellipsoids. a process of bifurcation that 
leads to a double star with a small sepa
ration. In the process roughly 99 percent 
of the angular motion goes into the or
bital motion and only about 1 percent 
goes into the rotation of the two stars. 
Hence by splitting in half and by losing 
some of its faster atoms a rapidly rotat
ing protostar can develop into a pair of 
stable stars. 

The mechanism described above 
seems to be the one that applies to the 
stars in the first category: those pairs 
with periods of less than 100 years. The 
decreasing frequency of double stars 
that have a secondary star with a smaller 
mass indicates that in the bifurcation 
process the dominant tendency is for the 
protostar to divide into a pair of stars 
with equal masses. Pairs with very un
equal masses are less frequent. 

How many such pairs of bifurcation 
doubles are there in our sample of 

123 primaries? All the jagged colored 
lines in the graph have roughly the same 
slope. within our measuring accuracy 
for such a small sample of stars. (At this 
stage we wish we had started with a larg
er sample. but the observations of the 
123 stars took 60 nights of observing 
time with a large telescope.) If one ex
trapolates those lines and counts up all 
the secondaries with masses ranging 
from the same mass as the primary to a 
sixteenth of the mass of the primary. one 
finds that there are 83 close secondaries 
among the 123 primaries; that is. two-

© 1977 SCIENTIFIC AMERICAN, INC



thirds of the primaries have nearby sec
ondaries. 

A mass equal to a sixteenth of the 
mass of the sun is the smallest amount 
of material that can give rise to a star 
generating light from nuclear reactions 
in its interior. This important fact was 
discovered in 1963 by Shiv S. Kumar of 
the University of Virginia. If a gaseous 
sphere has less mass. the weight of that 
mass pushing on the central core will not 
produce a temperature sufficiently high 
for nuclear reactions to occur. In the sun 
the weight of the material causes the gas 
temperature to be about 14 million de
grees Kelvin at the center. at which 
point the atomic nuclei (mostly protons) 
have an average speed of 100 kilometers 
per second. The fastest of the protons 
have enough speed so that when two of 
them are on a collision course they will 
collide. in spite of the repulsion due to 
their like electric charges. After the col
lision they are likely to form a deuteri
um nucleus and after additional colli
sions a helium nucleus. One helium nu
cleus weighs slightly less than the four 
hydrogen nuclei that formed it. and the 
material lost turns up as energy in the 
amount E = mc2 (the energy generated 
is equal to the mass lost times the speed 
of light squared). In a gaseous sphere 
with a mass equal to less than a sixteenth 
of a solar mass. however. the central 
temperature is less than a million de
grees K. and the protons are traveling 
with an average speed of only 25 kilome
ters per second. Virtually none of those 
protons have a speed great enough so 
that two protons on a collision course 
can overcome their electrical repulsion. 
The protons will approach each other. 
slow down and then back away without 
ever having the chance to collide and 
form a heavier nucleus. 

What happens to those objects that 
start out to become stars but never do so 
because they have too little material in 
them? Kumar traced their history and 
found that the ones with masses of be
tween a sixteenth and a hundredth of a 
solar mass will glow for nearly a billion 
years while they are contracting because 
they are converting gravitational energy 
into electromagnetic energy. After that 
time they will continue to exist indefi
nitely as nonluminous black dwarfs (not 
to be confused with black holes. which 
are something entirely different). 

A gas sphere with a mass of less than a 
hundredth of a solar mass will hardly 
glow at all (and then only in the infrared 
wavelengths). Such an object-a sphere 
of gas that has too little mass to become 
a star or even a black dwarf-would be 
called a planet. If a body of this kind had 
a very small mass. it would have a solid 
surface. 

It is unlikely that the jagged colored 
curves in the graph drop to zero at mas
ses of less than a sixteenth of a solar 
mass for the secondary bodies. The lines 
probably continue on. indicating that 
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some of the secondaries will be black 
dwarfs or planets. 

Originally we thought that the aver
age slope of the colored lines in the 
graph was such that the number of dou
ble systems was proportional to the cube 
root of the mass of the secondary. For 
example, at an eighth of a solar mass 
there would be half as many double sys
tems as there would be at one solar 
mass: (1/8)113 = 112. David R. Branch 
of the University of Oklahoma pointed 
out two effects that were overlooked. 
with the result that the cube-root rela
tion may actually be another relation, 
possibly a square-root one. In other 
words. an extrapolation from the pres
ent data is risky. Physically that means 
we have not actually observed doubles 
with black dwarfs or planets as secon
daries, and our data for the more mas
sive secondaries are not good enough to 
extrapolate with confidence. 

Nevertheless, if one extrapolates on 
the basis of the cube-root relation, the 
results make good sense. If one contin
ues the colored curves first to a hun
dredth of a solar mass and then to zero 
mass, one finds that there are about 20 
secondaries that are black dwarfs and 25 
that are planets. The sum of these plus 
the 83 stellar secondaries is almost ex
actly 123, which means that all the pri
maries have secondaries! In 67 percent 
of the cases the secondaries are normal 
stars, in 15 percent they are black 
dwarfs and in 20 percent they are plan
ets. The reason such a result makes 
sense, in spite of the weak extrapolation 
on which it is based, is that it means all 
primaries are bifurcation doubles; the 
problem of forming stable stars in spite 
of the excess angular motion is roughly 
solved by most of the motion's going 
into orbital motion. 

The sun is among the 20 percent of the 
stars in the sample that have planets for 
companions. The fact that in the solar 
system the secondary developed into a 
set of planets rather than into one giant 
planet does not alter the model signifi
cantly. Thus we conclude, as others 
have done on a more intuitive basis, that 
in searching for planets one should con
centrate on those stars that are not 
known to have stars as companions. 

What can one say about the widely 
spaced pairs: the pairs represented 

by the black curves in the graph of our 
results? A pair with an orbital period of 
more than 100 years is clearly not the 
result of a bifurcation of a rapidly rotat
ing protostar. Such a wide pair is proba
bly the result of two protostars that con
tracted separately but that are bound to 
each other by gravity. Since they repre
sent two parts of a gas cloud, they can 
start with any amount of gas. The fre
quency distribution of their masses ap
proximates the van Rhijn distribution 
for both the primaries and their distant 
companions. Evidently the way a turbu-

lent gas cloud under the forces of self
gravitation, internal pressure and inter
stellar shock waves breaks up into stars 
of various masses results in the van 
Rhijn distribution, even though astrono
mers are currently unable to predict that 
distribution from theory. The important 
fact here is that the tendency to form 
roughly equal primary and secondary 
masses that arises from bifurcation is 
not evident among the wide doubles. 

If one extrapolates the data represent
ed in black in the graph with the use of 
the van Rhijn distribution, one finds that 
nearly three-fourths (72 percent) of the 
primaries have distant stellar compan
ions (primaries with masses as small as a 
sixteenth of the sun's mass). If one knew 
the van Rhijn distribution beyond a six
teenth of the solar mass, the curve might 
not drop to zero but might include the 
formation of black dwarfs and planets. 
It could turn out that most or all prima
ries have distant companions as well as 
nearby ones. 

Would it not be true, then, that the 
distant protostars will have the same 
problem of having too much angular 
motion to form a stable star, a problem 
that can be solved only by bifurcation? 
It would appear so. I would guess that 
the distant companions are really close 
bifurcation pairs, just as the primaries 
are. In other words, the most likely situ
ation is a close bifurcation pair gravita
tionally held to another distant bifurca
tion pair, in short, a quadruple system. 
In either pair the less massive compan
ion can be either a star (in roughly two
thirds of the cases), a black dwarf (a 
sixth of the cases) or a planet (roughly a 
sixth of the cases). 

The foregoing analysis conjures up a 
tantalizing picture where most stars 

form as members of mUltiple systems. 
Such an outcome is not completely un
expected, since it has been thought for 
some time that the individual stars in the 
sky are all escapees from clusters that 
have gradually disintegrated. This sus
picion comes from the theoretical diffi
culty of trying to explain how a single 
cloud of say one solar mass contracts to 
form a star. It is also known that most 
open clusters are gravitationally unsta
ble and will lose stars one by one during 
the millions of years of their existence. 

The picture is only tantalizing, be
cause the data presented are not numer
ous enough or sensitive enough for one 
to be sure about the extrapolation to 
black dw�rfs and planets. That conclu
sion must await the development of 
space telescopes or better equipment for 
ground-based telescopes to provide 
much more reliable information on the 
frequency of planets. Meanwhile one 
may be allowed to wonder about the 
conditions on those planets and to spec
ulate about whether radio signals from 
the earth are likely to raise a listener and 
perhaps even a speaker at the other end. 
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New Sinclair .Cambridge Programmable. 
An astonishing $29.951 

How pocket calculators grew up 
A couple of years ago, calculators took a 

step forward. Programmabil ity transformed the 
slick slide-rule calculator into an advanced 
scientific machine. 

Sadly, it also transformed a cheap little 
calculating aid into a piece of capital 
investment. 

Now the all-new Sinclair Cambridge 
Programmable puts programmability where it 
belongs: in the palm of your hand, for less 
than $30. 
The features of the Sinclair Cambridge 
Programmable 

The Cambridge Programmable is 
genuinely pocketable. A mere 4y:''' x 2", it 
weighs about 20z. 

Yet there is absolutely no compromise in 
the package of functions it offers. 

Because the Cambridge Programmable 
is both a scientific calculator with memory, 
algebraic .logic and brackets (which means you 
enter a calculation exactly as you write it) , and 
a programmable calculator which offers 
simple, flexible through-the-keyboard program 
entry and operation. 

The Cambridge Programmable has a 
36-step program memory, and features 
conditional and unconditional branch 
instructions (go to and go if negative). 

There is also a step facil ity, which allows 
you to step through the program to check that 
it has been entered correctly. If there is any 
programming error, the learn key al lows you to 
correct single steps without destroying any of 
the remainder of the program. 

To achieve this, each program key-stroke 
has an identifying code, or 'check symbol'. 
(The symbols for the digit keys are the dig its 
themselves, while the symbols for the operator 
keys are letters printed beside the keys.) 

The check symbol for El, for example, is F. 
So if, as you step through the program, the 
display shows 

it means that El is programmed as step 26. 
If step 26 should have been r±l, all you have to 
do is press 

learn [,I' ) [RUN) � 
puts machine into 

' learn' mode. 
It's as Simple as that! 

the correct step 

These facil ities make the Cambridge 
Programmable exceptionally powerful, 
whether it's running programs you devise for 
yourself or the programs in the Program L ibrary. 

Use the 294-program library to tailor the 
machine to your own specialty 

Like a ful l-size computer - and unlike far 
more expensive special ist calcu lators - the 

Sinclair Cambridge Programmable can be 
programmed to handle calculations concerned 
with any specialty. 

And of course, whatever it's doing the 
Programmable is error-free - in fact, once it's 
programmed, it can even be given to an 
operator who doesn't understand the program! 

To save you time, and to help inexperi
enced programmers, Sinclair have produced a 
l ibrary of 294 programs ready to be entered 
straight into the calcu lator. 

Using these standard programs, the 
Cambridge Programmable solves problems 
from quadratic equations (where the program 
gives both real and imaginary roots) to twin-T 
filter design, and from l inear regression to bond 
yields. It even plays a lunar landing game! To 
realise the full power of the Cambridge 
Programmable, the Program Library is a must. 

(The calculator is supplied with 12 
sample programs, and ful l  instructions for 
entering your own program. The four books in 
the program library are available at $4 each, or 
$10 for the complete set.) 

Why the Cambridge Programmable 
costs so little 

The Sinclair Cambridge Programmable 
uses the Sinclair talent for miniaturisation to the 
ful l - as you'd expect from the company that 
pioneered the truly pocketable pocket 
calculator, and recently introduced the world's 
first pocket TV. 

Chip and circuitry design are un ique to 
Sinclair, and the Cambridge Programmable is 
assembled by Sinclair's own staff at their 
headquarters plant. Shipped direct, and sold to 
you direct, the Cambridge Programmable 
accumUlates no middleman's profits on the way. 

The result is a pocket programmable 
calculator of advanced design, sold by the 
manufacturer with the manufacturer's own 
1 -year comprehensive guarantee, at a price 
unmatched by any comparable calcu lator. 

10-day no-obligation offer 
There's a lot more to this remarkable 

calcu lator than a brief written description can 
cover. 

You need to see it and handle it . .. to 
program it yourself in a few seconds to save 
you hours ... to check its performance against 
tables and graphs .. . to test the ful l  range of 
programs available ... to evaluate, perhaps, its 
use as an educational aid in developing a 
student's computer understanding. 

So we're offering a 1D-day trial. Send your 
check or money order with the order form 
below, and you'l l  receive a calculator direct. 
Use it for 10 days, and if you don't feel it's the 
finest $29.95 you've ever invested, send it back. 
We' l l  refund your money without question. 

There's nothing to lose, and so much 
calculating power to gain. 

Post your order today. 

sinclair 
Sinclair Radionics Inc., Galleria, 
1 1 5  East 57th Street, New York, N.Y. 1 0022 USA. 
Tel :  (21 2) 355 5005. 

p - - - - - - - - - - - - - - - - - - - - - - - - • To: Sinclair Radionics Inc., Gallerla, 1 1 5  East 57th Street, New York, N.Y. 1 0022, USA. 

Please send me __ (qty) S inclair Cambridge 
Programmable(s) at $29.95 each, including 
full instructions, and sample programs. ",S __ _ 

__ (qty) AC line adaptor(s) at S4.95 ",S __ _ 

--�Z�:;�f;:�;��!'1:.��i�I��S4 ",$_--
(percentage. metric system, 
memory. games, dates, f inance, 
mortgages. statistics) 

__ (qty) Program Library Book 2 at S4 ",$ __ _ 
Mathematics (algebra, calculus, 
geometry, tr igonometry, number 
theory, transcendental functions) 

__ (qty) Program Library Book 3 at S4 ",S __ _ 
Physics and Engineering 
(astronomy, stat ics.and dynamics. 
relativity. mechanicS', properties of 
matter, f lu ids,  structures, 
thermodynamics) 

--�1Zkr:g�;�:(����a�rk�,�?r��t�� $4 ",S __ _ 

fi lters, electrodynamics, radiation 
and propagation) 

__ (qty) complete set(s) of 
4 books at $10 per set 

Sales tax (NY residents) 

Post and packing 

S 

S 

S 2 .50 
Total ",$ __ _ 

Enclosed is check/MO payable to Sinclair Radionics Inc. 

Name 

Address 

City 

State 

Zip 

(PLEASE PRIND 

I understand that you wil l refund purchase price in full if 
I return calculator(s) and accessories in saleable condition 
within 10 days of receipt. 

Signature 
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The Spread of the Bantu Language 
Bantu is spoken by 130 million people in southern Africa. Linguistic 
and archaeological evidence suggests that the original Bantu-speakers 
began their migration from a region in the north some 2,300 years ago 

The 19th-century European explor
ers of Africa who outfitted their 
expeditions at Zanzibar or the ad

jacent mainland were surprised and 
pleased by a bonus they received: their 
porters and escorts spoke a language 
that was understood through wide areas 
of subequatorial Africa and could un
derstand many of the tribal dialects they 
encountered in the eastern half of the 
region. The reason was that those con
cerned were speaking one or another 
form of Bantu. a family of languages 
common to more than 130 million black 
Africans. comprising several hundred 
separate tribal groups. who still inhabit 
much of Africa south of the Equator. 
The Zanzibar version of the language. 
Ki-Swahili. is enriched with loan words 
from several foreign tongues; its very 
name comes from the Arabic word sahil. 
or "coast." so that it can be rendered as 
"coast dialect." The basic form of Swa
hili. however. is pure Bantu. 

The word Bantu is an exclusively lin
guistic label and has no other primary 

-
implications. either of race or of culture. 
The family of dialects was named by a 
19th-century German philologist. Wil
helm H. I. Bleek. The words ki-ntu and 
bi-ntu in these African dialects respec
tively mean "a thing" and "things"; the 
words mu-ntu and ba-ntu. "a man" and 
"men." Thus bantu can be construed 
as "people" or "the people." and this 
seemed to Bleek a name eminently suit
able for a language held in common by 
so many. 

Since late in the 19th century it has 
generally been recognized by students 
of linguistics that the various Bantu 
tongues must have come from a com
mon ancestral language within the rela
tively recent past. Indeed. it has been a 
prime goal for students of African histo
ry to elucidate the processes responsible 
for this remarkably widespread linguis
tic distribution. Unfortunately the oral 
traditions of the Bantu-speakers them
selves generally extend only a short dis
tance into the past. Furthermore. no 
Bantu language was reduced to writing 
until after the time of contact with Ar
abs or Europeans. so that both tradition 
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and written records are silent on ulti
mate Bantu origins. To trace Bantu an
cestry backward in time therefore be
comes the task of archaeology and of 
historically oriented linguistic studies. 
Here I shall present the latest evidence 
concerning the dispersal of Bantu-speak
ers in Africa south of the Equator that 
has been developed by scholars in both 
disciplines. 

To deal first with the archaeological 
evidence. from about 300 B.C. to A.D. 

600 a major change took place in the 
greater part of Africa lying between the 
Equator and the Vaal River. The change 
was marked by the appearance of a 
characteristic type of pottery that clear
ly belongs to a single stylistic tradition 
even though regional variations are 
readily apparent. The pottery is found in 
association with evidence for the work
ing of metal: iron and in some areas cop
per. Because this is the earliest-known 
evidence of metallurgy in the entire sub
equatorial region the cultural complex 
to which the artifacts belong has been 
named the Early Iron Age. 

The often elaborate decoration and 
the varied forms of Early Iron Age pot
tery allow detailed stylistic analyses of 
the complex. and these analyses in turn 
provide a framework for studies of its 
subdivisions and interregional relations. 
Although the extreme geographical lim
its of the complex are still imperfectly 
known. more than 350 Early Iron Age 
sites have now been identified. Virtually 
all are in areas that in more recent times 
are known to have been inhabited by 
Bantu-speaking people. 

In most instances the Early Iron Age 
population appears to have consisted of 
settled village dwellers who practiced an 
economy of mixed farming. that is. both 
raising crops and herding animals. In the 
regions to the south of central Tanzania 
they are the earliest followers of such a 
life-style to appear in the archaeologi
cal record. Indeed. the contrast between 
the Early Iron Age population and its 
predecessors is much greater in south
ern subequatorial Africa than it is far
ther to the north. There. notably in the 

Rift Valley and the adjacent highlands 
of northern Tanzania and southern Ken
ya. settled communities practicing a 
pastoral economy and possibly cultivat
ing cereal crops were established at least 
as early as 1000 B.C. To the south. how
ever. it seems that Early Iron Age tech
niques of food production were intro
duced to a region where such practices 
had been virtually unknown- and the in
digenous population lived by hunting 
and gathering. Here. with the possible 
exception of the extreme south. pottery 
of the Early Iron Age is the oldest pot
tery known. 

Many aspects of Early Iron Age cul
ture other than pottery making and 
mixed farming evidently represented 
major innovations in most of the south
ern areas. The culture was introduced in 
full-fledged form almost everywhere. 
not only with respect to its various com
ponents but also as a viable socioeco
nomic system. Pottery that might be re
garded as being in some way ancestral to 
Early Iron Age wares has yet to be 
found in any part of the region. Metal
lurgy too seems to have been introduced 
as an already efficient and fully devel
oped technology into a region where 
previously even a rudimentary knowl
edge of metalworking did not exist. 
Again. the domesticated animals and 
several of the domesticated plants were 
species unknown in subequatorial Afri
ca even in wild forms. It thus seems that 
the hypothesis viewing Early Iron Age 
culture as being alien to the region is 
amply supported. Evidently the culture 
was introduced by means of a rapid and 
coherent movement of people who 
brought with them a full-fledged culture 
that had undergone its formative proc
esses elsewhere. 

The scale of human migration in
volved in the dispersal of Early Iron Age 
culture in these parts of Africa is not 
easy to assess. Clearly the people moved 
in numbers sufficient to support a tech
nology that was largely independent of 
the stone-tool-using technology of the 
peoples whose lands they were entering. 
Indeed. in many of these new territories 
the indigenous population continued to 
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MAJOR GEOGRAPHICAL BARRIERS that inhibit north-south 
movement in Africa are the great desert zone along the Tropic of 
Cancer and the belt of equatorial forest that extends eastward almost 
to the shores of Lake Albert and Lake Tanganyika. Between the for
est and the desert is a zone of savanna: the Sudanic belt. At its south-
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ern edge the equatorial forest gives way to a similar zone of savanna. 
The two grasslands meet in the vicinity of Lake Victoria. It was from 
this general region that the Early Iron Age culture of Africa began 
its subequatorial spread about 2,000 years ago. Political subdivisions 
appear on the map only where the author makes reference to them. 
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practice the traditional occupations of 
hunting and gathering for centuries af
ter the arrival of the Early Iron Age 
settlers. 

Archaeologists now recognize more 
.f\. than a dozen Early Iron Age re
gional industries. differentiated mainly 
on the basis of pottery styles. At least in 
the eastern part of subequatorial Africa 
these are remarkably distinct from the 
pottery styles that became popular in 
later times. Up to now the most detailed 
comparison of the wares of various Ear
ly Iron Age groups is one made by Rob
ert Soper of the University of Ibadan in 
Nigeria. On the basis of his work and my 
own it is possible to discern two major 
ceramic subdivisions. These I have pro
visionally termed the eastern stream and 
the western stream. 

Sites attributable to the eastern 
stream are found mainly in the coastal 

hinterland of East Africa. in Malawi. in 
southern and eastern Zambia. in most of 
Rhodesia and in the Transvaal. Natal 
and Swaziland. The western stream is 
represented in territories that are ar
chaeologically less well known. but the 
stream is apparent in central and west
ern Zambia and in adjacent parts of 
ZaIre and Angola. Although the two 
streams were first distinguished on the 
basis of pottery style. it is also evident 
that they are geographically distinct. 
Furthermore. there are significant dif
ferences between the two in terms of rel
ative chronology and economic prac
tices. 

The earliest-known manifestation of 
Early Iron Age culture is found in the 
Great Lakes region of East Africa and is 
recognized by a characteristic pottery 
known as Urewe ware. The makers of 
Urewe ware were probably settled in the 
country around the western and south-

western shores of Lake Victoria by 500 
B.C. or soon thereafter. Later they 
spread to the eastern shore of the lake to 
settle in what is now southwestern Ken
ya. The Urewe people were certainly 
workers in iron; smelting furnaces of 
this period have been found in both 
Rwanda and eastern ZaIre. So far there 
is only indirect evidence that the Urewe 
people practiced agriculture. Analysis 
of the plant pollens in bottom sediments 
from Lake Victoria off southern Ugan
da indicates a substantial reduction in 
the forest cover in about the first half of 
the first millennium B.C. One can view 
this as evidence of some form of land 
clearing. possibly for agriculture. Those 
responsible for the clearing could have 
been Early Iron Age pioneers. 

Far to the southwest of the Great 
Lakes. near the modern border between 
Angola and ZaIre on the southern fringe 
of the tropical forest. typical Urewe pot-

EARLY IRON AGE SITES in subequatorial Africa fall into three gener
al classes based on pottery characteristics. The first and earliest is known 
as Urewe; most Urewe sites are clustered around Lake Victoria, but one 
western outlier, Tshikapa, is near the border between Angola and Zaire. 
Sites in the class known as the eastern stream include five groups north of 
the Zambezi River and four to the south. Sites in the class known as the 
western stream include four groups; most are north of the Zambezi. Sites 
of the Kalambo group, near Lake Nyasa, show features of both streams. 

BANTU LANGUAGES spoken by more than 130 million black 
Africans are distributed across Africa in a pattern strikingly 
similar to the distribution of Early Iron Age archaeological sites 
(see map at left). Speakers of Bantu languages are also found in 
the equatorial forest (gray) as far north as where forest gives 
way to savanna. There, near Lake Edward and Lake Albert, 
Bantu-speakers are in contact with speakers of Central Sudanic 
languages (dark color). Blanks indicate other non-Bantu areas. 
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tery has been found at the site of Tshika
pa. Jacques Nenquin of the State Uni
versity of Ghent has been able to dem
onstrate that the vessels were made of 
local clay. rather than having been im
ported from the east. The significance 
of this extension of Urewe potmakers 
toward the west will become evident in 
what follows. 

The two-stream phenomenon is most 
clearly recognizable in the spread of 
Early Iron Age culture into the south
central and southern parts of subequa
torial Africa. a series of movements that 
began only after the initial settlement of 
the Great Lakes region. The eastern 
stream is clearly derived from the Great 
Lakes Urewe settlements. The western 
stream may either be derived from the 
same settlements or share a common an
cestry with them. In any event the east
ern stream can be shown to have 
reached the coastal hinterland of south-

--... _/-.----. ./� �;�\ 
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GROUP 

ern Kenya. adjacent parts of Tanzania 
and perhaps Somalia in about the sec
ond century of the Christian Era. In the 
fourth century there was a rapid move
ment of Early Iron Age culture south
ward through Malawi. eastern Zambia 
and Rhodesia and on into the Transvaal 
and Swaziland. This was a further thrust 
of the eastern stream. 

The process. which seems to have tak
en place with amazing speed. may have 
affected Rhodesia slightly later than it 
did Malawi and eastern Zambia. In any 
event a date of about A.D. 400 is indicat
ed for the start of the Early Iron Age 
south of the Limpopo River. in what is 
now the Republic of South Africa. Not 
enough carbon-14 dates are yet avail
able to establish the timing of the event 
with any greater precision. In the Victo
ria Falls region of southern Zambia. 
where the settling of Early Iron Age 
people can be shown to have stemmed 
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from Rhodesia. the imported culture 
did not reach full florescence until the 
sixth century. 

The Early Iron Age western stream is 
well represented in the archaeological 
record only in central Zambia. west of 
the Luangwa River. and in an adjacent 
part of Rhodesia. across the Zambezi 
River. Related sites are also known in 
the province of Shaba (formerly Katan
ga) in Zaire. and in a few places farther 
to the west. all the way to the Atlantic 
coast. It is known that in the coastal area 
pottery (not necessarily representative 
of the Early Iron Age complex) was in 
use as early as 200 H.C. 

In the 11 th century A.D. there was a 
rapid eclipse of Early Iron Age culture 
over almost all the eastern half of sub
equatorial Africa. The traditions affect
ed included some that were typical of the 
western-stream settlements as well as 
the eastern-stream ones. The successor 

DISPERSAL OF BANTU LANGUAGES is shown schemat
ically; the data are drawn principally from the research of Bernd 
Heine of the universities of Cologne and Nairobi and of David 
Dalby of the University of London. The homeland is near the 
forest margin in Cameroon; this is where modern Bantu dia
lects show the greatest diversity. Two further dispersals fol
lowed; the Western Highland Group of Bantu languages be
came established significantly earlier than the Eastern Group. 

HYPOTHETICAL PROGRESSION of Bantu-speakers over some 2,000 
years sees the language arising among a Neolithic people before 1000 B.C. 
(1). A dual movement then seems to have brought Bantu-speakers, some 
using iron, beyond the forest (3, 5). An east-to-west movement (4) rein
forced southward expansion of languages ancestral to the Western Group 
(6). Early in the first millennium A.D. the eastern stream expanded to the 
south (7, 8). The western stream (9) gave rise to a center (10) that sent forth 
languages ancestral to the Eastern Group (11) in the 1 1th century A.D. 
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EARLY IRON AGE METALWORK found at sites in subequatorial 
Africa includes these characteristic artifacts. The iron axe (a) has a 
curved tang, and the iron spearhead (b) has a strengthening ridge on 
both faces. The barbed iron arrowhead (c) is tapered in cross section 

to provide cutting edges, and the iron hoe blade (d) has a stnrdy tang. 
The Early Iron Age smiths were familiar with copper; the ingot of 
copper (e) may have been used as a form of currency, but the necklet 
of twisted copper wire if) was probably only a personal ornament. 

cultures. which are known collectively 
as later Iron Age, show considerable di
versity. Nevertheless. many factors
cultural, technological and. as we shall 
see. linguistic-point to connections be
tween the later Iron Age cultures and the 
more westerly settlements of the Early 
Iron Age people, particularly those in 
southeastern Zaire. A significant degree 
of continuity between the Early Iron 
Age and the later Iron Age is also evi
dent in several eastern regions, but it 
is by no means as marked there as it is 
farther to the west. 

Evidence in favor of the hypothesis 
that the spread of Early Iron Age 

culture into subequatorial Africa can be 
correlated with the dispersal of popula
tions speaking Bantu languages is large
ly circumstantial. For example. arguing 
backward from the present and the re
cent past. proponents of the hypothesis 
point out that the parts of Africa oc
cupied by Bantu-speaking peoples are 
broadly those where evidence of Early 
Iron Age settlement is found. Support
ing circumstantial evidence is also pro
vided by strong indications that most of 
the non-Bantu-speaking inhabitants of 
these same areas had adopted an Iron 
Age culture only in part or not at all at 
the time of the first foreign contacts, and 
that some non-Bantu-speakers remain 
only partly acculturated to this day. 

Two other items of evidence, al
though they too are circumstantial, are 
persuasive. One is the close linguistic 
similarity between the Bantu dialects 
that are now spread across an enormous 
range of subequatorial Africa; the simi
larity suggests that all the variants were 
probably derived from a common an
cestral tongue within relatively recent 
times. (As we have seen, a similarly 
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brief history and common ancestry is 
attributed to Early Iron Age culture on 
the basis of archaeological evidence.} 
The other item of circumstantial evi
dence comes from linguistic reconstruc
tions of proto-Bantu languages. Among 
the reconstructed words are a number 
that describe certain key elements of 
Early Iron Age culture. 

How are such reconstructions accom
plished? Where and by whom was pro
to-Bantu spoken? With respect to the 
second question most students of the 
problem now support. at least in its ba
sic outlines. the view of Joseph H. 
Greenberg of Stanford University. 
Greenberg places the Bantu linguistic 
homeland close to the northwestern lim
it of the present Bantu range. Not only is 
this the area where the greatest diversity 
exists among modern Bantu dialects but 
also it is where a strong degree of simi
larity is found. both in vocabulary and 
in grammatical form. between the Ban
tu dialects and the local non-Bantu lan
guages. 

With respect to how a reconstruction 
is accomplished. the one that is present
ed below is based on the work of Bernd 
Heine of the universities of Cologne and 
Nairobi and that of David Dalby of the 
University of London. The complex 
processes involved can be summarized 
in a map [see illustration at left on preced
ing page]. An initial center of proto-Ban
tu appears to have been in the far north
west of the modern Bantu area. most 
probably in what is now central Camer
oon. From this center dialects ancestral 
to those Bantu tongues found today in 
parts of northeastern Zaire dispersed 
eastward along the northern margin of 
the equatorial forest. 

Perhaps at roughly the same time a 
more direct southward expansion from 

the Cameroon center brought Bantu 
speech along a coastal or river route to 
the southwestern margin of the equato
rial forest near the mouth of the Congo 
River. From this second center Bantu 
dialects appear to have been introduced 
southward into Angola and South West 
Africa (Namibia). Subsequent develop
ments apparently gave rise to a third 
Bantu speech center. in the area of the 
upper Lualaba and Kasai rivers in 
southeastern Zaire. From this center 
Heine and Dalby derive the modern 
Bantu dialects of the eastern half of 
subequatorial Africa, all of which show 
strong similarities. 

The study of words that have entered 
Bantu languages from non-Bantu 
sources can be used to illustrate the se
quence of Bantu linguistic evolution. 
The' most intensive current research 
along these lines is that being done by 
Christopher Ehret of the University of 
California at Los Angeles. His work is 
of particular interest for what it suggests 
about the transmission of the cultural 
traits the loan words describe. For ex
ample. Ehret suggests that the names 
applied to cattle and sheep by many 
modern Bantu-speakers were probably 
derived from the non-Bantu languages 
known collectively as Central Sudanic. 
These tongues are still spoken in those 
areas of what are now the southern Su
dan. Uganda. Zaire and the Central Af
rican Republic that lie to the northwest 
of Lake Albert. 

To return from linguistics to archae
ology. by the second millennium B.C. 

or even earlier a food-producing econo
my had become established throughout 
most of the Sudanic belt. the broad re
gion that stretches across Africa be
tween the southern fringes of the Sahara 
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and the p.orthern limits of the equatorial 
forest. Most of the cereals cultivated by 
Early Iron Age farmers farther to the 
south were species known and perhaps 
originally domesticated in the Sudanic 
belt. The animals that accompanied the 
Early Iron Age farmers-goats. sheep 
and cattle-although not originally do
mesticated in the region. were in all 
probability herded there 2.000 years be
fore the Christian Era. 

The evidence suggesting a Sudanic or
igin for the Early Iron Age culture is not 
confined to the agricultural economy. 
The two best-known early centers of 
ironworking in sub-Saharan Africa are 
Nok in Nigeria and Meroe in Nubia. 
Both are adjacent to the Sudanic belt. 
and the knowledge of iron metallurgy 
doubtless diffused rapidly through the 
region. although the direction of the dif
fusion remains to be ascertained. Still 
another item of evidence is found in the 
Sudanic pottery of the period. Although 
little is known about these wares. they 
seem to reflect the same tradition that is 
evident in Early Iron Age pottery. The 
relation is most apparent at the time. 
presumably in about the middle of the 
first millennium B.C .• when knowledge 
of iron was spreading among the stone
tool-using farmers of the belt. Archaeo
logically the central part of the belt re
mains almost unknown. but evidence is 
accumulating to suggest that the popu
lations ultimately giving rise to the Ear
ly Iron Age complex were somewhere 
within this general region. 

Our circumstantial linguistic hypoth
esis linking Bantu speech with Early 
Iron Age culture must surmount one 
major obstacle. The best prehistoric evi
dence related to Early Iron Age culture 
comes almost exclusively from the terri
tory south of the great equatorial forest. 
that is. the side exactly opposite the one 
where the culture's formative processes 
seem to have centered. How did the cul
ture cross the barrier? The great forest is 
itself inimical to farming practices of 
any kind; that a farming people could 
make even a rapid journey through hun
dreds of kilometers of dense equatorial 
growth is inherently improbable. By 
what other route could the carriers of 
the culture have reached the subequato
rial savanna? 

The alternate route requires an initial 
movement in an easterly direction. fol
lowed by a turn to the south. Along the 
first part of this route we find an area 
east of Lake Chad where the pottery 
that was made in the first millennium 
B.C. strongly resembles Early Iron Age 
wares. The area is adjacent to the terri
tory where Central Sudanic languages 
are spoken today. The linguistic evi
dence indicates that some early Bantu
speaking people acquired domestic cat
tle and sheep. together with the words 
for both animals. from speakers of Cen
tral Sudanic. Did they acquire them dur
ing the eastward stage of such a detour 

around the equatorial forest? There is 
further evidence favoring this interpre
tation: around Lake Victoria. where the 
southward turn must have been made. 
we find the sites that have yielded Urewe 
ware. 

It is appropriate at this point to em
phasize the significance of the Urewe 
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sites in the Great Lakes region. First. 
these Early Iron Age sites are geograph
ically closest to the region northwest of 
Lake Albert that is proposed here as the 
homeland of the culture. Second. the 
carbon-14 evidence shows that Urewe 
pottery is the oldest of all Early Iron 
Age ceramics. Third. it is in the Urewe 
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PROGRESS OF EASTERN STREAM, from initial Urewe settlements around Lake Victoria 
to the final Early Iron Age coastal thrust south of the Limpopo River, is divisible into two suc
cessive phases. The first is a movement southward and eastward in the second and third centu
ries A.D. that produced the Lelesu and Kwale groups of sites. The second and far more exten
sive movement was southward in the fourth and fifth centuries and produced the Mwabulambo, 
Nkope, Gokomere/Ziwa, Transvaal high-veld and South African coastal-belt groups. Start
ing in the fifth century and continuing in the sixth, an eastern movement by western-stream 
groups produced the Upper Lualaba, Chondwe, Kapwirimbwe and Kalundu groups, and an 
eastern-stream movement in the sixth and seventh centuries produced the Dambwa group. 
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EARLY IRON AGE POTTERY from eight regions of subequato
rial Africa shows strikingly similar forms, althougb details of decora
tion, lip finish and constriction of neck differ. The first example (a) is 
a pot from the western Urewe site, Tshikapa. Beside it (b) is a pot 
from one of the Lake Victoria Urewe sites. The four eastern-stream 
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pots represent sites in tbe Nkope group (c), the Dambwa group (d), 
the Transvaal higll-veld group (e) and the South African coastal-belt 
group (f). One western-stream example is shown (g); it is from a site 
in the Kapwirimbwe group. The largest of the eight (h) is from a site 
in tbe Kalambo group, whose stream relations remain uncertain. 
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wares that one finds preserved the great
est number of features that may be 
called ancestral. 

Thus there is a striking similarity be
tween the archaeological evidence that 
gives the Urewe sites a position early in 
the prehistory of the Early Iron Age cul
ture and the linguistic evidence cited by 
Heine in support of an early eastward 
spread of the Bantu languages. I think it 
is a plausible further step to suggest that 
the language of the Urewe potters and 
their descendants was a Bantu dialect 
derived from those that spread along the 
northern margin of the equatorial forest 
to the vicinity of Lake Albert at a rela
tively early date. The direct modern de
scendants of these early dialects are 
Nyali and Mbuti. spoken today in a part 
of extreme northeastern Zaire. where 
pottery is still made in an Early Iron Age 
style and where neighboring peoples 
still speak Central Sudanic languages. 
Both archaeology and linguistics there
fore point to the area northwest of Lake 
Albert as the place where Early Iron 
Age culture underwent its formative 
processes. It is unfortunate that the ar
chaeology of the region remains virtual
ly unknown. 

Some Bantu-speaking people appear to 
have reached the savanna south of 

the equatorial forest by a more westerly 
route leading directly south from the 
Cameroon homeland along or close to 
the Atlantic coast. It is therefore open to 
question whether the Early Iron Age 
Bantu dialect hypothesized above was 
spoken only by those who eventually 
made up the eastern stream or by all the 
Early Iron Age migrants. Specifically. 
could the people of the western stream 
have acquired a Bantu dialect indepen
dently? Such an independent tongue 
could have been derived from the south
ward spread of Bantu speech by a west
erly route. That such was the case seems 
highly probable. at least in some areas. 
If my dating of the easterly spread of 
Bantu across the northern fringe of the 
forest barrier is even approximately cor
rect. then at about the same time when 
an Early Iron Age presence is demon
strable in the southwestern savanna the 
carriers of the culture must have spoken 
western Bantu dialects. Loan words sup
port this contention. 

Loan words from Central Sudanic 
languages have been detected in the 
modern Bantu dialects spoken in areas 
initially colonized by migrants of the 
Early Iron Age western stream. Indeed. 
both domestic cattle and the Central Su
danic loan words related to them can be 
shown to have entered much of southern 
Africa with the western stream. Similar
ly. the ceramic tradition of the western 
stream shows strong relations with 
Urewe pottery. As an example. consider 
the Tshikapa site. The finds here may 
well represent an early spread of the 
Urewe pottery tradition (perhaps ac-

companied -by a full Early Iron Age 
smithing-and-farming economy) to the 
territory in northwestern Angola where 
the western stream subsequently arose. 
There contact could have been estab
lished with those speakers of Bantu dia
lects who had spread southward from 
the Cameroon homeland. 

Archaeological evidence of this early 
southward spread in the extreme west is 
found in two areas. First. pottery that 
resembles Early Iron Age wares is found 
on the island of Fernando Po in associa-
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tion with a Neolithic industry character
ized by finely polished stone tools that 
may have been hafted for use as either 
axes or hoes. Second. similar polished 
stone tools have been found in the re
gion around the mouth of the Congo 
River. in association with pottery that is 
less ornamented than most Early Iron 
Age wares; the Congo sites are dated at 
about 200 B.C. 

We do not know whether the Neolith
ic people of Fernando Po and the lower 
Congo had any domestic animals. The 
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• SOUTH AFRICAN 
COASTAL BELT 

EARLY IRON AGE SITES, now numbering more than 350, are shown in relation to the mod
ern political boundaries of subequatorial Africa. The eight groups of sites that yielded the ex
amples of Early Iron Age pottery illustrated on the opposite page are named and located. 
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difficulties of moving herds through the 
equatorial forest suggest that the Congo 
people. at least. were not herdsmen. A 
possible exception. however. is the herd
ing of goats. Whereas the Bantu words 
for cattle and sheep are probably Cen
tral Sudanic in origin. the word for goat 
is common to almost all Bantu lan
guages. which suggests that goats were 
already a part of the agricultural econo
niy in the Bantu homeland in Camer
oon. In any event these coastal users of 
Neolithic tools may have practiced the 
variety of tropical and subtropical agri
culture that concentrates on root crops 
such as the yam rather than on cereals. 
Whether or not they were Bantu-speak
ers pushing south from Cameroon. they 
were certainly a people having only a 
premetallurgical technology. Whether 
and to what extent they were farmers 
and herders has not yet been conclusive
ly demonstrated. 

These premetallurgical people 
reached the southern fringe of the equa
torial forest belt along the lower reaches 
of the Congo. They did not. however. 
penetrate the opener savanna of north
ern Angola. Indeed. the Angolan grass
lands may already have been occupied 
by full-fledged Early Iron Age herds
men and grain growers who had by
passed the forest barrier by following 
the Great Lakes route. bringing with 
them a Urewe-related pottery tradition 
such as the one found at Tshikapa. One 
may envisage a meeting and fusion of 
the two Bantu-speaking populations: 
the Great Lakes group now practicing 
metallurgy. herding flocks and raising 
cereal crops. and the coast travelers still 
using stone tools and planting tubers. 
Perhaps it was this fusion that gave rise. 
at about the beginning of the Christian 

Era. to the Bantu culture of the Kongo 
area in northern Angola. a culture that 
soon afterward spread to the more 
southerly highlands of Angola and 
South West Africa. 

A final expansion of this western 
stream of Early Iron Age culture led mi
grants eastward from the highlands into 
west-central Zambia and southeastern 
ZaIre. where their presence is attested in 
the archaeological record beginning in 
about A.D. 500. It was at this point that 
the people of the western stream made 
contact with those of the eastern stream 
along a common boundary in central 
Zambia and northern Rhodesia. 

In describing the progression of the 
western stream I have skipped the 

time when the people of the eastern 
stream were expanding rapidly south
ward from their initial bases in southern 
Kenya and northern Tanzania. Let us 
turn back and consider the routes the 
eastern stream followed in reaching the 
regions farther to the south. Here the 
archaeological evidence is more com
prehensive. and one can map the general 
trends. notably the thrust through Ma
lawi and eastern Zambia to Rhodesia 
and the Transvaal between A.D. 300 
and 400. followed about 200 years later 
by a further spread into southwestern 
Zambia. 

Carbon-14 dates indicate that the 
eastern stream was well established in 
Zambia and Rhodesia for a significant 
period before the eastward movement 
of the western stream established con
tact between the two. In its early stages 
the eastern stream appears to have 
lacked certain elements of the full
fledged Early Iron Age culture. Among 
these were possession of cattle and of 

DAMBW A POT, uncovered during the excavation of an Early Iron Age house at the type site, 
Dambwa, near Livingstone in southern Zambia, was partially buried by mud that had fallen 
from the house wall. Scale in foreground measures inches; beyond it at each end are the charred 
remains of two fallen wood poles that had supported the wall. Floor is made of puddled earth. 
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some sophisticated metallurgical tech
niques at a time when both were in the 
hands of the people of the western 
stream. The greater western-stream cul
tural inventory may be attributable. at 
least in part. to an innovative period in 
the Kongo area following the fusion of 
peoples that gave rise to the western 
stream. 

The form of Bantu spoken by the peo
ple of the eastern stream was evidently a 
dialect derived from the early eastward 
spread of proto-Bantu from Cameroon 
to the Great Lakes region. enriched 
along the way by a number of Central 
Sudanic loan words relating particularly 
to agricultural and metallurgical tech
nology. Dalby. Heine and others. how
ever. have demonstrated conclusively 
that virtually all the modern Bantu dia
lects spoken in the eastern half of the 
Bantu linguistic area are in fact western 
in derivation. The distribution of these 
dialects. which Heine has named the 
Eastern Highland Group. does not coin
cide with the distribution of the ar
chaeological remains identifiable with 
the Early Iron Age eastern stream. In
stead it coincides to a remarkable degree 
with the archaeological distribution of 
later Iron Age industries. 

As we have seen. these industries first 
appear in the archaeological record of 
eastern Africa during the 11th century 
A.D. and show connections with the re
gion farther to the west. Indeed. the area 
Heine postulates as being the source of 
the Eastern Highland Group of dialects 
is almost exactly identical with the one I 
consider to be the homeland of many of 
the cultural innovations that distinguish 
the later Iron Age of subequatorial Afri
ca from its predecessors. The modern 
distribution of the Eastern Highland 
languages is thus due to a second spread 
of Bantu speech overlying that of the 
Early Iron Age. 

We can therefore see what a marked 
degree of similarity there is be

tween the archaeological sequence of 
the Iron Age in subequatorial Africa 
and the linguistic evidence for the 
spread and development of the Bantu 
languages and their speakers. In this dis
cussion it has been necessary to view the 
Iron Age Bantu-speakers alone. with lit
tle reference to the other peoples with 
whom they interacted. One should not. 
however. forget that the processes of 
population movement and settlement I 
have been describing unfolded in terri
tory that was already occupied by a di
verse population of earlier peoples. 
whose own distinctive life-styles were 
well adapted to the environment. It is 
not possible to take up here the sub
stantial contributions-genetic. cultural. 
economic and technological-made by 
these earlier groups to the Iron Age peo
ples who eventually displaced them and 
who today are the major element in the 
population of subequatorial Africa. 
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Unique full-function 
a-digit wrist calculator ... 

available only as a kit. 
A wrist calculator is the ultimate in common-sense portable 
calculating power. Even a pocket calculator goes where your 
pocket goes-take your jacket off, and you're lost! 

But a wrist-calculator is only worth having if it offers a 
genuinely comprehensive range of functions, with a full-size 
a-digit display. 

This one does_ What's more, because it is a kit, supplied direct 
from the manufacturer, it costs only a very reasonable $19.95. 
And for that, you get not only a high-calibre 
calculator, but the fascination of building it yourself. 

How to make 10 keys dothe work of 27 
The Sinclair Instrument wrist calculator offers the full range of 
arithmetic functions. It uses normal algebraic logic (

,
enter it as 

you write it'). But in addition, it offers a % key; plus the 

convenience functions F, 1  lx, x2; plus a fullS-function memory. 

All this, from just 10 keys! The secret? An ingenious, simple 
three-position switch. It works like this. 

1. The switch in its normal, central 
position. With the switch centered. 
numbers-which make up the vast 
majority of key-strokes-are 
tapped in the normal way. 

2. Hold the switch to the 
left 10 use the functions to 
the left above the keys ... 

3. and hold it to the right to 
use the functions to the 
right above the keys. 

The display uses a full-size 
red LED digits, and the 
calculator runs on readily
available hearing-aid 
batteries to give weeks 
of normal use. 

Assembling the Sinclair Instrument 
wrist calculator 

The wrist calculator kit comes to you 
complete and ready for assembly. All 
you need is a reasonable degree of 
skill with a fine-point soldering iron. 
It takes about three hours to 
assemble. If anything goes 
wrong, Sinclair Instrument 
will replace any damaged 
components free: we 
want you to enjoy 
assembling the kit, 
and to end up with a 
valuable and useful 
calculator. 

Contents 
Case and display 
window. 

Strap. 
Printed circuit board. 

Switches. 
Special direct-drive chip 

(no interface chip needed). 
Display. 

Batteries. 

Everything is packaged in a neat plastic 

box, and accompanied by full instructions. 
The only thing you need is a fine-point soldering iron. 

All components are fully guaranteed, and any which are 
damaged during assembly will be replaced free. 

The wrist-calculator kit Is available only direct from 
Sinclair Instrument. Take advantage of this 10 day money
back offer. 

Send the coupon today. 

To: Sinclair Instruments Inc. 
6 Commercial Street 
Hicksville, NY 11801 

Please send me 

__ Sinclair wrist calculator kit(s) at $19.95$ ____ _ 

Sales tax (NY residents) 

Shipping & handling ($2.50 per unit) 

Enclosed is check/MO (payable to 
Sinclair Instruments Inc.) TOTAL $, ____ _ 

Name ___________________ __ 

Sinclair Instruments Inc. 
6 Commercial Street 

Hicksville. N. Y. 11801 

Address __________________ _ 

City ___________________ _ 

State ____________ ---LZi p, _____ _ 

I understand that you will refund the purchase price of the kit 
in full if I return it in saleable conditiion within 10 days of 
receipt. SA4 
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The Theory of the Rainbow 
When sunlight is scattered by raindrops, why is it that colorful 

arcs appear in certain regions of the sky? Answering this subtle 

question has required all the resources of mathematical physics 

The rainbow is a bridge between the 
two cultures: poets and scientists 
alike have long been challenged to 

describe it. The scientific description is 
often supposed to be a simple problem 
in geometrical optics, a problem that 
was solved long ago and that holds inter
est today only as a historical exercise. 
This is not so: a satisfactory quantitative 
theory of the rainbow has been devel
oped only in the past few years. More
over, that theory involves much more 
than geometrical optics; it draws on all 
we know of the nature of light. Allow
ance must be made for wavelike proper
ties, such as interference, diffraction and 
polarization, and for particlelike prop
erties, such as the momentum carried by 
a beam of light. 

Some of the most powerful tools of 
mathematical physics were devised ex
plicitly to deal with the problem of the 
rainbow and with closely related prob
lems. Indeed, the rainbow has served as 
a touchstone for testing theories of op
tics. With the more successful of those 
theories it is now possible to describe the 
rainbow mathematically, that is, to pre
dict the distribution of light in the sky. 
The same methods can also be applied 
to related phenomena, such as the bright 
ring of color called the glory, and even 
to other kinds of rainbows, such as 
atomic and nuclear ones. 

Scientific insight has not always been 
welcomed without reservations. Goethe 
wrote that Newton's analysis of the rain
bow's colors would "cripple Nature's 
heart. " A similar sentiment was ex
pressed by Charles Lamb and John 
Keats; at a dinner party in 1817 they 
proposed a toast: "Newton's health. and 
confusion to mathematics. "  Yet the sci
entists who have contributed to the the
ory of the rainbow are by no means in
sensitive to the rainbow's beauty. In the 
words of Descartes: "The rainbow is 
such a remarkable marvel of Nature 
. . .  that I could hardly choose a more 
suitable example for the application of 
my method. " 

The single bright arc seen after a rain 
shower or in the spray of a waterfall is 
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the primary rainbow. Certainly its most 
conspicuous feature is its splash of col
ors. These vary a good deal in brightness 
and distinctness, but they always follow 
the same sequence: violet is innermost. 
blending gradually with various shades 
of blue. green, yellow and orange, with 
red outermost. 

Other features of the rainbow are 
fainter and indeed are not always pres
ent. Higher in the sky than the primary 
bow is the secondary one, in which the 
colors appear in reverse order, with red 
innermost and violet outermost. Careful 
observation reveals that the region be
tween the two bows is considerably 
darker than the surrounding sky. Even 
when the secondary bow is not discern
ible, the primary bow can be seen to 
have a "lighted side" and a "dark side. " 
The dark region has been given the 
name Alexander's dark band, after the 
Greek philosopher Alexander of Aph
rodisias, who first described it in about 
A.D. 200. 

Another feature that is only some
times seen is a series of faint bands, usu
ally pink and green alternately, on the 
inner side of the primary bow. (Even 
more rarely they may appear on the out
er side of the secondary bow.)  These 
"supernumerary arcs" are usually seen 
most clearly near the top of the bow. 
They are anything but conspicuous. but 
they have had a major influence on the 
development of theories of the rainbow. 

The first attempt to rationally explain 
the appearance of the rainbow was 

probably that of Aristotle. He proposed 
that the rainbow is actually an unusual 
kind of reflection of sunlight from 
clouds. The light is reflected at a fixed 
angle. giving rise to a circular cone 
of "rainbow rays. " Aristotle thus ex
plained correctly the circular shape of 
the bow and perceived that it is not a 
material object with a definite location 
in the sky but rather a set of directions 
along which light is strongly scattered 
into the eyes of the observer. 

The angle formed by the rainbow rays 
and the incident sunlight was first mea-

sured in 1266 by Roger Bacon. He mea
sured an angle of about 42 degrees; the 
secondary bow is about eight degrees 
higher in the sky. Today these angles are 
customarily measured from the oppo
site direction, so that we measure the 
total change in the direction of the sun's 
rays. The angle of the primary bow is 
therefore 180 min us 42, or 13 8, degrees; 
this is called the rainbow angle. The an
gle of the secondary bow is 130 degrees. 

After Aristotle's conjecture some 17 
centuries passed before further signifi
cant progress was made in the theory of 
the rainbow. In 1304 the German monk 
Theodoric of Freiberg rejected Aristot
le's hypothesis that the rainbow results 
from collective reflection by the rain
drops in a cloud. He suggested instead 
that each drop is individually capable of 
producing a rainbow. Moreover, he test
ed this conjecture in experiments with a 
magnified raindrop: a spherical flask 
filled with water. He was able to trace 
the path followed by the light rays that 
make up the rainbow. 

Theodoric's findings remained largely 
unknown for three centuries, until they 
were independently rediscovered by 
Descartes, who employed the same 
method. Both Theodoric and Descartes 
showed that the rainbow is made up of 
rays that enter a droplet and are reflect
ed once from the inner surface. The sec
ondary bow consists of rays that have 
undergone two internal reflections. 
With each reflection some light is lost, 
which is the main reason the secondary 
bow is fainter than the primary one. 
Theodoric and Descartes also noted that 
along each direction within the angular 

DOUBLE RAINBOW was photographed at 
Johnstone Strait in British Columbia. The 
bright, inner band is the primary bow; it is 
separated from the fainter secondary bow by 
a region, called Alexander'S dark band, that 
is noticeably darker than the surrounding sky. 
Below the primary bow are a few faint stripes 
of pink and green; they are supernumerary 
arcs. The task of theory is to give a quanti
tative explanation for each of these features. 
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GEOMETRY OF THE RAINBOW is determitted by the scattering angle: the total angle 
through which a ray of sunlight is bent by its passage through a raindrop. Rays are strongly 
scattered at angles of 138 degrees and 130 degrees, giving rise respectively to the primary and 
the secondary rainbows. Between those angles very little light is deflected; that is the region of 
Alexander's dark band. The optimum angles are slightly different for each wavelength of light, 
with the result that the colors are dispersed; note that the sequence of colors in the secondary 
bow is the reverse of that in the primary bow. There is no single plane in which the rainbow lies; 

·the rainbow is merely the set of directions along which light is scattered toward the observer. 

range corresponding to the rainbow 
only one color at a time could be seen in 
the light scattered by the globe. When 
the eye was moved to a new position so 
as to explore other scattering angles. the 
other spectral colors appeared. one by 
one. Theodoric and Descartes conclud-

ed that each of the colors in the rainbow 
comes to the eye from a different set of 
water droplets. 

As Theodoric and Descartes realized. 
all the main features of the rainbow can 
be understood through a consideration 
of the light passing through a single 

REFLECTION AND REFRACTION of light at boundaries between air and water are the 
basic events in the creation of a rainbow. In reflection the angle of incidence is equal to the 
angle of reflection. In refraction the angle of the transmitted ray is determined by the properties 
of the medium, as characterized by its refractive index. Light entering a medium with a higher 
index is bent toward the normal. Light of different wavelengths is refracted through slightly 
different angles; this dependence of the refractive index on color is called dispersion. Theories 
of the rainbow often deal separately with each monochromatic component of incident light. 
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droplet. The fundamental principles 
that determine the nature of the bow are 
those that govern the interaction of light 
with transparent media. namely reflec
tion and refraction. 

The law of reflection is the familiar 
and intuitively obvious principle that 
the angle of reflection must equal the 
angle of incidence. The law of refraction 
is somewhat more complicated. Where
as the path of a reflected ray is deter
mined entirely by geometry. refraction 
also involves the properties of light and 
the properties of the medium. 

The speed of light in a vacuum is in
variant; indeed. it is one of the funda
mental constants of nature. The speed 
of light in a material medium. on the 
other hand. is determined by the proper
ties of the medium. The ratio of the 
speed of light in a vacuum to the speed 
in a substance is called the refractive 
index of that substance. For air the in
dex is only slightly greater than 1; for 
water it is about 1.33. 

A ray of light passing from air into 
water is retarded at the boundary; if it 
strikes the surface obliquely. the change 
in speed results in a change in direction. 
The sines of the angles of incidence and 
refraction are always in constant ratio to 
each other. and the ratio is equal to that 
between the refractive indexes for the 
two materials. This equality is called 
Snell's law. after Willebrord Snell. who 
formulated it in 1621. 

Apreliminary analysis of the rainbow 
can be obtained by applying the 

laws of reflection and refraction to the 
path of a ray through a droplet. Because 
the droplet is assumed to be spherical all 
directions are equivalent and there is 
only one significant variable: the dis
placement of the incident ray from an 
axis passing through the center of the 
droplet. That displacement is called the 
impact parameter. It ranges from zerO. 
when the ray coincides with the central 
axis. to the radius of the droplet. when 
the ray is tangential. 

At the surface of the droplet the inci
dent ray is partially reflected. and this 
reflected light we shall identify as the 
scattered rays of Class 1. The remaining 
light is transmitted into the droplet (with 
a change in direction caused by refrac
tion) and at the next surface is again 
partially transmitted (rays of Class 2) 
and partially reflected. At the next 
boundary the reflected ray is again split 
into reflected and transmitted compo
nents. and the process continues indefi
nitely. Thus the droplet gives rise to a 
series of scattered rays. usually with 
rapidly decreasing intensity. Rays of 

Class 1 represent direct reflection by the 
droplet and those of Class 2 are directly 

transmitted through it. Rays of Class 3 
are those that escape the droplet after 

one internal reflection. and they make 
up the primary rainbow. The Class 4 

rays. having undergone two internal re-
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flections. give rise to the secondary bow. 
Rainbows of higher order are formed by 
rays making more complicated pas
sages. but they are not ordinarily visible. 

For each class of scattered rays the 
scattering angle varies over a wide range 
of values as a function of the impact 
parameter. Since in sunlight the droplet 
is illuminated at all impact parameters 
simultaneously. light is scattered in vir
tually all-directions. It is not difficult to 
find light paths through the droplet that 
contribute to the rainbow. but there are 
infinitely many other paths that direct 
the light elsewhere. Why. then. is the 
scattered intensity enhanced in the vi
cinity of the rainbow angle? It is a ques
tion Theodoric did not consider; an an
swer was first provided by Descartes. 

By applying the laws of reflection and 
refraction at each point where a ray 
strikes an air-water boundary. Des
cartes painstakingly computed the paths 
of many rays incident at many impact 
parameters. The rays of Class 3 are of 
predominating importance. When the 
impact parameter is zero. these rays are 
scattered through an angle of 180 de
grees. that is. they are backscattered 
toward the sun. having passed through 
the center of the droplet and been re
flected from the far wall. As the impact 
parameter increases and the incident 
rays are displaced from the center of the 
droplet. the scattering angle decreases. 
Descartes found. however. that this 
trend does not continue as the impact 
parameter is increased to its maximum 
value. where the incident ray grazes the 
droplet at a tangent to its surface. In
stead the scattering angle passes through 
a minimum when the impact parameter 
is about seven-eighths of the radius of 
the droplet. and thereafter it increases 
again. The scattering angle at the mini
mum is 138 degrees. 

For rays of Class 4 the scattering an
gle is zero when the impact parameter 
is zero; in other words. the central ray 
is reflected twice. then continues in its 
original direction. As the impact param
eter increases so does the scattering an
gle. but again the trend is eventually re
versed. this time at 130 degrees. The 
Class 4 rays have a maximum scattering 
angle of 130 degrees. and as the impact 
parameter is further increased they bend 
back toward the forward scattering di
rection again. 

Because a droplet in sunlight is uni
formly illuminated the impact pa

rameters of the incident rays are uni
formly distributed. The concentration 
of scattered light is therefore expected 
to be greatest where the scattering angle 
varies most slowly with changes in the 
impact parameter. In other words. the 
scattered light is brightest where it gath
ers together the incident rays from the 
largest range of impact parameters. The 
regions of minimum variation are those 
surrounding the maximum and mini-

mum scattering angles. and so the spe
cial status of the primary and secondary 
rainbow angles is explained. Further
more. since no rays of Class 3 or Class 4 
are scattered into the angular region be
tween 130 and 138 degrees. Alexander's 
dark band is also explained. 

Descartes's theory can be seen more 
clearly by considering an imaginary 
population of droplets from which light 
is somehow scattered with uniform in
tensity in all directions. A sky filled with 
such droplets would be uniformly bright 
at all angles. In a sky filled with real 
water droplets the same total illumina
tion is available. but it is redistributed. 
Most parts of the sky are dimmer than 
they would be with uniform scattering. 
but in the vicinity of the rainbow angle 
there is a bright arc. tapering off gradu
ally on the lighted side and more sharply 
on the dark side. The secondary bow is a 
similar intensity highlight. except that it 
is narrower and all its features are dim
mer. In the Cartesian theory the region 
between the bows is distinctly darker 
than the sky elsewhere; if only rays of 
Class 3 and Class 4 existed. it would be 
quite black. 

The Cartesian rainbow is a remark-
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ably simple phenomenon. Brightness is 
a function of the rate at which the scat
tering angle changes. That angle is itself 
determined by just two factors: the re
fractive index. which is assumed to be 
constant. and the impact parameter. 
which is assumed to be uniformly dis
tributed. One factor that has no influ
ence at all on the rainbow angle is size: 
the geometry of scattering is the same 
for small cloud droplets and for the 
large water-filled globes employed by 
Theodoric and Descartes. 

so far we have ignored one of the most 
conspicuous features of the rain

bow: its colors. They were explained. of 
course. by Newton. in his prism experi
ments of 1666. Those experiments dem
onstrated not only that white light is a 
mixture of colors but also that the re
fractive index is different for each color. 
the effect called dispersion. It follows 
that each color or wavelength of light 
must have its own rainbow angle; what 
we observe in nature is a collection of 
monochromatic rainbows. each one 
slightly displaced from the next. 

From his measurements of the refrac
tive index Newton calculated that the 

WATER DROPLET 

CLASS 1 

PATH OF LIGHT through a droplet can be determined by applying the laws of geometrical 
optics. Each time the beam strikes the surface part of the light is reflected and part is refracted. 
Rays reflected directly from the surface are labeled rays of Class 1; those transmitted directly 
through the droplet are designated Class 2. The Class 3 rays emerge after one internal reflec
tion; it is these that give rise to the primary rainbow. The secondary bow is made up of Class 
4 rays, which have undergone two internal reflections. For rays of each class only one factor 
determines the value of the scattering angle. That factor is the impact parameter: the dis
placement of the incident ray from an axis that passes through the center of the droplet. 
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rainbow angle is 137 degrees 58 minutes 
for red light and 13 9 degrees 43 minutes 
for violet light. The difference between 
these angles is one degree 45 minutes. 
which would be the width of the rain
bow if the rays of incident sunlight were 
exactly parallel. Allowing half a degree 
for the apparent diameter of the sun. 
Newton obtained a total width of two 
degrees 15 minutes for the primary bow. 
His own observations were in good 
agreement with this result. 

Descartes and Newton between them 
were able to account for all the more 
conspicuous features of the rainbow. 
They explained the existence of primary 
and secondary bows and of the dark 
band that separates them. They calcu
lated the angular positions of these fea
tures and described the dispersion of the 

scattered light into a spectrum. All of 
this was accomplished with only geo
metrical optics. Their theory neverthe
less had a major failing: it could not 
explain the supernumerary arcs. The un
derstanding of these seemingly minor 
features requires a more sophisticated 
view of the nature of light. 

The supernumerary arcs appear on 
the inner. or lighted. side of the primary 
bow. In this angular region two scat
tered rays of Class 3 emerge in the same 
direction; they arise from incident rays 
that have impact parameters on each 
side of the rainbow value. Thus at any 
given angle slightly greater than the 
rainbow angle the scattered light in
cludes rays that have followed two dif
ferent paths through the droplet. The 
rays emerge at different positions on the 

surface of the droplet. but they proceed 
in the same direction. 

In the time of Descartes and Newton 
these two contributions to the scattered 
intensity could be handled only by sim
ple addition. As a result the predicted 
intensity falls off smoothly with devia
tion from the rainbow angle. with no 
trace of supernumerary arcs. Actually 
the intensities of the two rays cannot be 
added because they are not independent 
sources of radiation. 

The optical effect underlying the su
pernumerary arcs was discovered in 
1 803 by Thomas Young. who showed 
that light is capable of interference. a 
phenomenon that was already familiar 
from the study of water waves. In any 
medium the superposition of waves can 
lead either to reinforcement (crest on 
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RAINBOW ANGLE can be seen to have a special significance when 
the scattering angle is considered as a function of the impact param
eter. When the impact parameter is zero, the scattering angle for a 
ray of Class 3 is 180 degrees; the ray passes through the center of the 
droplet and is reflected by the far surface straight back at the sun. As 
the impact parameter increases, the scattering angle decreases, but 
eventually a minimum angle is reached. This ray of minimum deflec
tion is the rainbow ray in the diagram at the left; rays with impact 
parameters on each side of it are scattered through larger angles. The 
minimum deflection is about 138 degrees, and the greatest concentra
tion of scattered rays is to be found in the vicinity of this angle. The 
resulting enhancement in the intensity of the scattered light is per
ceived as the primary rainbow. The secondary bow is formed in a 
similar way, except that the scattering angle for the Class 4 rays of 
which it is composed increases to a maximum instead of decreasing 
to a minimum. The maximum lies at about 130 degrees. No rays of 
Class 3 or Class 4 can reach angles between 130 degrees and 138 de
grees, explaining the existence of Alexander's dark band. At the left 
two Class 3 rays, with impact parameters on each side of the rain
bow value, emerge at the same scattering angle. It is interference be
tween rays such as these two that gives rise to the supernumerary arcs. 
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crest) or to cancellation (crest on 
trough). Young demonstrated the in
terference of light waves by passing a 
single beam of monochromatic light 
through two pinholes and observing the 
alternating bright and dark "fringes" 
produced. It was Young himself who 
pointed out the pertinence of his discov
ery to the supernumerary arcs of the 
rainbow. The two rays scattered in the 
same direction by a raindrop are strictly 
analogous to the light passing through 
the two pinholes in Young's experiment. 
At angles very close to the rainbow an
gle the two paths through the droplet 
differ only slightly, and so the two rays 
interfere constructively. As the angle in
creases, the two rays follow paths of 
substantially different length. When the 
difference equals half of the wavelength, 
the interference is completely destruc
tive; at still greater angles the beams re
inforce again. The result is a periodic 
variation in the intensity of the scattered 
light, a series of alternately bright and 
dark bands. 

Because the scattering angles at which 
the interference happens to be construc
tive are determined by the difference be
tween two path lengths, those angles are 
affected by the radius of the droplet. 
The pattern of the supernumerary arcs 
(in contrast to the rainbow angle) is 
therefore dependent on droplet size. In 
larger drops the difference in path length 
increases much more quickly with im
pact parameter than it does in small 
droplets. Hence the larger the droplets 
are, the narrower the angular separation 
between the supernumerary arcs is. The 
arcs can rarely be distinguished if the 
droplets are larger than about a millime
ter in diameter. The overlapping of col
ors also tends to wash out the arcs. The 
size dependence of the supernumeraries 
explains why they are easier to see near 
the top of the bow: raindrops tend to 
grow larger as they fall. 

W ith Young's interference theory all 
the major features of the rainbow 

could be explained, at least in a qualita
tive and approximate way. What was 
lacking was a quantitative, mathemati
cal theory capable of predicting the in
tensity of the scattered light as a func
tion of droplet size and scattering angle. 

Young's explanation of the supernu
merary arcs was based on a wave theory 
of light. Paradoxically his predictions 
for the other side of the rainbow, for the 
region of Alexander's dark band, were 
inconsistent with such a theory. The in
terference theory, like the theories of 
Descartes and Newton, predicted com
plete darkness in this region, at least 
when only rays of Class 3 and Class 4 
were considered. Such an abrupt transi
tion, however, is not possible, because 
the wave theory of light requires that 
sharp boundaries between light and 

RAINBOW RAY 

CONFLUENCE OF RAYS scattered by a droplet gives rise to caustics, or "burning curves." 
A caustic is tbe envelope �f a ray system. Of special interest is tbe caustic of Class 3 rays, wbicb 
bas two brancbes, a real brancb and a "virtual" one; tbe latter is formed wben tbe rays are ex
tended backward. Wben tbe rainbow ray is produced in botb directions, it approacbes tbe 
brancbes of tbis caustic. A tbeory of tbe rainbow based on tbe analysis of sucb a caustic was 
devised by George B. Airy. Having cbosen an initial wave front-a surface perpendicular at 
all points to tbe rays of Class 3-Airy was able to determine tbe amplitude distribution in sub
sequent waves. A weakness of tbe tbeory is tbe need to guess tbe amplitudes of tbe initial waves. 

shadow be softened by diffraction. The 
most familiar manifestation of diffrac
tion is the apparent bending of light or 
sound at the edge of an opaque obstacle. 
In the rainbow there is no real obstacle, 
but the boundary between the primary 
bow and the dark band should exhibit 
diffraction nonetheless. The treatment 
of diffraction is a subtle and difficult 
problem in mathematical physics, and 
the subsequent development of the theo
ry of the rainbow was stimulated mainly 
by efforts to solve it. 

In 1835 Richard Potter of the Univer
sity of Cambridge pointed out that the 
crossing of various sets of light rays in a 
droplet gives rise to caustic curves. A 
caustic. or "burning curve, " represents 
the envelope of a system of rays and is 
always associated with an intensity 
highlight. A familiar caustic is the bright 

cusp-shaped curve formed in a teacup 
when sunlight is reflected from its inner 
walls. Caustics, like the rainbow, gener
ally have a lighted side and a dark side; 
intensity increases continuously up to 
the caustic, then drops abruptly. 

Potter showed that the Descartes rain
bow ray-the Class 3 ray of minimum 
scattering angle-can be regarded as a 
caustic. All the other transmitted rays of 
Class 3, when extended to infinity, ap
proach the Descartes ray from the light
ed side; there are no rays of this class on 
the dark side. Thus finding the intensity 
of the scattered light in a rainbow is sim
ilar to the problem of determining the 
intensity distribution in the neighbor
hood of a caustic. 

In 1838 an attempt to determine that 
distribution was made by Potter's Cam
bridge colleague George B. Airy. His 
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PREDICTED INTENSITY as a function of scattering angle is compared for three early theo
ries of the rainbow. In the geometric analysis of Descartes, intensity is infinite at the rainbow 
angle; it declines smoothly (without supernumerary arcs) on the lighted side and falls off 
abruptly to zero on the dark side. The theory of Thomas Young, which is based on the interfer
ence of light waves, predicts supernumerary arcs but retains the sharp transition from infinite 
to zero intensity. Airy's theory relocates the peaks in the intensity curve and for the first time 
provides (through diffraction) an explanation for gradual fading of the rainbow into shadow. 

reasoning was based on a principle of 
wave propagation formulated in the 
17th century by Christiaan Huygens and 
later elaborated by Augustin Jean Fres
nel. This principle regards every point 
of a wave front as being a source of 
secondary spherical waves; the second
ary waves define a new wave front and 
hence describe the propagation of the 
wave. It follows that if one knew the 
amplitudes of the waves over any one 
complete wave front. the amplitude dis
tribution at any other point could be re
constructed. The entire rainbow could 
be described rigorously if we knew the 
amplitude distribution along a wave 
front in a single droplet. Unfortunately 
the amplitude distribution can seldom 
be determined; all one can usually do is 
make a reasonable guess for some cho
sen wave front in the hope that it will 
lead to a good approximation. 

The starting wave front chosen by 
Airy is a surface inside the droplet. nor
mal to all the rays of Class 3 and with an 
inflection point (a change in the sense of 

. curvature) where it intersects the Des
cartes rainbow ray. The wave ampli
tudes along this wave front were esti
mated through standard assumptions in 
the theory of diffraction. Airy was then 
able to express the intensity of the scat-
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tered light in the rainbow region in 
terms of a new mathematical function. 
then known as the rainbow integral and 
today called the Airy function. The 
mathematical form of the Airy function 
will not concern us here; we shall con
centrate instead on its physical meaning. 

The intensity distribution predicted 
by the Airy function is analogous to the 
diffraction pattern appearing in the 
shadow of a straight edge. On the light
ed side of the primary bow there are 
oscillations in intensity that correspond 
to the supernumerary arcs; the positions 
and widths of these peaks differ some
what from those predicted by the Young 
interference theory. Another significant 
distinction of the Airy theory is that the 
maximum intensity of the rainbow falls 
at an angle somewhat greater than the 
Descartes minimum scattering angle. 
The Descartes and Young theories pre
dict an infinite intensity at that angle (be
cause of the caustic). The Airy theory 
does not reach an infinite intensity at 
any point. and at the Descartes rainbow 
ray the intensity predicted is less than 
half the maximum. Finally. diffraction 
effects appear on the dark side of the 
rainbow: instead of vanishing abruptly 
the intensity tapers away smoothly with
in Alexander's dark band. 

Airy's calculations were for a mono
chromatic rainbow. In order to apply his 
method to a rainbow produced in sun
light one must superpose the Airy pat
terns generated by the various mono
chromatic components. To proceed fur
ther and describe the perceived image of 
the rainbow requires a theory of color 
vision. 

The purity of the rainbow colors is 
determined by the extent to which the 
component monochromatic rainbows 
overlap; that in turn is determined by 
the droplet size. Uniformly large drops 
(with diameters on the order of a few 
millimeters) generally give bright rain
bows with pure colors; with very small 
droplets (diameters of .01 millimeter or 
so) the overlap of colors is so great that 
the resulting light appears to be almost 
white. 

An important property of light that we 
I\. have so far ignored is its state of 
polarization. Light is a transverse wave. 
that is. one in which the oscillations are 
perpendicular to the direction of propa
gation. (Sound. on the other hand. is a 
longitudinal vibration.) The orientation 
of the transverse oscillation can be re
solved into components along two mu
tually perpendicular axes. Any light ray 
can be described in terms of these two 
independent states of linear polariza
tion. Sunlight is an incoherent mixture 
of the two in equal proportions; it is of
ten said to be randomly polarized or 
simply unpolarized. Reflection can alter 
its state of polarization. and in that fact 
lies the importance of polarization to 
the analysis of the rainbow. 

Let us consider the reflection of a light 
ray traveling inside a water droplet 
when it reaches the boundary of the 
droplet. The plane of reflection. the 
plane that contains both the incident 
and the reflected rays. provides a conve
nient geometric reference. The polariza
tion states of the incident light can be 
defined as being parallel to that plane 
and perpendicular to it. For both polari
zations the reflectivity of the surface is 
slight at angles of incidence near the per
pendicular. and it rises very steeply near 
a critical angle whose value is deter
mined by the index of refraction. Be
yond that critical angle the ray is totally 
reflected. regardless of polarization. At 
intermediate angles. however. reflectivi
ty depends on polarization. As the angle 
of incidence becomes shallower a stead
ily larger portion of the perpendicularly 
polarized component is reflected. For 
the parallel component. on the other 
hand. reflectivity falls before it begins to 
increase. At one angle in particular. re
flectivity for the parallel-polarized wave 
vanishes entirely; that wave is totally 
transmitted. Hence for sunlight incident 
at that angle the internally reflected ray 
is completely polarized perpendicular 
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to the plane of reflection. The angle is 
called Brewster's angle, after David 
Brewster, who discussed its significance 
in 1815. 

Light from the rainbow is almost 
completely polarized, as can be seen 
by looking at a rainbow through Polar
oid sunglasses and rotating the lenses 
around the line of sight. The strong po
larization results from a remarkable co
incidence: the internal angle of inci
dence for the rainbow ray is very close 
to Brewster's angle. Most of the parallel 
component escapes in the transmitted 
rays of Class 2, leaving a preponderance 
of perpendicular rays in the rainbow. 

W ith the understanding that both 
matter and radiation can behave 

as waves, the theory of the rainbow has 
been enlarged in scope. It must now en
compass new, invisible rainbows pro
duced in atomic and nuclear scattering. 

An analogy between geometrical op
tics and classical particle mechanics had 
already been perceived in 1831 by Wil
liam Rowan Hamilton, the Irish mathe
matician. The analogues of rays in geo
metrical optics are particle trajectories, 
and the bending of a light ray on enter
ing a medium with a different refractive 
index corresponds to the deflection of a 
moving particle under the action of a 
force. Particle-scattering analogues ex
ist for many effects in optics, including 
the rainbow. 

Consider a collision between two at
oms in a gas. As the atoms approach 
from a large initial separation, they are 
at first subject to a steadily increasing 
attraction. At closer range, however, the 
electron shells of the atoms begin to in
terpenetrate and the attractive force di
minishes. At very close range it becomes 
an increasingly strong repulsion. 

As in the optical experiment, the 
atomic scattering can be analyzed by 
tracing the paths of the atoms as a func
tion of the impact parameter. Because 
the forces vary gradually and continu
ously, the atoms follow curved trajecto
ries instead of changing direction sud
denly, as at the boundary between me
dia of differing refractive index. Even 
though some of the trajectories are rath
er complicated, each impact parameter 
corresponds to a single deflection angle; 
moreover, there is one trajectory that 
represents a local maximum angular de
flection. That trajectory turns out to be 
the one that makes the most effective use 
of the attractive interaction between 
atoms. A strong concentration of scat
tered particles is expected near this an
gle; it is the rainbow angle for the inter
acting atoms. 

A wave-mechanical treatment of the 
atomic and nuclear rainbows was for
mulated in 1959 by Kenneth W. Ford of 
Brandeis University and John A. Whee
ler of Princeton University. Interference 

between trajectories emerging in the 
same direction gives rise to supernumer
ary peaks in intensity. A particle-scatter
ing analogue of Airy's theory has also 
been derived. 

An atomic rainbow was first observed 
in 1964, by E. Hundhausen and H. Pau
ly of the University of Bonn, in the scat-
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tering of sodium atoms by mercury at
oms. The main rainbow peak and two 
supernumeraries were detected; in more 
recent experiments oscillations on an 
even finer scale have been observed. The 
rainbows measured in these experi
ments carry information about the inter
atomic forces. Just as the optical rain-

TOTAL INTERNAL REFLECTION 

PARALLEL 
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PLANE OF REFLECTION - PERPENDICULAR 

WATER 

AIR 

EVANESCENT 
WAVE 

POLARIZATION OF THE RAINBOW results from differential reflection. An incident ray 
can be resolved into two components polarized parallel to and perpendicular to the plane of 
reflection. For a ray approaching an air-water bouudary from inside a droplet the reflectivity 
of the surface depends ou the angle of incidence. Beyond a critical angle both parallel and per
pendicular components are totally reflected, although some light travels parallel to the surface 
as an "evanescent wave." At lesser angles the perpendicular component is reflected more effi
ciently than the parallel one, and at one augle in particular, Brewster's angle, parallel-polarized 
light is completely transmitted. The angle of internal reflection for the rainbow ray falls near 
Brewster's angle. As a result light from the rainbow has a strong perpendicular polarization. 
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RAINBOW 
TRAJECTORY 

SCATTERING OF ATOMS BY ATOMS creates a particulate rainbow. The role played in 
optical scattering by the refractive index is played here by interatomic forces. The principal dif
ference is that the forces vary smoothly and continuously, so that the atoms follow curved 
trajectories. As one atom approaches another the force between them is initially a steadily 
growing attraction (colored shading), but at close range it becomes strongly repulsive (gray 
shading). A local maximum in the scattering angle corresponds to the optical rainbow angle. It 
is the angle made by the trajectory most effective in using the attractive part of the potential. 
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ATOMIC RAINBOW was detected by E. Hundhausen and H. Pauly of the University of Bonn 
in the scattering of sodium atoms by mercury atoms. The oscillations in the number of scattered 
atoms detected correspond to a primary rainbow and to two supernumerary peaks. A rainbow 
of this kind embodies information about the strength and range of the interatomic forces. 
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bow angle depends solely on the refrac
tive index, so the atomic rainbow angle 
is determined by the strength of the at
tractive part of the interaction. Similar
ly, the positions of the supernumerary 
peaks are size-dependent, and they pro
vide information about the range of the 
interaction. Observations of the same 
kind have now been made in the scatter
ing of atomic nuclei. 

The Airy theory of the rainbow has 
had many satisfying successes, but it 

contains one disturbing uncertainty: the 
need to guess the amplitude distribution 
along the chosen initial wave front. The 
assumptions employed in making that 
guess are plausible only for rather large 
raindrops. In this context size is best ex
pressed in terms of a "size parameter," 
defined as the ratio of a droplet's cir
cumference to the wavelength of the 
light. The size parameter varies from 
about 1 00 in fog or mist to several thou
sand for large raindrops. Airy's approxi
mation is plausible only for drops with a 
size parameter greater than about 5,000. 

It is ironic that a problem as intracta
ble as the rainbow actually has an exact 
solution, and one that has been known 
for many years. As soon as the electro
magnetic theory of light was proposed 
by James Clerk Maxwell about a centu
ry ago, it became possible to give a pre
cise mathematical formulation of the 
optical rainbow problem. What is need
ed is a computation of the scattering of 
an electromagnetic plane wave by a ho
mogeneous sphere. The solution to a 
similar but slightly easier problem, the 
scattering of sound waves by a sphere, 
was discussed by several investigators, 
notably Lord Rayleigh, in the 1 9th cen
tury. The solution they obtained consist
ed of an infinite series of terms, called 
partial waves. A solution of the same 
form was found for the electromagnetic 
problem in 1 908 by Gustav Mie and Pe
ter J. W. Debye. 

Given the existence of an exact solu
tion to the scattering problem, it might 
seem an easy matter to determine all its 
features, including the precise character 
of the rainbow. The problem, of course. 
is the need to sum the series of partial 
waves, each term of which is a rather 
complicated function. The series can be 
truncated to give an approximate solu
tion, but this procedure is practical only 
in some cases. The number of terms that 
must be retained is of the same order of 
magnitude as the size parameter. The 
partial-wave series is therefore eminent
ly suited to the treatment of Rayleigh 
scattering, which is responsible for the 
blue of the sky; in that case the scatter
ing particles are molecules and are 
much smaller than the wavelength, so 
that one term of the series is enough. For 
the rainbow problem size parameters up 
to several thousand must be considered. 
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A good approximation to the solution 
by the partial-wave method would re
quire evaluating the sum of several 
thousand complicated terms. Comput
ers have been applied to the task. but the 
results are rapidly varying functions of 
the size parameter and the scattering an
gIe. so that the labor and cost quickly 
become prohibitive. Besides. a comput
er can only calculate numerical solu
tions; it offers no insight into the physics 
of the rainbow. We are thus in the tanta
lizing situation of knowing a form of the 
exact solution and yet being unable to 
extract from it an understanding of the 
phenomena it describes. 

The first steps toward the resolution 
of this paradox were taken in the 

early years of the 20th century by the 
mathematicians Henri Poincare and G. 
N. Watson. They found a method for 
transforming the partial, wave series. 
which converges only very slowly onto a 
stable value. into a rapidly convergent 
expression. The technique has come to 
be known as the Watson transformation 
or as the complex-angular-momentum 
method. 

It is not particularly hard to see why 
angular momentum is involved in the 
rainbow problem. although it is less ob
vious why "complex" values of the an
gular momentum need to be considered. 
The explanation is simplest in a corpus
cular theory of light. in which a beam of 
light is regarded as a stream of the parti
cles called photons. Even though the 
photon has no mass. it does transport 
energy and momentum in inverse pro
portion to the wavelength of the corre
sponding light wave. When a photon 
strikes a water droplet with some impact 
parameter greater than zero. the photon 
carries an angular momentum equal to 
the product of its linear momentum and 
the impact parameter. As the photon 
undergoes a series of internal reflec
tions. it is effectively orbiting the center 
of the droplet. Actually quantum me
chanics places additional constraints on 
this process. On the one hand it requires 
that the angular momentum assume 
only certain discrete values; on the other 
it denies that the impact parameter can 
be precisely determined. Each discrete 
value of angular momentum corre
sponds to one term in the partial-wave 
series. 

In order to perform the Watson trans
formation. values of the angular mo
mentum that are conventionally regard
ed as being "unphysical" must be intro
duced. For one thing the angular mo
mentum must be allowed to vary contin
uously. instead of in quantized units; 
more important. it must be allowed to 
range over the complex numbers: those 
that include both a real component and 
an imaginary one. containing some mul
tiple of the square root of - 1 .  The 

plane defined by these two components 
is referred to as the complex-angular
momentum plane. 

Much is gained in return for the math
ematical abstractions of the complex
angular-momentum method. In particu
lar. after going over to the complex
angular-momentum plane through the 
Watson transformation. the contribu
tions to the partial-wave series can be 
redistributed. Instead of a great many 
terms. one can work with just a few 
points called poles and saddle points in 
the complex-angular-momentum plane. 
In recent years the poles have attracted 
great theoretical interest in the physics 
of elementary particles. In that context 
they are usually called Regge poles. af
ter the Italian physicist Tullio Regge. 

Both poles and saddle points have 
physical interpretations in the rain

bow problem. Contributions from real 
saddle points are associated with the or
dinary. real light rays we have been con
sidering throughout this article. What 
about complex saddle points? Imagi
nary or complex numbers are ordinarily 
regarded as being unphysical solutions 
to an equation. but they are not mean
ingless solutions. In descriptions of 
wave propagation imaginary compo
nents are usually associated with the 
damping of the wave amplitude. For ex
ample. in the total internal reflection of 
a light ray at a water-air boundary a 

INCIDENT RAY 

light wave does go "through the looking 
glass." Its amplitude is rapidly damped. 
however. so that the intensity becomes 
negligible within a depth on the order of 
a single wavelength. Such a wave does 
not propagate into the air; instead it be
comes attached to the interface between 
the water and the air. traveling along the 
surface; it is called an evanescent wave. 
The mathematical description of the ev
anescent wave involves the imaginary 
components of a solution. The effect 
called quantum-mechanical tunneling. 
in which a particle passes through a po
tential barrier without climbing over it. 
has a similar mathematical basis. "Com
plex rays" also appear on the shadow 
side of a caustic. where they describe the 
damped amplitude of the diffracted 
light waves. 

Regge-pole contributions to the trans
formed partial-wave series are associat
ed with surface waves of another kind. 
These waves are excited by incident rays 
that strike the sphere tangentially. Once 
such a wave is launched. it travels 
around the sphere. but it is continually 
damped because it sheds radiation tan
gentially. like a garden sprinkler. At 
each point along the wave's circumfer
ential path it also penetrates the sphere 
at the critical angle for total internal re
flection. reemerging as a surface wave 
after taking one or more such shortcuts. 
It is interesting to note that Johannes 
Kepler conjectured in 1 584 that "pin-

SURFACE 
WAVE 

IMPACT 
PARAMETER 
EQUAL TO 
DROPLET 

CRITICAL 
ANGLE 

I _ __ _ __ . _ _ __ _ 

CRITICAL ANGLE 

SURFACE 
WAVE 

COMPLEX-ANGULAR-MOMENTUM theory of the rainbow begins with the ohservation 
that a photon, or quantnm of light, incident on a droplet at some impact parameter (which can
not be exactly defined) carries angular momentnm. In the theory, components of that angular 
momentnm are extended to complex values, that is, values containing the square root of -1. 
The consequences of this procedure can be illustrated by the example of a ray striking a drop
let tangentially. The ray stimulates surface waves, which travel around the droplet and con
tinuously shed radiation. The ray can also penetrate the droplet at the critical angle for total 
internal reflection, emerging either to form another surface wave or to repeat the shortcut. 
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wheel" rays of this kind might be re
sponsible for the rainbow, but he aban
doned the idea because it did not lead to 
the correct rainbow angle. 

In 1 937 the Dutch physicists Balthus 
Van der Pol and H. Bremmer applied 
Watson's transformation to the rainbow 
problem, but they were able to show 
only that Airy's approximation could be 
obtained as a limiting case. In 1 965 I 
developed an improved version of Wat
son's method, and I applied it to the 
rainbow problem in 1 969 with some
what greater success. 

In the simple Cartesian analysis we saw 
that on the lighted side of the rain

bow there are two rays emerging in the 
same direction; at the rainbow angle 
these coalesce into the single Descartes 
ray of minimum deflection and on the 
shadow side they vanish. In the com
plex-angular-momentum plane, as I 
have mentioned, each geometric ray 
corresponds to a real saddle point. 
Hence in mathematical terms a rainbow 
is merely the collision of two saddle 
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points in the complex-angular-momen
tum plane. In the shadow region beyond 
the rainbow angle the saddle points do 
not simply disappear; they become 
complex, that is, they develop imagi
nary parts. The diffracted light in Alex
ander's dark band arises from a complex 
saddle point. It is an example of a "com
plex ray" on the shadow side of a caustic 
curve. 

It should be noted that the adoption of 
the complex-angular-momentum meth
od does not imply that earlier solutions 
to the rainbow problem were wrong. 
Descartes's explanation of the primary 
bow as the ray of minimum deflection is 
by no means invalid, and the supernu
merary arcs can still be regarded as a 
product of interference, as Young pro
posed. The complex-angular-momen
tum method simply gives a more com
prehensive accounting of the paths 
available to a photon in the rainbow re
gion of the sky, and it thereby achieves 
more accurate results. 

In 1 975 Vijay Khare of the University 
of Rochester made a detailed compari-

AIRY 
THEORY -

139 
SCATTERING ANGLE (DEGREES) 

son of three theories of the rainbow: the 
Airy approximation, the "exact" solu
tion, obtained by a computer summa
tion of the partial-wave series, and the 
rainbow terms in the complex-angular
momentum method, associated with the 
collision of two saddle points. For the 
dominant, perpendicular polarization 
the Airy theory requires only small cor
rections within the primary bow, and its 
errors become appreciable only in the 
region of the supernumerary arcs. For 
the scattered rays polarized parallel to 
the scattering plane, however, Airy's ap
proximation fails badly. For the super
numerary arcs the exact solution shows 
minima where the Airy theory has maxi
mum intensity, and vice versa. This seri
ous failure is an indirect result of the 
near coincidence between the angle of 
internal reflection for the rainbow rays 
and Brewster's angle. At Brewster's an
gie the amplitude of the reflected ray 
changes sign, a change the Airy theory 
does not take into account. As a result of 
the change in sign the interference along 
directions corresponding to the peaks in 

140 141 142 

QUANTITATIVE THEORIES of tbe rainbow predict tbe intensity 
of tbe scattered Iigbt as a function of tbe scatteriug angle and also 
witb respect to droplet size and polarization. Here tbe predictions of 
tbree tbeories are presented for parallel-polarized Iigbt scattered by 
droplets witb a circumference equal to 1,500 wavelengths of tbe Iigbt. 
One curve represents tbe "exact" solution to tbe rainbow problem, 
derived from James Clerk Maxwell's equations describing electro
magnetic radiation. The exact solution is tbe sum of an infinite series 
of terms, approximated bere by adding up more tban 1,500 compli-

cated terms for eacb point employed in plotting tbe curve. Tbe Airy 
tbeory is clearly in disagreement witb tbe exact solution, particu
larly in tbe angular region of tbe supernumerary arcs. Tbere the exact 
solution sbows trougbs at tbe positions of Airy's peaks. The results 
obtained by the complex-angular-momentum metbod, on the otber 
band, correspond closely to tbe exact solution, failing only to repro
duce small, bigb-frequency oscillations. Tbese 8uctuations are associ
ated witb anotber optical pbenomenon in tbe atmospbere, the glory, 
wbicb is also explained by tbe complex-angular-momentum tbeory. 
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the Airy solutions is destructive instead 
of constructive. 

In terms of large-scale features, such 
as the primary bow, the supernumerary 
arcs and the dark-side diffraction pat
tern, the complex-angular-momentum 
result agrees quite closely with the exact 
solution. Smaller-scale fluctuations in 
the exact intensity curve are not repro
duced as well by the rainbow terms in 
the complex-angular-momentum meth
od. On the other hand, the exact solu
tion, for a typical size parameter of 
1 ,500, requires the summation of more 
than 1 .500 complicated terms; the com
plex-angular-momentum curve is ob
tained from only a few much simpler 
terms. 

The small residual fluctuations in the 
exact intensity curve arise from 

higher-order internal reflections: rays 
belonging to classes higher than Class 3 
or Class 4. They are of little importance 
for the primary bow, but at larger scat
tering angles their contribution increas
es and near the backward direction it 
becomes dominant. There these rays are 
responsible for another fascinating me
teorological display: the glory [see "The 
Glory,"  by Howard C. Bryant and Nel
son Jarmie; SCIENTIFIC AMERICAN, July, 
1 974].  

The glory appears as a halo of spec
tral colors surrounding the shadow an 
observer casts on clouds or fog; it is 
most commonly seen from an airplane 
flying above clouds. It can also be ex
plained through the complex-angular
momentum theory, but the explanation 
is more complicated than that for the 
rainbow. One set of contributions to the 
glory comes from the surface waves de
scribed by Regge poles that are associat
ed with the tangential rays of Kepler's 
pinwheel type. Multiple internal reflec
tions that happen to produce closed, 
star-shaped polygons play an important 
role, leading to resonances, or enhance
ments in intensity. Such geometric coin
cidences are very much in the spirit of 
Kepler's theories. 

A second important set of contribu
tions, demonstrated by Khare, is from 
the shadow side of higher-order rain
bows that appear near the backward di
rection. These contributions represent 
the effect of complex rays. The l Oth
order rainbow, formed only a few de
grees away from the backward direc
tion, is particularly effective. 

For the higher-order rainbows Airy's 
theory would give incorrect results for 
both polarizations, and so the complex
angular-momentum theory must be em
ployed. One might thus say the glory is 
formed in part from the shadow of a 
rainbow. It is gratifying to discover in 
the elegant but seemingly abstract theo
ry of complex angular momentum an 
explanation for these two natural phe
nomena, and to find there an unexpected 
link between them. 

Authors . . .  
LOOKING 
FOR A 
PUBLISHER? 
Learn how to have 
your book published. 
You a r e  i nvited to s e n d  f o r  a free i l l us
trated g u i debook w h i c h  exp l a i n s  how 
your book can be p u b l i shed,  p rom oted 

a n d  m a r k e t e d .  
W h e t h e r  y o u r  
subj ect i s  fic
tion, non-f icti o n  
or  poetry, sci
entif ic,  scholar
ly, special ized, 
( e v e n  c o n t ro 
v e r s La l )  t h i s  
h a n d s o m e  52-
page broc h u re 
wi l l  show you 
how to arrange 
for p ro m pt pub-
l i cation.  

U n p u b l i s h e d  a u t h o r s ,  e s p e c i a l l y ,  w i l l  
f ind th is  booklet valuable and i nform
a t i v e .  For y o u r  f r e e  c o p y ,  w r i t e  t o :  
VANTAGE PRESS, Inc. Dept. F-53 

5 1 6 W. 34 St. ,  New York,  N . Y .  1 0001 

PROFESSIONAL 
DISCOUNTS 

Texas Instruments 
electronic calculator 

TI·30 . . $21 .95 S R·51 · 1 1  . $54.50 
1 600 .  21 .95 S R·56 . . . 84.50 
1 650 . . .  26.95 S R·52 . . . 1 84.95 
2550- 1 1  28.50 pc·l 00 . .  1 54.95 
S R-40 . 31 .95 T I·5050M . 89.95 j�igr 
Bus. Anst. 32.50 504O-PD . . 1 1 4.95 
51 00 . . . 44.95 Money Mgr. 21 .95 
Libraries 24.�39.95 
Ask for TI dig ital watches! 

_ ( N o  cred i t cards) 

HP.2t . 

H E�:�:oT il�f:frEKARDs:!�� 

Hp·22 . . . . . . 1 02.25 HP·67 . . . 395.00 
HP·25 .  t t 8.90 Hp·97 .  664.95 

NOVUS� NATIONAL 
SEMICON DUCTOR 

Malh 451 0 . .  
Scientist 4520 . . 
Scientist PR4525 . 
Financier PR6025 . 

1 6.95 Stalislician PR6035 . . S 32.50 
29.95 NS·4640 . .  49.95 
54.95 NS·7 t oo . . .  . 395.00 
32.50 Adversary TV Game . . . 74.95 

IIII!!I�IIIIIIIIII __ � Programmable Video Game . $1 49.95 
FAI RC MILO (2000 games possiblel 

'-lillliilili_iliiii. Cartridges . . . . . . . . .  1 7.95 -
Also Fairchild watches! 

WE Will BEAT OR MEET ANY COMPETITORS' PRICE IF 
HE HAS MERCHANDISE ON HAND. 3().day exchange by 
TK. "year warranty by manufacturers. All units shipped in 
originaf factory cartons with accessories according to manu· 
facturers ' specifications. In Calif. call (21 31 37()'5795 or 
OROERS ONLY CALL (8001 421·0367 (other than CAl. Send 
money order. Pers. ck (2 wks to clear); in CA add 6% sales tax. 
Add $3.50 min. shippirtg charges US ortly, $7.00 for SR·52, 
PC·100, Hp·67, ·97 Cartada min. shipping charges $6.50. 
WE SHIP UPS AIR. Send mail orders to OEPT. SA-D. 

"th��[@,�= II 
16611 Hawthorne Blvd.\awndale, Ca. 90260 
(213) 370·5795 (800) 421-0367 

read less 
kRal mare 
keep up with all new advances In 
technology with only 30 minutes a week 

200 paragraph size digests Qulk-Sean newsleHer Ionnat 
of ,ltal a�lcles from 350 lets roo plclc out lust what 
Pllbllcatlons wort�Ide"". you need to know.",.!a." 

SPECIAL 
1/2 PRICE OFFER 

$12 for 12 weeks 
A Predicasls P U B L I C A T I O N  

. - - - - - - -. ... - - - - - - - - - - - - - - - - - - -- - - - - - - - - - _ . -- - ---- - - _ ... _. -- - - ... . _ - -- -- ... - ... . ... ... _- -- - -_ ... . . ... _- -- - - - _ ... - - - _ . -- - _ . _ - - - - _ . -- _  .. .. . ... _ - - _ . _ . - .. - - - - - - . _ .  

- - - - - - - -- - - - - - - - --- - - - - - - - ---- - - - - - _. - - - - - - - -
- - - - - - -- - - _ . - -- - _ . - - -_ ... _ - - - - -- - - - - - - -- - - - - -- - - - - -

$!ID,.,,..,-WNlt,, 

IrwRiTEORCALl: SPECiALOFFERDEPTB�1 
I 
TECHNICAL SURVEY, 1 1 001 CEDAR AVE. 
CLEVELAND,OH 441 06, (21 6) 795--3000 I 

I Name I 

I Company I 
I Address I L£.ity _ _  :.J 

127 

© 1977 SCIENTIFIC AMERICAN, INC



128 

Join the future in 

Command, Control and 
Communications 

at MITRE. 
This  system eng i neer ing corpo rat ion is d i fferent ! The size and scope of the p rojects, the back

g rounds of the staff and the tec h n i cal env i ronment at our headquarters i n  Bedfo rd , Massach usetts, a l l  
com b i ne t o  p rovide y o u  w i t h  so l i d ,  long-range work that chal lenges al l you r  tech nologica l  sk i l l .  

P rojects l i ke SATIN IV, the new SAC com m u n i cat ion system u s i n g  packet switch i n g  tec h n i q ues. 
O r  JTIDS, a system which com b i nes the p ri n c i p les of TDMA, sp read spectrum mod u lat i o n ,  erro r 
detect ion and correct ion codes and data p rocess i n g  for better tri -se rvice C3. And there a re sco res of 
other p rojects that dai ly chal lenge o u r  750 experienced staff mem bers,  more than half  of whom have 
advanced deg rees. 

As for the envi ronment,  o u r  comp lex is  s i tuated on 1 00 acres 20 m i les outside of Bosto n ,  near 
h isto r ic  Lexi ngton and Concord.  Here at the corporate headquarters, ou r staff is backed - u p  by 
spec i a l i zed support p rofessionals .  B e i n g  in the forefront of tech n o l ogy i s  what keeps sharp people  
com i n g  to M i t re. I t  a lso keeps them work i n g  here. I f  you know the C3 f ie ld , read on : 

COMPUTER SYSTEMS 
Projects span t h e  spectrum from systems prog ramm i ng w i t h  370/158 software t o  developing cost models for 

standard ization in put analyses, software b u i ld i ng block development, computer performance eval uat ion,  req u i re
ments analysis for i nformation processing systems, inte l l i gence data hand l i n g ,  and su bsystem test documentat ion.  

COMMUNICATIONS 
Major  prog rams are underway i n  system design a n d  analysis ,  d i g ital rad io com m u n i cations, m i c roprocessor 

app l ications, d i g ital c i rcu i t  development, sate l l ite systems and term inals ,  hardware and software for com m u n i ca
tions processors , anti-jam analysis ,  mod u l ation/cod ing tech niq ues, secu re d i g ital and analog com m u n ications. 
peripherals .  and system test and evaluat ion.  

COMMAND AND CONTROL 
Numerous projects exist i n  a i r  defense and tactical  a i r  control systems engi neering for  deployable and f ixed 

instal l at ion m i l itary systems. These p rojects req u i re top-notch engi neers for system analysis and specification , 
software development. intersystems eng i neerin g ,  s imu lation and evaluat ion,  surve i l lance systems design and 
tact ical  control systems eng i neeri ng.  

To apply for these career posit ions,  send yo u r  resume,  i n c l u d i n g  salary h i story ,  to M r. David L. 
F i n neg a n ,  The M ITRE Corporat i o n ,  6404 M i dd lesex Tu rn p i ke ,  Bedfo rd , M assach usetts 01 730. 

TH E =========== 
M ITRE 
C O R P O R A T I O N  

An equal opportun ity employer. 

Technical excellence through professional challenge 

© 1977 SCIENTIFIC AMERICAN, INC



MATHEMATICAL 
GAMES 

The pool-table triangle, a limerick 
paradox and divers other challenges 

by Martin Gardner 

H
er-e are eight miscellaneous prob

lems, together with a note on 
the popular board game Othel

lo and a discussion of last month's prob
lem. I shall give the solutions to the eight 
miscellaneous problems next month. 

1. Pool-Table Triangle. Colonel 
George Sicherman of Buffalo tells me 
that about 10 years ago, while he was 
watching a game of pool, the following 
problem occurred to him: Is it possible 
to form a "difference triangle" in ar
ranging the 15 balls in the usual triangu
lar configuration before the start of a 
game? In a difference triangle the num
bers 1 through 15 are arranged in such a 
way that each number below a pair of 
numbers is the positive difference be
tween that pair. 

It is evident from the illustration be
low that the problem is trivial with the 
balls numbered 1. 2 and 3 and that two 

solutions can be obtained with them. 
The illustration also shows the four so
lutions for six balls and the four for 10 
balls. To Sicherman's surprise the 15 
pool balls have only one basic solution. 
(It can, of course, be reflected.) Can you 
find it? 

Searching for the solution is consider
ably simplified by first exploring trian
gular patterns of even and odd to see 
which patterns have exactly eight odd 
and seven even spots. It does not take 
long to discover that there are only five 
arrangements for the triangle's top row: 
EEOEO, OEEEO, OOOEE, OOOOE 
and OOEEO. The 15 ball obviously 
must be in the top row and the 14 ball 
must be in the same row or below 15 and 
1. Other dodges shorten an exhaustive 
analysis. 

The problem is related to one posed 
by Hugo Steinhaus in his book One Hun-

Differellce triallgles for three, six alld 10 pool balls 

dred Problems in Elementary Mathemat
ics. Given a triangular array with an 
even number of spots, is it always possi
ble to form an even-odd difference pat
tern in which the number of even spots 
equals the number of odd ones? The 
problem remained unsolved for more 
than a decade until Heiko Harborth, in 
Journal 0/ Combinatorial Theory (A), Vol. 
12, 1972, pages 253-259, proved that 
the answer is yes. 

As far as I know no work has been 
done on what we might call the general 
pool-ball problem. Given any triangular 
number of balls, numbered consecutive
ly from I, is it always possible to form a 
difference triangle? If not. is there a larg
est triangle for which a solution is possi
ble? If there is. what is it? We now know 
that odd-even patterns for such solu
tions exist for all triangles with an even 
number of balls. Do they also exist for 
all triangles with an odd number of 
balls? 

Since this is an April issue. let me add 
the following problem for readers who 
succeed in solving the 15-ball problem. 
Suppose the balls bear the 15 consecu
tive even numbers from 2 through 30. Is 
it possible to arrange the set in a differ
ence triangle? 

2. Toroidal Cannibalism. A torus is a 
surface shaped like a doughnut. Imagine 
a torus made of sheet rubber. It is well 
known that if there is a hole in such a 
torus. the torus can be turned inside out 
through the hole. (See this department 
for December. 1972.) 

John Stillwell. a mathematician at 
Monash University in Australia. poses 
the following problem. Two toruses, A 
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Can torus B swallow torus A? 

A pair of tetrads 

A tetrad of congruent hexagons 

130 

and B, are linked as is shown in the top 
illustration on this page. There is a 
"mouth" (a hole) in B. We can stretch. 
compress and deform either torus as 
radically as we please, but of course no 
tearing is allowed. Can B swallow A? At 
the finish B must have its original shape, 
although it will be larger, and A must be 
entirely inside it. 

3. Exploring Tetrads. The most sensa
tional news last year in recreational 
mathematics was surely the announce
ment by two University of Illinois math
ematicians that they had proved the 
four-color-map conjecture. This fa
mous conjecture is often confused with 
a simpler theorem in topology, which is 
easily proved; it states that no more than 
four regions on the plane can have a 
mutual border. Michael R. W. Buckley, 
in Journal 0/ Recreational Mathematics, 
Vol. 8 ( 1975), proposed the name tetrad 
for four simply connected planar re
gions, each pair of which shares a finite 
portion of a common boundary. 

The tetrad at the left in the middle 
illustration on this page has no holes. 
Note that only three regions are con
gruent. The tetrad at the right has four 
congruent regions and a large hole. Is it 
possible, Buckley asked, to construct a 
tetrad with four congruent regions and 
no hole? 

This question has been answered af
firmatively by Scott Kim, a student at 
Stanford University. His results have 
not been published, and I am grateful to 
him for his permission to give some of 
them here. 

The bottom illustration on this page 
shows a solution with four congruent 
hexagons. It is not known if a solution 
can be achieved with a polygon of fewer 
than six sides or if there is a solution 
with an outside border that is convex. 

Part a of the illustration on page 132 
shows a solution with congruent poly
hexes of order 4. (A polyhex is a union 
of congruent regular hexagons.) It is 
easy to show that no solution with low
er-order polyhexes is possible. 

Part b of the illustration shows a solu
tion with congruent polyiamonds of or
der 10. (A polyiamond is a union of con
gruent equilateral triangles.) It is not 
known whether there is a solution with 
lower-order polyiamonds. 

Part c of the illustration shows a solu
tion with congruent polyominoes of or
der 12. (A polyomino is a union of con
gruent squares.) It is not known wheth
er there is a solution with lower-order 
polyominoes. 

Part d of the illustration shows a solu
tion with congruent pieces that have bi
lateral symmetry and a bilaterally sym
metric border. Is there such a solution 
with polygons of fewer sides? 

I shall be pleased to hear of any im
provements that readers are able to 
make on the above results. 

It has been known since the 1870's 
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ject. But where should you go for all the details about your personal involvement in 
computer technology? 

Read 1!�11 , the Small Systems Journal devoted exclusively to microcomputer 
systems. Every issue a monthly compendium of lively articles by professionals, com
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• Detailed hardware and software design articles authored by individuals who are 
experimenting in the field. 

• Tutorial background articles on hardware, software and applications ideas for the 
home computer and general topics of computer science. 

• Reviews of processors as candidates for small general purpose systems. 
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hobbies from ham radio to model railroading, uses of computers from burglar 

alarms to private information systems. 
• Advertisements of the firms who bring you products to help expedite your personal 

computing activities. 
• Information on clubs, newsletters and other social activities of the individuals 

engaged in personal computing. 

Don't miss a single 1!�11, Order your subscription today by filling in this coupon, or 
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Read your first copy of BYTE from 
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A Game with 
Three Rules ... 
The Peer of Chess 

A fascinating, subtle new game 
that is child's play, simple in its rules. 
A game of depth and beauty that 
will never stale. 

LOCUS is a very successful 
embodiment of certain mathematical 
ideas in a game with a minimum rule 
structure. Its very name is an acronym 
for a fundamental concept-largest 
connected set (LCS)-and its playing 
pieces are those fascinating 
geometrical entities, polyominoes. 

A decade of play has led us to the 
belief that others will relish this 
sublimely simple-subtle game as we 
do. Sets consisting of playing pieces, 
playing mat, container, rules, and 
annotated games are available at 
$7.95 each from: 

STATCON, Box 338 
Hockessin, DE 19707 

year of senice to the World's finest 
craftsmen and technicians. 

Na';onal � 2000Wes' UnlonA .. e. DeptJAA 

Camera " ����;";�:�j7��'_�;;��Borro 
.- - - - - -- -- - - -. 

Send a FREE copy of the Ne Flasher I 
I name I 
I I 
I�dreu I 
I city I 
I state zip I 
Na fiona' � 2000 Wes' Union AlOe. Dept JAA 

'- I En91rwoorl, Colorado, 80"0 Camera � Phone (303)789·1893 

132 

that in three dimensions an infinite num
ber of congruent solids can be put to
gether so that every pair shares a com
mon portion of surface. For readers 
who are unfamiliar with this result, here 
is a problem to be answered next month. 
Show how an infinite number of con
gruent polycubes can be put together, 
with no interior hole, so that every pair 
shares part of a surface. (A polycube is a 
union of identical cubes.) Such a struc
ture proves that an unlimited number of 
colors are required for coloring any 
three-dimensional "map." 

4. Knights and Knaves. Raymond 
Smullyan, a mathematician at the City 
University of New York whose remark
able chess problems are familiar to reg
ular readers of this column, is responsi
ble for the following four charming log
ic puzzles involving knights and knaves 
and perhaps some other people. In all 
four problems a knight always tells the 
truth, a knave always lies. 

A says: "B is a knight." 
B says: "A is not a knight." 
Prove that one of them is telling the 

truth but is not a knight. 

A says:"B is a knight." 
B says: "A is a knave." 
Prove either that one of them is telling 

the truth but is not a knight or that one is 
lying but is not a knave. 

In the above problems we must con
sider the possibility that a speaker is nei
ther a knight nor a knave. In the next two 

c 

problems each of the three people in
volved is either a knight or a knave. 

C says: "B is a knave." 
B says: "A and C are of the same type 

[both knights or both knaves]." 
What is A? 

A says: "B and C are of the same 
type." 

C is asked: "Are A and B of the same 
type?" 

What does C answer? 

5. Lost-King Tours. Several years ago 
Scott Kim proposed what he calls the 
"Lost-King's Tour." This is a king's tour 
of a small chessboard subject to the fol
lowing conditions: 

First, the king must visit each cell 
once and only once. 

Second, the king must change direc
tion after each move, that is, it cannot 
move twice consecutively in the same 
direction. 

Third, the number of spots where the 
king's path crosses itself must be mini
mized. 

Part a of the top illustration on page 
134 shows the only possible tour on a 
3 X 3 board from cell A to cell B. It has 
one crossing and is unique, except of 
course for reflection by the main diago
nal. A closed tour is impossible on this 
board. Closed tours with no crossings 
are easily found on the 4 X 4 board. On 
the 5 X 5 board a closed tour probably 
requires two crossings. The problem is 
less interesting on larger chessboards 

b 

Solutions for a variety of tetrads 
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because crossing-free closed tours and 
crossing-free open tours from any cell to 
any other cell are believed to be always 
possible. 

Here are two beautiful tour problems 
devised by Kim: 

On the order-4 board shown in part b 
of the illustration find a lost-king's tour 
from A to B with as few as three cross
ings. The solution is unique. 

On the order-5 board shown in part c 
of the illustration find a lost-king's tour 
from A to B with as few as two crossings. 
This problem is unusually difficult. Kim 
does not know whether the solution he 
found is unique or whether the problem 
can be solved with only one crossing. 

6. Steiner Ellipses. This oldie goes 
back to Jakob Steiner, a noted Swiss 
geometer of the 19th century. My ex
cuse for reviving it is that it is one of the 
best examples I know of a problem that 
is difficult to solve by calculus or analyt
ic geometry but that is ridiculously easy 
if it is approached with the right turn of 
mind and some knowledge of elementa
ry plane and projective geometry. 

We are given a 3, 4, 5 triangle. Its area 
is six square units. We wish to calculate 
both the smallest area of an ellipse that 
can be circumscribed around it and the 
largest area of an ellipse that can be in
scribed inside it. 

7. Different Distances. It is easy to 
place three counters on the cells of a 
3 X 3 checkerboard so that no two pairs 
of counters are the same distance apart. 
We assume that each counter marks the 
exact center of a cell and that distances 
are measured on a straight line joining 
the centers. Discounting rotations and 
reflections, there are three solutions, 
which appear in the top part of the bot
tom illustration on the next page. 

It also is easy to put four counters on a 
4 X 4 board so that all distances be
tween pairs are different. There are 16 
ways of doing it. On the 5 X 5 board the 
number jumps to 28. 

In the January 1972 issue of Journal 0/ 
Recreational Mathematics Sidney Krav
itz asked for solutions to the order-5 and 
the order-6 squares. The solution for the 
order-6 square proved to be difficult be
cause for the first time the 3, 4, 5 right 
triangle (the smallest Pythagorean tri
ple) enters the picture. The fact that an 
integral distance of 5 is now possible 
both orthogonally and diagonally se
verely limits the patterns. As readers of 
the journal discovered, there are only 
two solutions. They appear in the bot
tom part of the bottom illustration on 
the next page. 

For what squares of side n is it possi
ble to place n counters so that all dis
tances are different? As reported in the 
fall issue of the journal last year, John 
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Lost-king tours on three boards of different sizes 

H. Muson proved (using a pigeonhole 
argument) that no solutions are possible 
on squares of order 16 and higher. Har
ry L. Nelson, the journal's new editor, 
lowered the limit to 15. Milton W. 
Green, with an exhaustive-search com
puter program, established impossibili
ty for orders 8 and 9 and found a unique 
solution for order 7. David Babcock, an 
editor of Popular Computing, confirmed 
these results through order 8. The prob
lem was finally laid to rest last Novem
ber by Michael Beeler. His computer 
program confirmed the above results 
and proved impossibility for orders 10 
through 1 4. 

The order-7 board, therefore, is the 
largest for which there is a solution. The 
solution is unique and extremely hard 
to find without a computer. Readers 
may nonetheless enjoy searching for it. 

• • • 

• 

• 

• • 

• 

• 

• • 

• 

Journal 0/ Recreational Mathematics, 
now in its ninth year, continues to be 
crammed with new and exciting materi
al. (Subscription rates in the U.S. for 
four issues are $10 for individual sub
scribers and $2 1 for institutions; sub
scriptions to the journal are available 
from the Baywood Publishing Compa
ny, 43 Central Drive, Farmingdale, 
N.Y. 1 1735.) 

8. A Limerick Paradox. An amusing 
variant of the old liar paradox appeared 
a few years ago in the British monthly 
Games and Puzzles. It is presented here 
as the last of four "limericks." 

There was a young girl in Japan 
Whose limericks never would scan. 

When someone asked why, 
She said with a sigh, 

"It's because I always attempt to 

• • 

• 

• • • 

• 

• 

• 

A point-placement problem 
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get as many words into the last 
line as I possibly can." 

Another young poet in China 
Had a feeling for rhythm much fina·. 

His limericks tend 
To come to an end 

Suddenly. 

There was a young lady of Crewe 
Whose limericks stopped at line two. 

There was a young man of Verdun. 

The popularity of the "new" board 
game Othello prompts this note. Ac

cording to Time (November 22, 1976, 
page 97), the game was invented in 197 1 
by a Japanese salesman and named 
Othello by his father, a Shakespearean 
scholar, because it displayed such "dra
matic reversals." After the game had 
swept Japan in 1973 (millions of sets 
were sold) Gabriel Industries bought the 
American rights, and the game is now a 
big seller in this country. 

Othello.is the 19th-century English 
board game of reversi with nothing al
tered except the name. It is still sold in 
England under its original name. Read
ers who would like to avoid paying $9 
for a small plastic board and its accom
panying poker chips can play the game 
on any chessboard or checkerboard with 
a supply of chips in two colors. The his
tory and rules of reversi were given in 
this department in April. 1960. 

As I wrote in 1960, it is "a game that 
combines complexity of structure with 
rules of delightful simplicity, and a 
game that does not deserve oblivion." 
N. J. D. Jacobs, a mathematician in the 
data-handling group of CERN (Europe
an Organization for Nuclear Research, 
12 1 1  Geneva 23, Switzerland), has an 
excellent computer program for reversi 
and would like to hear from anyone who 
cares to play against it, with or without 
the player's own computer program. 

Tast month's task was to analyze a 
L game (similar to nim) in which play
ers may take from either of two piles or 
take one counter from one pile and two 
counters from the other. The last person 
to play wins. In the unbounded-chess
board model explained last month for 
W. A. Wythoff's nim the first rule is 
equivalent to the move of a rook west or 
south and the second rule is equivalent 
to a knight jumping southwest. The 
take-away game is therefore isomorphic 
with the game of cornering a chess piece 
that combines the powers of rook and 
knight. 

If the piece moves only like a rook, the 
game on the chessboard is the same as 
standard nim with two piles. Safe pairs 
are any two equal positive integers. 
They correspond to cells on the board's 
main diagonal that passes through cor-
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How to tnake your fourth tnost itnP!lrtant 
decision one you can live wIth. 

Choosing a home is a decision you'll come home to 
e\'ery night. 

You'll live with its look. You'll live with its feel. And 
you'll live with its costs. 

As you search for a house you'll enjoy living with, you'll 
find that a lot of builders know just what your ideal home 

looks like. Theirs. But what 
we've found is that most home 
buyers have a very good idea 
of what they want in their 
homes. And what they need is 
someone with the inclination 
and the ability to help them 
put it together. 

Few can do that like Acorn. 

The Design Options 
Acorn gives homebuyers 

a choice of 30 design approach
es. Each is a contemporary, 
architect designed house. And 
each is a jumping off point for 

developing a personal home that combines interesting 
exterior shapes with attractive, functional interior spaces. 

The key to building a home you'll enjoy living with is 
the ability to put yourself into it before you build. Our 
design department can help you do this by going over your 
ideas, giving advice and showing you how personal modi
fications will look and feel through drawings and models. 

We encourage your participation in the process. After 
all, who are we to tell you your floor should be parquet if you 
want fieldstone? The Quality Factor 

There's a lot you 
should know about what's 
going on under the sur
face of your apparently 
beautiful home. The 
quality of the materials, 
the quality of workman

ship and the way pieces fit together. 
Acorn's technique of manufacturing homes has proven 

superior to total on-site construction in this respect. In OUI
plant, where the materials are in stock, conditions are 
stable, proper equipment is on hand and quality is 
strictly controlled, the components of the homes are 
built to exact specifications. And lion is 
paid to each detail. 

So when an Acorn 

The Control Element. 
Unfortunately, cost overruns are commonplace in the 

home building industry. It's simply very difficult for most 
builders to account for the kind of modifications we do 
accurately, within an estimate. 

Acorn, however, enjoys a reputation for completing 
homes, with or without modifications, right on quote. 
We've achieved this by maintaining a controlling hand 
throughout the process. We purchase materials in quantity. 
We manufacture in our plant. Our own authorized builder/ 
dealers carry out on-site construction. And since we've 
pretty much done it all in our years of building, we and our 
builder/dealers know precisely what effects particular 
modifications will have on the final price. Before we build. 

Consequently, you do too. 
The Energy Considerations 

Energy consumption, both in terms of comfort and as a 
continuing financial factor has become a serious considera
tion in recent years. For obvious reasons. 

Acorn combines elements from the past and present to 
diminish the effects of 
rising energy prices. 
Many designs can mini
mize unfavorable expos
ures of wall and roof. 
Windows, purposefully 
arranged, and fireplaces, 
properly located, are used 
to maximize heat effi
ciency. Zone controlled 
heating, full insulation, 

weatherstripping and insulating glass are standard. 
As one of the pioneers in the field of solar heat, having 

studied its potential in an experimental unit for a nu.mber of 
years, we can offer the alternative of providing much of 
your own energy. Independently. Adapting nicely to exist
ing homes as well as fitting several of our own designs, 
there are many Acorn solar energy packages already in 
use today. 

To find out more about us and our approach to 
building, send $4 for the complete Acorn planning 

and information kit. It includes a complete explana
tion of our techniques and plans for all 30 design 

approaches. And if you'd like more information 
on how solar heat can work for you,just ask. 

..... MORE YOUR HOME THAN OURS. 
., ..... ACORN STRUCTURES, INC. 
Dept. A71, Box 250, Concord. MA01742 (617) 369-4111 

135 ' 

© 1977 SCIENTIFIC AMERICAN, INC



Arctic Adventure. 
Northern Scenery. 

Come with CP Air on a beautiful 
orange jet from Montreal, Toronto, 
Winnipeg, Los Angeles or San 
Francisco to Edmonton, Alberta 

T hen treat yourself to an 
escorted 1 4-day vacation in the Yukon 
and Northwest Territories. You'll even 
cruise the spectacular Inside Passage 
from Alaska to Vancouver, B C 
1T7CP1HHll 

Western Canada. 
Mountain Greenery. 

Or choose an independent I-day 
motorcoach holiday from Calgary 
through the Rocky Mountains and 
beautiful B. C 1T7CP1DW78 

For details and brochures, 
call your travel agent or CP Air 
Or mail this coupon 

T he scenery and greenery's 
on us 

Name ____________________________________________________ __ 

Address __________________________________________________ __ 
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MODEL #4525 
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tangent & inverse trigonometric functions 
• Common & natural logarithms & anti
logarithms • Instant automatic calcula
tion of powers and roots • Single-key 
square root calculations. Single-key Pi 
entry . Separate storage memory . •  
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change keys. Includes NiCad batteries. 

Manufactured in USA 
by NATIONAL SEMICONDUCTOR 

One year unlimited warranty. 10 days money 

back guarantee. 

Mail Check to: ___ 4525" 38.95 __ 
ILDAN Inc. ---AC Charger" 4.95 __ 
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Safe cells of rook-knight /lim 

6 7 

ner cells OIU and 7/7. The player who 
places the rook (on the top row or the 
column farthest to the right) wins only 
by putting it on 7/7. Thereafter his strat
egy is always to move to the diagonal. In 
the take-away game this means keeping 
the piles equal. The safe pairs are simply 
Ill. 2/2. 3/3.. .. 

Surprisingly, giving the rook the addi
tional power of a knight has no effect on 
this strategy. Applying the recursive 
technique explained last month, we find 
that the safe cells (or safe pairs) are ex
actly the same as in the rook game. 

The misere form of rook-knight nim 
(the last person to play loses) is more 
interesting. The safe pairs are 0/1, 213, 
4/5. 6/7 . . . . On a chessboard these 
unordered pairs are the cells shown in 
gray in the illustration above. The "plac
er" has the win, but he must put the 
rook-knight on a cell adjacent to the cell 
in the top right corner. Thereafter he 
moves to occupy a safe cell. This proce
dure eventually brings him to 011 or 1/ 
O. forcing his opponent to make the final 
move. 

Readers might enjoy analyzing the 
game on a standard chessboard when 
the placed piece has other chess powers. 
in each case limiting moves to west. 
south and southwest. A superqueen 
(combining queen and knight) means a 
loss for the placer in standard and re
verse play. A king loses for the placer in 
standard play but wins in misere. The 
same result emerges if the piece is a 
king-king or a king-rook. The placer 
wins in both types of play if the piece is a 
king-bishop. 

A bishop or a bishop-knight provides 
a dull game because it cannot move 
from any cell in the bottom row or the 
column farthest to the left. Either piece 
obviously would result in a draw in both 
kinds of play if the object is to reach 
010. If winning is defined as being the 
last one to play, the placer wins the stan
dard game by putting either piece on 
0/7 or 7/0; he wins the misere game by 
putting either piece on 1/7 or 7/1. 
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Our readership 
is international 

... our coverage unive rsal 
New Scientist is unique, combining the immediacy of a 
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(Publishers' Prices shown) 
59800. MAN DISCOVERS THE GALAXIES. 
Richard E. Berendzen, Richard C. Hart & Daniel 
Seeley. Topical. current look at modem astronomy deal
ing mostly with the discovery and arrangement of our 
Home Galaxy. the Milky Way System and the discovery �

h
;�� �=sA�d����e:

s.
of the universe of gala$�e;

.
�� 

83760. THE THEORY OF COMPUTATION. WaI
ter S. Brainerd and Lawrence H. Landweber. De
monstrates the equivalence of various algorithmic lan
guages. treats unsolvable problems emphasizing 
methods for obtaining undecidability results. studies 
problems known to be effectively computable and pro
vides a thorough treatment of combinatory calculus. $19.95 

138 

36395. BLACK HOLES, QUASARS AND THE 
UNIVERSE. Henry L. Shipman. Black holes. quasars. 
white dwarfs, neutron slars. supernovae , Seyfert 
Galaxies - explores the frontiers of astronomy. $12.95 
39865. COMPUTER DATE-BASE ORGANIZA
TION, James Martin. How you can use the latest design 
and implementation techniques to improve your data 
system's real-time accessibility and improve flexibility 
- and do it at the lowest possible cost. COlifilS as 2 of 
YOllr] books. $26.50 

34400. ARCHAEOLOGY BY EXPERIMENT. John 
Coles. Scientific overview of an exciting new branch of 
archaeological research. Spotlights such archaeological 
experiments as the highly sophisticated simulated Jron 
Age settlements that have been established today. $7.95 
55190. THE INCREDIBLE DR. MATRIX. Marrin 
Gardner. The delightful incredibly brilliant Dr. Matrix 
returns with more amazing feats and adventures in 
number theory. sleight of word, numerological analys is 
and puzzles. $8.95 
37195. BY THE EVIDENCE. L.S.B. Leakey. Fas
cinating reading of Leakey's early years in Africa and his 
development into one of the most respected scientists of 
the twentieth century. $9.95 
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34140. APPLIED ANALYTICAL MA THEMA TICS 
FOR PHYSICAL SCIENTISTS. James r. Cushing. 
Deals with'topics rall�ing from spectral analysis of linear 
operations to camp ex variables. to group �f9�l5 
61530. MATHEMATICS DICTIONARY. Fourth 
Edition. Edited by Robert C. James and Edwin F. 
Beckenbach. Revised and expanded edition of this lead
ing mathematics dictionary offers clear, accurate defini
tions of more than 8.000 terms. $17.95 
70190. PRINCIPLES OF OPERATIONS RE· 
SEARCH. Second Edition. Harvey M. Wagner. This 
1039-page book offers a complete overview of all the 
fundamental concepts. $19.95 
49340. FUNDAMENTAL ASTRONOMY: SOLAR 
SYSTEM AND BEYOND. Franklyn W. Cole. Traces 
our assault on the mysteries of the universe from the 
earliest sensory-oriented glimmerings to modem as
tronomical thought. $16.50 
81780. SYMMETRY DISCOVERED. Joe Rusen. 
Fascinating look into one of the most beautiful and 
practical of the sciences. $11.95 

44900. THE ENCYCLOPEDIA OF COMPUTER 
SCIENCE. Edited b{ Anthony Ralston and Chester L. 
Meek. A monumenta 1.550 page volume. offering con
densed. accurate infonnation on essential topics ranging 
from theory to applications. from program structures to 
the logical design of central processing units. from Boo
lean algebra to microprogramming. Bibliographies. 
cross references. complete mdexing and 700 charts and 
tables. Counts as 3 of your 3 books. $60.00 
46500. THE EVOLUTION OF RADIO AS
TRONOMY. J.S. Hey. One of the pioneers of as
tronomy offers an absorbing history of this powerful 
technique's remarkable development. ... .. an important 
work in the history of astronomy. " - M. L. .Meeks. in 
Sky andrelescope. $10.00 
73240. OUASARS. PULSARS. AND BLACK 
HOLES. "Frederic Goldell. A thorough review of the 
spectacular discoveries in astronomy. as told by the 
science editor of Time magazine. Illustrated with twelve 
drawings and twenty-four color photographs. $7.95 
39745. COMPANION TO CONCRETE MATH
EMATICS. Z.A. Melzak. ··A delightful collection of 
problems organized into over sixty sections. together 
with historical notes. solutions. observations. and re
marks. Mathematicians at all levels will enjoy sampling 
this work." - American Mathematical M($;t�'

.
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IMPORTANT GUARANTEE! Examine your 3 
introductory books for 10 days. If not delighted, 
simply return them and your membership will be 
canceled. You pay nothing. owe nothing! 

32300. ADVENTURES OF A MATHEMATICIAN. 
S.M. Vlam. First-hand account of the birth and child
hood of the Atomic Age. $14.95 
81150. SUBATOMIC PHYSICS. HailS Frallellfelder 
and Ernest M. Henley. Covers everything from how 
accelerators and detectors work to the structure of sub
atomic particles. $17.50 
64145. THE NEW DICTIONARY OF PHYSICS. 
Edited by H.J. Gay and Alan Isaacs. Over 9,000 entries 
in 600 pages. A monumental reference that is inter
mediate between a strict dictionary and an encyclopedia. 
About 25% greater than the 1958 edition, it reflects all 
major changes characteristic of the field. COUfIlS as 2 of 
YOllr J books. $35.011 
8 2660. TECHNOLOGY MATHEMATICS HAND
BOOK. Jan l. Tuma. Instant access to concise sum
maries of all major definitions, formulas, graphs. tables 
of elementary and intermediate mathematics - from 
algebra to determinants and vectors and much. much 
more. $15.95 
73165. QUANTUM ELECTRONICS. Amnoll Yariv. 
Classic work incorporates all the latest advances in quan
tum electronics. Containing 70% new material, it deals 
with quantum mechanics, electromagnetism, laser oscil
lation, nonlinear optics. and much more. $20.95 
73530. THE REBIRTH OF COSMOLOGY. Jacques 
Merleau-PolllY and Bruno Morando. A thorough ac
count of the Greek, classical and astrophysical ages of 
the fascinating study of the universe as a whole physical 
system. $12.50 

70170. PRINCIPLES OF HOLOGRAPHY. Second 
Edition. Howard M. Smith. From fundamentals to 
rigorous theory. from chemical formulas to applic$�i6

.
5
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56380. INTRODUCTION TO PROBABILITY. 
Richard L. Scheaffer and William Mendenhall. Covers 
everything from Markov chains to the arrival times for 
the Poisson process. $13.50 
68735. PHYSICS OF THE EARTH AND 
PLANETS. Alall H. Cook. Brilliant investigation. by 
one of the world's leading authorities on physical 
meteorology. COUllts as 2 of your J books. $24.75 
49267. FRONTIERS OF ASTROPHYSICS. Edited 
by Eugene Avrett. A contemporary source on astrophys
ical topics from recent solar research. to neutron stars. 
supernovae and intergalactic matter. Counts as 2 of your 
3 books. $20.00 
50380. GLOSSARY OF CHEMICAL TERMS. Clif
ford A. Hampel and Gessner G. Hawley. Over 2.000 
concise definitions: all major chemical groups, impor
tant functional terms. basic phenomena and processes. 
all the chemical elements, and more. $14.95 

52650. THE HERITAGE OF COPERNICUS. Edited 
by Jerzy Neymall. 25 highly readable essays on the 
quasi-Copernican revolutions that have occurred in the 
past five centuries. COUfIlS as 2 of your 3 books. $30.00 
·66570. AN OUTLINE OF STRUCT URAL GEOL
OG Y. Brllce E. Hobbs. Wimhrop D. Mealls alld Paul F. 
Williams. Up-to-date account of every aspect of struc
tural geology- from the nature of stress and strain to the 
latest information on plate tectonics. $16.95 
56590. INTRODUCTORY GROUP THEORY AND 
ITS APPLICATION TO MOLECULAR STRUC
TURE. lohn R. Ferraro. Includes derivation of selec
tion rules, potential force fields. and added emphasis on 
space symmetry and point symmetry. $19.95 
41640. DATA COMMUNICATIONS DICTION
ARY. Charles J. SippI. Over 14,500 definitions and 
explanations of data processing and communications 
terms. acronyms. concepts and abbreviations. $19.95 
55000. THE ILLUSTRATED ENCYCLOPEDIA OF 
ASTRONOMY AND SPACE. lall Roxbllrgh. Covers 
the full range of astronomical knowledge and space 
exploration. from ancient times to now. $16.95 

If the reply card has been removed. please write to 
The Library of Science 

Dept. 2-4AJ. Riverside. N.J. 08075 
to obtain membership infonnation and an application. 
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BOOKS 
Galaxies, left and right, Isambard Kingdom 
Brunel and hunter-gatherers of the Kalahari 

by Philip Morrison 

MAN DISCOVERS THE GALAXIES, 
by Richard Berendzen. Rich
ard Hart and Daniel Seeley. 

Science History Publications ($15.95). 
SECOND REFERENCE CATALOGUE OF 
BRIGHT GALAXIES, by Gerard de Vau
couleurs. Antoinette de Vaucouleurs 
and Harold G. Corwin. Jr. University of 
Texas Press ($50). THE HUBBLE ATLAS 
OF GALAXIES, compiled by Allan San
dage. Academic Press ($14.50). U.S. OB
SERVATORIES: A DIRECTORY AND TRAV
EL GUIDE, by H. T. Kirby-Smith. Van 
Nostrand Reinhold Company ($11.95). 
Full of unusual photographs. many of 
them published for the first time. Man 
Discovers the Galaxies tells in a simple. 
fresh way the history of how we came to 
know the universe of galaxies. It is a 
hybrid between an elementary textbook 
and an original historical monograph 
with biographical insets. Some pages are 
devoted to prologue. but the story is of 
our century. closing in about 1950. If 
you seek visual evidence of date and 
place. Edwin Hubble stands in one pho
tograph next to a slight but romantic 
hero of the silent movies. Ramon N 0-
varro. In a 1917 photograph the heavy 
base of the 100-inch telescope teeters 
precariously: the truck (an antique 
Mack?) that was hauling it up Mount 
Wilson had ditched. Here is the very 
plate from the 100-inch on which Hub
ble discovered in the great Andromeda 
spiral "three stars ... 2 of which were 
novae. and 1 proved to be a variable 
later identified as a Cepheid." (So reads 
the notebook entry for October 5. 1923. 
in Hubble's own hand.) Here too is the 
decisive diagram published by Robert 
Trumpler in Lick Observatory Bulletin 
for 1930. which shows the then best-sup
ported model of our galaxy of stars as a 
little off-center disk ("the Kapteyn uni
verse") at the edge of a ragged ball of 
globular clusters. 

The issue and its outcome are clear. 
Do we live in one island galaxy. one 
bound system of stars. adrift on an 
ocean of space in an archipelago of simi
lar galaxies? We are sure of that today. 
even if we arc still in doubt about the 
true measures and wilder shores of the 
ocean. In Man Discovers the Galaxies 
the scholars are struggling confusedly 
toward the answer. In 1910 the possibili-
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ty-first glimpsed in the 18th century
seemed unlikely. even bizarre to many. 
but by 1935 the question was resolved. 

It is easy to list the results that were in 
contention. Jacobus Kapteyn of Leiden. 
a formidable figure. measured the star 
distribution in the sky as a function of 
brightness. From his long counts he 
could map our galaxy as a smallish disk 
along the plane of the Milky Way. Our 
sun lay rather near its center. In 1915 
Kapteyn wrote the founder of the 
Mount Wilson Observatory. his fre
quent host George Ellery Hale: "One of 
the startling consequences is. that we 
have to admit that our solar system must 
be in or near the center of the uni
verse .... Twenty years ago this would 
have made me very skeptical. ... I have 
sometimes felt uneasy in my mind about 
this result. because ... scattering of light 
in space has been neglected." Harlow 
Shapley. again neglecting space absorp
tion. showed that the sun lay toward the 
edge of a big disk of globular clusters. a 
disk 10 times bigger than Kapteyn's gal
axy. He thought the globulars avoided 
the plane of the Milky Way because 
they could not form there; a similar 
process must affect the small spirals dot
ted here and there. Had not a renowned 
and meticulous observer at Mount Wil
son. working with the unmatched 100-
inch. shown by repeated measurements 
that seven spirals were in rapid rotation. 
turning once in about a million years? 
Once seen to move so nimbly. the spirals 
had to be of subgalactic size. The ma
chine with which the measurements 
were made was still on the mountain in 
1972. bearing a typed label (shown here 
in a photograph made by the senior au
thor) with the admonition "Do not use 
this Stereocomparator without consult
ing A. van Maanen." But Adriaan van 
Maanen had been dead since 1946; his 
results. first published in 1916 and rein
forced in paper after paper over 20 
years. had finally been shown to be 
wrong. even on the basis of van Maa
nen's own plates. by Hubble in 1935. We 
do not know exactly why van Maanen 
erred; the hundredfold error has been 
demonstrated to reside in some bias 
within the observations he made at the 
microscope-a small visual effect in the 
presence of a strong preconception? 

The other side also built its case halt
ingly. First came the novas in the spiral 
nebulas. Heber Curtis of Lick made the 
point. Six novas were observed in one 
little spiral patch in a few years; about 
the same number were displayed by our 
entire galaxy in the same span. Was that 
patch not itself an entire galaxy? The 
two bright stars seen in spirals. 100 
times brighter than the novas. were to be 
regarded as a rare new class of objects. 
not as a confusion. They were to prove 
to be supernovas. but the ambiguity 
hurt. Then V. M. Slipher had shown that 
the spirals were receding at high veloci
ties; by 1914 these. the first red shifts. 
had convinced no less a theorist than 
Ejnar Hertzsprung. who wrote Slipher: 
"With this discovery the great question. 
if the spirals belong to the system of the 
Milky Way or not. is answered with 
great certainty to the end. that they do 
not." Jan Oort had by 1927 gauged the 
direction and distance to the center of 
our galaxy on the basis of the relative 
motions of nearby stars assumed to be 
in Keplerian galactic orbits. with more 
or less the modern result. Trumpler 
showed in 1930 that open irregular clus
ters. matched for brightness on the basis 
of the star colors. seemed to be larger in 
diameter if they were farther away. 
Only one reason made sense: the region 
of the galactic plane was not transparent 
but dusty. At once this result turned 
Shapley's big disk of globular clusters
quite distinct in their size and distance 
from the open clusters-into a rough 
sphere and provided a simple explana
tion of their avoidance of the plane of 
the galaxy. Trumpler himself never 
dropped Kapteyn's model. even though 
his own work had doomed it. In the end 
Shapley's clusters were brought closer 
in. but the spirals were pushed out of the 
galaxy forever. 

Curtis had been right all along. The 
famous debate of 1920 between Curtis 
and Shapley is here an introduction to 
the entire story. Curtis himself. who had 
been a college teacher of Latin before he 
went into astronomy. is not given bio
graphical treatment (although he is en
gagingly shown in knee breeches and 
ruffled shirt. fancy dress for a party). He 
had dropped out of research before the 
issue was fully joined. The race is not 
always to the swift. Single results can be 
misleading; the theory of the color vari
ation of absorption was as bad a guide to 
reality as the simple view of gravitation
al orbits was a good one. Perhaps we 
learn mainly that it takes time and a con
firming diversity of argument to draw 
correct conclusions. One authoritative 
error in a theory or an experiment can 
delay any inference. The three historian
authors skimp the physics a bit more 
than is required for the level of the text. 

In Second Reference Catalogue of Bright 
Galaxies dry pages of computer printout 
collect what we know today of galaxies. 
No book for the general reader. it will be 
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An advanced electric storage battery that uses nickel and hydrogen to generate pow
er is in development at Hughes for the Air Force. For future satellite systems, 
these Ni-H2 cells offer important advantages of lighter weight and longer life over 
the standard nickel-cadmium (Ni-Cad) types. Ni-H2 cells are less than half the 
weight of Ni-Cad and are expected to have an operational life exceeding ten years 
in synchronous orbit (22,300-mile altitude) and 30,000 low-earth-orbit charge/dis
charge cycles. Cells up to 50 amp-hr capacity are being assembled within a 3.5-
inch-diameter pressure vessel. 

A jam-resistant radio terminal that will enable a flying surveillance, command, 
and control center to exchange secure, real-time information over a single network 
on a time-ordered basis has been delivered by Hughes to the Boeing Company. The 
Time Division Multiple Access (TDMA) radio terminal is the first to be built for 
the US Air Force's E-3A airborne warning and control system aircraft. 

Spectrum spreading. frequency hopping. and error correction are among the tech
niques used for jam-resistance. These radios are the initial equipment in the 
Joint Tactical Information Distribution System (JTIDS) development, designed to pro
vide a secure means for all four military services to exchange tactical data in 
real-time form. 

An old pro in earth orbit, NASA's Applications Technology Satellite, ATS-l, is 
still in public service ten years after launch, despite an original life objective 
of three years. The Hughes-built satellite, originally designed for communications 
experiments, continues to perform mercy missions for the sick and injured in remote 
parts of Alaska. The satellite transmits emergency calls for help and relays doc
tors' instructions for treatment. ATS-l is credited with saving at least seven 
lives since its launch in 1966. 

Educational instructions are also relayed by the satellite: from a university 
on Fiji to students on many South Pacific islands. In addition, it links them to 
the University of Hawaii. 

Hughes needs communications engineers: advanced commercial-communications equip
ment, to be developed by engineers with knowledge of, and varying levels of experi
ence in, microwave communications, VHF and video circuit and subsystem techniques; 
degree required • • •  microwave relay systems and satellite ground terminals, to 
be constructed, installed, and tested by field engineers: heavy travel, short na
tional trips; degree not essential; FCC license. Please send resume to: John 
Wilhite, Hughes Aircraft Company, P.O. Box 2999, Torrance, CA 90509. An equal op
portunity M/F/HC employer. 

An advanced IR missile seeker, built by Hughes, is undergoing a series of missile 
flight tests. These tests, conducted under a joint Navy-Air Force AIMVAL (Air In
tercept Missile Evaluation) program at Nellis AF Base, Nevada, will determine per
formance characteristics for the new generation of short-range air-to-air missiles. 
Ten of the advanced seekers, a second seeker type, and the AIM-9L seeker are be
ing carried on the weapons racks of Navy F-14s and. Air Force F-Iss. These planes 
are in air-combat maneuvers against F-ss over an instrumented test range. 

ClNtifI(J • _ WOIId IItI1h eIeettonb 
�------------------, 
I I 

! HUGHES! 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
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Edwin P. Hubble at the camera of the IOO-inch reflector, from Man Discovers the Galaxies 

Dome of the ISS-inch reflector on Kitt Peak, from U.S. Observatories 
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invaluable to a pro. with its carefully 
prepared data on about 4,400 galaxies 
up to 1975. The list is not complete. of 
course. Galaxies come in a wide range 
of sizes; dwarf faint galaxies cannot be 
seen very far. even through the highly 
transparent space between the groups of 
galaxies. Out to a few tens of millions of 
light-years-looking back in time to the 
Miocene. say-the list probably con
tains roughly half of all the galaxies. ex
cluding the dwarf galaxies with fewer 
than 100 million stars (our own holds 
1.000 times that number). Beyond our 
near neighborhood the familiarity falls 
off rapidly. The list includes most galax
ies for which at least one piece of signifi
cant informatiln is known. It includes all 
such galaxies that are not fainter. small
er or at a higher red shift than certain 
stipulated limits; the red-shift limit is a 
twentieth of the speed of light. Within 
these limits the attempt is to include all 
those unusual objects to which attention 
has recently been drawn: radio sources. 
ultraviolet sources. compact galaxies. 
galaxies that are host to a supernova. 
interacting galaxies and galaxies with 
bright lines. By the end of its reach. back 
in time in the Precambrian. half a billion 
or a billion light-years out. the catalogue 
can list only one in 10.000 of the galax
ies we believe are there. 

The list includes 2.700 galaxies with 
known red shifts. Add to those given 
here all the distant. faint but remarkable 
galaxies that have been studied because 
they were radio sources or were bright 
members of very distant clusters. in
clude as well all the known quasars. and 
the total list of known red shifts would 
reach 3.000 or somewhat more. The ref
erences (note that the first version of this 
catalogue. issued in 1964. is relied on for 
all earlier references) make it plain that 
all the red-shift work. the foundation of 
cosmology today. is the contribution of 
only 50 or 60 investigators over the dec
ades. They alone are our expeditionaries 
toward creation. 

The main list covers some 170 pages; 
the notes on individual entries. includ
ing all references for the newer data. 
make up 80 more. The volume includes 
a good deal of apparatus. careful state
ments of the elaborate data treatment. 
lists of alternative names. galaxies with 
special features such as supernovas. and 
the like. Radio enters here as full part
ner; the radio power and spectra are cit
ed in rather telegraphic form. and the 
21-centimeter radio line results as well. 
now including many red shifts. The ra
dio and optical velocities are "in excel
lent systematic agreement at all veloci
ties. " a result that would have delighted 
the founders of the subject. About 400 
galaxies now have radio red shifts but 
not optical ones. 

Not much is offered the eye here; only 
the mind is catered to. A few projections 
of the sky are shown dotted with galax
ies in various categories; north and 
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south are unevenly known and unevenly 
populous, at least close by. There is a list 
of compilations of galaxy photographs; 
some 800 photographs are identified at 
18 sources, both accessible and esoteric. 
Many more photographs are cited in the 
list for individual galaxies. "This oner
ous undertaking " has cost the authors 
about 15,000 hours, and their students, 
keypunch operator and typists spent an
other 5,000. It will last; its authors are 
known for their care and judgment, and 
very few flaws can be spotted in the 
work. One misses a listing of galaxies by 
groups or clusters; the only mention of 
such associations is found in the notes 
for individual galaxies. 

Sixteen years ago there appeared 
what is still the best collection of photo
graphs of galaxies. It was lovingly com
piled and dedicated to Hubble by his 
distinguished continuator at Mount 
Wilson and Palomar, Allan Sandage. It 
offers the peruser halftones of about 200 
galaxies, all made with instruments of 
the Hale Observatories; many of the 
pictures spread their splendor over a full 
outsized page. The organizing principle 
is Hubble's scheme of classification of 
galaxies by their external form. That 
scheme is still standard-although it is 
much complemented by later workers, 
who draw more attention to overall lu
minosity, spectra and the relative im
portance of the galaxies' central re
gions, the nuclear domain whose con
centration is frequently suppressed by 
the same photographic techniques that 
alone can show the delicate periphery. 

There be monsters! Taxonomy and 
details apart, few reflective readers can 
look at these strange bright spindles and 
disks against the starry black sky with
out an overwhelming sense of awe and 
wonder. There are by now many books 
and journals that present some galaxies 
in color, but there is still no rival to the 
richness of The Hubble Atlas 0/ Galaxies 
in its crisp elegance. Subsidized by the 
Carnegie Institution of Washington, it 
remains a bargain at pre inflationary 
prices; still in print, it is any skyward 
library's best buy and a dreamer's de
light. 

It is a remarkable detail in the unfold
ing of modern cosmology that the thea
ter of its main empirical advance was 
the U.S., and in particular the clear 
Southwest. Long before Los Angeles be
came a center of electromechanical in
dustry and while Arizona still had few 
wealthy residents, astronomers flocked 
there from Uppsala and Leiden, from 
Gottingen and Basel. The dry mountain 
air was a natural resource, to be sure, 
but it had to be exploited by men who 
were ambitious for their science and 
who could persuade street-railway mag
nates and philanthropic foundations to 
put up the cash. The theater of this cam
paign is open to tourists, and a desirable 
journey it offers to amateur astronomers 
or to anyone with an interest in the look 
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A useful guide for the 
• • • commission-conscIous 
investor. 

This free, pocket-sized book enables you to quickly figure and 
compare practically any broker's stock and option commissions. 
Its 90 pages of tables display the old fixed commission� and 

commissions at a wide range of dis
counts from it, in cents-per-share and 
dollars-per-contract rates for almost any 
whole-priced trade, 
Get this book simply by mailing this ad 
or asking for one at 800-221-5338 toll
free or in N.Y. State at 212-269-9127 
collect. 
From the people who started commis
sion discounts rolling for the individual 
investor. 

'Base Commissions. Pre·May I, 1975 NYSE and CBOE· 
fixed commissions. 

Name __________________________________________________ ___ 

Address __________________________________________________ _ 
City State Zip __________ _ 

..... � * Source Securities Corporation 
� 70 Pine Street, New York, N. Y. 10005 
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ed and bearing the written sign'l' � ture of author, artist or designer. 
Each of our books contains such 

THE NOTEBOOKS OF LEONARDO DA 
VINCI, compiled and edited by Jean Paul 
Richter. 15(,6 extracts from original manu
scripts reveal the full .range of Leonardo's 
versatile genius: all his writings on painting, 
sculpture, architecture, anatomy, astronomy, 
geography, topography, physiology, mining, 
music, etc., in both Italian and English, with 
186 plates of manuscript pages and more 
than 500 additional drawings. Includes 
studies for The Last Supper, the lost Sforza 
monument, and other works. Total of xlvii 
+ 8&6pp. 7'/. x 103/.. 

6 a page and thus our Club mem- � � bers know that each hook is a 9 
6 wise investment. � � No effort is spared in the de· ry 
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sign and craftsmanship of these ¢ 

• truly rare - and valuable - edi
tions. Yet the cost is moderate. 

6 For information about Club � 
� memberships nOlv available, 9 6 please mail the coupon. � � THE LIMITED EDITIONS CLUB 9 2 Volume set, paperbound, $17.25 

Price includes U.S. shipment (sorry, no 

foreign shipments can be made on these 
books). All orders must be prepaid. 

N.Y. residents please add sales tax. 

Herbert Shprentz Company 
$clenlilic and Technical Books 
P.O. Box 83·L, IrVington, N.Y. 10533 

Write For Our ExtenSive Paperback Lists 

� Westport, Connecticut 06880 � 
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and feel of a historic explorers' base 
camp-an outpost where they are still 
laying plans for ever more daring routes 
to the summit. 

H. T. Kirby-Smith. professor of En
glish at the University of North Caroli
na at Greensboro. is a devoted and 
knowing teacher and amateur of astron
omy. He has gone to a number of the 
principal observatories across the land 
to see what he could see. and he has 
prepared a compendium of lesser but 
still exciting places to visit-one is surely 
near you-with excellent photographs 
and with comment that is practical. 
evocative and penetrating. befitting the 
poet he is. On the 100-inch at Mount 
Wilson: "The mounting of the telescope 
has a desperate look to it; all girders and 
rivets, and so ready to compromise with 
the requirements of rigidity that a large 
circle around the celestial pole is inac
cessible. " At Palomar he complains 
about the dim light and the glassed-in 
visitors' booths. which are required to 
keep the heat input low but which en
sure that "the view of the giant tele
scopes is like that enjoyed by those who 
saw the Titanic founder: impressive but 
dim. " He suggests another stance. He 
also gives valuable hints on motels and 
side trips-and on the problem of chil
dren running in circles along the rever
berating circular walls! Fifteen centers 
are described in detail. mostly from on
the-spot experience. with a good serving 
of history and comment. Then there are 
80 pages of briefer comments, state by 
state, based on a careful survey by mail 
of many possible places to view tele
scopes, astronomers and the sky. "It is a 
pleasure, though, to have discovered 
that many great research centers . . .  

encourage the interested and intelligent 
visitor and suffer patiently the ignorant 
and the inane. Good scientists do not 
forget that a sense of mystery, or just a 
healthy curiosity, animates the most 
valuable endeavors. " The Very Large 
Array on New Mexico's Plains of San 
Augustin spans "perhaps the most beau
tiful remaining 'wide open space' in 
the country. " He describes the mighty 
radio hammock at Arecibo in Puerto 
Rico. although he did not get there. That 
instrument. amidst its domed emerald 
hills. offers one of the most striking ar
chitectural views and settings in the 
hemisphere. This book is a model for 
informed travelers; one hopes that 
many another such guide to the local 
habitation of scientific interest will ap
pear. 

ANIMAL ASYMMETRY, by A. C. Neville. 
£\. Edward Arnold. distributed in the 
U.S. by Crane. Russak & Company. Inc. 
($3.75). THE PSYCHOLOGY OF LEFT AND 
RIGHT, by Michael C. Corballis and 
Ivan L. Beale. Lawrance Erlbaum Asso
ciates. Publishers. distributed by John 
Wiley & Sons ($14. 95). The little crabs 
called fiddlers (actually they seem rath
er to carry a cello) are grotesquely 
asymmetrical. The big claw of the male 
accounts for about two-thirds of the ani
mal's total weight, outweighing the 
smaller claw by a factor of 20. This 
handedness is unbiased: it is 50-50 for a 
fiddler male to be right- or left-fiddled. 
Chance determines it. The crab is adapt
ed to let a claw go in times of need. 
Young males start with two small male
type claws. and if one is lost. it regener
ates as a small female claw as the other 
claw grows. molt after molt. to be bran-

dished proudly in maturity; if neither 
claw is lost. the crab will sport a pair of 
fiddles. 

The wry-billed plover turns stones for 
a living on the shingle-bedded rivers of 
New Zealand. Its long beak is bent to the 
right side from the middle; it thus feeds 
on the bias. politely from the left. Owl 
ears tilt out of the plane. in one species 
the right ear up and the left one down. 
to help the birds' elegant acoustic scan
ning achieve three-dimensional per
formance. Muscles can be one-sided in 
insects or in man; a blindfolded person 
walks. swims and even drives in a pro
gressing set of circles. but the direction 
is uncorrelated with handedness or with 
the stronger side of the body. 

Structural and behavioral asymmetry 
is the theme of the little book by A. C. 
Neville. a zoologist at the University of 
Bristol. who covers a remarkable varie
ty of animal forms (but no plants). He 
begins with molecular isomers and he 
gives a paragraph to bacterial flagella. 
whose left-handed helical fibers must 
rotate clockwise (viewed from the body) 
to prevent a terrible tangle. One of a 
series aimed at British undergraduates. 
this well-illustrated review is brief and 
lively. although it overuses the zoolo
gist's technical vo1cabulary. Almost ev
ery page offers some small astonish
ment; what a lot is somehow built on the 
enantiomorphic bias of biological mo
nomers! 

The Psychology 0/ Left and Right is no 
such directory of simple results. It is the 
work of two reflective experimental psy
chologists. a Canadian and a New Zea
lander. Their collaboration on mirror
image discrimination in pigeons set 
these hardheaded experimenters among 

The Royal Albert Bridge, from The Works of Isambard Kingdom BruneI: An Engineering Appreciation 
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philosophers and physicists in an effort 
to understand behavior in the looking 
glass. 

Our cultural practices are plainly 
handed. The comparison of flipped pic
tures of a tree in the park with those of a 
busy street make the point, perhaps too 
sharply. Nature is normal enough in 
both views, whereas no adult could mis
take the flipped gasoline sign. A Japa
nese street scene would be less obvious 
for most readers, however, and it is evi
dent that nature is handed too, like cul
ture, once one knows and examines it in 
specifics. A couple of chapters of care
ful logic establish tests for the discrimi
nation of mirror-image stimuli, with re
sponses that must not themselves be en
antiomorphs, and of left-right response, 
demanding asymmetrical response to 
symmetrical cues. Not every experi
menter has grasped the subtleties here; it 
is all too easy to feed small cues un
knowingly to gain the one bit of a signal 
that discrimination requires. 

Experimental results are here in plen
ty, all critically assessed. The subject is 
not structure, of course, but behavior; 
although animals claim some attention, 
people are the principal subjects, and as 
usual they are difficult to pin down. The 
octopus has a hard time with mirror-im
age discrimination, and at least one ex
perimenter found it impossible to make 
dogs lift their right foreleg at the sound 
of a metronome and their left foreleg 
when they heard a buzzing sound com
ing from the same place. That same 
sound discrimination was easy for the 
dogs when left and right were not at is
sue; the left-right response could be 
learned when the two sounds were spa
tially separated. In children the task of 
mirror-image discrimination appears to 
be one that matures slowly between the 
ages of four and 10, with a real improve
ment at the age of school entry. Handed
ness, eye preferences and even ear pref
erences also develop in childhood, with 
credit going both to internal processes 
and to several kinds of learning expe
rience. We mostly acquire a left-right 
sense, in a way. 

All of this has its applied side. For a 
long time it has been argued that hand
edness lies deep below the special dis
abilities of reading that are such a trial 
to many children and their teachers. The 
circumstances are complex and the case 
is not proved, but these authors do see 
that the specific disability, unaccompa
nied by evidence of brain damage or 
plain disillusionment with school, might 
be the consequence of an unusual inter
nal symmetry. Perhaps one child in 40 
might fit that diagnosis. "If a child has a 
specific reading problem, but is other
wise intelligent and aware, the prognosis 
may be excellent; he may be another 
Leonardo da Vinci." 

Mirror writing is a classical topic that 
plunges us immediately into the depths 
of the enigmatic architecture of the 

To preserve 
your copies of ���1�� 
A choice of handsome and durable library files-or binders

for your copies of SCIENTIFIC AMERICAN, Both styles 

bound in dark green library fabric stamped in gold leaf. 

Files Each file holds 12 issues. Price per file $4.95; three for 
$14.00; six for $24.00, postpaid. (Add $1.00 each oil/side U.S.A.) 

Binders Each binder holds 12 issues. Issues open flat. Price 

per binder $6.50; three for $18.75; six for $36.00, postpaid. 

(Add $1.00 each olltside U.S.A.) 
1 ----------------- ---- - , 
I To: Jesse Jones Box Corp., P.O. Box 5120,Phiiadeiphia, Pa. 19141 
I I 
I I enclose my check or money order for $ __ . Please send me__ I SCIENTIFIC AMERICAN 0 Files. 0 Binders. 
I I 
I (please print) I 
I I 
I I 
I Zip I 
I I 
I ' I 
I I 
1_ �OTE=-.!...at!:.!..aC(ion guaranJe� o�money �unde�Allow �least three lVee�/or delive'!.: _I 

Finalizing 
a schedule? 

Edwin Newman 
__ isn't. __ 

Edwin Newman and 90% of the 
other members of The American 

Heritage Dictionary Usage 
Panel believe that anything 
can be completed, or put in 
final form, without resorting 

to bureaucratic jargon such as 
finalize. You'll find their advice 

on new words and effective usage 
only in America's most complete 

contempo dictionary. From $9.95. 

Garden Camera 
CALCULATORS 

Hewlett Packard 
- HP 1.C...... 168.'0 

••••• 
.. � .. HP 1 ••••••••••• 119.50 
.c. ••• 
ce. •• *' 
Al.!.J UJ � 
.�:t.J i.J 
•. ..!J :u :u 
.� ...J . 

HP 11.......... 68.50 

HP 11......... 107.50 

HP 17 ••••••••• 144.50 

� ... \ CASIO CQI Calculator 

� Clock, Alarm, 42.50 
and Stopwatch 

Texas Instruments 
SR .1 •••••••••• 181.50 

SR 5........... 81.50 

SR 51 II •••••••• 54.50 

T .1. 5040 •••••• 108.50 
T .1. 5050M •••• 88.50 

T .1. 40 ••••••••• J 1.50 

Bu.ln ••• An.IJ.t ••••••• :12.50 

PC 100 Prlnt.r ••••• 148.50 
M aster Charge 

Speed your order TOLL FREEl 
Call I (800) 221·5810 

Or send postage and handling to 

345 Seventh Avenue, N.Y., N.Y. 1 0001 
New York, Alash & Hawaii Call: 

Tel: (212 )868-1420 Open Weekdays 8: J(H,:OO 
OPEN SUNDAYS 1D-4p.m. Closed Saturdays. 

143 

© 1977 SCIENTIFIC AMERICAN, INC



The 
$422.50* 

Microprocessor. 
Complete. 

Are we bugs? 

The MMD-1 is your ticket to 
the world of microprocessors. It's 
a complete microcomputer sys
tem. And just as important, it 
comes with the industry's most 
advanced instructional software -
700 pages by Rony/Larsen/Titus, 
authors of the famous BUGBOOK® 
series. 

Without any prior knowledge 
of electronics you can be up and 
operating in a matter of hours. 
Teaching yourself everything from 
fundamental logic to sophisticated 
interfacing. 

And you'll be learning on the 
most complete hardware pack
age of its kind. Direct Keyboard 
Entry of Data . . .  Built-in Power 
Supply ... Direct Access to Output 
Ports ... Monitoring of Address 
and Data Busses ... Unique Bread
boarding Facilities for Interfaces .. 
and ... more. 

The MMD-1 is clearly the best 
buy in the industry. And it's avail
able now at your nearest computer 
store. Stop in. Or write us for the 
store nearest you and a full 8 
page illustrated brochure. 

'Suggested resale price. 

144 

brain. It is true that mirror writing is 
often associated with damage to the left 
cerebral cortex. It is tempting to see in 
this the presence of a transformation 
that builds weakly in the right hemi
sphere a mirrored map of what is stored 
directly in the left hemisphere. When 
the right hemisphere is then called on to 
perform, or when it is in unusually ac
tive partnership, as it is for a Leonardo, 
it produces mirror writing. The entire 
thrust of the careful remarks of these 
authors,l;lowever, is to minimize the old 
easy judgments of the dominance of a 
single half of the brain, still more the 
glib new assignment of a particular cog
nitive style to one or another half of that 
subtle walnut. Some kind of mirrored 
transfer (which does not imply topo
graphic mapping, only logical) is here 
preferred. But the brain and the mind 
are not to be summed up in a simple 
static image. 

Finally, whence the human asymme
try? One can go back not to the failure 
of parity or even to molecules but to the 
first cellular divisions of the fertilized 

egg. The handed quality appears so ear
ly there that it can hardly be encoded 
genetically in the usual way; it may be 
stored in some cytoplasmic form. Asser
tions that monozygotic, identical twins 
have hair whorls rotating in opposite di
rections appear to be false. Handedness 
is not paired in identical twins either, 
although joined Siamese twins do usual
ly show reversal in the position of the 
heart and other organs. Handedness is 
not to be teased easily out of the double 
helix! 

Three thousand years ago the men of 
the tribe of Benjamin assembled, nearly 
27,000 of them. "Among all this people 
were seven hundred chosen men left
handed; every one could sling stones at 
an hair breadth and not miss." The 
handedness ratio is about the same to
day, and the word "dexterity" is no more 
apt than it was in the days of the Judges. 

THE WORKS OF ISAMBARD KINGDOM 
BRUNEL: AN ENGINEERING ApPRE

CIATION, edited by Sir Alfred Pugsley. 
Institution of Civil Engineers, 26-34 

A Kalahari hunter tests a hollow tree for water, from Kalahari Hunter-Gatherers 
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Old Street. London ECIV 9AD ($18). 
Robert Stephenson and Isambard King
dom Brunei were great contemporaries. 
friends if rivals. engineer sons of engi
neer fathers of even higher originality. It 
is Brunei the younger whose work is 
here assessed by a group of British engi
neers in a volume that looks at the man 
only through his manifold projects. In 
early Victorian times this man spanned 
a particular epoch. Before him engi
neers in Britain were. like the Stephen
sons father and son. singularly gifted 
workmen who made their way from 
mine shaft or coal-loading tramway. Af
ter BruneI engineers began to specialize. 
and few others could leave a legacy of 
tunnels. bridges. railways. ships. signals 
and engine design: path-breaking con
struction in stone. timber and wrought 
iron. Brunei and his fellows created a . 
profession and a social group as much 
as a set of civil works; they became gen
tlemen. clubbable. cultivated. accepted 
by the arbiters of social class. 

Brunei was no modern; he was 
through and through an eminent early 
Victorian. He was devoted to the idea of 
laissez-farre. spurning the honors of
fered by the state and even its patent 
protection. Of course he and his appren
tices and staff were gentlemen without 
leisure. He wrote in a reference letter in 
1849: "He is one of those who gets up 
late. go to their work at gentlemanly 
hours-and from whom it is difficult to 
get any real work." He was meticulous. 
even picky. about expense accounts. He 
spent all his energies in engineering. and 
"found little time for recreation. holi
days or spiritual activities." A stroke 
took him at 53 in the midst of his work. 
overworked and overstrained. He had a 
compelling dying urge to see his greatest 
bridge and "this he did. lying on a couch 
on a specially prepared wagon of the 
Cornwall Railway. which was drawn 
slowly over the spans of his last great 
masterpiece. the Royal Albert Bridge. " 
across the River Tamar above Plym
outh. That unadorned and beautiful 
bridge. lovingly and expertly main
tained. serves perfectly today under 
heavy loads. its main members un
changed these 120 years. On the portal 
stands his "best valediction," I. K. BRU
NEL: ENGINEER. 

He was an audacious but painstaking 
designer and constructor. At 33 he came 
to Bristol (the city and university hold 
him high today) to build the Great West
'ern Railway as a system. the first such 
railway. He designed the way stations 
and invented the signal scheme; he 
chose a wide gauge-nearly seven feet; 
he prepared the bridges and the right-of
way and found time to sketch a few or
namental lampposts in his exquisite 
style. The wide gauge was not a success 
and did not last. but his choice was rea
soned: he wanted the load placed be
tween the wheels for safety at high 
speeds. for he was an early proponent of 

speed in travel. By 1840 he had become 
somewhat disillusioned with the early 
locomotives. and he put into practice a 
bizarre "atmospheric system of trac
tion. " which powered the train by a pis
ton working in an evacuated pipe. with 
the slot for the piston arm sealed before 
and after its passage by a continuous 
hinged leather flap. The scheme lasted 
only a year on the steepest grades of the 
new South Devon Railway. The assess
ment here looks away from the techni
cal failure of the seal (the leather "some
times froze. rats gnawed it. and the sea 
air completed the destruction ") to the 
inflexibility of such a traction scheme. 
which made junctions tricky and re
quired auxiliary traction for making up 
trains and switching. even if it could 
have been perfected technically. 

Brunei built three famous iron ships. 
each one a pioneer. The first was the 
largest steam vessel launched up to that 
time and the first to demonstrate the fea
sibility of operating a transatlantic liner 
under steam. The second was a structur
al marvel that is still afloat as an exhibit 
and is without serious structural trouble 
after a century of indignities. It was Bru
nei who put into this hull the main re
quirement of large ships: longitudinal 
beam like strength to resist bending un
der the weight and buoyancy forces in 
large waves. Smaller oceangoing vessels 
need mainly lateral strength. to resist lo
cal pressures of the sea. Wooden ships 
mostly lack such lengthwise resistance. 

Brunei had predecessors. but he was 
the first to work in iron and on a large 
scale. His biggest ship. the much-de
scribed Great Eastern. scaled up his pre
vious vessels by an astonishing factor of 
nearly eight in displacement. She was a 
structural success at sea but an econom
ic disaster that proved to be useful only 
for laying cable. The calculations that 
led BruneI to fix the size of the great ship 
are cited in full. He argued that the fuel 
requirement increased only as the area 
of the hull but that the space available 
for coal could increase with the volume. 
He planned the ship for a round-the
world route. around both Capes. with 
perhaps one refueling stop. but there 
was no demand for such capacity. While 
she was being built he asked a visiting 
expert friend: "If she belonged to you. in 
what trade would you place her?" The 
reply was forthright: "Send her to Brigh
ton. dig out a hole in the beach and bed 
her stern in it. ... She would make a sub-
stantial pier ... her hold magnificent salt 
water baths and her 'tween decks a 
grand hotel. ... I do not know any other 
trade. at present. in which she would be 
likely to pay so well." 

Even in that day of headlong expan
sion of industrial capital the dreams of 
engineers were not always sound. Bru
nei was a great pioneer who was con
cerned with systems concepts. skilled at 
mathematical design and demanding 
about careful tests of materials and 
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ON NUM BERS AND 
GAMES 
By J. H. CONWAY 

London Mathematical Society 
Monographs NO.6 

Series Editors: P. M. Cohn and 
G. E. H. Reuter 

This book subsumes two theories. 
On the one hand the author shows 
how. with an elegant generalization 
of Dedekind cuts. the theory of arith
metic can be developed. starting with 
the integers and including both irra
tional and transfinite numbers. On the 
same hand. the core of the work-a 
theory of games linked to. but not 
bounded by. orthodox game theory
is also based on the idea of a Dede
kind cut: the two halves now repre
sent the players' options. and one 
obtains numbers as a special case by 
imposing an order requirement on the 
cut. From this rather abstract begin
ning an impressive theory is con
structed which is illustrated with a 
wealth of ingenious examples and 
some unorthodox games. Aficionados 
of the Mathematical Games section 
of Scientific American will recognize 
here that fusion of the cerebral and 
whimsical that is Conway's province. 
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GAMBLING AND 

STATISTICAL LO GIC 
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By RICHARD A. EPSTEIN 

For those with a theoretical interest 
in. or a practical addiction to, gam
bling, this book presents perhaps the 
only unified and complete account of 
the mathematical theory of games of 
chance and skill. It reviews the fig
ures and events associated with the 
historical development of the mathe
matics of gambling, presents the ele
ments of probability theory, statistics. 
and game theory, and provides a 
mathematical foundation for the anal
ysis of games of chance and skill by 
deriving the basic theorems of gam
bling. The theory presupposes only 
an understanding of such elementary 
mathematical tools as basic calculus. 
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methods. Error is easier to see looking 
backward, as indeed it remains today. 

The book has excellent period draw
ings and photographs. One shows the 
raising of the last span of the Royal Al
bert Bridge, huge iron tubes bent into a 
bow and held bent by great chains. 
Those bony bridges have a remarkable 
unified beauty our framed steel struc
tures lack. The rolling mill today makes 
economical the webbed members Bru
neI and his contemporaries could not 
get. But BruneI's big tubes (10 feet 
across and 450 feet long), so laboriously 
riveted together out of half-inch iron 
boiler plates only two feet by 10, catch 
the eye and the mind in a lost organic 
metaphor. 

VA LAHARI HUNTER-GATHERERS: STUD
� IES OF THE !KUNG SAN AND 
THEIR NEIGHBORS, edited by Richard B. 
Lee and Irven DeVore. Harvard Uni
versity Press ($18.50). It is close to 15 
years since the two men who brought 
this collection of related papers into a 
beautifully made and illustrated (if rath
er technical) volume carried out their 
own first field studies among the North
ern Kalahari Bushmen called the !Kung. 
Around their work and that of their 
predecessors the Marshalls there has nu
cleated a diverse group of scientists who 
have extended the early ethnographic 
and ecological inquiries into a wide 
range of investigations: demographic, 
medical. genetic, psychological. folklor
ic and archaeological. The editors have 
brought a certain unity to this set of 
studies, which are beginning to exhibit 
the gleaming facets of an ancient way 
of life. 

" Man the hunter and woman the gath
erer " described these people until re
cently. as it has for a very long time. 
Deep in the past such societies amount
ed to a substantial sample of human
kind, living close to our origins. One 
may estimate that a twentieth of human 
experience is held in the history of these 
handsome, gentle and loquacious peo
ple. Now about 95 percent of them are 
entering some degree of integration with 
the pastoral and agricultural economy 
of Botswana. 

Certainly their way was remarkably 
adaptive to the specific nature of their 
world. A Japanese investigator has gone 
400 kilometers south of the water holes 
of the ! Kung at Dobe and has found 
people with a different language but 
with a mode of subsistence not unlike 
that of the ! Kung. These isolated I Gwi 
have worked out life without the grand 
staple of the !Kung: the mongongo tree. 
Their domain is too dry for it, and they 
depend instead on 13 plant species over 
the different times of the year. There are 
no permanent water holes; they have ac
cess to standing water only in the days 
after heavy rain during the rainy season, 
a couple of months near the turn of the 
year. And so they depend for water 

mainly on the juicy tsama melon, which 
is like a small watermelon and which 
they eat except for the peel. In the driest 
months the trees and grasses wither and 
"every part of the Kalahari turns brown 
and barren." The blood and stomach 
contents of animals might provide wa
ter, but game is in short supply. The 
food and water of the I Gwi are won in 
those months chiefly by the digging 
stick. Hard work retrieves from the cool 
subsoil two species of tubers that pro
vide food and a bitter tuber that yields 
water. The clever baboons that dwell in 
most of the desert cannot live here
abouts, because they are not masters of 
the digging stick; only the much cleverer 
human beings can survive. In contrast to 
the rest of !Kung land, the scene 100 
kilometers north from Dobe "looked 
like paradise ... thick forests with great 
large trees, and tall lush grass." But the 
!Kung find it strange-the mongongo 
nut is absent. 

Life is changing for the !Kung too. 
One poignant photograph shows a band 
of them moving under packs, spears at 
the port, along the border road parallel
ing the long jeep-patrolled wire fence 
now separating Botswana and Namibia. 
The people are squatters now on their 
own land; they try to raise goats and 
donkeys and even some horses and 
cows. A large minority live and work as 
laborers on the big farms nearby. They 
still tell of old Karii/'tuma, their bum
bling mythical forerunner: his bow shot 
the first cow, he spurned her milk and he 
set fire to the field of sorghum grain; 
therefore are they poor today. For a 
while it will be possible to use their liv
ing sites as models for the campsites of 
hunters of the Paleolithic, to examine 
their vital statistics (tabulated by Nancy 
Howell in a summary paper that inge
niously constructs quantitative life ta
bles among a people who use a calendar 
based on memorable events), to map 
their annual wanderings or to find the 
mean spacing of the birthplaces of par
ents and of parent and child. For a while 
we can record their expert ethnoetholo
gy, inductive and empirical. Not for 
long. 

We change too. These anthropologists 
are no longer detached witnesses. They 
are organizing to help the people we 
ought now to call San (no longer Bush
men, as they were dubbed in derogation 
by the Dutch settlers who waged exter
minating war on them until 1850). 
Women now study women and (perhaps 
less happily) healing trance states are 
studied by a man who seems himself 
rather too entranced. The San may yet 
preserve their antique and supple roots. 
Hear the woman Kun/obe speak: "I re
f.use this guy [Karii/'tuma] I do .... Peo
ple should cry out for themselves .... 
People should protest. We who are 
Zhu/twiisi (San), let us cry out, so we 
will be lifted up. Unless we do, we are 
just going to ruin." 
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