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We spent thousands finding out 
what we already knew. White r um  is 

smoother dian gin or vodka. 

In a nationwide test white rum (above) was coded to hide its identity. So were gin and vodka (not s hown). 

We could have told you white 
rum was smoother before we spent 
a mint on a nationwide taste test. 
But we couldn't advertise it. 

Government regulations 
protect you from idle claims by 
requiring quantitative substan
tiation. That's as it should be. 

So we went to 21 major cities 
and asked 550 drinkers to 
compare white rum with the 

leading brands of gin and vodka. 
24.2% preferred gin. 34.4% 
preferred vodka. And 41.4% 
preferred white rum. 

It should be noted that the 
white rum came from Puerto 
Rico - the only place where the 
law requires that rum be aged. 
And since smoothness is a direct 
result of aging, it's not surprising 
that more people liked the taste 
of white rum than gin or vodka. 

Enjoy white rum in your next 
drink calling for gin or vodka. 
Before long you'll be telling your 
friends. Fortunately, government 
regulations don't prohibit 
you from doing that. 

PUl RTO  RKAn Rums 
For (ree "White Rum Classics" recipes, write: 
Puerto Rican Rums. Dept. SC-2, 
1290 Avenue of the Americas, N,Y., N.Y. 10019 
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�MEASUREMENT8COMPUTATI0N advances from Hewlett-Packard ------

4 

The first high-performance 
GC/MS system small enough 

to fit on your lab bench. 

Thanks to some striking new technology, HP's 
new 5992A GC/MS system with computing con
troller, printer/plotter, and full set of software 
costs just $47,500*. Analytical laboratories will 
find that this new-generation GC/MS (gas chro
matograph/mass spectrometer) has the powerful 
identification and quantitation capabilities usually 
associated with systems costing twice as much. 

When a manufacturer introduces a new instrument 
that is half the cost and size of comparable systems, it 
is reasonable to wonder if performance has been 
compromised. On the contrary, the 5992A, with a 
sensitivity, mass range, and scan speed equal to those 
of much more expensive systems, produces spectra 
that are in excellent agreement with, and frequently 
superior to, accepted reference spectra. 

This remarkable development is the result of some 
innovative technology, most notably in the 5992A's 
new hyperbolic quadrupole mass filter. While quad
rupole mass filters have won wide acceptance as the 

heart of modern GOMS systems, nearly all of them 
use round rods which adversely affect sensitivity, 
resolution, and line shape. Hyperbolic-shaped rods 
eliminate these problems, but it has been too difficult 
to fabricate such rods with the high degree of preci
sion required. With the 5992A, this difficulty has 
been successfully overcome. 

The 5992A is far easier to operate than any previous 
high-performance GOMS system. With all opera
tions managed by its fully integrated desk-top com
puting controller, the 5992A is virtually free of the 
usual knobs, switches, and buttons in the GC and MS 
modules. No longer does the analyst have to manipu
late numerous interactive adjustments while observ
ing the result on an oscillograph, hoping in this way 
to reach optimum performance. With the 5992A, the 
operator simply enters essential data on the key
board, and the controller does the job automatically, 

The new system's automatic tuning capability illus
trates the point well. The analyst injects a calibration 
compound, loads theAutotune program, and pushes 
a button. The controller automatically adjusts all the 
parameters that control the ion source, mass filter, 
and detector-always determining the proper values 
to produce high-sensitivity spectra of consistent 
quality, day in and day out, no matter who is operat
ing the system. 

We'd like to tell you more. 
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New high-performance alphanumeric display increases realiability 
through reduced parts, circuitry, and connections. 

To get the kind of performance and reliability we 
demand in HP products that use LED (light
emitting diode) displays, we develop and man
ufacture them ourselves-along with other 
performance-critical semiconductor compo
nents. This new four-character LED alpha
numeric display is a case in pOint. Usually the 
larger the range of characters and symbols a 
display generates, the greater the number of 

. parts, circuits, and connections needed to oper
ate it. The new HDSP-2000 display actually re
verses this process, reducing system parts by a 

factor of 36 to 1 and the number of connections by 
an order of magnitude or better. It is available to 
help you simplify your display systems. 

Because a significant portion of the operating elec
tronics are incorporated in the display unit itself, the 
HDSP-2000 is considerably easier and less expensive 
to integrate into a system than other current alpha
numeric units. And because it requires only 12 pin 
connections, the display is easier to design into an 
instrument, easier to troubleshoot, quicker to assem
ble, and can often contribute to a reduction in the size 
of the instrument in which it is used. By comparison, 
existing alphanumeric displays require as many as 
35 additional circuit components, and a total of 176 
connections to do the same job. 

Each 5- by 7-dot character matrix is capable of 
generating upper and lower case letters, numerals, 
punctuation marks, and mathematical symbols. The 
3.8mm character height permits accurate viewing at 
up to 3 meters. 

HEWLETT i:fi PACKARD 

1504 Page Mill Road. Palo Alto. California 94304 

For assistance call: Washington (301) 948-6370. Chicago (3t2) 255-9800 

Atlanta (404) 434-4000. Los Angeles (213) 877-1282. 

The new display is directly compatible with most 
common integrated circuit logic families, such as 
TIL, and can stack end to end to any desired line 
length. It is physically and environmentally rugged
well suited to portable and mobile applications
and requires only 5 volts for operation. 

All together, this represents a new performance for 
alphanumeric displays. 

HDSP-2000 displays cost $47 * per four-character 
unit in quantities of 125, and are available from any 
HP franchised distributor. 

"� """, �,,:;.,�---::,c:,,, .. t 

�:���j�>{ =-'-� 

Above: a row of eight 4-character displays and the circuitry 
needed to drive them-state of the art previous to the HDSP-2000. 
Below: a similar row of eight HDSP-2000 displays. Because their 
shift registers and LED drivers are se�-contained, the associated 
circuitry for the equivalent function is greatly reduced and 
simplified. 

Mail to: Hewlett-Packard. 1504 Page Mill Road. Palo Alto. CA 9-\304. 

Please send me further information on 

( ) HP 5592 GCIMS system 
( 1 HDSP-2000 LED alphanumeric display 

Name ____________ ---

Company ______________ _ 

Address ______________ _ 

City _______ State __ Zip ___ _ 

*Domestic USA prices only. 00740 
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SO NY 
SENTS 

THE 
NEXT THING. 

\ SONY I 

Sony!> Betamax VIdeo
tape deck: It lets you 
see shows you would 
have missed. 

You're looking at Betamax, Pretty incredible, huh? Well, listen to some-

a revolutionary new product from Sony that thing else Betamax does that's equally incredible. 

plugs into any TV and enables you to see Let's say you have to go somewhere, or do 

programs you would have otherwise missed. something, at a time when there's something on 

We'll explain. TV you want to see. Well, Sony's Betamax is 

First off, let's take a situation where there equipped with a timer that can be set to auto-

are two shows on opposite each other and you'd mati cally videotaRe that Rrogram while you're 

like to watch both of them. Well, believe it or not, not there. Then, whenever you want, you just 

now you can. Because Sony's Betamax deck play back the tape-and again you see what 

can actually videotaRe something off one you would have missed. 

channel while you're watching another channel. Our one-hour tapes are reusable-

Then, when you're finished watching one show, just record over them and use them over 

all you do is push r!.!!!!!!!!!!�!!!!.!!!!!!!!!!!!!!!!!!!l and over again. 

some buttons and Imagine. W ith Sony's Betamax, you'll never 

you can play back. again miss a program you want to see. 

a tape of the show Ah, progress! 

that you would 

have missed. 

TV PLcture Slmu]elted 

Model SL-7200 Videotape Player/Recorder 

BET AMAX® 
"IT'S A SONY?' 

Betamax plugs into any 
TV, even ifit's not a Sony 
(though you'll be missing 
a lot ifit's not). 

© 1976 Sony Corporation of America 
SONY and Betamax are trademarks of Sony Corporation 
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THE COVER 

The design on the cover is a non periodic tiling discovered by the British math
ematician Roger Penrose (see "Mathematical Games," page 1 10). A periodic 
tiling is one in which a transparency of a tile pattern could be laid on top of the 
pattern and could be moved to an infinity of new positions (without rotation 
or reflection) and still fit the pattern. Typical periodic tilings are made by the 
hexagonal tiles of a bathroom floor and the squares of a checkerboard. Freer 
forms, such as those that appear in some of the repeating designs of the Dutch 
artist M. C. Escher, can also lend themselves to periodic tilings. Nonperiodic 
tilings also cover the plane with patterns that may have various kinds of sym
metry, but they lack a "fundamental region" that tiles by translation. Some 
non periodic tilings, such as the bilaterally symmetric one on the cover, have 
a unique center from which features such as the "spokes" radiate to infinity. 
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The Hungry Fly. ® 1 976, 
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Jerome Kuh1 

"Designing a 
nuclear fusion 
reactor is like 
planningto reach 
heaven." 

Imagine. Thermonuclear fusion, the 

energy source of the stars, an ultimate 
source of power that could last as long 
as the human race. 

Many of the scientific and some of the 
technological questions of a decade 
ago now appear obsolete, and we are 
forging ahead with new enthusiasm. 
But like reaching heaven, building a 
fusion reactor represents an 
unknowable goal. We do know that the 
technological difficulties far surpass 

original estimates. 

"The Prospect for Fusion" in 

December's Technology Review is a 
landmark article by David J. Rose , 
Professor of Nuclear Engineering at 
M.I.T., and Michael Feirtag of our 
Board of Editors. Use the coupon to 
begin your subscription with this 

significant article. 

Realistic. Insightful. Important. 

Technology Review 
...................... 

Please begin my subscription with the 

December issue for the term indicated 
below: 

Domestic Foreign 

o 1 year $15 o 1 year $23 

o 2 years $24 o 2years$38 

o Check enclosed o Bill me 

Name 

Address 

To Technology Review, Room E 19430, 

M.I.T., Cambridge, Mass. 02139 
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Authors ... 
LOOKING 
FORA 
PUBLISHER? 
Learn how to have 
your book published. 
You are invited to send for a free illus
trated guidebook which explains how 
your book can be published, promoted 

and marketed. 
Whether your 
subject is fic
tion, non-fiction 
or poetry, sci
entific, scholar
ly, specialized, 
(even contro
v er sial) this 
han dsome 52-
page brochure 
will show you 
how to arrange 
for prompt pub-
lication. 

Unpublished authors, especially, will 
find this booklet valuable and inform
ati ve. For your free copy, write to: 
VANTAGE·PRESS, Inc. Dept. F-53 
516 W. 34 St., New York, N.Y. 10001 

Sail a tall ship 
toasmaU 
island. 
Saba Carriacou. Nevis. Grenadines. 
BUgh's breadfruit isle. 
Stevenson's Treasure Island. 
They are all here in the Caribbean 
waiting to be disc overed again. 
Along with unforgettable beaches, 
forgotten forts, hushed volcanoes and . \� picturesque Uttle villages. 

, . Come with us on a 
'barefoot' adventure, 

6 or 14 days, from 8290. 
To remote islands. 

Aboard schooners 
once belonging 

toOnassis, 
Vanderbilt, 

"'" theDuke 
of West

minstcr: 

-;* Send my free full·color'Great Adventure' Booklet 
� Cap'n Mike, Windjammer' Barefoot' Cruises 
• P.O. Box 120. Dept. 187, Miami Beach, Florida 33139 
� 
'It Name � ----------------------------

" Ad dress _________________________ _ 

I I. 

City/State /Zip, _____________________ _ 
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LETTERS 
Sirs: 

In the September issue of Scientific 
American, devoted to food and agricul
ture, the lead article by Sterling Wort
man is somewhat distressing. It says that 
attention and money should be focused 
on on-farm processes and problems if 
we are to win the battle of hunger 
throughout the world. Indeed, he seems 
to go much further and say that atten
tion should be focused only on these 
problems if the battle is to be won. 

I have no quarrel with any of the in
formation presented so well by Dr. 
Wortman, particularly his identification 
of "two components to the solution of 
the food problem: increased production 
of food ... and widespread increases in 
family incomes, particularly among the 
poor." There is, however, a third com
ponent that he and many other agricul
turists persistently ignore. I always won
der why. He nicely describes three "non
solutions" to the problem: continued 
export of food from developed nations, 
Western-style agricultural technology 
and synthetic foods. He offers a number 
of "significant and hopeful develop
ments" that augur well for the two com
ponents he has identified, mentioning 
eight in all. These group conveniently 
under a smaller number of headings: a 

Scientific American, January. 1977; Vol. 236, No. 1. 
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 

potential for ralsmg on-farm yields, 
widespread increased understanding of 
the problem, the worldwide availability 
of chemical fertilizers and the existence 
of appropriate local and international 
institutions. 

The big catch arises from the combi
nation of (1) the absence in many places 
of means (systems) for the delivery of 
fertilizer and water and seed and exper
tise and other things in required quanti
ties and qualities at the required times 
from the place where they are available 
to the place where they are needed, (2) 
the absence in many regions of suitable 
means (systems) for the delivery of farm 
produce to people and (3) the inefficien
cies of both pre farm and postfarm sys
tems that make losses on both sides a 
major problem. These three statements 
are only simplified descriptions of a 
massive systems problem that lies out
side the farm. 

I agree that it is necessary and desir
able to achieve increased productivity 
on the farm and that it is necessary and 
desirable to increase farm-family in
comes. Neither, however, is likely to put 
significantly more food on the plate of 
significantly more people throughout 
much of the developing world unless 
some attention is given to problems aris
ing in the activities that come before the 
involvement of the farm and to those 
that come after the far.m has yielded its 
produce, namely to the total interlocked 
and interacting chain of activities that 
can properly be called the food prob
lem .... 

H. E. HOELSCHER 

Professor 
School of Engineering 
University of Pittsburgh 

Sirs: 
Professor Hoelscher'S points are good 

ones, particularly his observations 
about weaknesses of (1) delivery sys
tems for supplies and information and 
(2) marketing systems broadly defined 
to include transport, storage, processing 
and delivery of produce to consumers. 
In short, the shift from subsistence agri
culture to a highly productive agricul
ture requires that the entire system-be
fore and after the farm, as Professor 
Hoelscher puts it-must function. No 
farmer will or can increase yields unless 
four sets of requirements are met in 
their entirety, as I suggested in testimo
ny to committees of the House of Repre
sentatives in 1975 (available in "The 
World Food Situation: A New Initia
tive." Working Paper, The Rockefeller 
Foundation, 1133 Avenue of the Ameri
cas, New York, N.Y.): 

"Farmers, even those who are unedu
cated and have small landholdings, will 

© 1976 SCIENTIFIC AMERICAN, INC



Audition free for 10 days Karl Bohm's superb Deutsche Grammophon recording of 

SPECIAL BONUS: Mozart's Piano Concertos Nos. 12 and 26 

All 4 International A ward-Winning Records 
For Less Than The Price Of I! 

Your Introduction To The Unique Money-Saving Program That Offers Free Auditions Of 
Prize-Winning Recordings By The Leading Concert Artists Of Our T ime! 

Wolfgang Amadeus Mozart-music's greatest 
natural genius-divinely gifted beyond any other 
musician who ever lived! And into his six great
est symphonies he poured a multitude of his 
most astonishingly beautiful, incredibly moving 
inspirations! 

Symphony No. 41, "Jupiter" 

Symphony No. 40 in G-minor 

Symphony No. 39 in E-f1at 
Symphony No. 38, "Prague" 
Symphony No. 36, "linz" 
Symphony No. 35, "Haffner" 
Extra! Symphony No. 32 

Now you are invited to hear these miraculous 
works in their finest recording ... interpreted with 
extraordinary empathy by Karl B6hm ... played 
to perfection by the Berlin Philharmonic Orches
tra ... captured in unsurpassed stereo realism by 
Deutsche Grammophon. So outstanding is this 
recording that it has won three of the music 
world's most eagerly sought honors: the Grand 
Prix International du Disque, Edison Award and 
Deutsche schallplatten Prize' In addition, you 
will also receive Mozart's Piano Concertos Nos. 
12 and 26, "Coronation," superbly performed by 
soloist Geza Anda with the Salzburg Camerata 
Academica - winner of the coveted Grand Prix 
des Discophiles. 

Now enjoy and keep these 4 superb albums for 
less than the price you'd pay for I! 

Because these magnificent recordings have met 

with almost unprecedented acclaim, they have 
been chosen to introduce you to The Great 
Awards Collection, a totally new concept in home 
listening. You may enjoy all eight masterpieces, 
on four superb-quality, imported records, for 10 
days absolutely free. Then keep all four, if you 
wish, for only $6.98 (that's less than the price 

you'd pay for just one record)! Simply mail the 
coupon at right today. 

Here's how the program works ... 

As a member of The Great Awards Collection 
you will receive only the finest recordings of 

prize-winning concert performances by ·preemi
nent orchestras, conductors and soloists. There is 
no minimum number of recordings you must buy. 
And you can cancel your membership at any time. 
What's more, every superb recording you choose 

to examine comes to you on a free 10-day trial 
basis. So you'll never waste a penny on disap
pointing purchases! 

Approximately 14 times a year you will receive 
the current issue of our Great Awards Collection 
Bulletin highlighting an exceptional Selection of 
the Month and other brilliant classical releases 
recommended by a distinguished jury of musi
cians, scholars and musicologists. If you want to 
examine the Selection of the Month you need do 
nothing. It will be shipped to you automatically. 
If you want any other selection, just mark your 
choices on the order card you will receive and re
turn it by the date specified. If you do not want 
any selection, just check the proper box on your 
order card and return it by the date specified. It's 
that simple! 

Special half-price bonus offer saves you money! 

In addition to great music, you'll enjoy great sav
ings with our half-price bonus plan. For every 
record you buy at our low members' price (always 
well below suggested retail), you may choose an-

other one from a list of award-winners and other 
critically-acclaimed LPs and pay just half that 
price! A truly economical way to build your li
br ary of superb classical recordings. 

How many records are you committing your
self to buy when you return the attached coupon? 
None at all! Even your introductory set of 
Mozart's Six Createst Symphonies and Piano 

Concerios 12 and 26 comes to you on approval. 

Audition it free for ten days, then either return 
it - or keep it for only $6.98 for all four records 
(plus a small postage/handling charge). 

Here at last is the ideal way to acquire a con
noisseur's record library in easy stages. You listen 
at home to every award-winning selection you 
elect' to examine before deciding whether to buy 
it! Please act today! Begin your money-saving, 
no-obligation membership in The Great Awards 
Collection by mailing the coupon for your free 
trial, with four- for' less - than- the - price- of - one 
purchase option of this essential collection of Mo
zart's Six Greatest Symphonies and exquisite 
Piano Concertos Nos. ] 2 and 26. 

Eight ways The Great Awards Collection helps 
you enjoy fine music more than ever! 

1. The greatest music by the world's immortal 
composers. 

2. A major, award-winning recording yours to 
audition each month. 

3. Superior imported LPs - silent surfaces. 

4. Free ten-day trials of all selections. 

5. All selections always far less than retail price. 

6. Extra savings with Half-Price Bonus Plan. 

7. No obligation to buy - no minimum purchase. 

8. Money-saving introductory offer. 

r------------send no money now-Mail coupon TODAY! -------------

Listen for 10 days free. Keep all 4 for less than the price of I! 
The Creat Awards Collection. 175 Community Drive. Creat Neck, N. Y. 11025 
Please send me. for my free audition, the triple+aw.ud+winning recording of Mozart's Six Greatest Symphonies by 
Karl Bohm, together with Ceza Andd's aW.Hd-winnin� performdnce of Mozdft's Piano Concertos Nos. 12 and 26. I may 
return the set after 10 ddys and owe nothing, or keep it and PdY only $6.98" for dll four Oe�tsche Grammophon records, 
plus a smdll postage/handling charge. This is all four records for less than the regular price of one! 

Each month I will also be notified of major award-winning rI'lordings available to Great Award Colle(Uon members free for 10 days. 

For every one of these re(ords I buy at your members' price (dlways below suggested retail), I may also choose one record 
at half that price from your special list. I dm not obligated to buy any minimum number of records. I nuy cancel my 
membership at any time. 

NAM[ 
(pL�d� prInt) 

ADORESS ArT NO 

CITY STATE z,p 
Offer limiled 10 Ihe 48 (Onnl'Cli�g slain. ?Her e�pirnh/.1IIn7. Limit: one mem�r5hip per h�usehoJd. Only new mem�rs eligible. ? 9 203 
NOTE: All appJinlions are subled 10 reVIew, and WI' reserve Ihe right 10 relKI any applinllon. ·Sales tax added for New York resldents. 
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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 
of the basic properties of the universe of galaxies in 
which we find ourselves. $15.95 
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 

36395. BLACK HOLES, QUASARS AND THE 
UNIVERSE. Henry L. Shipman. Black holes, quasars, 
white dwarfs, neutron stars, supernovae, Seyfert 
Galaxies - explores the frontiers of astronomy. $12.95 

39865. COMPUTER DATE-BASE ORGANIZA· 
T10N. James Martin. How you can use the latest design 
and imflementation techniques to improve your data 
system s real-time accessibility and improve flexibility 
- and do it at the lowest possible cost. Counts as 2 of 
your 3 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 Iron 
Age settlements that have been established today. $7.95 
55190. THE INCREDIBLE DR. MATRIX. Marlin 
Gardner. The delightful incredibly brilliant Dr. Matrix 
returns with more amazing feats and adventures in 
number theory, sleight of word, numerological an�lysis 
and puzzles. $11 .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 

© 1976 SCIENTIFIC AMERICAN, INC



34140. APPLIED ANALYTICAL MATHEMATICS 
FOR PHYSICAL SCIENTISTS. James T. Cushing. 
Deals with topics ran�ing from spectral analysis of linear 
operations to camp ex variables, to group �;9��S 
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 tenns. $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 modern as
tronomical thoughl. $16.50 
81780. SYMMETRY DISCOVERED. Joe Rosen. 
Fascina

.
ting look into one of the most beautiful and 

practical of the sciences. $11.95 

44900. THE ENCYCLOPEDIA OF COMPUTER 
SCIENCE. Edited br 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 microprosramming. Bibliographies. 
cross references. complete mdex ing 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 and Telescope. $10.00 
73240. OUASARS. PULSARS. AND BLACK 
HOLES. "Frederic Golden. 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. Mehak. "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 Monthly. 

$16.50 

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! 

3 2300. ADVENT URES OF A MATHE MATICIAN. 
S.M. Ulam. First-hand account of the birth and child
hood of the Atomic Age. $14.95 
81150. SUBATOMIC PHYSICS. Hans Frauenfelder 
and Ernest M. Henley. Covers everything from how 
accelerators and detectors work to the structure of sub
atomic panicles. $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. Counts as 2 of 
your 3 books. $35.011 
82660. TECHNOLOGY MATHEMATICS HAND
BOOK. Jan J. Tuma. Instant access to concise sum· 
maries of all major definitions, fonnulas, graphs, tables 
of elementary and intermediate mathematics - from 
algebra to detenninants and vectors and much, much 
more. $15.95 
73165. QUANTUM ELECTRONICS. Amnon 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-Ponty 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$t6�

O 

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. Alan H. Cook. Brilliant investigation. by 
one of the world's leading authorities on physical 
meteorology. Counts as 2 of your 3 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 Neyman. 25 highly readable essays on the 
quasi-Copernican revolutions that have occurred in the 
past five centuries. Counts as 2 of your 3 books. $30.00 
66570. AN OUTLINE OF STRUCT URAL GEOL
OGY. BruceE. Hobbs. WinthropD. Meallsalld Paul F. 
Williams. Up-to-date account of every aspect of struc
tural geology - from the nature of stress and strain to the 
latest infonnation on plate tectonics. $16.95 

56590. INTRODUCTORY GROUP THEORY AND 
ITS APPLICATION TO MOLECULAR STRUC
TURE. John 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. Ian Roxburgh. 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 information and an application. 
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"Tbe Best Mystery 
Witb Eaelt Clue 
Unfoldin�f' 

"I await each of your issues with added enthu· 
siasm. It is like reading the best mystery with 
each clue unfolding." 

ShirJeyWoldar. Manhasset. NewVork 

"Tnank you for making BAR so interesting that 
even a professional archaeologist can enjoy it" 

Prof. Emanuel Levine. Rider College 

"Your magazine is marvelous. As a church librar· 
Ian. I can certainly recommend it" 

Mrs. Fran ROUle. Tahlequah. Oklahoma 

"If it were possible, I think I could do nothing but 
read from your magazine for the rest of my life." 

Blaine Huebner. Sheboygan, Wisconsin 

______ ;.:� f� ��g�a.ll: �r�t:n_t� � ��:r�t�o�._ 
Enclosed is my check for $8.50 for a l·year's sub· 
scription. Full refund if I'm not delighted with your 
magazine. 

Name 

Address 

__________ .Zip ___ _ 

Send to: The Biblical Archaeology Review 
t 819 H St. N.W. Wash. D.C. 20006 AS 

�-------------------------� 

Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-scnool-park-club-churches-Iaboratory 

Unique instructional games designed by uni
versity professors to make learning fun 
through brain-ta-brain action. Beginning games 
can be mastered byyaung children--- final games 
will challenge intelligent adults. These are 
the famous GAMES FOR THINKERS from 
WFF 'N PROOF Publishers. 

WFF 'N PROOF (logic) 
QUERIES 'N THEORIES (science) 
EQUATIONS (mathematics) 
ON-SETS (set theory) 
PROPAGANDA (social studies) 
ON-WORDS (word structures) 
CONFIGURATIONS (geometry) 
TRI-NIM (problem solving) 
REAL NUMBERS (arithmetic) 
WFF (beginner's logic) 
QWIK-SANE (puzzle) 
TAC-TICKLE (pure strategy) 
Teachers Manual 
TH INKERS Bookends 
12-Kit THINK TANK & Teachers Manual 

13.00' 
13.00' 
10.00' 
10.00' 
11.00' 
10.00' 

6.7S' 
S.7S' 
2.2S' 
2.2S' 
2.2S' 
1.7S' 
1.2S' 

16.00' 

With THINKERS Bookends (save $1 0.7S) 94.S0' 
Without Bookends (save $4.7S) 84.S0' 

·poSfoge & handling included 
Order from: WFF 'N PROOF 

1490·EF. South Boulevard. Ann Arbor. Mi. 48104 
Phone Free 800·528·6050 Ext. 702 

GIfts that are a COMPLIMENT to receIve! 

r------------, 
I A useful. guide for !he I 
I comml�Slon-conSCIOUS I 
I Investor. I 
I 

This free, pocket-sized book enables you to quickly figure and 
compare practically any broker's stock and option commissions. I Its 90 pages of tables display the old fixed commission� and 

I commissions at a wide range of dis- I counts from it, in cents-per-share and 

I 
dollars-per-contract rates for almost any 

I whole-priced trade. 

I 
Get this book simply by mailing this ad 

I or asking for one at 800-221-5338 toll-
free or in N.Y. State at 212-269-9127 

I collect. 

I From the people who started com mis-

I 
sion discounts rolling for the individual 

I investor. 
'Base Commissions. Pre-May I, 1975 NYSE and CBOE-

I fixed commissions. 

I 
I Name I 
I 

Address 

CitY ____________ State Zip I 
I �:� Source Securities Corporation I 
I AUG 70 Pine Street, New York, N.Y. 10005 SeA 1177 I ..... _ --- - - - ----_ .... 
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adopt new systems provided that four 
conditions are met: 

"1. There must be available to them 
more highly productive and more highly 
profitable farming systems. These sys
tems must be complete. For crops. this 
means suitable varieties. plus fertilizer
use practices. plus means of disease and 
insect control. plus associated cropping 
practices. Development of such systems 
involves sophisticated work which prop
erly trained scientists can do. but which 
is beyond the capabilities of the usually 
poorly trained 'extension specialist.' 

"2. The necessary inputs-fertilizers. 
seed. pesticides. and credit-must be 
available to the farmer when and where 
he needs them. and at a reasonable 
price. Systems for distribution of these 
products in the rural areas must be in 
place. and must function. 

"3. The farmer must be shown. usual
ly on his own land or that of a neighbor. 
how to utilize effectively the new tech
nological system. 

"4. The farmer must know before he 
invests in new plantings or other opera
tions that there will be at harvest a mar
ket for his product at a price upon which 
he can depend. for the small farmer can
not take great risks. A 'market' requires 
roads. transport. effective demand for 
products. favorable prices .... 

"Well-organized campaigns are need
ed now to force the pace of agricultural 
development. moving it at a speed with 
which few nations have had experience. 
There must be fast-moving scientific ef
forts to develop the technology includ
ing the identification of the complete 
new systems for use at the farm level. 
Provisions must be made for the supply 
of the inputs and for marketing. Road 
networks need to be extended. both for 
supply of inputs and for marketing of 
produce. Power grids must be elaborat
ed. means of using the media must be 
devised. systems of providing credit to 
small farmers. requiring additional in
novation. must be set up-in short. the 
full range of institutions required for a 
market-oriented agriculture must func
tion. Great numbers of people will need 
to be trained, mostly on the job. as they 
participate in direct efforts to develop 
agriculture and rural areas." 

In concurring with Professor Hoel
scher. I do not wish to imply that on
farm improvements are any less im
portant than indicated in my article in 
the September issue of Scientific Ameri
can. In agrarian countries on-farm gains 
in productivity coupled with increased 
incomes are prerequisites to rural and 
general economic development. 

STERLING WORTMAN 

Vice-President 
The Rockefeller Foundation 
New York 
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Drink deeply from the wellspring of history ... 

Choose Any Set For A Dollar A Volume 
A rare opport unity to, enrich your library with one oj these enduring works, 

at aJraction oj its usual cost. Sa vings up to $112, with trial mernbership. 

Allan Nevins' 

THE ORDEAL OF THE UNION 
8 Volumes, Publisher's Price S120.001 Yours For Only $8 

The masterwork of this great historian. Monumental account of our national 
history, 1847 to 1865. Told with a sweep and passion that is almost Toistoian. 
"l% are rwllikly to see more history 0/ this character and scope/or some lime to'DIM.

-N.Y. Times, National Book Award. 

Dumas Malone's Pulitzer Prize-Winning 

2 Volumes 
Publisher's 

Price S35.OO1 
Yours For 
Only $2 

Samuel El.iot Morison's 

Fernand Braudel's 

THE MEDITE RRANEAN: 
And the Mediterranean World 

in the Age of Philip n 
2 Volumes, Publisher's Price S35.001 Yours For Only $2 

A landmark social history, these two volumes are classics on the 
16th century Mediterranean world. "Probably the most significam 

historical work to appear since World War II!' -N. Yo Time, 

Shelby Foote's 
JEFFERSON AND HIS TIME 

5 Vols. Pub. Price S72.501 Yours For Only $5 
From his Virginia youth through his troubled second term as 
president. Biography surpassing anything you've ever read on 

Jefferson and his world. 1975 Pulitzer Prize. 

THE EUROPEAN DISCOVERY 
OF AMERlCA 

THE CIVIL WAR: A Narrative 
By a historian who is also a gifted novelist-the opening shot at 

Fon Sumter through the surrender at Appomattox. 

The story of history, and the men who 
made it, makes for reading that is both lively 
and valuable. 

And the best of written history is the 
province of The History Book Club. 

Now in its 30th year, the Club provides 
its members with the finest new books of 
history and world affairs -always at sub
stantial savings. If you've never tried us , 
you've missed some great reading and 
unusual buys. But none like this: 

For a mere dollar a volume , we'll send you 
any one of the magnificent sets pictured
with your first selection at the reduced 
member's price (any book listed at right). 

If you're less than delighted, return all the 
books (we'll pay postage) and that's that. Or 
keep them and take just four more selections 
during the coming year from the 150-200 
offered each month. 

They're easy to take at 53, 54, 55 (and 
more) off bookstore prices. No stinting on 
physical quality either; all our books are the 
equal of the publishers' editions. And this 
Club has a Bonus Plan that lets you pick any 
book we offer, not just certain ones. Use the 
coupon to join today. 

The crowning achievement of one of America's foremost 
historians. A brilliant narrative account of the Atlantic voyages, 
from 500 A.D., through 1616. Over 450 illustrations, 70 maps. 

"A remarkable achievement, prodigiously researched, vigorous, 
detailed, absorbing?-N.Y. Times 

PICK ONE OF THESE SELECTIONS 
AT THE REDUCED CLUB PRICE: 

-(First price is publisher's list. 
Boldface shows member's price.) 

138.7 Who Shaped Our Destiny: 1be 
Founding Fathers as Revoluti onaries 
By Richard B. Morris. $10.00/$7.50 

464. 1be l\velve Ca esars  
ByMlcha,1 Grant. From Julius in 49 B.C. 
through Domitian in 96 A.D. $12.501$8.75 

104. 1be Indian Heritage of A merica 
ByAlvin M. Josephy, Jr. $10.001$7.50 

671. Medieval History 
By Norman F. Cantor. $11.501$ 8.50 

116. A History of the Vikings 
By Gwyn Jones. $12.501$8.50 

247. A History of A merican Law 
By Lawr,nc, M. Frredman. $15.95/$9.75 

457. A True Historyofthe A ssassination of A braham Lincoln 
By Louis Welchmann. $15.001$9.95 

139. Disease and History 
By Frederick F. Cartwright. $9.951$7.50 

655. R oosevelt and Churchill 
1 939-1941: 1be Partnership 'IlIat 
Saved the West 
ByJos,ph P. Lash. $12.951$8.95 

625. 1be Black Fa mily In Slavery & 
F reedom, 1750-1 925 
By Herbert G. Gut man. $15.951$10.75 

WH77A 

r THE mSTORY BOOKCU:;;:S;;';':;d, c;';;'-OOoo..-' 
Please enroll me as a trial member and send me 

the introductory books whose numbers I'm entering 
below. Bill my set at SI a volume and my first selec
tion at the reduced Club price (plus modest ship
ping charges). r-I r-I 

Set II L--J Selection II L--J 
I may return all the books within three weeks at 

your expense and owe nothing. Or I will take four 
more selections within a year {not countin$ my introductory selections} -at reduced Club prtces plus 
shipping. Thereafter, I may resign at any time. 

SA-09W 
Print Name ________________ _ 
Address. __________________ _ 

City _________ "'State' ____ LZip ___ _ 
� Mail to the History Book Oub, 160nrlea Blvd., Toronto M4H 1A6, Ont. 

A note on how the Club works: Every four weeks, you re
ceive our Review and a dated reply card. If you want the 
Editors' Choice, do nothing: the book will come auto
matically. To order a different book or no book, return 
the card by the specified date. You will have at least 10 
days to decide - but if you get an unwanted book because 

Lof l�=�������� ______ j 
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50 AND 100 

YEARS AGO 

� �S(lliNmcAMlERncAN � 
JANUARY. 1927: "The Raymond 

Orteig prize of $25.000 for the first non
stop flight between New York and Paris 
still remains to be won. Many individu
als and organizations are considering 
ways and means of achievement. R. C. 
Wood describes in U.S. Air Services a 
long-distance record flight of 2.920 
miles made in a standard type Breguet 
plane by Captain Girier and Lieutenant 
Dordilly of the French Air Service. 
Leaving Paris early on a Wednesday 
morning. the aviators arrived over Co
logne in two hours. flew over Berlin and 
Dantzig and then across the plains of 
Russia. They landed in Omsk in Siberia 
after only 29 hours of flight." 

"Control of sources of rubber by the 
British government has led to much dis
cussion of the possibilities of produc
ing synthetic rubber from sources other 
than the sap of Hevea brasiliensis. Dur
ing this past summer Prof. Roger Ad
ams of the University of Illinois made 
the following statement about the theo
retical possibilities of synthesis: 'Rubber 
has been made synthetically and the 
types of raw material necessary are well 
known. But the serious problem is to 
find a source of this raw material which 
is cheap enough to make possible com
petition of synthetic rubber with the 
natural. Petroleum offers a possibili
ty. When the high-boiling petroleum is 
cracked in order to obtain low-boiling 
fractions which can be used as gasoline 
in internal-combustion engines, there 
are contained in these low fractions bu
tadiene and its derivatives, the type of 
compounds which have been shown to 
be convertible into synthetic rubber. It 
remains for the scientists to find out how 
the yield of these butadienes may be in
creased and how they may be economi
cally removed from the other closely 
related products which accompany 
them.' '' 

"The class of aluminum alloys known 
collectively as 'duralumin' came into 
prominence in America about five years 
ago. It is a metal combining the lightness 
of aluminum with the strength of mild 
steel. and having great freedom from 
deterioration through rust and corro
sion. Duralumin is an especially suitable 
metal for aircraft construction. and its 
development in this country was largely 
due to the efforts of the Navy Depart-

14 

ment in connection with the building of 
the great airship Shenandoah. The use of 
duralumin has since been greatly ex
tended, and it is likely to come into in
creasing favor wherever lightness com
bined with strength and durability is 
required. Duralumin is an alloy contain
ing about 3.5 to 4.5 per cent copper, 0.2 
to 0.75 per cent magnesium, 0.4 to 1.0 
per cent manganese and not less than 92 
per cent aluminum. When it is not heat
treated, its physical properties differ but 
little from those of ordinary aluminum. 
Its great merit lies in the fact that it is 
susceptible to heat treatment, by which 
its strength, ductility and resistance to 
corrosion may be greatly increased." 

"With the recent death of Harry Hou
dini there passed out the most famous 
'magician' of his time, and as some 
would have it, of all time. Over and 
above the reputation due to his amazing 
cleverness there was an air of honesty 
and sincere purpose about the man that 
added greatly to his popularity. So ver
satile was he that he covered both the 
field of what we might call table magic, 
which required not much apparatus but 
a marvelous dexterity of hand, and that 
which won him his greatest reputation. 
where he performed his feats with the 
aid of special paraphernalia. It was 
probably owing to his inborn character 
that he seemed to find more satisfaction 
in his successful exposure of imposture 
and fraud than in those brilliant feats of 
legerdemain and escape from handcuffs. 
prison cells and metal caskets. It was 
this fact that led to his inclusion on the 
committee of SCIENTIFIC AMERICAN for 
the investigation of so-called spiritualis
tic phenomena, in whose investigations 
and conclusions he rendered valuable 
assistance. " 

JANUARY, 1877: "Dr. Huggins has 
made an important advance by his suc
cessful application of photography to 
the spectra of stars, of which he gives an 
account in a communication to the Roy
al Society. Although he has up to the 
present confined his attention to the 
bright star Vega, which has a well
marked spectrum and is therefore espe
cially adapted to the purpose. there can 
be little question that he will before long 
obtain good photographs of the spectra 
of other bright stars, which will add 
greatly to our knowledge of their consti
tution by enabling us to examine the in
visible part of their spectra in the ultra
violet. besides giving means for more 
accurate determination of the position 
of lines than is ordinarily possible. 
There is one great advantage photogra
phy has over the human eye, namely the 

length of time during which the effect 
produced by the luminous body accu
mulates, a circumstance that makes up 
for the inferior sensitiveness of the pho
tographic film, and it is by taking advan
tage of this and giving an exposure of 
several hours that Dr. Huggins has ob
tained such good results." 

"A despatch from M. Tellier to the 
French Academy of SCiences announces 
the arrival of the refrigerator ship Fri
gorific at Pernambuco, Brazil, after a 
voyage of 70 days from France. The 
meat transported and kept cool by cold 
air generated by the Tellier ice machine 
(which works on the principle of evapo
rating methylated spirit) was perfectly 
preserved. It is proposed to load the ves
sel with meat at La Plata. Argentina, 
and if the return voyage is successfully 
accomplished, to establish the regular 
exportation of South American beef to 
French markets." 

"The President's message. which last 
year contained about 7,100 words, was 
transmitted by the Western Union Tele
graph Company from Washington to 
New York, dropping copies at Balti
more and Philadelphia in twenty-eight 
minutes, without a stop or an error. Ten 
wires were used. In less than two hours 
from the time it was filed at Washington 
the message in full was in the hands of 
the press in every important town in the 
country, without any disarrangement to 
the business of the company." 

"In these times it has become fashion
able to talk of modern degeneracy and 
to look back regretfully to the 'good 
old times.' It is therefore pleasant, for 
a change, to hear such sentiments as 
are embodied in the following extract 
from the annual message of Governor 
Hartranft of Pennsylvania: 'A hundred 
years have brought a wonderful change. 
The population has increased tenfold, 
the area under cultivation a hundred
fold and wealth almost beyond compar
ison. Thousands of miles of canals and 
railroads intersect the Commonwealth. 
Immense mining. manufacturing, agri
cultural and carrying enterprizes give 
employment to the toiling millions of 
the State. All the products of the earth 
are within our reach; fuel and provisions 
are brought to our doors; gas and water 
are in our houses, and the news of the 
world of yesterday is laid on our break
fast tables in the morning. Thousands of 
schools and colleges are scattered over 
the State, and the post is burdened daily 
with millions of letters. attesting the 
general diffusion of knowledge. The 
people are more intelligent, freer and 
happier; more cheerful. tolerant and lib
eral. The charges of modern degeneracy 
are refuted by the clear testimony of a 
hundred years.' " 
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Behind the buttons, 
theres a"brain:' 

Electronic intelligence has come 
to the phone system. 

It's part of our new electronic 
switching machines, working round
the-clock to give you better phone 
service. 

And it's another innovation in 
telecommunications from Bell Labs 
and Western Electric. 

Intelligent Systems. 

Conventional electromechanical 
switching couldn't have kept up with 
the enormous increase in telephone 
calling. Only electronic switching can 
do that. So we've developed a family 
of electronic machines that are 
handling calls in rural, suburban and 
metropolitan areas. 

And our new long-distance 
electronic system handles 550,000 
calls an hour-four times as many 
as before. 

So your Bell telephone company 
can continue to respond to your needs 
better and, at the same time, keep 
your costs reasonable. 

Since electronic switching mach
ines run on instructions that can be 
easily changed, their operations and 
services can be changed without 

rewiring or adding equipment. 
This flexibility makes many new 

services practical. Like having your 
calls forwarded to another number or 
being signalled the instant a busy 
line becomes free. The instructions 
are just programmed into the 
system's memory. 

Electronic switching systems 
can do more because they're much 
faster than electromechanical sys
tems. So even though they're handling 
many more calls, electronic systems 
have time left over for other tasks. 

They continuously check them
selves for trouble, diagnose any they 
find, signal for help, and route calls 
around a trouble spot. 

But trouble is rare with electronic 
switching. 

Today's systems are working 
round-the·clock with less than 
12 minutes "downtime" a year on the 
average. That makes them 99.9998% 
reliable. 

efforts to keep your phone bill down. 
It required an enormous invest

ment in research and development. 
Building it took even more work 

and money. 
But now there are 1000 elec

tronic switching offices serving 
communities of every size as well as 
handling long distance calls. And a 
new office is being inst;llled about 
every working day. 

The System Works. 

It took the Bell System to develop 
electronic switching. 

Because only the Bell System 
has Bell Laboratories and Western 
Electric working together to make 
your telephone system the most 
reliable and least expensive in the 
world. 

Which is to say, we had the brawn 
to put a "brain" behind your phone. 

One of a series of messages to 
Our Biggest Job Ever. keep you informed of how telecom

munications technology is changing 
The development of electronic our world - and the part Bell Labs, 

switching was the biggest project Western Electric and your 
evee unde<taken by Ben Lab, @ BeU TelepM", Company a" 
and Western Electric in our Playing in it. 

Western Electric/Bell Laboratories 
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THE AUTHORS 
CHRISTOPHER TIETZE and SAR

AH LEWIT ("Legal Abortion"), hus
band and wife, have separately and 
jointly written more than 200 articles, 
mostly in the field of human fertility and 
its regulation. Tietze, a native of Austria 
with an M.D. from the University of 
Vienna, came to the U.S. in 1938. He 
has worked for the Johns Hopkins Uni
versity School of Hygiene and Pub
lic Health, the Department of State and 
the National Committee on Maternal 
Health; he is currently senior fellow at 
the Population Council's Institute of 
Policy Research. Lewit, a graduate of 
Brooklyn College, was employed by 
the National Vital Statistics Center and 
the National Committee on Maternal 
Health until 1971, when she joined the 
Population Council as a research asso
ciate. Since 1973 she has worked as a 
free-lance writer. Tietze and Lewit were 
corecipients of the Margaret Sanger 
Award in 1973. 

GLOVER B. TRIPLETT, JR., and 
DAVID M. VAN DOREN, JR. ("Agri
culture without Tillage"), are agrono
mists at the Ohio Agricultural Research 
and Development Center. Their associ
ation goes back to the late 1950's, when 
they were graduate students at Michi
gan State University. Triplett, who had 
obtained a B.S. and an M.S. at Missis
sippi State University, went on to ac
quire his Ph.D. in farm crops from 
Michigan State in 1959, a year after Van 
Doren, who had done his undergraduate 
work at the University of Illinois, re
ceived his Ph.D. in soil science. Both 
joined the Ohio agricultural center soon 
after graduation, and they have worked 
there together ever since. Their research 
on no-tillage systems utilizes their com
plementary skills: Triplett, a specialist 
in crop management, has worked on 
weed control; Van Doren, a soil physi
cist, has studied the influence of soil 
characteristics on plant performance. 

S. W. HAWKING ("The Quantum 
Mechanics of Black Holes") is a theoret
ical physicist at the University of Cam
bridge. He was born in Oxford in 1942 
and was graduated from the University 
of Oxford in 1962. He did his graduate 
work at Cambridge on general relativi
ty, working under the direction of D. W. 
Sciama. He is currently a fellow of Gon
ville and Caius College at Cambridge 
and reader in gravitational physics in 
the university's department of applied 
mathematics and theoretical physics. In 
1974-1975 he was Sherman Fairchild 
Distinguished Scholar at the California 
Institute of Technology. A Fellow of the 
Royal Society, he has received a number 
of honors in the past two years, includ
ing the Eddington Medal of the Royal 
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Astronomical Society and the Dannie 
Heineman Prize for Mathematical 
Physics of the American Physical Socie
ty and the American Institute of Phys
ics. Since 1962, when he began his grad
uate work at Cambridge, Hawking has 
suffered from a progressive nervous dis
ease that has confined him to a wheel
chair for the past seven years. "Fortu
nately," he writes, "theoretical physics is 
one of the few fields in which this is not a 
serious handicap." 

J. DONALD CAPRA and ALLEN 
B. EDMUNDSON ("The Antibody 
Combining Site") are immunologists at 
two medical institutions in the South
west. Capra, who is professor of mi
crobiology at the University of Texas 
Health Science Center in Dallas, has an 
M.D. from the University of Vermont. 
He did research at the National Insti
tutes of Health, Rockefeller University 
and the Mount Sinai School of Medicine 
in New York before he moved to Texas 
in 1974. Edmundson, who is professor 
of biochemistry at the University of 
Utah Medical Center in Salt Lake City, 
received his Ph.D. in biochemistry from 
Rockefeller University in 1961. Before 
he took up his present job he worked as 
a U.S. Public Health Service Fellow in 
the molecular biology unit of the British 
Medical Research Council and as a bio
chemist at the Argonne National Labo
ratory. 

ROBERT SEKULER and EUGENE 
LEVINSON ("The Perception of Mov
ing Targets") are at Northwestern Uni
versity, where Sekuler is professor and 
chairman of the department of psychol
ogy and Levinson is a postdoctoral fel
low and visiting scholar in the univer
sity's Biomedical Engineering Center. 
Sekuler is a graduate of Brandeis Univer
sity and holds a Ph.D. from Brown Uni
versity. He joined the faculty at North
western in 1965, after having spent a 
postdoctoral year at the Massachusetts 
Institute of Technology. He describes 
himself as a "fanatical sailor" who is 
"also active in the Greater Chicago 
branch of the American Begonia Socie
ty." His collaboration with Levinson on 
a number of projects in visual percep
tion began in 1971, when Levinson took 
an undergraduate course on perception 
taught by Sekuler. Levinson went on to 
do graduate work at Dalhousie Univer
sity, returning to earn his Ph.D. from 
Northwestern in 1976. His current re
search interests are in the area of retinal 
physiology and pharmacology. 

ERNEST RABINOWICZ ("Exoelec
trons") is professor of mechanical engi
neering at the Massachusetts Institute of 
Technology. His degrees are from the 

University of Cambridge: a B.A. in 
physics in 1947 and a Ph.D. in physical 
chemistry in 1950. He has been at 
M.LT. since 1950, except for a semester 
as visiting professor at the Technion in 
Haifa in 1969. An expert in the fields of 
friction and wear, he writes: "Hardly a 
technical event occurs in the world, be it 
a new space probe, a new nuclear reac
tor, a new computing system or a new 
engine, without a new friction or wear 
problem being created, and every once 
in a while I get the opportunity to con
tribute to a solution. The students in 
my mechanics courses are divided on 
whether I teach them much mechanics 
or whether they have to read the text
book to learn the material themselves, 
but they agree that I tell the best stories 
about my past consulting experiences." 

WILLIAM K. HARTMANN ("Cra
tering in the Solar System") works in 
Tucson as senior scientist for the Plane
tary Science Institute, a division of Sci
ence Applications, Inc. He studied phys
ics as an undergraduate at Pennsylvania 
State University, then went on to obtain 
an M.S. in geology and a Ph.D. in as
tronomy from the University of Arizo
na. He has investigated a variety of 
problems related to the origin of plane
tary systems and the evolution of plane
tary surfaces. He is the author of Moons 
and Planets, an introductory textbook 
on planetary science, and is in the proc
ess of preparing a new textbook on gen
eral astronomy. This is his second arti
cle for SCIENTIFIC AMERICAN; his first, 
"The Smaller Bodies of the Solar Sys
tem," appeared in the September 1975 
issue titled "The Solar System." 

SHEMARYAHU TALMON ("The 
Samaritans") is professor of Bible stud
ies at the Hebrew University of Jerusa
lem, where he also serves as dean of the 
humanities faculty. A native of Germa
ny, he emigrated to Israel in 1939. He 
obtained his master's degree in 1945 and 
his Ph.D. in 1958, both from the He
brew University. He taught there for a 
number of years before he became head 
of Haifa University College in 1968. In 
recent years he has spent much of his 
time lecturing in Europe and the U.S. 
He was a visiting professor at Harvard 
University in the academic year 1970-
1971 and at Brandeis University in 
1971-1972. "Since my return from the 
U.S. in 1972," he reports, "I have lec
tured at several universities in Europe, 
particularly in Germany, Switzerland 
and England. Early this year I was 
awarded the Romano Guardini medal 
and prize by the Catholic Academy of 
Bavaria. As chairman of the Israel Inter
faith Committee, I represent this com
mittee on the International Jewish Com
mittee for Interreligious Consultations, 
and I have become very actively in
volved in the Christian-Jewish dialogue 
on various levels." 
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Introducing Accutrac. 
The only turntable in the world 

that lets you tell an LPwhich selections 
want to hear, the order you want to hear 

in, even how many times you want to 
hear each one. 

Sounds like something out of the 21st 
century, doesn't it? \\ell, as a result of 
Accutrac's electro-optics, computer program

ming and direct drive capabilities, you 
can have it today. 

Just imagine you want to 
hear cuts 5, 3 and 7 in that order. 

Maybe you even want to hear cut 
3 twice, because it's an old favorite . 

Simply press buttons 5, 3, 3 again, 
then 7. Accutrac's unique infra-red 

beam, located in the tonearm head, scans 
the record surface. Over the recorded 

portion the beam scatters but over'the s mooth 
surface between selections the infra-red light 
is refl ected back to the tonearm, directing it 
to follow your instructions. 

What's more, it can do this by cordless 
remote control, even from across the room. 

The arm your fi ngers never have to touch. 
Since Accutrac's tonearm is electroni

cally directed to the record, you never risk 
dropping the tonearm accidently and scratch
ing a record, or damaging a stylus. 

And, since it cues electronically, too, 
you can interrupt your listening and then 
pick it up again in the sa me  groove, within a 

fraction of a revolution. Even the best damped 
cue lever can't provide such accuracy. Or 
safety. 
What you hear is as incredible as what 
you see. 

Because the Accutrac servo-motor 
which driv�s the tonearm is decoupled the 
instant the stylus goes into play, both hori
zontal and vertical friction are virtually elimi
nated. That means you get the most accurate 
tracking possible and the most faithful 
reproduction. 

You also get wow and flutter at a com
pletely inaudible 0.03% WRMS . Rumble at 
-70 dB (DIN B). A tracking force of a mere 

3/4 gram. And tonearm resonance at the 
ideal 8-10 Hz. 

"The Accutrac 4000 system. When you 
see and hear what it can do, you'll never be 

satisified owning anything else. 

Its father was a turntable. 
Its mother was a computer. 

The AccutracT:4000 
III 

ADC Profes�l(mal Products Group. A dt ... hion of USR (US�) Ltd. Route )OJ. Blauvelt. N.V. 10913 
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If you need help with that 
difficult reaction, DMSO may be the answer. 

Send for a free CZ chemist. 
As a reaction solvent, DMSO (Dimethyl 

Sulfoxide) is in a class by itself It improves 
yields, increases rates, lowers required 
reaction temperatures and reduces side 
reactions (not necessarily all at the same 
time). DMSO has an extremely broad range 
of applications because of its unique 
chemical and physical characteristics, and 
has demonstrated utility in over 1,000 s�parate 
reactions that have been reported in the 
literature. 

Properties of DMSO 
A powerful aprotic solvent 

High dielectric constant-48.9 @ 20°C 
Very stable to bases 

Good thermal stability 
Very low order of toxicity 

Will DMSO be of help to you? To 
answer this question, the Chemical Products 
Division of Crown Zellerbach Corporation 
has assembled and catalogued over 8,000 
articles on DMSO-more than half of these 
pertain to the use of "DMSO As A Reaction 
Solvent:' 

We realize you do not have the time 
to spend the days in the library necessary to 
check 400, let alone 4,000, references in order 

to find the information specific to your area 
of interest. But now this information is 
available to you with essentially no effort. 

The full DMSO library has been placed 
in a computer information retrieval program. 
And to you, the Research Chemist, we are 
offering the free services of our Information 
Scientist to set up a computer literature 
search that will answer the question, "Can 
DMSO be of help to you?" 

As a guide to the tremendous 
volume of references in this program, our 
Information Scientists have developed a 
literature search manual on DMSO 
as a reaction solvent. 

As the first step in finding out if 
"DMSO Can Be of Help To You;' please 
attach the following coupon to your 
company letterhead and send it to us. 

CrownZellerbach 
Chemical Products Division 
Camas 114. Washington 98607 
(206) 834-4444 

-----------------------------------

Crown Zellerbach, Chemical Products Division, Camas 114, Washington 98607 
I have interest in DMSO as a reaction solvent. Please send me a copy of the literature search manual on 
"DMSO AS A REACTION SOLVENT." 

Name ___________ --------Title-------------

Company Phone ___________ _ 

Address ________________________________ _ 

City ______________ ---'State __________ J-Zip _____ _ 
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Large-scale experimental measurements by 
the Research Laboratories at General Motors 
have helped answer an important question in 
atmospheric science. 

Predictions by some scientists had suggested 
that sulfate emissions from catalyst-equipped 
cars might reach dangerous levels by 1985. An 
unlikely occurrence-only under rare atmo
spheric conditions and if most cars have catalytic 
converters -but still a possibility, they said. 

To get hard data, the Research Labs set up 
liThe Great Sulfate Experiment!' It was a public 
test -with the Environmental Protection Agency 
and other gove rnment and university researchers 
joining in. 

Scientific evidence was gathered at the GM 
Proving Ground by simulating 1985 traffic. 
During 17 days, a test fleet of 352 catalyst
equipped cars rolled past our six testing towers, 
creating rush-hour traffic densities of 5,462 ve
hicles per hour. 

During this time, sampling for sulfates and 
meteorological data took place at 20 points 
above and at ground level. 

The finding: Roadway sulfate emissions are 
sent aloft by the turbulence and heat generated 
by vehicles. 

It was a key discovery. Atmospheric scien
tists are now scrapping some old models of dis

PREDICTION (EPA MODEL) 
o 

EXPERIMENTAL MEASUREMENT 

• Sulfate concentrations' (�g/m3) for worst 
atmospheric conditions. 

persion from road
ways and drafting 
new ones based upon 
this unique data. 

What's more, to
day's catalytic con
verter system -the 
best solution we now 
know for changing 
some other exhaust 
pollutants into harm
less gases -is still free 
to do this important 
job. 

If you would like more information on the ex
periment and its findings, we welcome your inquiry. 

The 
great �ulfate 
experiment. 

General Motors 
Research Laboratories 
Warren, Michigan 48090 
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Legal Abortion 

The 10-year trend in many parts of the world toward the legalization 

of induced abortion has led to new studies of the practice, more open 

release of data, better medical procedures and lower mortality rates 

by Christopher Tietze and Sarah Lewit 

E
ight years ago we reported in Scien

tific American that several nations 
had legalized induced abortion 

and that as a result the practice "is 
emerging from the shadows and has be
come a topic of worldwide discussion 
and controversy." It is now clear that 
what we were noting was the beginning 
of a widespread trend. Over the past 10 
years in many countries abortion has 
changed from a largely disreputable 
practice into an accepted medical one, 
from a subject of gossip into an open
ly debated public issue. The issue is 
far from being settled. The debate is 
marked by honest and deeply felt differ
ences of opinion, and public policy with 
regard to abortion is still subject to 
shifts in either direction. By and large, 
however, the decade's developments 
have enlarged public consciousness of a 
matter of immense human significance, 
have improved medical practice and 
have reduced the number of unneces
sary deaths. 

The status of abortion has been trans
formed dramatically by legislative ac
tion. Since 1966 many countries have 
changed formerly restrictive laws either 
to make abortion legal at the request of 
the pregnant woman or to specify a 
broad range of medical and socioeco
nomic indications for the legal termina
tion of an unwanted pregnancy. Legal 
changes have in turn helped to modi
fy professional attitudes. Partly in re
sponse to these changed attitudes physi
cians have developed new and safer pro
cedures that make abortion in early 
pregnancy feasible and safe on an out
patient basis and that take the place of 
major surgery and reduce the length of 
hospitalization even later in pregnancy. 
The increasing experience with legal 
abortion and the growing awareness of 
the impact of illegal abortion on public 
health have encouraged health agencies 

to collect and publish official statistics 
that were not previously available. The 
need to set up guidelines for physicians 
and hospitals performing large numbers 
of abortions has stimulated studies on 
the possible complications of abortion. 
The results of the studies, widely dis
seminated in the open arena of public 
information, have in turn encouraged 
women who seek abortion to do so earli
er in pregnancy and under safe medical 
conditions. 

The fact remains that official and pub
lic interest in elective abortions in much 
of the world is more than offset by indif
ference in vast areas. The result is that 
worldwide information on abortion re
mains highly unsatisfactory. In many 
countries, particularly those with re
strictive legislation, illegal abortions 
continue to be performed in large, untab
ulated and generally unacknowledged 
numbers. By aggregating individual
country data of varying accuracy one 
can estimate that between 30 and 55 
million abortions are induced world
wide every year. The lower estimate im
plies an abortions-to-live-births ratio of 
about one to four, the higher estimate a 
ratio of almost one to two. Perhaps half 
of those abortions are performed legal
ly; it is impossible to be sure because 
even some countries with very permis
sive laws, including the U.S.S.R. and 
China, either lack accurate figures or do 
not choose to make them public. 

Areview of the legislation over the 
past decade shows that more than a 

score of countries have made significant 
changes in the direction of less restric
tion and in many instances have chosen 
full legalization [see illustration on next 
two pagesj. Four countries in eastern Eu
rope that had very permissive abortion 
laws moved in the opposite direction. 
Other countries that had either nonre-

strictive or only moderately restrictive 
laws made no changes in the course of 
the decade. In the remaining countries 
of the world, most of them in Latin 
America and in Africa, no significant 
changes were made in laws that either 
prohibit abortion without exception or 
allow it only to avert a serious threat to 
the life or health of a pregnant woman. 

About a third of the world's people 
now live in countries with nonrestrictive 
abortion laws, that is, countries where 
pregnancies can be terminated on re
quest at least up to a specified stage of 
pregnancy (from 10 weeks to 24 weeks, 
with 12 weeks the usual upper limit) and 
thereafter for medical indications; in a 
few countries the granting of permission 
for abortion on request may depend on 
the age of the woman and the size of her 
family. 

Another third of the world's people 
are in countries with moderately restric
tive abortion laws, where unwanted 
pregnancies may be terminated not on 
simple request but for broadly interpret
ed medical, psychological and socioeco
nomic reasons. Housing, income, mari
tal status and other factors affecting a 
woman's life situation may be consid
ered. Juridical indications generally in
clude criminal acts such as rape and in
cest. Advances in medical techniques 
for the early diagnosis of fetal abnor
malities have provided new and expand
ed indications for abortion. A provision 
of the British Abortion Act of 1967 (and 
of several other laws modeled on it) al
lows abortion if the continuation of the 
pregnancy would constitute a greater 
risk than its termination. 

The remaining third of the world's 
people live in countries where abortion 
either is completely illegal or is allowed 
only if the woman's life or health is se
verely threatened by continuation of the 
pregnancy. 
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Practice does not always coincide 
with the law, to be sure. In some coun
tries where abortions are forbidden they 
are nonetheless available to those who 
can pay for them. On the other hand, in 
countries with nonrestrictive laws con
servative physicians, hospital adminis
trators or officials may refuse to per
form abortions or to allow them to be 
performed. The unavailability of ade
quate, convenient or reasonably priced 
facilities or services can also effectively 
deny women an abortion they seek. 

In many cases women who are unable 
to have their pregnancies terminated in 
their own community have traveled to 
places with less restrictive laws or prac
tices. The record of abortions in En
gland after the enactment of the Abor
tion Act of 1967 is instructive in this 
regard [see illustration on page 24]. Sig
nificant numbers of women from Amer
ica and the Continent came to London 
for abortions beginning in 1968, but the 
numbers from particular countries de
creased sharply whenever abortion be
came more readily available in those or 
nearby countries. For example, the pas
sage of New York State's nonrestrictive 
law in 1970 was reflected in an abrupt 
decline the following year in the number 
of U.S. and Canadian women who ob
tained abortions in England. The emer
gence of officially tolerated abortion 
clinics in the Netherlands reduced the 
number of patients from that country in 
1972 and the number of patients from 

neighboring Belgium and West Germa
ny a year later. The enactment of a non
restrictive law in France reduced the 
number of Frenchwomen going to En
gland for abortions by 60 percent in one 
year. On the other hand, increasing 
numbers of women were still arriving in 
1975 from Ireland, Italy and Spain, 
where abortions continued to be pro
scribed. 

I
n the U.S. changes in state abortion 
laws over the past decade have paral

leled the general international trend. Be
ginning in 1967 about a dozen states en
acted legislation based on the model pe
nal code of the American Law Institute. 
The laws provided for abortion in cases 
where the pregnancy posed a "substan
tial risk" to a woman's mental or physi
cal health, or if the child would be born 
with a "grave physical or mental de
fect," or if the pregnancy resulted from 
rape or incest. In 1970 four states went 
further: they passed laws allowing abor
tions without specifying any reasons, 
thus in effect authorizing abortions on 
request. 

Two Supreme Court decisions in 1973 
invalidated the restrictive abortion laws 
that were still in effect in most states by 
ruling, largely on grounds of privacy, 
that abortion could not be denied to a 
woman in the first three months (first 
trimester) of her pregnancy. After three 
months, the Court said, a state might 
"regulate the abortion procedure in 

ways that are reasonably related to ma
ternal health." After the fetus reaches 
viability (the capability of surviving, giv
en the appropriate life-support facili
ties), which is ordinarily at about 24 
weeks, the state might "proscribe abor
tion except where necessary . . .  for the 
preservation of the life or health" of the 
woman. 

Those Supreme Court rulings have 
never been fully implemented. A vigor
ous "right to life" movement has suc
cessfully exerted pressure on some state 
legislatures to enact new restrictive laws 
and on many hospital administrators to 
prevent the delivery of abortion services 
in defiance of the decisions. A num
ber of states moved to require parental 
consent in the case of minors or the 
husband's consent in the case of mar
ried women. In at least one state the 
preferred method for second-trimester 
abortions was outlawed. No abortions 
are performed in Catholic hospitals, and 
large numbers of non-Catholic hospitals 
are reluctant to allow abortions or even 
to set up the necessary facilities. Many 
of the restrictive state laws have already 
been challenged in court and found un
constitutional. Attempts to amend the 
Federal Constitution, either to outlaw 
abortion or to give states the right to do 
so, have received some support but have 
not yet got beyond the Congressional
committee stage. Last fall Congress did, 
however, attach to an appropriation bill 
a rider forbidding Federal Government 

ABORTION LAWS AND PRACTICES have become significantly 
less restrictive during the past decade in more than a score of coun-

tri �s (do rk color), In other countries with nonrestrictive or moderate
ly restrictive laws there was no significant change (light color), Four 
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financial support for abortions conduct
ed under Medicaid. a move that imme
diately came under attack as an uncon
stitutional denial of equal rights to poor 
people. 

The relaxation of legal barriers to 
abortion and the changes in public 

attitudes and practices have tended to 
overcome the reluctance of some coun
tries to release information on abortion. 
At this point national statistics are avail
able on perhaps three million legal abor
tions a year. with major variations from 
country to country in completeness of 
coverage and in amount of detail. 

We have worked out the legal-abor
tion rate (per 1.000 women from 15 to 
44 years old) for 12 countries that have 
nonrestrictive or moderately restrictive 
laws and for which data are available 
covering all or most of the period from 
1966 to 1975. In most of these countries 
the abortion rate increased over the dec
ade. One reason for such increases is 
presumably a shift-the extent of which 
of course cannot be documented-from 
illegal and unreported to legal, recorded 
procedures. In addition some women 
who would not seek an illegal abortion 
feel free to choose a legal procedure 
when it becomes available. The abor
tion-rate curves trace fluctuations in na
tional abortion policies. but roughly 
similar policies can have different ef
fects [see illustration on page 25]. In 
Singapore. for example. the replace-

ment of a moderately restrictive law by 
a nonrestrictive one in 1974 was fol
lowed by a 65 percent increase in the 
abortion rate. In Hungary the passage of 
restrictive provisions in 1973 sharply 
accelerated a decline from the 1969 
peak; in Bulgaria and Czechoslovakia 
similarly restrictive changes brought 
about an initial decline that was fol
lowed by a slight rise. Where a plateau 
in the abortion rate is reached in a coun
try with nonrestrictive laws. as in En
gland and Wales and in Finland. it prob
ably reflects the increasing and more ef
fective practice of contraception. A very 
low abortion rate such as India's 1.4 in 
1975 can be attributed in part to un
derreporting of even legal abortions. but 
it is also true that a shortage of physi
cians and facilities has limited the num
ber of legal abortions in India. In some 
countries with particularly high rates 
women apparently rely more on abor
tion to prevent births. whereas in other 
countries contraception is more widely 
and effectively practiced. limiting preg
nancies and therefore abortions as well. 

In five countries for which the age 
distribution of women obtaining legal 
abortions both early and late in the dec
ade could be compared. more women 
whose pregnancies were terminated 
were in their twenties than were in their 
teens or over 30. In the U.S. teenagers 
now account for about a third of the 
abortions. in England and Wales and in 
Sweden for about a fourth. In Czecho-

countries made significant changes from less to more restrictive regulations (dark gray). In 
most countries the abortion situation remains generally restrictive or is unknown (light gray), 

slovakia and Hungary the proportion of 
very young women is much smaller; 
analysis of age-specific rates makes it 
clear that this pattern reflects high rates 
among adult women in the two coun
tries rather than high rates among teen
agers in the other countries. In all five 
countries more abortions were obtained 
by women under 20 late in the decade 
than early in it. That may reflect ear
lier physical maturation. later marriage 
(which increases the probability of pre
marital pregnancies). a widening gap 
between sexual and social adulthood. 
growing acceptance of abortion as an 
alternative to forced marriage or outcof
wedlock birth. liberalization of abortion 
laws and changes in the attitudes and 
practices of the medical profession. 

There is little reliable information on 
the number of women who have had 
more than one induced abortion during 
their lifetime. Apparently about 60 per
cent of the Hungarian women who ob
tained elective abortions in 1973 had 
had at least one earlier abortion. In New 
York City the comparable figure in 1974 
was about 22 percent. Such proportions 
will inevitably increase with time. even 
where contraception is practiced consci
entiously. unless sterilization is widely 
offered and accepted by women (or 
men) who do not want more children. 

The most important contribution of 
the new developments in abortion is 

the growing realization that early abor
tions are safer and less traumatic than 
late ones. First-trimester abortion is 
now generally accomplished by evacu
ating the uterus by suction rather than 
by curettage (scraping). Later in preg
nancy the traditional surgical proce
dures have been largely replaced by the 
infusion into the uterus of a salt or hor
mone solution. which results in expul
sion of the fetus. In three countries for 
which reliable figures are available on 
the distribution of abortions by period 
of gestation. the proportion of first-tri
mester abortions has increased as wom
en and physicians recognize their rela
tive safety and as legal-abortion services 
make them more readily available. (In 
Czechoslovakia and Hungary there 
have always been very few second-tri
mester legal abortions. which are autho
rized only for medical reasons.) 

In spite of the well-established greater 
safety of early abortions some women 
continue to obtain abortions when their 
pregnancy is advanced and the proce
dure is riskier. A study in England and 
Wales showed that occupational level 
played a role: women who were (or 
whose husbands were) unskilled labor
ers tended to have abortions later in 
pregnancy than women who had (or 
whose husbands had) skilled. white-col
lar or professional occupations. In the 
U.S. black women tend to have more 
late abortions than white women. 

Very young women also tend to be 
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aborted late in pregnancy. In New York 
City the highest proportion of second
trimester abortions was reported for 
women under 15 and the lowest propor
tion was for women 35 or older [see top 
illustration on page 27]. The failure of 
very young women to seek abortion ear
ly may be attributable to an inability to 
recognize pregnancy symptoms, a belief 
that "it couldn't happen to me" or wish
ful thinking that "it'll go away," igno
rance of where to seek help, reluctance 
to confide in parents or lack of money; 
cumbersome administrative procedures 
may also delay the necessary authoriza
tion while the pregnancy advances. 

Some women are necessarily aborted 
only late in pregnancy: those who un
dergo diagnostic tests and learn that 
they are carrying a fetus with a serious 
physical or mental defect. Some 60 
handicapping conditions in the fetus can 
now be recognized during pregnancy. 
The major diagnostic method is amnio
centesis, the withdrawal for analysis of 
some of the amniotic fluid in which the 
fetus is immersed. The fetus can also be 
examined by ultrasound waves or, still 
as an experimental procedure, by fe
toscopy (direct visual inspection) or by 
sampling the fetal blood. The optimum 
time for such prenatal tests is about the 
16th week of gestation, and additional 
time may be required for tissue culture, 
bringing the fetus close to the period of 
viability. The number of abortions in 
this category is still very small (fewer 
than 200 a year in the V.S.) because the 
diagnostic procedures can be done at 
only a few medical centers. 

Induced abortion at any stage carries 
some risk of complications, which range 
from very minor complaints to an occa
sional fatality, depending on the circum
stances and of course on the stage of 
gestation. Recent studies of abortions in 
hospitals and nonhospital clinics show 
that the complications fall into two ma
jor categories: early (during the proce
dure or within about a month after it) 
and late (more than a month after it). 
Early complications are primarily mi
nor complaints such as headaches or 
other discomfort and slight bleeding. 
The rate of serious early complications 
is only about .5 percent for abortions in 
the first trimester and about 2 percent 
thereafter, according to a large study 
cond ucted in the V.S. in 1970 and 197 1. 

NUMBER OF NONRESIDENTS who ob
tained abortions in England after it be
came possible in 1968 tended to increase as 
women became aware of the option but then 
decreased sharply if and when abortions be
came more available in the women's own 
countries. The data reflect the easing of re
strictions in New York State (and thus on 
abortions for women from the U.S. and Can
ada), in the Netherlands (a change that also 
affected women from Belgium and the Fed
eral Republic of Germany) and in France. 
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These complications include perfora
tion of the uterus. major hemorrhage. 
laceration of the cervix (neck of the 
uterus). severe disturbances of blood co
agulation and hypernatremia (excessive 
sodium in the blood) associated with sa
line-induced abortion. severe pelvic or 
generalized infection. venous thrombo
phlebitis and pulmonary embolism. 

I
dentification of late complications is 

still far from complete. Rh-negative 
women can be sensitized by red blood 
cells from an aborted Rh-positive fetus. 
but this can be prevented by immuniza
tion with Rh globulin. Abortion by inci
sion of the uterus (hysterotomy) can 
lead to endometriosis. the proliferation 
of uterine mucous tissue. The risk in 
subsequent pregnancies of spontaneous 
abortion in the second trimester. prema
ture birth or early infant mortality has 
been studied. but with conflicting or in
conclusive results. The value of retro
spective studies on such effects of previ
ous abortions is questionable. since 
women who subsequently have a nor
mal birth are less likely to report they 
once had an abortion than are women 
whose pregnancies end unsatisfactorily. 

The World Health Organization has 
sponsored prospective studies in seven 
European countries on the effects on a 
subsequent pregnancy and delivery of 
such variables as the duration of the pre
viously terminated pregnancy. the tech
nique (curettage or suction) and the in
terval between the abortion and the sub
sequent conception. The results will be 
available late this year. The role of in
duced abortion in subsequent cases of 
secondary sterility. ectopic pregnancy 
(development of the fetus outside the 
uterus). placenta previa (development 
of the placenta near the opening of the 
uterus) and painful menstruation has 
not been established; further studies are 
required in such areas and also on the 
psychological effects (if any) of induced 
abortion or. on the other hand. of giving 
birth to an unwanted child. 

The mortality rate for all types of 
abortion (legal. illegal and spontaneous) 
has declined dramatically over the past 
decade even as the number of legal 
abortions has increased with the easing 
of restrictions. In the U.S .. for example. 
there were on the average 5.7 abortion
related deaths per year per million 
women from 15 to 44 years old in the 
years from 1963 to 1967; there was only 
one death per million in 1974. A compa
rable decline from a comparable level 
was registered in England and Wales in 
the same period. In Romania. on the 
other hand. deaths due to abortion have 
increased almost sixfold since a nonre
strictive abortion law was replaced by 
the restrictive one of 1966. 

The improvement in abortion-related 
mortality in many countries coincides 
with the trend toward earlier abortion 

100 r------------,�----------_.------------_r------------, 

50 

W 
...J 

10 « 
() (J) 
() 
� 
I I-
a: 
« 
CD 
0 

5 2-
.... .... 
I U') 

Z w 
� 
0 
3: 
0 0 
� 
a: w Q. 
(J) 
Z 
0 
i= a: 
0 II) 
« 

.5 

. 1L-__________ �L-__________ � ____________ � ____________ � 
1967 1969 1971 1973 1975 

ABORTION RATES reflect changes in abortion laws and practices, the availability of ser
vices, the extent and effectiveness of contraception and the degree to which abortion is relied on 
to regulate fertility. Here the number of legal abortions per 1,000 women from 15 to 44 years 
old is plotted on a logarithmic scale, which means that parallel lines reflect equal rates of 
change. The data for England and Wales are for residents of that area only, not for visitors. 
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(when the procedure is simpler. safer 
and less traumatic) and toward abortion 
involving younger women (since. re
gardless of the stage of gestation. the 
risk is greater for older women). Anoth
er factor that presumably contributes to 
the decline in mortality is the increased 
sharing among physicians of knowledge 
they acquire in the course of their much
enlarged experience with the procedure. 
A particularly interesting comparison 

can be drawn between the risk of mor
tality associated with abortion and the 
risk related to pregnancy and childbirth. 
The death rate is far lower for legal 
abortions done during the first 12 weeks 
of pregnancy than it is for the complica
tions of childbirth. according to figures 
from the U.S. and Britain [see bottom 
illustration on opposite page]. The death 
rates for abortion between the 13th and 
the 16th week and for childbirth are 

CZECHOSLOVAKiA HUNGARY 

ENGLAND 

AND WALES 

comparable. except in the case of older 
women. for whom childbirth remains a 
greater risk. Only abortions performed 
at 17 weeks or more of gestation show 
a generally higher mortality rate than 
childbirth. 

In countries where contraception is 
practiced widely and effectively. as it is 
in the U.S. and Britain. abortion rates 
are substantially lower than they are in 
countries where there is little or no con-
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tation (dark color), nine to 12 weeks (light color), 13 to 16 weeks 
(light gray) and 17 weeks or more (dark gray). In Czechoslovakia and 
Hungary few legal abortions are performed after the first trimester. 
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traception and where unplanned preg
nancies are frequently terminated by 
abortion. Modern contraceptive meth
ods such as the "pill" or the intrauterine 
device (IUD), although they are highly 
effective in preventing pregnancy, have 
some recognized side effects, and occa
sionally those effects can be fatal. It is 
therefore pertinent to investigate the rel
ative risks of early abortion and of vari
ous contraceptive methods as means of 
fertility control. 

One of us (Tietze) recently collabo
rated in a study, based on a computer 
model, of the mortality that is associat
ed in developed countries with each of 
four major contraceptive methods (pill, 
IUD, condom and diaphragm) and with 
first-trimester abortion. The total mor
tality was the sum of the mortality asso
ciated with the method of fertility con
trol and that associated with any acci
dental pregnancies and eventual births. 
In the case of the pill most of the mortal
ity was due to the contraceptive method; 
for the IUD it was due about equally to 
the contraceptive device and to acciden
tal pregnancies; for the safe but less ef
fective condom and diaphragm the 
deaths were all due to accidental preg
nancies, and for early abortion the mor
tality was only that associated with the 
abortion procedure, since pregnancy 
was terminated. 

The results showed that among wom
en under 30 very low mortality rates 
(between one death and two deaths per 
100,000 women per year) were associat
ed with each of the contraceptive meth
ods and with early abortion when any 
one of these fertility controls was used 
alone. The comparable risk from preg
nancy and childbirth among young 
women who did not practice contracep
tion or resort to abortion was estimated 
at six deaths per 100,000. The study 
showed, moreover, that a 100 percent 
level of fertility control and the lowest 
mortality rate (less than .5 per 100,000) 
could be achieved at all ages by combin
ing the traditional contraceptive meth
ods with early abortion as a backup: by 
utilizing the safe but some

'
what less ef

fective condom or diaphragm and then 
terminating any accidental pregnancies 
by means of first-trimester abortion. 

I
n spite of the tens of millions of abor
tions-the vast majority of them ille

gal-that are performed annually and in 
spite of their impact on public health 
and on fertility, little interest in abortion 
has been manifested at the international 
level. Legal abortion did not even ap
pear on the agenda of the World Popu
lation Conference of 1974 or that of the 
World Conference of the International 
Women's Year in 1975; there is one ref
erence in the plan of action issued by the 
latter 'conference to illegal abortion, 
which is simply listed as a risk contribut
ing to high maternal-mortality rates. 
Only one semiofficial report, limited to 
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the U.S., deals with the subject unequiv
ocally. Legalized Abortion and the Public 
Health, prepared by the Institute of 
Medicine of the National Academy of 
Sciences and issued in 1975. calls for 
research on "long-term medical compli
cations, particularly after multiple 
abortions, the effects of abortion and de
nied abortion on the mental health and 
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social welfare of individuals and fami
lies and the factors of motivation, be
havior and access associated with con
traceptive use and the choice of abor
tion." The valuable results already 
achieved by a few broad studies of legal
ized abortion confirm the institute's 
judgment that more such research is 
needed. 
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Agriculture without Tillage 

Within a few years much of the cropland in the U.S. will be planted 

without a moldboard plow. In most conditions planting without 

tillage (but with herbicides) can save labor, energy, water and soil 

by Glover B. Triplett, Jr., and David M. Van Doren, Jr. 

F
or centuries the moldboard plow 
has been the basic tool of agricul
ture. breaking and turning the soil 

as the first step in the series of operations 
collectively known as tillage. On a large 
and growing area of farmland. however. 
the plow is being displaced by a system 
of farming that involves either no tillage 
or a greatly reduced amount of it. The 
seeds for a new crop are simply planted 
in soil that remains covered with the res
idue of the old crop. The control of 
weeds. which is a prime objective of till
ing. is achieved mainly by the applica
tion of herbicides but partly by the fact 
that the old crop acts as a mulch. stifling 
the growth of unwanted plants. The 
main advantages of the new methods 
are that they reduce the labor cost of 
farming and virtually eliminate the ero
sion of the soil by wind and water. 

Tillage as it was practiced 40 or 50 
years ago entailed. for a farmer growing 
corn in the U.S. Middle West. some 10 
trips over the field by harvesttime. 
Plowing came first and was followed im
mediately by dragging or harrowing op
erations that broke up clods and made a 
fine. firm seedbed. Just before the crop 
emerged the field was lightly tilled again 
to destroy weeds that were emerging 
simultaneously. While the crop was 
growing the field would be cultivated 
two to four times more. mainly to con
trol weeds. Eventually the corn plants 
grew high enough to keep the weeds sup
pressed by cutting them off from sun
light. but if the field was particularly 
weedy. it might be tilled again with a 
small cultivator pulled by a horse or a 
mule. even when Ml.e corn was as much 
as shoulder high. Hand labor was often 
required to pull out or attack with hoes 
the weeds that survived the successive 
cultivations. 

For cotton the procedure was much 
the same. The production of small 
grains such as wheat. oats and barley 
required somewhat less tilling. since the 
plants grow so close together that there 
is no room for cultivating machinery 
once the crop has established itself. 

These systems of tillage were devel
oped over a long period of time and un-
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til quite recently were thought to repre
sent the best and most dependable meth
od of crop husbandry. They prepared 
an excellent seedbed and were effective 
in controlling weeds. They produced a 
loose. aerated soil that would usually 
absorb rainwater well. Tilling buried the 
residue of old plants. burying with them 
certain disease organisms and insects 
that might attack the new crop. Finally. 
tilling enhanced the effectiveness of the 
fertilizer that was applied to the soil. 

One naturally wonders. then. why 
anyone would even think of eliminating 
or reducing such firmly established 
practices. The reason in brief is that un
der the right conditions the elimination 
or reduction of tillage can make the 
farmer's task easier and more profitable. 
Notwithstanding the widespread reli
ance on the plow. systems involving the 
intensive cultivation of the soil do have 
certain disadvantages. The demand that 
tilling makes on power and labor is high. 
particularly during the planting season. 
Moreover. since the optimum planting 
period for most crops is rather short. the 
amount of land the workers on a farm 
can till at the appropriate time is limit
ed. Tilling removes the residue of the 
previous crop from the surface of the 
soil. thereby increasing the susceptibili
ty of the soil to erosion. which in turn 
reduces the agricultural potential of the 
land. Bare soil is also likely to lose more 
water by evaporation and runoff than 
soil covered by plant residue loses. so 
that the crop has less water for growth. 

O
ne of the first efforts to modify the 
established methods of tilling was 

the plow-plant system devised some 30 
years ago by Ray L. Cook. who was then 
chairman of the soil-science department 
at Michigan State University. In this sys
tem the entire field was plowed. but fur
ther tilling was confined to the rows 
where the crop was planted. They were 
strips of soil six to 10 inches wide and 
spaced 40 inches apart. and they were 
tilled enough to provide for the satisfac
tory operation of the planting machine. 
The initial plowing left the land able to 
take up water readily. but since the soil 

between the rows was left undisturbed 
after the initial plowing. runoff and ero
sion were reduced. 

The system gained only limited ac
ceptance in the corn belt. The soil condi
tions necessary for employing the sys
tem successfully are more demanding 
than they are for conventional tillage. 
and each operation must be performed 
carefully for the system to function 
properly. It is an axiom of tilling that 
successive operations correct earlier 
mistakes. and the plow-plant system of
fered fewer opportunities for correc
tion_ Moreover. the plowing usually had 
to be done during the optimum planting 
time rather than earlier. and the amount 
of land that could be handled by a work 
force of a given size was therefore se
verely limited. 

Edward H. Faulkner. who was a 
farmer and a county agricultural agent 
in Ohio. devised one of the first systems 
of tillage that omitted plowing. In his 
system the soil was worked with disks. 
which do not go as deep as a plow and 
do not turn the earth as much. The sys
tem also involved leaving a certain 
amount of crop residue on the soil to 
reduce erosion. Faulkner described his 
methods in a book. Plowman s Folly, that 
was published in 1943. At the time 
plowing was regarded as being virtually 
synonymous with agriculture. and the 
book therefore generated a good deal of 
controversy. 

A variation of Faulkner's system was 
"mulch tillage." In this system the soil 
was tilled in some way before planting. 
but then a mulch of manure was ap
plied. either at the time of planting or 
soon afterward. The mulch helped to 
protect the soil and reduce erosion. 

A once-over system called till plant
ing was developed in the early 1950·s. A 
special machine worked the soil in the 
rows where the crop would be planted. 
and it planted the seeds at the same time. 
The area between rows was worked over 
with sweeps. which cut into the soil 
enough to kill weeds. 

Changes in tillage practices are more 
often the result of acceptance by farm
ers than of efforts by research workers 
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and farm-equipment salesmen. When a 
new concept or machine is introduced. a 
few farmers will evaluate its perform
ance. If yields do not suffer and the inno
vation solves problems or reduces costs. 
it will be accepted and other farmers 
will adopt it. 

By this criterion none of the early till
age systems that eliminated convention
al plowing fared very well. In the de
velopment phase the different systems 
performed satisfactorily enough to of
fer encouragement about reducing ero
sion and other problems associated with 
plowing. but farmers who tried them 
had trouble controlling weeds. particu
larly perennial weeds. and their crop 
yields diminished. 

T
he solution of the weed problem 
came from another development. 

the discovery of selective herbicides. 

that took place during the time when 
tractors were replacing draft animals 
and nitrogenous fertilizers became inex
pensive enough to be widely avaiiable. 
The first of the selective herbicides was 
2,4-D; it was introduced to farmers in 
the late 1940's and proved to be quite 
effective for the control of broadleaf 
weeds in corn. Although tillage effec
tively controls the weeds growing be
tween rows of corn. the ones growing in 
the row cannot be reached by tilling ma
chines. Herbicides proved useful in con
trolling those weeds. thereby reducing 
the need for hand labor. 

Most selective herbicides are organic 
compounds that achieve their objectives 
at low rates of application and with low 
toxicity to human beings and animals. 
In the three decades since the introduc
tion of 2,4-D well over 100 selective her
bicides have been developed for appli-

cation with different crops. Some of the 
herbicides are effective when they are 
applied to the foliage of growing weeds; 
others are active in the soil. inhibiting 
the germination of weed seeds or killing 
the seedlings after they sprout. 

The ultimate herbicide. meaning one 
that controls all vegetation except the 
planted crop. remains to be developed. 
Many herbicides are most effective on 
groups of weeds. such as annual grasses 
or broadleaf plants. It is therefore a 
common practice to apply combina
tions of at least two herbicides to broad
en the spectrum of weeds that can be 
controlled. For the control of weeds in 
corn alone nearly 20 different herbicides 
have been approved by the Environ
mental Protection Agency. 

Herbicides work in various ways. 
Some of them inhibit the growth of the 
weed plants. others interfere with pho-

MULTIPLE CROPPING Is made possible on a farm in Ohio by 
planting without tiIIage. The machine at the right Is �esting a crop 
of wheat as the machine at the left plants soybean seed in the wheat 
stubble. The two larger white containers on the planting machine 

carry dry fe rtilizer. Ahead of them but not visible in the photograph 
are implements that cut a furrow in the soH for the soybean seed, 
which Is dropped into the fUrrow from the four smaller white con
tainers. The four wheels at the rear close the furrow over the seed. 
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tosynthesis or with enzyme systems and 
still others desiccate the foliage of the 
weeds. It is of course crucial that the 
herbicide spare the cash crop. This ob
jective can be achieved through the abil
ity of the crop to metabolize the herbi
cide, through applying the herbicide to 
the weeds but not to the crop or through 
positioning the seeds of the crop proper
ly in relation to the weed seeds and to 
the herbicide. 

At first herbicides were applied as 
a supplement to established methods 

of tilling, which continued largely un
changed. With the passage of time and 
the introduction of more effective herbi
cides farmers began to eliminate some 
of the tilling they had done before plant
ing and before the crop emerged. In 
addition they reduced the number of 
cultivations they did while the crop 
was growing. Herbicides also controlled 
several of the troublesome perennial 
weeds, further reducing the need for 
multiple tilling operations. With effec
tive herbicides mulch tillage, till plant-

FERTILIZER 

ing and Faulkner's technique all became 
workable systems that were adopted 
widely by farmers and are being em
ployed now as the trend toward less till
age continues. 

T
he ultimate extension of such a trend 
would be a system that involves no 

tillage. Some of the first efforts in this 
direction were programs for improving 
pastures. The land put to pasture is of
ten unsuitable for the production of row 
crops because it is steep or stony or has 

� 
� 

P LANTING MACHINE employed in a no-tillage system performs 
several operations at once. The direction of movement of the ma
chine in this drawing is to the left. The first wheel is a fluted coulter 
that opens a narrow band in the untilled soil, usually cutting also 
through the residue of the preceding crop, which is left on the ground 
as a mulch. The coulter is followed by a disk that applies fe rtilizer. 
Here the fe rtilizer is dry, but in some machines it is applied as a liquid. 
(Herbicide can also be applied at about the time of planting to con-

trol weeds.) Next comes a disk, offset from the fe rtilizer disk by 
about two inches, that opens the furrow in which the seed is to be 
planted. It is followed by the planting unit, which receives the seed 
from the container above it. The seed is forced into the slots in the 
planting disk by air from a blower; the air also holds each seed in 
place until the slot approaches the ground und the seed drops into 
the furrow. The last wheel presses the soil down over the seed. Sev. 
eral units of this kind are normally ganged together in one machine. 
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other characteristics that make tilling 
difficult or impossible. Herbicides were 
applied to pastures to destroy unpro
ductive vegetation so that desirable for
age plants could be established. 

To our knowledge the first demon
stration that a row crop can be grown 
without tillage was achieved in Michi
gan some 20 years ago by representa
tives of a company that manufactures 
chemicals. A field on which sod had' 
been growing was sprayed with herbi
cides to kill the sod. The seeds for a corn 
crop were then planted through the 
killed sod. At that time. however. herbi
cides had to be applied repeatedly in or
der to achieve good control of weeds. 
Only about 10 years later. after more 
effective herbicides had become avail
able. was the practice of growing row 
crops without tillage adopted to any ex
tent by farmers. 

The spray-plant-harvest systems now 
employed go by such names as no till
age. zero tillage. sod planting. direct 
drilling and slot planting. For a row 
crop such as corn the farmer first sprays 
herbicides on the field to kill any grow
ing vegetation and to prevent the growth 
of weeds from ungerminated seeds in 
the soil. The next step is to supply fertil
izer. which can be put on in dry form but 
often is applied as a solution that also 
carries the herbicide. Seeds are planted 
by a machine that cuts through the plant 
residue on the surface of the soil. posi
tions the seeds appropriately in the soil 
and covers them. all in one operation. 
The soil is undisturbed except for a band 
two or three inches wide made by the 
planter. Often no other operations are 
needed before harvesttime. 

Corn is the row crop most widely 
grown without tillage. Other crops that 
have been produced successfully in this 
way are soybeans. cotton. peanuts. 
wheat. tobacco. grain sorghum. forage 
crops and certain vegetables. 

The elimination of tillage means that 
the farmer must rely entirely on herbi
cides to control weeds. Since no single 
herbicide will do the job satisfactorily. 
careful thought must be given to the 
combinations of herbicides that will 
work best. They must be tailored to the 
type of vegetation present before plant
ing and to the crop being grown. 

One of the effects of conventional till
age is to mix well into the soil the fertil
izer that has been put on the surface of 
the field. In a no-tillage system such a 
mixing process is absent. This change 
has not been a problem as far as the 
three major nutrients (nitrogen. phos
phorus and potassium) commonly ap
plied for crops are concerned. Nitro
gen is soluble and therefore mobile; it 
moves into the soil when rain falls or 
when the field is irrigated. Phosphorus 
and potassium move quite slowly. but 
the cover of mulch that is a feature of 
every no-tillage system keeps the mois
ture near the surface of the soil. so that 

CROP OF SOYBE ANS grows through a mulch of co rnstalks on an experimental plot at the 
Ohio Agricultural Research and Development Center. The cor nstalks lie as they were left by 
the machine that picked the com. In tbis plot different combinations of herbicides were ap
plied to the ground at the left and the ground at the right. The combination that was applied at 
the right was considerably less successful, as is indicated by weeds growing among soybeans. 

CROP OF CORN grows at the Ohio center on ground that was previously planted to forage 
crops. Herbicides were applied in different combinations to kill the sod. and to prevent the 
emergence of new weeds. The combination applied in the center was the least successful one. 
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IMPORT ANCE OF SOIL COVER, or residue left on the ground after the harvesting of the 
preceding crop, in uo-tillage agriculture is shown in the results of experimental plantings of 
corn in the same Ohio soil (Wooster silt loam). The black line shows the yield under conven
tional tillage: 91 bushels per acre. The amount of cover has no effect on the yield. The colored 
line shows yield under no tillage: 11 0 bushels at 90 percent cover and 71 bushels at 5 percent. 

the roots of the crop grow in the zone 
that contains the immobile nutrients. 

With forage crops a further innova
tion has been to introduce the seeds of 
other crops into the sward of forage. For 
example. seeds of legumes are put into a 
sward of grass. Many desirable legumes 
do not persist in pastures or meadows 
and must be reintroduced periodically. 
The legume is desirable as a source of 
protein for animals and of nitrogen for 
the growing grass. 

In many areas swards are composed 
of perennial plants that have a rather 
narrow range of optimum temperatures. 
so that they grow best either in the 
warmer parts of the year or in the cooler 
parts. Annuals that have different tem
perature requirements are introduced 
into these swards to extend the prod uc
tive time of the land. For example. win
ter wheat (a cool-season annual) is 
drilled into swards of Bermuda grass (a 
warm-season perennial) in the south
eastern u.s. 

Similar steps have been taken to make 
better use of the growing season for an
nual crops. One approach is to establish 
a second crop either after the harvest of 
the first crop or before that crop is fully 
mature. A common multiple-crop ar
rangement in the u.s. is to plant soy
beans after the harvest of a small-grain 
crop. No-tillage methods of planting 
have contributed significantly to the 
practice. 

The small-grain crop is harvested sev
eral weeks after the optimum time for 
planting soybeans. If the soybean crop is 
to succeed. it must be planted quickly 
and must grow rapidly. The planting 
machines are equipped with coulters. or 
cutting wheels. that slice through the 
stubble of the small-grain crop. so that 
soybean seeds can be planted immedi
ately after the grain has been harvested. 
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Preemergence herbicides are applied to 
kill weeds that are in the stubble of the 
small grain and to prevent the establish
ment of weeds that emerge after the soy
beans have been planted. The northern 
limits of double cropping in the U.S. 
have been extended for several hundred 
miles by no-tillage methods of planting. 

We have mentioned the reduction of 
erosion as a major benefit of re

ducing or eliminating tillage. The reduc
tion is significant with almost any com
bination of less tillage and a cover of 
mulch on the soil. but the most dramatic 
reductions in erosion have resulted from 
systems that eliminate tillage. In 1969 
a field test was made at the North Appa
lachian Experimental Watershed Re
search Station of the Department of Ag
riculture near Coshocton. Ohio. Corn 
was planted under conditions of no till
age and conventional tillage on several 
watersheds ranging in size from one acre 
to several acres. Instruments measured 
the loss of water and soil from the fields 
during rainstorms. A five-inch rainfall 
that fell during July. a time when con
ventionally tilled fields are particularly 
vulnerable to erosion. caused losses of 
up to 20 tons of soil per acre from the 
.conventionally tilled fields with slopes 
of 6 to 8 percent. The loss of soil from a 
watershed with a slope of 20 percent. 
where corn had been planted in a killed 
meadow without tillage. was less than 
100 pounds per acre. 

A slope of 20 percent is too steep for 
the production of row crops with con
ventional tillage because of the ravages 
of erosion. Such a slope is also near the -
upper limit for the safe operation of 
farm equipment. Since erosion can be 
reduced a hundredfold or more with no
tillage planting. the production of row 
crops on rolling terrain becomes practi-

cal. Although highly productive soils 
are found in many hilly areas. the prac
tice has been to devote them to forage 
crops as a conservation measure. With 
no-tillage methods a higher proportion 
of this land can be planted to more prof
itable crops. 

The runoff from fields where tilling is 
minimal carries a markedly diminished 
load of silt. so that the quality of streams 
is improved. Since herbicides are an es
sential adjunct of methods that reduce 
or eliminate tillage. we have monitored 
the runoff of herbicide chemicals. The 
transport of herbicides dissolved in run
off water is highest when rain falls with
in a few-hours after the herbicide has 
been applied. but the total movement of 
herbicides is almost negligible. We have 
measured it at a few grams per acre for 
rains falling within two days after the 
application of the herbicide. Even then 
the rainfall must be heavy enough to 
cause a significant amount of runoff be
fore any movement of herbicides is pro
duced. On a watershed consisting of sev
eral thousand acres. planting and the 
application of herbicides are done in 
individual fields over a period of four 
to six weeks. Thus if there was a rain
fall heavy enough to cause a significant 
movement of herbicides. it would affect 
only the few fields that were most sus
ceptible to the runoff of herbicides. 

Another advantage of the systems we 
have been describing is their saving of 
time and labor. Conventional methods 
of tillage require a considerable amount 
of power and labor for the preparation 
of the seedbed. Although in some situa
tions part of the tilling can be done be
fore the planting season. the practice is 
not acceptable in fields where erosion is 
a hazard. Adding to the problems faced 
by farmers who have only a short time 
to till are rainy periods that stop opera
tions in the field. Rain and wet soil at 
planting time are hazards from Iowa 
eastward to the Atlantic coast. 

Direct planting into untilled soil with 
suitable equipment is a rapid operation 
with a relatively low demand for power. 
so that the need for large tractors is re
duced. Whenever the moisture of the 
soil is favorable for tilling of any kind. 
planting machines can be operated. 

The other essential operation for no
tillage planting. the application of herbi
cides. can also be accomplished rapidly. 
often at the same time as planting. In 
general the adoption of no-tillage meth
ods can be expected to increase the pro-

. ductivity of farm workers as much as 
threefold. The amount of fuel required 
to establish the crop can be reduced by 
as much as two-thirds of what would be 
consumed in conventional tillage. 

After the requirements for weed con
n trol and crop establis hment have 
been met. the most important factor in 
determining the response of a crop to 
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tillage is the drainage of the soil. The 
better the drainage is, the less tillage is 
necessary. On well-drained soil the no
tillage system is emerging as the best 
method of producing a crop, provided 
that at least 60 percent of the surface is 
covered with crop residue. This is fortu
nate, since the soils with the best drain
age are often found in rolling terrain 
where erosion is a problem. 

A cover of mulch from the previous 
crop conserves moisture not only by re
ducing evaporation but also by increas
ing the intake of rainfall, which tends to 
run off bare soil. The mulch also main
tains soil's tilth, or good structure, 
which is preserved by not destroying the 
structure with tilling. Moreover, earth
worms are often abundant under the 
mulch cover of the untilled field, and the 
less they are disturbed, the more they 
aid in the development of desirable soil 
structure. In these conditions corn re
sponds favorably, yielding 10 to 20 per
cent more than corn grown on conven
tionally tilled soil. For a number of 
years we have measured yields on fields 
of well-drained soil that have been 
planted continuously to corn and other 
fields where corn is planted every third 
year in rotation with two other crops. 
The fields planted without tillage have 
exceeded the yield of the conventionally 
tilled fields by 18 bushels per acre per 
year where the corn was grown continu
ously and by seven bushels where corn 
was. grown every third year in rotation. 

No-tillage methods are not suited to 
every type of soil or soil condition. On 
poorly drained soils the mulch cover re
tains more moisture in the soil during 
the early spring than is desirable. The 
moisture in turn retards the warming of 
the soil and the rate at which the crop 
sprouts and grows. On the other hand, 
the lower temperature under a cover of 
mulch can be an advantage in tropical 
areas, where the temperature of a bare 
soil surface can reach 50 degrees Celsius 
(122 degrees Fahrenheit), which is high 
enough to damage seedlings. 

We have found that in poorly drained 
soil the yield of corn grown continuous
ly can be as much as 30 percent lower 
with no-tillage methods than it is when 
the soil is plowed. These differences take 
two or three years to develop, and they 
do not appear if the corn follows some 
other crop. We suspect that disease or
ganisms build up in poorly drained soil 
if the soil is not plowed. Yields are 
equivalent for continuous corn with 
both conventional tillage and no tillage 
if the land is plowed the preceding fall 
or winter. 

We do not want to leave the impres
sion that reduced-tillage systems 

are without problems of their own. A 
farmer moving to such a system must 
take pains to acquire certain skills if he 
is to exploit the system successfully. The 

WOOSTER 1 
SILT LOAM 

WITH COVER 

HOYTVILLE 1 
SILTY CLAY LOAM 
WITHOUT COVER 

CONTINUOUS 
CORN 

CORNI 
SOYBEANS 

CONTINUOUS 
CORN 

CORNI 
SOYBEANS 

200 
YIELD (BUSHELS PER ACRE) 

IMPORT ANCE OF SOIL TYPE, together with cover conditions, in no-tillage agriculture is 
shown in the results of experimental plantings in two different Ohio soils: the well-drained 
Wooster silt loam and the less well-drained Hoytville silty clay loam. For both the continuous 
cultivation of corn and the alternating cultivation of corn and soybeans the yield on the Woos
ter silt loam was higher with no tillage (colored bars) than with conventional tillage (gray bars). 
For same plantings yield on Hoytville silty clay loam was higher with conventional tillage. 

skills relate to the methods of planting, 
the use of chemicals and the choice of a 
method of tilling that is appropriate to 
the condition of the soil. 

Pests. weeds and insects can be more 
of a problem with reduced-tillage sys
tems than they are with conventional 
tillage. To the extent that the amount of 
tilling is reduced, the farmer's reliance 
on the proper employment of herbicides 
is increased. Tilling helps in the control 
of insects by disturbing their habitats, 
whereas a layer of mulch provides cover 
and a convenient place for various in
sect pests to deposit eggs. Armyworms, 
which are only an incidental problem in 
tilled fields, have destroyed entire fields 
of corn planted without tillage in killed 
sod. Slugs are more prevalent on fields 
covered with mulch. The population of 
field mice is often higher in fields with 
heavy cover, and mice have eaten corn 
seeds before the crop emerged. These 
various pests can be controlled success-

MOLDBOARD PLOWING 

CHISEL PLOWING 

ONE· TIME DISKING 

CONVENTIONAL PLANTING 

ONE-TIME CULTIVATING 

NO-TILL PLANTING 

fully. but the farmer must take care to 
diagnose problems of this nature and 
deal with them before they become seri
ous. 

Taking the tillage systems of 40 or 50 
years ago as a point of reference. one 
finds that a strong movement toward the 
adoption of reduced-tillage systems has 
already occurred. A survey made re
cently by the Soil Conservation Service 
indicated that in the U.S. in 1976 some 
7.3 million acres were planted without 
tillage and that on 52.5 million addition
al acres tillage was reduced from the 
conventional level. The amount of land 
conventionally tilled was 2 18 million 
acres. In an assessment of minimum till
age published in 1975 the Department 
of Agriculture predicted that by the year 
2010 more than 90 percent of the acre
age of crops will be grown with reduced
tillage systems and that on more than 
half of the acreage some form of no-till
age farming will be the practice. 

� 100 1� 
GALLONS OF DIESEL FUEL PER 100 ACRES 

PREP ARATIVE ENERGY COSTS of no-tillage agriculture are compared with those of 
conventional tillage in terms of the fuel required by a lOO-horsepower diesel tractor. The en
ergy costs of conventional tillage include not only the costs of plowing but also those of diskiDg, 
planting and cultivating. The data for this chart and others on these two pages were supplied 
by the authors and their colleagues at Ohio Agricul tural Research and Development Center. 
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The Quantum Mechanics 
of Black Holes 

Black holes are often defined as areas from which nothing, 

not even light, can escape. There is good reason to believe, 

however, that particles can get out of them by "tunneling" 

T
he first 30 years Of this century 
saw the emergence of three theo
ries that radically altered man's 

view of physics and of reality itself. 
Physicists are still trying to explore their 
implications and to fit them together. 
The three theories were the special theo
ry of relativity (1905), the general the
ory of relativity (1915) and the theory 
of quantum mechanics (c. 1926). Albert 
Einstein was largely responsible for the 
first, was entirely responsible for the sec
ond and played a major role in the de
velopment of the third. Yet Einstein 
never accepted quantum mechanics be
cause of its element of chance and un
certainty. His feelings were summed up 
in his often-quoted statement "God does 
not play dice." Most physicists, how
ever, readily accepted both special rela
tivity and quantum mechanics because 
they described effects that could be di
rectly observed. General relativity, on 
the other hand, was largely ignored be
cause it seemed too complicated mathe
matically, was not testable in the labora
tory and was a purely classical theory 
that did not seem compatible with quan
tum mechanics. Thus general relativity 
remained in the doldrums for nearly 50 
years. 

The great extension of astronomical 
observations that began early in the 
1960's brought about a revival of inter
est in the classical theory of general rela
tivity because it seemed that many of 
the new phenomena that were being dis
covered, such as quasars, pulsars and 
compact X-ray sources, indicated the 
existence of very strong gravitational 
fields, fields that could be described only 
by general relativity. Quasars are star
like objects that must be many times 
brighter than entire galaxies if they are 
as distant as the reddening of their spec
tra indicates; pulsars are the rapidly 
blinking remnants of supernova explo
sions, believed to be ultradense neutron 
stars; compact X-ray sources, revealed 
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by instruments aboard space vehicles, 
may also be neutron stars or may be 
hypothetical objects of still higher den
sity, namely black holes. 

One of the problems facing physicists 
who sought to apply general relativity to 
these newly discovered or hypothetical 
objects was to make it compatible with 
quantum mechanics. Within the past 
few years there have been developments 
that give rise to the hope that before too 
long we shall have a fully consistent 
quantum theory of gravity, one that will 
agree with general relativity for macro
scopic objects and will, one hopes, be 
free of the mathematical infinities that 
have long bedeviled other quantum field 
theories. These developments have to 
do with certain recently discovered 
quantum effects associated with black 
holes, which provide a remarkable con
nection between black holes and the 
laws of thermodynamics. 

Tet me describe briefly how a black 
L hole might be created. Imagine a 
star with a mass 10 times that of the sun. 
During most of its lifetime of about a 
billion years the star will generate heat 
at its center by converting hydrogen into 
helium. The energy released will create 
sufficient pressure to support the star 
against its own gravity, giving rise to an 
object with a radius about five times the 
radius of the sun. The escape velocity 
from the surface of such a star would be 
about 1,000 kilometers per second. That 
is to say, an object fired vertically up
ward from the surface of the star with a 
velocity of less than 1,000 kilometers 
per second would be dragged back by 
the gravitational field of the star and 
would return to the surface, whereas an 
object with a velocity greater than that 
would escape to infinity. 

When the star had exhausted its nucle
ar fuel, there would be nothing to main
tain the outward pressure, and the star 
would begin to collapse because of its 

own gravity. As the star shrank, the 
gravitational field at the surface would 
become stronger and the escape velocity 
would increase. By the time the radius 
had got down to 30 kilometers the es
cape velocity would have increased to 
300,000 kilometers per second, the ve
locity of light. After that time any light 
emitted from the star would not be able 
to escape to infinity but would be 
dragged back by the gravitational field. 
According to the special theory of rela
tivity nothing can travel faster than 
light, so that if light cannot escape, noth
ing else can either. 

The result would be a black hole: a 
region of space-time from which it is not 
possible to escape to infinity. The 
boundary of the black hole is called the 
event horizon. It corresponds to a wave 
front of light from the star that just fails 
to escape to infinity but remains hover
ing at the Schwarzschild radius: 2GMI 
c2, where G is Newton's constant of 
gravity, M is the mass of the star and c is 
the velocity of light. For a star of about 
10 solar masses the Schwarzschild radi
us is about 30 kilometers. 

There is now fairly good observation
al evidence to suggest that black holes of 
about this size exist in double-star sys
tems such as the X-ray source known as 
Cygnus X-I [see "The Search for Black 
Holes," by Kip S. Thorne; SCIENTIFIC 
AMERICAN, December, 1974]. There 
might also be quite a number of very 
much smaller black holes scattered 
around the universe, formed not by the 
collapse of stars but by the collapse of 
highly compressed regions in the hot, 
dense medium that is believed to have 
existed shortly after the "big bang" in 
which the universe originated. Such 
"primordial" black holes are of greatest 
interest for the quantum effects I shall 
describe here. A black hole weighing a 
billion tons (about the mass of a moun
tain) would have a radius of about 10.13 
centimeter (the size of a neutron or a 

© 1976 SCIENTIFIC AMERICAN, INC



proton). It could be in orbit either 
around the sun or around the center of 
the galaxy. 

The first hint that there might be a 
connection between black holes and 
thermodynamics came with the mathe
matical discovery in 1970 that the sur
face area of the event horizon. the 
boundary of a black hole. has the prop
erty that it always increases when addi-

tional matter or radiation falls into the 
black hole. Moreover. if two black holes 
collide and merge to form a single black 
hole. the area of the event horizon 
around the resulting black hole is great
er than the sum of the areas of the event 
horizons around the original black 
holes. These properties suggest that 
there is a resemblance between the area 
of the event horizon of a black hole and 

i 

i 

i 

the concept of entropy in thermody
namics. Entropy can be regarded as a 
measure of the disorder of a system or. 
equivalently. as a lack of knowledge of 
its precise state. The famous second law 
of thermodynamics says that entropy al
ways increases with time. 

The analogy between the properties 
of black holes and the laws of thermody
namics has been extended by James M. 

R = 3 x 106 

KILOMETERS 

R=3x105 
/ 

KILOMETERS 

COLLAPSE OF STAR of 10 solar masses is depicted schematically 
from an original radius of three million kilometers (about five times 
the radius of the sun) to 30 kilometers, when it disappears within the 
"event horizon" that defines the outer limits of a black hole. The star 
continues to collapse to what is called a space-time singularity, about 
which the laws of physics are silent. The series of six small circles 
represents the wave fronts of light emitted from the successive sur-

faces an instant before the star had collapsed to the dimensions shown. 
Radii of the star and of the wave fronts are on a logarithmic scale. At 
each stage of collapse more of the wave front falls within the volume 
of the star as the escape velocity increases from 1,000 kilometers per 
second to 300,000 kilometers per second, the velocity of light. The 
final velocity is reached as the star disappears within the event ho
rizon. No light emitted after that can ever reach outside observers. 
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GRAVITATIONAL COLLAPSE OF A STAR is depicted in a space-time diagram in which 
two of the three dimensions of space have been suppressed. The vertical dimension is time. 
When the radius of the star reaches a critical value, the Schwarzschild radius, the light emitted 
by the star can no longer escape but remains hovering at that radius, forming the event hori
zon, the boundary of the black hole. Inside black hole star continues collapse to a singularity. 
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Bardeen of the University of Washing
ton. Brandon Carter. who is now at the 
Meudon Observatory. and me. The first 
law of thermodynamics says that a 
small change in the entropy of a sys
tem is accompanied by a proportional 
change in the energy of the system. The 
fact of proportionality is called the tem
perature of the system. Bardeen. Carter 
and I found a similar law relating the 
change in mass of a black hole to a 
change in the area of the event horizon. 
Here the factor of proportionality in
volves a quantity called the surface 
gravity. which is a measure of the 
strength of the gravitational field at the 
event horizon. If one accepts that the 
area of the event horizon is analogous to 
entropy. then it would seem that the sur
face gravity is analogous to tempera
ture. The resemblance is strengthened 
by the fact that the surface gravity turns 
out to be the same at all points on the 
event horizon. just as the temperature is 
the same everywhere in a body at ther
mal equilibrium. 

Although there is clearly a similarity 
I1. between entropy and the area of the 
event horizon. it was not obvious to us 
how the area could be identified as the 
entropy of a black hole. What would be 
meant by the entropy of a black hole? 
The crucial suggestion was made in 
1972 by Jacob D. Bekenstein. who was 
then a graduate student at Princeton 
University and is now at the University 
of the Negev in Israel. It goes like this. 
When a black hole is created by gravita
tional collapse. it rapidly settles down to 
a stationary state that is characterized 
by only three parameters: the mass. the 
angular momentum and the electric 
charge. Apart from these three proper
ties the black hole preserves no other 
details of the object that collapsed. This 
conclusion. known as the theorem "A 
black hole has no hair." was proved by 
the combined work of Carter. Werner 
Israel of the University of Alberta. Da
vid C. Robinson of King's College. Lon
don. and me. 

The no-hair theorem implies that a 
large amount of information is lost in a 
gravitational collapse. For example. the 
final black-hole state is independent of 
whether the body that collapsed was 
composed of matter or antimatter and 
whether it was spherical or highly irreg
ular in shape. In other words. a black 
hole of a given mass. angular momen
tum and electric charge could have been 
formed by the collapse of any one of a 
large number of different configurations 
of matter. Indeed. if quantum effects are 
neglected. the number of configurations 
would be infinite. since the black hole 
could have been formed by the collapse 
of a cloud of an indefinitely large num
ber of particles of indefinitely low mass. 

The uncertainty principle of quantum 
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mechanics implies, however, that a par
ticle of mass m behaves like a wave of 
wavelength h/mc, where h is Planck's 
constant (the small number 6.62 X 10.27 
erg-second) and c is the velocity of light. 
In order for a cloud of particles to be 
able to collapse to form a black hole it 
would seem necessary for this wave
length to be smaller than the size of the 
black hole that would be formed. It 
therefore appears that the number of 
configurations that could form a black 
hole of a given mass, angular momen
tum and electric charge, although very 
large, may be finite. Bekenstein suggest
ed that one could interpret the loga
rithm of this number as the entropy of a 
black hole. The logarithm of the num
ber would be a measure of the amount 
of information that was irretrievably 
lost during the collapse through the 
event horizon when a black hole was 
created. 

The apparently fatal flaw in Beken
stein's suggestion was that if a black 
hole has a finite entropy that is propor
tional to the area of its event horizon, it 
also ought to have a finite temperature, 
which would be proportional to its sur
face gravity. This would imply that a 
black hole could be in equilibrium with 
thermal radiation at some temperature 
other than zero. Yet according to classi
cal concepts no such equilibrium is pos
sible, since the black hole would absorb 

BLACK HOLE 

any thermal radiation that fell on it but 
by definition would not be able to emit 
anything in return. 

This paradox remained until early in 
1974, when I was investigating what 

the behavior of matter in the vicinity of 
a black hole would be according to 
quantum mechanics. To my great sur
prise I found that the black hole seemed 
to emit particles at a steady rate. Like 
everyone else at that time, I accepted the 
dictum that a black hole could not emit 
anything. I therefore put quite a lot of 
effort into trying to get rid of this embar
rassing effect. It refused to go away, so 
that in the end I had to accept it. What 
finally convinced me it was a real physi
cal process was that the outgoing parti
cles have a spectrum that is precisely 
thermal: the black hole creates and 
emits particles and radiation just as if it 
were an ordinary hot body with a tem
perature that is proportional to the sur
face gravity and inversely proportional 
to the mass. This made Bekenstein's sug
gestion that a black hole had a finite en
tropy fully consistent, since it implied 
that a black hole could be in thermal 
equilibrium at some finite temperature 
other than zero. 

Since that time the mathematical evi
dence that black holes can emit thermal
ly has been confirmed by a number of 
other people with various different ap-
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proaches. One way to understand the 
emission is as follows. Quantum me
chanics implies that the whole of space 
is filled with pairs of "virtual" particles 
and antiparticles that are constantly ma
terializing in pairs, separating and then 
coming together again and annihilating 
each other. These particles are called 
virtual because, unlike "real" particles, 
they cannot be observed directly with a 
particle detector. Their indirect effects 
can nonetheless be measured. and their 
existence has been confirmed by a small 
shift (the "Lamb shift") they produce in 
the spectrum of light from excited hy
drogen atoms. Now, in the presence of a 
black hole one member of a pair of vir
tual particles may fall into the hole. 
leaving the other member without a 
partner with which to annihilate. The 
forsaken particle or antiparticle may 
fall into the black hole after its partner. 
but it may also escape to infinity, where 
it appears to be radiation emitted by the 
black hole. 

Another way of looking at the process 
is to regard the member of the pair of 
particles that falls into the black hole
the antiparticle, say-as being really a 
particle that is traveling backward in 
time. Thus the antiparticle falling into 
the black hole can be regarded as a par
ticle coming out of the black hole but 
traveling backward in time. When the 
particle reaches the point at which the 

INITIAL 
r---- BLACK 

HOLES 

CERTAIN PROPERTIES OF BLACK HOLES suggest that there 
is a resemblance between the area of the event horizon of a black 
hole and the concept of entropy in thermodynamics. As matter and 
radiation continue to fall into a black hole (space-time configuration 
at left) the area of the cross section of the event horizon steadily in-

creases. If two black holes collide and merge (configuratioll at right), 
the area of the cross section of the event horizon of the resulting black 
hole is greater than the sum of the areas of the event horizons of the 
initial black holes. The second law of thermodynamicS says that the 
entropy of an isolated system always increases with passage of time. 
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CREATION OF A PARTICLE
ANTIPARTICLE PAIR 

TIME 
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"EMPTY" SPACE.TIME is full of "virtual" pairs of particles (black) and antiparticles (color). 
Members of a pair come into existence simultaneously at a point in space-time, move apart and 
come together again, annihilating each other. They are ealled virtual because unlike "real" par. 
ticles they cannot be detected directly. Their indirect e8'ects can nonetheless be measured. 

BLACK HOLE ---

\j 
ANTIPARTICLE 

ESCAPING 
TO INFINITY 

o ""' 
EseAc) 

IN THE NEIGHBORHOOD OF A BLACK HOLE one memher of a particle-antiparticle 
pair may fall into the black hole, leaving the other member of the pair without a partner with 
which to annihilate. If surviving member of pair does not follow its partner into black hole, it 
may escape to infinity. Thus black hole will appear to be emitting particles and antiparticles. 
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particle-antiparticle pair originally ma
terialized. it is scattered by the gravi-

. 

tational field so that it travels forward 
in time. 

Quantum mechanics has therefore al
lowed a particle to escape from inside a 
black hole. something that is not al
lowed in classical mechanics. There are. 
however. many other situations in atom
ic and nuclear physics where there is 
some kind of barrier that particles 
should not be able to penetrate on classi
cal principles but that they are able to 
tunnel through on quantum-mechanical 
principles. 

The thickness of the barrier around a 
black hole is proportional to the size 

of the black hole. This means that very 
few particles can escape from a black 
hole as large as the one hypothesized to 
exist in Cygnus X-I but that particles 
can leak very rapidly out of smaller 
black holes. Detailed calculations show 
that the emitted particles have a thermal 
spectrum corresponding to a tempera
ture that increases rapidly as the mass of 
the black hole decreases. For a black 
hole with the mass of the sun the tem
perature is only about a ten-millionth of 
a degree above absolute zero. The ther
mal radiation leaving a black hole with 
that temperature would be completely 
swamped by the general background of 
radiation in the universe. On the other 
hand. a black hole with a mass of only a 
billion tons. that is. a primordial black 
hole roughly the size of a proton. would 
have a temperature of some 120 billion 
degrees Kelvin. which corresponds to an 
energy of some 10 million electron 
volts. At such a temperature a black 
hole would be able to create electron
positron pairs and particles of zero 
mass. such as photons. neutrinos and 
gravitons (the presumed carriers of 
gravitational energy). A primordial 
black hole would release energy at the 
rate of 6.000 megawatts. equivalent to 
the output of six large nuclear power 
plants. 

As a black hole emits particles its 
mass and size steadily decrease. This 
makes it easier for more particles to tun
nel out. and so the emission will contin
ue at an ever increasing rate until even
tually the black hole radiates itself out 
of existence. In the long run every black 
hole in the universe will evaporate in 
this way. For large black holes. how
ever. the time it will take is very long 
indeed: a black hole with the mass of 
the sun will last for about 1066 years. On 
the other hand. a primordial black hole 
should have almost completely evapo
rated in the 10 billion years that have 
elapsed since the big bang. the beginning 
of the universe as we know it. Such 
black holes should now be emitting hard 
gamma rays with an energy of about 
100 million electron volts. 

© 1976 SCIENTIFIC AMERICAN, INC



Calculations made by Don N. Page of 
the California Institute of Technology 
and me, based on measurements of the 
cosmic background of gamma radiation 
made by the satellite SAS-2, show that 
the average density of primordial black 
holes in the universe must be less than 
about 200 per cubic light-year. The lo
cal density in our galaxy could be a mil
lion times higher than this figure if pri
mordial black holes were concentrated 
in the "halo" of galaxies-the thin cloud 
of rapidly moving stars in which each 
galaxy is embedded-rather than being 
uniformly distributed throughout the 
universe. This would imply that the pri
mordial black hole closest to the earth is 
probably at least as far away as the plan
et Pluto. 

The final stage of the evaporation of a 
black hole would proceed so rapidly 
that it would end in a tremendous explo
sion. How powerful this explosion 
would be depends on how many differ
ent species of elementary particles there 
are. If, as is now widely believed, all 
particles are made up of perhaps six dif
ferent kinds of quarks, the final explo
sion would have an energy equivalent to 
about 10 million one-megaton hydrogen 
bombs. On the other hand, an alterna
tive theory of elementary particles put 
forward by R. Hagedorn of the Europe
an Organization for Nuclear Research 
argues that there is an infinite number of 
elementary particles of higher and high
er mass. As a black hole got smaller and 
hotter, it would emit a larger and larger 
number of different species of particles 
and would produce an explosion per
haps 100,000 times more powerful than 
the one calculated on the quark hypoth
esis. Hence the observation of a black
hole explosion would provide very im
portant information on elementary par
ticle physics, information that might not 
be available any other way. 

A black-hole explosion would pro
duce a massive outpouring of high-ener
gy gamma rays. Although they might be 
observed by gamma-ray detectors on 
satellites or balloons, it would be diffi
cult to fly a detector large enough to 
have a reasonable chance of intercept
ing a significant number of gamma-ray 
photons from one explosion. One possi
bility would be to employ a space shut
tle to build a large gamma-ray detector 
in orbit. An easier and much cheaper 
alternative would be to let the earth's 
upper atmosphere serve as a detector. A 
high-energy gamma ray plunging into 
the atmosphere will create a shower of 
electron-positron pairs, which initially 
will be traveling through the atmo
sphere faster than light can. (Light is 
slowed down by interactions with the air 
molecules.) Thus the electrons and posi
trons will set up a kind of sonic boom, or 
shock wave, in the electromagnetic field. 
Such a shock wave, called Cerenkov ra-

BLACK HOLE 

TIME 
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SPACE 

BLACK HOLE 

PARTICLE 
TRAVELING 
BACKWARD }TIME 

ALTERNATIVE INTERPRETATIONS can explain the emission of particles by a black 
hole: One explanation (left) invokes the formation of a virtual particle-antiparticle pair, one 
member of which is trapped by the black hole as the other escapes. In another explanation 
(right) one can regard an antiparticle falling into a black hole as being a normal particle that 
is traveling backward in time out of the black hole. Once outside it is scattered by the gravita
tional field and converted into a particle traveling forward in time, which escapes to infinity. 

diation, could be detected from the 
ground as a flash of visible light. 

A preliminary experiment by Neil A. 
Porter and Trevor C. Weekes of Univer
sity College, Dublin, indicates that if 
black holes explode the way Hagedorn's 
theory predicts, there are fewer than two 
black-hole explosions per cubic light
year per century in our region of the 
galaxy. This would imply that the densi
ty of primordial black holes is less than 
100 million per cubic light-year. It 
should be possible to greatly increase 
the sensitivity of such observations. 
Even if they do not yield any positive 
evidence of primordial black holes, they 
will be very valuable. By placing a low 
upper limit on the density of such black 
holes, the observations will indicate that 
the early universe must have been very 
smooth and non turbulent. 

The big bang resembles a black-hole 
explosion but on a vastly larger 

scale. One therefore hopes that an un
derstanding of how black holes create 
particles will lead to a similar under
standing of how the big bang created 
everything in the universe. In a black 
hole matter collapses and is lost forever 
but new matter is created in its place. It 

may therefore be that there was an earli
er phase of the universe in which matter 
collapsed, to be re-created in the big 
bang. 

If the matter that collapses to form a 
black hole has a net electric charge, the 
resulting black hole will carry the same 
charge. This means that the black hole 
will tend to attract those members of the 
virtual particle-antiparticle pairs that 
have the opposite charge and repel those 
that have a like charge. The black hole 
will therefore preferentially emit parti
cles with charge of the same sign as itself 
and so will rapidly lose its charge. Simi
larly, if the collapsing matter has a net 
angular momentum, the resulting black 
hole will be rotating and will preferen
tially emit particles that carry away its 
angular momentum. The reason a black 
hole "remembers" the electric charge, 
angular momentum and mass of the 
matter that collapsed and "forgets" ev
erything else is that these three quanti
ties are coupled to long-range fields: in 
the case of charge the electromagnetic 
field and in the case of angular momen
tum and mass the gravitational field. 

Experiments by Robert H. Dicke of 
Princeton University and Vladimir Bra
ginsky of Moscow State University have 
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ENERGY IN MILLION ELECTRON VOLTS (MeV) 

PRIMORDIAL BLACK HOLES, each about the size of an elementary particle and weighing 
about a billion tons, may have been formed in large numbers shortly after the big bang, the 
beginning of the universe as we know it. Such black holes would have a temperature of about 
70 billion degrees Kelvin, corresponding to an energy of 10 million electron volts (MeV). The 
particles emitted at that energy would produce a diffuse spectrum of gamma rays detectable 
by satellites. The data points and the shaded region represent actual measurements of the dif
fuse gamma-ray spectrum in nearby space. The measurements indicate that the average den
sity of such black holes in the universe must be less than about a million per cubic light-year. 
Solid curve is predicted spectrum from such a density of primordial black holes, based on 
plausible assumptions about the density of matter in universe and distribution of black holes. 
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indicated that there is no long-range 
field associated with the quantum prop
erty designated baryon number. (Bary
ons are the class of particles including 
the proton and the neutron.) Hence a 
black hole formed out of the collapse of 
a collection of baryons would forget its 
baryon number and radiate equal quan
tities of baryons and antibaryons. 
Therefore when the black hole disap
peared, it would violate one of the most 
cherished laws of particle physics, the 
law of baryon conservation. 

Although Bekenstein's hypothesis 
that black holes have a finite entropy 
requires for its consistency that black 
holes should radiate thermally, at first 
it seems a complete miracle that the 
detailed quantum-mechanical calcula
tions of particle creation should give rise 
to emission with a thermal spectrum. 
The explanation is that the emitted par
ticles tunnel out of the black hole from a 
region of which an external observer has 
no knowledge other than its mass, angu
lar momentum and electric charge. This 
means that all combinations or configu
rations of emitted particles that have the 
same energy, angular momentum and 
electric charge are equally probable. In
deed, it is possible that the black hole 
could emit a television set or the works 
of Proust in 10 leather-bound volumes, 
but the number of configurations of par
ticles that correspond to these exotic 
possibilities is vanishingly small. By far 
the largest number of configurations 
correspond to emission with a spectrum 
that is nearly thermal. 

The emission from black holes has an 
added degree of uncertainty, or un

predictability, over and above that nor
mally associated with quantum me
chanics. In classical mechanics one can 
predict the results of measuring both the 
position and the velocity of a particle. 
In quantum mechanics the uncertainty 
principle says that only one of these 
measurements can be predicted; the ob
server can predict the result of measur
ing either the position or the velocity but 
not both. Alternatively he can predict 
the result of measuring one combination 
of position and velocity. Thus the ob
server's ability to make definite predic
tions is in effect cut in half. With black 
holes the situation is even worse. Since 
the particles emitted by a black hole 
come from a region of which the observ
er has very limited knowledge, he can
not definitely predict the position or the 
velocity of a particle or any combina
tion of the two; all he can predict is the 
probabilities that certain particles will 
be emitted. It therefore seems that Ein
stein was doubly wrong when he said, 
"God does not play dice." Considera
tion of particle emission from black 
holes would seem to suggest that God 
not only plays dice but also sometimes 
throws them where they cannot be seen. 
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What a job 
co-ordinating the people 

who have lunch 
on this bridge! 

It's a big dining room connecting two wings 
of the Kodak Research Laboratories. 

For some of the troops who dine here, 
the objective in coming to work each day is 
ever-closer approximation by dyes to the 
perceptions of color induced in the human 
brain by the real world. 

For others, the chemical and physical 
problems that occupy the workday tend to 
make them equate photographic progress 
with photographic speed. Photography be
gan with long minutes of exposure in bright 
sunshine, and it's now up to and beyond the 
point where something too dark even to see 
can be photographed without prolonged 
exposure. * 

Other diners up there are a practical 
bunch. Practicality means processabiIity, as 
they see it. Certainly when we ease the 
processor's problems, we give you a better 
chance for a happy result at an affordable 
price. 

The image structure people eat there too. 

They are in the business of compressing ex
ternal reality with maximum detail into 
minimum space. One viewpoint holds that 
there photography stands invincible. 

The quality that quickly distinguishes 
antique snapshots and movies with their 
very black shadows and washed-out faces 
from today's photography is called latitude. 
The people who work on that seem to have 
accomplished a lot, but film still has no
where near the eye's latitude. 

When it's time to amble back to work 
from the bridge, work for a goodly number 
concerns stability against fading of colors. 
Improvements in that field over the years 
are obvious. Still further improvement has 
probably been achieved, but how can the 
achievers prove their achievement before 
they themselves have aged? There is no real 
substitute for real time. 

It is necessary to keep all those special 
interests (and others too technical to men
tion) from conflicting with each other too 
badly. 

Whether used for personal satisfaction or 
for serious business, film is complicated stuff 
on which to have to stake a good name. 
There is more to it than, for instance, the 
stuff you feed into a typewriter. And we 
don't even dare stop improving it. 

'''Prolonged'' is a flexible word. For more specific 
working details on our fastest currently marketed 
color film, ask Dept. SSW, Kodak, Rochester, N.Y. 
14650 for Kodak Publication E-37, "KODAK 
EKTACHROME Professional Films (Process E-6)." 
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Questions you should ask and answers 
you should receive when you are setting up, 

or re-evaluating your employee savings 
or profit-sharing plan. 

Perhaps we might begin by reminding you 
that you should look into a number of different 
plans before co mmitting yourself to any one. 

in ftxed income funds. They are turning to 
insurance companies which can provide guarantees 
of principal and interest that are not available 
through bond funds, company stock funds or 
common stock funds. In addition, only insurance 
companies can provide guaranteed lifetime 
payments to employees when they retire. 

When you do, you will fmd that most tax
qualified plans offer 1) a common stock fund, 2) a 

ftxed income fund, and 3) sometimes a company 
stock fund. This way, employees can place their 
contributions in the area or areas that are best suited 
to their personal needs and goals. 

Now assuming that your interest is in ftxed 
income funds, let's get at some questions you 
should ask before selecting an insurance company 
from one of the many in this fteld. 

Among these three kinds of funds, most 
companies today are showing the greatest interest 
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Q. Do I have a guarantee of principal for my participants at all times and 
under all circumstances? 

A. You should for this reason: Suppose your plan has to pay out to 
employees more than is contributed in a given year? This could occur 
if there are an unusual number of early retirements or if a plant closes. 
Regardless of what happens, Metropolitan guarantees the principal to your 
participants . 

Q. If! need to can I cancel my contract at any time? Ifl do will I be 
guaranteed book value? 

A. You should have the right to cancel. You should also be guaranteed 
reimbursement at book value, but it may involve some form of 
installment arrangements. At Metropolitan, you can cancel at any 
time and for any reason and book value is always guaranteed under 
some form of installment option. 

Q. If interest rates increase over the years my contract is in force, will my 
employees participate in the higher rates? 

A. Yes they should participate. Employees know when interest rates 
have risen and expect to share in the increased e arnings. But some 
insurance companies give increases only under limited conditions. For 
example, you might participate in increased interest, but only if the 
insurance company is still writing this type of contract and if credited 
interest rates are at least ¥z % higher than your guaranteed rate. 
At Metropolitan your employees are guaranteed participation in 
increased e arnings when interest rates go up and are protected by 

minimum guarantees when interest rates go down. 

These are just a few of the questions 
you should ask before awarding your 
employee savings or proftt sharing plan to 
any company. But there are many other 
questions of great importance. 

If you have others (and you probably 
do) call or write: 

Mr. Leon D. Moskowitz, Vice-President, 
Group Insurance & Pensions Marketing, 
Metropolitan Life, One Madison Avenue, 
New York, N. Y. 10010 (212) 578-3148. 

o Metropolitan 
Where the future is now 
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SCIENCE AND THE CITIZEN 
Operators 

A
COntinUing complaint by the pub

lic about health care in the U.S. 
has been that there are too many 

specialists and not enough physicians 
who deliver a broad spectrum of iamily 
care. Professional manpower studies 
have confirmed the public perception, 
and in recent years the medical schools, 
prodded and supported by state and 
Federal funding, have moved to in
crease the supply of family physicians. 
Nevertheless, some 30 percent of Amer
ican physicians consider themselves to 
some degree specialists in surgery, and 
about a fourth of those beginning resi
dency training have been going into sur
gical programs. At the Harvard Medical 
School. Osler L. Peterson and his col
leagues undertook to find out just who 
are doing surgery in the U.S. and how 
much they do, and whether fewer sur
geons could handle the load. Their con
clusions have been published in The New 
England Journal 0/ Medicine: Too many 
physicians of all kinds are performing 
operations, and most of them-even 
many of the best-trained ones, thor
oughly committed to surgery-have 
modest work loads. 

Peterson, Rita J. Nickerson, Theo
dore Colton, Bernard S. Bloom and 
Walter W. Hauck, Jr., examined hospi
tal records for 1970 in four metropoli
tan regions and noted the operations 
performed by each physician. Each op
eration was weighted, on an index that 
had been devised by the California 
Medical Association, according to its 
complexity and the time required for 
preoperative and postoperative care; for 
example, a normal delivery or a tonsil
lectomy had a weight of 4, an appendec
tomy a weight of 9.5 and the repair of 
an abdominal aortic aneurysm a weight 
of 40. The total weighted work load of 
each of 2,700 physicians was aggregated 
for the year. The largest work loads, re
corded for surgical specialists who had 
been certified by their specialty board, 
had a median "California relative val
ue" equivalent to about 180 "typical" 
operations a year. The operating load of 
self-described surgical specialists lack
ing board certification was only 60 per
cent as great; that of general practition
ers with a secondary specialty in surgery 
was less than 20 percent of the board
certified surgeons' load. Other gener
al practitioners, osteopathic physicians 
and medical specialists (internists, pedi
atricians, cardiologists and so on) did 
far fewer operations a year. 

A large fraction of the physicians did 
very few operations a year and a small 
fraction did a lot. There was a wide var
iation in work loads. Thirty-one per
cent of the 2,700 physicians who did op-

erations had California-relative-value 
loads of 50 (equivalent to five appendec
tomies) or less; 14 percent had loads of 
2,000 (equivalent to 210 appendecto
mies or more). As might be expected, 
the less specialized physicians tended to 
do fewer and less complex operations, 
but the variation in load was large even 
among board-certified surgical special
ists. The busiest 10 percent of them did 
more than 350 typical operations a year 
and the least busy 25 percent of them 
did fewer than about 100 a year. A spe
cial analysis revealed that it takes a long 
time to build up a surgical practice to 
even a modest work load. A study of 
780 surgical specialists who had gradu
ated from medical school no more than 
25 years before showed that it had taken 
them about 18 years to reach their maxi
mum operating load and about 13 years 
to reach 90 percent of that maximum. 

The investigators point out that a 
work-load study provides better evi
dence on manpower requirements than 
such traditional measures as physician
to-population ratios or the number of 
unfilled surgical residencies in hospi
tals. They base their conclusion that too 
many physicians of all kinds are operat
ing largely on the broad variation in op
erating loads and the long time it takes a 
surgeon to reach his maximum load. 

What if the operating load were redis
tributed? If only surgical specialists did 
all operations except the very simplest 
ones, their work load would be in
creased by 16 percent, or by about two 
operations a month. If the operations 
done by specialists who in 1970 had 
loads of fewer than 50 operations a year 
were redistributed among those who did 
more work, the mean load of those busi
er specialists would increase 20 percent. 
If surgical operations were limited to 
board-certified surgeons, the operating 
load of those surgeons would be in
creased by 57 percent to just over 300 
operations a year, or about six a week. 
"There is no need to have surgical oper
ations performed by both nonsurgeons 
and well-trained surgeons," Peterson 
and his co-workers maintain. "A single 
standard of surgery is a desirable goal 
whose achievement will be favored by 
reduction of the number of physicians 
performing surgical operations, particu
larly those least trained and least experi
enced." 

More Miles per Gallon 

I f 11 million 1977-model automobiles 
are sold in the U.S., as is projected, 

they will burn three billion gallons of 
fuel less in their first year on the road 
than they would if they ran as ineffi
ciently as cars built only three years ago. 
With gasoline now costing about 65 

cents a gallon (compared with about 41 
cents in 1974) the fuel saving will 
amount to some $2 billion. Largely in 
response to Federal legislation the sales
weighted fuel economy of 1977 models 
has climbed to 18.6 miles per gallon 
compared with 13.9 m.p.g. in 1974, the 
historic low point reached after a long 
downward slide that began at the end of 
World War II. Coming on top of sub
stantial improvements in 1975 and 1976 
models, the combined city-highway fuel 
economy of 18.6 m.p.g. achieved for the 
1977 automobile fleet actually exceeds 
the 18 m.p.g. mandated for next year's 
fleet in the Energy Policy and Conserva
tion Act of 1975. Of the 13 automobile 
manufacturers whose products are eval
uated in the most recent Environmental 
Protection Agency (EPA) report on fuel 
economy, seven-BMW, Nissan (Dat
sun), Toyo Kogyo (Mazda), Toyota, 
Volkswagen, Audi and Fuji (Subaru)
are already exceeding the 1980 standard 
of 20 m.p.g. In fact, three of the seven 
(Toyota, Volkswagen and Fuji) have 
surpassed the standard of 27.5 m.p.g. 
mandated by Congress for the 1985-
model year. The high fuel economy 
achieved by foreign automobile man
ufacturers is of course partly due to the 
lower average weight of their vehicles. 

The projected weight of 3,923 pounds 
for the average 1977 car represents a 
drop of 4 percent from 1975, when the 
average weight reached an all-time high 
(4,088 pounds). Taken by itself this 
would have yielded an improvement of 
only about 1.5 percent in fuel economy. 
The difference between 1.5 percent and 
the 19 percent improvement actually 
achieved between 1975 and 1977 repre
sents the increase due to changes or im
provements in engines, transmissions, 
axle ratios and emission-control sys
tems. It is noteworthy that the 1977 im
provement in fuel economy was reached 
the same year that Federal exhaust
emission standards were further tight
ened both in the U.S. as a whole and in 
California, where the limits are even 
more stringent. For 1977 models sold 
nationwide the maximum permissible 
emission of compounds of nitrogen and 
oxygen (referred to as NOx) was reduced 
from 3.1 grams Per mile to two grams; 
limits on hydrocarbons and carbon 
monoxide remained unchanged at 1.5 
grams per mile and 15 grams. In Cali
fornia the carbon monoxide limit re
mained at nine grams per mile (40 per
cent below the Federal standard); the 
hydrocarbon limit was lowered to .41 
gram per mile and the NOx limit to 1.5 
grams. To meet the stricter emission 
standards 1977 cars sold in California 
pay a penalty in the form of poorer fuel 
economy. If Californians bought the 
same assortment of automobiles as 
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Old Fa ithful. 

Good Old Faithful. Always got you 
where you were going . Always did it eco
nomically. A whole generation of Ameri
cans grew up with Old Faithful. And now, 
27 years and 33 million cars later, it's still 
a symbol of dependability and economy. 

Now there's a car that's just as reliable 
and economical as Old Faithful ever was. 
It's New Faithful. The 1977 VW Rabbit . 
With engineering so advanced that auto
motive experts have hailed it as the kind 
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of car Detroit will be building in the 1980's. 
The Rabbit has a new fuel injection sys· 

tem, so it starts up quick as a bunny. 
Springs like one, too. 0 to 50 in just 7.7 sec 
onds. The Rabbit also has advanced engi
neering features like negative steering roll 
radius to help maintain directional stabil
ity in the event of a front-tire blowout; 
rack-and-pinion steering for more direct 
maneuvering and better road feel; and an 
independent stabilizer rear axle, low in 

'Califarnia excluded. 

New Faithful. 

unsprung weight, for better road holding. 
New Faithful lives up to Old Faithful's 

reputation for economy, too. Because it 
has fuel injection, you can use the most 
economical grade of gas� But you won't 
have to use it very often. Rabbit gets 37 
mpg on the highway, 24 in the city. (Thats 

tion and optional equipment.) 
Dependability and economy. That's 

what Old Faithful gave a whole genera
tion of Americans. And that's what New 
Faithful is giving a whole new generation 
of Americans. 

New Faithful. The 1977 VW Rabbit. 
EPA's estimate for manual trans-

� Rabb-It 
mission. Your actual mileage 
may vary, depending upon your 
driving habits, your car's condi-

More Volkswagen from Volkswagen 
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Boyne Falls ... 
A Natural Alternative 
In todays society of plastic 
simulations, a Boyne Falls 
home offers you a natural 
alternative in housing. Made 
from hand peeled logs, if 
you desire a traditional de
sign, or sculptured solid 
cedar for the contemporary 
taste. Our pre-engineered, pre-cut homes offer an infinite 
number of design possibilities. They are naturally durable, 
maintenance free, fire resistant, insulated (an independent 
testing lab confirms that our homes consume a minimum of 
19% less fuel than conventionally built home), and are 
warranteed for 10 years. 

LOG HOMES 
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For full details, send three dollars for 
our colorful portfolio or request our 
free folder. 

Boyne Falls Log Homes, Inc. 
Dept. 7-G 

Boyne Falls, Michigan 49713 

(616) 549-2421 

those bought elsewhere in the U.S., the 
penalty would be about 12 percent. Ac
tually Californians buy a larger fraction 
of lighter imported cars, with the result 
that the 1977 models sold in California 
should achieve a fuel economy of 18 
m.p.g., only 3.4 percent below the 49-
state average. According to EPA projec
tions, cars weighing 3,500 pounds or less 
will account for nearly half of Califor
nia sales but for less than a third of sales 
elsewhere. As a result the 1977 models 
sold in California already meet the Fed
eral fuel-economy standards for 1978 
and the proposed 1978 emission stan
dards for hydrocarbons. The industry 
has asked Congress to amend 1970 leg
islation that mandated "ultimate" emis
sion standards in 1978: .41 gram of hy
drocarbons, 3.4 grams of carbon mon
oxide and .4 gram of NO, per mile. 

California Dams Revisited 

The earthquake that shook the north
ern suburbs of Los Angeles in Feb

ruary, 1971. came very close to causing 
a major disaster when the severely dam
aged Lower San Fernando Dam barely 
held together long enough for the water 
in the reservoir to be lowered to a safe 
level. During the four-day drainage 
operation some 80,000 people living 
downstream from the dam were evacu
ated. The almost total failure of the dam 
in the earthquake also shook the confi
dence of state and local.officials in the 
analytical procedures routinely adopted 
up to that time for evaluating the safety 
of dams in seismically active areas. A 
subsequent investigation revealed that 
the near disaster had resulted from the 
liquefaction of the dam's soil embank
ment, which had been built half a centu
ry before by the then common hydrau
lic-earthfill method. Previous conven
tional analyses of the dam site, the latest 
one conducted as recently as 1966, had 
failed to predict the instability of the 
embankment in an earthquake as a re
sult of the liquefaction phenomenon. 

In the aftermath of the San Fernando 
experience an alternative method of 
evaluating the design of dams, called the 
dynamic-analysis technique, has been 
widely adopted by the Division of Safe
ty of Dams of the state's Department of 
Water Resources. The new method, de
veloped principally by H. Bolton Seed 
and his colleagues at the University of 
California's College of Engineering, has 
already established that in seismically 
active regions, such as metropolitan Los 
Angeles and the San Francisco Bay 
area, hydraulic-earthfill dams are gener
ally unsafe. Most of the dams in this 
category are now in the process of being 
either relocated, completely rebuilt at 
the original site or substantially rehabil
itated. 

The Division of Safety of Dams is 
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currently extending the dynamic-analy
sis technique to the study of other types 
of dams in earthquake-prone areas. One 
problem has been to develop a priority 
system for studying the dams; there are 
more than 1.100 dams in California that 
are subject to regulation by the state, not 
counting an additional 114 dams under 
Federal jurisdiction. According to a re
cent article in the periodical California 
Geology by Gordon W. Dukleth and E. 
W. Stroppini, two engineers with the Di
vision of Safety of Dams, "the priority 
listing is based on the factors of location 
of the dam with respect to earthquake 
hazard potential, potential for jeopardy 
to life and property in the event of dam 
failure, and susceptibility of the soils in 
the embankment or foundation of the 
dam to failure during an earthquake." 

The current focus of attention in the 
state is the "Palmdale bulge," a region 
of rising ground northeast of Los Ange
les, where a potential threat to public 
welfare has been declared by the Seis
mic Safety Commission based on the 
prediction last year of a possible earth
quake in the area. Dukleth and Stroppi
ni report that even before the recent 
earthquake prediction action had al
ready been taken on the most critical of 
the 50 or so dams in the vicinity of the 
bulge. In one case, that of the Bouquet 
Canyon dam, they point out, a detailed 
investigation of the dam's ability to 
withstand an earthquake had been 
sched uled for a later date, "but it has 
been expedited because of the Palm
dale bulge and the prediction of possi
ble earthquake events in the area." All 
in all, Dukleth and Stroppini conclude, 
"the advances in analytical techriiq ues 
resulting from studies following the San 
Fernando earthquake have promised a 
higher degree of safety of dams than 
ever before possible." 

To Clone a Gene 

Two powerful techniques of contem
porary molecular genetics-recom

binant DNA technology and DNA syn
thesis in the laboratory-have recently 
been combined for the first time in an 
effort to understand the DNA sequences 
called regulatory genes, which control 
the expression of adjacent structural 
genes within the functional genetic unit 
known as the operon. Writing in Nature, 
two independent collaborations, one 
headed by Ray J. Wu of Cornell Univer
sity and Saran A. Narang of the Nation
al Research Council of Canada and the 
other by Herbert W. Boyer of the Uni
versity of California at San Francisco, 
Richard E. Dickerson of the California 
Institute of Technology and Arthur D. 
Riggs of the City of Hope Medical Cen
ter in Duarte, Calif., describe their suc
cessful efforts to produce large amounts 
of a synthetic regulatory gene for struc-

The Celestron 8 (base 
price: $790), most popular 
of the Celestron line of com
pact portable telescopes and 
mirror-lens telephotos, is 
shown here set up for star
gazing. For a closer look 
at this and other Celes
tron products, ask for 
your free color 
catalog and free 
telephoto book. 

Eagle at 30 ft. 
Photographed 
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with the Celes

tron 1250mm, 
1/10 Multipur
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If life is about any one single thing, it's about 
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Celestron Telescopes help you get closer. 
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structure of an eagle's eye at 30 
feet. Or the planet Saturn -

one hour, 11 minutes away 
at the speed of light. If you 

want to get closer, look into the 
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Live a litlie. 

At last! A beautiful, 
professional"quality greenhouse every 

home gardener can afford. 
an exceptional value for the 
home gardener. 

For pictures, a detailed 
brochure, and complete price 
information, without obliga
tion, send in this coupon now. 

The Burpee Greenhouse
priced under $700. After 
years of searching for the 
ideal greenhouse, Burpee de
cided to use our three gener
ations' experience in growing 
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tural analysis by generating multiple 
copies of it within living cells of the in
testinal bacterium Escherichia coli. 

The gene investigated by both collab
orations was the lac operator. which lies 
on the E. coli chromosome next to three 
structural genes coding for the synthesis 
of enzymes involved in the metabolism 
of the sugar lactose. Like other regulato
ry genes, the lac operator is not itself 
transcribed into messenger RNA; in
stead it controls the transcription of the 
nearby structural genes by serving as a 
recognition site for a protein called the 
lac repressor. In the absence of lactose 
the repressor (about 10 copies of which 
exist per cell) binds to the operator se
quence, physically blocking the tran
scription of the lac structural genes by 
the enzyme RNA polymerase. When 
lactose is present, however, a modified 
form of the sugar binds to the repressor, 
changing its shape so that it is unable to 
"recognize" the operator DNA. When 
all the repressor molecules have been 
similarly inactivated, RNA polymerase 
is able to attach to the DNA at a site 
adjacent to the operator called the pro
moter, and the three lac structural genes 
are sequentially transcribed. 

The mechanism by which the lac re
pressor specifically recognizes and asso
ciates with the lac operator gene out of 
thousands of other nucleotide sequences 
on the DNA molecule is of great inter
est, but its elucidation will require the 
crystallization and analysis of repressor
operator complexes, a task that presup
poses large amounts of purified opera
tor DNA. (Pure lac repressor is already 
available.) To this end the 21-nucleo
tide-pair sequence of the lac operator 
has been determined and chemically 
synthesized, but only meager amounts 
of the pure gene have been obtained in 
the laboratory. In order to multiply the 
yield of the synthetic operator gene, the 
California and Cornell groups devised a 
novel application of recombinant DNA 
technology. Making use of the remark
able specificity of restriction enzymes, 
which recognize a single palindromic 
nucleotide sequence on the DNA helix 
and make staggered cuts in both chains 
of the helix whenever this sequence ap
pears, they synthesized the known rec
ognition sequence for the restriction en
zyme designated EcoRI and added one 
copy to each end of the synthetic opera
tor gene. The same restriction enzyme 
was then used to make complementary 
single-strand �)Verhangs in a plasmid, a 
circular piece of nonchromosomal 
DNA that can be readily transferred 
from one bacterium to another. 

Since the synthetic single-strand over
hangs added to the lac operator DNA 
matched those created by the restriction 
enzyme in the plasmid DNA, these re
gions paired up spontaneously when the 
two molecules were incubated together. 
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The enzyme polynucleotide ligase was 
then added to covalently join the sugar
phosphate backbones of the two DNA's 
so that the synthetic operator gene was 
in effect spliced into the plasmid. When 
the plasmid-operator hybrids were in
troduced into E. coli cells, they proceed
ed to reproduce themselves many times 
over. 

Bacterial colonies containing the hy
brid DNA (about .3 percent of the total) 
were identified by two criteria: first, they 
were resistant to the antibiotic tetracy
cline by virtue of a gene carried by the 
plasmid, and second, the 30 or so copies 
of the lac operator produced by the rep
lication of the plasmid vehicle quickly 
bound up the 10 molecules of lac repres
sor in each cell, thereby preventing the 
repressor from binding to the single lac 
operator gene on the E. coli chromo
some. As a result the lac structural genes 
of the host were transcribed, and the af
fected bacteria began to manufacture 
the three enzymes required for the me
tabolism of lactose even though lactose 
itself was not present in the medium. 
One of these enzymes, beta-galactosi
dase, was detected by the California 
group by feeding the cells a lactose ana
logue containing a molecule of the dye 
indigo. The synthetic sugar lacked any 
inducing effect on the repressor, but it 
did serve as a substrate for beta-galacto
sidase. When it was cleaved by the en
zyme, it released the dye, coloring those 
colonies blue. 

Replicated operator-plasmid hybrids 
were then extracted from the blue colo
nies and digested with restriction en
zyme, so that the restriction-sequence 
"linkers" on each side of the lac operator 
were cleaved. The operator DNA was 
then liberated from the plasmid DNA, 
yielding many times the original 
amount of the synthetic gene. Even so, 
the increased yield prod uced by the 
cloning of single operator sequences 
was still too low for physicochemical 
experiments, and both groups of work
ers are now attempting to produce plas
mids containing multiple copies of syn
thetic lac operator. Wu and his collabo
rators report that they have recently 
used polynucleotide ligase to link up to 
18 operator genes in tandem, with syn
thetic restriction-sequence linkers be
tween them. 

The potential of this technique clearly 
extends far beyond its present applica
tion. In principle restriction-sequence 
linkers could be added to any piece of 
synthetic DNA and the desired se
quence could then be cloned in plasmids 
in large quantities. Moreover, Wu and 
his colleagues propose that synthetic lac 
operator could be introduced in front of 
a given gene or group of genes, enabling 
the experimenter to turn these genes on 
or off with the lac repressor. Thus chem
ical synthesis and cloning technology to-

gether enable the molecular geneticist to 
fabricate any DNA sequence he wants, 
to produce it in unlimited amounts and 
finally to insert it next to any other piece 
of DNA he chooses. For the first time 
man has developed the capacity for al
most absolute control over the material 
of the genes. 

Spooner's Other Isms 

The Rev. William Archibald Spooner 
was an Oxford don for almost 60 

years, and his name has a permanent 
place in the English language; his fame, 
however, rests not on pedagogy or 
scholarship but on his legendary verbal 
eccentricities. Spooner is known for his 
propensity to slips of the tongue in 
which words or parts of words are trans
posed: spoonerisms. 

As warden of New College, Oxford, 
Spooner is supposed to have dismissed a 
student with the harsh words: "You 
have deliberately tasted two worms and 
you can leave Oxford by the town 
drain." During World War I he is report
ed to have said: "When the boys come 
back from France we'll have the hags 
flung out." In another anecdote he ven
tures the opinion that "the Lord is a 
shoving leopard." 

The authenticity of these and many 
other errors attributed to Spooner is 
questionable, and some have doubted 
that he ever uttered a spoonerism. Ar
nold Toynbee concluded that most of 
the known examples are spurious, hav
ing been invented by "ingenious Oxford 
minds" whose wit was deliberate rather 
than accidental. Toynbee even offered a 
criterion for evaluating spoonerisms: 
"The wittier or more elegant the speci
men, the less likely it is to be authentic." 
Nevertheless, the legend may not have 
been without basis in fact. For example, 
there is apparently good reason to be
lieve the story that in chapel at New 
College, Spooner once announced a 
hymn as "Kinquering Congs Their Ti
tles Take." 

One of the difficulties in studying 
Spooner's speech is that an oral lapse is 
by its nature evanescent. John M. Potter 
of Oxford has recently collected what 
may amount to corroborative evidence 
of Spooner's eccentricity, uncontami
nated by anecdotal embellishment. He 
has examined all known manuscripts in 
Spooner's hand, searching for telltale er
rors in his use of written language. Pot
ter did not find an extraordinary number 
of errors, and there were no dazzling 
examples of unconscious wit, but the 
kinds of mistakes made do suggest an 
unusual pattern. Potter's findings are re
ported in Proceedings o/the Royal Society 
0/ Medicine. 

After the funeral of a bishop's widow, 
Spooner wrote in his diary: "We buried 
her in the grace close by her husband 

under the tall cross." The erroneous 
"grace," Potter suggests, could be re
garded as "an interesting blend between 
'grave' and 'place,' with perhaps a bonus 
for Freud of religious association." An
other diary entry, on Spooner's 50th 
birthday, reads: "My wife has been in 
many ways a singularly peaceful and 
happy but more limited than I had once 
hoped." The word "one" is missing from 
the sentence (after "happy") but there is 
a more spectacular error: Spooner al
most certainly meant to write "life" 
rather than "wife." 

In 250,000 words of text Potter dis
covered 45 mistakes. Nine of these are 
straightforward errors in spelling. The 
remaining 36 have a more complicated 
nature. 

In general, studies of large numbers of 
linguistic errors give a statistical distri
bution for various categories of verbal 
slips. By far the commonest variety are 
anticipations, in which a word appears 
redundantly before its normal place in a 
sentence, and the next commonest are 
perseverations, the opposite of anticipa
tions. In one investigation these two cat
egories accounted for 93 percent of all 
the errors. 

Spooner's slips of the pen are distrib
uted very differently. Of the 36 non
spelling errors found by Potter only 
eight were anticipations and only five 
were perseverations, "The remaining 23 
errors were a hotch-potch of transpo
sitions, contaminations and substitu
tions," all errors that are ordinarily un
common. 

Serious speech defects are a not un
common result of neurological damage 
or disease, and it is possible, Potter spec
ulates, that Spooner's more subtle lin
guistic abnormalities may have reflected 
an organic disorder. The evidence is too 
slight, however, even to prove there was 
an abnormality, much less to diagnose 
it. An additional point that is intriguing 
even though its pertinence cannot be as
certained is that Spooner was an albino. 
although his pigmentation was only re
duced rather than being completely ab
sent. In several mammalian species al
binism is known to be associated with 
particular disruptions of certain nerve 
pathways. 

Finally. there is a possibility that 
Spooner committed spoonerisms not 
only by word but also by deed. In one 
story Spooner suggested turning on a 
light before escorting a guest down a 
dark and slippery stairway. He then 
turned off the light and proceeded in 
complete darkness. On another occa
sion he is said to have acted out a rever
sal of a traditional method of spot re
moval: rubbing salt into a wine stain. At 
a dinner party Spooner had upset a salt
cellar. He thereupon proceeded to pour 
some claret onto the spilled salt. drop 
by drop. 
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The Antibody Combining Site 
When an antigen, or foreign substance, combines with an antibody 
molecule, it does so at a site that fits it precisely as a lock fits a key. 
The nature of this site has been worked out in considerable detail 

by]. Donald Capra and Allen B. Edmundson 

When the body is attacked by 
bacteria or viruses, it has two 
principal means of fighting 

back. First. white blood cells can move 
to the point of attack to engulf and de
stroy the foreign agents. Second, cells 
known as plasma cells can manufacture 
antibodies, highly specific proteins that 
are transported in the bloodstream to 
disable the invaders. The part of the at-

tacking organism that is responsible for 
stimulating the production of antibody 
is called an antigen. and it is usually a 
small patch on the surface of a large 
protein or carbohydrate molecule asso
ciated with the outer structure of the 
microorganism. A single bacterium. and 
even a large protein molecule such as a 
bacterial toxin, can have several such 
antigenic sites on its surface, and hence 

ANTIBODIES NEUTRALIZE INVADING VIRUSES by binding specifically to small anti
genic sites on the outer surface of the virus. Each antibody molecule has two identical com
bining sites, so that it can bind to adjacent regions of the same virus particle or cross-link two 

virus particles in an inactive complex. In this electron micrograph antibody molecules form 
faint halos around spherical polyoma virus particles 400 angstroms in diameter. By binding to 
repeating antigens on a single virus, antibodies alter the virus's structure so that it can be more 
readily engulfed by white blood cells. Micrograph was made by June Almeida of the Ontario 
Cancer Institute and Bernhard Cinader and ADan F. Howatson of the University of Toronto. 
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it can induce the manufacture of several 
different specific antibodies. Once they 
are released into the bloodstream. these 
antibodies will combine with their cor
responding antigens like the comple
mentary pieces of a jigsaw puzzle. there
by modifying the outer structure of the 
invading microorganism so that a white 
blood cell can ingest it more readily. In 
addition antibodies alone can neutral
ize microorganisms or toxins by linking 
them together into large inactive com
plexes. 

Although antibodies are clearly es
sential for the survival of individuals 
and species, they are also potentially 
hazardous. If they are not highly specific 
for foreign antigens. they may attack the 
body's own molecules. many of which 
closely resemble those of invading mi
croorganisms. Something like this may 
actually happen in the disorders known 
as autoimmune diseases. where the 
body apparently loses the ability to dis
tinguish between "self" and "nonself" 
and makes antibodies that act against its 
own proteins or nucleic acids. often 
causing severe and sometimes fatal tis
sue damage. 

The evolutionary success of antibod
ies has therefore required that they be 
highly sensitive to minor structural 
changes in the antigens they recognize. 
That this is the case was shown some 50 
years ago, when Karl Landsteiner of the 
Rockefeller Institute for Medical Re
search found that antibodies could dis
tinguish between optical isomers: mole
cules with identical chemical composi
tion that differ only in the location of a 
few of their atoms in three-dimensional 
space. In recent years the application of 
the concepts and methods of molecular 
biology to the three-dimensional struc
ture of the antibody combining site has 
yielded important new perceptions .of 
how antibodies can act with such im
pressive specificity. 

Structure of the Antibody Molecule 

Antibodies belong to the class of pro
teins called immunoglobulins. Immuno
globulin gamma (designated IgG) is the 
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predominant antibody in the blood of 
most higher vertebrates and has been 
the most intensively studied of the five 
types of immunoglobulins. It has a mo
lecular weight of about 160,000, which 
indicates that its molecule consists of 
some 23,000 atoms. In the early 1960's 
two groups, one under Rodney R. Por
ter in England and the other under Ger
ald M. Edelman at Rockefeller Univer
sity showed that IgG is made up of four 
polypeptide chains, each consisting of 
amino acid units joined by peptide 
bonds. The four chains are paired so 
that the molecule consists of two identi
cal halves, each with one "heavy," or 
long, chain and one "light," or short, 
chain. The two chains of each pair are 
cross-linked by covalent bonds between 
the sulfur atoms of the amino acid cys
tine. If these disulfide bonds are split, 
the heavy and light chains will remain 
bound to one another by noncovalent 
interactions. When they are put into a 
solution of acid or urea, however, they 
will dissociate into heavy and light 
chains, which can be separated by their 
difference in size. 

Experiments conducted by Porter's 
group provided a view of the antibody 
molecule from the functional aspect. 
When IgG molecules are treated with 
the protein-cleaving enzyme papain, the 
molecule divides into three parts of 
about equal size. Two of them are iden
tical and are designated Fab, for "frag
ment, antigen-binding." The Fab frag
ments of an IgG molecule each have a 
combining site. It is because the intact 
antibody molecule has two such sites 
that it is able to cross-link antigenic 
materials into inactive complexes. The 
third fragment produced by papain di
gestion is designated Fc because it crys
tallizes readily. It does not bind antigen, 
but it has other important biological ac
tivities. 

The results obtained by many investi
gators in the 1960's were combined in 
the currently accepted model of IgG, in 
which the heavy and light chains are ar
ranged in the shape of a Y. According to 
this model. the Fc fragment is the stem 
of the Y and consists of the lower half 
of the two heavy polypeptide chains, 
which are joined together by one inter-' 
chain disulfide bridge or more. The two 
Fab fragments are the prongs of the Y. 
and each consists of one entire light 
chain and the rest of the heavy chain. 
with an antigen-combining site of identi
cal specificity at the far end. Evidence 
from electron micrographs supported 
this scheme and also suggested that the 
Fc unit and the two Fab units of the 
intact antibody molecule are joined by a 
hinge that allows the angle between the 
Fab units to vary. This flexible geometry 
is surely more efficient for cross-linking 
foreign particles than a rigid structure 
would be, since the distance between the 
combining sites on the antibody can be 
adjusted to fit a variety of spacings be-

Y-SHAPED ANTIBODY MOLECULES, enlarged 1,450,000 diameters, are visible in this 
electron micrograph of a crystal of a human immunoglobulin obtained from a patieut with 
multiple myeloma. Interference resulting from the diffraction of the electron beam by the crys
tal produced a photographic negative with low resolution, but in tlie making of a print the reso
lution was enhanced by an averaging technique. Louis W. Labaw aud David R. Davies of the 
Natioual Institutes of Health made a brief priuting exposure, shifted the paper one unit in the 
pattern and then reexposed it. They repeated process several times to get image shown here. 
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tween antigenic sites (such as the repeat
ing protein subunits of a virus). 

Amino Acid Sequences 

Studies of many proteins have led to 
the generalization that it is the sequence 
of amino acid units in the polypeptide 
chain that dictates how it folds into a 
three-dimensional structure and hence. 
in the case of an antibody. dictates the 
specificity of the combining site. Much 
about the structure of the antibody mol
ecule can therefore be inferred from its 
amino acid sequence. In the case of IgG. 
however. there is a major technical diffi
culty to be overcome. Antibody mole
cules. even those of the same specificity. 
tend to be slightly different because of 
variations in their amino acid sequence. 
These differences are not large enough. 
however. for closely similar antibody 
molecules to be separated by the avail
able methods. When that is the case. one 
cannot get a pure sample for determin
ing the amino acid sequence or a crys
tal for analyzing the three-dimensional 
structure by X-ray diffraction. 

The cancerous condition multiple 
myeloma provided the solution to the 
problem of adequate supplies of pure 
antibody. In this disease. which af
flicts men and can be induced in mice. 
one antibody-producing cell propagates 
wildly and gives rise to a mass of daugh
ter cells. A given antibody-producing 
cell makes antibodies of only one type. 

so that the myeloma cells. which are a 
clone of the single original cell. will all 
secrete an identical immunoglobulin 
molecule. In some cases whole IgG mol
ecules accumulate in the serum; in oth
ers more light chains than heavy chains 
are produced. and the excess light 
chains are eliminated in the urine. either 
singly or in a dimer. or pair of chains. 
These urinary proteins were first ob
served by Henry Bence-Jones at Guy's 
Hospital in London in 1847 and have 
been known ever since as Bence-Jones 
proteins. Since Bence-Jones proteins 
can be obtained easily from the urine 
specimens of myeloma patients. without 
the need to draw blood. they were the 
first immunoglobulin components ana
lyzed for their amino acid sequence. 

The first complete amino acid se
quences of Bence-Jones light chains. 
which consist of 214 amino acids. were 
determined in 1965 by Norbert Hilsch
mann and Lyman C. Craig of Rocke
feller University and by Frank W. Put
nam's group at the University of Flori
da. They revealed that Bence-Jones pro
teins from different myeloma patients 
had different amino acid sequences. and 
that the differences were mainly con
fined to the first half of the polypeptide 
chain. The light chain could therefore 
be divided into a variable region (amino 
acids 1 through 108) and a constant re
gion (amino acids 109 through 214). 
Soon these observations were extended 
to the heavy chains. which consist of 446 

IgG 

STRUCTURE OF IMMUNOGLOBULIN G (lgG), the commonest of the five types of anti
body found in the blood of higher vertebrates, is outlined in this schematic diagram. A large 
protein molecule, IgG is composed of two pairs of light and heavy polypeptide chains, linked 
by disulfide bonds into a Y-shaped structure. Each chain is folded into a series of globular do
mains; the heavy chain (gray) has four such domains and the light chain (color) two. Digestion 
of the IgG molecule with the protein-cleaving enzyme papain gave rise to three fragments: an 
Fc fragment (the stem of the Y-shaped molecule) and two identical Fab fragments (the prongs 
of the Y), each of which contains a combining site of identical specificity. The two domains at 
the tip of each Fab fragment (V H and V r.> vary in amino acid sequence according to antibody 
specificity and are called variable domains; most of remaining domains on each chain do not 
vary and are called constant domains. Amino acid side chains from the two variable domains 
contribute to the formation of a binding cavity that is geometrically and chemically comple
mentary to a single type of antigen, bringing about an intimate fit of the cavity with the antigen. 
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amino acid units. Comparison of the se
quences of heavy chains from differ
ent myeloma immunoglobulins showed 
that all the differences in sequence were 
located in 108 to 125 amino acids at one 
end. Thus the variable end of the heavy 
chain was about the same length as that 
of the light chain. whereas the constant 
end of the heavy chain was about three 
times longer. 

The finding that the variation in ami
no acid sequences among IgG molecules 
is limited to approximately the same 
number of amino acid units at the same 
end of the heavy and light chains strong
ly suggested that it is in these regions 
that antigens are bound. The reasoning 
was that since this was the region in 
which individual IgG molecules differed 
from one another. it should be the re
gion in which the specificity of the anti
body is determined. 

By 1968 Edelman's group had suc
ceeded in working out the complete 
amino acid sequence of a myeloma IgG 
molecule. This sequence showed the 
striking similarities among segments of 
polypeptide chain in different parts of 
the molecule. The variable region of the 
light chain was similar in sequence to 
the variable region of the heavy chain. 
Moreover. the constant region of the 
heavy chain consisted of equal thirds 
that were similar in sequence and also 
resembled the constant region of the 
light chain. These homologies in amino 
acid sequence suggested that the IgG 
molecule is made up of compact do
mains. or subunits. that closely resem
ble one another in three-dimensional 
structure. a prediction that later proved 
to be correct. 

Hypervariable Sequences 

In the early 1970's another important 
advance was made. When T. T. Wu and 
Elvin A. Kabat of the Columbia Univer
sity College of Physicians and Surgeons 
analyzed the amino acid sequences of 
the variable regions in both human and 
animal light chains. they saw that three 
particular regions of the amino acid se
quences varied more than the rest of the 
light-chain variable

'
region. One of us 

(Capra. working in the laboratory of J. 
Michael Kehoe at the Mount Sinai 
School of Medicine in New York) later 
discovered four such "hypervariable" 
regions in the heavy chain. The hyper
variable sequences make up about 25 of 
the 110 variable-region amino acid units 
in the light chain and about 30 of the 120 
variable-region amino acid units in the 
heavy one. Because of the limited varia
bility in amino acid sequence outside the 
hypervariable regions. many investiga
tors predicted that the hypervariable re
gions alone would turn out to form the 
highly specific surface of the combining 
site. The major function of the rest of 
the variable region was believed to be 
the presentation of the hypervariable re-
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gions in three-dimensional space in such 
a way as to form a cavity or groove for 
the antigen to fit into. 

This concept was supported by the af
finity-labeling investigations pioneered 
by S. J. Singer and his collaborators at 
the University of California at San Di
ego. A common enzymological tech
nique. affinity labeling involves attach
ing chemical labels to the polypeptide 
chain of the antibody molecule in the 
combining site or very close to it. The 
first step in the procedure is to produce 
antibodies against the affinity label. A 
small synthetic antigen. or hapten. such 
as a dinitrophenol group is joined to a 
carrier protein molecule and injected 
into an experimental animal. Antibody 
molecules are then elicited that have a 
special structural complementarity to 
the hapten. so that there is an intimate fit 
between one and the other. The usual 
hapten-antibody combination is nonco
valent and reversible. To attach the af
finity label the hapten is provided with 
a reactive chemical group. which will 
form a covalent bond with an amino 
acid unit in the combining site and so 
become irreversibly bound. The anti
body molecule can then be separated 
into its constituent chains. and the posi
tion of the affinity label (which is usually 
made radioactive) on the chains can be 
determined. When such experiments 
were performed. the affinity labels were 
generally found in the hypervariable re
gions of both heavy and light chains. 
supporting the concept that the binding 
site is composed of hypervariable se
quences contributed by both polypep
tide chains. 

Structures of IgG Fragments 

Over the past five years some compo
nents of immunoglobulin molecules 
have been crystallized so that their 
three-dimensional structure could be 
examined by X-ray diffraction. This 
work has opened the way to an under
standing in three-dimensional terms of 
the significance of the amino acid se
quences in the combining site. Roberto 
J. Poljak. Leon M. Amzel and their col
laborators at the Johns Hopkins School 
of Medicine worked out the three-di
mensional structure of a Fab fragment 
from a human myeloma protein (patient 
designated "New"). David R. Davies. 
David M. Segal. Eduardo A. Pad Ian and 
their co-workers at the National Insti
tutes of Health determined the structure 
of a Fab fragment from a mouse-myelo
ma antibody designated McPC 603. 
One of us (Edmundson). in collabora
tion with E. E. Abola. K. R. Ely. R. L. 
Girling and Marianne T. Schiffer. com
pleted the structural analysis of a Bence
Jones light-chain dimer (from a myelo
ma patient designated "Mcg") at the Ar
gonne National Laboratory. All three 
structures were reported at the Inter
national Congress of Biochemistry in 
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HYPERV ARIABLE AMINO ACIDS (colored bars) in the variable domain of both the light 
and the heavy polypeptide chain vary considerably more from one antibody to the next than 
other sequences in the variable regions do, suggesting that they are responsible for the high 
specificity of the combining site. This hypothesis is supported by affinity-labeling experiments, 
in which synthetic antigens known as haptens are provided with reactive chemical groups that 
enable them to bind irreversibly to the combining site of an intact antibody molecule. When 
molecule is degraded into its component polypeptide chains, the affinity labels (vertical ar
rows) are always found to be bound to amino acid units in or near the hypervariable sequences. 
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� THREE-STRAND 

LAYER 

"" FOUR-STRAND LAYER 

C DOMAIN 

BASIC FOLDING PATTERN of the polypeptide chain in the constant (C) domains of anti
body molecule is cylindrical in shape and has a sandwichlike structure: the top layer is com
posed of three adjacent strands of polypeptide chain and the bottom layer of four (colored ar
rows), with the two layers held together by a disulfide (sulfur-sulfur) bridge. Although the var
iable domain of both the light and the heavy chain has an additional loop, the overaU folding 
pattern of the variable and constant domains is highly similar, which was unexpected in view 
of the great differences in their amino acid sequences. The authors propose that this common 
domain structure, which has persisted in spite of the evolutionary divergence and functional 
specialization of constant and variable domains, may be due to presence in interior of both do
main types of hydrophobic ("water-hating") amino acids that produce similar folding patterns. 
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LIGHT CHAIN of an IgG antibody from a myeloma patient folds into a constant (C) and a 
variable (JI) domain. In the course of evolution the two domains have rotated with respect to 
each other so that their four-strand layers (colored arrows) face in different directions. This ro
tation has been accompanied by changes in the amino acid composition of the two domains 
that enable them to perform very different functions when they interact in pairs. For example, 
the association of two identical light chains in Bence-Jones dimers forms a cavity in which hap
ten molecules can bind. (BencNones proteins are found in urine of myeloma patients and often 
exist as pairs, or dimers.) The dimers can thus be considered models for a primitive antibody. 
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Stockholm in 1973. These three-dimen
sional studies are continuing and have 
already made it possible to build pre
cise models of the Fab fragments and 
the Bence-Jones dimer. They have con
firmed the concept that antigens and an
tibodies can chemically and spatially 
combine in tight complexes. 

The Fab fragments and the Bence
Jones dimer are similar in size. shape 
and general structural features. As was 
predicted from the homologies found in 
the amino acid sequences. the proteins 
consist of four subunits. corresponding 
to the variable and constant domains 
contributed by the light and heavy 
chains in the Fab fragments and the two 
light chains in the Bence-Jones dimer. 
The two domains in each chain are co
valently linked by extended stretches of 
polypeptide chain called "switch" re
gions. Homologous domains in the two 
chains are paired. and each molecule as 
a whole has the shape of an elongated 
tetrahedron. 

Domain Structure and Evolution 

All four domains are cylindrical in 
shape and share a basic pattern of poly
peptide-chain folding termed the immu
noglobulin fold. In both variable and 
constant regions the domain structure 
consists of straight segments of polypep
tide chain. mostly parallel to the longer 
axis of each subunit and arranged in two 
layers. The first layer is composed of 
three chain segments and the second lay
er of four chain segments. Adjacent seg
ments within each layer run in opposite 
directions and are stabilized by hydro
gen bonds between chains so that they 
take the three-dimensional form called a 
pleated sheet. The two layers surround a 
tightly packed interior of hydrophobic 
("water-hating") amino acid side chains. 
and they are held together by a disulfide 
bond between polypeptide chains. Al
though the constant and variable re
gions differ substantially in amino acid 
sequence. the presence of key amino ac
ids in the interior of the structure has 
caused the different domains to retain 
a common shape and folding pattern. 
These observations suggest that the var
iable and constant domains evolved as a 
result of the duplication of an ancestral 
gene. after which the duplicate genes di
verged to some extent. The amino acid 
sequences specified by the genes thus be
came slightly different. 

The evolutionary changes in amino 
acid sequence have markedly changed 
the way the variable and constant do
mains interact in pairs. In the constant 
domains the three-strand layers are on 
the outside of the molecule and the four
strand layers interact across a water-free 
zone to maintain the compact arrange
ment of the constant region. Converse
ly. in the variable domains the four-
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strand layers are on the outside. and 
the three-strand layers face each other 
across a water-filled channel to form the 
concave binding site. Thus it appears 
that in the course of evolution the two 
cylindrical domains in each chain have 
rotated 160 to 170 degrees with respect 
to each other. so that the surfaces that 
face each other in the variable region 
are different from those that face each 
other in the constant region. The two 
pairs of similarly shaped domains that 
make up the Fab fragments and the 
Bence-Jones dimer are therefore able to 
perform entirely different functions. 

The differences in amino acid se
quence between the constant and the 
variable domains can be correlated with 
their different binding interactions. For 
example. in the variable domains an al
ternating pattern of hydrophilic ("wa
ter-loving") amino acid units and hydro
phobic ones in the three-chain layers is 
broken by the substitution of hydropho
bic amino acids for the hydrophilic ones 
in positions important for the mainte
nance of the concave structure of the 
combining site. Similarly. the alter
nating hydrophilic-hydrophobic amino 
acid sequence in the four-chain layers of 
the constant domains is interrupted by 
the substitution of hydrophobic amino 
acid units for hydrophilic ones at sites of 
close interaction between the two con
stant domains. The modified sequences 
in each domain are in positions that are 
appropriate for their function but do not 
detract from the general structural in
tegrity of the common immunoglobu
lin fold. 

The fact that localized modifications 
in amino acid sequence have given rise 
to the functional differentiation of the 
constant and variable domains without 
changing their overall three-dimension
al structure is a striking instance of how 
divergent evolution can operate at the 
molecular level. Indeed. the specialized 
interaction of paired domains appears 
to be a fundamental feature of antibody 
structure. and it allows antigen-binding 
regions to form even in molecules con
sisting of two identical light chains. as 
they do in the Bence-Jones dimers. X
ray crystallographic studies of the Mcg 
Bence-Jones dimer have shown that the 
spatial relations between the variable 
and constant domains in the two light 
chains are markedly different; the angle 
between the long axes of the two do
mains is about 70 degrees in one chain 
and about 110 degrees in the other. 
Comparisons of the structure of the 
paired light chains of the Bence-Jones 
dimer with that of Fab fragments indi
cate that the conformation of one chain 
resembles that of the heavy chain in Fab 
fragments. whereas the conformation of 
the other chain resembles that of the 
Fab light chain. Since the Bence-Jones 
dimer both looks and acts like a Fab 

fragment. we can regard it as a model 
for a primitive antibody. 

The Nature of Combining Sites 

The combining sites of the different 
myeloma-antibody fragments studied 
so far differ markedly in size. shape and 
hapten-binding properties. For exam-

pIe. the human Fab fragment from pa
tient New has a shallow groove that 
binds a molecule of hydroxylated vita
min K!. whereas the mouse McPC 603 
Fab fragment has a deeper cleft that 
binds the hapten phosphory1choline. 
The Mcg Bence-Jones dimer has a still 
deeper and wider conical cavity con
nected to a pocket 17 angstroms from 

a 

1-----' 

b 

(1 

c 

d 

1 

COMBINING 
SITE 

EVOLUTION OF PRIMITIVE ANTIBODY probably began with a single polypeptide chain 
some 110 amino acids long that folded into a cylindrical domain structure (a). The gene coding 
for this chain then duplicated, giving rise to two identical polypeptide domains joined by a short 
linear chain segment (b). Divergent evolution of the duplicate genes gradually changed the 
amino acid composition of the two domains, differentiating them into constant and variable 
regions and causing them to rotate with respect to each other when two entire chains associated 
(c, d). Resulting molecule had site between variable domains able to bind haptenlike antigens. 
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CARBON SKELETON OF Fab FRAGMENT (one prong of the 
antibody molecule) from a mouse myeloma protein designated McPC 
603 shows how the entire fragment is divided into closely packed 
constant and variable regions composed of paired domains from the 

STRUCTURE OF BENCE-JONES DIMER is strikingly similar to 
that of the Fab fragment (top of page). One of the two light-chain 
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heavy chain (color) and the light chain (black) and joined by extended 
segments called ''switch" regions. The combining site at the tip of the 
fragment is made up entirely of adjacent loops of hypervariable ami
no acid units (filled-in balls) contributed by both polypeptide chains. 

monomers (color) in dimer adopts same conformation as that of Fab 
heavy chain, whereas second monomer resembles the Fab light chai;'. 
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the entrance to the main cavity. When 
crystalline samples of this protein are 
compared by means of X-ray diffraction 
with similar samples in which dinitro
phenyl or other haptenlike compounds 
are bound in place, it is apparent that 
there are three distinct binding sites, two 
in the main cavity and one in the pocket. 
Depending on the size and chemical 
structure of the haptenlike molecules, 
the sites can be occupied singly or in 
tandem. For example, compounds with 
two dinitrophenyl rings spaced an ap
propriate distance apart can bridge two 
of the binding regions with one ring in 
each site. 

In every case the combining site is en
tirely made up of loops of hypervariable 
amino acid sequences fixed to the rigidly 
constructed, constant framework of the 
variable domains. The hypervariable 
loops that form the surface of the com
bining site are not large in the Fab frag
ments; they consist of at most 17 amino 
acid units. In the Bence-Jones dimer the 
binding regions continue from the hy
pervariable loops into more constant 
parts of the three-strand layers. All six 
hypervariable regions contribute to the 
formation of the main binding cavity of 
the Bence-Jones dimer, but only five of 
these regions are involved in the Fab 
fragments: the first, second and fourth 
hyper variable regions of the heavy 
chain and the first and third hypervari
able regions of the light chain. Unique 
patterns of amino acid side chains on 
these loops come together to form a 
continuous surface capable of providing 
complementarity with a given antigen. 
The combining site of an immunoglobu
lin molecule is thus analogous to the die 
in a metal-stamping press in that it can 
differ from one antibody to the next 
without any change in the overall struc
ture of the molecule. 

Specificity-determining Factors 

What are the factors determining the 
high specificity of a combining site for a 
hapten or an antigen? First, the shape of 
the site is complementary to that of the 
antigen, and it is concave in order to 
expose a large area of surface to the 
antigen. Second, the amino acid side 
chains within the cavity are precisely 
positioned to take full advantage of 
electrostatic, hydrogen-bonding and 
van der Waals interactions, all of which 
are weaker than covalent interactions. 
(In this regard the binding forces be
tween an antibody molecule and an anti
gen resemble those between an enzyme 
molecule and the substance on which it 
acts.) 

For example, the binding site for the 
hapten phosphorylcholine in the mouse 
McPC 603 Fab fragment is a wedge
shaped cavity, the walls of which are 
lined with hypervariable amino acid 
units. The phosphorylcholine occupies 
only a small part of the cavity and is 
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bound asymmetrically. being closer to 
the heavy chain than it is to the light 
one. The negatively charged phosphate 
group (P04) of the hapten is within hy
drogen-bonding distance of the hydrox
yl (OH) group in the combining site. It is 
also in close proximity to the positively 
charged guanidinium group of an argi
nine unit. and this proximity leads to 
a strong electrostatic interaction. The 
choline group of the hapten also appears 
to interact with hypervariable loops 
from both the heavy and the light 
chains. The positively charged nitrogen 
of the choline group is close to the nega-

TRYPTOPHAN 1 04a-H / 

tively charged side chain of a glutamic 
acid unit. and there are van der Waals 
interactions between the choline group 
and the carbon atoms in both the heavy 
and the light chains. 

These relations have been worked out 
in X-ray-diffraction analyses of crystal
line proteins. One must bear in mind 
that the binding of a small hapten mole
cule to part of the combining site in a 
crystalline antibody is a highly artificial 
situation; in real life the antigen proba
bly fills the binding site completely. 
Moreover. the hypervariable loops. par
ticularly those that protrude into the wa-

PHOSPHORYLCHOLINE /' 
HAPTEN 

LYSINE 54-H / 

ter surrounding the antibody molecule. 
appear to be flexible. and the binding 
site may expand to enfold a larger area 
of antigen surface. The crystal studies of 
the Bence-Jones dimer show that the 
surfaces immediately around the bind
ing cavity but not inside it can be ap
proached sufficiently closely by large 
molecules to allow even more interac
tions. In the crystals these interactions 
hold a second Bence-Jones protein mol
ecule in such a specific orientation that 
one of its amino acid side chains enters 
the cavity of the dimer and lodges in a 
site appropriate for antigen binding. 

MODEL OF THE BINDING of the hapten phosphorylcholine (col
ored balls) to combining site of McPC 603 antibody illustrates how 
the shape of the site is precisely complementary to that of the hapten. 
In addition amino acid side chains lining cavity bind to hapten through 

weak, noncovalent interactions of following types: electrostatic (at
traction of positively and negatively charged atoms), hydrogen-bond
ing (attraction of oppositely polarized hydrogen and oxygen atoms) 
and van der Waals (attraction between electrons and atomic nuclei). 
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As we have mentioned, the variable 
and constant domains in each polypep
tide chain of the Fab fragments are co
valently linked by stretches of chain 
called switch regions. In the Bence
Jones dimer this region is also bent to a 
larger extent in the heavy-chain ana
logue than in the light-chain one. R. Hu
ber and his colleagues in Germany, 
however, have recently described an 
IgG protein in which the switch regions 
in the Fab parts of the molecule do 
not show this large difference between 
heavy and light chains. 

These observations suggest that both 
the heavy and the light chains of some 
antibodies are capable of large hinge
like movements at the switch regions, 
but that these movements probably do 
not occur in all IgG's. Nevertheless, the 
capacity for conformational changes in 
such connecting segments may be very 
important in the mechanism by which 
the binding of antigen to certain anti
bodies initiates a variety of immunolog
ical responses, including the dissolution 
of blood cells by the blood factor known 
as complement, the release of histamine 
from mast cells and the activation of the 
synthesis of the antibodies themselves. 

The Modification of Specificity 

The study of precise structural mod
els derived from X-ray-diffraction anal
yses has done much to suggest how the 
geometry of the antibody combining 
site, and hence its specificity for antigen, 
might be modified by making changes in 
the amino acid sequence of the hyper
variable regions. For example, the sim
ple substitution of a negatively charged 
glutamic acid unit for a positively 
charged arginine unit in a polypeptide 
chain of the combining site would prob
ably not affect the overall topology of 
the hypervariable surface, but it would 
dramatically change its binding proper
ties. In addition insertions and deletions 
within the hypervariable loops would 
alter their folding, and they could 
change the shape and size of the hyper
variable cavity. Finally, there is the pos
sibility that substitutions, deletions or 
insertions of amino acid units in the 
deeper parts of the interface between the 
variable domains might alter the inter
actions between the two domains, re
sulting in a shift in the relative positions 
of the hypervariable loops on the heavy 
and light chains and giving rise to signifi
cant changes in specificity. 

In sum, the dramatic advances of im
munochemistry in recent years have 
drawn a much clearer picture of how an 
antibody molecule fits itself to an anti
gen, and have provided much informa
tion on the evolution of antibody struc
ture. A rational molecular explanation 
for the capacity of the body's immune 
system to respond to an apparently infi
nite variety of antigenic stimuli now 
seems to be at hand. 
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The Perception of Moving Targets 
Highly specialized nerve circuits enable the human visual 

system to separate information about the direction in which 

an object is moving from the details of the object's pattern 

by Robert Sekuler and Eugene Levinson 

T
he ability to respond promptly 
and appropriately to a moving ob
ject is often a matter of life or 

death. Hence it is not surprising that the 
mammalian visual system has evolved 
highly specialized neural mechanisms to 
handle the job. Physiological experi
ments in which microelectrodes are im
planted in the visual cortex of an ani
mal's brain have provided investigators 
with a wealth of information about how 
this complex nerve circuitry works in 
various species. In order to study the 
corresponding function in man, howev
er, less invasive techniques are obvious
ly required. Although the procedures 
developed for the latter purpose are nec
essarily indirect, they have yielded some 
striking information about the mecha
nisms employed by the human visual 
system to perceive moving objects. 

The first requirement of any such psy
chophysical procedure is the provision 
of special stimuli. The moving things 
one sees in everyday life are not very 
helpful here, because their impact on 
the visual system is both too compli
cated and too weak to be measured 
reliably. Therefore even though the ul
timate objective is of course to under
stand why moving objects appear the 
way they do in everyday life, one must 
start by working with moving targets 
that are both less complicated and more 
powerful than ordinary objects. 

As far back as early in the 19th centu
ry students of human visual perception 
realized that prolonged exposure to a 
simple, strong stimulus could reveal 
properties of the motion-perception sys
tem that could not be observed with 
more variable stimuli. The British inves
tigator R. Addams, for example, noted 
that prolonged fixation on motion in one 
direction often resulted in a peculiar af
tereffect. Addams stared at a waterfall 
near Loch Ness for several seconds. 
When he then shifted his gaze to the 
rocks next to the waterfall, the rocks 
seemed to move upward. Earlier the 
Czech physiologist Jan Purkinje had ex
perienced a similar illusion after watch
ing a parade of horseback riders for 
about an hour. 
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In our laboratory at Northwestern 
University we obtain comparable effects 
by means of electronically generated 
stimuli. One kind of stimulus we find 
useful consists of a moving pattern of 
small, bright dots "painted" on the 
screen of a cathode-ray tube with the aid 
of a computer. The dots are usually dis
tributed across the screen in a random 
fashion. Opposite sides of the screen are 
functionally connected: when a dot dis
appears off one side of the screen, it im
mediately reappears at the other. From 
the point of view of an observer it is as 
though he were looking at an infinitely 
large sheet of dots moving behind a sta
tionary aperture. Because the dots are 
distributed randomly on the sheet, they 
enable us to study the visual impact of 
their motion without the complicating 
effects of perceived contours. 

Another suitable kind of target, also 
created on a cathode-ray tube, is a pat
tern of alternating dark and light paral
lel bars. Patterns of this type, called 
gratings, can be made to drift at any 
speed in a direction perpendicular to the 
bars. With either gratings or dot patterns 
we are able to generate movement that 
is continuous, repetitive and of any de
sired duration. The individual. momen
tary effect of the motion can be allowed 
to accumulate, producing a total impact 
large enough to be measured reliably. 

For any target, including. a moving 
one, the response of the visual sys

tem depends on the contrast between the 
dark and light parts of the image. The 
fact that a television set has separate 
controls for contrast and brightness 
serves as a reminder that the two varia
bles are not the same. At any level of 
average brightness one can indepen
dently adjust the contrast, making the 
picture more or less "washed out." In 
order to measure how effectively a cer
tain television image stimulates the visu
al system, one possible approach is to 
adjust the contrast until an observer can 
barely see that the television screen is 
not perfectly uniform in its luminance. 
If the particular image on the screen 
happens to be one to which the observer 

is very sensitive, it will remain visible 
even at a very low contrast. 

It follows that the contrast threshold 
at which a target image disappears can 
be utilized as an index of an observer's 
sensitivity to that particular target. A 
low contrast threshold would mean a 
high sensitivity and vice versa. The same 
approach can be taken with an electroni
cally generated grating or dot pattern: 
by reducing the contrast until the ob
server can barely see the pattern one can 
obtain a measure of the observer's con
trast threshold for that pattern. 

Ulker T. Keesey of the University of 
Wisconsin and Janos Kulikowski of the 
University of Manchester have shown 
that for many moving targets observers 
have not one but two distinct contrast 
thresholds. Suppose, for example, one is 
working with a low-frequency grating 
(that is, one with wide bars) moving 
across the screen of a cathode-ray tube. 
One starts with the contrast at zero and 
then gradually increases it until the ob
server can just detect that something is 
present. The observer does not actually 
see the grating; what he perceives is 
a procession of formless ripples. Al
though he can determine the direction in 
which the ripples are moving, the bars of 
the grating are themselves indistinct. If 
one now increases the contrast further, 
the bars too become visible. Evidently 
at a very low contrast a target's motion 
may be visible even though the charac
teristics of its pattern are not, whereas at 
a somewhat higher contrast both the 
pattern and its motion are discernible. 
The existence of separate thresholds for 
the perception of motion and the per
ception of pattern leads quite naturally 
to the suspicion that within the human 
nervous system there are two separate 
visual channels for analyzing these two 
aspects of a moving target. 

Obviously there are limits to how 
much one can learn about the nervous 
system's response to motion from just 
watching a moving target. More ana
lytic tools are needed. One such tool. 
frequently employed to study smell. 
hearing and taste as well as vision, is 
the psychophysical procedure known as 
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selective adaptation. This technique 
makes it possible to "dissect" any senso
ry system painlessly. In selective

' 
adapta

tion one compares the detection of vari
ous stimuli before and after exposing 
the sensory system to a strong level of a 
particular stimulus. termed the adapting 
stimulus. Imagine. say. that exposure to 
some adapting stimulus makes it hard to 
detect one test stimulus but has little or 
no effect on the ability to detect another 
test stimulus. It would be reasonable to 
conclude that the mechanisms needed to 

detect the first test stimulus overlap the 
mechanisms affected by the adapting 
stimulus but that the mechanisms need
ed to detect the second test stimulus do 
not. The adapting stimulus is usually 
thought of as fatiguing. or reducing the 
sensitivity of. selected mechanisms in 
the nervous system; reduced sensitivity 
makes it more difficult to detect the 
stimuli that are processed by the affect
ed mechanism. 

About a dozen years ago selective-ad
aptation experiments established that at 

some stage of neural processing the hu
man visual system makes use of mecha
nisms that are directionally selective. 
Leo Ganz. who is now at Stanford Uni
versity. and one of us (Sekuler) had ob
servers view vertical gratings that 
moved either to the left or to the right. 
The adapting stimuli were of high con
trast; they were designed to selectively 
desensitize mechanisms that responded 
to only one direction of motion or the 
other. if indeed such mechanisms exist
ed. After a short adapting period con-

" WHITE SP IRAL," one of a set of 12 rotating optical illusions called 
Rotoreliefs designed by the artist Marcel Duchamp in 1935, demon
strates an important property of the human visual system: the inde
pendence of the neural channels responsible for perceiving opposite 
directions of motion. When a copy of the design is rotated clockwise 
at a speed of about 33 revolutions per minute (on a phonograph turn
table, say), a viewer should be able to see two superposed spirals: a 

dark one with many narrow turns, which appears to drift toward the 
center of rotation, and a white one with fewer, broader turns, which 
seems to move outward from the center. The two interwoven spiral 
patterns are actually fixed with respect to each other; nevertheless, 
wben tbey are viewed in rotation (preferably with one eye), the two 
directions of motion separate clearly. This reproduction is from a set 
of Duchamp Rotoreliefs in the collection of Anne d'Harnoncourt. 
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MOVING PAITERN of alternating dark and light p araDel bars can be created on the screen 
of a cathode-ray tube in order to provide a suitable target for psychophysical experiments 
with human observers. In the sequence of photographs at the left, made in the authors' labora
tory, a grating is shown drifting to the left across the screen at a constant rate. Sinusoidal curve 
associated with each photograph is a plot of light intensity across the screen at the moment of 
each exposure. Long slanted line connects a given peak on each curve at successive intervals. 

62 

trast thresholds were measured for a 
grating that moved either in the same 
direction as the adapting stimulus or in 
the opposite direction. There was a sig
nificant difference between the visibility 
of the two opposite directions of test 
movement: after adaptation it was 
much harder to see the grating that 
moved in the same direction as the 
adapting grating. This effect-called di
rection-specific adaptation-has been 
re-created many times since. 

Naturally we wondered whether the 
mechanisms we were dealing with were 
related to single neural cells that show a 
strong preference for direction of mo
tion. A directionally selective neuron 
discharges strongly when a properly ori
ented stimulus drifts in one direction 
through its visual field; it fires at a much 
reduced rate if the same stimulus moves 
through the field in the opposite direc
tion. Direction-specific cells are abun
dant in the visual cortex of both the 
monkey and the cat. Because this kind 
of neuron is able to discriminate be
tween directions of motion, it could pro
vide the basis for the human ability to 
see moving targets. Although it is not 
certain that the human brain has exactly 
the same kinds of cells as a monkey's 
brain, it is known that in areas of vi
sion not directiy concerned with motion 
man's visual abilities are nearly iden
tical with those of certain monkeys. 
Moreover, monkeys appear to experi
ence motion aftereffects in much the 
same way that human beings do. 

Several investigators have tried to de
termine whether or not the electrical ac
tivity of the human brain also shows di
rectional selectivity. Electrodes can be 
fastened to an observer's scalp, and after 
proper amplification and signal process
ing the massed response from the brain 
tissue lying under the electrodes can be 
measured. The direction-specific ad
aptation experiment can then be done 
with the massed brain response. For ex
ample, one investigator measured the 
brain's response to a pattern moving 
first in one direction and then in the op
posite direction. Adaptation produced a 
change in the brain's response to motion 
in the same direction as the adapting 
motion; the response to motion in the 
opposite direction was not affected. 

Selective-adaptation experiments, in 
short, provide evidence that the human 
visual system contains some direction
selective mechanisms. The directional 
selectivity shown with adaptation tech
niques, however, does not tell one every
thing one would like to know about how 
the system responds to a moving stimu
lus. For example, the kind of selectivity 
observed in these experiments does not 
necessarily mean that there are sepa
rate detectors for opposite directions of 
motion. Direction-specific adaptation 
might reflect activity in directionally se
lective neurons whose outputs are sub
sequently pooled at a detection stage 
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that is not direction-specific. Adaptation 
experiments confirm that the visual sys
tem analyzes direction of motion, but 
one would like to know how the infor
mation is treated after this preliminary 
analysis. 

To test any system's ability to respond 
independently to either of two in

puts, an engineer might examine how 
that system responds to the sum of the 
inputs. The basic idea is to compare the 
system's response to some stimulus 
alone with the system's response to the 
same stimulus when it is accompanied 
by an additional stimulus. If the pres
ence of the additional stimulus neither 
helps nor hinders one's ability to de
tect the original target, the two stimuli 
would have to be detected by indepen
dent mechanisms. 

We have exploited this approach in 
the following way. Starting with two 
separate cathode-ray tubes, on one we 
generate a grating that drifts to the right 
while on the other we produce a similar 
grating that drifts to the left. The images 
of the two tubes are combined optically 
(with a half-silvered mirror) and viewed 
by an observer, who adjusts the contrast 
of the combination grating to the thresh
old level. 

Although we have made many mea
surements with the aid of this basic pro
cedure, there is one special condition 
that is of particular interest: the case in 
which both gratings have the same bar 
width and contrast, drift at the same 
speed but move in opposite directions. 
In this case the combination stimulus 
shows neither direction of drift; it sim
ply reverses repetitively in phase! At any 
one point on the observer's retina the 
combination grating changes from light 
to dark and back again, without any ob
vious drift in either direction. In fact, 
when an observer takes a quick look at 
such a high-contrast combination grat
ing, he sees no movement; the grating 
simply appears to pulsate, with the dark 
bars getting light and vice versa. 

Suppose now that an observer views 
one of the moving component gratings, 
adjusting its contrast until something is 
barely visible. He then repeats this pro
cedure with the other moving compo
nent grating, also presented alone. The 
two thresholds will appear at about the 
same contrast value. Next the observer 
views the combination grating, always 
keeping the contrast of each moving 
component at its own threshold value. If 
gratings moving in opposite directions 
are detected independently, the combi
nation grating would also be exactly at 
threshold. In order for the combination 
grating to be visible at all each of its 
oppositely moving components would 
require enough contrast to be visible in 
its own right. The actual appearance of 
the combination grating at the threshold 
level suggests that this line of reasoning 
is correct: when the combination is just 

\ r\ A01, 
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CONTRAST THRESHOLD, the level of contrast between the dark and light parts of a target 
image at which the image can barely be seen, serves as an index of an observer's sensitivity to 
that target. In the sequence of photographs at the left, for example, the contrast of four other
wise identical stationary gratings is progressively reduced from top to bottom. For moving tar
gets human observers have been found to have two distinct contrast thresholds: one for percep
tion of motion and the other for perception of pattern. Curves at right indicate light intensity. 
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at threshold, the observer sees first one 
and then the other component. The de
tection of the combination stimulus 
seems to depend on two independent vi
sual mechanisms, each one responsible 
for detecting just one directional com
ponent, and these mechanisms fluctuate 
slightly in sensitivity over time. 

The possibility that oppositely mov
ing components in a combination grat
ing are detected by independent di
rection-sensitive mechanisms leads to 
an interesting prediction: The contrast 
threshold for detecting a combination 
grating should be exactly twice the con
trast threshold for detecting one of the 
moving components presented by itself. 
One expects this twofold difference be
cause, as we have already explained, if 
either component of the combination 
grating is at the contrast threshold, then 
both components are at the contrast 
threshold, giving the combination grat
ing as a whole a total contrast of two 
threshold units. Accordingly in our ex
periments we have compared the con
trast threshold for a combination grat
ing with the contrast threshold for either 
of its moving grating components pre
sented alone, repeating the measure
ments at different bar widths and drift 
rates. The results are unequivocal: twice 
as much contrast is needed to detect a 
combination grating as is required to de-

tect one of the moving grating compo
nents of the combination stimulus. 

Since the combination grating made 
of oppositely moving components of 
equal contrast is so important in the 
study of vision, it has been given a spe
cial name: counterphase, or phase-alter
nating, grating. To examine other uses 
of the counterphase grating, we can start 
by relating our psychophysical results to 
some recent studies of single neurons in 
the cat's visual cortex. John G. Robson 
and Graham Cooper of the University 
of Cambridge have recorded the re
sponses of single cells to unidirectional 
moving gratings and to counterphase 
gratings. A cell that responds equally 
well to either direction of grating drift 
discharges as strongly to a counterphase 
grating as it does to a moving grating of 
the same contrast. A cell that is direc
tionally selective, however, responds 
about half as well to a counterphase 
grating as it does to an equal-contrast 
moving grating. The direction-selective 
cell, then, seems to respond only to the 
half-contrast component of the counter
phase grating that drifts in the cell's pre
ferred direction. Parallel psychophysi
cal measurements have been made with 
cats: relying on a behavioral technique, 
John M. Camisa, Randolph Blake and 
one of us (Levinson) have found that the 
cat's contrast threshold for a counter-

phase grating is twice as high as it is for a 
unidirectional moving grating. These re
sults are similar to our psychophysical 
observations with human subjects. 

The twofold difference between the 
contrast thresholds for counterphase 
gratings and unidirectional moving grat
ings is not the only reason for believing 
the human visual system decomposes 
the counterphase grating into its sepa
rate moving components. Prior adapta
tion to a grating moving in one direction 
can radically alter the appearance of a 
counterphase grating. If, for example. 
one stares at a grating moving to the 
left--thereby desensitizing mechanisms 
sensitive to leftward motion-a subse
quently seen counterphase grating ini
tially appears to drift to the right. After 
several seconds the grating again as
sumes its normal pulsating appearance. 
Presumably the time during which the 
counterphase grating appears to drift to 
the right is the time during which the 
leftward-selective channel is less sensi
tive than the rightward-selective chan
nel. As the effect of adaptation decays. 
the sensitivities of the channels regain 
parity and the pulsating appearance re
turns. It does seem somewhat peculiar 
that the visual system can extract the 
two moving components from a stimu
lus that hides movement as well as a 
counterphase grating does. Similar ex-

LEFTWARD-MOVING GRATING RIGHTWARD-MOVING GRATING 

J\/\f\; 
< > 

.<rt---¥r--------Y-r-----
OBSERVER HALF-SILVERED MIRROR 

COUNTERPHASE GRATING, also known as a phase-alternating 
grating, is made by combining two oppositely moving gratings that 
have the same bar width and con trast. In the experimental setup 
shown here two separate cathode-ray tubes are used; on one the grat
ing moves to the right while on the other the grating moves to the 
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MIRROR 

PERCEIVED COUNTER PHASE 

GRATING 

left. The images on the two tubes are combined optically with a half
silvered mirror and are viewed by an observer. The resulting visual 
stimulus (color) shows neither direction of drift; it simply reverses 
repetitively in phase. Nevertheless, the eye can readily decompose 
flickering image into its two oppositely moving component images. 
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Announcing the 136th use for polarizing 
By our personal count, the 136th use for 

Polaroid polarizing filters is in Variable Light 
Transmission windows. VL T for short. 

Polaroid VL T windows let in as much or 
as little light as you select. So you can easily 
eliminate the glare from your view. You can 
even eliminate the view from your view (by 

shutting out 99.95% of the light). 
Two Polaroid light-polarizing filters are 

used, one stationary, the other free to rotate. 
Turning the inner filter moves the axes of 
polarization increasingly out-of-parallel 
which decreases light transmission. 

VL T polarizers also protect against infra-
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.lters: Adjustable sunglasses for airplanes. 
red and ultraviolet radiation. And they're 
free of optical distortions. 

Now, VLT windows are being used in pri
vate planes like the Beech King Air. But we 
think you'll find them in commercial planes 
some day. (The reasons are easy to see.) 

Meanwhile, if you have a light-filtration 

problem, and you'd like to consult with the 
people who wrote the book, write Dept. 
A 186, Cambridge, Mass. 02139. Or call, toll
free, 800-225-1618 (in Massachusetts, call 
collect, 617-547-5177). 

Polaroid Corporation 
Polaroid® © 1977 Polaroid Corporation 
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How your car 
can lose 2000 Rounds 

on the Thornel diet. 
Your present car weighs a lot be

cause there's a lot of metal in it. 
Now, imagine replacing most of 

that metal with a material that can 
lead to the reduction of the weight of a 
car, by half. 

That's the Thornerdiet. 
Thornel is a remarkable graphite 

fiber, produced by Union Carbide, 
which when used to reinforce high per
formance plastics, creates a material 
that can have five times the strength 
and stiffness, for equal weight, of 
metals. 

In addition, Thornel absorbs shock, 
dampens vibration and will not rust or 
corrode. 

Right now, there is a study show
ing the feasibility of taking a 4000-
pound car and reducing it to 2000 
pounds by using graphite materials for 

such parts as hood and t runk lids, 
doors, body panels, chassis and 
suspension members, wheels and 
bumpers. 

While this is being developed for 
the future, there are things happening 
now. Thornel fiber is being used in 
space vehicles, airplane components, 
bicycle frames, golf clubs, tennis rack
ets and fishing rods. 

Thornel. One day it will make a 
big car with the weight of a small car. 

And that's no small achievement. 

• 
Today, something we do 

will touch your life. 
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DECOMPOSITION OF A COUNTERPHASE GRATING into two oppositely moving grato 
ings is represented graphically. The first column shows successive Iight.intensity curves for a 
sinusoidal grating drifting to the left at a constant rate. The second column shows the corre· 
sponding curves for a similar grating drifting to the right at the same rate. Each of the colored 
curves in the third column gives the algebraic sum of the other two curves in the same row; the 
curves in this column, representing the counterphase grating, go through one complete cycle 
of phase reversal in the 12 sampled time intervals. The peak.to.peak amplitude of the top 
curve in the third column is twice the amplitude of either of the other two curves in that row. 
This ratio is symbolic of the fact that the contrast threshold for detecting a counterphase grating 
is exactly twice contrast threshold for detecting either of two components presented by itself. 
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tractions are known, however, in other 
sensory domains. The decomposition 
into moving components is reminiscent 
of the ear's ability to separate a chord 
into its individual harmonic tones. 

The ability of the visual system to use 
independent detectors to analyze a com
plex moving pattern into its components 
is no more surprising than the ability of 
the system to perform the reverse opera
tion: the synthesis of such a pattern 
from its components. To demonstrate 
this synthesizing ability we presented a 
leftward-moving grating to one eye and 
a rightward-moving grating of equal 
contrast to the other eye, allowing the 
observer's brain to combine the two. 
The resulting synthetic percept was 
identical with a counterphase grating 
that could have been created by combin
ing the two moving gratings with a half
silvered mirror. This synthesis reinforc
es the idea that the visual system can put 
complex patterns together as well as 
take them apart. 

Most of the work we have discussed 
so far has focused on the role of 

human neural mechanisms in detecting 
motion, that is, in determining whether 
or not a moving target is visible. A more 
difficult and intriguing problem re
mains: the contribution of such mecha
nisms to the appearance of moving tar
gets that are clearly visible. Our recent 
work at Northwestern shows that an cb
server's immediate perceptual history 
determines not only whether a moving 
target will be visible but also how the 
target will look if it does become visible. 
For example, we have found that adap
tation to a sheet of random dots drifting 
uniformly in one direction can drastical
ly change the apparent direction of sub
sequently viewed moving test dots. The 
shift in the perceived direction, which 
can be as much as 10 degrees of arc, is 
maximal when the adapting direction 
and the test direction are similar; the 
resulting shift is always away from the 
adapting direction. This direction shift 
is easily understood if one assumes that 
the neural code for perceived direction 
depends on a set of direction-specific 
mechanisms, each tuned to a somewhat 
different direction. The dots in the 
adapting pattern change the pattern of 
responsiveness among the mechanisms, 
thereby altering the apparent direction 
of the test stimulus. 

It is now clear that with low-level 
stimulation at the contrast threshold 
the visual system decomposes complex 
stimuli and responds to each of the com
ponents without interference from the 
others. These separation processes do 
not tell the whole story, however. In ev
eryday situations most stimuli are far 
above the contrast threshold and as a 
result the visual system's operation 
changes: interactions rather than inde
pendent responses are the rule, and the 
interactions tend to be inhibitory. 
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NEGATIVE AFTERE FFECT in the perception of motion can be 
demonstrated with these two designs. Place a copy of the radial 
"adapting" pattern at the left on a phonograph turntable. Stare at the 
center of the pattern as it spins at a speed of 337'3 r.p.m. Then look 

at the center of the stationary pattern at the right. The second pat
tern will briefly appear to be rotating in opposite-direction. Experi
ments conducted with electronically generated moving stimuli re
veal similar adaptation effects (see bottom illustration on next page). 

To see how such inhibition works we 
turn to the horseshoe crab Limulus poly
phemus. A great deal is known about the 
inhibitory activity in the faceted eye of 
Limulus. If one photoreceptor in that 
eye is strongly illuminated and a neigh
boring receptor is weakly illuminated, 
for example, the more strongly illumi
nated receptor reduces the neighbor's 
response. The inhibition is reciprocal: 
each photoreceptor can inhibit its neigh
bors and be inhibited by them. The net 
mutual inhibition depends on the rela
tive strength of the illumination and the 
proximity of the photoreceptors to one 
another. 

One important feature of such inhibi
tion is that it does not operate all the 
time. For example, in the Limulus eye 
there are levels of illumination that are 
adequate to stimulate a photoreceptor 
but are inadequate to make that photo
receptor inhibit any of its neighbors. In 
order for inhibition to become apparent, 
stimulation must be increased. Thus at 
low levels of stimulation each receptor 
acts as an independent entity, whereas at 
higher levels of stimulation inhibitory 
interactions show up. 

What role might inhibition play in hu
man motion perception? Fred Attneave 
of the University of Oregon has pointed 
to the possible role of inhibition in vari
ous reversible or multistable figures. He 
cites the Necker cube, a visual illusion 
that seems to flip back and forth be
tween orientations, as a good example 
of this phenomenon. There are revers
ible figures in motion perception too, 
and the counterphase grating is one of 
them. We mentioned above that a co un
terphase grating appears to pulsate or 

flicker when it is briefly viewed. When a 
low-frequency counterphase grating is 
observed for a longer time, however, its 
appearance changes in a way that is 
reminiscent of the alterations of more 
common reversible figures_ The coun
terphase grating sometimes seems to 
drift in one direction and then in the 
other. The grating produces a multi
stable percept, and multistability, as 
Attneave has shown, is a symptom of 
inhibition [see "Multistability in Per
ception," by Fred Attneave; SCIENTIFIC 
AMERICAN, December, 1971]. 

We have also made more objective 
measurements of reciprocal inhibition 
between channels tuned to opposite di
rections of motion. In one experiment 
we measured the contrast threshold for 
a rightward-moving grating after adap
tation to two different kinds of stimulus. 
One was simply a rightward-moving 
grating; the other was a combination of 
that same rightward-moving grating 
with a leftward-moving one. We knew 
that the rightward-adapting grating by 
itself would decrease the visibility of a 
test grating moving in the same direc
tion. We wanted to determine whether 
an added leftward component could re
duce the effectiveness of the rightward
adapting stimulus. If adding increasing 
amounts of the leftward component 
produces more inhibition, the adapting 
power of the rightward component 
should be reduced. As it turns out. that 
is exactly what happens. 

Work on the physiology of motion 
sensitivity in lower animals com

plements our observations on inhibition 
in human motion-perception mecha-

nisms. In general inhibition serves the 
function of "neural sharpening"; in oth
er words, it accentuates the differences 
between a mechanism's responses to dif
ferent stimuli. The responses of direc
tionally selective neurons in the visual 
cortex of the cat to their nonpreferred 
directions of movement are often lower 
than the maintained, unstimulated ac
tivity of those cells. A number of inves
tigators have recently shown that this 
reduction in response can sometimes 
be eliminated after administration of 
the drug bicuculline, an antagonist for 
the putative inhibitory neurotransmitter 
gamma-aminobutyric acid. In this case 
inhibition increases the difference be
tween a neuron's responses to motion in 
its preferred and its non preferred direc
tions and thereby improves the direc
tional selectivity. 

Inhibition between direction-specific 
units is apparently weak at birth and its 
development requires some visual expe
rience. John D. Pettigrew, now at the 
California Institute of Technology, has 
found a lack of inhibition in the visual 
response to movement in the non pre
ferred direction in the cortex of a new
born cat or a visually deprived adult cat. 
Consistent with this observation are ex
periments reported by Max Cynader at 
Dalhousie University. Cynader and his 
colleagues raised cats in a visual envi
ronment in which the cats were exposed 
to only one direction of motion. The 
vast majority of direction-selective cor
tical neurons of these "unidirectional" 
cats preferred movement in the direc
tion to which the cats had been exposed 
during rearing. This bias in direction 
preference contrasts sharply with the 
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SPECIAL STIMULUS employed by the authors in their laboratory to study the perception of 
motion under controlled conditions consists of a moving pattern of smaU, bright dots electron
ically generated on the screen of a cathode-ray tube with a computer. To an observer the stim
ulus looks like an infinitely large sheet of random dots moving behind a stationary aperture. 

comparatively uniform distribution of 
direction preference in normally reared 
cats. Although it is not yet known what 
perceptual deficits might accompany 
this abnormal distribution of direction 
preference. it is clear that the physiolog
ical characteristics of motion-percep
tion mechanisms depend critically on 
the kind of visual world the young cat 
experiences. One can speculate that 
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man's comparatively uniform sensitivi
ty to different directions of movement 
might result from frequent exposure to 
all directions during infancy. 

We mentioned above that there might 
be separate visual channels for analyz
ing the movement characteristics and 
the pattern characteristics of a stimulus. 
We have recently established that of 
these separate channels only those con-
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ADAPTATION TO A SHEET OF RANDOM DOTS drifting uniformly in one direction 
(pattern at left) can drasticaUy change the apparent direction of a subsequently viewed sheet 
of moving test dots (pattern at right). The shift in the perceived direction (colored arrow) can 
be as large as 10 degrees of arc. The resulting shift is invariably away from adapting direction. 
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cerned with motion show directional se
lectivity. When we measured the con
trast thresholds for both motion percep
tion and pattern perception after adap
tation to movement in one direction. we 
found that the motion thresholds were 
raised more when the test stimulus and 
the adapting stimulus moved in the 
same direction than when they moved in 
opposite directions. Pattern thresholds. 
however. were equal for all test di
rections. In other words. although the 
adapting stimulus was exerting a strong 
directionally selective effect on the mo
tion-perception system. it was having no 
directional effect on the pattern-percep
tion system. 

These observations suggest that the 
neural mechanism for detecting motion 
is independent of the mechanism for de
tecting pattern. Many other experiments 
support this view. We have already not
ed that the motion and pattern aspects 
of a moving target may have different 
contrast thresholds. Allan Pantle of the 
University of Miami has differentiated 
the two mechanisms in another way. by 
comparing their respective responses to 
variations in contrast. He relied on vari
ous procedures to determine how hu
man direction-sensitive mechanisms re
spond to variation in the contrast of 
a moving target. All the procedures 
agreed: the two mechanisms have a very 
limited range of response to stimulus 
contrast. Their response increases lin
early with the logarithm of stimulus 
contrast in the low-contrast region. but 
it is essentially independent of stimulus 
contrast once the contrast exceeds the 
threshold level by more than a factor of 
five or six. The response of the pattern
sensitive mechanisms does not appear to 
saturate at low contrast. 

Additional evidence for the separa
tion of the two systems comes from the 
examination of cases of brain patholo
gy. Whitman A. Richards of the Massa
chusetts Institute of Technology has be
gun to accumulate evidence that some 
people who have normal pattern vision 
have difficulty seeing certain kinds of 
movement. Whether or not the difficul
ties are genetically determined remains 
to be seen. but the specificity of the loss 
is consistent with the idea of specialized 
machinery for the perception of motion. 
Moreover. certain kinds of neural dam
age (caused by gunshot wounds to the 
head. for instance) can result in a blind 
region in the visual field. called a scoto
ma. Observations of people with such 
neurological damage show that in areas 
of the visual field where stationary con
tours cannot be seen some residual sen
sitivity to moving stimulation is pre
served . 

A scotoma is often ignored by the per
son who has it; the visual system appar
ently extrapolates from the areas sur
rounding the functionally deficient re
gion and fills it in with whatever the in
tact adjacent areas see. A dramatic new 
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form of extrapolation in normal observ
ers that depends on a moving stimulus 
was recently discovered in our laborato
ry by Paul Tynan and one of us (Seku
ler). To demonstrate this completion ef
fect a grating with a low spatial frequen
cy is made to drift slowly across a cath
ode-ray tube. A section of opaque black 
construction paper, roughly half the 
height of the screen, is taped across the 
middle of the screen from one side to the 
other. Since the paper is opaque, none of 
the grating can actually be seen in the 
region covered by the paper. Neverthe
less, a normal observer who stares at the 
center of the black paper will not see 
grating sections at top and bottom with 
a middle part missing; instead he will see 
a grating covering the entire field! The 
middle, illusory part is a good deal dim
mer in overall luminance than the top 
and bottom parts, but it will be seen 
quite vividly. These moving "phan
toms" appear to travel at the same speed 
and in the same direction as the pattern 
that induces them. They are different in 
this respect from other well-known illu
sions of motion. Moreover, very small 
strips of moving pattern separated by 
large distances are able to produce vivid 
phantom gratings extending across the 
entire blank space between them. If the 
grating stops drifting, the phantom sec
tion disappears. The illusion, which can 
also be created with a rotating radial 
grating, requires movement of the real 
grating sections [see illustration on this 
page]. 

Floyd Ratliff of Rockefeller Universi
ty has suggested that the visual system 
might economize on the amount of data 
it transmits by extrapolating informa
tion from certain select points in the vi
sual field [see "Contour and Contrast," 
by Floyd Ratliff; SCIENTIFIC AMERICAN, 
June, 1972]. A highly repetitive pattern 
is therefore treated as though it covered 
the entire field, even when the pattern 
actually has gaps. If the information go
ing to the brain were compressed and 
abbreviated for economy of transmis
sion, the brain would have to fabricate 
much of our visual experience, working 
from scant clues. Redundancies in the 
visual world usually allow this fabri
cation to pass unnoticed, but illusions 
can result when certain unusual stimuli 
are compressed and then reconstructed. 
The moving phantoms may clarify the 
nature of the extrapolation process. 

Although the visual system normally 
discards some of the information it re
ceives, the lack of certain forms of infor
mation will seriously degrade its per
formance. The mathematical theory of 
the "ideal detector" shows that if an ob
server does not know what target to ex
pect, and where and when to expect it, 
he cannot detect the target as easily as he 
could if he had that knowledge. The ide
al detector represents the best detection 
performance any sensory system can 
achieve; failure to reach that level can 

P HANTOM-CONTOUR E FFECT, a form of visual extrapolation in normal observers that 
depends on a moving stimulus, was discovered recently at Northwestern by one of the authors 
(SekuIer) and his colleague Paul Tynan. When one stares at the center of this radial pattern as 
it rotates on a phonograph turntable at 331'3 r.p.m., one will see dim but distinct contours 

filling in the dark, b lank region that interrupts the pattern. The phantom contours, which 
move in phase with their real neighbors, are enhanced by viewing the spinning disk in dim light. 

provide clues about a sensory system's 
operation. With this possibility in mind 
Karlene Ball and one of us (Sekuler) 
have compared the detectability of dim, 
moving dots under two conditions: 
when the direction of movement was 
kept constant and when the direction of 
movement varied unpredictably from 
trial to trial. The observer's uncertainty 
about the direction of movement pro
duced a dramatic loss in detectability. 
Analogous results have been obtained 
with uncertainty about the velocity of a 
target's motion. By examining the effect 
of various kinds and amounts of uncer
tainty we have improved our estimates 
of the direction-tuning and velocity-tun
ing functions of motion-sensitive mech
anisms. Moreover, work with stimulus 
uncertainty provides a bridge between 
laboratory data and the motion percep
tion of everyday life, in which stimu
lus uncertainty is pervasive and serious 
enough to play a major limiting role. 

The effects we have observed with 
moving visual stimuli resemble anal

ogous effects in other senses. Accord
ingly, although the perception of mo
tion has interesting and unique proper-

ties of its own, the study of this partic
ular ability is also valuable for what it 
reveals about vision and the other senses 
more generally. Other visual abilities, 
for example, seem to make use of coor
dinated mechanisms, each designed to 
do a particular job. In the human eye 
exquisite sensitivity to just a few pho
tons of light coexists with excellent spa· 
tial resolving power. This coexistence is 
made possible in part by the operation 
of two classes of retinal photoreceptors: 
the rods and the cones. Similar divisions 
of labor are known in touch, hearing 
and taste. 

It makes a good deal of sense for the 
human visual system to separate infor
mation about pattern and motion. and 
about different directions of motion as 
well. Often during the evolution of our 
species it must have been much more 
important to respond to the direction in 
which some poorly defined form moved 
than to appreciate the details of that 
form. Any pedestrian who has dodged 
traffic in a large city appreciates this fact 
and should be thankful that the mecha
nisms for motion perception and pattern 
perception can coexist in a way that en
ables each to do what it alone does best. 
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Exoelectrons 
They are electrons emitted by a fresh metal surface. Such surfaces 

are created by wear or by the cracking associated with metal fatigue; 

thus exoelectrons have become useful in the study of those processes 

I
nvestigators who want to study the 

surface of a metal for wear. cracks 
or other defects can call on a wide 

variety of techniques: optical microsco
py. electron microscopy. scanning elec
tron microscopy and autoradiography. 
among others. Thus a graduate student 
doing a doctoral dissertation on some 
aspect of surface science commonly 
ends up with a collection of lovely pic-

by Ernest Rabinowicz 

tures and then finds it quite difficult to 
extract any numbers that can be plotted 
on curves. evaluated and tested critical
ly. Furthermore. he cannot be sure that 
the regions visible in the pictures are tru
ly representative of the surface as a 
whole. This unsatisfactory state of af
fairs is being remedied by a new tech
nique that involves the detection of 
exoelectrons. electrons that are emitted 

FATIGUE CRACK IN ALUMINUM looks like this in an optical microscope. Although op
tical and other standard imaging techniques are usually effective in revealing cracks and other 
surface Raws, they give no information about how recent they are or how they are progressing. 
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from surface atoms under certain condi
tions that provide enough energy to pro
voke their release. It turns out that such 
conditions are closely correlated with 
the surface changes produced by wear. 
cracks and material fatigue in general. 
The exoelectrons can readily be count
ed. so that the technique provides what 
pictures normally lack: numbers that 
can be displayed. plotted and compared. 

The discovery of exoelectrons is relat
ed to a malfunctioning of Geiger tubes. 
which are used to detect the radiation. 
particularly electrons. produced by nu
clear reactions or the decay of radioac
tive nuclei. Geiger tubes are essentially 
metal cylinders. typically about the size 
and shape of a large cigar. with a fine 
insulated metal wire running down the 
middle and a thin foil window sealing 
off one end. A high-voltage difference. 
commonly 1.500 volts, is applied be
tween the center wire and the grounded 
cylinder. If a high-energy electron enters 
the window. it triggers an electric dis
charge that can be recorded and count
ed. Soon after the introduction of the 
Geiger tube in the 1920's it was ob
served that a freshly made tube gave a 
high and irregular counting rate over the 
first few hours or days and after that 
performed normally. A little later it was 
found that when any freshly machined 
surface was introduced into a Geiger 
tube, that too increased the initial count
ing rate. 

The phenomenon was first carefully 
investigated by a German physicist. 

Johannes Kramer. in the 1940's. He 
showed that all freshly prepared metal 
surfaces had the ability to give off elec
trons and that if the electrons were emit
ted inside a Geiger tube. they would of 
course trip the counting mechanism. 
Kramer found that the emitted electrons 
had an energy of only about one elec
tron volt and that the emission lasted for 
only a few hours or days after the fresh 
surface was produced. Hence the in
creased initial counting rate of new Gei
ger tubes was finally explained. 
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The announcement of this discovery 
surprised the physics community. The 
conditions under which electrons could 
be emitted from a metal surface had 
been well established for many years, as 
the result of studies that had become 
classic, and the phenomenon discovered 
by Kramer simply did not fit. Briefly, it 
was well known that in order to remove 
electrons from any surface a specific 
amount of energy had to be supplied. 
For a metal such as copper the removal 
of one electron requires the expendi
ture of 4.3 electron volts; therefore one 
speaks of the work function of copper 
as being 4.3 electron volts. One well
known method of removing electrons 
from a surface is to heat the surface to a 
high temperature, thus enabling an elec
tron to acquire enough energy by ther-

mal excitation to exceed the work func
tion and leave the surface. The process 
is known as thermionic emission. An
other method consists in shining ultra
violet radiation on the surface. If the 
wavelength of the radiation is short 
enough for the energy in each photon to 
exceed the work function, a photon can 
transfer its energy by colliding with an 
electron, and the electron springs from 
the surface. This process is known as 
photoelectric emission. (When Albert 
Einstein received his Nobel prize in 
192 1, it was for his 1905 paper explain
ing the photoelectric effect.) 

Kramer's discovery of the spontane
ous emission of electrons was surprising 
precisely because it described the spon
taneous occurrence of something that 
was known to require the expenditure of 

considerable energy. A good analogy 
might be a housing development in a 
part of the country where the water ta
ble is 4.3 meters below the surface. To 
get water to the surface every house
holder has to drill a well at least 4.3 
meters deep and pump the water up 
from that depth. Then someone comes 
along who drills a new well and finds 
that water spurts out of the ground 
spontaneously to the height of a meter! 

What mechanism supplies the energy 
that is required to overcome the work 
function and cause the emission of an 
electron? Kramer thought the energy 
was thermal in nature. For example, if 
an old metal surface is abraded, its ox
ide layer is removed and a naked metal 
surface is left. The fresh surface would 
immediately start to oxidize again, Iib-

EXOELECTRON IMAGE of the fatigue crack shown optically on 
the opposite page provides information that is both more graphic 
and potentially more useful. In general the fresher the surface is, the 
more exoelectrons are emitted. The exoelectron image shown here 
was made by scanning the aluminum surface with a fine beam of 
ultraviolet radiation, which stimUlates the emission of exoelectrons. 

The intensity of emission is simultaneously displayed on the face of a 
cathode-ray tube by an electron beam that follows the scanning,pat. 
tern of the ultraviolet beam. The vertical deflection of the cathode
ray image is proportional to the intensity of exoelectron emission. 
The exoelectron image and the optical image on the opposite page 
were made by C. C. Veerman of the Delft University of Technology. 
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ANOMALOUS BEHAVIOR OF GEIGER TUBES led to the discovery of exoelectrons. Per
haps the hest-known detector of charged subnuclear particles, a Geiger tube consists of a metal 
cylinder surrounding a fine metal wire, which are insulated from each other so that a differ
ence of about 1,500 volts can be applied between the two. When an electron or another kind of 
charged particle enters the tube through a thin foil window, it triggers a brief electric discharge. 
Such discharges can be recorded and counted. It had been observed that newly made Geiger 
tubes often give spuriously high counts for hours or days. The cause was internal exoelectrons. 

erating a considerable amount of chemi
cal energy in the form of heat. Electron 
emission was also observed when a liq
uid metal cooled and solidified. There 
the latent energy of melting is given off 
in the form of heat, and conceivably 
some of the released thermal energy 
could give rise to the emission of elec
trons. Since such processes are exother
mal. or heat-emitting, Kramer called the 
electrons exoelectrons. Although his ex
planation for the mechanism of electron 
emission is not accepted today (for ex
ample, the exoelectron emission in so
lidification is believed to be associated 
with changes in volume and the accom
panying breakup of surface layers), the 
term exoelectron has survived. Exo
electrons are also, however, sometimes 
called Kramer electrons. 

Kramer's book of 1950 describing his 
findings stirred up great excitement 
among investigators interested in sur
faces, who perceived that exoelectrons 

might be useful in their work. Physicists 
also expended considerable effort trying 
to explain just how and why exoelec
trons are produced. As a result exoelec
trons were soon enlisted in the study of 
a wide variety of surface phenomena: 
friction, wear, metal-cutting, grinding, 
ball-milling, catalysis, corrosion, frac
ture, plastic deformation and many oth
ers. In addition there were numerous 
studies making use of physical and 
chemical techniques to elucidate the 
properties of exoelectrons and to dis
cover the mechanism of their produc
tion. Some of this work was published; 
much was not. 

I shall discuss the scientific and engi
neering aspects of exoelectrons in 

turn. Concerning the production of exo
electrons there can be no doubt that if a 
freshly machined metal surface is to 
give off an electron, there must be a 
source of energy. A freshly prepared 

ONE THEORY OF EXOELECTRON EMISSION invokes the energy that is made available 
when an atom drops from a location in which it is loosely bound on a metal surface (A) to one 
where it is more tightly bound (B). In this schematic example the atom on the surface is bound 
in one direction only, to a neighboring atom below it, leaving it with free bonds in five direc
tions. When the atom drops into a slot in the surface, it is held by bonds in four directions, 
leaving only two bonds free. Energy released in the change is roughly equivalent to about half 
the energy needed to evaporate the atom and could help to eject an electron from tbe surface. 
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surface has two obvious sources that an 
old surface does not have. One is the 
chemical-bond energy of the metal. Let 
us consider one greatly simplified way 
this energy could be made available. 
When a fresh surface is created by ma
chining, an atom may be left in an ex
posed position. so that several of its 
chemical bonds are unsatisfied and, as it 
were. dangling. Later. when the atom 
forms new bonds with other atoms in 
the metal. the number of dangling bonds 
is reduced and the energy of the new 
bonds is made available. either in the 
form of heat or possibly in the form of 
exoelectrons. The other energy source is 
the one I have already described: the 
energy of oxidation or analogous proc
esses. 

One can estimate the amount of ener
gy involved in each process. As an ex
treme example of the first case consider 
an atom of copper that is left dangling 
on a fresh surface so that it is held by a 
bond in only one direction. compared 
with the six directions in which it would 
be held if it were embedded in the crys
tal lattice of the metal. If the atom 
dropped into a nearby slot in the lattice. 
it might be held by bonds in four direc
tions. In its initial state it was five-sixths 
of the way toward being evaporated 
(since an evaporated copper atom has 
no bonds to other copper atoms); after 
dropping into the slot it is only two
sixths evaporated (since we have as
sumed that bonds in two directions are 
still missing). so that the energy made 
available by the movement of the atom 
is the difference: three-sixths. or one-

. half. of the energy of evaporation of 
copper. The energy of evaporation of 
copper at room temperature is 2.9 elec
tron volts per atom. and so we conclude 
that the energy resulting from the atom
ic rearrangement. being about half the 
energy of evaporation. might amount to 
1.45 electron volts. Consider now the 
energy released by oxidation. If one 
atom of copper oxidizes to CuO (copper 
can also oxidize to CU20 with the libera
tion of a similar amount of energy). the 
energy liberated is .8 electron volt. 

It is hard to see on the basis of these 
calculations how an exoelectron ac
quires the 4.3 electron volts it needs to 
overcome the work function and escape 
from a copper surface. to say nothing of 
the additional electron volt correspond
ing to the kinetic energy a typical exo
electron possesses. One possibility is that 
a copper atom might oxidize. adopt a 
more highly bonded lattice position and 
acquire an unusual amount of thermal 
energy all at the same instant. Another is 
that after the copper starts to oxidize. a 
very thin oxide layer with a reduced 
work function. say two electron volts. 
might be formed at the surface. This 
makes exoclectron emission easier be
cause the energy requirement is re-
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duced, but at the same time the exoelec
trons must now traverse the oxide layer 
in order to reach the surface. Another 
possible phenomenon to be considered 
is the adsorption onto the solid surface 
of gas molecules from the environment. 
Such adsorption could contribute ener
gy, but the amount would be limited. 

After considering such possibilities, 
£\. one is left with the impression that 
exoelectron emission seems to depend 
on an unusual combination of favor
able circumstances. In fact, calculations 
based on the rates of exoelectron emis
sion confirm that the production of an 
exoelectron is a rare event. If one 
abrades a square centimeter of a metal 
surface, about 1015 metal atoms are ex
posed. If exoelectron emission were nor
mal surface behavior, one might expect 
each surface atom to be the site for the 
emission of at least one electron, so that 
in the course of several days a total of 
1015 exoelectrons might be emitted from 
each square centimeter of freshly ex
posed surface. The total number of exo
electrons is much smaller, amounting 

to no more than about 108 per square 
centimeter even in favorable circum
stances. Thus only about one surface 
site in 10 million sites is subjected to the 
special set of conditions required for the 
emission of an exoelectron. 

So far every expert on exoelectron 
phenomena seems to have his own theo
ry about the exact combination of con
ditions needed for exoelectron emission. 
One of the problems is that each worker 
runs his tests under somewhat different 
conditions, and he naturally finds that 
the results he gets do not quite match 
those of other. workers. It seems likely 
that different combinations of the avail
able mechanical energy, chemical ener
gy, adsorption energy and thermal ener
gy, balanced against a work function 
that changes as a result of chemical ac
tion and surface contamination, are op
erative in different circumstances. 

The users of exoelectrons quickly 
found that exoelectron emission could 
provide information about many sur
face-related effects. For example, when 
a coarse material is put into a ball mill 
(essentially a rotating drum filled with 

steel balls) in order to reduce it to a pow
der, at first there is a steady reduction in 
the size of the particles but then the rate 
of reduction decreases and eventually 
levels off entirely. The phenomenon is 
faithfully mirrored by the rate of elec
tron emission from the particles, which 
is fairly high in the early stages of the 
milling process but decreases steadily. 

Another example is what happens 
when two metals are slid over each other 
under various loads; they emit more 
exoelectrons at high loads than at low 
loads. This was hardly surprising, since 
one would expect a greater surface area 
to be disturbed at high loads than at low 
ones. Although the correlation between 
exoelectron emission and load was in
teresting, no one could see any way to 
exploit the emission to gain a significant 
new understanding of the phenomenon 
of friction. 

Basically the problem was that if 
exoelectrons were to be used to obtain 
knowledge about some other phenome
non, it was necessary to know under 
precisely what conditions exoelectrons 
are produced. As we have seen, how-
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POSITION OF ULTRAVIOLET SCANNING SPOT (MILLIMETERS) 

GROWTH OF CRACKS in an aluminum test strip is revealed in an 
exoelectron-emission study made by William J. Baxter of tbe Re
search Laboratories of the General Motors Corporation. The strip 
was stressed by repeated bending in a vacuum. At intervals exoelec-

tron emission was stimulated by directing ultraviolet radiation at the 
surface. Traces show increase in emission after 1,000 and 4,000 stress 
cycles. The sample failed at location of peak A after 140,000 cycles. 
This showed that exoelectrons can reveal the site of growing cracks. 
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ever, this is exactly what has proved to 
be so difficult. Interest in exoelectrons 
reached a peak in 1957, the year of an 
international conference on the subject, 
and then, mainly for lack of progress in 
explaining the mechanism of their emis
sion, declined to a low point in the mid-
1960's. Starting in the late 1960's, how
ever, interest again quickened with the 
discovery of potential new uses of exo
electrons, some of which I shall now de
scribe. 

One of the newer uses exploits the 
emission of exoelectrons as an index of 
radiation damage or radiation exposure. 
It has been found that if certain inorgan
ic materials, such as calcium sulfate, 

LOAD ARM 

lithium fluoride and beryllium oxide, 
are exposed to nuclear radiation or oth
er types of high-energy radiation, their 
crystal structure is damaged in propor
tion to the length of the exposure. The 
damage can subsequently be reversed 
by annealing the material at a specific 
temperature, usually about 1,000 de
grees Celsius. Simultaneously exoelec
trons are emitted in rough proportion to 
the amount of radiation the specimen 
absorbed. The phenomenon is being 
considered for possible application in a 
reusable device for monitoring the ra
diation exposure of workers in nu
clear power plants and similar places. 
The method promises certain ad van-

SPINDLE 

BALL UNDER TEST 

Gy.f::==I===I===�--SUPPORTIVE BALLS 

lilJf1}----------"<.- DRAIN 

BEARING-BALL FATIGUE is studied with a device in which a test ball, riding on three 
lower balls, is rotated at 3,560 revolutions per minute. The balls are continuously bathed with 
fresh lubricant. Contact is confined to a narrow track on the upper ball. The amount of stress 
on the test ball is governed by the weight on the load arm. The test is stopped when a micro
phone detects a level of vibration signifying that a ball has developed a serious surface defect. 
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tages over other monitoring techniques, 
which measure the leakage of electro
static charge or the exposure of photo
graphic film. 

Another recent use of exoelectrons is 
Il.. for studying the process of crack 
growth in solids, particularly in the 
course of fatigue. Fatigue is a mode of 
fail ure in metallic solids that are placed 
under cyclically varying stress. Suppose 
a metal rod is repeatedly stretched and 
compressed. If the stresses are less than 
the yield strength of the metal, it will 
survive the first applications of stress 
without suffering damage. If the appli
cations of the alternating stresses are 
continued, however, the rod will eventu
ally break as the result of fatigue. 

Earlier studies had shown that in such 
cases tiny cracks form in the metal, and 
that they gradually grow during the suc
cessive cycles of stress until the speci
men breaks in two. In the early stages of 
fatigue not only are the cracks usually 
small and not easy to detect but also at 
that time there was no way to predict 
which ones would grow and which ones 
would remain as they were. Thus the 
study of crack growth had long present
ed a difficult problem. Since a growing 
crack constitutes a freshly exposed sur
face, however, one would expect it to 
emit exoelectrons, and it does. As a re
sult exoelectrons are now being exploit
ed to study crack formation and crack 
growth. 

In such studies one should like to be 
able to locate precisely where the exo
electrons are being emitted. One meth
od of location is purely mechanical. A 
mask with a small hole is moved slowly 
across the surface of the specimen in a 
scanning pattern so that one can tell at 
each instant the source of exoelectrons 
reaching the detector. As it happens, a 
much more elegant technique was avail
able, as a result of earlier work with 
exoelectrons. One of the diagnostic tech
niques used by early workers to investi
gate the exoelectron process was to ap
ply various types of energy (heat, light, 
mechanical vibration) to surfaces giving 
off exoelectrons and study the conse
quences. In general it was found that if 
external energy is applied, the number 
of electrons is increased. Electrons re
leased in this way are called stimulated 
exoelectrons. The most effective stimu
lator is ultraviolet radiation. The fre
quency of the radiation must be kept 
low enough so that the energy in each 
photon is less than the work function, 
otherwise photoelectric emission will 
occur as well as exoelectron emission. 

With ultraviolet radiation the number 
of exoelectrons emitted from a surface 
can be increased by a factor of more 
than 10,000 over the normal emission 
rate. This means that if one small region 
of a surface is illuminated while the 
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EXOELECTRON EMISSION from bearing balls was measured and 
recorded with this apparatus in the author's laboratory at the Massa
chusetts Institute of Technology. After being removed from the de
vice shown on the opposite page balls are cleaned and mounted in a 

vacuum chamber so that a narrow beam of ultraviolet radiation will 
fall on the track of principal wear as the ball is slowly rotated. The 
beam stimulates the emission of exoelectrons. The exoelectron-emis
sion rate is displayed on oscilloscope and plotted on an x-y recorder. 

exoelectron emission from the entire sur
face is measured. nearly all the emission 
will be generated in the illuminated 
area. As a result one can sweep a beam 
of ultraviolet radiation over the surface 
and simply measure the electron emis
sion as a function of time. The exoelec
tron count at different times indicates 
the emission from different areas of the 
solid surface. 

An early demonstration of the infor
mation that can be obtained with this 
technique was published by William J. 
Baxter of the Research Laboratories of 
the General Motors Corporation. He 
placed an aluminum strip in a vacuum 
chamber containing an electron detec
tor and stressed the strip cyclically by 
bending it. Simultaneously he slowly 
scanned the surface with a sharply fo
cused beam of ultraviolet radiation. Be
fore the mechanical stresses were ap
plied there was no exoelectron emission 
from the surface. After 1.000 cycles 
three sites gave above-average emission. 
After 4.000 cycles the active sites had 
become much more prominent. One of 

them eventually led to a failure after 
140.000 stress cycles. It is clear that the 
active sites indicate locations where 
cracks form. grow and extend. Baxter's 
results were exciting because up to that 
time no methods were available for 
identifying fine cracks in metal surfaces 
and watching them grow to failure. 

Baxter's work prompted us at the Mas
sachusetts Institute of Technology 

to try to apply the same techniques to 
the problem of crack growth in rolling
contact devices. a process generally re
ferred to as surface-fatigue wear. Sur
face-fatigue wear is the main cause of 
failure of ball and roller bearings and an 
important cause of wear in gears and in 
wheels rolling on rails. In ball bearings 
surface fatigue develops when a crack 
forms in one of the balls and slowly 
grows until eventually a sizable chip 
spalls off. Once this happens the bearing 
is quickly destroyed. 

Surface-fatigue wear is an awkward 
phenomenon to analyze because there is 
a very large statistical scatter in the time 

required for failure to occur. Thus if 
100 identical ball bearings are tested to 
failure. the times measured between the 
first and the last failure may differ by a 
factor of 100 or more. The problem is 
made all the more difficult because on a 
macroscopic scale there are no useful 
measurements one can make while wait
ing for a ball to fail. On a microscopic 
scale one can examine the surfaces for 
crack formation. but the growing cracks 
are tiny and hard to locate. At high mag
nification. to be sure. many fine cracks 
are visible. but there is no ready way to 
tell which one is growing rapidly and 
will eventually lead to a failure. It there
fore seemed to us that exoelectrons 
might provide a way of identifying sig
nificant cracks and watching them grow. 

The experimental problems seemed 
considerable. Since exoelectrons travel 
only very small distances in air before 
they are stopped. it is virtually essential 
to conduct experiments with them in a 
vacuum system. On the other hand. to 
be meaningful ball-bearing tests must 
be carried out under the conditions in 
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ROTATION (DEGREES) which the bearing usually works: in air 
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sure bearing balls for exoelectron emis
sion would call for running tests in a 
bearing tester in the presence of oil. 
cleaning off the oil with a solvent, evap
orating off the solvent, putting the ball 
in a vacuum chamber, pumping the 
chamber down and hoping that all this 
would not interfere with exoelectron 
emission. When my colleagues were in
formed about the experiment, many of 
them thought it was highly unlikely that 
after all these manipulations any exo
electrons could be detected, but we de
cided to go ahead anyway. The U.S. 
Army Research Office offered to spon
sor the work. 
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DISTANCE ALONG WEAR TRACK (MILLIMETERS) 

HISTORY OF BEARING-BALL FAILURE can be reconstructed by observing the rate of 
emission of exoelectrons and their location at intervals during a fatigue test. These records 
were made with the apparatus illustrated on the preceding page. The top trace shows the emis
sion of exoelectrons before the test began. The middle trace shows the emission rate along the 
wear track after 20 minutes of testing. The ball finally failed by spalling, or losing a flake of 
material, after 34 minutes. The sharp peak in third trace coincides with location of the spall. 
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Two pieces of apparatus were used, a 
fatigue tester in which the bearing balls 
were stressed and a vacuum chamber in 
which the exoelectrons were to be de
tected. The fatigue tester was of the Bar
well four-ball type, in which a test ball. 
held by a spindle and rotated at 3 ,560 
revolutions per minute, rides on three 
lower balls that are constrained by a ring 
and disk to travel in a circular track. All 
the balls are half an inch in diameter. (It 
has been established that tests run in this 
apparatus, with four balls rolling to
gether, give results that agree well with 
behavior in a conventional ball bearing, 
which has an inner race, an outer race 
and a large number of balls between 
them.) Lubricant is dripped continuous
ly into the test section. A microphone 
attached to the four-ball tester measures 
vibration and automatically shuts off 
the power when any one of the balls be
gins to spall. The geometry is such that 
contact is confined to a relatively nar-
row track on the upper ball, so that dam
age and failure generally occur there. 
Thus only the upper ball need be exam
ined for exoelectron emission. 

The evacuated exoelectron-detection 
apparatus uses ultraviolet radiation for 
the stimulation of exoelectron emission. 
The ultraviolet rays pass through a 
quartz window and are focused on the 
test specimen with a quartz lens. For the 
results reported here the spot size was 
two millimeters by .27 millimeter. The 
emitted electrons are detected in an elec
tron multiplier. The output pulses are 
summed and displayed on the y axis of 
an x-y recorder. 

The initial measurements were made 
of the exoelectron emission from lu

bricated bearing balls that had been 
scratched with a diamond scriber and 
cleaned with a Freon degreaser. The 
exoelectron-detection apparatus worked 
as we had hoped, revealing sharp emis
sion peaks when the ultraviolet beam 
illuminated the scratched region on the 
ball. We then carried out a number of 
actual wear tests. In one typical test steel 
balls were run in the Barwell tester at a 
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stress level where the anticipated life 
was about 40 minutes. Every 10 minutes 
or so the top ball was removed. tested 
for exoelectron emission and returned 
to the tester for further stressing. The 
test ball spalled after a total of 34 min
utes of testing. When the wear track on 
the ball was tested at 20 minutes. it had 
shown three big peaks of exoelectron 
emission. The site of one of the peaks 
proved to be the eventual spall site. 

Besides enabling us to locate the posi
tion of an eventual surface-fatigue fail
ure. exoelectrons throw light on the 
mechanism of the failure process. For 
example. if a bearing ball is stressed in a 
test apparatus (or in actual use) so that 
the ball always rolls against the adjacent 
surface in the same direction. a crack 
that develops at the surface typically 
grows inward at an angle and can even
tually lead to a spall. The question aris
es: Does the crack grow in the direction 
of rolling or away from it? The question 
can be studied by observing how the 
exoelectron emission near a crack that 
grows into a spall varies with time. 

Our studies have shown that the lead
ing edge of the eventual spall shows a 
prominent peak early in the test but that 
the peak gradually decays. presumably 
as the crack extends under the surface 
and parallel to it. The trailing edge 
shows hardly any exoelectron emission 
above the background rate until spalling 
takes place. Hence the crack develops 
from the leading edge to the trailing 
edge. confirming earlier studies that had 
provided less direct evidence. 

In our work with bearing balls the ul
traviolet beam can be directed along a 
single track because of the way stress is 
localized in the Barwell tester. One can 
readily imagine. however. a technique 
in which the surface of a specimen is 
swept with a fine ultraviolet beam in 
a raster pattern while the exoelectron 
emission is displayed synchronously as 
the vertical deflection of an electron 
beam scanning the face of a cathode-ray 
tube. The first demonstration of such a 
technique was made in 1969 by C. C. 
Veer man of the Delft University of 
Technology in the Netherlands. In his 
exoelectron images a fatigue crack in an 
aluminum specimen resembles a moun
tain ridge [see illustration on page 75]. 

In a similar scanning method the elec
tron-emission rate is made to modulate 
the intensity of the electron beam in the 
manner of a television image. In such a 
picture light areas correspond to regions 
emitting exoelectrons. 

It is risky to predict where future 
developments of exoelectron-emission 
phenomena will lead. Within the next 
decade it should be possible. with spe
cial techniques for detecting exoelec
trons in air. to make routine examina
tions of the entire wing structure of an 
airplane. searching for growing fatigue 
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LEADING EDGE EDGE 

CRACK LEADING TO SPALL in a bearing ball might grow from the leading edge to the 
trailing edge (left) or in the opposite direction (right). Before development of exoelectron-emis
sion technique there were only indirect methods for establishing the direction of crack growth. 

TYPICAL FATIGUE SPALL in a bearing ball is shown in a scanning electron micrograph 
that was made hy the author. The spall is 1.8 millimeters long; the leading edge is at the left. 
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EXOELECTRON EMISSION from the ball that ultimately developed the spall shown in the 
micrograph above this illustration enabled the author to establish that the initial fatigue crack 
appeared at what was to become the leading edge. Exoelectron emission from the leading edge 
is in color; emission from the trailing edge is in black. Evidently crack starts early at leading 
edge, then runs under surface, where it cannot be detected, and finally emerges at trailing edge. 
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numbEli: 
including many 
record players we 

ThIs quote, from Hirsch-Houck 
Labs' report in Stereo lfeyiew, refers 
to the Dual 510. a semi-outomatic 
belt-drive turntable. Since direct-drive 
models (especially our own) are 
accepted as the standard of 
performance, Hirsch-Houck's compari
son is not to be taken Ii�htly. 

The 510 also benefIts from 
comparison with other semi-automatic 
turntables. Dual's unique sensor 
locatEl,s the 12-inch and 7-inch lead-in 
grooves for you. You don't have to 
guess where they are. And there's 
no way to drop the tonearm acciden
tally; the cue-controllifts it 
automatically at the end of play. 

You might also compare the 510 
with your present turntable, or any 
other you may be considering. Keep 
in mind the 51O's many other 
features and refinements descri bed 
below. 

Your old records will sound better, 
your new ones last longer. 

Dual 510. 
True four-point gimbal 
tonearm suspension. Synchronous 
motor, precision-ground belt, unique 
Vario-pulley, dynamically-balanced 
platter. 6'7'0 pitch-control, illuminated 
strobe. Lead-in groove sensor. Cue-control 
viscous-damped in both directions. 
Price :Iess than $200. 
Dual 502, similar except less sensor, pitch
control and strobe, less than $160. 
Dual 1249, fully automatic single-play/ 
multi-play. less than $280. 

III® United Audio Products 
I 120 So. Columbus Ave. 
• Mt. Vernon, N.Y. 10553 
Exclusive U.S. Distribution Agency for Dual 

cracks. As the speeds of passenger trains 
increase it will be important to develop 
fast and reliable methods for detecting 
incipient flaws in wheels and rails; per
haps exoelectron techniques will serve 
the purpose. It is conceivable that exo
electrons could be applied in earthquake 

prediction by indicating which cracks 
in the surface of the earth or in subsur
face rock structures are actively grow
ing. I suspect that as we learn more 
about the exact conditions underlying 
the emission of exoelectrons. uses will 
be found that we cannot imagine today. 

TWO TECHNIQUES FOR VISUALIZING CRACKS in a steel surface that had been sub
jected to plastic strain are compared. The image at the top is an exoelectron micrograph in 
which brightness is proportional to the emission of exoelectrons. The image at the bottom de
picts the same region in a conventional scanning electron micrograph; surface cracks show up 
as bright lines. The pattern of exoelectron emission closely follows the pattern of cracks. Micro
graphs were made by Baxter and Stanley R. Rouse of General Motors Research Laboratories. 
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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 
8-digit display. 

Th,is 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 moke 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 vx. 1 lx, x2; plus a full S-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 af key-strokes-are 
tapped in the normal way. 

2. Hold the switch to the 
left to 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 8 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 
"Yrong, 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. 
B Commercial Street 
Hicksville, NY 11801 

Please send me 

__ Sinclair wrist calculator kitts) 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 ____________ �Zip------

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. 
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Cratering in the Solar System 
The age of space exploration has shown that craters such as those 
on the moon are a feature of all the bodies in the inner solar system. 
Cratering is therefore one of the main keys to the system's history 

Every planet and satellite in the inner 
solar system is pitted with craters. 
The craters on the moon were dis

covered by Galileo when he turned his 
telescope on the sky in 1609. The craters 
on the earth have mostly been identified 
by geologists in recent decades. The cra
ters on Mars were discovered by the 
spacecraft Mariner 4 in 1965. The cra
ters on Mars's two moons, Phobos and 
Deimos, were photographed by Mariner 
9 in 1971. The craters on cloud-shroud
ed Venus were revealed when the sur
face of the planet was mapped by radar 
in 1972. And the craters on Mercury 
abound in the pictures sent back by 
Mariner 10 in 1974. No planet or satel
lite in the outer solar system has yet 
been photographed with sufficient reso
lution to reveal whether or not it is cra
tered. 

For students of the solar system the 
ubiquity of the craters on the surface of 
the inner planets and satellites is fortu
nate. The form and number of the cra
ters provide a wealth of information 
about both the astronomical and the ge
ological processes that shaped the plan
ets. There is every reason to believe that 
the craters are the vestige of ancient im
pacts of massive meteorites on the sur
face of the planets; craters are still being 
made by such meteorites in the present 
geological period. As scars left by im
pacting interplanetary bodies the craters 
provide evidence about the population 
of those bodies in the interplanetary en
vironment over hundreds of millions of 
years. As features modified by geologi
cal processes such as volcanism, tecton
ic activity and erosion they are clues to 
the surface environments of the planets. 
Moreover, if the rate at which the cra
ters are made is known, then counting 
the number of craters that have accu
mulated on a surface reveals the age of 
the surface. The craters are thus a key to 
reconstructing the history of each of the 
inner planets. 

The crater record is least altered on 
the surface of a body such as the moon. 
where erosive forces are the least com
plex. On the moon's atmosphereless and 
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waterless surface no sediments have 
been blown into crater bottoms and no 
waves have gradually cut away crater 
walls. Once lunar craters are formed 
they are likely to last for a long time. 
There are three main ways, however, 
that they can be obliterated. First, an 
early crater may be destroyed by a later 
impact (or impacts) directly on top of it. 
Second, older craters may be covered by 
material ejected in the formation of 
younger craters. Third, craters may be 
buried by lava flows. 

The most direct way to gain informa
tion about the population of inter

planetary bodies that made the craters is 
to study the craters in young geological 
provinces where they are so widely scat
tered that the complexities of oblitera
tion are negligible. At the same time the 
craters must not be so sparsely scattered 
that their numbers are too few for sound 
statistical analysis. On the moon the 
most nearly ideal geological provinces 
for such studies are the lava plains mak
ing up the maria, or "seas." Samples of 
lunar rocks indicate that the lava flowed 
some 3.5 billion years ago, wiping clean 
the slate of preexisting craters and creat
ing a fresh surface to record new ones. 
No major internal activity has disturbed 
the maria since they were formed. In 
that time enough large craters have ac
cumulated on the maria to provide a 
good sample without presenting prob
lems of overlapping or obliteration. 

When a meteorite several kilometers 
in diameter struck the smooth lava sur
face of a lunar mare, the results were 
vividly recorded. A huge explosion lift
ed up layers of lunar rock to form the 
crater's rim. High-speed jets of material 
shot outward from the explosion and 
fell to the surface as long streamers of 
dust and glass beads: the bright "rays" 
visible through telescopes on the earth. 
Low-speed ejecta fell back as a thick 
blanket of hummocky terrain surround
ing the crater for several times its diam
eter. The rain of material was heaviest 
on the crater's rim of uplifted rock. add
ing to the height of the rim. 

Many isolated blocks of debris also 
fell back, simulating meteorites and 
themselves forming small craters. It is 
therefore necessary to distinguish be
tween the primary crate'ring by meteor
ites and the secondary cratering by 
blocks of surface material. Although the 
secondary craters created by an impact 
are always smaller than the primary cra
ter, some of them are as large as a few 
kilometers in diameter. Accordingly it is 
trickier to analyze the smaller craters 
than it is to analyze the larger ones. Fur
thermore, smaller craters can be con
fused with volcanic pits obscured by de
bris from adjacent impact craters. Most 
craters larger than four kilometers in 
diameter probably are directly related 
to the population of meteoritic bodies 
in interplanetary space, whereas most 
smaller craters probably are not. I shall 
therefore confine this discussion to what 
can be learned from the larger craters. 

For example, from the larger craters 
something can be learned about the im
pacting meteorites themselves. If one 
plots the number of craters on a lunar 
mare with respect to their size, one finds 
that the number of craters is roughly 
proportional to the inverse square of 
their diameter: if there are a certain 
number of craters larger than 10 kilo
meters across, a fourth of them will be 
larger than 20 kilometers across, a ninth 
will be larger than 30 kilometers across 
and so on. Hence it can be said that the 
primary craters are distributed in a spec
trum of sizes that follows a power law 
with an exponent of -2. If a graph of 
the number of craters with respect to 
their size is plotted on log-log paper, the 
graph is an almost straight line with a 
slope of -2 [see illustration on page 93]. 

Such a graph has several interesting 
consequences. First, the mass of the me
teorite needed to form a crater of each 
size can be calculated approximately 
from test impacts on the earth. From 
those calculations the spectrum of cra
ter sizes can be converted into a spec
trum of meteorite diameters. One finds 
that the diameters of the meteorites that 
made the craters are also distributed in a 
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EARTH CRATER in Saskatchewan was photographed in false col
or by Skylab astronauts. It is Deep Bay Crater at south eud of Rein
deer Lake. It is uine kilometers across and 100 milliou years old. Most 

MARS CRATERS appear in this color mosaic made by the U.S. 
Geological Survey iu Flagstaff, Ariz., from 15 frames of imagery sent 
back by the Viking 1 orbiter. The craters, their profiles degraded by 

terrestrial craters are quickly worn away by geological activity, but 
many Canadian craters are in an area that may have been protected 
by sediments removed by glaciers. Round lake is inside crater rim. 

erosion and the deposition of sediment, are the round objects. The 
canyous encroaching on them are part of the great Valles Marineris 
system near the Martian equator. Picture is 1,800 kilometers acrOSS. 

85 

© 1976 SCIENTIFIC AMERICAN, INC



CRATERS IN THE HIGHLANDS OF THE MOON were photographed by the Apollo 10 
astronauts. The largest crater, some 40 kilometers across, is relatively fresh, and its Boor is 
covered by deposits that have apparently slumped from its inner walls. The surrounding ter
rain is made up of material ejected from craters and of overlapping ancient craters in various 
stages of degradation. Size of smaller craters in picture continues down to limit of visibility. 

CRATERS IN THE LOWLANDS OF THE MOON were photographed with the 100-inch 
telescope on Mount Wilson. Because this region is near the north pole of the moon the original 
photograph showed the Boor of the large circular basin occupying most of the picture substan
tially foreshortened. It is seen here from vertically overhead because the image of the basin 
was projected onto a globe and then rephotographed from directly above the basin Boor. The 
basin is Mare Imbrium, the largest well-preserved impact structure on the moon. It is believed 
to have been formed by an asteroid that was between 100 and 150 kilometers in diameter. The 
basin was later filled by lava Bows, and newer craters of various ages formed on the lava Boor. 
At upper right is the large, prominent crater Copernicus. Long bright ''rays" extending away 
from it are made up of material thrown out of the crater by the impact of the body that made it. 
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spectrum following a power law with an 
exponent of about -2. 

I t turns out that the spectrum of sizes 
of the meteorites that formed the cra

ters on the moon and the planets is es
sentially the same as the spectrum of 
sizes of both the asteroids in the asteroid 
belt and the meteorites that fall on the 
earth. This finding is strong confirma
tion of the hypothesis that the great ma
jority of the craters on the planets and 
the satellites were made by asteroidlike 
and meteoritelike interplanetary bodies. 
Moreover. this type of mass spectrum is 
characteristic of the mass spectrum of 
fragments created when rocks collide at 
a high speed. say a few kilometers per 
second. Asteroids collide at such speeds 
today. Thus one can infer that the bod
ies that made the craters were the frag
ments of asteroidlike bodies that had 
earlier collided and broken up. Such an 
inference is consistent with studies of 
meteorites and asteroids. which indicate 
that there were many asteroidlike bod
ies in the ancient solar system. The study 
of craters on the moon is hence a direct 
link between astronomical studies of 
bodies in interplanetary space and geo
logical studies of the evolution of the 
crust of the moon. 

The spectrum of crater sizes further 
indicates that the impacting meteorites 
must have ranged in size up to bodies 
more than 100 kilometers across. These 
bodies must have looked like asteroids. 
If one adds up all the craters of all sizes 
surviving on the inner planets. one finds 
that the number of impacting meteorites 
must have come to at least a few percent 
oft he number of bodies traveling in the 
asteroid belt today. Many additional ob
jects. however. must have made craters 
that have since been obliterated by ero
sion. lava flows and so on. It is estimated 
that for all the inner planets to have 
been cratered to the same degree as the 
moon. about half the number of the 
bodies in the present-day asteroid belt 
would have been required. That number 
may have represented only the last frac
tion of the interplanetary material in
volved in the formation of the planets. 

One can investigate older. more cra
tered regions of the moon's surface. re
gions outside the maria. by combining 
studies of lunar craters with analyses of 
the lunar rocks. The astronauts gathered 
samples from several geological prov
inces. some much older than the maria. 
By counting the number of craters in a 
province whose age is known from the 
rocks, it is possible to determine the rate 
at which the moon was cratered at dif
ferent eras in the history of the solar 
system. 

This approach reveals that earlier 
than four billion years ago the rate at 
which the moon was cratered was hun
dreds or even thousands of times greater 
than the rate at which it is being cratered 
today. Moreover. the rate declined rap-
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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 

u 

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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Gulf welcomes you to another exciting National Geographic Season on PBS. 
Last year Gulf Oil Corporation made it possible for two great 

American institutions to bring you some of the season's most 
exciting television. 

Gulfs three-year commitment to the National Geographic 
Society and the Public Broadcasting Service goes beyond the usual 
corporate grant. We not only want to bring high-quality programs 
to the American audience; we want to strengthen Public 
Television, too. 

T he eight new specials you'll see over the next two years are 
original American-made documentaries produced by the National 
Geographic Society and WQED/Pittsburgh, a PBS production 
center. 

Gulf funded the project because we believe that the future of 
Public Television depends on creating as well as broadcasting 
exceptional programming. 

We're also committed to bringing a wider audience to PBS. 
So we've provided funds to promote the National Geographic 
Specials on both a national and local level. Judging from the 
response to the first season, millions of Americans are now more 

• aware of the exciting programs they can see only on Public 
- ,... •. ' Television. 

Now we're ready for the Second National Geographic Season 
on PBS. We hope the millions who enjoyed the National 
Geographic Specials last year will be back this year. 

It's another exciting season on Public Television. 
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idly from that early time until about 
three billion years ago, when it reached 
the current level. The rate has been rela
tively constant ever since. It is believed 
that the other planets and satellites ex
perienced a similar sequence. 

Why were the planets so heavily 
bombarded early in the history of 

the solar system? According to one hy
pothesis the answer is directly related to 
how the planets and their satellites came 
into existence. The planets formed when 
matter in the cloud of gas and dust sur
rounding the primordial sun gradually 
collected into large solid objects. As the 
planets and satellites accumulated they 
must have been intensely bombarded by 
remaining objects both large and small. 
Even when 99 percent of the primordi
al material was concentrated into large 
bodies, the remaining 1 percent would 
have been frequently deflected by the 
gravitational field of those bodies and 
would have been perturbed into orbits 
that could intersect the orbit of a planet 
and collide with it. 

Apparently the period during which 
the planets were heavily bombarded 
was the final stage in the sweeping up of 
the debris left over from the primordial 
nebula. Dynamical calculations show 
that more than four billion years ago the 
half-life of the debris, that is, the time 
required for the planets to sweep up half 
of it, might have been as short as a few 
million years, as is indicated by the rap
id decline in the early cratering of the 
moon. The material would therefore 
have been thinned out in a relatively 
short time. Today the typical half-life of 
bodies in trajectories that intersect the 
orbits of planets is closer to 100 million 
years or even longer. As those bodies are 
swept up new material is continually 
supplied by perturbations and collisions 
of bodies in the solar-system "reser
voir," the asteroid belt. 

The dating of lunar rocks has led to an 
alternative hypothesis of what caused 
the intense early cratering. Various 
Apollo analysts have found that the age 
of many samples of lunar rocks cuts off 
rather sharply at four billion years. Few 
older rocks have survived. Gerald J. 
Wasserburg and his colleagues at the 
California Institute of Technology have 
suggested that a short cataclysmic epi
sode of intense bombardment four bil
lion years ago destroyed older rocks and 
structures on the surface of the planets. 
This episode may have been the result of 
the breaking up of a large interplanetary 
body that passed close to the earth and 
was torn apart by tidal forces. G. W. 
Wetherill of the Carnegie Institution of 
Washington's Department of Terrestri
al Magnetism has calculated that such . 
bodies might have been deflected from 
the region of the giant planets in the out
er solar system into the inner solar sys
tem about four billion years ago. 

The truth may lie between the two hy-

CRATERS ON MERCURY, photographed by the spacecraft Mariner 10, strongly resemble 
those in the highlands of the moon in being in various stages of degradation and overlap. Shapes 
of the craters are distorted out of round because they were photographed at an oblique angle. 

CRATERS ON PHOBOS, the larger of the two moous of Mars, also resemble those in the lunar 
highlands. This picture was made on September 18 from a distance of 800 kilometers by the 
Viking 2 orbiter. Grooves were an unexpected discovery. They may be fractures created by an 
impact on Phobos or by an impact on a hypothetical parent body of which Phobos was a part. 
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potheses. The declining curve plotting 
the rate of cratering almost certainly has 
"sawteeth" in it. representing bursts of 
groups of fragments from disrupted as
teroids or comets. Whether or not such 
sawteeth were of cataclysmic propor
tions. dramatically affecting the evolu
tion of a planet's surface. is uncertain. 

Any model of the primitive geological 
I\. structure of the planets must take 
into account their history of being cra
tered. For example. Robert B. Har
graves of Princeton University and oth
ers have recently made progress in inter
preting the Precambrian geology of the 
earth. invoking purely internal proces
ses to account for the breakup of a hypo
thetical homogeneous crust underlying 
a global sea. This crust .is pictured as 
forming between four and 4.5 billion 
years ago. and its breakup is needed to 
explain early continental evolution. An 
external process with the same result is 
cratering. On the moon basins hundreds 
of kilometers across excavated materi
als to a depth of at least several kilome
ters and piled them elsewhere earlier 
than four billion years ago. The same 
must have happened on the earth. giving 
rise to a large-scale heterogeneity in the 
earth's crust. 

Many if not all of the planets began 

their history with a heavily cratered sur
face. Evidence comes from the ancient. 
light-colored highland areas of the 
moon. which are a maze of overlapping 
craters. According to data from lunar 
rocks. the highland crust formed be
tween 4.4 and 4.5 billion years ago when 
heat (generated by an unknown source) 
melted the moon's outer layers. eventu
ally creating a surface of igneous rock. 
This was during the period of intense 
bombardment. so that the primitive 
crust was quickly pulverized by overlap
ping craters. During the first few hun
dred million years after the planets 
formed. enough craters evidently accu
mulated on them to cover not just a few 
percent of their surface but 100 percent 
of it. Such a surface is said to be saturat
ed with craters. Since on a saturated sur
face each new crater would on the aver
age destroy the equivalent of one old 
crater the same size. the surface is also 
said to be in cratering equilibrium. 

The geological consequences of sat
uration are important. The inverse
square power-law spectrum of crater 
sizes on the moon has the property that 
if there are enough primary craters be
tween one kilometer and 10 kilometers 
in diameter to cover an entire planet. 
there are also enough craters between 
100 and 1.000 kilometers across to cov-

CRATERS ON VENUS are revealed through the cloudy atmosphere of the planet by a radar 
image obtained by Richard M. Goldstein and his colleagues at the Jet Propulsion Laboratory. 
Although this type of image makes craters appear rugged, their relief is actually quite low. 
Largest crater in the middle is 160 kilometers in diameter but its rim is only 500 meters high. 
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er it. The impact of a meteorite large 
enough to create a crater 100 kilometers 
across would have excavated the plan
et's surface to a depth of several kilome
ters. Thus whereas a planet 10 percent 
saturated with multikilometer craters 
would have a surface consisting of pri
meval rock strata interrupted by craters, 
a planet totally saturated with craters 
would have a surface consisting of pul
verized debris several kilometers deep. 
Such a surface layer is called a mega
regolith. 

In all probability such a megaregolith 
accumulated on the moon during its first 
few hundred million years. The total 
cratering was probably enough to satu
rate the surface not once but many times 
over. since presumably the entire moon 
was built up by infalling bodies. This 
conclusion is supported by the fact that 
the lunar craters are in various states of 
degradation, ranging from fresh-look
ing craters with sharp rims to battered 
remnant ones overlain by many other 
craters and their ejecta. All the original 
igneous rock on the moon would have 
been excavated. pulverized and redis
tributed by the cratering. A vertical sec
tion through the crust would show a 
megaregolith consisting of overlapping 
layers of compacted ejecta that were 
heated and partly welded together and 
then perhaps broken up again. Such a 
formation would explain why the astro
nauts in the lunar highlands found not 
the well-preserved primordial rocks that 
some geologists expected but brecci
ated rocks consisting of materials that 
had been fragmented and recemented. 
It might also explain some of the seis
mic properties of the moon, which rule 
out the existence of layers of solid rock 
near much of the lunar surface. 

I f there had been no lava flows. no tec
tonic activity. no atmosphere and no 

oceans on any body in the inner solar 
system. the surface of all its planets 
would look like the crater-saturated lu
nar highlands. On the larger planets. 
however. volcanic and erosive processes 
as well as continued cratering have 
erased the old craters. The number. size 
and condition of the craters on the vari
ous inner planets are different. suggest
ing different erosive conditions. differ
ent ages and perhaps even different me
teoritic environments. Each planet has a 

.cratering "signature" that yields clues to 
its history. 

The two moons of Mars. Phobos and 
Deimos. are the only satellites in the in
ner solar system apart from the earth's 
moon. The density of craters on their 
surface is similar to that in the lunar 
highlands. The two satellites are be
lieved to be too small to show any inter
nal or surface activity that would erode 
craters. although there are linear 
grooves on Phobos that remain unex
plained. (They may be impact-generat
ed fractures.) Phobos and Deimos prob-
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NUMBER AND SIZE OF eRA TERS yield information on the bod
ies that formed them. In this schematic drawing the surface of a hy
pothetical planet is shown at six different epochs in its history start
ing a short time after the formation of a fresh surface (1). When 
actual craters are counted and measured in an undisturbed area on a 
planet, the cumulative number of craters of each size has been found to 
agree with the number predicted if the craters were made by impact
ing bodies having the same distribution of sizes as the bodies in the 
asteroid belt. Thus it can be inferred that the population of objects 
that made the craters was much like the population of asteroids today. 
The distribution of craters also provides information on tbe age of the 
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different geological provinces of a planet or a satellite. In young prov
inces the craters are distinct from one another on a craterless back
ground (first three panels); in old provinces new craters form on older 
ones and tend to obliterate them (last three panels). At times, how
ever, a new province can be created when a blanket of ejecta from a 
gigantic impact covers old craters (4) or a flow of lava wipes the slate 
clean (5). After a certain point the oldest terrain becomes nearly sat
urated with craters and approaches a cratering equilibrium in which 
every new crater will on the average destroy an older crater of the 
same size. Nevertheless, inhomogeneities in the cratering record in
troduced by past processes of obliteration can still be detected (6). 
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TEST EXPLOSION of 100 tons of TNT in a Colorado desert illustrated some characteristics 
of crater formation. The material in high-speed jets at angles between the horizontal and the 
vertical was thrown clear of the crater; it is this kind of material that forms the long, bright rays 
surrounding some of the large new lunar craters such as Copernicus. This particular explosion 
excavated a crater 128 feet across and 23 feet deep. Blocks of material thrown out of primary 
crater made smaller secondary craters as far as 360 feet away from the center of the explosion. 
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RATE OF CRATERING HAS DECLINED over the past 4.5 billion years, according to the 
number of craters on the moon in different provinces whose ages have been established by 
analyses of lunar rock samples. The moon was intensely bombarded early in its history when 
the larger bodies in the solar system were sweeping up the last of the debris left over from the 
system's formation. Spikes in the declining curve mark succeeding times (of unusually intense 
bombardment> of new material being injected into inner solar system either when larger bod
ies coUided and broke up or when material was deflected from outer solar system by the gravi
tational field of the giant planets. Precise distribution and magnitude of spikes is not known. 
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ably bear the scars of billions of years of 
impacts. perhaps mostly of errant bod
ies from the asteroid belt just beyond the 
orbit of Mars. They may themselves be 
fragments of a larger body that was bro
ken up by some catastrophic cratering 
event. 

Mars itself presents a very different 
picture. The planet has been under in
tensive study since Mariner 9 photo
graphically mapped its entire surface in 
1971 and 1972. The most striking find
ing is that the planet is roughly divided 
into two hemispheres, one sparsely cra
tered and the other heavily cratered. In 
the sparsely cratered region there are 
smooth plains-apparently young lava 
flows-dotted with scattered, fresh
looking craters. Analysis of the number 
and size of the craters reveals that the 
conditions on the plains of Mars are 
similar to those on the maria of the 
moon. The spectrum of sizes of the 
Martian craters follows the familiar 
power-law distribution with an expo
nent of about -2, which matches the 
law found for the spectrum of the mas
ses of asteroids. Therefore the impacts 
of asteroids seem to have been recorded 
and preserved in the youngest and least 
disturbed areas on Mars. 

If we widen our scope to include all of 
Mars, however, we easily find evidence 
of disturbance. Photographs show that 
there are many Martian areas, particu
larly near the poles, where thick layers 
of sediment, perhaps windblown, have 
been deposited. In other areas the layers 
of sediment are being stripped away, re
vealing older craters underneath. On the 
floor of several craters sand dunes are 
accumulating. Winding channels or ar
royos seem to indicate that the surface 
of the planet was once eroded by run
ning water. 

Crater studies have been a key means 
of obtaining clues to the processes 

of erosion and deposition on Mars. If 
one counts craters in the ancient Mar
tian highlands, where many craters ap
pear to be eroded or filled with sedi
ment, one finds that their size spectrum 
differs markedly from the simple power 
law of -2 characteristic of the size spec
trum of craters in most regions on the 
moon or on the Martian plains. When 
the size spectrum of the craters in the 
Martian highlands is plotted on log-log 
paper, it shows a curious kink, as if the 
curve were made up of two segments 
following a power law with an exponent 
of -2 joined by an intervening segment 
following a power law with an exponent 
of about -1. 

Such a kink might be explained if 
Mars had had a specific kind of erosion 
history. What appears to be indicated is 
a long period of erosion and deposition 
that ended fairly abruptly in relatively 
recent Martian history. Such deposition 
would have filled small, shallow craters, 
giving them lifetimes shorter than those 
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SPECTRA OF CRATER SIZES, plotting the number of craters per 
square kilometer with respect to their size, yield information about 
the erosion history of a plauet. In each panel the colored bands are 
isochrons, showing the number of primary impact craters of each size 
that would have formed in a province of a certain age. The width of 
the isochrons indicates that their precise position is uncertain. The 
black line in each panel is a schematic spectrum of crater sizes char
acteristic of a surface with a given erosion history. The surface of an 
atmosphereless planet nndisturbed by erosion for a billion years 
would accumulate craters the cumulative number of which would be 
inversely proportional to the square of their diameter; the size spec
trum of those craters would be a straight line with a slope of -2 (a). 
If the same surface were subsequently covered by lava or ejecta rough
ly 400 meters deep, the material would fill all craters smaller than 
four kilometers across, obliterating them. The spectrum in this case 
would fall off abruptly at the smaller sizes (b). A hundred million 
years later the lava plain would again have accumulated craters, and 
the resulting spectrum of crater sizes would follow a zigzag pattern 
(c). If the planet had a thin atmosphere that continuously carried sed
iments into its craters, the smaller craters would be obliterated faster 
than the larger ones, altering the curve for craters small enough to 
have been filled during the history of the surface. The resulting dis
tribution of the smaller craters would have a gentler slope of about 
-1 (d). If 100 million years ago deposition of sediments abruptly end

ed, small craters subsequently accumulated would no longer be pref
ere�tially eroded and their distribution would resume slope of -2 (e). 
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of larger craters. The larger the crater 
was, the greater its chance of survival 
would have been. The steady-state size 
spectrum of craters under such condi
tions would have a slope of about - I, as 
it does on Mars. In order to explain the 
observations the lengthy period of ero
sion and deposition must have ended 
suddenly, because continued cratering 
has reestablished the slope of -2 at the 
small sizes. 

In other words, the Martian craters 
seem to tell a tale of intense erosion 
and deposition at some time in the past, 
a period with a rather abrupt ending. 
Numerous investigators, including Ray
mond E. Arvidson of Washington Uni
versity, Clark R. Chapman of the Plane
tary Science Institute, Kenneth J. Jones 
of Brown University, Laurence A. So
derblom of the U.S. Geological Survey 
and me, have studied Martian craters 
and have affirmed this general picture. 
The different states of degradation of 
Martian craters, which range from 
fresh-looking bowl-shaped craters to 
dust-filled flat-floored ones, are compat
ible with a period of intense erosion. 
There is some disagreement, however, 
about whether there was only one peri
od of erosion or many periods and 
whether most of the erosion was ancient 
or relatively recent. Very ancient ero
sion would agree with evidence ob
tained recently by the Viking spacecraft 
that in primordial times the atmosphere 
of Mars was more massive and there
fore denser than it is now. Recent epi
sodes of erosion, if they occurred, might 
imply that the Martian climate oscil
lates like the climate of the earth, with 
its ice ages and intervening warm peri
ods. Michael C. Malin of Cal Tech has 
used crater counts to estimate that the 
Martian channels, which may be relics 
of the erosion period, are billions of 

SPECTRA OF CRATER SIZES on the satel
lites Phobos and Deimos (top) and the moon 
(bottom) reveal that the smaller bodies of the 
inner solar system have been little modified 
by erosion. The isochrons (color) represent 
the predicted number of primary craters in 
provinces of different ages. The band labeled 
"Saturation" indicates the spectrum of crater 
sizes expected on a body the surface of which 
is saturated with craters. The solid black lines 
plot the number of craters observed in differ
ent provinces on the Martian satellites and the 
moon. Phobos and Deimos appear to be nearly 
saturated, so that their surface is very ancient. 
The moon, however, clearly has provinces of 
different ages. The curve labeled "Typical 
highlands" shows that some small craters in 
some of the highlands have probably been ob
scured by lava. The unusually steep curves at 
the top of the spectrum indicate that second
ary impact craters and volcanic craters are 
probably included in the counts of primary 
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128 256 512 Bailly Basin may indicate that smaller craters 
in the basin were once obliterated by ejecta. 
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years old. If they are. it would favor the 
idea that erosion was associated with a 
primordial dense atmosphere. 

On the earth. of course. erosion is 
much more intense than it is on any 

of the other inner planets. The earth is 
so active that in geological terms cra
ters last a very short time. Most of the 
surviving terrestrial craters are heavily 
eroded. and many of them have been 
recognized by geologists only in recent 
years. One geological province where 
the search for craters has been particu
larly fruitful is the Canadian shield. the 
region around Hudson Bay with stable 
formations about a billion years old. In 
that billion years. a third the span of the 
lunar maria. many craters were excavat
ed by the impact of meteorites. The 
smaller were rapidly eroded. The larger. 
some tens of kilometers in diameter. 
were planed down by glaciers and partly 
filled with sediments. Some are being ex
humed by the erosion of old sediments. 
and their remains have been identified in 
increasing numbers by Canadian geolo
gists such as C. S. Beals and Michael 
R. Dence and their colleagues. Similar 
features have been found in younger geo
logical provinces. including nonmoun
tainous parts of the U.S. 

If the number of craters per square 
kilometer in terrestrial cratered prov
inces is divided by the mean ages of the 
provinces. one can find the rate at which 
the craters have been produced over the 
past billion years. The crater-produc
tion rate on the Canadian shield agrees 
roughly with the rate derived for the 
past three billion years from the lunar 
plains. A few investigators. comparing 
the two rates in detail. have suggested 
that the average rate over the past bil
lion years has been somewhat higher 
than the rate over the entire three billion 
years. If that is so. it would suggest that 
the rates vary with time as asteroids or 
comets supply new meteorite fragments 
to the inner solar system. 

Even the relatively stable Canadian 
shield clearly reveals the effects of ero
sion on the population of craters. which 
allows one to confirm the validity of the 
technique of inferring erosion processes 
from peculiarities in the spectrum of 
crater sizes. Small Canadian-shield cra
ters have been so quickly worn away 
that the size spectrum is strongly defi
cient in small craters. Thus an observer 
on another planet. armed only with pho
tographs from an artificial-satellite mis
sion. would be able to conclude that 
most of the earth's surface formed in 
recent geologic times (on the basis of the 
paucity of impact craters in general) and 
that processes of erosion and deposition 
are actively destroying small geological 
structures today (on the basis of the defi
ciency of small craters in particular). 
For example. crater statistics derived 
from various regions on the earth indi
cate that typically a terrestrial crater 

100 meters in diameter has a life of a 
few thousand years. a crater one kilome
ter in diameter a life of a million years. a 
crater 10 kilometers in diameter a life of 
a few hundred million years and a crater 
100 kilometers in diameter a life of a 
few billion years. 

Venus appears to present a picture in
termediate between that of Mars and 
the earth. Richard M. Goldstein and his 
associates at the Jet Propulsion Labora
tory of Cal Tech have obtained radar 
images of the surface of Venus hidden 
by the cloud layers. and the images show 
craters. Only a small fraction of the 
planet has been mapped. but the prelim
inary crater counts give two impres
sions. First. craters larger than 100 or 
200 kilometers in diameter are nearly as 
abundant on Venus as they are in the 
older regions of Mars. although they are 
less abundant on Venus than they are in 
the highlands of the moon. They are 
about 10 times more abundant on Ve
nus than they are on the Canadian shield 
of the earth. Second. the population of 
craters less than 100 kilometers in diam
eter is strongly depleted. probably by 
erosion. The erosion hypothesis is sup
ported by radar findings that the craters 
are quite shallow and may be partly 
filled with dust. 

One can infer that the surface of Ve
nus is neither as old as the surface 

of the moon nor as geologically active as 
the surface of the earth. The present sur
face of Venus must have formed at an 
intermediate time in the past. and ero
sion may be removing small craters to
day. This inference is consistent with the 
pictures sent back by the Russian Ve
nus landers in 1975. The pictures show 
sharp. angular rocks at one landing site 
and smooth. rounded rocks at another. 
implying that rocky material has been 
both created and eroded in the recent 
geological past. The implication that 
Venus. which is nearly the same size as 
the earth. has preserved more ancient 
large craters and has had perhaps less 
tectonic activity calls for explanation by 
general theories of planetary evolution. 

Mercury. the last of the inner planets. 
at first seems to be almost identical with 
the moon. The pictures from Mariner 10 
show heavily cratered highlands and 
dark smooth plains resembling the lunar 
maria. The craters on Mercury range 
from pits at the limits of resolution 
(about a kilometer) to the Caloris Basin 
1.300 kilometers across. surrounded by 
fracture rings as much as 2.000 kilome
ters across. Closer examination reveals. 
however. that the planet differs from the 
moon in three important respects. First. 
the surface of Mercury has compression 
faults hundreds of kilometers long that 
seem to imply that the entire crust of the 
planet has shrunk in circumference by 
about two kilometers. Second. even in 
some of the heavily cratered regions the 
surface is not saturated with craters; on 

the contrary. the craters seem to have 
pocked a relatively smooth background 
plain. Third. Mercury shows a slight de
ficiency of small craters with respect to 
the number that would be expected if 
the craters had accumulated at the same 
rate as they have on the moon. 

One interpretation of these observa
tions has to do with the fact that the 
decay of radioactive elements within a 
planet causes it to heat up with the pas
sage of time. It may be that because 
Mercury is larger than the moon it heat
ed up more slowly. and that its crust 
cooled later in the period of intense 
bombardment. Therefore the final con
figuration of Mercury's surface. wheth
er it was dominated by craters or by a 
smooth melted crust. would have been 
the result of competition between the 
rate at which the craters were formed 
and the rate at which the crust solidified 
to the point where it could retain craters. 

Suppose Mercury still had a molten 
crust at the end of the period of intense 
early bombardment. say 4.1 billion 
years ago. Small early craters would not 
have been preserved. Larger ones would 
have relaxed into shallow. isostatically 
compensated ghosts of their original 
selves. If the crust had solidified soon 
thereafter. craters would then have be
gun to be recorded on the smooth back
ground. but there would not have been 
enough of them to saturate the sur
face. Therefore the faults that fractured 
the surface when the crust cooled and 
shrank would not have been obliterated 
by cratering. Residual melting or thin 
lava flows in some areas might. howev
er. have obliterated some of the smaller 
early craters. The three ways in which 
Mercury differs from the moon would 
thus be explained. Robert G. Strom 
of the University of Arizona and other 
investigators have discerned traces of 
these processes on the moon. where they 
are less apparent because the lunar crust 
solidified earlier and therefore was more 
affected by impacts and cratering. 

The addition of Mercury to the suite 
of studied planetary surfaces has forced 
planetary geologists into interpretive 
discussions of the earliest cratering his
tory of planets. and such discussions 
are straining the limits of the evidence. 
There are many explanations other than 
the one I have given. For example. some 
analysts of the data from Mariner 10 
argue that the same episode of cat
aclysmic cratering hypothesized for 
the moon affected Mercury. coming af
ter the smooth crust on Mercury had 
formed and giving rise to most of the 
visible craters in a very short interval. 
Other investigators. comparing Mercu
ry and other planets. have proposed that 
the deficiency in the number of small 
craters arises not because the small cra
ters were obliterated but because they 
were never formed, They contend that 
the lack of small craters reflects actual 
differences in the size distribution of the 
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impacting meteorites at different eras 
and places in the solar system. Even the 
traditional interpretations of cratering 
equilibrium and the saturation of a 
planetary surface have been questioned. 
All these doubts remain to be resolved. 

The cratering of the inner planets and 
their satellites and what the craters 

tell us about the geological conditions 
on the surface of those bodies can be 
summarized in the order of the bodies' 
mass. Phobos and Deimos are tiny 
worlds that are completely cratered. 
The moon is heavily cratered, with only 
1 5 percent of its most ancient surface 
obliterated by the recent lava flows rep
resented by the maria. Mercury is much 
like the moon, but its internal thermal 
activity lasted longer and left more 
traces. Half of the old surface of Mars 
has been modified by volcanism, and 
riftlike canyons and fractures suggest 
that the planet has experienced some ru
dimentary tectonic activity. Venus has 
scattered large craters, but radar evi
dence for a riftlike canyon and crater 
filling suggest that it is currently being 
modified by tectonic and erosion activi
ty. The earth is so active that it no longer 
has any craters as old as four billion 
years and only a few highly eroded cra
ters as old as one billion years. There 
seems to be ·a trend to the effect that the 
more massive a planet is, the more inter
nal energy it generates and the longer it 
maintains processes such as volcanism 
and tectonic activity. It may be that only 
the earth has full-fledged plate tecton
ics, with thermal currents in the mantle 
driving plates into each other and crum
pling the crust into mountain ranges un
like those on any other planet. Although 
the craters on the earth appear to be 
little more than superficial scars, they 
confirm a fundamental sequence of 
planetary evolution that might be less 
evident if they were lacking. 

There is an additional impact-related 
effect that could be of major importance 
in determining the character of a planet. 
This effect has to do with the statistically 
small number of very large bodies strik
ing each planet in primordial times. Any 

MERCURY AND MARS crater-size spectra 
indicate that the surface of these larger bodies 
has been more highly modified with time. 
Crater counts for sample areas on Mercury 
(top) indicate that most of Mercury's surface 
is old. A deficiency of small craters in Mer
cury's highlands may indicate that the surface 
of the planet was in a plastic state when it was 
intensely bombarded, in which case the small
er craters would have disappeared. The curves 
in the spectrum for Mars (bottom) show that 
the oldest cratered provinces experienced an 
intense period of erosion and deposition that 
ended a few billion years ago. The Martian 
volcanoes and channels are younger. Polar re
gions appear to have experienced a later pe
riod of erosion and deposition that may have 
ended as recently as 100 million years ago. 
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population of meteorites that craters a 
planet will consist of many small bodies. 
a few medium-size bodies and one larg
est body. This is in the nature of the 
fragmentation processes that govern the 
size distribution of asteroids and mete
orites. The largest impact basins on the 
moon. Mercury and Mars are some 
1 .000 kilometers across. and the bodies 
that made them must have been about 
100 kilometers in diameter. Yet as we 
have seen. the observed craters on the 
planets may be only the last of a series 
that extends back to the beginnings of 
the solar system. The earliest craters 
may not have survived at all. 

There is good reason to believe. based 
on extrapolations of the density of cra
ters on the moon together with theoreti
cally estimated distributions of the sizes 
of the impacting bodies and their orbits, 
that the largest bodies that struck each 
planet were 1 ,000 kilometers or more in 
diameter. An asteroid 1 ,000 kilometers 
across striking a primordial planet could 
have given rise to a fundamental asym
metry in the planet. perhaps by knock
ing the crust off one side. Although 
traces of this cataclysmic event could 
have been obliterated by cratering or 
tectonic processes, the underlying asym
metry could have been preserved in the 
planet's geology. Such a collision could 
explain the hemispheric asymmetry of 
the moon, whose crust on the side facing 
the earth is thinner than that on the side 
facing away. The same kind of collision 
might be involved in the asymmetry of 
Mars. where one hemisphere has many 
ancient craters and the other has been 
almost entirely modified by volcanism. 
It might finally be involved in the early 
breakup of the earth's crust into thick 
and thin units. 

The impact of large asteroids may 
well explain the fact that the character 
and evolution of the planets are less uni
form than one would expect them to be 
if the planets had built up in a purely 
evolutionary way by the accretion of 
myriads of small particles. The largest 
interplanetary bodies probably carried 
so much energy and momentum that. 
depending on the direction from which 
they approached a planet, they could 
have tilted it, speeded up its spin. slowed 
down its spin. destroyed a satellite or 
perhaps even have left rings of material 
around it after breaking up under gravi
tational forces. 

so far I have described how cratering 
can yield clues both to the exter

nal environment in which the planets 
formed and to the surface and internal 
processes that have modified the plan
ets. The study of craters can also con
tribute to determining how old the sur
face of a planet is. On any given planet 
the relative ages are clear, since heavily 
cratered areas are older than sparsely 
cratered ones. It is also possible to esti
mate absolute ages. If one knows the 

I1J\IIIT The ��'\'.�\\\\\I!l !!iI!l
{f,,��� 

�+ �'" � I!!u u u n n i n n  '\�� � : H H e R H R � P.  � 

bnBBSIn of 0 \ . ..!mm� .. ) 
�$ff�JC���77/78 Phvsics""· IN THE BOTANY DEPARTMENT in the 'tJ ' 
following fields: taxonomy of 
flowering plants (for two years 
only) Plant Pathology· Microbial 
Genetics. 

QUAUFICATIONS: 
• Must hold Ph.D. degree or its 

equivalent in the respective 
specialization. 

• Must currently hold academic 
post in an accredited University 
or research center. 

CONTACT the Kuwait Embassy 
Cultural Division for further in· 
formation and application forms: 
4340 Connecticut Ave.  N.W. 
Suite 500 
Washington, D.C. 20008 
Tel. 202·244·4709 

If outside the United States, please 
contact your nearest Kuwait 
Embassy. 

PROFESSIONAL 
DISCOUNTS 

Texas Instruments 
electronic calculator 

TI-30 . . . . . $21 .95 SR-5 1 - 1 1  . .  56.95 
1 600 . .  . . . 21 .95 SR-56 . .  . . 84.50 
1 650 . . . 26.95 SR-52 . . . 1 99.95 
255(). 1 1  . . . 28.50 PC- l OO . . . 1 62.50 
SR-40 . . . . .  32.50 TI-5050M . 89.95 jlllJ 
Bus Ansi . 32.50 S040PO 1 1 9.95 
5 1 00 . .  49.95 
Libraries . . , .  . 26.00-39.95 
Little Prof. (2 min.)  . .  $1 6.95 

HEWLETTfWPACKARD 
I N o  credit  cards)  HP-27 . . $1 54.00 

HP-21 . . . $71 .00 HP-25C . 1 75.00 
HP-22 . . . 1 09.95 HP-67 . . . 395.00 
HP-25 . . . 1 27.60 HP-97 . . . 664.95 

NOVUS� NATIONAL 
SEMICONDUCTOR 

�uiz Kid II . . . . . . . . . .  $1 7.95 
Math 451 0 12 min.) . . . .  1 7.BB 
Scientist 4520 . . . . 29.95 
Scientist PR4525 . . . 54.95 
Financier 6020 . . . 26.45 
Statistician 6030 . . . . 26.45 
Financier PR6025 . . . . . .  39.50 

Statistician PR 6035 . . . . S39.50 
NS·852 . .  . . . . . . . . . . 24.95 
NS-45 1 5  PR . . . . . . . . . 39.50 
NS·4640 . . . . . . . . .  54.95 
NS·4650 . . . . . . . . . . .  44.95 
NS-4660 . . . . . . . . . . . .  54.95 
Adversary TV Game . • . . .  74.95 

In Cain. call (21 3) 370-5795 or ORDERS ONLY CALL (800) 
421 -0367 (other than CA.) Send money order Pers. ck (2 wks. 
to clear); in CA. add 6% sales tax. Add $3.50 min. shipping 
charges US only; $7.00 for SR-52, PC-1 00, HP-67, ·97. Canada 
min. shipping charges 56.50. WE SHIP UPS AIR. Send mail 
orders to DEPT. S A-A. � ,. 

"th�<f?,rnr!� 
u 

16611 Hawthorne Blvd., Lawndale, Ca. 90260 
(213) 370-5795 (800) 421·0367 

An Exploration of the Parallels Between 
Modern Physics and Eastern Mysticism 
In an easy-to-read but penetrating 
style, Dr. Fritjof Capra explores 
the parallels between modern physics 
and Eastern mysticism. A clear 
presentation, supplemented by diagrams 
and photographs, explains the 
theories of atomic and subatomic physics, 
of relativity theory, and of astrophysics, 
up to and including the most recent 
research. and relates the world view 
emerging from these theories to 
the mystical traditions of Hinduism, 
Buddhism, Taoism, Zen and the I Ching. 
A book of interest to both the scientist and 
the layman. 

Available at all fine bookstores or direct 
from the publisher (add 50� shipping):  

Cloth 12.50 Paper 5.95 
Shambhala Publications, Inc. t 
1 123 Spruce Street 
Boulder, Colorado 80302 
Distributed to the book trade by Random House 

,ear of service to the World's finest 
craftsmen and technicians. 

Na 'iona' � 2000 Wes' Uni.n A .. e. Dept.JAA 
Camera '" !���:";�::;7��'.�;:�o_ .orro 
p - - - - - - - - - - -.  
I Send a FREE copy of the Ne F lasher 

I name :�a�ddTr-e-ss-----------------------
I city 
I state zip 
Na 'iona I � :::�e::s;:,,,�:,:;:,,,�:,:;�: 
Camera'" ""one (303) 7.'·"';) 

97 

© 1976 SCIENTIFIC AMERICAN, INC



a: � 10-4 r--f�---+---�-+-----+-----f��-f-----f�---f-----f----�-----1 
w 
:2 
o --' 
52 
w 
a: 
« 
6 10-5 �-+�---+---�-+-----+-Z�-+-----+--�-+----�--��-----;-----; 
CfJ 
a: w c.. 
CfJ 
a: 
w 
� 5 10-6 r--f�'---+--�-f-----+��'-f-----f�---f-----f��-+���--'�--1 

106 1 07 108 1 09 
YEARS AGO YEARS AGO YEARS AGO YEARS AGO 

I 

1 0-8 L-� ____ -L ____ -L ____ -L ____ -L ____ -i __ __ � ____ � ____ � ____ � ____ ---' 
.5 2 4 8 16 32 64 1 28 256 5 1 2  

DIAMETER O F  CRATERS (KILOMETERS) 

I' I,' 1\ I� 
� I� 

" , I� 1\ 

'\ 
'\ �'''' .� '\ ", 

SATURATION 
- ....,.. 

'\ 
I��\ 

"- I� V IY CENTRAL U .S .  

/' 
! / � 

V 1\ �DIAN 

'\ SHIELD .. � l' 
'" 

4 X 109 
YEARS AGO 

1 0 6 107 1 08 109 (EARS rGO yrRS AGj YEA,S AGO YEARS jGO ";,1 

.5 2 4 8 1 6  32 64 1 28 256 5 1 2  

DIAMETER O F  CRATERS (KILOMETERS) 

98 

rate of crater production during each 
billion years of a planet's history, and if 
one counts the number of craters now 
found per square kilometer on the sur
face of different provinces with different 
erosion histories, one can directly calcu
late the absolute age in years of those 
provinces by dividing the number of 
craters by the crater-production rate . 
This crater-retention age differs in char
acter from the age determined by mea
suring the decay of radioactive isotopes 
in surface rocks. The radiometric ages 
refer to specific events in the history of 
certain rocks, such as origin by solidifi
cation or metamorphism. The crater-re
tention ages refer to how long a surface 
can retain a topographic structure of 
any given size. The crater-retention age 
depends on the diameter of the crater, 
since a small crater is likely to be eroded 
or obliterated faster than a large one. In 
short, crater-retention ages measure lev
els of geological activity. 

If one knew the exact rate of crater 
production for a planet, one could cal
culate the absolute crater-retention age 
for each province on the planef, since 
heavily cratered provinces are older 
than sparsely cratered ones. The trouble 
is that the crater-production rate may 
have been different in different parts of 
the solar system. The mere fact that we 
have absolute measurements of the cra
ter-production rate on the earth and on 
the moon does not automatically yield 
the crater-production rate for the other 
planets. Therefore we lack definitive ab
solute chronologies for Mercury, Ve
nus, Mars, Phobos and Deimos. 

The best way to approach the prob
lem of absolute dating is to compute for 
the known asteroids and comets the rate 
at which they collide with various plan
ets today. That rate turns out to be high
ly dependent on the orbit of those bod
ies. For example, an asteroid the orbit of 
which extends from the asteroid belt to a 
point just inside the orbit of Mars may 
have a high probability of eventually 
hitting Mars and making a crater on it. 
There is also a chance that the asteroid 
will just miss Mars and be deflected into 
an orbit crossing that of the earth, so 

VENUS AND EARTH crater-size spectra 
show that the two largest inner planets are 
geophysically the most active. The spectrum 
for Venus (top) indicates that craters 32 kilo
meters across may have survived only the past 
billion y ears, whereas craters larger than 128 
kilometers across could date back four bil
Iiou years. Craters smaller than 32 kilometers 
across are not shown because the radar im
ages of Venus' surface do not have sufficient 
resolution for them to be detected. On the 
earth size spectrum of craters (bottom) shows 
that uumber of craters that have survived is a 
fuuctiou of their diameter. Even very large 
craters have not survived from earliest days 
of the earth's history. On the earth erosion 
conditions are so intense that craters are ob
literated much faster than they are formed. 
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that it eventually will make a crater on 
the earth or on the moon. In other 
words. the body's initial orbit has a 
strong influence on the probability of its 
colliding with one planet or another. 
Wetherill and others have taken this 
probabilistic approach. and they have 
found that the crater-production rate at 
any one of the inner planets or satellites 
is likely to be within a factor of 10 of the 
rate at any other. The rates may even 
agree within a factor of three. Similar 
results have recently been reported from 
a survey of asteroids by Eugene M. 
Shoemaker and Eleanor F. Helin of Cal 
Tech. 

To a terrestrial geologist used to dis
criminating a unit of rock 60 million 

years old from one 70 million years old 
an error in age by a factor of three may 
sound like little improvement over no 
dates at all. One must remember that 
a planetary geologist is faced with the 
problem of discriminating a unit of rock 
a million years old from one a billion 
years old. a range of a factor of 1 .000. 
Moreover. since no planet is believed to 
be older than 4.6 billion years. and since 
the cratering rates earlier than four bil
lion years ago were extremely high and 
declined quickly over a short period of 
time. uncertainties in dating a unit by its 
craters are reduced; the most highly cra
tered units are probably between four 
and 4.5 billion years old. 

Apart from the earth-moon system 
we have no fossil stratigraphic se
quences and no radiometric rock ages. 
only pictures of cratered surfaces. Ac
cordingly it would be an exciting ad
vance to be able to exploit craters to 
correlate the histories of the various 
planets and gain an absolute dating sys
tem for the entire solar system. even if 
the system suffered from errors of a fac
tor of two or three. Such a system would 
enable us to compare the rate at which 
each of the planets evolved. Moreover. 
it might be an aid to answering dozens of 
fascinating questions. For example. did 
all the planets form mare like lava plains 
before three billion years ago as the 
moon did? Or were periods of volcanic 
activity dispersed in time? Was the se
quence of events governed purely by the 
mass of the planet and the thermal con
ditions within it? Did the intensity of 
the cratering decline at the same time 
throughout the solar system? Is there ev
idence for a short burst of catastrophic 
cratering that extended throughout the 
entire inner solar system at some partic
ular time. as some observers have hy
pothesized? Are the periods of ero
sion and possibly of a warmer climate 
on Mars synchronized with periods of 
warmer climate on the earth? Are cli
matic fluctuations on all the planets syn
chronized? If they are. they might be 
related to fluctuations in the intensity of 
radiation from the sun. a discovery that 
would be of intense interest to stellar 

GROUND PHOTOGRAPH ON MARS was made from Viking 1 lander. On horizon is a ridge 
that looks remarkably like the profile of Meteor Crater in Arizona. It may be an impact crater. 

astronomers and to evolutionary biolo
gists. 

The evidence we have in hand is not 
enough to answer these questions defini
tively. The best estimates of crater-pro
duction rates and accurate crater counts 
made from photographs, however, sug
gest the following chronology. All the 
inner planets and satellites were heavily 
cratered between four and 4.5 billion 
years ago. Lava flows were common on 
the moon and Mercury three to four bil
lion years ago, but they have not oc
curred since. On the moon the youngest 
large craters visible to the unaided eye 
from the earth. such as the bright-rayed 
crater Tycho, may be only a few hun
dred million years old. The cratered re
gions of Venus also appear to show 
large impact structures that are several 
billion years old; smaller craters 30 kil
ometers across or less may date back 
only a billion years. since older ones 
would have been eroded. 

Mars presents a different picture. The 
cratered provinces appear to retain 
large ancient craters that may be about 
four billion years old. like those in the 
cratered highlands of the moon and 
Mercury. Martian craters smaller than 
about four kilometers across have a 
short life because of erosion. Most of 
them are probably younger than three 
billion years. The less cratered hemi
sphere of Mars was apparently later re
surfaced by lava from intense volcanic 
activity. At about that time. possibly 
one to two billion years ago. water may 
have flowed in some of the large Mar
tian arroyos. Then as recently as a bil
lion years ago or even a few hundred 
million years ago huge volcanoes such 
as Olympus Mons gave rise to lava flows 
that have not been carved by channels. 
After the period of volcanic activity the 

most active erosion ceased. although the 
Martian winds continued to transport 
dust and deposit sediments. Some of 
the youngest major geological units on 
Mars are laminations of sediment at the 
poles. which appear to have a crater-re
tention age as low as 100 million years. 

It appears that all the planets were 
intensely cratered during the first half 
billion years after they were formed. 
and that then volcanism became the 
dominant process of their geology. The 
smaller bodies. such as the moon and 
Mercury. cooled most rapidly and on 
them the volcanism ceased. On the larg
er planets internal sources of heat re
mained important. Volcanism. tectonic 
activity and atmospheric erosion have 
partly destroyed the primitive cratered 
crust on Mars and Venus. and have al
most completely destroyed it on the 
earth. 

Adefinitive chronology for the solar 
system will have to await the return 

of datable rock samples from many 
provinces on each of the planets. Such 
samples would enable investigators to 
determine the history of the solar sys
tem with errors of only a few percent. 
Meanwhile one can obtain a prelimi
nary chronology of the solar system 
both by photographically searching for 
asteroids to extend our knowledge of the 
number of interplanetary bodies and by 
analyzing their orbits to deduce their dy
namical history. Such studies will help 
to provide better crater-production 
rates for all parts of the solar system. 
Armed with that knowledge we may 
come to better understand the early his
tory of the solar system and the develop
ment not only of the inner planets and 
their satellites but also of the icy bodies 
of the outer solar system. 
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The Samaritans 

Once the inhabitants of a rich and powerful kingdom, these followers 

of Moses now constitute perhaps the world's smallest ethnic minority. 

The forces that keep them isolated have also helped them to survive 

T
he name Samaritan is known to 
readers of the New Testament 
mainly from two texts. The more 

important of the two as far as doctrine is 
concerned is an account of Jesus' warm 
reception in Samaria in spite of the fact 
that because of religious differences the 
Jews normally had "no dealings with the 
Samaritans" (John 4:9). Far more famil
iar to most readers. however. is the para
ble Jesus related when he was asked to 
define the obligations of neighborliness. 

A Jerusalemite bound for Jericho. he 
said. was robbed and left naked and near 
death on the road. First a passing priest 
from the Temple at Jerusalem and then 
a Levite. one of the hereditary Temple 
servants. shunned the victim. The call
ing of both passers-by of course re
quired that they be compassionate 
toward the distressed and particularly 
toward a fellow believer. It was only 
when a man of Samaria. traveling far 
from his own land. came on the half
dead Jew that the Jew was succored. his 
wounds were bound up and he was car
ried to the shelter of an inn. There the 
Samaritan both paid for the Jew's im
mediate care and guaranteed the cost of 
his complete recuperation. "Which now 
of these three. thinkest thou." Jesus 
asked his questioner. "was neighbour 
unto him that fell among the thieves?" 
(Luke 10:36). 

From these New Testament refer
ences one may deduce that in the time of 
Jesus the Samaritans were alien enough 
to Jewry to make the contrast between 
the callousness of the two supposedly 
pious Jews and the compassion of the 
Samaritan particularly pointed. A good 
deal more is known about the Samari
tans. For example. they. like the Jews. 
accepted as holy writ the first five books 
of the Old Testament: the Pentateuch 
(Genesis. Exodus. Leviticus. Numbers 
and Deuteronomy). In fact. they still do. 
Although the kingdom of Samaria van
ished long ago. the Samaritans still sur
vive today as perhaps the smallest eth
nic minority in the world. 

Before the Six-Day War of 1967 the 
Samaritans. few though they were. had 
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for years been divided into two commu
nities. The people of the older and his
torically the more important of the two 
lived and continue to live in the city of 
Nablus. built in Roman times near the 
ruins of the biblical city of Shechem. 
Nablus (the word is an Arabic corrup
tion of the Greek Neapolis. or New 
City) lies in a valley between the twin 
mountains Ebal and Gerizim. The latter 
mountain is held by the Samaritans to be 
the true site of Jehovah's sanctuary, 
which the Jews locate at the Temple in 
Jerusalem. The Nablus community had 
been reduced to approximately 150 ear
ly in this century; today it numbers 
about 250. 

The Samaritans of the other group. 
also numbering about 250. live in subur
ban Holon to the south of Tel Aviv. 
They occupy a special quarter called in 
modern Hebrew Shikkun ha-Shomro
nim. Thus the total Samaritan popula
tion is about 500. One might think the 
survival of such a small ethnoreligious 
entity in the modern world would 
arouse the interest of anthropologists 
and sociologists alike. since it presents 
an opportunity to study social processes 
in a setting so restricted as to approxi
mate laboratory conditions. A host of 

. subjects for investigation come to mind: 
the consequences of inbreeding in such a 
state of reproductive isolation. the prob
lems of acculturation. the struggle of a 
religious minority for the preservation 
of its identity-all could be investigated 
among the Samaritans as under a micro
scope. Yet comprehensive studies of the 
Samaritan community have still to be 
undertaken. 

A close look at the community is also 
of benefit to those who are. as I am. 
students of theology and comparative 
religion. The Samaritans' beliefs repre
sent an extreme in religious isolation
ism, and their personal and communal 
life is patterned by tradition to an ex
traordinary degree. An offshoot of bib
lical Judaism that seems to have re
mained in a state of arrested develop
ment for some 2.000 years. Samaritan 
religious tradition affords a kind of tele-

scopic glimpse of the past: the ancient 
Judaism of prerabbinical times. its ten
ets and its way of life. Samaritan ritual 
and belief became virtually petrified. so 
to speak. at the beginning of the Chris
tian Era; since then little innovation in 
thought. in literature or in social organi
zation is known to have arisen within the 
community. 

Before the 1967 war the Nablus and 
Holon components of the Samari

tan community differed from each other 
in several respects because of their dif
ierent settings. The Samaritans of N ab
Ius. under Islamic rule (Arab. Turk and 
then once again Arab). lived in virtual 
seclusion. This was to no small extent 
imposed on them by the surrounding Is
lamic majority. To borrow the terminol
ogy of the sociologist Max Weber. they 
were in the truest sense a pariah people, 
geographically restricted to a special 
quarter of Nablus that was a small-scale 
replica of a typical medieval European 
Jewish ghetto. 

At the same time the ghetto life of the 
Nablus Samaritans was not entirely a 
product of inimical forces; as with 
medieval Jewry. it was to some extent 
self-willed. Its isolation guarded the 
community against alien inroads and 
strengthened internal cohesion. The 
physical concentration of the entire 
group within a comparatively small 
area enabled its members to maintain 
their social and religious identity for 
century after century even though their 
number was small. Isolation also fos
tered communal institutions: a kinshah. 
or synagogue, a school and an internal 
system of jurisprudence. These institu
tions in turn enhanced the Samaritans' 
ability to preserve their exclusive reli
gion in an unadulterated form. For ex
ample. whereas the Samaritans have 
used Arabic as their spoken language 
ever since their conquest in A.D. 632, 
their languages of religious worship re
main Hebrew and Aramaic. 

The Samaritans of Holon. unlike 
those of Nablus. have maintained com
paratively close relations with their 
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SAMARITAN PILGRIMS, gathered on the summit of Mount Geri
zim at dawn, are dressed in white ceremonial robes in preparation for 

SAMARITAN PRIEST, Berit ben Tabiah, holds up the scroll of the 
Torah as the pilgrims pray. The red tarboosh worn by most of the 

a day of prayer leading up to the Passover sacrifice. Usually a sunset 
ritual, this takes place by day when· Passover falls on the Sabbath. 

men seen here is the distinctive headgear of Nablus Samaritans; a 
white wrapping shows that the wearer belongs to the priestly family. 
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SLAUGHTERED LAMB, its fleece stripped off, is hung and gutted 
before being spitted for cooking. One Passover lamb is slaughtered 
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for each Samaritan extended family; in 1975, eight y ears after regular 
contact between the two communities resumed, the number was 19. 
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neighbors over the past half century. 
The history of the Holon community 
goes back to the early 1920's, when a 
few Samaritan families left Nablus to 
settle in an area between the then pre
dominantly Arab coastal city of Jaffa 
and the newly founded Jewish port of 
Tel Aviv. The immigrants numbered 
some 40 to 50, principally members of 
two extended families, the Sadakah and 
the Marhib, and the community re
mained nearly static until 1948. After 
the establishment of the State of Israel 
in that year other Samaritan families 
chose to leave Nablus (which lay within 
the region on the west bank of the Jor
dan River that was annexed the same 
year by the Hashemite Kingdom of Jor
dan) and settled in Holon. 

The Samaritans of Holon soon be
came full-fledged citizens of the new 
state and integrated themselves into Is
raeli political, economic and social life. 
Although the immigrants are succeed
ing in the preservation of their religious 
identity, they are also gradually adjust
ing to the ethos of a modern westernized 
society. The younger generation of Sa
maritans is in many respects being pro
gressively acculturated, but even it so 
far has resisted religious assimilation. 

Avisit to the Samaritan communities, 
either at Holon or at Nablus, shows 

that the Samaritans differ little in exter
nal appearances from their neighbors, 
Jewish or Arab. In dress, in daily habits 
of life and in language each community 
has in the main adopted the customs of 
the surrounding population. On taking a 
closer look at the Samaritans' dwellings, 
however, one begins to discover signifi
cant differences among Samaritans, 
Jews and Arabs. One example is the Sa
maritan interpretation of the pentateu
chal admonition regarding the house 
doorpost inscription, the mezuzah. The 
Samaritans do not follow the Jewish 
practice of affixing to the doorpost a 
small receptacle that holds a piece of 
parchment bearing two passages from 
the Pentateuch. Instead they place near 
the doorpost a stone tablet; engraved 
on the tablet is a shortened text of the 
Ten Commandments. Sometimes the Sa
maritans even forgo the engraved tablet 
and simply paint a few letters on the 
wall next to the door, written in Samari
tan Hebrew script. 

This direct and almost primitive way 
of observing a pentateuchal command 
exemplifies the religious division be
tween the Samaritans and the Jews. 
Both religions derive their basic ritual 
laws from the Pentateuch, but whereas 
in Judaism the Pentateuch makes up 
only one part of a sanctified three-part 
canon of Scripture, for the Samaritans 
the five books of Moses alone have a 
claim to sanctity. The Pentateuch is 
their entire Bible, and they have never 
accepted the rest of the Old Testament. 

The Samaritans, to be sure, have a book 
of Joshua, the traditional account of Is
rael's seizure of the Promised Land, but 
their book is a comparatively late com
pilation that presents a Samaritan inter
pretation of the history of Israel, begin
ning with the conquest of Canaan and 
carrying the record down to the early 
centuries of the Christian Era. It differs 
radically from the book of Joshua in the 
Old Testament. 

In the light of the Samaritan's attitude 
toward the Pentateuch it is hardly sur
prising that they did not and still do not 
subscribe to the oral Jewish law as it 
developed in postbiblical times and ulti
mately became codified in rabbinical lit
erature. The Samaritans recognize nei
ther the Mishnah (the redaction of Jew
ish oral law produced about A.D. 200) 
nor the Talmud (a later and larger re
daction that includes the Mishnah, tra
ditionally produced in Babylonia about 
A.D. 500), and they ignore the later Jew
ish legal literature that has been derived 
from those sources. To the Samaritans 
the life of the community and the indi
vidual alike is based, at least in princi
ple, solely on the Pentateuch. In actual 
practice a Samaritan system of oral exe
gesis, a Halakah, has arisen that differs 
considerably from the Jewish ritual 
code. The differences are apparent in ev
eryday life and become particularly 
striking in such matters as the obser
vance of the Sabbath and of various fes
tivals. 

To cite an example, the Samaritans' 
literal adherence to the pentateuchal 
text means that they have never devel
oped anything comparable to the Jewish 
ritual use of phylacteries: small leath
er boxes containing texts from Exodus 
and Deuteronomy, worn during prayer. 
They do not interpret the pentateuchal 
command to "bind" such words "for a 
sign upon your hand" and put them "in 
your heart" and "between your eyes" 
(Deuteronomy 1 1: 18) as grounds for 
any specific ritual. Rather, they take the 
command to mean that one should al
ways keep God's laws in one's heart and 
observe them. 

This apparent anticultist attitude 
should not be construed as indicat

ing that Samaritan religion is antiritual
is tic or even nonritualistic. The opposite 
is the case: the Samaritans' insistence on 
strict adherence to the precise wording 
of the Pentateuch and their rejection of 
numerous rabbinical interpretations, of
ten of an accommodating nature, make 
for a ritual rigidity unequaled in rabbin
ic Judaism. 

The point can be illustrated by a short 
description of a Sabbath spent among 
the Samaritans. In conformity with the 
lunar calendar by which the Jewish year 
is calculated the Samaritan Sabbath be
gins on Friday evening. To observe the 
day of rest according to prescribed cus-

toms a Samaritan will make it a point to 
return to his quarter of Nablus or Holon 
before sundown; only in his own group 
can the Sabbath be properly sanctified. 
The observance shows a stringency un
paralleled even among the most con
servative Jewish communities. 

Taking literally the pentateuchal 
command to keep complete rest and not 
to kindle any fire, the Samaritans remain 
in darkness within their houses from 
Friday night to Saturday night. No food 
may be cooked, and there are no accept
ed ways of keeping food warm such as 
have been instituted in Jewish obser
vance. A Samaritan will leave his house 
on the Sabbath only to worship in the 
kinshah. 

Both the service and the liturgy of the 
Samaritans are quite unlike those of the 
Jewish synagogue today and are partic
ularly unlike those of European Jews. 
The Samaritans appear to have pre
served salient features of ancient Jewish 
ritual as it is described in early rabbini
cal literature (and also as it is to some 
degree preserved in non-European Jew
ish communities). For example, most 
prayers are chanted by the entire con
gregation in unison. Others are intoned 
in the form of a responsory: one mem
ber chants a paragraph and then the con
gregation repeats it. The role of prayer 
leader is not confined, as it is in Europe
an Jewish practice, to a specially ap
pointed and specially trained cantor but 
is assumed by each member of the con
gregation in turn. The women of the 
community do not actively take part in 
the service, but they are not physically 
isolated from the male congregation. 

Most of the prayers in the Samaritan 
service are in Aramaic; the passages 
from the Pentateuch are of course in 
Hebrew. In the main the prayer texts are 
compilations created by successive gen
erations of medieval Samaritan liturgi
cal poets. The prayers resemble one an
other to a large degree; in the main they 
are variations on a few basic themes. In 
the Hebrew portion of the liturgy even 
someone who speaks modern Hebrew 
would have difficulty following the text; 
the Samaritan pronunciation of Hebrew 
differs considerably from that of Euro
pean and non-European Jews. 

The high point of the Sabbath service 
is reached when the congregation 

stands and the weekly text from the Pen
tateuch is read. In its external appear
ance the Samaritans' Torah scroll (the 
five books in one continuous manu
script) resembles the scrolls in contem
porary non-European Jewish communi
ties. Made of parchment, it is kept in a 
cylindrical case and is never removed. 
The Samaritan Torah is written in the 
ancient Hebrew alphabet, the prototype 
of which is known to us from early He
brew, Moabite and Phoenician inscrip
tions. It is the same script used to record 
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the Pentateuch on some of the frag
ments found in the library at Qumran, 
known popularly as the Dead Sea scrolls 
[see "The New Covenanters of Qum
ran," by Shemaryahu Talmon; SCIEN
TIFIC AMERICAN, November, 1971]. The 
Samaritan forms of the letters evidently 
represent the stage of development at
tained by the ancient alphabet during 
the time of the Maccabees, the second 
century B.C. 

The Samaritans attach much impor
tance to the fact that they have retained 
the ancient script. They offer this fact as 
proof that their version of the Penta
teuch, which differs in many particulars 
from the Jewish text (in its Masoretic 
redaction of the seventh to 10th centu
ries), is a more accurate reflection of the 
original. Actually most of the differenc
es between the two are of interest only to 
scholars, being largely confined to varia
tions in spelling or pronunciation. Some 
of the variants, however, reflect histori
cal and religious issues that divided the 
Samaritans from ancient Jewry. For ex
ample, the Ten Commandments as they 
are known to Jew and Christian alike are 
in the Samaritan version compressed 
into nine. They have been increased to 
the traditional 10 only by the introduc
tion of an extra commandment (made 
up of passages drawn from Deuterono-

MEDITERRANEAN 
SEA 

my 11 and 27) declaring the holiness of 
Mount Gerizim. 

In Nablus the Samaritan place of wor
ship in ancient Shechem was left undis
turbed by the Arab rulers of the region 
until the Crusaders arrived at the end of 
the 11 th century. After the Crusaders 
took the town the old kinshah was de
stroyed, and a church was built on the 
site. When the Moslems reasserted their 
authority over She chern in 1167, the 
Crusaders' church became a mosque. 
These vicissitudes of history can still be 
traced. The mosque of today includes a 
Norman tower, obviously part of the 
Crusaders' church. A stone tablet, 
which in the past had been cemented 
into the east wall of the tower, is en
graved with the opening word of each of 
the Samaritans' version of the Ten Com
mandments. The words are written in 
the same ancient Hebrew script used in 
the Samaritans' Torah, and the elongat
ed, triangular form of one of the letters, 
the ayin, strikingly resembles the tall and 
narrow shield the Crusaders carried. 
The resemblance must have caught the 
imagination of some medieval Christian 
mason among the Crusaders: on close 
scrutiny one discovers that a slender 
Christian cross has been incised within 
the ayin triangle, transforming the letter 
into a replica of the Crusaders' shield. 

NABLUS 
• 

MOUNT GERIZIM ��, 

• DEAD 
JERUSALEM SEA 

MODERN SAMARITAN COMMUNITIES are in Holan, south of Tel Aviv, and in Nablus, 
on the flank of Mount Gerizim, the Neapolis of the Roman period. Nablus stands near the ruins 
of ancient Shechem, once a major Samaritan city. Mount Gerizim remains a focus of ritual. 
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The kinshah in Holon was at first only 
a room .set apart in a private house. The 
late president of Israel, Itzhak Ben-Zvi, 
was a patron of the Samaritans, and 
through his endeavors a special building 
was erected in the 1960's to serve as a 
place of worship. This was the first Sa
maritan kinshah built outside the Nab
Ius community in at least 200 years: by 
the middle of the 18th century all the 
other Samaritan settlements that once 
had flourished in the Near East had been 
abandoned. and their remaining mem
bers had resettled at Nablus in order to 
be close to holy Mount Gerizim. 

To this day the mountain remains the 
Samaritans' holy land. It was there 

rather than in Jerusalem, they say. that 
the Temple should have been built. and 
early in the Hellenistic period there a 
Samaritan temple probably did stand. 
Recent excavations at Gerizim have ex
posed evidence of what seem to be suc
cessive sanctuaries topped by the ruins 
of a temple constructed during the rule 
of the Roman emperor Hadrian (A.D. 
117-138). The underlying structures, in 
the opinion of the excavator, Robert J. 
Bull of Drew University, may well rep
resent earlier Samaritan sacred build
ings. The site appears to have been 
abandoned by the Samaritans, possibly 
before the advent of Christianity and 
certainly by Hadrian's time. The Sa
maritans subsequently sanctified an
other part of Mount Gerizim. but no 
building stands there now, and it is un
likely that one ever did. In the sacred 
precinct is a short trench leading toward 
an earth altar where to this day animal 
sacrifices are offered at Passover. 

As Passover approaches it is custom
ary for the Samaritans from both com
munities to congregate at Nablus. pre
paring to make a three-day pilgrimage 
to the summit of Mount Gerizim that 
ends on the holy day. In the past the 
pilgrims camped in tents near the sacred 
precinct: today permanent quarters 
have been built there. and the pilgrims 
occupy them during the Passover festi
val. It is in the course of this annual 
spring rite that further salient features 
of the Samaritan community become 
apparent. For example. the Samaritans 
maintain not only that they are the sole 
true remnant of the 10 tribes of Israel 
but also that they are the true Israel. In 
explaining this claim they say that the 
word Samaritan is derived not from the 
city name Samaria. the capital of an
cient Ephraim. but from the Hebrew 
word shamar. meaning to guard or ob
serve. That is why they call themselves 
the Shamrayin. implying they alone are 
the true guardians of divine law. 

The Samaritans consider themselves 
representatives of the house of Joseph: 
with the exception of the priestly fami
lies. who maintain that they are de
scended from the tribe of Levi, all Sa-
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maritan families trace their lineage ei
ther to the tribe of Ephraim or to the 
tribe of Manasseh. Until the beginning 
of the 17th century there had existed in 
the Samaritan community an uninter
rupted chain of high priests who were by 
tradition the direct descendants of Elea
zar, son of the high priest Aaron, broth
er of Moses. The line of Aaron came to 
an end early in the 17th century with a 
high priest who died without having a 
son. One of the Samaritan families that 
traced its descent from the tribe of Levi 
was then invested with the high priest
hood; the family has maintained its pri
macy to this day. 

The priests have fulfilled in the Sa
maritan tradition the functions of spiri
tual and communal leadership that in 
Judaism became the province of the 
sage and the rabbi. During Passover 
their role becomes particularly promi
nent. Within the entire orbit of Judeo
Christian culture only the Samaritans 
have actively retained the tradition of 
animal sacrifice. Thus the elaborate cer
emony that is still performed on Mount 
Gerizim on the eve of Passover is the 
last remaining example of the ritual 
slaughter characteristic of Temple prac
tices in Jerusalem at the time of Christ. 

The Samaritan ritual is conducted in 
strict accordance with the prescrip

tions recorded in the Pentateuch. At the 
beginning of the month of Nissan the 
head of each Samaritan patriarchal unit 
selects a lamb on behalf of the extended 
family; thereafter the animal is guarded 
until the day of the sacrifice. In the early 
decades 'of this century seven lambs 
were sacrificed, each representing one 
Samaritan patriarchal unit. (Today one 
of these extended families is almost ex
tinct.) Since then, however, the Samari
tan community has grown to its present 
500, and the seven former family units 
have subdivided. As a result the number 
of Passover lambs sacrificed in 1975 was 
19, one for each of the new family sub
divisions. 

The Passover service begins shortly 
before sundown; the leading members 
of the Samaritan community, dressed in 
flowing white robes, chant a long series 
of prayers. As the chanting progresses 
the priests prepare the lambs for sacri
fice. The animals are led to the trench 
near the earth altar in the sacred pre
cinct. Just before sundown, as is pre-

. scribed in the Pentateuch, a priest select
ed for the task cuts the lambs' throats, 
moving quickly from one animal to the 
next. Boiling water is immediately 
poured over the carcasses, and the 
lambs are stripped of their fleece, gutted 
and impaled on wood spits. Meanwhile 
a slow fire has been burning at the bot
tom of a deep pit; the spitted lambs are 
now placed in this earth oven, the pit is 
covered and the meat is left to bake. 

As the sacrifice cooks, more prayers 

o 
I 

KILOMETER 

LABOR 
STREET 

SAMARITAN QUARTER in Holon occupies a few square blocks in the eastern half of the 
town (gray). Known as Shikkun ha-Shomronim, the quarter has a population of some 250 
Samaritans. The first Samaritans came from Nablus in the 1920's; others followed after 1948. 

QUARTER IN NABLUS lies at the western end of the town (black), near the path leading 
to the summit of Mount Gerizim. The number of Samaritans in Nablus also approaches 250. 
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1911 

SAMARITAN POPULATION, at a low ebb early in this century, had tripled by 1975; it is 
now abont 500. Males (color), however, continue to outnumber females. This is a threat to 
the Samaritan tradition of exclusively endogamous marriages, often between first cousins. 

ALATIF SASSON I MARHIB 
MF 

SADAKAH 

FIVE MAJOR F AMILmS are not equally represented in the two communities: Nablus (black) 
and Holon (color). Few of priestly lineage are found in Holon; until recently there were none, 
and the great majority still remain in Nablus in order to be near Mount Gerizim. Similarly, the 
Sadakah and Marhib lineages constitute a majority of the Samaritan immigrants to Holon. 
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are said. Then all members of the com
munity go indoors and remove their 
white robes. They emerge clad in rough 
garments and heavy shoes, with staffs in 
their hands and bundles on their backs. 
ready to reenact the Exodus. Exactly at 
midnight the earth oven is opened. Each 
family group claims its lamb and every
one in the group tears a piece of baked 
meat from the carcass, eating quickly in 
order to symbolize the hasty departure 
of the children of Israel from Egypt. In 
compliance with pentateuchal law not a 
single bone of a sacrificed lam b is bro
ken; all the bones and any leftover meat 
are thrown on the altar for burning to 
ensure that no meat remains by morn
ing. After everyone has eaten, the pil
grims circle the holy precinct and its 
surroundings in a procession that sym
bolizes the departure from Egypt and 
the long journey through the wilderness 
to the Promised Land. After that a full 
meal is served; this late-night supper 
more closely resembles the traditional 
Jewish Seder, the festive repast on the 
eve of Passover. 

During the 20 years when the Jordani
an and the Israeli branches of the 

Samaritan community were separated 
the Passover ceremony on Mount Ger
izim was the only occasion when the 
community was united. Since Samari
tans almost never marry outside their 
community, the yearly meeting became 
a time for matchmaking. The Nablus 
Samaritans often "exported" wives to 
the Holon Samaritans, who could not 
easily find spouses within their group. 
which at that time was smaller. Young 
people could meet; parents, in consulta
tion with the high priest, could discuss 
the particulars of a prospective mar
riage and decide which partner should 
follow the other, to Israel or to Jordan. 

Today Samaritans from Holon and 
Nablus are free to meet all year long. In 
the wake of this development a feeling 
of renaissance has taken hold of many in 
the community. Never faltering in their 
belief that they are the true Israel and 
that the day will come when God will 
turn his favor toward them, the Samari
tans interpret the reunion of the com
munity as a good omen. 

The new situation may indeed have a 
decisive impact on the social structure 
of the community. Since ritual functions 
were closely bound up with Mount Ger
izim, the Samaritans who settled in Isra
el in 1948 included no representatives of 
the priestly lineages. Traditionally the 
spiritual leaders of the community, the 
priests had also been responsible for all 
aspects of community life. They were 
not only priests but also teachers and the 
only community scribes. (All the holy 
books of the Samaritans are handwrit
ten.) The families resettled in Holon 
suddenly found themselves deprived of 
these services. The holy books they 
brought with them were soon too worn 
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for further use. and yet new copies of 
the Pentateuch and new prayer books 
were required for Sabbath services at 
the kinshah and for the instruction of the 
young. 

Wishing to avoid any appearance of 
encroaching on priestly prerogatives. 
the laity in Holon refrained from mak
ing the much-needed new copies them
selves. It soon became evident that the 
situation was a serious handicap to com
munity education. Finally photocopy
ing and then printing solved the prob
lem. Lay leaders emerged to assume the 
social role of the absent priests and also 
to represent the Holon Samaritans in 
dealings with the outside world. As a 
result a new kind of communal leader 
appeared in Holon: one who had ac
quired his position not by inheritance. as 
a priest does. but by his and his family's 
prominence outside the special fields of 
liturgy and teaching. 

The Holon Samaritans. at first fewer 
in number than the Nablus Samaritans. 
have at the same time been heavily influ
enced by the westernized Israeli popula
tion that surrounds them. One result was 
that the Holon group soon outdistanced 
the Nablus majority intellectually. eco
nomically and organizationally. The 
Holon Samaritans. who had graduated 
from Israeli high schools and some of 
whom had gone on to become teachers 
or Israeli government officials. were 
more influential than the less educated 
priestly leaders in Nablus. In fact. they 
became rivals of the hereditary priest
hood and contenders with them for so
cial supremacy. If this development had 
continued unchecked. it might have 
caused a permanent social rift between 
the two Samaritan groups. Their reun
ion appears to have alleviated the ten
sion and at least for the time being has 
forestalled serious internal conflict. 

so far the Samaritans have succeeded 
in maintaining their identity by per

sistently adhering to an endogamous 
marriage system that is practiced not 
only within the limits of the commu
nity but also often within the limits 
of an extended family lineage. Bat
sheva Bonne of the Tel Aviv University 
School of Medicine has done consider
able demographic research among the 
Samaritans. Her studies show a strong 
community preference for first-cousin 
marriages. a tendency that seems also to 
persist among the Samaritans at Holon. 
As a result the inbreeding coefficient cal
culated for the generation of Samaritans 
born of marriages contracted after 1933 
is the highest on record in Israel. This is 
in sharp contrast to the findings of sur
veys conducted among several immi
grant ethnic groups in Israel. and among 
non-European Jewish immigrants in 
particular. Those findings indicate a 
trend toward declining endogamous 
marriage. 

Bonne's most recent research indi-

IMSAI Presents 
the 
Intelligent 
Breadboard 
System 

IMSAI, one of the world's largest 
manufacturers of microcomputer 
systems- the high-performance IMSAI 
8080, has achieved another break
through - T he IMSAI Intelligent 
Breadboard System. What you can do 
with the IMSAI Intelligent Breadboard 
is enough to qualify you and your 
IMSAI 8080 computer as a micro
processor R&D department. Our 
Intelligent Breadboard is a complete 
system for development of discrete 
logic circuits and microprocessor soft
ware circuits. It connects directly to 
the IMSAI 8080, communicating with 
the 8080's bus and 48 TTL level I/O 
lines. 

Use the Intelligent Breadboard to 
implement circuits in hardware and 
transfer them to software in a step-by
step fashion. Because the computer and 
Intelligent Breadboard communicate, 
hardware-software tradeoffs may be 
studied and new circuit designs tested 
extensively. It is a flexible, easy-to-use 
instructional tool ready to serve your 
development ideas under conditions of 
total control. 

Circuits can be built using the bus 
logic of the 8080 while remaining out
side the computer chassis. Think of 
that for ease of construction and 
analysis! T here are dozens of uses for 
this new and unique laboratory tool. 
Examples: 
• As a learning tool to teach replace

ment of discrete devices in digital 
logic circuits with microprocessors 
and computer software. 

• A sophisticated classroom laboratory 
for logic design courses. 

• To simulate hardware circuits in 
software. 

• To develop new I/O interfaces and 
memory systems that connect directly 
to, yet are physically outside, the 
computer. And much, much more. 

Best news of all, price wise the IMSAI 
Intelligent Breadboard, like the IMSAI 
8080, is as affordable as it is useful: 
$435 kit; $625 assembled. Immediate 
delivery. Call or write for a complete 
illustrated brochure describing the 
IMSAI 8080, options, peripherals, 
software, prices and specifications, 
plus everything you want to know 
about the IMSAI Intelligent 
Breadboard. 

Call for the name of your nearest 
IMSAI dealer. Dealer inquiries invited. 
Why not the very best? 

����� 
Manufacturing Corporation 

1-1860 Wicks Blvd., San Leandro, CA. 94577, (415) 483-2093 TWX 910-366-7287 

107 

© 1976 SCIENTIFIC AMERICAN, INC



cates that since 1963 the rate of Samari
tan inbreeding has increased still further 
and has been accompanied by a rise in 
the incidence of genetic defects. For ex
ample, preliminary statistics reveal that 
some 27 percent of Samaritans suffer 
from color blindness; the large majority 
of the color-blind are members of the 
extended Sadakah family living in Ho
Ion. The extended Marhib family shows 
a high level of respiratory deficiency, in
dicated by chronic shortness of breath. 
The incidence of deaf-mutism is high in 
the Alatif family and the priestly family. 
In view of the persistent preference for 
first-cousin marriages Bonne's survey 
suggests an urgent need for young Sa
maritans, particularly young priests, to 
seek genetic counseling before choosing 
a spouse. 

At the same time isolated instances of 
intermarriage between Samaritans and 
Jews are known. In the early 1930's the 
number of Samaritan women in Holon 
had declined to the extent that many 
young Samaritan men could not find 
wives. At that time at least three Jewish 
women married into the community; re
portedly two of them were non-Europe
an immigrants and one was a European. 

Today the fact of uninterrupted con
tact with Israeli society, together with 
Samaritan recognition of the grave 
threat presented to the integrity of their 
community by the adverse genetic ef-

fects of inbreeding, have produced a 
change of attitude toward endogamy. 
Young Samaritans born, bred and edu
cated in Israel are now more willing to 
marry Jewish girls in spite of some con
tinuing community opposition to such 
matches. In all the intermarriages that 
have taken place in recent years a Jewish 
woman has joined the Samaritan com
munity. To the best of my knowledge 
there has been no instance of a Jewish 
man joining the Samaritan community 
either by marriage or by conversion. 

Even more than in Judaism the Samar
itan religion is inseparably linked to 

ethnic extraction. Being born a Samari
tan by definition means adhering to the 
Samaritan religion, and only a Samari
tan by birth can be a true Samaritan by 
belief. There is no way out of the com
munity: once a Samaritan, always a Sa
maritan. By the same token there is no 
way in; there is no recognized means of 
absorbing a male outsider. 

The history of the Samaritans is a long 
and tragic one. During the last centuries 
before the Christian Era the Samaritans 
were a vigorous nation, with a popula
tion that was probably more thim a mil
lion. At that time they held their own 
against their Jewish cousins and even 
tried to resist the Roman conquerors of 
Palestine. Since then, however, their lot 
has been endless persecution. They were 

killed by the thousands by Jews, Chris
tians and Moslems in succession, and 
those who survived lived an existence of 
political, economic and cultural sup
pression. These adverse external condi
tions reinforced the stultifying impact 
of the Samaritans' self-willed religious 
conservatism. For a millennium and a 
half they produced few new ideas or 
new forms in the realms of thought 
and literature and contented themselves 
with reproducing a series of variations 
on themes established in antiquity. The 
conservatism of their culture weakened 
the Samaritans' power to resist their op
pressors; they simply lacked the means 
of adjusting to novel situations. In a way 
the Samaritans illustrate what might 
have happened to Judaism if the early 
leaders of the Pharisees-the rabbis
had not evolved ways of interpreting 
biblical law in the light of changing so
cial conditions. 

The survival of the Samaritans none
theless embodies a reassuring lesson. 
The fact that a Samaritan minority still 
exists would seem to indicate that there 
is room in a society for diverse interpre
tations of common religious heritages. 
This tiny remnant of what was once a 
sovereign nation is a clear illustration of 
how the interaction of ethnic and reli
gious factors can safeguard the integrity 
of a social group. that would otherwise 
have vanished almost without trace. 

MOUNT GERIZIM lies in tbe foreground of tbis aerial pbotograpb; 
Nablus is in tbe background. At tbe top of tbe mountain at tbe left 
are temple ruins being excavated by Robert J. Bull of Drew Univer-

sity. Tbe latest of tbe buildings is a temple erected during tbe reign of 
tbe Roman emperor Hadrian (A.D. 117-138). Under it is a fieldstone 
wall tbat may be a part of tbe Samaritan temple on tbe mountain. 
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New programmable 
you should consider . 
More preprogrammed functions than 
any other hand-held programmable 
scientific calculator on the market. 

PROG RAMMING CAPABIL ITY APF SR·56 Hp·25 51·11 
Program steps 72 100 49 None 
Conditional branching instructions Yes Yes Yes No 
Unconditional branching Yes Yes Yes No 
Looping Yes Yes Yes No 
Editing: Step Yes Yes Yes No 

Backstep Yes Yes Yes No 
Insert, delete Yes Yes Yes No 
NOP Yes Yes Yes No 

Single step execution Yes Yes Yes No 

OPE RATING C HARACTERISTICS 
Logic system ALG AOS RPN AOS 
Max. number of pending operations 4 7 3 5 
Parentheses levels 4 9 0 'J 
Memories 10 10 8 3 

Store & recall Yes Yes Yes Yes 
Clear memory Yes Yes Yes Yes 
Sum to memory Yes Yes Yes Yes 
Subtract from memory Yes Yes Yes Yes 
Multiply into 'memory Yes Yes Yes Yes 
Divide into memory Yes Yes Yes Yes 
Exchange display with memory Yes Yes No Yes 

Perform same calculation on all memories 
simultaneously Yes No No No 

Exchange x with y Yes No Yes Yes 
Fixed decimal option Yes Yes Yes Yes 
Calculating digits 10 12 10 12 
Angular mode Deg/Rad/Grads Yes Yes Yes Yes 
Digits displayed (mantissa & exponent) 8+2 10+2 8+2 8+2 
Eng. Notation Yes No Yes Yes 
ScL Notation Yes Yes Yes Yes 
Change Sign Yes Yes Yes Yes 
Automatic Constant Yes No No Yes 

CALCUlATING C HARACTERISTICS 
Log. Inx, lOx, ex, yX, Vi<. 1<, Vy IT, x' Yes Yes Yes Yes 
X! Yes No No Yes 
lnt X (integer part) Yes Yes Yes No 
Fractioned part Yes Yes Yes No 
Trig functions & inverses Yes Yes Yes Yes 
Hyperbolic function & inverses Yes No No Yes 
Deg/ MIN/ sec to decimal deg & inverses Yes No Yes Yes 
Polar to rectangular conversion & inv. Yes Yes Yes Yes 
Mean, variance & standard deviation Yes Yes Yes Yes 
Linear regression Yes No No Yes 

Trend line analysis Yes No No Yes 
Slope and intercept Yes No No Yes 

Spherical to cartesian conversion & inv. Yes No No No 
% Yes No Yes Yes 
6% Yes No No Yes 
Permutations & Combinations Yes No No No 
English-Metric Conversions & inverse Yes No No Yes 

F·C, In·Cm, Gal·Ltr, Lb-Kg 

•• 

TK Enterprises, world-leading calculator specialist, is 
proud to present a newly advanced programmable scien
tific calculator. 

The Mark 90 is designed primarily for scientists and 
engineers, yet its price puts it well within the reach of stu
dents and schools. Its power makes it invaluable for any 
commercial or industrial manager. 

The Mark 90 calculator uses the algebraic method of 
entering problems, Its programming feature, 10 address· 
able memories and 4 levels of parenthesis will allow you 
to work the most complicated mathematical equations 
with full confidence of accuracy. 

It operates on either self-contained rechargeable battery 
pack, or from an AC. adaptor, AC. Adaptor/recharger 
and Canying Case are included, Dimensions: L 6" x 

H 3" x W lYa:' 
TRY IT FOR 10 DAYS, The APF Mark 90 carries a 
one year warranty on repair or replacement. This 
remarkable programmable calc ulator is only 
$69,95 plus $3.50 shipping & insurance. SEND 
COUPON BELOW TODAY OR C All TOLL FREE 
(800) 421·0367 ... before news of APF Mark 90's 
demand exceeds supply! 

T K ENTERPRISES: DEPT SA-A, 16611 Hawthorne Blvd" Lawndale, CA 90260-(213) 370·5795, 
C All TOLL FREE (800) 421-0367 r.�- - - - - --;; .. ;;u:-:o:; t;:-AP-;;'a�O-;og=m:;:;e � � ;:;::-c= o:::n:;:rd::nc:;d -;:a:l 

I calculator for 10 days. be sure to add any apphcable state and local taxes ) To 

I � 
D Please shIp me the A PF Mark 90 complete With accessones speed up dehvery send money order 

I �� �\'?f[j)r?n((>-@((> for$6996plus$350focsh,ppmg and msurance lundersland 
0 Bill M Cr d C d- I �U u �U l�U U,;;j)�dJ that If I m not completely satIsfIed I may return the umt and y e it ar . 
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U 
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accessones WIthin 10 days for full refund (or at my option, 0 Master Charge 0 BankAmencard 

I receIve full credit toward the purchase of any other calculator Bank No I DEPT SA.A earned by T K EnlelpnSes) 

I 6 1 h I 
NAME. _______________ Accounl No I 1 61 Hawt orne B vd. 
ADDRESS Exprralron Dale' ____________ _ 

I Lawndale, CA 90260 CITY. S TAT E, ZIP I Ll213) 370·5795 
___ 

�NE 
_____ ....::g�e� _______ ::J 
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MATHEMATICAL 

GAMES 

Extraordinary nonperiodic tiling 

that enriches the theory of tiles 

by Martin Gardner 

I
n August, 1975, at the end of a two

part article on tiling the plane with 
congruent convex polygons, I 

promised a later article on nonperiodic 
tiling. This column fulfills that promise 
and presents for the first time a remark
able nonperiodic tiling discovered by 
Roger Penrose, a British mathematical 
physicist. First let me give some defini
tions and background. 

A periodic tiling is one on which you 

can outline a region that tiles the plane 
by translation, that is, by shifting the 
position of the region without rotating 
or reflecting it. M. C. Escher, the Dutch 
artist, is famous for his many pictures of 
periodic tilings with shapes that resem
ble living things. The illustration below 
is typical. The colored area outlines a 
fundamental region that tiles by transla
tion. Think of the plane as being covered 
with transparent paper on which each 

A periodic tessellation by M, C. Escher (1938) 
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tile is outlined. Only if the tiling is peri
odic can you shift the paper, without 
rotation, to a new position where all out
lines again exactly fit. 

An infinity of shapes-for instance the 
regular hexagon-tile only periodically. 
An infinity of other shapes tile both peri
odically and nonperiodically. A check
erboard is easily converted to a nonpe
riodic tiling by identical isosceles right 
triangles or by quadrilaterals. Simply bi
sect each sq uare as is shown at the left in 
the top illustration on the opposite page, 
altering the orientations to prevent peri
odicity. 

Isosceles triangles also tile in the radi
al fashion shown in the center of the 
illustration. Although the tiling is highly 
ordered, it is obviously not periodic. As 
Michael Goldberg pointed out in a 1955 
paper titled "Central Tessellations." 
such a tiling can be sliced in half, and 
then the half planes can be shifted one 
step or more to make a spiral form of 
nonperiodic tiling, as is shown at the 
right in the illustration. The triangle can 
be distorted in an infinity of ways by 
replacing its two equal sides with con
gruent lines as is shown in the middle 
illustration on the opposite page. If the 
new sides have straight edges, the result 
is a polygon of 5, 7, 9, 11. . .  edges that 
tiles spirally. The bottom illustration on 
the opposite page shows a striking pat
tern obtained in this way from a nine
sided polygon. It was first found by 
Heinz Voderberg in a complicated pro
cedure. Goldberg's method of obtaining 
it makes it almost trivial. 

In all known cases of nonperiodic til
ing by congruent figures the figure also 
tiles perodically. The right part of the 
middle illustration on the opposite page 
shows how two of the Voderberg en
neagons go together to make an octagon 
that tiles periodically in an obvious way. 

Another kind of nonperiodic tiling is 
obtained by tiles that group together 
to form larger replicas of themselves. 
Solomon W. Golomb calls them "rep
tiles." (See Chapter 19 of my book Un
expected Hanging.) The bottom illustra
tion on page 112 shows how a shape 
called the "sphinx" tiles nonperiodically 
by giving rise to ever larger sphinxes. 
Again, two sphinxes (with one sphinx 
rotated 180 degrees) tile periodically in 
an obvious way. 

Are there sets of tiles, having two or 
more different shapes, that tile only non
periodically? By "only" we mean that 
neither a single shape or subset nor the 
entire set tiles periodically but that by 
using all of them a nonperiodic tiling is 
possible. Rotating and reflecting tiles 
are allowed. 

For many decades experts believed no 
such set exists, but the supposition 
proved to be untrue. In 1961 Hao Wang 
became interested in tiling the plane 
with sets of unit squares whose edges 
were colored in various ways. They are 
called Wang dominoes, and Wang wrote 
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Nonperiodic tiling with congruent shapes 

An enneagon (color at left) and a pair of enneagons (right) forming an octagon that tiles periodically 

A spiral tiling by Heinz Voderberg 
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Raphael M. Robinson's six tiles that force a nonperiodic tiling 

Three generations of sphinxes in a nonperiodic tiling 
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a splendid article about them for this 
magazine [see "Games, Logic and Com
puters," by Hao Wang; SCIENTIFIC 
AMERICAN, November, 1965]. Wang's 
problem was to find a procedure for de
ciding whether any given set of domi
noes will tile by placing them so that 
abutting edges are the same color. Rota-' 
tions and reflections are not allowed. 
The problem is important because it re
lates to decision questions in symbolic 
logic. Wang showed that if and only if 
there is a decision procedure, then any 
set of dominoes that tiles the plane non
periodically will also tile periodically. 
He conjectured that such a procedure 
exists. 

In 1964 Robert Berger, in his thesis 
for a doctorate from Harvard Universi
ty in applied mathematics, showed that 
Wang's conjecture is false. There is no 
general procedure. Therefore there is a 
set of Wang dominoes that tiles only 
nonperiodically. Berger constructed 
such a set, using more than 20,000 dom
inoes. Later he found a much smaller set 
of 104. Last year Raphael M. Robinson 
reduced the set to 24. 

It is easy to change such a set of Wang 
dominoes into polygonal tiles that tile 
only nonperiodically. You simply put 
projections and slots on the edges to 
make jigsaw pieces that fit in the manner 
formerly prescribed by colors. An edge 
formerly one color fits only another for
merly the same color, and a similar rela
tion obtains for the other colors. By al
lowing such tiles to rotate and reflect 
Robinson constructed six tiles [see top 
illustration at left] that "force nonperio
dicity" in the sense explained above. 

At the University of Oxford, where he 
is Rouse Ball Professor of Mathematics, 
Penrose searched for still smaller sets. 
Although most of his work is in relativi
ty theory and quantum mechanics, he 
continues the active interest in recrea
tional mathematics he shared with his 
geneticist father, the late L. S. Penrose. 
(They are the inventors of the famous 
"Penrose staircase" that goes round and 
round without getting higher; EScher 
depicted it in his lithograph "Ascend
ing and Descending. ") In 1973 Penrose 
found a set of six tiles that force nonpe
riodicity. Soon he found a way to reduce 
them to four, and in 1974 he lowered 
them to two. 

Because the tiles lend themselves to 
commercial puzzles, Penrose was reluc
tant to disclose them until he had ap
plied for patents in the United King
dom, the U.S. and Japan. Now that 
these patents are pending, I have his per
mission to write about the tiles. I am 
equally indebted to John Horton Con
way for many of the results of his study 
of the Penrose tiles. 

The shapes of a pair of Penrose tiles 
can vary, but the most interesting pair 
have shapes that Conway calls "darts" 
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Smile: You've just read the 
highest EPA estimates for any 
car built in America. Ever. 

Chevy Chevette with 
available 1.6-litre engine and 
standard manual transmission. 

EPA figures are estimates. The mile
age you get will vary depending on 
your type of driving, driving habits, 
car's condition and available equip
ment. In California, EPA figures are 
lower. 

And keep on smiling, there's 
more. 

Chevette has more head 
room than many mid-size cars. 

More horsepower this year. 
A hatchback that opens up 

over 26 cu. ft. of carrying space. 
One of the tightest turning 

circles of any car in the world. 
A diagnostic connector for 

quick electronic service checks. 
A service manual written for 

do-it-yourselfers. 
A unitized body that's 

corrosion-protected. 

It'll d 
• 

And over 6,000 Chevy 
dealers everywhere. 

If 43 and 31 are your kind 
of figures, stop by a Chevy 
dealer soon. 

He has some more numbers 
you'll like too: Chevette's 
price. 
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Now, Dr. Linus Pauling presents new findin·gs 
that support his arguments even more forcefully 
than before: 
Vitamin C has significant protective activity 
against many viral diseases, including influenza. 

Available now 
at bookstores 
everywhere. 
hardcover: $8.95, softcover: $3.45 
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LINUS PAULING 
1948 PRESIDENTIAL MEDAL FOR MERIT 
1954 NOBEL PRIZE IN CHEMISTRY 
1962 NOBEL PEACE PRIZE 
1975 NATIONAL MEDAL OF SCIENCE 

Vitamin C 

the Common Cold 

and the Flu 

"In 1976-1977, when another swine-flu epidemic is expected, it 
is especially important that everyone know that he can protect 
himself to a considerable extent against the disease and its 
consequences by the use of this important nutrient, vitamin c." 

II 
W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, CA 94104 
58 Kings Road, Reading, England RG1 3AA 
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Construction of dart and kite 

ACE (FOOL'S KITE) 

and "kites." The illustration at the top 
left on this page shows how they are 
derived from a rhombus with angles 
of 72 and 108 degrees. Divide the long 
diagonal in the familiar golden ratio 
of (1 + VS)!2 = 1.61803398 . . . •  then 
join the point to the obtuse corners. That 
is all. Let phi stand for the golden ratio. 
Each line segment is either 1 or phi as 
indicated. 

The rhombus of course tiles periodi
cally. but we are not allowed to join the 
pieces in this manner. Forbidden ways 
of joining sides of equal length can be 
enforced by bumps and dents. but there 
are simpler ways. For example. we can 
label the corners Hand T (heads and 
tails) as is shown in the illustration at the 
top right on this page. and then give the 
rule that in fitting edges only corners of 
the same letter may meet. Dots of two 
colors could be placed in the corners to 
aid in conforming to this rule. but a pret
tier method. proposed by Conway. is to 
draw circular arcs of two colors on each 
tile. as the illustration shows. Each arc 
cuts the sides as well as the axis of sym
metry in the golden ratio: Our rule is 
that abutting edges must join arcs of the 
same color. 

To appreciate the full beauty and 
mystery of Penrose tiling one should 
make at least 100 kites and 60 darts. The 
pieces need be colored on one side only. 
The areas of the two shapes are in the 
golden ratio. This proportion also ap
plies to the number of pieces you need 

T 

H 

T 

T 

A coloring of dart and kite to force lIonperiodicity 

SHORT BOW TIE 

Aces and bow ties that speed constructions 

of each type. You might think you need 
more of the smaller darts. but it is the 
other way around. You need 1.618 . . .  as 
many kites as darts. In an infinite tiling 
this proportion is exact. 

A good plan is to draw as many darts 
and kites as you can on one sheet. with a 
ratio of about five kites to three darts. 
using a thin line for the curves. The 
sheet can be photocopied many times. 
The curves can then be colored with. 
say. red and green felt-tip pens. Conway 
has found that it speeds constructions 
and keeps patterns stabler if you make 
many copies of the three larger shapes in 
the lower illustration on this page. As 
you expand a pattern you can continual
ly replace darts and kites with aces and 
bow ties. Actually an infinity of arbitrar
ily large pairs of shapes. made up of 
darts and kites. will serve for tiling any 
infinite pattern. 

A Penrose pattern is made by starting 
with darts and kites around one vertex 
and then expanding radially. Each time 
you add a piece to an edge you must 
choose between a dart and a kite. Some
times the choice is forced. sometimes it 
is not. Sometimes either piece fits. but 
later you may encounter a contradiction 
(a spot where no piece can be legally 
added) and be forced to go back and 
make the other choice. It is a good plan 
to go around a boundary. placing all the 
forced pieces first. They cannot lead to a 
contradiction. You can then experiment 
with unforced pieces. It is always possi-

LONG BOW TIE 

ble to continue forever. The more you 
play with the pieces. the more you will 
become aware of "forcing rules" that 
increase efficiency. For example. a dart 
forces two kites in its concavity. creating 
the ubiquitous ace. 

There are many ways to prove that the 
number of Penrose tilings is uncount
able. just as the number of points on a 
line is. These proofs rest on a surprising 
phenomenon discovered by Penrose. 
Conway calls it "inflation" and "de
flation." The top illustration on the next 
page shows the beginning of inflation. 
Imagine that every dart is cut in half and 
then all short edges of the original pieces 
are glued together. The result: a new til
ing (shown in color) by larger darts and 
kites. 

Inflation can be continued to infinity. 
with each new "generation" of pieces 
larger than the last. Note that the sec
ond-generation kite. although it is the 
same size and shape as a first-generation 
ace. is formed differently. For this rea
son the ace is also called a fool's kite. It 
should never be mistaken for a second
generation kite. Deflation is the same 
process carried the other way. On every 
Penrose tiling we can draw smaller and 
smaller generations of darts and kites. 
This pattern too goes to infinity. 

Conway's proof of the uncountability 
of Penrose patterns (Penrose had earlier 
proved it in a different way) can be out
lined as follows. On the kite label one 
side of the axis of symmetry L. the other 
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How a pattern is inflated 

The infinite sun pattern 
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R (for left and right). Do the same on the 
dart, using I and r. Now pick a random 
point on the tiling. Record the letter that 
gives its location on the tile. Inflate the 
pattern one step, note the location of the 
same point in a second-generation tile 
and again record the letter. Continuing 
through higher inflations, you generate 
an infinite sequence of symbols that is a 
unique labeling of the original pattern 
seen, so to speak, from the selected 
point. 

Pick another point on the original pat
tern. The procedure may give a se
quence that starts differently, but it will 
reach a letter beyond which it agrees to 
infinity with the former sequence. If 
there is no such agreement beyond a 
certain point, the two sequences label 
distinct patterns. Not all possible se
quences of the four symbols can be pro
duced this way, but those that label dif
ferent patterns can be shown to corre
spond in number with the number of 
points on a line. 

We have omitted the colored curves 
on our pictures of tilings because they 
make it difficult to see the tiles. If· you 
work with colored tiles, however, you 
will be struck by the beautiful designs 
created by these curves. Penrose and 
Conway independently proved that 
whenever a curve closes, it has a pentag
onal symmetry, and the entire region 
within the curve has a fivefold symme
try. At the most a pattern can have two 
curves that do not close. In most pat
terns all curves close. 

Although it is possible to construct 
Penrose patterns with a high degree of 
symmetry (an infinity of patterns have 
bilateral symmetry), most patterns, like 
the universe, are a mystifying mixture of 
order and unexpected deviations from 
order. As the patterns expand they seem 
to be always striving to repeat them
selves but never quite managing it. G. K. 
Chesterton once suggested that an extra
terrestrial being, observing how many 
features of a human body are duplicated 
on the left and the right, would reason
ably deduce that we have a heart on 
each side. The world, he said, "looks just 
a little more mathematical and regular 
than it is; its exactitude is obvious, but 
its inexactitude is hidden; its wildness 
lies in wait." Everywhere there is a "si
lent swerving from accuracy by an inch 
that is the uncanny element in every
thing . . .  a sort of secret treason in the 
universe." The passage is a nice descrip
tion of Penrose's planar worlds. 

There is something even more surpris
ing about Penrose universes. In a cu
rious finite sense, given by the "local 
isomorphism theorem," all Penrose pat
terns are alike. Penrose was able to show 
that every finite region in any pattern is 
contained somewhere inside every other 
pattern. Moreover, it appears infinitely 
many times in every pattern. 

To understand how crazy this situa
tion is, imagine that you are living on an 
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infinite plane tessellated by one tiling of 
the uncountable infinity of Penrose til
ings. You can examine your pattern. 
piece by piece. in ever expanding areas. 
No matter how much of it you explore 
you can never determine which tiling 
you are on. It is no help to travel far out 
and examine disconnected regions. be
cause all the regions belong to one large 
finite region that is exactly duplicated 
infinitely many times on all patterns. Of 
course. this is trivially true of any peri
odic tessellation. but Penrose universes 
are not periodic. They differ from one 
another in infinitely many ways. and yet 
it is only at the unobtainable limit that 
one can be distinguished from another.· 

Suppose you have explored a circular 
region of diameter d. Call it the "town" 
where you live. Suddenly you are trans
ported to a randomly chosen parallel 
Penrose world. How far are you from a 
region that exactly matches the streets 
of your home town? Conway answers 
with a truly remarkable theorem. The 
distance is never more than 2d! (This is 
an upper bound. not an average.) If you 
walk in the right direction. you need not 
go more than a distance of 2d to find 
yourself inside an exact copy of your 
home town. The theorem also applies to 
the universe in which you live. Every 
large circular pattern (there is an infinity 
of different ones) can be reached by 
walking a distance in some direction 
that is certainly less than twice the diam
eter of the pattern and more likely about 
the same distance as the diameter. 

The theorem is quite unexpected. 
Consider an analogous isomorphism ex
hibited by a sequence of unpatterned 
digits such as pi. If you pick a finite se
quence of 10 digits and then start from a 
random spot in pi. you are pretty sure to 
encounter the same sequence if you 
move far enough along pi. but the dis
tance you must go has no known upper 
bound. and the expected distance is 
enormously longer than 10 digits. The 
longer the finite sequence is. the farther 
you can expect to walk to find it again. 
On a Penrose pattern you are always 
very close to a duplicate of home. 

There are just seven ways that darts 
and kites will fit around a vertex. Let us 
consider first. using Conway's nomen
clature. the two ways with pentagonal 
symmetry. 

The sun (shown in white in the bottom 
illustration on the opposite page) does 
not force the placing of any other piece 
around it. If you add pieces so that pen
tagonal symmetry is always preserved. 
however. you will be forced to construct 
the beautiful pattern shown. It is 
uniquely determined to infinity. 

The star. shown in white in the top 
illustration at the right. forces the 10 
gray kites around it. Enlarge this pat
tern. always preserving the fivefold sym
metry. and you will create another flow
ery design that is infinite and unique. 
The star and sun patterns are the only 

DEUCE 

The infinite star pattern 

QUEEN 

JACK 

The "empires" of deuce, jack and queen 
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Penrose universes with perfect pentago
nal symmetry, and there is a lovely sense 
in which they are equivalent. Inflate or 
deflate either of the patterns and you get 
the other. 

The ace is a third way to tile around a 
vertex. It forces no more pieces. The 
deuce, the jack and the queen are shown 
in white in the bottom illustration on the 
preceding page, surrounded by the tiles 
they immediately force. As Penrose dis
covered (it was later found independent
ly by Clive Bach), some of the seven 
vertex figures force the placing of tiles 
that are not joined to the immediately 
forced region. The illustration below 
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shows in gray what is probably the ma
jor part of the king's "empire." (The 
king is the colored area.) All the gray 
tiles are forced by the king. (Two aces, 
just outside the left and right borders, 
are also forced but are not shown.) 

This picture of the king's empire was 
drawn by a computer program written 
by Eric Regener of Concordia Universi
ty in Montreal. His program deflates 
any Penrose pattern any number of 
steps. The colored lines show the do
main immediately forced by the king. 
The black lines are a third-generation 
deflation in which the king and almost 
all of his empire are replicated. It is not 

The king's empire 

known how much farther the empire ex
tends, and the smaller empires of the 
jack and the queen have not been com
pletely mapped. 

The most extraordinary of all Penrose 
universes, essential for understanding 
the tiles, is the infinite cartwheel pattern, 
the center of which is shown in the illus
tration on the opposite page and on the 
cover. The regular decagon at the cen· 
ter, outlined in heavy black (each side is 
a pair of long and short edges), is what 
Conway calls a "cartwheel. " Every 
point on any pattern is inside a cart
wheel exactly like this one. By one-step 
inflation we see that every point will be 
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inside a larger cartwheel. Similarly. ev
ery point is inside a cartwheel of every 
generation. although the wheels need 
not be concentric. 

Note the 10 light gray spokes that ra
diate to infinity. Conway calls them 
"worms." They are made of long and 
short bow ties. the long ones being in the 
golden ratio to the short ones. Every 
Penrose universe contains an infinite 
number of arbitrarily long worms. In
flate or deflate a worm and you get an
other worm along the same axis. Ob
serve that two full worms extend across 
the central cartwheel in the infinite cart
wheel pattern. (Inside it they are not 

gray.) The remammg spokes are half 
worms. Aside from spokes and the inte
rior of the central cartwheel. the pattern 
has perfect tenfold symmetry. Between 
any two spokes we see an alternating 
display of increasingly large portions of 
the sun and star patterns. 

Any spoke of the infinite cartwheel 
pattern can be turned side to side (or. 
what amounts to the same thing. each of 
its bow ties can be rotated end for end) 
and the spoke will still fit all surround
ing tiles except for those inside the cen
tral cartwheel. There are 10 spokes; thus 
there are 210 = 1.024 combinations of 
states. After eliminating rotations and 

The cartwheel pattern 

reflections. however. there are only 62 
distinct combinations. Each combina
tion leaves inside the cartwheel a region 
that Conway has named a "decapod." 

Decapods are made up of 10 identical 
isosceles triangles with the shapes of 
half darts. The decapods with maximum 
symmetry are the buzzsaw and the star
fish shown in the upper illustration on 
the next page. Like a worm. each trian
gle can be turned. As before. ignoring 
rotations and reflections. we get 62 dec
apods. 

VVhen the spokes are arranged the 
way they are in the infinite cartwheel 
pattern shown. a decapod called Bat-
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man is formed at the center. Batman 
(shown in dark color) is the only deca
pod that can legally be tiled. (No finite 
region can have more than one legal til
ing.) Batman does not, however, force 
the infinite cartwheel pattern. It merely 
allows it. Indeed, no finite portion of a 
legal tiling can force an entire pattern, 
because the finite portion is contained in 
every tiling. 

Note that the infinite cartwheel pat
tern is bilaterally symmetrical, its axis 
of symmetry going vertically through 
Batman. Inflate the pattern and it re
mains unchanged except for mirror re-
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flection in a line perpendicular to the 
symmetry axis. The five darts in Batman 
and its two central kites are the only tiles 
in any Penrose universe that are not in
side a region of fivefold symmetry. All 
other pieces in this pattern or any other 
one are in infinitely many regions of 
fivefold symmetry. 

. 

The other 6 1  decapods are produced 
inside the central cartwheel by the other 
6 1  combinations of worm turns in the 
spokes. All are "holes" in the following 
sense. A hole is any finite empty region, 
surrounded by an infinite tiling, that 
cannot be legally tiled. You might sup-

Three decapods 

A nonperiodic tiling with Roger Penrose's rhombuses 

pose each decapod is the center of infi
nitely many tilings, but here Penrose's 
universes play another joke on us. Sur
prisingly, 60 decapods force a unique 
tiling that differs from the one shown 
only in the composition of the spokes. 
Only Batman and one other decapod, 
called Asterix after a French cartoon 
character, do not. Like Batman, Asterix 
allows an infinite cartwheel pattern, but 
it also allows patterns of other kinds. 

Now for a startling conjecture. Con
way believes, although he has not com
pleted the proof, that every possible 
hole, of whatever size or shape, is equiv-
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alent to a decapod hole in the following 
sense. By rearranging tiles around the 
hole, taking away or adding a finite 
number of pieces if necessary, you can 
transform every hole into a decapod. If 
this is true, any finite number of holes in 
a pattern can also be reduced to one dec
apod. We have only to remove enough 
tiles to join the holes into one big hole, 
then reduce the big hole until an untile
able decapod results. 

Think of a decapod as being a solid 
tile. Except for Batman and Asterix, 
each of the 62 decapods is like an imper
fection that solidifies a crystal. It forces 
a unique infinite cartwheel pattern, 
spokes and all, that goes on forever. If 
Conway's conjecture holds, any "for
eign piece" (Penrose's term) that forces 
a unique tiling, no matter how large the 
piece is, has an outline that transforms 
into one of 60 decapod holes. 

Kites and darts can be changed to oth
er shapes by the same technique de
scribed earlier for changing isosceles tri
angles into spiral-tiling polygons. It is 
the same technique that Escher em
ployed for transforming polygonal tiles 
into animal shapes. The top illustra
tion on this page shows how Penrose 
changed his darts and kites into chickens 
that tile only nonperiodically. Note that 
although the chickens are asymmetrical. 
it is never necessary to turn any of them 
over to tile the plane. Alas, Escher died 
before he could know of Penrose's tiles. 
How he would have reveled in their pos
sibilities! 

By dissecting darts and kites into 
smaller pieces and putting them togeth
er in other ways you can make other 
pairs of tiles with properties similar to 
those of darts and kites. Penrose found 
an unusually simple pair: the two rhom
buses in the sample pattern in the bot
tom illustration on the opposite page. 
All edges are the same length. The larg
er piece has angles of 72 and 108 degrees 
and the smaller one has angles of 36 and 
144 degrees. As before, both the areas 
and the number of pieces needed for 
each type are in the golden ratio. Til
ing patterns inflate and deflate and tile 
the plane in an uncountable infinity of 
nonperiodic ways. The nonperiodicity 
can be forced by bumps and dents or 
by a coloring such as the one suggest
ed by Penrose and shown in the illus
tration. 

We see how closely the two sets of 
tiles are related to each other and to the 
golden ratio by examining the penta
gram in the bottom illustration on this 
page. This was the mystic symbol of the 
ancient Greek Pythagorean brother
hood and the diagram with which 
Goethe's Faust trapped Mephistophe
les. The construction can continue for
ever, outward and inward, and every 
line segment is in the golden ratio to the 
next smaller one. Note how all four Pen-

Penrose's nonperiodic chickens 

rose tiles are embedded in the diagram. 
The kite is ABCD, the dart is AECB. The 
rhombuses. although they are not in the 
proper relative sizes. are AECD and 
ABCF. As Conway likes to put it. the 
two sets of tiles are based on the same 
underlying golden stuff. 

E 

Are there pairs of tiles not based on 
the golden ratio that force nonperiodic 
tiling? Is there a single piece that tiles 
only nonperiodically? These questions 
define two of the most intriguing prob
lems that remain to be solved in the the
ory of tiling. 

A �--------------------��----------�--------------------�� 

The Pythagorean pentagram 
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BOOKS 
The blowfly as a machine, the wild boy 

of A veyron and modern merchant ships 

by Philip Morrison 

THE HUNGRY FLY: A PHYSIOLOGI

CAL STUDY OF THE BEHAVIOR 

ASSOCIATED WITH FEEDING, by 
V. G. Dethier. Harvard University Press 
($30). The blowfly Phormia regina is a 
30-milligram "jet jewel." three imper
fect spheres in line. diaphanous wings. 
great eyes faceted in hexagonal ele
gance. body encased in iridescent semi
rigid tanned armor. "perfection in its 
parts." Professor Dethier. a biologist at 
the University of Massachusetts, has 
lived with the 60-million-year-old spe
cies for 30 years, asking questions. With 
a score of graduate students and many 
colleagues worldwide, he has built up an 
oversimplified but powerful model of 
blowfly feeding behavior (the greater 
task of blowfly life, reproduction. is set 
aside), which he outlines here in depth. 
He tells of old experiments and new; the 
history of experimentation throws the 
sharpest light on conclusions as well as 
on technique. Some of the experiments 
are wonderfully artless, such as letting 
the blowfly walk on a piece of paper 
moistened with a blue-dyed sugar solu
tion; the fly's "lip marks" record its 
walk. Others are the fruit of the instru
mental virtuosity of our times: scanning 
electron micrographs and fly electroen
cephalograms. Dethier looks at many 
other species from mouse to man for 
analogy or illuminating difference. 

Blowflys are not only abstractly beau
tiful; they are intricate. Fly eyes are ri
valed only by those of the cephalopods 
and the vertebrates; when the Spanish 
neuroanatomist Santiago Ramon y Ca
jal "first looked at the neural network in 
the eyes of flies, he exclaimed in amaze
ment at their enormous complexity." 
They are of course superlatively adapt
ed as motion detectors; try to catch a fly. 
They see the· entire visible spectrum, 
they detect polarization and they find 
flicker at 20 times our own time resolu
tion. For form perception we verte
brates have better electronics. Flies are 
attracted by spots of flickering light, by 
fly-size black objects. by the colors 
black and red. Their milligram of brain, 
with its 100,000 neurons, collects eye 
data and signals from the thousands of 
chemical. tactile and odor sensors fitted 
into the prickles and bristles of that fly 
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armor. together with many internal sig
nals, from the size of the well-fed in
sect's crop to the beat of the hidden 
clock that generally enforces a circadian 
rhythm. 

First of all the fly must eat. It flies 
randomly, sensing air currents to fly up
stream toward the source of desirable 
odors, while it monitors visual pattern 
to check its ground speed. Finally it flies 
in narrowing circles until some optical 
datum provides the cue for it to land. 
Once it has landed it walks across in
ert surfaces in short strolls. typically 
grooming itself before it takes a random 
turn to a new lap. If the surface smells 
(or tastes) unacceptable. the fly stops 
walking and soon flies off. On a deli
cious surface (all those legs are tasters) 
it follows remarkably regular patterns. 
The fly turns once a leg loses contact 
with the food. Or it executes a "dance," 
a stereotyped, if "noisy," motion within 
one small area. with its shape respond
ing to the tilt of the surface, at least in 
the dark. Surely this foreshadows the 
signal dance of the social honeybee. 

Once the food is located in this com
plex way. the fly drinks. (Not having a 
mouth, it only sucks liquids through its 
complex tubular proboscis.) More than 
half of the book deals with the task of 
eating. The fly must choose between ac
ceptable foods and reject the harmful or 
unpleasant ones. (Foods in the wild 'are 
never pure.) It must know when to stop 
feeding as much as it must know when 
to seek food. It needs fresh water too; 
the blowfly can apparently detect pure 
water vapor as well as less common vol
atile compounds. A typical fly find, 
however. is the cloud of faintly alcohol
ic and yeasty vapor drifting from a pine 
tree, whose needles exude the sap a host 
of aphids has sucked out. The old drop
lets of honeydew are fermenting, and 
the fly is brought in from its random 
flight by the good smell. A walk, a min
ute's sucking, a walk, a repeat. After a 
few more droplets the fly ignores the 
next ones; it is replete. Then hours of 
inaction before a new flight. Day after 
summer day its life continues. Flies that 
are not in immediate need of food or 
water and are not mating are "going 
nowhere. doing nothing.. . .  Most of 

the time is spent in pointless idleness" 
among flies and most other nonsocial 
animals. 

What a fly takes for energy is sugars. 
"Next to water, sucrose is the most uni
versally acceptable compound." The 
fly's own main blood sugar is an unusual 
dimer of glucose, trehalose. The story of 
what flies choose and avoid and how, of 
fly taste, of how ingestion is controlled, 
is the major tale here. Experimenters 
have flown flies around and around on a 
tether to test hunger; they have found 
delicate nervous circuitry that can be 
cut to induce a fly to eat without re
straint (the obese flies are seen in the 
book), and they have grafted two flies 
together back to back. merging their 
bloodstreams to see if one was hungry 
after its partner was fed. (It wasn't. ) The 
story is well elaborated. From our view
point the body of a mature fly is strange. 
Nothing of it grows or is replaced; an 
old fly is simply tattered and worn like 
an old coat. There is no new hair growth 
or repaired wounds; a fly responds to a 
wound like a radiator full of Neverleak, 
by a clot at the lesion. There are specific 
needs for protein (to make eggs and for 
other reproductive purposes). and there 
is a special overall response to shorten
ing day length (a slowing down for over
winter survival). Phormia is a Temper
ate Zone animal. Its types of behavior 
can be fitted into a general pattern. and 
much subtle detail can be added in sup
port-a bookful. The model is a big set 
of peripheral reflex loops that describe 
average behavior. To this must be added 
an internal source of variable actions, 
controlled by a hierarchy of internal fir
ings that we do not yet see. plus an ebb 
llnd flow of overall "hormonal tides" 
and simpler reaction-rate dependences 
on chemistry and temperature. Surpris
ingly, no computer models of blowfly 
feeding are offered. 

Flies can even be conditioned. In a 
subtle set of experiments Margaret C. 
Nelson was able to demons.trate that a 
blowfly could be trained to extend its 
proboscis for a sugar reward by a salt
water signal to its feet. In general. how
ever, learning is weak in flies; they have 
neither social interactions nor nests nor 
fixed food sources. Why learn? One pine 
is like the next; maybe when learning is 
of no great value, the small brain is 
saved for a special-purpose computer. 
Flight, search, food choice and timing 
provide plenty of inbuilt needs for com
puting. Flies never become habituated 
to a wave of the human hand; they al
ways respond by flight, until they are 
starved to immobility. They will, how
ever, stop sucking sugar after taking too 
much. (It is not yet sure that the sensory 
apparatus is not simply showing fa
tigue.) All such doubts have been con
trolled out of the best conditioning ex
periments. 

This handsome, expensive, compen-
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dious and learned volume is written 
with wit and clarity, although in many 
chapters it is highly technical. (There is, 
for example, a 30-page atlas of the 
blowfly brain.) The author could hardly 
have begun his book, as this reviewer 
could hardly have ended, without a cita
tion from some metaphysical poet (here 
William Oldys): "Busy, curious, thirsty 
fly, I Drink with me, and drink as I; . . .  I 
Make the most of life you may, / Life is 
short and wears a wa y . . . .  I Threescore 
summers when they're gone, I Will ap
pear as short as one. " 

THE WILD Boy OF AVEYRON, by Har
lan Lane. Harvard University Press 

($15). The chief acts and ideas of the 
Enlightenment and its revolutiona.ry af
termath have a local habitation: the 
Seine's Left Bank in Paris. It is the intel
lectual legacy of one event there that is 
chronicled in this lively, informed and 
arguable book. The author, a psycholo
gist at Northeastern University, begins 
in the Luxembourg Gardens, where on a 
summer day in 1800 the wild child they 
had brought from the forest first met the 
young physician Jean-Marc-Gaspard 
Itard, a brilliant student of the psychia
trist Philippe Pinel (he who had just or
dered the inmates of the asylums of Par
is unchained). "I retraced their steps, " 
Lane writes, in "the boiler-room 'ar
chives' . . .  , the dusty attics of the Sor
bonne and School of Medicine (with the 

priceless view of Paris rooftops accord
ed only to students and cleaning ladies) 
[and] a dozen other places but especially 
the cavernous hushed reading rooms of 
the National Library: these were my 
joyful haunts." He brings from those 
quarters much solid material, forgotten 
accounts by various actors in the drama 
and a step-by-step unwinding of the ori
gins and implications of Itard's five 
years of intimate work with the "dis
gustingly dirty" Victor, "who swayed 
back and forth ceaselessly like certain 
animals in a zoo. " What we examine as 
much through debate as in careful nar
rative is the history of the concept of the 
perfectibility of humankind. 

Itard saw hope for Victor. Pinel had 
given a darker prognosis, which he de
livered before the Societe des Observa
teurs de l'Homme. Lost for many years, 
the report was published in 1911; it was 
rediscovered by Lane, and he cites it at 
length. Pinel believed nothing whatever 
could be done for the boy he deemed to 
have been abandoned at the age of nine 
or 10 by his parents as being incapable 
of education. Itard, and following him 
Lane, reject the idea; they blame the 
boy's symptoms, including his inability 
to speak, on his enforced isolation. 
Lane, citing modern cases, rejects the 
diagnosis of retardation and of autism; 
the conclusion follows that "prolonged 
isolation deprived him of the crucial 
skill . . .  of imitation, " just as Itard had 

The effect of different concentrations of sugar on the form of the blowfly's "dance" 
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written that "the foremost faculty of hu
man intelligence, that of imitation, is an
nihilated. " Not every reader will be per
suaded that Pinel was wrong; the issue 
seems to turn on the uncertain condition 
and age of the boy when he was left in 
the forest. All the comparisons seem to 
depend strongly on the developmental 
stage and the duration of isolation. 

The theater of these ideas is much 
wider than the intimate two-person dra
ma played out over five years. Victor 
lived in Paris on a state allowance until 
he died at about 40, still without speech, 
under the devoted care of his kind but 
uneducated governess. Itard went on to 
teach the deaf with striking success. It 
was the work of Etienne Bonnot de Con
dillac that gave him theoretical support. 
Itard saw education as being neither the 
imposition of an intrinsic logic that 
arose out of the subject matter of in
struction nor a merely empirical set of 
practices and hints. For him, and for the 
hopeful philosophy of education that 
we still pursue, instruction is determined 
mostly by the person taught, by the care
ful observation of his maturing and his 
needs, which are not uninfluenced but 
are experimentally managed in their an
tecedents and their consequences. New 
needs are created, social and above all 
sensory, often by the invention of in
structional devices. Itard used a black
painted board "on which everyday ob
jects were placed and their outlines 
chalked, " together with cutout letters, a 
red disk, a blue triangle, a black square, 
a drum, snuff, bells, a vase with nut
meats hot and cold-an arsenal of peda
gogy mainly within the spirit of early 
schooling today. His later success with 
the deaf depended on his observation 
that many were not entirely devoid of 
hearing but could at least make out vow
els quite well. He worked at extend
ing their rudimentary discrimination of 
sounds and often saw great progress. 

Itard was the founder of the oral edu
cation of the deaf, followed by such fig
ures as Alexander Graham Bell. But 
Itard himself, who "never learned a sign 
during forty years among the deaf." be
came the champion of the opposing pro
cedure, the language of signs. Since the 
1760's, when deaf children brought to 
the home of the Abbe de l'Epee the signs 
they themselves had improvised to con
verse with their families, there has been 
a struggle between oral and sign instruc
tion for the deaf. Today in the U.S. and 
Canada half a million people use the 
American Sign Language, which can be 
shown to have grown from Parisian 
roots. Thomas Gallaudet brought it to 
Hartford in 1816 with the deaf young 
Laurent Clerc, earlier a student and lat
er a teacher at the Paris Institute for 
Deaf-Mutes; it was Gallaudet's lan
guage of sign that spread and grew into 
today's Ameslan. One great step re
mained: the sign code had to free itself 
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of the heavy burden of French grammar 
and inflection that had been added to 
encumber the "natural language " by the 
philosophical instructors at the institute. 
Like Chinese or even English, Ameslan 
has a structure of context and redundan
cy, with a swift grammar of position and 
gesture but no time for inflection or any 
apparatus that derives from Latinity. 

Itard came at last to understand that, 
given the indispensable little communi
ty of the deaf. most of those who cannot 
hear consonants at all will profit by the 
sign language. They develop conceptu
ally through that channel and they may 
later come to use their understanding to 
gain some control over orai speech. In 
1827 Itard made a comparative test of 
two mute students. He found the student 
taught by signs to be superior, as has the 
latest careful study, made in the 1970's, 
of congenitally deaf children matched 
for I.Q., age and sex. The signing 
"twins " did significantly better in read
ing, writing, psychological adjustment, 
oral speech, school completion and col
lege entrance. "But the Great Sign Con
troversy continues to this day." 

Hard's student Edouard Seguin went 
on to teach not only the deaf but also the 
retarded. Plainly the narrower goals of 
such instruction made more evident the 
effectiveness of the method drawn from 
Condillac. First, Seguin taught, comes 
motor control, based on an analytical 
strategy of finding the elements of com
plex acts. For example, climbing a lad
der, with the teacher climbing the other 
side of the ladder and holding the child's 
fingers against the rungs, proceeds by 
easy stages to independence. Sensory 
training comes in its turn: the sense of 
hot and cold, warm and cool, light and 
heavy. The drum and the bells follow, 
and with them music itself. The child is 
led to speech and finally to moral ed uca
tion, a domain for which Itard and Con
dillac had given little guidance. 

The regime had its effect, as one 
American witness touchingly related in 
1847. "During the past six months, I 
have watched ... nearly one hundred 
fellow beings who were objects of loath
ing and disgust ... these ... I have seen 
properly clad, standing erect, ... eating 
in an orderly manner at a common ta
ble, ... gaining, by their own labor, the 
means of existence ... and singing in 
unison songs of thanksgiving." Seguin 
was drawn by inner commitment into 
the French revolutionary storm of 1848; 
the Second Empire saw him an emigrant 
to the U.S., where he worked as a teach
er and a consultant until his death in 
1880. 

The story of Victor is not over yet. 
Just before the turn of the century the 
courageous Maria Montessori became 
the first woman to receive a medical 
degree in Italy. She was posted to the 
asylums of Rome, where she found re
tarded children thrown indiscriminately 
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among the insane. She read Hard and 
Seguin ("the voice of a forerunner cry
ing in the wilderness"), and within a dec
ade she had opened her first Casa dei 
Bambini. where she offered to normal 
preschool children in her own way the 
hopeful opportunities Hard had set be
fore poor Victor. The drum and the bell, 
the letter cutouts, the pairing of names 
and the objects they symbolize-these 
and much more of Montessori practice 
were first seen by the wild boy of Avey
ron. Montessori's books and her original 
methods of instruction are now known 
worldwide. She died in Holland in 1952. 

"Hard had set out to train an en/ant 
sauvage; by his journey's end he had be
come the originator of instructional de
vices, the inventor of behavior modifica
tion . . .  , creator of oral education of the 
deaf, and father of special education 
for . . .  the handicapped. " The "educa
tion of the senses" spread through Se
guin to the universal view of education 
seen by Montessori. The end is not visi
ble: even models as constraining as be
havioral modification now appears to be 
are transient elements of a view of edu
cation based, like Hard's, on honest ob
servation of the subtle needs of the 
learner and a profound respect for hu
man potential. Excesses such as the 
shock from the Leyden jar and the 
frightening time Hard held Victor "out 
of the window, his head facing directly 
down toward the bottom of the chasm" 
are matched in our time by shock thera
py, the demeaning reward of the tossed 
chocolate drop and the related pseudo
constancy of the I.Q. score. No, neither 
Hard nor the behavior modifiers of our 
own day are always successful or even 
plausible, yet there is a kernel of hope 
for a more perceptive pedagogy in the 
100-year story of the wild child, if we 
read it in sympathy and wisdom. 

MERCHANT SHIP TYPES, by R. M unro
Smith. Marine Media Manage

ment Limited, International Scholarly 
Book Services, Inc., Portland, Ore .  
($35). Automobiles present themselves 
so persuasively to Americans that even 
the least concerned come to have a good 

deal of knowledge about them, their 
looks, use, trends, costs and so on. Many 
books serve the more interested, form
ing a literature one could call engineer
ing appreciation, full of pictures, data 
and evaluation, but not at all aimed at 
automotive engineers. Here is just such 
a volume, not about roadways but about 
seaways. "Ships are the biggest moving 
objects ever made by man" proudly 
reads the caption to the frontispiece, 
which shows one of the huge crude-oil 
carriers under way. The volume is pub
lished for the British Institute of Marine 
Engineers: its author is an experienced 
and authoritative writer and lecturer on 
marine architecture .  One would expect 
such a volume to originate away from 
these shores, since the ship is no longer 
salient in American life, even in the few 
most active ports. Those big tankers 
never enter our shallow harbors. 

Yet shipping is a major economic ac
tivity and a big piece of world heavy 
industry. The world's ships could carry 
off to sea all the world's motor vehicles 
at once, although the steel invested in 
ships is only a modest fraction of that 
invested in automobiles. After all, a 
loaded ship floats with an overall densi
ty not so far from the density of water: 
except for fast and roomy passenger 
ships, the entire mass of a modern ship
its hull, equipment and engines-is only 
about a fourth of that of its cargo, fuel 
and expendable stores. Just about a 
third of all ships now afloat are steam
ships, with nearly all the shafts spun by 
turbine. The reciprocating steam engine 
"will' soon become a museum piece."  
Almost all the rest are diesel-powered, 
although the seaborne gas turbine has 
much potential. Fuel costs favor the effi
cient diesel. but big ships need the 
smooth turbine's high power. In a good 
year-say in 1972-Japanese shipyards 
launch half of the world's new tonnage, 
in the spacious yards built after the war 
"on green-field sites. "  The big steel 
plates and sections are shot-blasted, 
cleaned and spray-painted, cut into ac
curate shapes by computer-controlled 
cutting torches, welded into subassem
blies weighing hundreds of tons and 

built up into ships by giant cranes at a 
sloping seaside berth or in a dock that 
can be flooded. (Birth trauma is severe 
for both ships and mammals: the bigger 
the infant, the more difficult the launch.) 
The national flag under which more 
ships sail than any other is the Liberian, 
a legal "flag of convenience " (and tax 
benefits), most of whose proud vessels 
will never approach Liberia. Japan and 
Britain are more genuinely maritime 
runners-up ( 1973 figures from Lloyd's 
Register 0/ Shipping). 

The volume begins with a background 
chapter on design fundamentals, mari
time practice, maritime economics, 
maritime law and then, chapter by.chap
ter, there follow all types of civil ships, 
from proud liners (now almost all vaca
tion cruise ships) to such auxiliaries as 
icebreakers, hydrofoils, tugs, trawlers 
and cable-layers. Photographs and line 
drawings of plans and profiles are here 
in plenty, with much tabulated data, 
both about particular ships and about 
such complexities as the approximate 
lengths of caught fish, the right storage 
temperatures for fruits and the size clas
sifications of icebergs. 

Tankers for crude and refined petro
leum products, plus some chemicals, 
dominate all other types of vessel. H was 
in 1861 that the sailing brig Elizabeth 
Watts carried the first Pennsylvania 

crude oil out of Philadelphia to London 
in wood barrels. Today half of the 
world's total cargo capacity is in tank
ers, although they are on the average so 
big that they number only about a ninth 
of the world merchant fleet. This very 
cheap heavy haulage has its external 
costs: the risks of widespread spillage 
and pollution. The author alludes to but 
does not describe the newest tankers for 
cold liquid methane now being built 
south of Boston for Burmah Oil, the 
largest single merchant shipbuilding 
contract ever let and a litigious one. 
Those ships are a sight to see. The $100-
million hull is a huge pod with hemi
spherical holes for five methane-holding 
peas, each one an insulated tank some 
35 meters in diameter. The crane that 
hoists the peas into the pod is the biggest 

Elevation of a Clyde general-purpose cargo vessel, from Merchant Ship Types. Black rectangles are containers 

126 

© 1976 SCIENTIFIC AMERICAN, INC



in the Western Hemisphere; only Japan 
has bigger ones. The concentrated ener
gy store of the dense methane plainly 
has its own risks. 

Bulk-cargo volume has much in
creased since the days of the tramp 
steamer, and specialized ships are now 
made for such trades, which often flow 
in only one direction. Iron ore, coal, 
bauxite, grain and sugar are the chief 
commodities of this type. Big ships with 
large hatches ply between ports that 
have specialized handling equipment to 
take the low-density stuff out fast with 
suction devices and the high-density 
with grabs. These are big, bland, simple
looking ships, with capacious holds and 
with double bottoms for ballast. There 
are ships designed for double duty, say 
iron ore out of icebound Labrador by 
summer and oil through the Tropics by 
winter. There are even several hundred 
sizable triple-threat ships dubbed OBO, 
able to handle by turns ore, bulk cargo 
and oil. The depressed state of world 
trade has becalmed not a few bulk carri
ers, one guesses. (Two float rustily in 
Boston backwater.) 

The general cargo carrier is no less 
changed. The typical tramp has grown 
from some 2,000 tons' capacity to 
14,000 and runs by diesel, but the busi
est European and British ports are now 
served by ships designed to carry a unit
ized cargo, for ease of transshipment, 
quick turnaround, low damage and low 
longshore labor costs. There are four 
major innovations in this line. The most 
used is the container. Today the wheel is 
no more essential on the land than the 
box is on the sea, they say. These stan
dardized boxes are loaded on and off the 
ship by big heavy-lift shore cranes and 
are hustled onto trucks or railroad cars 
with a formidable array of mobile lifts 
and straddlers. The ship at sea is now a 

shipful of boxes; there are about 400 
such ships, with hatches so large that 
they eat up the deck, which remains only 
as a longitudinal stiffener. The bigger 
and faster container ships store a couple 
of hundred big boxes below decks and a 
three-layer pile of them above deck, as 
many as 600 boxes the size of a truck 
trailer. 

This idea has been extended to ships 
that can carry not mere trailers but en
tire river barges, as many as 83 stan
dardized steel barges carrying 375 tons 
each. Such a ship has a big gantry crane 
straddling its deck, rolling on tracks the 
length of the ship to handle the barges. 
Another system floats its barges, more 
than twice as big as the others, onto a 
2,OOO-ton elevator available at water 
level through the open stern of the ship; 
it lifts the barges to deck level, where 
they are rolled into place. Roll-on, roll
off ships are fitted with ramps for driv
ing loaded trucks right onto the ship, 
now a seagoing ferry. Trawlers too now 
drag their nets and trawls over a special 
stern, giving shelter to the net handlers, 
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easing their work and reducing the dan
gerous sidewise sweep of waves. 

Icebreakers are of increasing value in 
the polar Arctic, the Baltic and the 
Great Lakes. They still usually work by 
sliding a sloping bow up over the ice to 
break it by vertical force, both during 
steady progress or by backing and ram
ming. Such a bow must be strong; the 
big Russian icebreakers make use of a 
special steel with high impact strength at 
low temperatures, in plates more than 
two inches thick. One Finnish icebreak
er of modest size pumps air through 
holes in the bow; the bubbles reduce 
friction between the hull and the ice and 
allow higher speeds. Oceangoing tugs 
are more needed than ever; the most 
powerful ply out of Hamburg. They 
have a range of 20,000 miles for world
wide coverage and have a pull of 150 
tons, enough to tow a fully laden 
300,000-ton deadweight supertanker at 
more than seven knots. 

Altogether today's ships are full of 
technological interest and novelty. They 
sail clo.se to key problems of interna
tional economics and ecology. This vol
ume is a good guide for any group in
volved in shipping, for the many in the 
news world who need to know more 
about ships and for libraries, particular
ly in port towns. It appears to be quite 
reliable, with very few inconsistencies in 
the wealth of data offered. Perhaps it is 
expensive for the general reader, but 
where else can one read of the modern 
cargo vessel Pointe des Colibris, "for the 
West Indies run." It carries containers, 
automobiles and refrigerated cargo, and 
it also has stainless-steel tanks designed 
to hold nearly 300 tons of a particular 
export fluid. Yo-ho-ho and a tanker 
of rum! 

T IME AND THE CALENDARS, by W. M. 
O'Neil. Sydney University Press, In

ternational Scholarly Book Services, 
Inc., Portland, Ore. ($14.50). NORTH 

STAR TO SOUTHERN CROSS, AND TWELVE 

SKY MAPS FROM NORTH STAR TO SOUTH

ERN CROSS, by Will' Kyselka and Ray 
Lanterman. The University Press of Ha
waii, Honolulu (book $8.95, maps in 
folder $10). ALMANAC FOR COMPUTERS, 

by George H. Kaplan, LeRoy E. Dog
gett and P. Kenneth Seidelmann. Cir
cular No. 155, United States Naval 
Observatory, Washington, D.C. 20390. 
(Single' copies at no charge from the Di
rector of the Nautical Almanac Office.) 
There is no more appropriate way to 
begin the new arbitrary cut in the 
smooth orbital round that we label A.D. 

1977 than to review how they managed 
such cuts long ago and far away, old 
decisions that still mark our days. A 
Sydney psychologist, an amateur of 
analysis with a flair for personal exposi
tion and a droll pen, has made the task 
attractive. His brief book is not easy, 
but it is an unhurried and explicit guide 
to the calendars of mankind, in Egypt, 

Rome and Babylon and in the Jewish, 
Islamic, Indian, Chinese and Meso
american forms. It abounds with the 
names of months, with day names in 
Latinate, Sanskrit, Teutonic, Slavic and 
other tongues. The account is fuller and 
more critical than the standard ency
clopedias can be, although the author 
claims little originality. He has worked 
over considerable monographic mate
rial (limited mainly to English, as he 
disarmingly explains) and puts it for
ward informed by his own comments on 
the doubts and uncertainties that still 
dwell in this part of the historical forest. 

Our January 1 (Janus was of course 
the two-faced Roman god of gates and 
doorways) began the year long before 
the famous Julian reform of 46 B.C., 

when the Roman year had grown 
"markedly out of phase with the sea
sons." Thus did Pope Gregory act in the 
same city 16 centuries later. Both rulers 
had good astronomical advice (Sosig· 
enes and Clavius). Julius Caesar was 
tough enough to stretch the calendar 
year by two unprecedented intercalary 
months, plus a sprinkling of recurring 
changes in month-lengths, to add 10.25 
days to the old Roman year. Just why he 
added those 67 extra days in 46 B.C. "es
capes me," says the author after con
siderable discussion. The old story of 
the jiggling by Augustus to make his 
month no shorter than July is "fic
tion . . .  enshrined" in standard refer
ences going back to perhaps the 13th 
century. 

Islam alone has a purely lunar calen
dar; it ignores the solar year. It is the 
insoluble problem of a fit between the 
lunar month and the solar year, how
ever, that dominates the book, as it does 
most calendars. Professor O'Neil has a 
good deal to say about the problem of 
the first visibility of the young crescent 
moon, an issue that plays a big role in 
Islam, in the Jewish calendar and partic
ularly in China. He suggests, after semi
empirical studies of first visibility in Pe
king, that the scores of Chinese calendar 
shifts, made to balance lunar months 
and the solar year precariously by "a 
great deal of minor tinkering" over two 
millenniums, were related to actual 
crescent visibility, although not in a sim
ple way. 

This is a book rich in detail, placing 
arithmetical and astronomical demands 
on the reader but bound to deepen and 
rectify superficial views. The literature 
cited is fascinating; the entire work is 
likely to incite a number of projects and 
hobbyists. The ingenious theory of the 
Roman historian Dio Cassius, which ac
counts for the order of the planet names 
in our week by an astrological count, is 
here somewhat confused by a missing 
line. O'Neil's philological appendix is 
interesting. The sun's day becomes the 
Lord's day in the Romance languages; 
the Eastern Church avoids the planetary 
names (made official by Constantine), 
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Introducing: The world's smallest 
full-frame 35mm camera. 

This is the one 
35mm camera you 

can a lways carry with 

you everywhere. 
The M i nox .. 35 EL 

weighs only seven 
ounces. It slips into 
your pocket as easily 
as a pack of cigarettes. 

(And photography is not 
dangerous to your health.) 

After you've taken a photo. 

the camera can be snapped 
shut l ike a turtle. Everything is 
securely protected inside the fiberglass
reinforced Makrolon shell. 

The Minox 35 EL has fully automatic 
exposure control. You set the aperture. The 
camera sets the shutter speed. Shutter 
speeds range from 1 /500 to 30 seconds. 
(That's right, automatic exposures for ASA 
25 film can be as long as half a minute.) 

Accurate exposure is half the story. The 
preciSion optical system is ideal for almost 

� 

Wr i t e for a 
f ree cat a l og of 
t ech n i ca l  and  
sC i ence b ooks. 
Please send m e  a free copy o f  the 
technical and science book cata
log. 
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st reet add ress 

city 

mail to: 

state 

ASUC Store 
Mai l  o rder dept. 
University of Cal i fornia 
Berkeley, Ca. 94720 

zip 

any shot. The f /2.8 
lens is of 35mm focal 

length, a moderate 
. wide angle with great 
. depth of field. At f! 1 1  

with the lens set at 1 5  
feet, pictures are 
sharp from 7 feet to 

infinity. Because of the great 
depth of field, focusing is 
easy and is not critical at most 
distances and apertures. 

Altogether, this camera 
- will do almost anything an 

SLR with a normal lens will do. Plus one 
more thing that can make all the difference 
in the world. The Minox is small enough to 
be in your pocket when that once- in-a
lifetime photographic opportunity occurs. 

And isn't that what photography is all 
about anyway? 

For information contact Minox U .S.A., 
division of E. Leitz, Inc., Rockleigh, N.J. 
07647. Dept. JJ1 . 

By the year 2150 more 
people may be living in 
space than on earth -
The Princeton University physicist 
who devised the idea d iscusses 
a l l  aspects of s pace colonization : 
how and when it wi l l  be done. 
"The esta bl ishment of such space 
colonies is possible and even 
practica l in terms of present-day 

45 1 2 

technology." I SAAC ASIMOv' 

1 05 Madison Avenue ,  New York, N .Y .  

and so does modern Greek; the Dutch 
and the Germans mark Mars's day as a 
day of service ("To whom I am not 
sure"); the Sanskrit names were translat
ed in India from Constantine's list, and 
in Sweden every week lordag, "more lit
erally soap-day," precedes sondag. 

The southernmost of our states is Ha
waii. Two stargazers there, Kyselka, a 
planetarium lecturer, and Lanterman, 
an artist and a devoted amateur astrono
mer, have together produced the related 
publications we list. The first is a small, 
attractive book, a kind of field guide to 
the stars, with a simple text whose core 
is a series of maps of the night sky, one 
for each month along the meridian, 
from the North Star literally to the 
Southern Cross. (New Zealand sky 
watchers are not well served, since the 
southernmost polar cap is not treated. 
To be sure, no more of the sky can be 
seen from any of our states.) The maps 
are well made, with white star images on 
a deep blue ground and the convention
al marks, such as the simplified constel
lation outlines and star names, done in a 
lighter blue. The treatment

' 
of the zodiac 

and the precession of the equinoxes is 
particularly careful, with the two polar 
caps being mapped in this context with 
the path of precession indicated. The 
text takes up astronomy old and new, 
with brief stories of the constellations 
and a set of selected short subjects, from 
the Crab Nebula to black holes and 
gravitational pulses. The book is not 
quite the first book about the stars one 
might read, but it could well be the sec
ond. Coordinates are little used, equa
tions not at all. 

In the accompanying folder the deep 
blue maps that grace the book are en
larged to full newspaper-page size on 
strong paper stock, more legible, fit for 
study and admirably decorative. They 
present stars to the fifth magnitude quite 
completely, and they also locate the 
brighter half of the objects of M. Mes
sier. The meridian high these January 
evenings offers the best show in the sky, 
in bright stars, clusters, bright galaxies 
and a few easy variables. Again, no stars 
are mapped south of the Large Cloud of 
Magellan. 

A few words in favor of Pythagoras. 
Number rules some worlds, in particu
lar those of navigation and precision 
geodesy. Practitioners of these arts are 
sure to own the current volume of the 
annual Nautical Almanac (or its varia
tions for airmen and landlocked survey
ors). That worthy book, whose ances
tors mark more than two centuries of 
service, is a thick volume of some 500 
close-packed tabular pages for locating 
and timing the sun, the moon, the stars, 
the planets and even the moons of Jupi
ter and Saturn. The much smaller Alma
nac for Computers is perhaps a sign of a 
profound change to come. Its purpose is 
not to put into the reader's hands the 
tabular positions computed to high pre-
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cis ion by the official groups in the three 
nations that annually publish them. 
Rather . here are the essential numerical 
data with which a meticulous user of a 
pocket calculator (arithmetic or scien
tific) can reach the same end. The aim is 
practical ;  we do not see the heroic trigo
nometric series the Nautical Almanac ex
perts use. with the perturbations neatly 
laid out. The formulas are carefully 
smoothed matches of the functions of 
the Almanac (which remains the stan
dard) fitted for each purpose-sun posi
tion. planet position and so on-over a 
particular time period. The numbers 
given are mainly coefficients of a poly
nomial expansion due to Chebyshev. 
but the user need know nothing of such 
mysteries. The lists yield the desired tab
ular values after a few multiplications 
and summings. with a simple function 
of the time as a variable. The expansion 
was chosen because it lends itself to easy 
truncation : if less accuracy will do. only 
a few of some 20 listed coefficients need 
be used .  The decision can be made al
most by inspection of the list with one's 
precision limits in mind . The tables giv
en here will reprod uce the main data 
of the Almanac itself to an accuracy of 
about a second of arc . 

W� can only dream. however. of navi
gating for a lifetime with a carefully 
written three-by-five card and a calcula
tor ! The tabular fits work only over a 
surprisingly limited time ; some of them 
are listed afresh for every few weeks. 
(The root cause is apparently the earth's 
rapid nutation. our gyroscope kicked by 
the tilted orbit of the moon. To be sure . 
such effects are small. only seconds of 
arc . )  For precision many terms are need
ed .  Overall the Almanac/or Computers is  
largely a computer-printout paperback 
of some 1 20 pages. saving a factor of 
four or so over the complete tables. The 
work is brand-new and frankly an exper
iment. If you are an agile computer with 
a serious interest in sky positions. you 
can obtain a single copy without charge 
by writing as indicated above : amateurs 
are welcome. A few years of public re
sponse will help to fix the eventual form 
of the almanac for the age of micro
electronic chips.  One minimal version 
would probably be popular: the sun. the 
moon. the stars and the planets to an 
accuracy of several minutes .  one part in 
1 .000. j ust right for telescopic viewfind
ing or small-boat navigation. A first esti
mate would p ut the bulk of such tables 
at only 30 pages. 

THE LONG-RUN AVAILABILITY OF 

PHOSPHORUS: A CASE STUDY IN MIN
ERAL RESOURCE ANALYSIS, by Frederick 
J. Wells. Johns Hopkins University 
Press ($9.50) . In one of the cleverest of 
Bloomsbury novels an eccentric physi
ologist bored everyone with his antic 
concern for phosphorus.  That element. 
indispensable to all life (consider the nu
cleic acids and A TP).  steadily drains 

from our fields to the bottom of the sea. 
In 50 years s uch fears have mutated 
from the amusing to the trendy.  

Indeed.  five years ago a research orga
nization in the M iddle West published a 
serious estimate of the total phosphorus 
potential of the planet implying that. do 
what we would. supplies of the element 
would run out "before the end of the 
2 1 st century . "  This small. careful. some
what mathematical study is a reexami
nation of that forecast. presented as an 
instance of mineral-resource analysis.  
The critical task of the author . a senior 
analyst at another think tank.  is made 
easy by the fact that the first argument 
patently contained a decimal-place er
ror that put the overall resource base too 
low by a factor of 1 .000 ! There are few 
rejoinders to any analysis that can take 
off from a runway that has been so well 
cleared . 

The new result sho uld reassure us 
about phosphor us even as it displays the 
fallibility of modelmaking (not exclud
ing the author 's ) .  Several interesting re
sults appear . A Dutch professor of theo
retical crop husbandry has set the ul
timate carrying capacity of the earth . 
given maximum yields. vegetarian d iets 
and the extension of agriculture to des
ert and tundra. at about 1 .000 bill ion 
people. It seems plain. however . that the 
true limit is set not by the area of crop
land but by living and working space. 
the need for natural environment and 
the load of wastes .  An adequately fed 
pop ulation of about 75 billion. with 
parks and living space . would be half 
again as dense worldwide as the popula
tion of Japan is today . 

Even that hubbub of a world.  with a 
density almost 20 times the present one . 
would not be limited by phosphorus.  
The main lesson of this study is that re
cycling and the careful control of loss 
(with conservation of the phosphorus 
content of sewage . manure . compost 
and bone . including human bone) can go 
a long way toward supplying phospho
rus needs .  Measures of a more extreme 
kind are mining common rock for its 
phosphorus (which is not much less con
centrated there than the metal in the 
ores today being successfully exploited 
for copper) and eliminating the crop cy
cle in favor of the d irect synthesis of 
food.  In any plausible world .  frugal and 
technically advanced .  with say 20 bil
lion eating at table. the runout time of 
phosphor us is surely thousands of years. 
perhaps millions. Common-rock mining 
for it is still a long way off: the realistic 
question is not whether we will run out 
of the essential atom but how much 
more it will cost us to extract it. Perhaps 
the deep sea will yield economically to 
the bottom miner . Once again it is to
day's poor we need to worry about.  and 
gross neglect of the contemporary envi
ronment. Posterity is likely to manage 
better than we do. if it has the energy 
( both literal and figurative) .  

JJ.S.C0:P. 
Hennessy 's  richer, 

rarer cognac. 
Costly} true. 

'But this is 
the world's 

most civilized 

spirit. 
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Is there enough fertile land 
to feed your children? 

Yes. The problem is that only a third of the world potential is now under 
cultivation, and, on much of that, output is hampered by antiquated methods. 

FMC works hard at these problems. All over the world, our technology is 
turning neglected lands into productive regions. Our pesticides are saving crops, 
our mechanized equipment intensifying food production. 

Food preparation and canning systems engineered by FMC are operati ng 
in some 50 countries, helping not only to feed the people of those countries, 
but, in many instances, enabling them to market thei r surpluses in other parts 
of the world. 

Tell us your needs. FMC serves worldwide markets for food and agricultural 
machinery, envi ronmental equipment, construction and mining equipment, 
industrial and agricultural chemicals. FMC Corporation, 200 East Randolph 
Drive, Chicago 60601. 

. 

-FMC 

© 1976 SCIENTIFIC AMERICAN, INC



© 1976 SCIENTIFIC AMERICAN, INC


