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How yon can tell 

The IBM Personal Computer 

T hey're both IBM Personal Computers. 
And they're the same. Only different. 

The system that's on the left is the 
ideal solution for a person who wants to 
be creative, efficient and improve his or 
her personal productivity. 

So is the other one. 
The system on the left incorporates 

the quality, the reliability and the 
technological excellence that have made 
IBM a computer leader for over 30 years. 

So does the other one. 
So which is which? Simple. 
On the left is the IBM Personal 

Computer, starting with 64KB of user 
memory (expandable to 640KB) and 

two optional 5 Y4" diskette drives. 
It can easily satisfY your 

computing needs at the 
office, at home or in school. 

With 5 expansion slots, 
it gives you room to grow. 

(You can even make it function 
like the computer shown on the right 
by adding an expansion unit that 
houses one or two lO-million-character 
fixed disk drives.) 

This system can run most of the 
same software and accept most of the 
same IBM hardware as the computer on 
the right. And its price/performance 
is nothing less than remarkable. 
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which is which. 

On the right is the IBM Personal 
Computer XT, starting with 128KB 
of user memory (expandable to 640KB), 
a 5 �" 360KB diskette drive plus a 
standard lO-million-character 
fixed disk drive that's already built in. 

For a businessperson with 
heavyweight data requirements, the 
XT packs a lot of power, because it 
can store the facts, figures, names 
and numbers you need to know. 

(Instead of going from diskette to 
diskette, you can have up to 5,000 pages of 
text or up to 100,000 names and addresses 
conveniently stored in one place.) 

And by adding an expansion unit with 
a second lO-megabyte fixed disk drive, 
you get even more high-volume 
::apacity from the system. 
XT can run most of the same 
50ftware and accept most of the 
5ame IBM hardware as the computer 
)n the left. And its price/performance 
is nothing less than remarkable. 

But for you to choose, there's a lot 
left (or right) to learn about both 
members of this growing family. Visit 
your authorized IBM Personal Computer 
:fealer. To learn where, call 800-447-4700. 
[n Alaska or Hawaii, 800-447-0890. 

And see which tool for modern 
:imes is right (or left) for you. E : :��� ® 

The IBM Personal Computer XT 
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THE COVER 

The painting on the cover portrays a slide fastener, or zipper, as though it were 
being seen through a fairly powerful magnifying glass. The zipper is shown 
without its slider in order to depict the method of opening and closing, which 
take place inside the slider. This zipper has metal teeth, as all zippers did until 
improvements in plastics after World War II made it possible to manufacture 
zippers with nylon or polyester teeth. Each metal tooth has a projection on the 
top of one end and a corresponding pocket on the bottom. As the slider is 
raised its V-shaped internal neck holds the teeth at an angle that allows the 
projection of one tooth to slip under the pocket of the tooth on the opposite 
side, and then the Y-shaped flanges of the slider push the teeth together. The 
projection-pocket geometry is what holds the two sides of the zipper (the 
stringers) together when the zipper is closed. In opening the procedure is re
versed; the slider's flanges hold the teeth at an angle that allows them to slip 
apart, and the neck separates them (see "The Slide Fastener," by Lewis Weiner, 
page 132). Each tooth is fastened to the fabric tape by legs clamped around 
the bead of the tape. The tape also serves for sewing the zipper to a garment. 

THE ILLUSTRATIONS 

Cover painting by Ted Lodigensky 
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If you're not sure what size sweater 
to order, ask for Sharon. 

She'll make sure you get the one that fits. 

S
haron supervises the 90 friendly, 
well-informed operators who answer 

the phone when you dial the toll-free 
Lands' End number: 800-356-4444. 

If she doesn't answer the phone 
herself, the person who does will be able 
to tell you what you want to know
about size, fit , material , color, availabil
ity-whatever. Including our uncondi
tional, two-word guarantee: 

GUARANTEED. PERIOD. 

If you already have one of our catalogs , 
you will find it convenient to have it at 
hand when you call. If not , why not ask 
for one. Or, if you prefer, mail the cou
pon below. It's free. 

Remember, you can call us toll-free 

any hour of the day or night. One of us 
will answer. We certainly don't want 
you to talk to a machine. 

Lands' End Cable V-Neck 

We've found considerable interest in the 
cotton sweaters we have offered for sum
mer wear-on those evenings , for 
example, when dusk brings a chill with 
it. This particular model is our new 
Lands' End Cable V-Neck of 1000/0 cot
ton. It's a sweater basic to any tradi
tional wardrobe. Yet , it is a natural 
extension from basic crew, providing 
value. And a colorful one , too-in red , 
kelly, yellow, blue , lavender and natu
ral. Discuss your selection with Sharon , 
why don't you? 

r-------------------------

D Plt;ase,send free catalog. 
Lands' End Dept. Q-05 
Dodgeville, WI 53533 

Name ______________________ ___ 

Address ______________________ _ 

City ________________________ _ 

State _________ Zip, ______ _ 

Or call Toll-free: 

800-356-4444 
(Except Alaska and Hawaii ca11608-935-2788) 
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BIG BOOK from SMALL PRESS 

You read it first in Sn"f1Ilijic Amen·call. Gmni is intcr"icw

ing its authors. I ('5 a spring alternate al Book-of-thc

:\Ionth Club. Johnny Carson joked about it. Bookiisl 

s aid, "Knowledge \'ital for managcmcn t af our 

ecology." Coull1ryJollrnalsaid, ";\ timely book." 

tVOLCANO 
WEATHER 

THESTORYOF 
THE YEAR WITHOCT 

ASU!\1MER 

HENRY STOMMEL 
AND ELIZABETH 

_
STOMM�L_ 

No need to worry about "Big Brother" in 1984. Next 

year "okano \-veather will keep c\"crybody quite 

occupied. The Stommels tell liS what happened in 

1816, a year after the volcano rrambora blew its top, 

and the cxtraordinal), events that resulted in New 

England and Northern Europe. 

VOLCANO WEATHER 
is at bookstores now ............ $15.00 

6 

l-itJ 
Seven Seas Press Dept. 041 

524 Thames Street 
. 

Newport, R.I. 02840 

Play the finest 

HARPSICHORDS 
& FORTEPIANOS 

Build it yourself from one of our kits or let our 
experienced craftsmen build it for you. 

Three Centuries of Harpsichord Making by 
Frank Hubbard (Hatvard Univ. Press. 

397 pgs. $20.00 postpaid) 

For brochure send $1. 00 to: 
FRANK HUBBARD INCORPORATED 

144-5 Moody St., Waltham, MA 02154 
(617) 894-3238 

LETTERS 
Sirs: 

In the informative and entertaInIng 
article "The Footprints of Extinct Ani
mals," by David J. Mossman and Wil
liam A. S. Sarjeant [SCIENTIFIC AMERI
CAN, January], the authors cite as an 
example of paleoichnological misinter
pretation of facts the 1834 discovery of 
Triassic-age tracks in the central Ger
man state of Thuringia that were origi
nally attributed to an apelike or bear
like creature called Chirotherium. Later 
these tracks were shown to be those of 
a predominantly bipedal pseudosuchi
an reptile such as Ticinosuchus. 

Mossman and Sarjeant also refer to 
sauropod tracks in the Cretaceous de
posits at Paluxy Creek, Tex., discovered 
by the paleontologist Roland T. Bird in 
1944. (Actually Bird published his first 
article on the Paluxy tracks in 1939.) 
They make no mention, however, of the 
alleged footprints of hominids alongside 
those of dinosaurs also found at Paluxy 
Creek in the 1930's. In view of current 
public debates between creationists and 
evolutionists it may be appropriate to 
set the record straight on this more fa
mous misinterpretation. 

Creationists would like to demon
strate that certain fossils are in the 
wrong order according to evolution the
ory so that they could prove the geologi
cal time scale is in error. One of their 
prime pieces of "evidence" in this regard 
has been the alleged existence of human 
footprints and the tracks of dinosaurs 
side by side in the Cretaceous limestone 
deposits of the Paluxy River near Glen 
Rose, Tex. 

During the Great Depression of the 
1930's some residents of Glen Rose had 
excavated dinosaur tracks and had fab
ricated other specimens, some "man
like," to sell to tourists. The fakery was 
disclosed in a 1939 article in Natural 
History by Bird. Subsequently other pa
leontologists who visited the Paluxy 
River site found tridactyl (three-toed) 
and sauropod dinosaur tracks and oth
er Mesozoic plant and animal remains 
but no evidence of any Cenozoic fauna. 
Some of the dinosaur footprints were of 
such poor quality and/or so extensively 
eroded that they could be mistaken by 
lay people for "giant man prints." Some 
of these "man prints" have distinct claw 
marks protruding from what creation
ists call their "heel." Wann Langston, 
Jr., a Texas paleontologist, noted that 
these so-called human footprints have 
their "instep" along the outside edge 
rather than in the middle. 

Some 10 years ago a film titled Foot
prints in Stone was made about the Pa
luxy River tracks by Films for Christ 

Association of Elmwood, Ill. Since the 
quality of the "human prints" was poor, 
the filmmakers decided to highlight'the 
less obvious features such as "toes" and 
"sides" with shellac or oil. By stopping 
the film's motion Laurie R. Godfrey, a 
physical anthropologist at the Univer
sity of Massachusetts at Amherst, has 
shown that the "man prints" all but dis
appear when the superposed outlines 
are eliminated. She observes that in oth
er frames the "man print" was only a 
part of a larger impression or that the 
shellac seemed to connect erosional de
pressions. The film has been widely 
shown over the years with relatively lit
tle corresponding notice given to analy
ses of it from the scientific comm unity. 

According to Frederick Edwords, ed
itor of the journal Creation/ Evolution: 
"Last summer Dr. Godfrey led a re
search team to the site and discovered 
that the alleged human trackways 
showed no consistency. Many of the cre
ationists' 'best' trackways featured ir
regular stride lengths and 'prints' that 
changed size and even direction with ev
ery step. The measurements she made 
will soon be published. Geologist Steven 
Schafersman discovered that worm bur
rows were largely responsible for the 
'toes' on some of the prints." 

Since SCientific American is widely 
read by both scientists (biological or 
otherwise) and nonscientists, it seems 
desirable to add this footnote to the arti
cle by Mossman and Sarjeant. Other
wise this particular myth may be perpet
uated for yet another generation. 

WILLIAM D. STANSFIELD 

Professor, Biological Sciences 
Department 

California Polytechnic 
State University 

San Luis Obispo 

EDITOR'S NOTE 

In "The Law of the Sea," by 
Elisabeth Mann Borgese [SCIEN
TIFIC AMERICAN, March], it is stat
ed: "Out of opposition to the 
Seabed Authority . . .  the U.S., 
the U.S.S.R. and 15 other major 
industrial nations withheld their 
signatures from the Convention. 
These nations did, however, sign 
the Final Act of the Conference." 
The passage "the U.S., the U.S.S.R. 
and 15 other major industrial na
tions" should read "the U.S., the 
U.K. and certain other industrial 
nations." The error is not the re
sponsibility of the author. 
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THEALL-NEW 
198'1 FORD TEMPO 

FORM FOLLOWS 
FUNCTION 

In its creation of Tempo, 
Ford set out to design a car 
that would prove that a spa
cious interior, comfort and 
performance could be com
patible with fuel efficiency. 
Ford engineers began with 
a sound design principle: 
Form follows function. First 
came complete new func
tional ideas. And then 
Tempo's pleasing form 
followed-naturally. 

Designed by 
a world leader in 
aerodynamics . 

Ford is an acknowledged 
world leader in aerodynam
ic design. And Ford's aero
dynamic expertise is well 
expressed in the ' 84 Tempo. 

Aerodynamic design can 
have a profound effect on 
the performance of any car. 

No more than six horse
power is needed for Tempo 
to overcome air resistance 
at 50 mph. T his results in 
less fuel consumed. 

And impressive fuel econ
omy figures are not the only 
result. T he airflow is 
directed to reduce lift for 
improved stability and 
directional control. 

The world's most 
advanced automotive 
computer. 

If you' ve ever had your 
car's engine buck and stall 
on a cold morning ... or 
choke up on a hot day ... or 
had any irregular power 
output due to weather, tem
perature or altitude-you' ll 
appreciate the capabilities 

STYLE AND TECHNOLOGY IN TOTAL H ARMONY 

Available in 2-Door (above) and 4-Door (at right). 
of Tempo's new EEC-IV Ride and handling . closeness and uniformity of 
computer. Tempo's front-wheel-drive the body panel fits. You can 

design not only delivers compare Tempo's stringent 
COMPUTER FUNCTIONS added tire-to-road traction, standards to those set by 

• Pedal Position but provides precise han- any European Sports 
• Fuel Air Mixture S d 
· Spark Advance dling and tight cornering. e an. 
• Intake-Air Temp. Tempo's new-design 4- What's under Tempo's 
· Engine Speed wheel i suspen- glistening paint? T hree 
• Crankshaft Position f II f h . Engine Coolant Temp. sion permits more u coats 0 toug 

. Amount of 0, in Exhaust Gas acrylic enamel and two 

EEC-IV (Electronic Engine 
Control) monitors and con
trols engine operation 
precisely and instantly 
under any conditions for 
optimum power output and 
fuel efficiency. 

New Powertrain . 
Developed specifically 

for Tempo, the 2300 HSC 
(High Swirl Combustion) 
four-cylinder engine works 
in concert with the EEC-IV 
computer. 

T his high-compression (9-
to-1) engine generates 84 
horsepower at 4400 rpm.t 
T here's a surprisingly quick 
power response to even 
slight throttle pressure. 
Available with 4-speed, 
5-speed or automatic 
transaxles. 

High mileage� 
Although EPA mileage 

ratings were not available at 
the time of publication, Ford 
Engineering tests project 42 
estimated highway and [2§] 
estimated mpg7 

each wheel to absorb road 
shocks independently. T his 
results in better handling 
and a smooth, quiet ride. 

�omputer refined 
Intenor. 

coats of primer. T hat's 
almost 10 pounds of protec
tion. T he final result: a 
tough, brilliant finish that is 
highly resistant to weather, 
chipping, cracking and 
peeling. 

Pick up the Tempo 
of your life . 

To obtain a brochure with 
Computer technology more information on Ford's 

and designer ingenuity have all-new sports sedan see �ined forces to ensure the your Ford Dealer or call est use ofTempo's interior 1-800-772-2100. 
space. Its five-seat configu- . 
ration allows for a Get It together-Buckle up. 
comfortable combination of 

tBosed on SAE stondord J1349 head, shoulder and legroom. ·The above estimates are projected 

In fact, there is more rear 
head and legroom than in a 
Mercedes 3000. 
Commitment to quality. 

An example of Ford's 
commitment to quality is the 

Ford rotings based on Ford Engineer
ing's test data, and are expected to be 
very close to official EPA ratings. Use 
for comparison. Your mileage may dif
fer depending on speed, distance and 
weather. Actual highway mileage and 
California ratings will probably be 
lower. See your Ford Dealer for a 

copy af the Gas Mileage Guide when 
available. 
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personal 
is supposed to be a challenging than 

those you could 
ever play on a 

game machine alone. 

computer for persons. 1.1II1II •••• ".iiiiiiiiiiiiii;;iiiiiiiiiil�;;.;;._.i._..;;;._� Not just wealthy 
persons.Or whiz-kid $1395* Ift99 * 
persons. Or privileged r7 $1355* persons. 

® But person persons. APPLE® lie 64K TRS-80 III 16K IBM®PC 64K 

And as great as all 
this sounds, what's 
even greater-sounding 

is the price. It's hundreds of dollars less 
than that of our nearest competitor. 

In other words, all the persons whom 
Apple, IBM. and Radio Shack seem to 
have forgotten about (including, most 
likely. you). 

But that's okay. Because now you can 
get a high-powered home computer 
without taking out a second mortgage 
on your home. 

It's the Commodore 64. We' re not 
talking about a low-priced computer that 
can barely retain a phone number. 
We're talking about a memory of 64K. 
Which means it can perform tasks most 
Apple is a registered trademark of Apple Computer. Inc. 

other home computers can't. Including 
some of those that cost a lot more. 
(Take another look at the three comput
ers above.) 

By itself. the Commodore 64 is all 
the computer you'll ever need. Yet, if 
you do want to expand its capabilities 
some day. you can do so by adding a 
full complement of Commodore pe
ripherals. Such as disk drives. Modems. 
And printers. 

You can also play terrific games on 
the Commodore 64. Many of which 

TRS-80 is a registered trademark of Tandy Corp. IBM is a registered trademark of International Business Machines Corp. 

So while other companies are trying 
to take advantage of the computer 
revolution, it seems to us they're really 
taking advantage of something else: 

T heir customers. 
*Manufacturers' suggested list prices as of March 20, 1983. 
Monitor included with TRS-BO III only. Commooore Business 
Machines. Po. Box 50 0R. Conshohocken. PA 19428; 
Canada-3370 Pharmacy Avenue. Agincourt. Ont.. Can. M1W 2K4. 

(:: commodore 

COMPUTER 
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50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

JUNE, 1933: "The disaster to the air
ship Akron, with its irreparable loss of 
brave and highly trained men, has 
shocked the entire country, and a vigor
ous but ill-advised clamor has arisen in 
the press and Congress for the discontin
uance of all rigid-airship effort by the 
United States. It is to be hoped that not 
too hasty a decision will be made by 
Congress. The Macon, about to be com
pleted, should certainly be put into serv
ice. Where long-range war operations 
are conducted by a fleet, the airship, 
with its enormous range and its ability 
to carry a number of fast scouting air
planes aloft, remains the most admira
ble source of information. Nothing can 
replace an airship for long-range scout
ing, and the Battle of Jutland would 
have had a far different termination had 
the British possessed a rigid airship of 
similar caliber to the one employed by 
the German navy." 

"When Lt. Comdr. Frank M. Hawks 
wrote the specifications for the Texa
co Sky Chief, he thought he was giving 
the manufacturer a knotty problem. He 
asked for an airplane that would carry 
fuel enough for at least 2,000 miles at 
well over 200 miles per hour, and he was 
insistent that the airplane have a landing 
speed not to exceed 70 m.p.h. Here
tofore all fast airplanes had a land
ing speed in a ratio from 2'/2 or 3 to 1, 
and Commander Hawks was asking the 
manufacturer to improve that ratio to 
something like 4 to 1. That the problem 
had been solved by the Northrop Cor
poration was immediately obvious af
ter the new Sky Chief had been taken 
up for a few flights. Tentative perform
ance figures showed a top speed of 250 
m.p.h. and a cruising speed of more 
than 200 m.p.h. Performance figures 
showed a landing speed of from 40 to 50 
m.p.h., or a ratio of 5 to 1. The improve
ment of the ratio was obtained by the 
use of large wing flaps or air 'brakes.' 
The lower side of the trailing edge of the 
wing is split from the upper side for 
about 20 per cent of the wing chord. 
Attached to the wing proper by hinges, 
this flap is raised or lowered by a geared 
shaft actuated from the cockpit." 

"The remarkable growth of contra
ceptive clinics in all the larger cities is a 
very clear indication that control of hu
man re,prod uction by means of contra-

ception has reached a degree of pub
lic approbation from which it will not 
recede in spite of all efforts to the con
trary. One of the most frequently em
ployed of these efforts is the announce
ment that promiscuity and an uncon
trolled orgy of sex would follow the 
general dissemination of contraceptive 
information. Another measure is delib
erately to foster confusion between con
traception and abortion. Criminal abor
tion can more correctly be considered 
the direct result of the absence of contra
ception. Those who attempt to prevent 
the spread of contraceptive information 
are encouraging the continuation of a 
social system that makes abortion not 
only possible but also very common." 

JUNE, 1883: "The great bridge that 
connects the two cities of New York and 
Brooklyn has been formally opened to 
public travel. The President of the Unit
ed States, the Governor of New York 
and the mayors of the two cities took 
part in the ceremonies. On the New 
York side was a procession of the fa
mous Seventh Regiment of 14 compa
nies, preceded by a military band of 90 
pieces, policemen mounted and on foot, 
acting as escort to the President, mem
bers of his Cabinet, Governor Cleve
land and other notables, occupying 25 
carriages. The President and guests 
walked across the bridge and were met 
by the Mayor of Brooklyn and other of
ficials, and were escorted to the Sands 
Street bridge station by the Twenty
third Regiment. The salutes from the 
five naval vessels in the harbor and from 
Governors Island were an impressive 
feature in the 'pomp and circumstance' 
of the occasion. But the culmination of 
the display was reserved for the evening. 
It is doubtful whether there ever was, in 
this country at least, so magnificent an 
exhibition of pyrotechnics as that from 
the bridge. A levee held by the President 
and the Governor later in the evening at 
the Brooklyn Academy closed the pub
lic ceremonies, after which the bridge 
was thrown open to the public and thou
sands passed over from one city to the 
other, making a continuous procession 
during the entire night." 

"The U.S. Board of Engineers for 
Fortifications has submitted a valuable 
report upon the practice in Europe with 
the heavy Armstrong, Woolwich and 
Krupp rifled guns. The conclusions of 
this report are that hammered steel in 
the late Spezia trials proved superior to 
any other material hitherto tested for 
armor plate. It seems probable that a 
hammered-steel plate, if eq ual in thick
ness to the belt armor of the Inflexible 
(22 inches), would stop the shot of the 

100-ton gun (Armstrong) fired with its 
greatest practicable velocity. While the 
12-inch rifled gun' may prove a suffi
cient armament for the bar bette batter
ies of our seacoast defenses against the 
lighter ironclads of foreign navies, iron 
turrets, armed with guns of 100 tons' 
weight ar least, will be needed to meet 
the attack of apmoTed ships of the latest 
construction. The 100-ton chambered 
Armstrong gun, throwing a projectile of 
a ton weight and fired with a charge of 
more than 700 pounds of powder, may 
be taken as a sample of the monstrous 
requirements of modern war." 

"In the Brayton petroleum engine 10 
gallons of unrefined petroleum are said 
to give a constant power equal to five 
horse power for 10 hours. Crude petro
leum costs about six or possibly eight 
cents a gallon, making that the cost of 
five horse power per hour. The engine is 
run by the combustion of the vapor of 
petroleum united with atmospheric air 
under pressure. The motor, it is stated, 
has been fairly tried and appears to be 
constructed on reasonable principles." 

"The growth of the open-hearth, or 
what is known as the Siemens-Martin, 
process of making steel has been no less 
remarkable than that of the Bessemer 
process. At present we have furnaces of 
a capacity from 15 to 25 tons, and by 
combining several furnaces single ingots 
weighing from 120 to 125 tons have 
been prod uced at Le Creusot in France. 
The world's production of open-hearth 
steel ingots for ship and boiler plates, 
propeller shafts, ordnance, wheels and 
axles, wire billets, armor plate, castings 
of various kinds and a multiplicity of 
other articles cannot have been less than 
800,000 tons last year. The process has 
followed two somewhat dissimilar lines. 
In England iron ores of a pure quality 
are dissolved in a bath of pig iron, with 
the addition of only small quantities of 
scrap steel and iron. At Le Creusot large 
q u�ntities of wrought iron are melted in 
the bath. The iron is of exceptional puri
ty, containing less than .01 per cent of 
phosphorus and sulphur." 

"There are not a great many points 
in commercial or trade matters as to 
which the average British manufacturer 
would be willing to admit the decided 
superiority of American concerns. But 
in one department those on the British 
side concede the unmistakable and pro
nounced superiority of the gentlemen on 
the other side. That department is adver
tising, which in the United States has 
been developed and systematized to an 
extent almost unknown in Britain. Ad
vertising on a bold scale is looked upon 
as a necessity in the United States, where
as not a few British firms believe they 
confer a favor on the journals they pa
tronize, if they advertise at all." 
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THE AUTHORS, 
GERBEN DEJONG and RAY

MOND LIFCHEZ ("Physical Disabili
ty and Public Policy") bring comple
mentary perspectives to the subject of 
their article. Dejong is senior research 
associate and assistant professor of re
habilitation medicine at the Tufts Uni
versity School of Medicine. He attend
ed Calvin College, receiving his B.A. in 
1968. He went on to earn two master's 
degrees at the University of Michigan: 
one in public administration (1970) and 
one in economics and social policy 
(1972). His PhD. in public-policy stud
ies (1980) is from Brandeis University. 
From 1972 to 1975 he was director of 
the social-services evaluation and anal
ysis division of the Michigan Depart
ment of Social Services. In 1976 and 
1977 he was project director of the Lev
inson Policy Institute at Brandeis. De
Jong moved to Tufts in 1978. Lifchez 
is associate professor of architecture at 
the University of California at Berkeley 
and an architect in private practice. He 
was grad uated from the University of 
Florida in 1955 with a bachelor's de
gree. He holds three master's degrees: 
in architecture (1957) and art history 
(1967) from Columbia University and 
in city planning from Berkeley (1972). 
From 1964 to 1969 he was a member 
of the faculty at Columbia, moving 
to Berkeley in 1971. He has worked 
for several architectural firms, including 
that of Eero Saarinen. He is the coau
thor with Barbara S. Winslow of Design 
for Independent Living: The Environment 
and Physically Disabled People (Univer
sity of California Press, 1982). 

MARY-DELL CHILTON ("A Vec
tor for Introducing New Genes into 
Plants") writes: "My undergraduate 
studies at the University of Illinois at 
Urbana-Champaign were in the chem
istry curriculum. My graduate studies 
(also at Illinois) started in organic chem
istry, but in taking courses for my two 
minors (biochemistry and microbiolo
gy) I found out about DNA and have 
had an unwavering interest in it ever 
since. As a postdoctoral student at the 
University of Washington I continued to 
work on the DNA of bacteria, mice and 
maize. I became a faculty member at the 
University of Washington in microbiol
ogy in 1970. In 1979 I accepted a posi
tion as associate professor of biology 
at Washington University in St. Louis, 
where interaction with scientists at 
Monsanto led my interests in the direc
tion of the genetic engineering of higher 
plants. Last month my career took a new 
turn: I became executive director of 
agricultural biotechnology for CIBA
Geigy. I shall be responsible for the 
development of a new research unit in 
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North Carolina, one of whose goals will 
be to exploit the gene-vector system de
scribed in this article." 

PETER FRANCIS ("Giant Volcanic 
Calderas") was born in Zambia, which 
was then called Northern Rhodesia. He 
went to England to continue his educa
tion, attending the Imperial College of 
Science and Technology as an under
grad uate and a grad uate student. His 
Ph.D. in geology was granted by Imperi
al College in 1969. Since 1971 he has 
been a member of the faculty of thc de
partment of earth sciences at the Open 
University. Since 1981 he has served as 
senior visiting scientist at the Lunar and 
Planetary Institute in Houston, where 
he works on remote-sensing techniques 
for the investigation of volcanic terrain. 
Francis has led expeditions into volcan
ic territory in central America, South 
America and Africa. 

WU RUKANG and LIN SHENG
LONG ("Peking Man") are paleoan
thropologists. Both are natives of China, 
and the anthropology of their country is 
their main scientific interest. Wu was 
grad uated from the Central Universi
ty of Chongqing with a B.S. in 1940. 
He moved to the U.S. in 1946, getting 
his M.S. (1947) and Ph.D. (1949) from 
Washington University in St. Louis. Af
ter earning his doctorate he returned to 
China, becoming director of the anato
my department at the Dalian Medical 
College. In 1956 he went to the Institute 
of Vertebrate Paleontology and Paleo
anthropology of the Academy of Sci
ences of China as research fellow; he is 
currently vice-director of the institute. 
Wu is a member of the Academy of 
Sciences and president of the Associa
tion of Anatomical Sciences. Lin stud
ied archaeology at Beijing University. 
He joined the faculty of the University 
of Inner Mongolia in 1959, leaving in 
1962 to continue his graduate studies at 
the Institute of Vertebrate Paleontology 
and Paleoanthropology. He is currently 
assistant research fellow there. 

VERA C. RUBIN ("Dark Matter in 
Spiral Galaxies") writes: "For the past 
18 years I have been a staff member of 
the Department of Terrestrial Magnet
ism of the Carnegie Institution of Wash
ington, where I work on the dynamics of 
galaxies. I am also adjunct staff member 
of the Mount Wilson and Las Campa
nas Observatories. I obtained degrees in 
astronomy from Vassar College (a B.A. 
in 1948), Cornell University (an M.A. 
in 1951) and Georgetown University (a 
Ph.D. in 1954). For my M.A. thesis I 
searched for a large-scale systemic mo
tion of all the galaxies whose radial ve-

loci ties were then known. For my Ph.D. 
thesis (under George Gamow) r studied 
the spatial distribution of galaxies. Both 
subjects, which are closely related to 
the work I currently do, were not wide
ly stud ied again until the 1970's, when 
more data and large computers became 
available. My life is busy with travel 
to observatories, particularly Kitt Peak 
near Tucson and Cerro Tololo and Las 
Campanas in Chile." 

JOHN W. KANWISHER and SAM 
H. RIDGWAY ("The Physiological 
Ecology of Whales and Porpoises") are 
physiologists who are interested in div
ing both by human beings and by ma
rine mammals. Kanwisher was trained 
in biophysics. His Ph.D. in the subject 
was granted in 1951 by the University 
of Rochester. In 1952 at a program on 
Bimini Island he met the comparative 
physiologist P. F. Scholander. He writes 
that as a result of the meeting "my for
mal education in physics and engineer
ing was instantly put aside for physiol
ogy." He has taught biological ocean
ography at Harvard University and the 
Massachusetts Institute of Technology. 
Kanwisher spends much of his time as a 
consulting engineer, and he has patented 
several devices to enable divers to re
main longer below the surface. Ridgway 
is head of the Biomedical Division of 
the Naval Undersea Center. His B.S. 
(1958) and D.V.M. degrees are from 
Texas A&M University. He went on to 
get a doctorate in neurobiology from the 
University of Cambridge in 1973. He 
has served as research veterinarian at 
several institutions, including the U.S. 
Naval Missile Center, the University of 
Southern California and the University 
of California at Santa Barbara. 

JOSEPH W. DAUBEN ("Georg 
Cantor and the Origins of Transfinite 
Set Theory") is professor of history and 
of the history of science at the Herbert 
H. Lehman College of the City Univer
sity of New York. He got his bachelor's 
degree at Claremont College in 1966. 
His Ph.D., awarded in 1972, is from 
Harvard University. In 1973 and 1974 
he was at the American Academy in 
Rome, where he studied mathematics, 
perspective and art in the Italian Renais
sance. In 1977 and 1978 he was at the 
Institute for Advanced Study. In 1980 
he was Mead-Swing Visiting Scholar at 
Oberlin College. In 1981 he was a visit
ing scholar at Harvard. 

LEWIS WEINER ("The Slide Fasten
er") is a consulting engineer much of 
whose work is related to the subject of 
his article. Born in Czechoslovakia, he 
was educated in Prague at the Charles 
University. He came to the U.S. in 1941. 
He holds several patents for devices 
employed in the manufacture of slide 
fasteners. 
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Vau can now reduce your student loan payments 
.l dramatically-by up to 50% -in the OPTIONS 

, program at Sallie Mae. 
Sallie Mae is a private corporation chartered 

by act of Congress in 1972 to make it easier for 
lenders to provide student loans. Now, we've been 
authorized to make student loans easier to pay off 
and we're doing just that with OPTIONS. 

With OPTIONS, yO'u get to' chO'O'se the pay
ment plan 'that fits into your plans_ When you 
get a student loan, most lenders tell you how much 
-you'll 'pay; and for how long, With OPTIONS, you 
tell us, With OPTION 1, you can select a longer 
payback period, for a lower, unchanging monthly 
payment. With OPTION 2, paymellts start very low 
and increase gradually-like your income. OPTION 
3 gives you graduated payments, too, but lets you 
pay off the loan faster. 

H yO'u have student 100ans to'pay O'ff, exer
cise yO'ur OPTIONS_ OPTIONS is your opportunity 
to create the student loan payment plan that's right 

We simply pay off your existing NDSL, GSL, 
and FISL loans and create one new, 7%-interest, 
guaranteed student loan with no prepayment pen
alty. By choosing a longer payback period, pay- , 
ments that start low and rise gradually; or a com"'" 
bination of both, you end up with a single, lower . 
monthly payment. The average reduction is from 
$151 to just $98 a month. 

for you ... to cut your student loan payments down -""1Iiii---+--+-l 
to a size you can live with fight now, when your 

. $5,001-$7,500 

$7,501-$11 ,000 

$11,001-$15,999 

-"122:00 

T 166.00 

214.00 

-72.00 

96.00 

4123.00 

income is probably lower than it will ever be again. 
So if you owe more than $5;000:in NDSL, GSL, 

or FISL loans, don't miss this unique opportunity. 
Let us give yO'u more detail�at nO' obliga-

tiO'n. Thousands..of attident loan borrowers have 
already takelJ admmtage of the OPTIONS program . 

. To find out why; fill in and return.the coupon. We'll 
send you a brochure that fully explains the OPTIONS 
open to you. Or, if you have any questions; call our 
toll-free 800 number. 

'1:--------------�----------------
What OPTIONS'can dO' fO'ryO'u. To get an 

I Address _____________ _ 
idea of how much we can reduce your m l�oiiiniiith.ly .. -.I

.c.
i t y-iiii.____;.::;_=

---State--Zi,PI'-__ _ 
payments today; estimate the amount , 
you still o�e on any ND�L, GSL, or 

> 'Sallel " 
Student Loan Marketing Association, 

I I 
Mail to: 8108 

FlSL loans ill good standing. FInd the ae OPTIONS, 1050 Thomas Jefferson St., N.W. 
total on this chart and you'll see what . . , ' Washington, D,C 20007. OR CAll..: 
we've done for borrowers like you. 

. 
' 800-821-7700 toll-free. Ask for OPTIONS. 

OPT 1.0 NS 
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METAMAGICAL 
THEMAS 

The calculus of coopeaJJipioIT'" 
is tested through a lottery 

by Douglas R. Hofstadter 

And then one fine day out of the blue .n. you get a letter from S. N. Plato-
nia, the well-known Oklahoma 

oil trillionaire, mentioning that 20 lead
ing rational thinkers have been select
ed to par:ticipate in a little game. "You 
are one of them," it says. "Each of you 
has a chance at winning a billion dol
lars, put up by the Platonia Institute for 
the Study of Human Irrationality. Here's 
how. If you wish, you may send a tele· 
gram with just your name on it to the 
Platonia Institute in Frogville, Okla. 
You may reverse the charges. If you 
reply within 48 hours, the billion is 
yours-unless there are two or more re
plies, in which case the prize is awarded 
to no one: And if no one replies, nothing 
will be awarded to anyone." 

You have no way of knowing who the 
other 19 participants are; indeed, Pla
tonia's letter states that the entire offer 
will be rescinded if it is detected that an 
attempt ·has been made by any partici
pant to learn the identity of, or to estab
lish contact with, any other participant. 
Moreover, it is a condition that the win
ner (if there is one) must agree in writing. 
not to share the prize money with any 
other participant at any time in the fu
ture. This is to squelch any thoughts of 
cooperation, either before or after the 
prize is given out. 

The brutal fact is that no one will 
know what anyone else is doing. Clearly 
everyone will want that billion. Clear
ly all will realize that if their name is 
not submitted, they will have no chance 
at all. Does this mean that 20 telegrams 
will arrive in Frogville, showing that 
even having transcendent levels of ra-

Player B 
Cooperates Defects 

Cooperates (3,3) (0,5) 

Player A 

Defects (5,0) (1,1) 

tionality-as you of course do-is of no 
help in such an excruciating situation? 

This is the Platonia Dilemma, a little 
scenario I thought up recently in trying 
to get a better handle on the Prisoner's 
Dilemma, of which I wrote last month. 
The Prisoner's Dilemma can be formu
lated in terms resembling this dilemma. 
Imagine you receive a letter from the 
Platonia Institute telling you that you 
and just one other anonymous leading 
rational thinker have been selected for a 
modest cash giveaway. As before, both 
of you are asked to reply by telegram 
within 48 hours to the Platonia Institute, 
charges reversed. Your telegram is to 
include, apart from your name, just the 
word "cooperate" or the word "defect." 
If both of you wire "cooperate," you 
will each get $3. If both of you wire 
"defect," you will each get $1. If one of 
each word is received, the cooperator 
gets nothing and the defector gets $5. 

What choice would you make? It 
would be nice if you both cooperated, 
so that you would each get $3, but 
does it not seem a bit unlikely? After 
all, who wants to get suckered by a 
nasty defector who gets $5 for being 
sneaky? Certainly not you! Therefore 
you would probably decide not to co
operate. It seems a regrettable but nec
essary choice. Of course, both of you, 
reasoning alike, come to the same con
clusion. Hence you will both defect, 
and so you will get a mere dollar apiece. 
If, however, both of you had just been 
willing to take a chance, you could have 
got $3 apiece. What a pity! 

It was my discomfort with this seem
ingly logical analysis of the "One-

Where (x, y) means Player A gets x dollars 
and Player B gets y dollars. 

A payoff matrix for the Prisoner's Dilemma 
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Round Prisoner's Dilemma" that led me 
to formulate the following letter, which 
I sent to 20 friends: 

"Dear --: 
I am sending this letter by Special De

livery to 20 of you (namely various 
friends of mine around the country). I
am proposing to all of you a one-round 
Prisoner's Dilemma game, the payoffs 
to be monetary (provided by Scientific 
American). It is very simple. Here is how 
it goes. 

"Each of you.is to give me a single 
letter: C orD, standing for 'cooperate' or 
'defect.' This will be used as your move 
in a Prisoner's Dilemma with each of the 
19 other players. The payoff matrix I am 
using for the Prisoner's Dilemma is the 
one enclosed numbered 1 [see illustration 
on this page]. 

"Thus if everyone sends in C, every
one will get $57, whereas if everyone 
sends in D, everyone will get $19. You 
can't lose! And of course anyone who 
sends in D will get at least as much as 
everyone else. If, for example, 11 people 
send in C and nine send in D, then the 11 
C-ers will get $3 apiece from each of the 
other C-ers (making $30) and will get 
nothing from the D-ers. Therefore C-ers 
will get $30 each. The D-ers, in contrast, 
will pick up $5 apiece from each of the 
C-ers (making $55) and will get $1 from 
each of the other D-ers (making $8), for 
a grand total of $63. No matter what the 
distribution is, D-ers always do better 
than C-ers. Of course, the more C-ers 
there are, the better everyone will do! 

"By the way, I should make it clear 
that in making your choice you should 
not aim to be the winner but simply to 
get as much money for yourself as possi
ble. Thus you should be happier to get 
$30 (say as a result of saying C along 
with 10 others, even though the nine D
sayers get more than you) than to get 
$19 (by saying D along :with everyone 
else, so that nobody 'beat' you). Further
more, you are not supposed to think that 
at some later time you will meet with 
and be able to share the goods with your 
coparticipants .. You are not aiming at 
maximizing the total number of dollars 
Scientific American shells out, only at 
maximizing the number of dollars that 
come to you! 

"Of course, your' hope is to be the 
unique defector, thereby really cleaning 
up: with 19 C-ers, you will get $95 and 
they will each get 18 times $3, namely 
$54. But why am I doing the multipli
cation or any of this figuring for you? 
You are very bright. So are the others. 
All about equally bright, I would say. 
Therefore all you need to do is tell me 
your choice. I want all the answers by 
telephone (call collect, please) the day 
you receive this letter. 

"It is to be understood (it almost goes 
without saying, but not quite) that you 
are not to try to consult with others who 
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INTRODUCING 
THEPE CE 

SEDAN WlTH·A 
GENETICADVANTAGE. 

Fifteen years ago, when big was 
beautiful and the auto industry was 
churning out ungainly V-8's, BMW intro
duced the 2002. A performance car. 

Nine years later, big was out and the 
future was conceded to the tiny econ
omy car. BMW introduced the 320i. A 
performance car. 

Today the auto industry has em� [ --:\ L� ";::J braced perfor
I ' . �dc ) mance as the � r; wave of the 
"'1iiiIi�_iiiIii!;.""iiiii-' �present. And ..... '"1 f1liiiiiirl F! BMW has intro&::U s, �duced the 318i.A 
performance car-but one with an impor
tant difference. 

It arrives with a heritage, as opposed 
to a history of recurring identity crises. 

WHY A CAR'S PAST IS ITS FUTURE. 
All cars, especially those aspiring to 

high performance, are products of 
engineering, technology-and genealogy. 

The BMW 318i enjoys a substantial 
head start on all counts. 

Its engine anticipated by 
years the current preference 
for fuel injection . The BMW 3-
Series power plant serves as the 
basis for the BMW Formula One 
race engine-modified on the 
318i by a new L-Jetronic 
system that generates even 
greater quickness and torque. 

Its gearbox has been re
fined to match the greater 
torque, while retaining the char
acteristic precision that has 
inspired comparison to the link
age of fine timepieces. 

Its new independent sus
pension is a virtual syllabus of 
lessons learned on race
courses, delivering handling 
and road holding Car and 
Driver judged "magnificent." 

It offers a new grad
uated power-assist steering 

system, larger disc brakes, and such 
technological innovations as an elec
tronic system that actually calculates 
when routine servicing is needed. 

It is also among the automotive 
leaders in incongruity, having managed 
to boost fuel efficiency* at the same 
time it was improving its performance. 

"THE FINEST 
QUALITY CAR AVAILABLE." 

Inside, the 318i rebuts the myth 
that a noisy, bone-rattling ride under 
cramped conditions somehow certifies 
a vehicle as a true performance car. 

It is roomier than its predecessors 
and weJI equipped with noise- and 
vibration-dampening measures. It also 

'EPA-estimated [Zjmpg. 38 highway. Figures are for comparison purposes 
be lower. © 1983 BMW of North America, Inc. The BMW trademark and logo are registered. European 
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ATARI GIVES YOU SUCH EASILY 
ACCESSIBLE GRAPHICS AND SOUND 
CAPABILITIES IN A 64K COMPUTER. 

ONLY the ATARI1200XL Home Computer combines 64K 
RAM computing power with outstanding graphics and sound 
capabilities that are so easy to access. You can create sophis
ticated graphics and sound effects using quick and simple 
commands. This allows you to write complex programs in much 
less time than with many other 64K computers. 

ONLY the ATARI 1200XL Home Computer has a specially 
designed keyboard which is fully redefinable and features 8 
programmable function keys controlling 16 functions. That's 
twice as many as the Commodore 64. In addition, the ATARI 
1200XL keyboard locks and unlocks electronically to protect 
your programs. 

ONLY the ATARI 1200XL Home Computer provides a 
revolutionary "help" key that performs two important functions. 
First, it can provide the user with helpful instructions on 
selected programs used with the computer. Second, the "help" 

� A Warner Communications Company © 7983. Atari, Inc All rights reserved. >"'Trademark af VisiCarp. 
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key performs self- diagnosis-as requested by the user on the 
memory, audio visual circuitry and keyboard-to ensure that 
all components are in peak operating condition. And if you 
need additional help only Atari gives you a toll-free "help line" 
to call (800) 538-8543; in California 1-(800} 672-1404. 

ONLY the ATAR! 1200XL offers you a home computer 
compatible with virtually all ATAR! Computer peripherals and 
software (compatibility that other new computers like the 
Commodore 64 don't offer). There are over 2,000 programs 
currently available for the ATAR! 1200XL, including the new 
AtariWriter'M word processing system and VisiCalc.®* 

ONLY Atari puts so much more in the new 1200XL 
Home Computer so you get so much more out of it. 

.. 
.. 
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.. 
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.. 
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.. 
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.. 
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.. 
.. 

HO E COMPUTER 
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you guess have been asked to partIcI
pate. In fact, please consult with no one 
at all. The purpose is to see what people 
will do on their own, in isolation. Final
ly, I would appreciate a short statement 
to go along with your choice, telling me 
why you made this particular one. 

Yours, 
Doug H. 

"P.S. By the way, it may be helpful for 
you to imagine a related situation, the 
same as the present one except that you 
are told all the other players have al
ready submitted their choice (say a week 
ago) and so you are the last. Now what 
do you do? Do you submit D ,  knowing 
full well that their answers are already 
committed to paper? Now suppose im
mediately after having submitted your 
D (or your C) in that circumstance, you 
are told that actually the others really 
haven't submitted their answers yet but 
that they are all doing it today. Would 
you retract your answer? Or what if 
you knew (or at least were told) that 
you were the first person being asked 
for an answer? 

"And, one last thing to ponder, what 
would you do if the payoff matrix 
looked like the one enclosed labeled 2 
[see illustration on this page]?" 

I want to stress that this situation is not 
an iterated Prisoner's Dilemma (dis

cussed in last month's column). It is a 
one-shot, multiperson Prisoner's Dilem
ma. There is no possibility of learning 
over a period of time anything about 
how the others are inclined to play. 
Therefore all the lessons described last 
month are not applicable here, since 
they depend on the situation's being iter
ated. All that each recipient of my let
ter could go on was this thought: There 
are 19 people out there, somewhat like 
me, all in the same boat, all grappling 
with the same issues as I am. In other 
words, there was nothing to rely on ex
cept pure reason. 

I had much fun preparing the letter, 
deciding whom to send it to, anticipating 
the responses and then receiving them. 
Before I reveal the results I invite you to 
think about how you would play in such 
a contest. I should particularly like you 
to take seriously the assertion that ev
eryone is very bright. In fact, let me ex
pand on this idea, since I thought people 
perhaps did not really understand what 
I meant by it. Thus please consider the 
letter to contain the following clarify
ing paragraph: 

"All of you are very rational people. 
Therefore I hardly need tell you that 
you are to make what you consider to be 
your maximally rational choice. In par
ticular, feelings of morality, guilt, vague 
malaise and so on are to be disregarded. 
Reasoning alone (of course including 
reasoning about the others' reasoning) 
should be the basis of your decision. 

And please remember that everyone is 
being told this (including this.!)!" 

I was hoping for-and expecting-a 
particular outcome to the experi

ment. As I received the replies by tele
phone over the next few days I jotted 
down notes so that I had a record of 
what impelled various people to choose 
as they did. The result was not what I 
had expected; in fact, my friends "faked 
me out" considerably. We got into heat
ed arguments about the "rational" thing 
to do, and everyone expressed much in
terest in the entire question. 

I should like to quote some of the feel
ings expressed by my friends caught in 
this deliciously tricky situation. David 
Policansky opened his call tersely by 
saying, "O.K., Hofstadter, give me the 
$19!" Then he presented this argument 
for defecting: "What you're asking us 
to do, in effect, is to press one of two 
buttons, knowing nothing except that 
if we press button D, we'll get more 
than if we press button C. Therefore D 
is better. That is the essence of my ar
gument. I defect." 

Martin Gardner (yes, I asked him to 
participate) vividly expressed the men
tal turmoil he and many others went 
through. "Horrible dilemma," he said, 
"I really don't know what to do about it. 
If I wanted to maximize my money, I 
would choose D and expect that others 
would also; to maximize my satisfac
tion I'd choose C and hope other people 
would do the same (by the Kantian im
perative). I don't know, though, how one 
should behave rationally. You get into 
endless regresses: 'If they all do X. then 
I should do y, but then they'll antici
pate that and do Z, and so .... ' You 
get trapped in an endless whirlpool. It's 
like Newcomb's paradox." So saying, 
Martin defected, with a sigh of regret. 

In a way echoing Martin's feelings of 
confusion, Chris Morgan said: " More 
by intuition than by anything else, I'm 
coming to the conclusion that there's no 
way to deal with the paradoxes inherent 
in this situation. So I've decided to flip a 
coin, because I can't anticipate what the 
others are going to do. I think-but can't 
know-that they're all going to negate 
one another." Therefore while Chris 
was on the telephone he flipped a coin 
and "chose" to cooperate. 

Sidney Nagel was very displeased 
with his conclusion. "I actually couldn't 
sleep last night because I was thinking 
about it. I wanted to be a cooperator, but 
I couldn't find any way of justifying it. 
The way I figured it, what I do isn't going 
to affect what anyone else does. I might 
as well consider that everything else is 
already fixed, in which case the best I 
can do for myself is to play a D." 

Robert Axelrod, whose work proves 
the superiority of cooperative strate
gies in the iterated Prisoner's Dilemma, 

Player B 
Cooperates Defects 

Cooperates (3,3) (0,50) 

Player A 

Defects (50,0) (.01,.01) 

A second payoff matrix for the Dilemllla 

saw no reason whatever to cooperate 
in a one-shot game and defected with
out compunction. 

Dorothy Denning was brief: "I figure 
that if I defect, then I always do at least 
as well as I would have done if I had 
cooperated. And so I defect." She was 
one of the people who faked me out. Her 
husband, Peter, cooperated. I had pre
dicted the reverse. 

By now you have probably been 
counting. So far I have mentioned 

five defectors and two cooperators. Sup
pose you had been me and had got 
roughly a third of the calls, and they 
were five to two in favor of defection. 
Would you dare to extrapolate these 
statistics to roughly 14 to six? How in 
the world can seven individ uals' choices 
have anything to do with 13 other indi
viduals' choices? As Nagel said, cer
tainly one choice cannot influence an
other (unless you believe in some kind 
of telepathic transmission, a possibility 
we shall discount here). What justifica
tion might there be for extrapolating 
these results? 

Clearly any such justification would 
rely on the idea that people are in some 
sense "like" one another. It would rely 
on the idea that in complex and tricky 
decisions such as this one people will 
resort to a cluster of reasons, images, 
prejudices and vague notions, some of 
which will tend to push them one way, 
others of which the other way but whose 
overall impact will be to push a certain 
percentage of people toward one alter
native and another percentage toward 
the other. In advance you cannot hope 
to predict what those percentages will 
be, but given a sample of people in the 
situation you can hope that their deci
sions will be "typical." Thus the notion 
that early returns running five to two in 
favor of defection can be extrapolated 
to a final result of 14 to six (or so) would 
be based on assuming that the seven 
people are acting "typically" for people 
confronted with these conflicting men
tal press ures. 

The snag is that the mental pressures 
are not completely explicit; they are 
evoked by, but not totally spelled out by, 
the wording of the letter. Each person 
brings a unique set of images and associ
ations to each word and concept, and it 
is the set of those images and associa
tions that will collectively create in that 
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Bell S)!.stem people are readY-for new directions. 

"WE'RE NOT JUST FACING CHANGE •. 

WE�RE MAKING IT!' 
-Ian M Ross, President, Bell Laboratories. 

Ever since AT&T announced its planned divestiture of the 22 
Bell telephone companies, I've been asked how the coming change will 
affect Bell Labs. W ill we remain as creative and innovative? W ill we 
remain intact? W ill we retain those unique research and development 
capabilities responsible for our technological leadership and con

tributions to the nation? 
My answer to each 

of those questions is yes. 
I'm not suggest

ing that the challenges 
ahead are easy ones. 
But divestiture does give 
us more freedom to 
innovate, �o apply our 
resources In new ways 
and in new markets. 
We'll be able to follow 
our technology wherever 
it leads. We intend to 
make the most of those 
opportunities. 

Bell Labs as an 
institution will remain 

intact, although some of our employees have been reassigned 
to AT&T's American Bell subsidiary and others will be 
transferred to serve the divested companies. The major portion of 
our resources will continue to be devoted to developing new"and 
improved systems and services for local telephone companies and 
their customers. We will also continue to provide the innovations 
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to assure that AT&T 's interexchange network remains the most 
flexible and intelligent in the world. 

Change is not new to us. We're an organization that creates 
change. We look forward to it. We thrive on it. 

But we also face the future with the strengths of our past. We've 
earned an international reputation as a result of the depth and breadth 
of our work, our ability to attract and nurture outstanding scientific 
and engineering talent and our ability to inspire innovation. The wealth 
of creativity at Bell Labs never ceases to amaze me. 

These same qualities are also responsible for the design and 
development of the world's finest telecommunications system. I'm 
proud of our role in delivering that system. I'm also proud that much 
of the technology of.the Information Age is rooted.in innovations 

· conceived and developed by Bell Labs. 
We're committed to making America's telephone system a total 

communications and information system. Our innovations will help 
AT&T maintain its leadership in these high technology fields. They 
will also provide the divested companies with theiechnologies needed 

· to make them the true gateways to the Infonnation Age . 
. - :-· We have a commitment to quality and reliability. In a world 

scrambling for quick markets and short -: term profits, Bell Labs will 
continue to set standards of excellence. We believe that the increased 

· competition that comes with divestiture will prove that quality and 
. -.' reliability Will 'ultimately deteffiline success. -

As 'we have in the past, ·Bell Labs will continue to explore and 
- 'expand the frontiers of research. To discover and develop new knowl-
- . -edge and- new technology. To contribute to America's strength, 

economic growth and ability to meet any challenges from anyone. 
At-Bell Labs, we're not just facing change. We're making. it. 

. @Ben System 
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person's mind a set of mental stresses 
like the set of stresses in the earth's crust 
in an earthquake zone. When people 
make their decision, you find out how all 
those stresses working in different direc
tions add up, like a set of force vec
tors pushing in various directions with 
their strengths influenced by private or 
unmeasurable factors. The assumption 
that it is valid to extrapolate has to be 
based on the idea that everyone is alike 
inside, only with somewhat different 
weights attached to certain notions. 

This way each person's decision can 
be likened to a geophysical experiment 
whose goal is to predict when and where 
an earthquake will occur. You set up a 
model of the earth's crust and you put 
in data representing your best under
standing of the internal stresses. You 
know there are large uncertainties in 
your knowledge, and so you just have 
to choose what seem to be "reasonable" 
values for the variables. Therefore no 
single run of your simulation will have 
strong predictive power, but that's all 
right. You run it and you get a fault line 
telling you where the simulated earth's 
crust shifts. Then you go back and 
choose other values in the ranges of 
those variables and rerun the - entire 
thing. If you rerun it repeatedly, even
tually a pattern will emerge revealing 
where and how the crust is likely to shift 
and where it is rock solid. 

This kind of simulation depends on an 
essential principle of statistics: the idea 
that when you let variables take on a few 
sample random values in their raIJges, 
the overall outcome determined by a 
cluster of such variables will begin to 
emerge after a few trials and soon will 
give you an accurate model. You do not 
need to run your simulation millions of 
times to see valid trends emerging. 

That is clearly the kind of assumption 
television networks make when they 
predict national election results on the 
basis of early returns from a few select 
towns in the East. Certainly they do not 
think that free will is any "freer" in the 
East than it is in the West, that whatever 
the East chooses to do the West will fol
low. It is just that the cluster of emotion
al and intellectual pressures on voters is 
much the same all over the nation. Obvi
ously no one individual can be taken as 
representing the entire nation, but a 
well-selected group of residents of the 
East Coast can be assumed to be repre
sentative of the entire nation in terms of 
how much they are "pushed" by the var
ious pressures of the election, so that 
their choices are likely to show general 
trends of the larger electorate. 

Suppose it turned out that New 
Hampshire's Belknap County and Cali
fornia's Modoc County had produced, 
over many national elections, very simi
lar results. Would it follow that one of 
the two counties had been exerting some 
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kind of causal influence on the other? 
Would they have had to be in some kind 
of eerie cosmic resonance mediated by 
"sympathetic magic" for this to happen? 
Certainly not. All it takes is for the elec
torates of the two count.ies to be similar; 
then the pressures that determine how 
people vote will take over and automati
cally make the results come out similar. 
It is no more mysterious than the obser
vation that a Belknap County schoolgirl 
and a Modoc County schoolboy will get 
the same answer when they are asked 
to divide 507 by 13: the 

'
laws of arith

metic are the same the world over, and 
they operate in the same way in remote 
minds without any need for "sympathet
ic magic." 

All of this is elementary common 
sense; it should be the kind of thing any 
well-educated person understands auto
matically. And yet emotionally it can
not help but seem a little peculiar, since 
it flies in the face of the concept of free 
will and regards people's decisions as 
being simply the outcome of combina
tions of pressures with unknown values. 
On the other hand, perhaps it is better to 
look at decisions that way than it is to 
attribute them to free.will, a philosophi
cally murky notion at best. 

That may have seemed like a digres
sion about statistics and the question 

of individual actions v. the predictabili
ty of group behavior, but as a matter of 
fact it has plenty to do with the "correct 
action" to take in the dilemma of my 
letter. The question we were considering 
is: To what extent can what a/ew people 
do be taken as an indication of what all 
people will do? We can sharpen it: To 
what extent can what one person does be 
taken as an indication of what all people 
will do? The ultimate version of this 
question,.stated in the first person, has a 
funny twist to it: To what extent does my 
choice tell me about the choices of the 
other participants? 

You might think that each person is 
completely unique and therefore that no 
one can be relied on as a predictor of 
how other people will act, particularly 
in a situation involving an intense dilem
ma. There is more to the story, however. 
I tried to engineer the situation so that 
everyone would have the same image 
of it. In the dead center of the image 
was supposed to be the notion that ev
eryone in the situation was using rea
soning alone-including reasoning about 
the reasoning�to come to an answer. 

Now, if reasoning dictates an ane 
swer, then everyone should independ
ently come to that answer (just as the 
Belknap County schoolgirl and the Mo
doc County schoolboy would independ
ently get 39 as their answer to the divi
sion problem). Seeing this fact is itself 
the critical step in the reasoning toward 
the correct answer, but unfortunately it 

eluded nearly everyone to whom I sent 
the letter. (That is why r came to wish I 
had included in the letter a paragraph 
stressing the rationality of the players.) 
Once you realize this fact it dawns on 
you that either all rational players will 
choose D or all rational players will 
choose C. That is the crux. 

Any number of ideal rational thinkers 
faced with the same situation and suffer
ing through similar throes of reasoning 
agony will necessarily come up with the 
same answer eventually, as long as rea
soning alone is the ultimate justification 
for their conclusion. Otherwise reason
ing would be subjective, not objective as 
arithmetic is. A conclusion reached by 
reasoning would be a matter of prefer
ence, not one of necessity. Now some 
people may believe this of reasoning, 
but rational thinkers understand that a 
valid argument must be universally com
pelling, otherwise it is simply not a val
id argument. 

If you grant this, then you are 90 per
cent of the way. All you need ask now is: 
"Since we are all going to submit the 
same letter, which one would be more 
logical? That is, which world is better 
for the individual rational thinker: one. 
with all cooperators or one with all de
fectors?" The answer is immediate: "1 
get $ 57 if we all cooperate, $19 if we all 
defect. Clearly I prefer $57, hence coop
erating is preferred by this particular ra
tional thinker. Since I am typical, coop
erating must be preferred by all rational 
thinkers. And so I'll, cooperate." Anoth
er way of stating it, making it sound 
weirder, is this: "If I choose C, then ev
eryone will choose C, so that I'll get $57. 
If I choose D, then everyone will choose 

D, so that I'll get $19. I'd rather have $57 
than $19, and so I'll choose C. Then ev
eryone will, and I'll get $57." 

To many people this sounds like a be
lief in voodoo or sympathetic mag

ic, a vision of a universe permeated by 
tenuous threads of synchronicity, con
veying thoughts from mind to mind 
like pneumatic tubes carrying messages 
across Paris, and making people reso
nate to a secret harmony. Nothing could 
be further from the truth. This solution 
depends in no way on telepathy or bi
zarre forms of causality. It is just that 
the statement "I'll choose C and then 
everyone will," although entirely cor
rect, is somewhat misleadingly phrased. 
It involves the word "choice," which is 
incompatible with the compelling q uali
ty of logic. Schoolchildren do not choose 
what 507 divided by 13 is; they figure 
it out. Analogously, my letter really 
did not allow choice; it demanded rea
soning. Thus a better way to phrase 
the "voodoo" statement would be this: 
"If reasoning guides me to say C, then, 
since I am no different from' anyone 
else as far as rational thinking is con-
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technology, almost anything is 
omputers that talk. Computers 
Electronics that put Wall Street 

your living room. And the Buick 
A car so technologically advanced, it .. 

a pleasure instead of a chore. 
accomplishes this is quite 

. There an available electronic 
instrument panel, for example, that's a 
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in computerized digital display. 
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IrNoIIWtf"l" ortar1. And connected to front-wheel 
ride and handling are computer 
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. 
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cerned, it will guide everyone to say c." 
The corresponding foray into the op

posite world ("If I choose D, then every
one will choose D ') can be understood 
more clearly by likening it to a musing 
by the Belknap County schoolgirl be
fore she divides: H'm, I'd guess that 
13 into 507 is about 49-maybe 39. I 
see I'll have to calculate it out. But I 
know in advance that if I find it is 49, 
then sure as shooting that Modoc Coun
ty kid will write 49 on his paper as well, 
and if I get 39 as my answer, then so 
will he. No secret transmissions are in
volved; all that is needed is the univer
sality and uniformity of arithmetic. 
Similarly, the argument "Whatever I 
do everyone else will do" is simply a 
statement of faith that reasoning is uni
versal, at least among rational thinkers, 
not an endorsement of any mystical 
kind of causality. 

That analysis shows why you should 
cooperate even when the opaque enve
lopes containing the other players' an
swers are there on the table in front of 
you. Faced so concretely with this unal
terable set of Cs and D 's, you might 
think: Whatever they have done, I am 
better off playing D than playing C, be
cause certainly what I now choose can 
have no retroactive effect on what they 
chose. And so I defect. Such a thought, 
however, assumes that the logic now 
driving you to playing D has no connec
tion or relation to the logic that earlier 
drove the other players to their deci
sions. But if you accept what was stated 
in the letter, then you must conclude 
that the decision you now make will be 
mirrored by the plays in the envelopes in 
front of you. If logic now coerces you to 
play D, it has already coerced the others 
to do the same, and for the same rea
sons; conversely, if logic coerces you to 
play C, it has also already coerced the 
others to do so. 

Imagine there is a pile of envelopes on 
your desk, all containing other people's 
answers to the arithmetic problem 
"What is 507 divided by 13?" Having 
hurriedly calculated your answer, you 
are about to seal a sheet bearing "49" in 
your envelope when at the last minute 
you decide to check it. You discover 
your error and change the 4 to a 3. Do 
you at that moment visualize all the an
swers in the other envelopes suddenly 
pivoting on their heels and switching 
from 49 to 39? Of course not. You sim
ply recognize that what is changed is 
your image of the contents of those enve
lopes, not the contents themselves .. You 
first thought there were many 49's. You 
now think there are many 39's. It does 
not follow, however, that there was an 
instant when you thought: "They're all 
switching from 49 to 39." In fact, you 
would be crazy to think it. 

It is similar with D 's and C 's. If at first 
you are inclined to play one way but on 

careful consideration you switch to the 
other way, the other players will not ret
roactively or synchronistically follow 
you. However, if you just give them 
credit for being able to see the logic you 
have seen, you must assume that their 
answers are the same as yours. In short, 
you are not going to be able to undercut 
them; you are simply in cahoots with 
them, like it or not! Either all D 's or all 
Cs. Take your pick. 

Actually saying "Take your pick" is 
100 percent misleading. It is not as if 
you could merely "pick" and then other 
people-even in the past-would magi
cally follow suit! The point is that since 
you are going to be "choosing" by using 
what you believe is compelling logic, if 
you truly respect your logic's compel
ling quality, you would have to believe 
others would buy it as well, which 
means you are certainly not "just pick
ing." In fact, the more convinced you 
are of what you are playing, the more 
certain you should be that others will 
also play (or have already played) the 
same way, and for the same reasons. 
This holds whether you play C or D, and 
it is the real core of the solution. Instead 
of being a paradox it is a self-reinforcing 
solution: a benign circle of logic. 

I f that still sounds like retrograde caus
ality to you, consider this little tale, 

which may help to make it all make 
more sense. Suppose you and Jane are 
lovers of classical music. Over the years 
you have found that you have incredibly 
similar tastes in music-a remarkable 
coincidence. One day you find that two 
concerts are being given simultaneously 
in the city where you live. Both of them 
sound excellent to you, but Concert A 
simply cannot be missed, whereas Con
cert B is a strong temptation but one you 
will have to resist. Still, you are extreme
ly curious about Concert B, because it 
features Zilenko Buznani, a violinist you 
have heard amazing things about. 

At first you are disappointed, but then 
a thought flashes through your mind: 
Maybe I can at least get a firsthand re
port about Buznani's playing from Jane. 
Since she and I hear music through vir
tually the same ears, it would be almost 
as good as my going if she were to go. 
This is comforting for a moment, until it 
occurs to you that something is wrong. 
For the same reasons you would, Jane 
will insist on hearing Concert A. After 
all, she loves music in the same way you 
do-that's precisely why you want her to 
tell you about Concert B. The more you 
think Jane's taste is the same as yours, 
the more you want her to go to the other 
concert. But the more her taste is like 
yours, the less she will want to go to it! 

The two of you are linked by a bond 
of common taste. And if it turns out that 
you differ enough in taste to disagree 
about which concert is better, then that 
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Over 300 manufacturers 
sell their microcomputers 
with Microsoft software. 

There's a reason. 
Powerful simplicity. That's the concept behind 
every software program we write. Powerful programs 
that let you spend more time thinking about the 
problem ... and less time thinking about the computer. 
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will tend to make you lose interest in 
what Jane might report, since you no 
longer can trust her opinion as that 
of someone who hears music "through 
your ears . "  In other words, hoping she 
will choose Concert B is pointless, since 
it undermines your reasons for caring 
which concert she chooses! 

The analogy is clear, I trust. Choosing 
D undermines your reasons for choosing 
it. To the extent that all of you in the 
game really are rational thinkers, you 
really will think along the same lines. 
And my letter was supposed to establish 
beyond doubt the notion that you are all 
"in sync," that is, to ensure you can de
pend on the others' thoughts to be ratio
nal, which is all you need. 

Well, not quite. You need to depend 
not only on their being rational but also 
on their depending on everyone else's 
being rational, and on their depending 
on everyone to depend on everyone's be
ing rational, and so on. A group of rea
soners in this relatiOI'lship to one another 
I call superrational. Superrational think
ers, by recursive definition, include in 
·their calculations the fact that they are 
in a group of superrational thinkers. In 
this way they resemble elementary par
ticles that are "renormalized . "  

A renormalized electron's way o f  in
teracting with, say, a renormalized pho
ton takes into account that the photon's 
quantum-mechanical structure includes 
"virtual electrons " and that the elec
tron's quantum-mechanical structure 
includes "virtual photons";  moreover, it 
takes into account .that all these virtu
al particles (themselves renormalized) 
also interact with one another. An infi
nite cascade of possibilities ensues but is 
taken into account in one fell swoop 
by nature. Similarly, superrationality, or 
renormalized reasoning, involves seeing 
all the consequences of the fact that oth
er renormalized reasoners are involved 
in the same situation-and doing so in a 
finite swoop rather than succumbing to 
an infinite regress of reasoning about 
reasoning about reasoning . . . .  

The answer I was hoping to receive 
from everyone was C. I was not so 

optimistic as to believe literally every
one would arrive at this conclusion, but 

. I did expect a majority would, hence my 
dismay when the early returns strongly 
favored defection. 

As more telephone calls came in I did 
get some C 's, but for the wrong reasons.  
Dan Dennett cooperated, saying "I 
would rather be the person who bought 
the Brooklyn Bridge than the person 
who sold it. Similarly, I'd feel better 
spending $3 gained by cooperating than 
$ 10 gained by defecting. "  

Charles Brenner, whom I had figured 
to be a surefire D, took me by surprise 
and C 'd .  When I asked him why, he can
didly replied, "Because I don't want to 
go on record in a magazine of world-

wide circulation as a defector. "  Very 
well. Know, world, that Charles Brenner 
is a cooperator! 

Many people flirted with the idea that 
everyone would think "about .the same" 
but did not take it seriously enough . . 
Scott Buresh confided to me: "It was not 
an easy ·choice. I found myself in an os
cillation mode, back and forth. I made 
an assumption, namely that everyone 
went through the same mental processes 
I did. I found myself wanting to cooper
ate roughly a third of the time. On the 
basis of that figure and the assumption 
that I was typical I figured about a third 
of the people would cooperate. There
fore I computed how much I stood to 
make in a field where six or seven people 
cooperate. It came out that if I were a D, 
I'd get about three times as much as I 
would if I were a C. So that I'd have to 
defect. Water seeks its own level, and I 
sank to the lower right-hand corner of 
the matrix. "  At this point I told Scott 
that so far a substantial majority had 
defected.  He reacted swiftly: "Those 
rats-how can they all defect? It makes 
me so mad! I'm really disappointed in 
your friends, Doug. " 

So was I, when the final results were 
in: 14 people had defected and six had 
cooperated-exactly what the networks 
would have predicted. Defectors thus 
received $43 and cooperators got $15. I 
wonder what Dorothy is saying to Peter 
about now? I bet she is chuckling and 
remarking, "I told you I'd do better this 
way, didn't I? " Ah me, what can you do 
with people like that? 

A striking aspect of Scott Buresh's an
swer is that in effect he treated his own 
brain as a simulation of other people's 
brains, and he ran the simulation long 
enough to get a sense of what a "typical 
person " would do. This is very much in 
the spirit of my letter. Having assessed 
what the statistics are likely to be, Scott 
then did a coolheaded calculation to 
maximize his profit, based on the as
sumption of six or seven cooperators .  Of 
course, it came out in favor of defec
tion. In fact, it would have done so 
no matter what the number of cooper
ators was.  Any such calculation will al
ways come out in favor of defection. As 
long as you feel your decision is indepen
dent of others' decisions, you should 
defect. What Scott failed to take into 
account was that coolheaded calculat
ing people should take into account that 
coolheaded calculating people should 
take into account that coolheaded cal
culating people should take into ac
count that. . . .  

That sounds awfully hard to take into 
account in a finite way, but actually it 
is the easiest thing in the world . All it 
means is that all these heavy-duty ratio
nal thinkers are going to see they are in a 
symmetrical situation, so that whatever 
reason dictates to one it will dictate to 
all. From this point on the process is 

simple. Which is better for an individual 
if it is a universal choice: cooperation or 
defection? That's all. 

Actually it is not quite all, because I 
.l1.. have swept one possibility ' under 
the rug, namely that maybe throwing a 
die could be better than making a deter
ministic choice. Like Chris Morgan, you 
might think the best thing to do is to 
choose C with probability p and D with 
probability 1 minus p. Chris arbitrarily 
let p be 1 / 2, but it could be any number 
between 0 and 1, where the two ex
tremes represent· defection and coopera
tion respectively. What value of p would 
be chosen by superrational players? It 
is easy to figure out in a two-person 
Prisoner's Dilemma, where you assume 
that both players use the same value 
of p. The expected earnings for each, 
as a function of p, come out to be 
1 + 3p - p2, which grows monotonical
ly as p increases from 0 to 1. Therefore 
the optimum value of p is 1, meaning 
certain cooperation. Where you have 
more players the computations get more 
complex, but the answer does not 
change: the expectation is always max
imal when p is eq ual to 1. Hence 
this approach confirms the earlier one, 
which did not entertain probabilistic 
strategies .  

' Rolling a die to determine what you 
will do did not add anything new to the 
standard Prisoner's Dilemma, but what 
about the modified-matrix version I 
gave in the postscript to my letter? I 
shall let you figure that one out for your
self. And what about the Platonia Di
lemma? There two things are clear: (1) if 
you decide not to send a telegram, your 
chances of winning are zero; (2) if every
one sends a telegram, your chances of 
winning are zero. If you believe what 
you choose will be the same as what 
everyone else chooses because you are 
all superrational, then neither of the al
ternatives is very appealing. With dice, 
however, a new option presents itself: 
roll a die with probability p of coming 

. up "good " and send in your name if and 
only if "good" comes up. 

Now imagine 20 people all doing this 
and figure out what value of p maxi
mizes the likelihood of exactly one per
son getting the go-ahead .  It turns out 
that it is p = 1 / 20 or, more generally, 
p = 1 /  N, where N is the number of par
ticipants. In the limit where N ap
proaches infinity the chance that exactly 
one person will get the go-ahead is 1 /  e, 
which is just under 37 percent. With 20 
superrational players all throwing ico
sahedral dice the chance that you will 
come up the big winner is quite close to 
1 / (20e), which is . a little less than 2 per
cent. That's not at all bad! Certainly it's 
a lot better than zero percent. 

The objection many people raise is: 
"What if my roll comes up bad? Then 
why shouldn't I send in my name any-
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way? After all, if I fail to do so, I'll have. 
no chance whatever of winning. I'll be 
no better off than if I had never rolled 
my die and had just voluntarily with
drawn." This objection seems con.vinc· 
ing at first, but actually it is fallac ious, 
being based on a misrepresentation of 
the meaning of "making a dec ision." A 
genu ine decision to abide by the throw 
of a die means that you m ust abide by 
the throw of the die; if under certain 
circ umstances you ignore the die and do 
something else, then you never made the 
decision you said you had made. Your 
decision is revealed by your actions, not 
by your words before acting. 

If you like the idea of rolling a die but 
fear yo ur willpower may ' not be up to 
resisting the temptation to defect, imag
ine a third "Policansky button" : this one 
says R (for "roll"), and if you press it, it 
rolls a die (perhaps simulated) and then 
irrevocably either sends your name or 
does not, depending on which way the 
die came up. This way you are never al· 
lowed to go back on your decision after ·
the die is cast. P ushing that button is 
making a genuine dec ision to abide by 
the roll of a die. It would be easier on 
any ordinary h uman being to be th us 
shielded -from the temptation, but any 
superrational player would have no 
trou ble holding back after a bad rolL 

This talk of holding back in -the face of 
. strong temptation brings me to the 

climax of. this column: the announce
ment ·of a L uring Lottery open to all 
readers of Scientific American, and non
readers too. The prize. of the lottery is 
$1,000,000 / N, where N is the number of 
entries submitted. J ust think, if you are 
the only entr·ant (and if you submit only 
one entry), a cool million is yours! Per
haps, though, you do ubt this will come 
about. It does seem a trifle Iffy. If you 
would like to increase your chances of 
winning, you are encouraged to send in 
multiple entries without limit. J ust send 
in one .postcard per entry. If you send in 
100 entries, you will have 100' times the 
chance of some poor souL  who sends in 
only one entry. Come to think of it, why 
should you have to send in multiple en· 
tries separately? J ust send one postcard 
with yo ur name and address and a posi
tive integer (telling how many entries 
you are making) to: 

L uring Lottery 
Scientific American 
415 Madison Avenue 
New York, N . Y .  10017 

You will have the same' chance of win
ning as if you had sent in that n umber of 
postcards. Illegible, incoherent, ill-spec
ified "Or incomprehensible entries will be 
disq ualified. Only entries received by 
5 :00 P . M .  on J une 30, 1 9 83, will be con
sidered. Good luck to you (but certainly 
not to any other reader of this column)! 
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BOOKS· 

The human primate, the land from the aIr, 

Hideki Yukawa's story, biological minerals 

by Philip Morrison 

T
HE HUMAN PRIMATE, by R. T. 
Passingham. W. H. Freeman and 
Company ($ 19.95). "If ever apes 

learn to read, I hope that they will find 
the secret" of how to become human 
in this book. So writes the author, an 
Oxford neurologist and psychologist 
whose research is on the monkeys, in an 
admirably judicious yet lighthearted re
view of the vexed question of just what it 
is that makes us extraordinary among 
our fellow primates. The book is scru
pulously documented, its arguments set 
as far as is now possible on experimen
tal results, not on mere plausible conjec
ture. Many issues are still moot. 

One graph suffices to make the case 
that as between distinct species (certain
ly not by mere modest sexual dimor
phism) biology is destiny. The graph 
shows the development of the brain in 
the human being and in the chimpanzee. 
The two curves grow steeply at about 
eq ual rates after conception; both reach 
a plateau. The growth of the chimpan
zee brain, however, slows markedly just 
before birth; the growth of the human 
brain continues at the fetal rate for 
about two years after birth. The result 
is the sovereign difference: the human 
brain ends up about three times the size 
of the chimpanzee's. 

The author takes pains to examine the 
crude measure of absolute brain weight, 
because it lies at the core of his own 
experimental researches. It is of course 
proportioned to the weight of the indi
vidual animal, but we share with the 
great apes brains that are large for our 
build compared with those of the mon
keys, just as monkeys have brains large 
for their size compared with those of 
other mammals. The primates are a 
brainy bunch. So too are the sea mam
mals; we do not quite know why, al
though plainly their bodies are built on a 
quite different plan. 

The human brain is set firmly in the 
primate pattern; a single curve fits the 
data well for ·the volume of neocortex 
(those little gray cells) as a function of 
the brain volume, one neat power law all 
the way from the lemurs to proud Homo 
sapiens. We have more of that powerful 
hardware, but only because the brain we 
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have is bigger, and bigger primate brains 
regularly have relatively more neocor
tical volume. The number of cells in a 
cylinder of cortex of a given area is the 
same in all mammals; the big brains 
have a lower cell density to accommo
date the more numerous interconnec
tions but have thicker cortical layers. 
Even a couple of million years ago our 
australopithecine ancestors had a mean 
brain volume relatively larger than that 
of today's chimpanzees, although the 
brainiest individual chimpanzees ex
ceed the mean of the fossil hominids in 
this measure. Only the rather subtle is
sue around the dominance of one cere
bral hemisphere over language suggests 
that the chimpanzee brain may differ 
from ours in function more than it ap
pears. In monkeys the removal of one 
cerebral hemisphere has little effect on 
the learning even of complex tasks. 

The rest of the comparative anatomy 
of apes and human beings tells no very 
different story. The world appears much. 
the same to chimpanzee and man. We 
share a poor sense of smell, own very 
sensitive pads on the fingers, see color 
by day, use stereoscopic clues for depth 
and are deaf to high audio freq uen
cies. Like us, the chimpanzees can make 
sense of mirrors and photographs and 
can classify their world. Without words, 
chimpanzees and orangutans can pick 
out by feel at the first trial that one 
of two objects which matches a visible 
sample. The chimpanzee has good man
ual skills; all Old World monkeys and 
apes can in fact use the light precision 
grip, and chimpanzees can manipulate 
our tools well, to make a pot of tea or 
flick a switch. There is no doubt that we 
are better at it; no one expects the chimp 
to play Chopin presto. Walking is again 
in our favor; it is an old knack in the 
family, three or more million years old. 
A photograph shows a chimp upright on 
two feet with its arms full of bananas; 
chimpanzees know the usefulness of this 
posture, although a 50-yard run erect is 
as much as has been seen among them. 

Such up-to-date comparative anato
my occupies about a third of the text; 
the rest is split between a similar discus
sion of comparative abilities and one of 

comparative social order. Matching and 
discrimination tests have been done 
with many mammals; monkeys and apes 
excel, even allowing for the fact that the 
testers have a rather evident primate 
bias. (The dolphin is doubtless a clever 
species, but there is no basis for saying 
more for it than that it may compare 
with some of the clever simians.) A 
small orangutan named Abang learned 
to strike a flake from a flint core and 
then use the flake to cut a string to re
lease food from a box. No claim is made 
that Abang is like the first Paleolithic 
craftsman; the animal simply followed 
a careful demonstration. 

Wild chimpanzees have been seen to 
use simple tools-the sticks, stones, 
twigs and leaves around them-to dig, 
pound, probe, sponge up, rake in and 
reach out, to throw and club and prop 
up what they would. Other apes and 
monkeys have also been seen to use 
many of these ready tools. The modifi
cation of tools-ape toolmaking, not 
simple use-is clear in captivity and is 
present, if rudimentary, in the wild. 
Chimpanzees have an entire repertory 
of tool using, but even a blue jay has 
been known to tear and crumple paper 
strips to help move food pellets closer to 
the side of its cage. Perhaps more to the 
point is social imitation, famous among 
the macaques of Japan and even com
moner in chimpanzees. Again birds can 
show it. Social custom-particular 
grooming postures customary among 
one group of chimps and never seen in a 
group of matching habitat nearby
strikes a note of recognition. 

For more than a century language has 
been seen as the Rubicon of human na
ture. A table here lists 13 identified vo
calizations of chimpanzees in the wild: 
laughter, a pant-hoot for general ap
proval, the call wraa. sounded when a 
human being or another predator is de
tected or when a dead chimpanzee is 
found. The vocabulary is touching, but 
it is no language. Passingham is inclined 
to credit the success of recent teaching 
of sign or symbol languages to the chim
panzees, although plainly the matter is 
not finally resolved. Children "have a 
thirst for language," but chimpanzees 
need careful tuition to pick up the sim
plest rules step by step, if indeed they 
can do it at all. 

Of course, the seat of human culture 
is society, not the individual. The human 
family does not seem to hold a clear key; 
90 percent of bird species are monoga
mous, and many primates too are tightly 
pair-bonded, in a rather random distri
bution among the groups of primates. 
The titi-monkey pair shown in a loving 
winding of furry tails are better as a 
symbol of marriage than any robin's 
nest; titis do seem to share plant food 
easily between adults and young. Chim
panzees share the meat they occasional-

© 1983 SCIENTIFIC AMERICAN, INC



© 1983 SCIENTIFIC AMERICAN, INC



© 1983 SCIENTIFIC AMERICAN, INC



© 1983 SCIENTIFIC AMERICAN, INC



The sounds of silence 

T he dip and pull and ripple of the paddle, the whistle whirring of the reel, the echo of the 

loon. T his is the place to refresh your senses far and away from the workaday world. 
Come North to 400,000 lakes, to wilderness excursions or fly-in fIshing camps, or resorts 

of all sorts in our great out-of-doors. North to greet the dawn and the call of the wild. 

Phone TOLL FREE 1-800-828-8585 or from New York State 1-800-462-8404 or write: 
Ontario Travel, Queen's Park, Toronto M7A 2E5, Ontario/Canada. 

Northern Ontario/Canada 

© 1983 SCIENTIFIC AMERICAN, INC



ly take, but they form sex-divided bands 
rather than family groups; their transfer 
of meat is more of a "tolerated scroung
ing" .than an example of customary 
sharing. There is evidence that some 1.5 
million years ago hominid bands al
ready used butchering sites; "whatever 
the basic social unit at that time, we 
must suppose that the two sexes were 
more dependent on each other in their 
economic life than is true of chimpan
zees today." 

Cooperation and indeed competition 
play their roles in the social groupings 
of animals. Monkey groups sometimes 
fight battles, but only human beings sus
tain war. A careful account makes it 
plain that human warfare is not'inbuilt 
aggression, as the ethologist Konrad Lo
renz seemed to argue, or an analogue 
of territoriality or of dominance hierar
chies. It is not the "beast within" we 
need to blame. Man is the only warring 
primate because he alone is able to 
make war; he is too clever for his own 
good. The author considers both the ge
netic and the cultural aspects of the hu
man heritage at some length; he con
cludes that the current controversies are 
premature in the absence of adequate 
evidence. Both nature and nurture af
fect behavior. These days more peo
ple might be persuaded by a trendier 
phrase: the need for both hardware and 
software. The profound software chang
es of human prehistory in the absence 
of demonstrable genetic change at any 
such breakneck rate, however, place a 
heavy burden on sociobiological ex
planations. 

The future evolutionary task of the 
chimpanzees is clear. "They must ex
pand their brains according to the pri
mate pattern" until they can fluently 
form and transmit propositions about 
the physical and the social world, even 
in the sensory absence of 'the topical 
stimulus. A novel social order will fol
low, a growing culture, and the apes will 
be on their way. What we can say to
day about that path may be elementary, 
but it does not seem to present an utter 
mystery. Over some 10 million years 
of change a threshold was crossed, by 
brain expansion rather than by recon
struction, and a rich and ready code 
arose. "Of course, it is possible that, 
when faced with the option of becoming 
a man, a rational chimpanzee would 
take one look at human society and turn 
down the offer." 

B
RITAIN FROM THE AIR, by Bernard 

Stonehouse. Crown Publishers, Inc. 
($30). THE EXTRAORDINARY LAND

SCAPE: AERIAL PHOTOGRAPHS OF AMER
ICA, by William Garnett. New York 
Graphic Society, Little, Brown and 
Company ($60). The cameramen of Ae
rofilms, Ltd., began in about 1919 (there 
is a takeoff picture of a stick-and-wire 

biplane to prove it) to assemble their 
unmatched collection of commercial air 
photographs of the island of Britain 
(and a little outside it). Stonehouse, 
an experienced pilot and a well-known 
ecologist, has lovingly compiled from 
that overflowing archive a selection of 
its photographs in color, mainly from 
flights over the past 10 years. He has 
prepared a brief description of each 
photograph, provided a map of the im
plied wanderings from the island of Jer
sey to the far Scottish Highlands and 
displayed the photographs on the large 
pages of this album. About seven of ev
ery eight photographs focus, speaking 
very roughly, on the work of British 
hands 1,000 feet below; the rest show a 
landscape that is mainly nature's. 

Here, for instance, are the famous 
bridges of Britain, monuments in the 
history of modern technology. They are 
shown of course as they lie in the coun
tryside, an essential view not so familiar 
to students of engineering from the 
books. First see Coal brookdale, that 
delicate masterpiece of Abraham Dar
by's cast-iron foundry, spanning the 
narrow blue Severn for 200 years now. 
The first modern suspension bridge, de
signed by Thomas Telford, soars over 
the Menai Strait in northern Wales, 
modern steel cables bearing the load 
carried until quite recent times by the 
original huge links of wrought-iron 
chain. Close by is little Conwy, where 
the same granite headland that bears 
a fine 13th-century castle also receives 
three early Victorian wonders: Telford's 
suspension bridge for the coach road 
and the twin rectangular iron tubes de
signed by Robert Stephenson that still 
enclose and support the railway, one 
track within each. 

Here too is a span of Isambard King
dom BruneI's, a chain-link flung' high 
above the sluggish Avon below Bristol, 
"completed with second-hand chains." 
The cantilevers of the Firth of Forth 
hold out their powerful hands to bear 
the trains, and behind them the elegant 
new cable-suspension highway bridge is 
mistily visible. The Severn cable bridge 
spans wide, windy waters near the sea, 
and the half-dozen busy crossings of 
central London, low arches and high 
towers, appear repeatedly. 

An older tale is told in other struc
tures. The export industry of Norfolk 
about 4,000 years back was flint tools. 
At Grime's Graves the field is pocked 
with long-overgrown spoil heaps and 
long-filled pits, where once Neolithic 
miners toiled with reindeer-antler picks 
to win the nodules of flint 20 feet down 
in the chalk. Here are the Avebury rings, 
near Stonehenge on Salisbury Plain, 
best seen as a concentric whole from the 
air, except that the viewer can then only 
envy the people whose parked cars testi
fy to their pleasant hour at the country 

pub near the center. Scarred to the white 
chalk just below the roots of rich green 
pasture on Berkshire Downs is the giant 
silhouette of a "wild horse-goddess, " 
with an Iron Age fort close by. Roman 
occupation is marked by a stone garri
son fort at Housesteads along Hadri
an's Wall, where a battalion of legion
aries once served. 

Here are the centers of learning, the 
University of Oxford lying grandly 
around the rotunda of the Radcliffe 
Camera, Cambridge seen from across 
the Cam, with the chapel of King's Col
.lege at the center, and Eton College, 
framed a little too tightly to display 
more than a corner of the aphoristic 
playing fields. There are steel mills and 
mining towns, and one enormous non
nuclear power station, magically trans
formed almost into a Turner by billows 
of mist and the vapor columns rising 
from the eight drums of its cooling tow
ers. British foibles are not avoided, en
dearing architectural follies, cricket and 
the crowd leaving a Cup Final at Wem
bley Stadium. There is a multiple pile
up on the M 1 road, a mortal disaster 
among dozens ·of cars and lorries in the 
fog somehow more devastating in Bed
fordshire than in Los Angeles. 

Among the images of nature the cliffs 
of Albion are strikingly shown, the 
green downs edged by 500 feet of white 
chalk, the sea below completely lost in 
mist. This is a striking set of documents, 
craftsmanlike-rather than artful, but one 
image crosses that line. It shows the 
Pool of London at sunset, ships, barges 
and bridges silhouetted strongly against 
a winding golden Thames, the city an 
almost unmarked black. It would evoca
tively illustrate an edition of Conrad. 

William Garnett, the author of the 
other book of aerial photographs, is no 

. company but an engaged artist, one man 
with a million miles of solo flight in a 
light plane behind him, camera in one 
hand, controls in the other. His quarry is 
the beauty of the land. A few people 
appear in boats, as the lone fisherman 
adds melancholy scale to the land
scape of the Chinese painters. The only 
works of humankind seen often here 
are the boldly contoured furrows of 
the tractor-driving plowman, along with 
field boundaries and windrows. 

Here also there are two classes of im
ages> both beautiful. They are superbly 
reprod uced in this book, a triumph of 
American bookmakers from coast to 
coast. One class is a landscape where 
scale is easy to read: the inverted cone 
of a volcanic gas vent newly melted into 
glacier ice and snowpack high on Mount 
Baker or 100 miles of Mississippi ox
bows glowing in the low sun. (Garnett 
flies and shoots at altitudes from 100 
feet up to three or four miles.) In the 
other class the scale is covert, enigmatic. 
The picture is largely texture, a play of 
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form and color that may remind you of 
the land but might be the abstract can
vas of a painter. The tufts of sunstruck 
brown kelp float in the blue sea. The 
eroded butte is a sculptured surface, 
the blue sky mirrored in the branching 
ravines filled with snow, the steeper 
slopes lacing the ravines with a chiseled 
gray-gold smoothness. Sometimes it is 
the clouds that bear the tale, sometimes 
it is the surf breaking on an unseen 
slope. The flooded fields of California 
rice glow deep sky blue; and across 
them the low dikes trace a contour map 
in sun gold. 

Ansel Adams writes of these photo
graphs as revelation; they disclose pat
terns we ordinarily miss. Garnett re
calls 36 years of piloting, often intense
ly hard, dangerous work. He praises 
his tools: "Deep appreciation goes to 
all those unknown people· who care
fully engineered my plane, ... craft
ed the parts, ... gave my craft its rated 
strength and the integrity to serve ... 
through unrelenting, pounding turbu
lence, and yet to respond with ... bal
lerinalike movement in smooth air. 
Yes, to all you people at Cessna Air
craft, McCauley Propeller and Conti
nental Engine-I love you for your 
care. Thank you for three decades of 
safe, beautiful, privileged flight." The 
opening photograph, by the artist's son, 
shows the silvery 1955 Cessna 170-B in 
flight; the closing image displays "the 
shadow of my plane on a cloud, com
pletely encircled by a rainbow." It is a 
token for this happy union of technol
ogy and sensibility, in a life of devotion· 
to an antique and spacious vision that 
became real only in our times. 

H
IDEKI YUKAWA: "TABIBITO" (THE· 

TRAVELER), translated . by L. M. 
Brown and R. Yoshida. World Scientific 
Publishing Co., Singapore. Distributed 
in the U.S. by Heyden & Son, Inc., 247 
South 41 Street, Philadelphia, Pa. 19104 
($33 ). "Hideki Ogawa was born in 1907 
at old Tokyo's Ichibei-cho Azabu. The 
house smelled ·of plum blossoms each 
spring .... I cannot remember the house 
of my birth, not even the plum blossoms 
there. I ·know them only through my 
mother, but in my mind I know they are 
extremely beautiful. (Perhaps my sub
conscious tries to beautify my birth.) " 
So began the physicist Yukawa when at 
50, a decade after his name was the first 
from the Far East to enter the long list of 
Nobel prizewinners, he wrote this can
did, gentle, reflective autobiography of 
his youth. (Like his father before him he 
had adopted his wife's family name on 
marriage, a custom in Japan when there 
is no son to continue the· name.) The 
memoir ends in November, 1934, with 
his famous paper in English, the birth of 
the physics of the hidden transient parti
cles of nature. (Enrico Fermi's neutrino 
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theory of the same year probably shares 
that proud claim.) Yukawa was then a 
young lecturer in theoretical physics at 
Osaka Imperial University. He finished 
the paper quickly because "my wife kept 
urging me, 'Please write the English pa
per and show it to the world.' '' 

The flood of post-Meiji moderniza
tion in Japan runs brimful through the 
book. Hideki's paternal grandfather 
taught Chinese learning to the children 
of the feudal clan of Tanabe. Hideki's 
father, inclined to a bookish life, was 
drawn by a chance at the New Knowl
edge, and made his way to the univer
sity in Tokyo. The terrible earthquake 
of 1891 near Nagoya, not far from his 
home countryside, gripped his imagi
nation. He visited the scene and came 
away in awe. "It was then that his life 
began to center around geology." He 
became a well-known field geologist. 
After a long government-sponsored trip 
to China to examine its mineraLs on the· 
eve of the Japanese expansion, he went 
to Kyoto University, eventually to be
come dean. The infant Hideki. grew up 
in Kyoto with two sisters· and four 
brothers. Three of the sons became uni
versity professors; the other was killed in 
World· War II. 

Hideki was a shy, bookish, silent, 
somewhat lonely child. He was distant 
from his parents. His father did not in
tend to send this enigmatic boy to uni
versity; a technical school seemed good. 
enough. But his mother'S pleas and the 
intervention of the insightful principal 
of his school ("A boy with Hideki's po
tential is very rare " )  opened the path. 
Hideki knew he was mathematically 
gifted. An older brother brought home 
from the middle school the wonderful 
formula for summing a long arithmetic 
progression all at once. Younger broth
er had already worked out the method· 
on his own, innocent of algebra and its 
notation. Mother realized it and "began 
to smile in delight." 

The . narrative is familiar; worldwide 
human unity outweighs the powerful 
old culture. This is a Japan as vibrant as 
it is constrained. Einstein visits, and all 
Kyoto-except Hideki-turns out to see 
and hear him. Dostoevski and de Mille 
are in everyone's mind; Hideki, still in 
his wide pleated trousers, has a nick
name borrowed from Tolstoi, perhaps 
meaning Ivan the Fool. He is active in 
baseball, but he walks apart from even 
his sisters. He is taught at home the Chi
nese characters from the classics by rote 
without understanding, he swims in the 
traditional way (end urance for many 
hours with no account of distance ) and 
the high school play is storytelling of 
the third shogun, a performance full of 
swordsmen and dependent on elegant 
female impersonators. (Hideki refused 
such a part.) His family was a strict one; 
playfulness was rare. 

He was aimed at mathematics, pretty 
surely, until he hit a martinet of.a high 
school teacher. The man marked as 
wrong a correct proof that differed from 
the one given in class; Hideki could not 
"dedicate his life " to a subject like that. 
A bad draftsman (although an able cal-· 
ligrapher ), he could not hope for engi
neeririg. His geologist father made an 
effort to lead the boy toward geology, 
but Hideki's mind was a logical one, 
with little power for observation or 
memorization. He could not finish ·the 
big textbook in English his father pro
duced outof the library at home. Phys
ics it was to be; two German books on 
the old quantum theory (Reiche and 
Planck ) made up his young mind. 

Here is his undergrad uate physics 
class photograph at Kyoto; visiting pro
fessor Otto Laporte of Michigan is 
there, and so is Hideki's close friend Sin
itiro Tomonaga, who was to win a No
bel prize a few years after him. A young 
graduate student, Hideki is attracted by 
the "spirit of Copenhagen " in the·lec
tures of a paternal Y oshio N ish ina on 
quantum mechanics. That attitude is 
hard to describe, but "it is certain that 
it had much in common with the spirit 
of generosity." 

An arranged marriage is charmingly 
described; it was a lifelong success. The 
new Ph.D. finds his way, at first only 
part-time and then in a real teaching job, 
to the new, lively University of Osaka. 
There is a physicist-president there, and 
Yukawa is recruited by Hidetsugu Yagi, 
inventor of the antenna named after 
him. ("I developed a deep trust in this 
man." ) No gifted teacher, Yukawa 
spoke to the blackboard, and his soft 
unemphatic speech invited sleep. 

All the time he was seized with the 
refractory question of the nuclear for
ces. His first original research paper 
treated the magnetic interaction be
tween the atomic electron and the nucle
us, but Fermi beats him to the spectro
scopic answer and goes further. Once 
again Yukawa tries for the nuclear 
forces; this time it is an effort to use the 
electron and the neutrino, where once 
more Fermi far off in Rome has blazed a 
path only dimly seen in Osaka. Finally, 
in a new house in the hills, a 10-mile 
commute to the dusty and busy streets 
of industrial Osaka, he is forced to spend 
a few days at home. Sumi, his wife, is 
confined with the birth of their second 
child, and stormy fall weather makes it 
hard to travel among the fallen trees. 

One night, unable to sleep, the new 
infant a few days old, the crucial point 
comes to him. The short range of nucle
ar forces demands a carrier of the force 
field with a mass of 200 electrons. No 
one could easily observe such a particle. 
It is present but hidden, if his calcula
tions are right. That day in the meeting 
of their lively nuclear research group he 
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IBM UP 
21/2 minutes 30· seconds 

Hewlett-Packard's 
. new personal , 
computer is up to 

5 times faster 
than IBM's. 
And half the size. 
Take two personal computers: Hewlett� 
Packard's new Series 200 Model 16 and ' 
the IBM P C. Run the same software
Context/MBA"'- and solve the same 
problem. 

You'll see one big difference. It takes 
the IBM minutes to .do what the HP 
200 can do in· seconds:" And that's just 
the beginning. 

With Context/MBA'" integrated 
software, the HP 200 can do word 
processing, spreadsheet projections, 
.indexing, filing and graphics all at one 
time. Change one number in a projec
tion ... and the graphs change, auto
matically. It's that easy. And with the 
HP 200, it's just about that fast. 

Because, with its super-p owerful 
MC68000 micro-processor, the HP 200 
can address 32 pieces of information at 
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one time. (Twice as much as the IBM.) 
And it's got the memory to handle 

big, complicated problems. (You 
can have as much as 768Kb.) 

But for all its power, the 
HP 200 is surprisingly small. 
T he whole computer, not in
cluding the keyboard, meas
ures just 1 2 "  across by 13" 

deep: So, putting a personal 
computer on your desk doesn't 

mean taking everything else off. 
lf you'd like to see how the HP 200 

. measures up, call (800 ) 5 47-3400. (In 
Alaska, Hawaii and Oregon call (503) 
758-1010 or T T Y  (503) 758-5566.) 
Ask operator #411 for more informa
tion and the name of the HP dealer or 
sales office nearest you·. 

. r/iOW HEWLETT 
�eJIII PACKARD 

TC-02310 

·Recalculating and refreshing a screen with words. numbers 
and graphics. Both ran equivalent Context/MBN" programs. 

ContextiMBATIoI is a trademark of Context Management Inc. 
IBM is a trademark of International Business Machines. 
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tells of it. "If there is such a char.ged 
particle, it should become visible in the 
Wilson cloud chamber, should it not?" 
Kibuchi asks. "I answered, 'Yes, the par
ticle can be found in the cosmic rays. ' '' 

There the pi meson was duly found, 
after a few years of unraveling some 
puzzles. Today the. simple Yukawa 
equation has given way to a grand sce
nario of particles found and conjectured 
in entire families, much extending Yu
kawa's pioneer path. His penetrating 
self-analysis is nicely translated. L. M. 
Brown of Northwestern has given a 
knowing introduction to Japanese phys
ics in the times of the narrative, an ac
count that makes it quite clear that Yu
kawa, although he was a self-contained 
worker, was by no means alone. The 
book is published now in English by 
a new Singapore firm, determined to 
make available good books (most of 
them original advanced treatises) at low 
prices for the students, many in Asia, 
from whose .work will flow the world
wide physics of the future. 

A book so personal may justify the 
self-indulgence of the physicist-review
er, who first met Hideki and Sumi Yuka
wa in that year of grim resolution 1945 
at their Kyoto house, over a ceremoni
al cup of tea. The gauche young visitor, 
in the uniform of the occupier, came 
half-triumphant, half-guilty, to receive 
a graceful welcome at their hands. They 
gave what they had in war-exhausted 
Japan, quiet, beauty and the celebra
tion of peace, and it was treasure. 

B
IOMINERALIZATION AND BIOLOGICAL 

METAL ACCUMULATION: BIOLOGI
CAL AND GEOLOGICAL PERSPECTIVES, 
edited by P. Westbroek and E. W. De 
Jong. D. Reidel Publishing Company. 
Distributed in the U. S. and Canada by 
Kluwer Boston, Inc., 190 Old Derby 
Street, Hingham, Mass. 02043 ($69.50). 
Hard-shelled or spiny, or sharp-toothed 
and stout of bone, many a member of 
the animal kingdom has manifested 
control over and investment in the aus
tere kingdom of minerals. Add exam
ples such as eggshell and the pathologi
cal kidney stone, to say nothing of the 
tiny otoliths within the orienting instru
mentation of animals from sharks to hu
man beings, and the case is stronger. 
About half of the space in this varied 
and prompt report of an international 
congress held in the Netherlands only a 
year ago is given over to papers touch
ing many aspects of calcification. Plain
ly the examples just listed are signs of 
the liminess of the present world of life, 
organisms adept at mobilizing the ions 
of calcium up to the crystalline level. 

The topics are not new; indeed, this 
was the fourth interdisciplinary con
gress of a series, a gathering of biolo
gists, geologists and chemists. This time 
their brief was widened. A third of the 
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papers treat the accumulation of miner
als other than those of calcium, and the 
rest of the 500-page volume, its attitude 
closer to plate tectonics than to electron 
micrographs and polysaccharide chem
istry, inquires into the global implica
tions of the ancient alliance between 
minerals and organisms. 

There are now known about 40 miner
als normally formed by extant organ
isms, plus nearly 20 others that appear 
as pathologies (including dolomite, a 
bladder stone of the Dalmatian dog, 
whose spots are not its only claim to 
oddity). Our bone crystallites are main
ly a mineral of calcium phosphate, hy
droxyapatite; the shelly stuff of mol
lusks is calcium carbonate, in one or 
another of its crystal forms; also on the 
list are pyrite, galena; fluorite, barite, 
gypsum and magnetite. It is true that 
some of these relations may be less 
than intimate: the organism ind uces the 
growth of the mineral in a pseudoinor
ganic manner, so to speak on the side. 

Even more commonly crystal growth 
is more or less controlled by a little-un
derstood assembly of specific organic 
macropolymers, which act to determine 
the mineral phase, its crystallographic 
orientation and its overall form. Tiny 
opal-like silica spheres somehow are 
assembled into the specific and lovely 
forms of the diatoms and the radiolari
ans. An organic framework can be seen 
to precede the opaline deposit and may 
act as a template. Life is good at con
structing surface layers, a strategic de
vice for the control of crystal growth, 
and there are reports here of the strong 
inhibition of crystal growth, even in vi
tro, by specific organic products that 
disturb nucleation. Electron micro
graphs at almost the resolution of the 
atomic layers disclose that in the tiny 
calcite particles of the inner ear of a rat 
the crystallites are oriented to yield a 
single-crystal diffraction pattern, even 
though actually the structure is an or
dered overlap of several tiny crys
tals. The full terms of the alliance be
tween the two species of order remain 
undisclosed. 

The tidal flats of our times are not 
much different from the world of the 
early Precambrian, before life could 
leave the wet sea edge. Nowadays the 
evolved competitors are keen, but even 
so some colonial blue-green algae are 
found on salty shores worldwide from 
the Bahamas to western Australia. One 
remarkable study examined these mat
ted structures over time; the living 
forms lithify to dominate the intertidal 
surfaces. These crusts of calcium car
bonate form through an elaborate proc
ess of seasonal change; they resemble 
in detail the stromatolites of a billion 
or two years ago and more. The proc
ess that preserves the structure destroys 
the very organisms that built it; the al-

liance was intimate even then, although 
not yet easy. 

The sovereign cycles of the earth are 
plainly two: at depth gravitational and 
radioactive heat drives a slow, majestic 
flow, to raise mountains, open and close 
seas and outgas deep-lying materials 
within the huge volume of the planet. 
On the surface there is a thin shell of life, 
sun-nourished, catalytically remarkably 
active, demonstrably evolving in com
plexity and perhaps in gross activity 
over the entire span of planetary history. 
One molecule, carbon dioxide, plays 
two roles. It is the nutrient that feeds the 
photosynthetic elaboration of the car
bon skein of life. It is also the single 
atmospheric component most impor
tant in the regulation of the temperature 
of the earth's surface by its greenhouse 
control over outgoing infrared. 

Life demands enough of carbon diox-. 
ide, and yet life cannot easily survive too 
much of it. Most of the carbon atoms 
now near the surface of the earth are in 
fact buried deep in the calcite jetsam of 
the waters of all geologic time. Other
wise our planet might be an oven-hot 
second Venus. For four billion years the 
right balance has somehow been struck. 
Was it a subtle feedback loop set up 
within the fabric of life itself? Or was 
the balance maintained by blind geolo
gy? The terrestrial thermostat has main
tained a living planet even though the 
sun has slowly grown more luminous, 
on its way to the swollen red giant of 
the future. 

That might be reflected in the uptake 
of carbon dioxide by calcium during 
the weathering of the exposed feldspars 
in crystalline rock. Hot climates mean 
faster weathering, less free carbon diox
ide and a cooling climate, a feedback 
loop entirely independent of life. Such 
an earth cannot freeze over, either; the 
gas from the depths is fed out even 
through a glaciated surface, but weath
ering would not persist under an ice 
blanket. Or is it that weathering rates 
depend heavily on the transport of car
bon dioxide to the rocky surfaces by the 
vigorous life in the soil of a hot and 
sunny climate? Evolution or good for
tune? Gaia or Pluto? 

This big book holds at least half a 
dozen readable review papers over the 
entire set of issues mentioned. Another 
dozen or so papers are straightforward 
enough to instruct and even amaze the 
general 'reader. The remaining score, 
terse and technical, can reward the 
browser. One report by a young Boston 
University biologist indicates by direct 
simulation with living cyanobacteria (a 
sample she took from the Charles River) 
that the very old gold ores of the Witwa
tersrand may indeed have been formed 
through direct microbial involvement. 
Is glittering gold another biomineral of 
the microbial mats? 
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Envisioning automobiles that will slip through 
the wind is only a beginning. The men and women 

who work the assembly lines then translate those 
visions into reality. That's why, in 68 plants across 

the country, over 1100 Employ ee Involvement 
Groups have been established by Ford Motor 

Company and the UAW. Their goal? To build the 
highest quality cars and trucks in the world. 
Members of this group, at the Kansas City, 

Missouri, Assembly Plant, used their 
skills to refine the fit and finish 

procedures needed to 
build the brand-new 

Ford Tempo 
well before 

this 

highly aerodynamic car went into production. 
All part of the effort to get a sound body de
signed to be free of squeaks and rattles. 
Employ ees speaking and management listen
ing. Another reason Ford Motor Company 
achieved the highest quality rating of any major 
American car or truck maker. A fact based 
on a national survey measuring things 

gone wrong, after 3 months of ownership, 
conducted among 11,000 people owning 

Ford and competitive 1982 new 
vehicles. And it's further 

evidence that Ford Motor 
Company employees 

are great body 
builders. 

Ford 
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Lincoln 
Ford Trucks 

Ford Tractors 
QtUllityisJobl. 
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Physical Disability and Public Policy 
The civil rights of disabled Americans require a more accessible 
environment. The present Administration, however, hesitates 
to enforce laws calling for the removal of architectural barriers 

by Gerben De] ong and Raymond Lifchez 

I
n the past 15 years or so there has 

been a major change in the policy 
of the U.S. with respect to citizens 

with disabilities. Between 1968 and 1980 
Congress passed a series of laws aimed 
at enhancing the quality of life for dis
abled Americans through various mea
sures; including the removal of archi
tectural barriers, the improvement of 
ed ucational opportunities for disabled 
children and the encouragement of self
help organizations for people with dis
abilities. The centerpiece of the new leg
islation was the Rehabilitation Act of 
1973. Section 504 of the act, which bars 
discrimination on the basis of handicap 
in any program or activity benefiting ei
ther directly or indirectly from Federal 
financial aid, has emerged as the most 
controversial and most litigated piece of 
the legislation. In essence the Rehabili
tation Act extends to disabled Ameri
cans a previously uncodified form of 
civil-rights protection. Accordingly the 
1973 law is sometimes called the Civil 
Rights Act of the Handicapped. 

In spite of the clear intent of Congress 
in the matter the present status of dis
abled people in American society is un
certain, in large part because the Reagan 
Administration has been reluctant to en
force the new laws. Meanwhile there are 
signs of a public backlash: after an ini
tial period of little opposition to these 
measures the nation seems to have en
tered a period of doubt, particularly 
over the cost of making the built envi
ronment more accessible to people with 
disabilities. At a time of widespread 
retrenchment in Government expendi
tures for social programs Americans 
with disabilities are finding themselves 
increasingly on the defensive. 

In what follows we shall review the 
background of this issue, summarize 
what is known about the dimensions of 
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disability in the U.S., look into the caus
es of the current stalemate in the imple
mentation of the existing disability laws 
and try to identify some of the ingredi
ents needed to make the nation's disa
bility policy a viable one in the face of 
current political and economic realities. 
In particular we shall focus on one high
ly visible aspect of the problem, namely 
the removal of architectural barriers to 
the progress and well-being of people 
with disabilities. 

The disability .legislation of the past 
15 years is based on familiar civil

rights principles such as equal opportu
nity, nondiscrimination, integration, free 
choice and self-help, to name a few. The 
thread linking all these principles is the 
concept of access-access to education, 
to employment, to public facilities and 
services, to transportation, to housing 
and to other resources needed by dis
abled people to more fully realize their 
rights as citizens. Architectural barri
ers compromise access. They are seen 
in this context as obstacles that limit 
opportunity, promote discrimination, 
prevent integration, restrict choice and 
frustrate self-help. 

In a sense the new disability legisla
tion also has an affinity with the tradi
tional noninterventionist values of the 
political right. The legislation emphasiz
es self-reliance and the right of disabled 
individuals to shape their own destiny. 

The aim of the legislation is merely to 
remove the barriers that prevent dis
abled people from achieving that goal. 
Although the legislation does in fact 
impose new burdens on certain seg
ments of American society, the "boot
strap" philosophy implicit in the laws is 
unmistakable. 

Much of what is known about disabil
ity in the U.S. comes from the Health 
Interview Survey, a continuing nation
wide study sponsored by the Nation
al Center for Health Statistics. Each 
year the center, working in collabora
tion with the Bureau of the Census, se
lects a sample of about 40,000 house
holds, representing approximately 120,-
000 persons. One respondent from each 
household is interviewed in depth to as
certain the state of health of each resi
dent, including any functional limita
tions attributable to a chronic health 
condition. According tp the Health In
terview Survey for 1979 (the latest year 
for which fully tabulated results are 
available), some 31.5 million Ameri
cans, or 14.6 percent of the noninstitu
tionalized population, are limited in 
some way by a chronic health condition. 
An estimated 7.9 million (or 3.7 percent) 
are considered severely disabled, that is, 
they are unable to carry on some major 
activity such as attending school, work
ing or housekeeping. As one might ex
pect, disability increases significantly 
with age: 46 percent of those who are 65 

OUTSTANDING EXAMPLE of a public place designed to be accessible to people with dis
abilities is seen in the photograph on the opposite page. The view is of a rooftop "vertical park" 
adjacent to the new Provincial Government Offices and Law Courts Building in Vancouver, 
B.C. The stairway, which provides access to the terraced, low-rise building at several levels, in
corporates a series of diagonal ramps suitable for use by people in wheelchairs. The ramps 
have a grade of 8 percent (that is, they rise eight feet for every 100 feet of their length), in 
compliance with the local building code. The $100 million civic center was designed by Arthur 
Erickson Architects of Toronto. The client was the British Columbia Building Corporation. 
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years old or older have a chronic activi
ty-limiting disability, and 16.9 percent 
are unable to carry on a major activity. 

For more detailed statistics on the 
prevalence of disability in the u.s. one 
must turn to another source: the Survey 
of Income and Ed ucation, which was 
conducted in 1976 by the Census Bu
reau. The results of this survey are based 
on interviews with people representing 
158,500 households. For the purpose of 
the survey people were considered dis
abled if they had a chronic health condi
tion that prevented them from partici
pating in a major activity appropriate to 
their age group. 

The Survey of Income and Education 
indicates that blacks are significantly 
more likely to be disabled than whites: 
17.6 percent of the black population 
surveyed were found to be disabled, 
compared with 13.7 percent of the white 
population. A more striking contrast 
can be found in the 18-to-64 age group, 
in which 19.4 percent of the black popu
lation and 12.6 percent of the white pop
ulation were found to be disabled. Peo
ple classified as Hispanic were found 
to have the lowest rate of disability: 
10.6 percent. 

According to the same survey, the 
prevalence of disability varies inverse-

YEAR PUBLIC LAW NO. 

ly with education. In the 18-to-64 age 
group 38.5 percent of those with less 
than an eighth-grade education, 10.3 
percent of those with a high school edu
cation and 5.3 percent of those with a 
college degree were disabled. Because 
the ability to work is central to the defi
nition of disability for this age group, 
a person's level of education can sig
nificantly affect his or her ability to ob
tain work with or without a long-term 
health condition. 

Adopting the Federal poverty line as a 
benchmark, the Survey of Income and 
Education found that poor people in the 
18-to-64 age group were much more 
likely to be disabled than nonpoor work
ing-age people (28.7 percent as against 
11.8 percent). Another way of stating 
the relation between disability and pov
erty for this age group is to point out 
that disabled people were more than 
twice as likely to be poor than nondis
abled people (18.7 percent as against 
7.1 percent). 

The direction of causation between 
poverty and disability is not well under
stood. Does poverty cause disability or 
does disability cause poverty? Based on 
national survey data from the 1960's 
Howard Luft of Stanford University es
timates that at least 30 percent of the 
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Americans with disabilities are poor be
cause of their health problems .. He re
ports that among white males the figure 
rises to 75 percent. Luft argues that the 
causal sequence from poverty to disabil
ity is less clear and cannot be easily dis
entangled from the effects of other fac
tors such as age, sex, race and education. 

The prevalence of disability varies by 
as much as 45 percent from one region 
of the country to another. Data from the 
Survey of Income and Education indi
cate that for people three years old and 
older New England has the lowest rate 
of disability (12.6 percent), whereas the 
East South Central region has the high
est (18.3 percent). Among the contigu
ous 48 states Nebraska has the lowest 
disability rate (11.1 percent); West Vir
ginia has the highest (21.9 percent). 

Most of these statistics reveal little 
about the demands that disability 

places on the nation's system of health 
and human services. The two largest 
Federal programs for disabled people in 
the U.S. are the Social Security Disabil
ity Insurance program and the Supple
mental Security Income program, both 
of which are managed by the Social 
Security Administration. In 1980 these 
two income-transfer programs made 

KEY PROVISIONS 

1968 90-480 ARCHITECTURAL BARRIERS ACT 
Requires that buildings built with Federal funds or leased by 
the Federal Government be made accessible 

1970 91-453 URBAN MASS TRANSPORTATION ACT Requires eligible local jurisdictions to plan and design 
accessible mass-transportation facilities and services 

Requires that transportation facilities receiving Federal as-
1973 93-87 FEDERAL AID HIGHWAY ACT sistance under the act be made accessible; allows highway 

funds to be used to make pedestrian crosswalks accessible 

Prohibits discrimination against qualified handicapped people 

1973 93-112 REHABILITATION ACT 
in programs, services and benefits that are Federally funded; 
creates Architectural and Transportation Barriers Compliance 
Board 

DEPARTMENT OF TRANSPORTATION Prohibits purchase of mass-transit equipment or construction 
1975 93-391 

APPROPRIATIONS ACT of facilities unless they are accessible to elderly and handi-
capped people 

DEVELOPMENTAL DISABILITIES Establishes protection and advocacy systems for develop-
1975 94-103 ASSISTANCE AND BILL OF RIGHTS ACT mentally disabled people; establishes representative councils 

in each state for developmentally disabled people 

1975 94-142 
EDUCATION FOR ALL HANDICAPPED Provides for a free appropriate education for handicapped 

CHILDREN ACT children in the least restrictive setting possible 

Provides for the removal of barriers in Federally supported 

1975 94-173 NATIONAL HOUSING ACT AMENDMENTS 
housing; establiShes Office of Independent Living for disabled 
people in U.S. Department of Housing and Urban Develop-
ment 

REHABILITATION COMPREHENSIVE Establishes independent living as a priority for state voca-

1978 95-602 SERVICES AND DEVELOPMENTAL tional rehabilitation programs; provides Federal funding for 

DISABILITY AMENDMENTS independent-living centers 

SOCIAL SECURITY DISABILITY 
Removes certain disincentives to work by allowing disabled 

1980 96-265 
AMENDMENTS 

people to deduct independent-living expenses in computing 
income benefits 

FEDERAL DISABILITY LAWS passed by Congress between 1968 
and 1980 marked a shift in the public policy of the U.S. from one 
that focused primarily on providing personal-adjustment services to 
disabled individuals to one that concentrated more on making the 

built environment accessible to all Americans. In addition to the ma
jor pieces of legislation listed here Congress enacted numerous oth
er measures aimed toward the same objective. Much of this legisla
tion has not been fully implemented by the Reagan Administration. 
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$20.6 billion in cash payments to more 
than four million working-age people 
with disabilities. 

Monroe Berkowitz of Rutgers Uni
versity estimates that disability-related 
expenditures of $63.5 billion were made 
on behalf of working-age people in 
1977, the latest year for which aggregate 
cost data are available. Of this figure 
$47.6 billion went to public and private 
income-transfer payments, $12.9 bil
lion went to medical care and $3 billion 
went to direct services and various la
bor-market interventions such as job 
programs and vocational rehabilitation. 
N one of these fig ures includes transfer 
payments or services on behalf of chil
dren or people of retirement age. 

The number of people who receive 
disability-related income-transfer pay
ments has stabilized in recent years. 
Nevertheless, the problem of chronic 
disability continues to have a dispro
portionate and growing impact on the 
health-care system. Data from the 1979 
Health Interview Survey indicate that 
although people with a chronic activity 
limitation constitute less than 15 per
cent of the population, they account for 
29.3 percent of all visits to physicians, 
40.1 percent of discharges from short
stay hospitals and 58 percent of days 
spent in short-stay hospitals. These per
centages all represent increases from 
previous years. 

In spite of the prominence of the issue 
of environmental accessibility in recent 
discussions of disability policy, little is 
known about the size of the disabled 
population for whom environmental ac
commodations are required. An impor
tant statistic to consider in this context is 
the number of "mobility-impaired " peo
ple in the population. 

One indicator of mobility impairment 
is the employment of various devices 
to aid mobility. According to the 1977 
Health Interview Survey, about five mil
lion people in the noninstitutionalized 
civilian population rely on one or more 
devices of this kind. Another million or 
so people in nursing homes use mobility 
aids or are confined to bed. It is fair to 
say that the problem of physical accessi
bility is most acute for these six million 
people. In addition there are thousands 
of Americans who do not use mobility 
aids but are nonetheless limited in their 
mobility because of a chronic health 
condition. A common example would 
be the person with coronary heart dis
ease who cannot climb stairs without in:
d ucing a painful attack of angina. 

Most striking, we believe, is the recent 
growth in the use of mobility aids. Com
parative data from the 1969 and the 
1977 Health Interview Survey suggest 
that there has been a 40 percent growth 
in the use of such aids in this period. The 
same source indicates that there are 
some 645,000 people in the noninstitu
tionalized civilian population who use 

1.1% 

.2% 3.7% 

7.7% 

16 AND YOUNGER 

6.5% 
17 TO 44 

65 AND OLDER 

45 TO 64 

PREVALENCE OF DISABILITY increases significantly with age. The area of each of the 
circles in this chart is proportional to the number of Americans in the associated age group. 
The colored sections show the relative size of the disabled population in each age group. The 
iight-colored sections correspond to the percentage of people with a limited disability, the 
dark-colored sections to the percentage of people with a severe disability. The chart is based. 
on the 1979 Health Interview Survey, conducted by the National Center for Health Statistics. 
For this purpose people were classified as severely disabled if they were unable to carry on a ma
jor activity appropriate to their age group, such as attending school, working or housekeeping. 

wheelchairs. Based on our knowledge of 
selected disabling conditions, we believe 
the results reported by the Health Inter
view Survey are somewhat low. Our im
pression is supported by the Social Se
curity Administration's 1978 Survey of 
Disability and Work among people in 
the 18-to-64 age group. The Social Secu
rity Administration reports that there 
are 907,000 people of working age alone 
who use wheelchairs. No estimate is 
given for children or older people. 
As for the institutionalized population, 
the National Center for Health Statis
tics, based on its 1977 National Nurs
ing Horne Survey, reports that there 
are 517,000 people in nursing homes 
who use wheelchairs. 

Most surveys of health and disabil
ity provide only an instantaneous 

view of disability in the U.S. More inter
esting from the standpoint of disability 
policy is the fact that the prevalence and 
composition of disability has changed 
over time. One reason for the change is 
the shifting age structure of the popula
tion. Since the turn of the cent ury there 

has been a 27-year increase in life ex
pectancy at birth: from 47 years in 1900 
to 74 years in 1980. As a result there has 
been an eightfold increase in the size of 
the population 65 years old and older: 
from three million (representing 3 per
cent of the population) in 1900 to 25 
million (representing II percent of the 
population) in 1980. As the life span has 
increased, so has the probability that an 
individual will acquire a major disabili
ty-inducing disease, and as the popula
tion of the elderly has increased, so has 
the prevalence of disease and disability. 

The 1930's marked a major turning 
point in the medical management of 
chronic disease and disability. Until 
then people seldom died because of the 
disease or disability; usually they died 
because of secondary infections such as 
pneumonia or urinary-tract disease. The 
introd uction of sulfonamide drugs in 
the late 1930's and penicillin and other 
antibiotics in the 1940's mitigated such 
terminal infections. The net effect was 
that the prevalence of certain diseases 
and disabilities increased because their 
average duration was prolonged. 
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DEMOGRAPHIC ASPECTS of disability in the U.S. are represent
ed here in terms of race, economic status and education. The statis
tics, which are derived from ·the· Survey of Income and Education, 
conducted in 1976 by the Bureau of the Census,show that people 

who are black; poor or less educated are more likely to be disabled 
than the rest of the population. Again the area of each circle is propor
tional to the number of Americans in each'category; the colored sec
tion in this case represents the total percentage of disabled people. 

Although'it has now been more than 
four decades since the introduction of 
sulfonamides, health surveys still re
veal large increases in the prevalence of 
disability. According to Alain Colvez 
and Madeleine Blanchett of the Quebec 
Ministry of Social Affairs, the results of 
the Health Interview Survey indicate 
that the number of Americans with a 
chronic activity liinitation increased by 
8.2 million, or 37.3 percent, from 1966 . 

to 1976; meanwhile the general popula
tion increased by only to percent. 

More impressive. was the large in
crease in severe' disability. Colvez ·and 
Blanchett .report that the number of 
Americans unable: to carry on their ma
jor activity because of a chronic health' 
condition increased by 3.4 million, or 
83.2 percent, during the to-year period. 
In terms of prevalence .rates, the rate 
of severe disability increased from 213 
people per 10,000 in 1966 to 355 per 
10,000 in 1976: an increase of 66.7 per
cent. More recent data from the Health 
Interview Survey indicate that by 1979 
the prevalence rate had increased to 365 . 

people. per 10,000: an increase of· 71.4 . 

percent since 1966. The leading causes 
of activity restriction have also changed. 
over this period. Arthritis and rheu
matism have replaced heart disease as 
the leading cause of disability, and dia
betes has become the fastest-growing 
disabling. condition among the .leading 
causes of disability. 
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Colvez and Blanchett argue that none 
of these developments can be attributed 
solely to factors such as methodological 
changes in the Health Interview Survey, 
changes in the respondent's perception 
of what constituted disability or changes 
in the size or overall age distribution of : 
the U. S. population. Although we can- . 
not offer a comprehensive reason for the 
findings reported by Colvez and Blan
chett, we believe at least some of them 
can be ·attributed. to the introd uction of 
new medical interventions that are now 
savirig lives at the price of longer-term' 
and severer residual disabilities.-In addi
tion new interventions are in some cases 
significantly extending the lives of those 
already disabled. 

The combination of the'se two trends 
. augurs a variety of new. demands 

facing American society in the form of 
new technology and highly intensive 
services: nonvocal communication de
vices, respirator management, 24-hour 
attendant care and a variety of commu
nity-based long-term care services.' At 
present few.of the·se services are routine
ly available; usually they ,can only be 
acquired with greatdifficulty from mul
tiple providers and funding sources. 

These developments present impor
tant ethical and public-policy issues that 
cannot be ignored in any consideration 
of the demands of disabled people for 
fuller access to society and its insti-' 

tutions. Many questions have alr'eady 
been asked about the quality of life that 
can be expected for those whose exis
tence appears marginal. These q ues
tionS', however, implicitly place the onus· 
on the disabled ·individual. rather than 
on society, whose services can in many 
cases materially affect the quality of life. 
What about society'S obligation to pro
vide a minimum quality of life for those 
who survive. as the result 'of medical 
research and technological advances 
that have often been publicly demand
ed, publicly supported and publicly 
financed? The financial conseq uences 
of these public decisions are so 'over
whelming that few individuals or fami
lies are capable of assuming the finan
cial burden for services and environ
mental supports needed to' provide a 
minimum quality of life. 

In spite of the growing number of peo
ple with severe physical disabilities, the 
total number remains small compared 
with the rest of the population. More
over, the needs of such people are varied.' 
and often highly specialized, making it 
difficult to form an effective political 
constituency representing these needs. 
Meanwhile this segment of the popula
tion depends on.the limited awareness of 
a larger public, which is hesitant to pro
vide needed services and accommoda
tions. It is not widely understood that 
these needs arise because society has 
been successful-both in saving ·and in 
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prolonging lives. The new social needs 
are the price of that success. 

The disabled population in the u.s. 
has also undergone a political and so
cial transformation in the form of a 
social movement commonly referred 
to as the independent-living movement. 
This movement has changed how dis
abled people view themselves and how 
they wish to be viewed in American so
ciety: no longer as passive victims de
serving of charitable intervention but as 
self-directed individuals seeking to re
move environmental barriers that pre
clude their full participation in society. 

The independent-living movement 
had its origins in the early 1970's 

when small groups of disabled people 
banded together to form self-help or
ganizations known as independent-liv
ing centers. The first centers were estab
lished in Berkeley, Calif., and Boston, 
Mass. Today' about 100 independent
living centers. across the country pro
vide or arrange for a variety of services 
such as housing referral, transportation, 
attendant care, peer support and le
gal advocacy. The leaders of the inde
pendent-living movement have also 
been active on the political front: in pro
moting the passage of disability legisla
tion, in seeking to make local transit 
systems more accessible, in removing 
architectural barriers and in changing 
the awareness of political leaders and 
other decision makers about the partic
ular needs of disabled people. "-

The independent-living movement of
fers a radically different view of the 

. problem of disability and its solution. 
According to representatives of the 
movement, the problem of disability is 
one not only of physical impairment but 
also of unnecessary dependence on rela
tives and professionals, of architectural 
barriers and of unprotected rights. In 
this view the pathology is not in the indi
vidual, as the medical model would sug
gest, but rather in the physical, social, 
political and economic environment 
that has up to now limited the choices 
available to people with disabilities. The 
solution to these problems is not more 
professional intervention but more self
help initiatives leading to.the,removal of 
barriers and to the full participation 
of disabled people in society, 

The independent-living movement 
should not be viewed as an iconoclastic 
one but rather as one that affirms tradi
tional American values such as self-reli
ance. The movement's commitment to 
the nation's political and economic insti
tutions is remarkable, considering how 
disabled people have been excluded 
from the mainstream of the nation's po
litical and economic life. Disabled peo
ple still want to be part of the system. 
They want access. 

The barrier-free movement-a short
hand term to describe the national effort 
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TWO LARGEST FEDERAL INCOME-TRANSFER PROGRAMS for disabled people of 
working age have grown rapidly over the past two decades, as this pair of charts shows. The two 
programs represented are the Social Security Disability Insurance program (gray bars) and the 
Supplemental Security Income program and its predecessors (colored bars). Both programs 
are now run by the Social Security Administration. Between 1970 and 1980 the number of dis
abled people receiving benefits under one or both of the programs doubled (top chart). Since 
1977 the number of beneficiaries in both programs has leveled off. The total benefits paid 
under both programs also rose sharply, reaching a total of $20.6 billion in 1980 (bollom chart). 
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to eliminate architectural barriers-ac
tually preceded the rise of the indepen
dent-living movement. Although the ex
act moment of conception cannot be 
determined, the barrier-free movement 
goes back at least to 1958. That was 
the year the President's Committee on 
Employment of the Handicapped, with 
the help of the Veterans Administra
tion, published a tentative guide to help 
make public buildings accessible to peo
ple with impaired mobility. The effort, 
which depended entirely on voluntary 
action, produced no discernible results. 

A milestone year for the barrier-free 
movement was 1961. That was the year 
the American National Standards In
stitute (AN.S.I.), a private architectur
al standard-setting organization, issued 
Standard A 117.l. The standard speci
fied the minimum requirements and 
working details for structures such as 
walkways, parking spaces, ramps, stairs, 
floor surfaces, mirrors, water fountains, 
public telephones, control identifica
tions and warning signals. Work on the 
AN.S.I. standard was sponsored by the 
President's Committee on Employment 
of the Handicapped and by the National 
Easter Seal Society for Crippled Chil
dren and Adults. 

The promulgation of the AN.S.1. 
standard in 1961 and the widespread 

endorsement it received generated inter
est in the architectural-barriers problem 
and created the expectation that the 
problem would be speedily addressed. 
On the Federal level, however, no action 
beyond voluntary compliance was im
mediately taken to adopt the standard 
with respect to Federal construction. In 
response, as part of the 1965 Amend
ments to the Vocational Rehabilitation 
Act, Congress established the National 
Commission on Architectural Barriers 
to Rehabilitation of the Handicapped in 
order to study the problem. 

DISABLED PEOPLE AS A PERCENTAGE 

OF THE TOTAL CIVILIAN NON

INSTITUTIONALIZED POPULATION 

PHYSICIAN VISITS FOR DISABLED 

PEOPLE AS A PERCENTAGE OF TOTAL 

PHYSICIAN VISITS 

SHORT-STAY HOSPITAL DISCHARGES FOR 

DISABLED PEOPLE AS A PERCENTAGE OF 

TOTAL SHORT-STAY HOSPITAL DISCHARGES 

SHORT-STAY HOSPITAL DAYS FOR DISABLED 

PEOPLE AS A PERCENTAGE OF TOTAL 

SHORT-STAY HOSPITAL DAYS 

The commission's study and three 
concurrent surveys found compliance to 
be minimal. Buildings constructed and 
renovated with Federal funds remained 
inaccessible. At the local level only 3 
percent of the cities surveyed had adopt
ed accessibility codes, and roughly two
thirds of the architects surveyed were 
unfamiliar with accessibility standards. 
More than anything, these surveys dem
onstrated that voluntary compliance 
alone would not yield the intended 
results. 

The shortcomings of voluntary com
pliance led Congress to pass the Archi
tectural Barriers Act of 1968. The act's 
stated purpose was to "ensure that cer
tain public buildings, financed with Fed
eral funds, are so designed and con
structed as to be accessible to the physi
cally handicapped." The act delegated 
authority for setting accessibility stan
dards to various Federal departments 
and agencies. There was no attempt to 
add to or take away from what had been 
defined as the minimum standards of ac
cess already accepted in principle by 
Federal agencies since 1961. In fact, 
each of the delegated Federal agen
cies promptly adopted the 1961 A.N.S.1. 
standard as the standard for their re
spective regulations. 

The task of enforcing the 1968 act, 
however, remained unresolved until the 
enactment of the Rehabilitation Act 
of 1973. Section 502 of the Rehabilita
tion Act established the Architectural 
and Transportation Barriers Compli
ance Board, which was authorized to 
investigate complaints, hold public hear
ings, issue compliance orders and seek 
enforcement of its orders by the courts 
if necessary. 

The legal machinery to address the 
problem of architectural barriers was 
strengthened in 1977 when regulations 
pursuant to Section 504 were issued 
by the Department of Health, Educa-
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tion, and Welfare. The regulations im
plementing Section 504 required that 
programs receiving Federal financial as
sistance be made accessible to, and us
able by, disabled people in order to pro
vide them with effective services. The 
regulations specified that new facilities 
constructed after June 3, 1977, would 
have to meet accessibility standards and 
that existing facilities would have to be 
made accessible by June 2, 1980. The 
regulations also specified that confor
mance with the AN.S.l. standard would 
constitute compliance, but other meth
ods would be allowed if they provided 
eq uivalent access. The effect of the regu
lations was broad, since Federal finan
cial assistance extends to many areas 
such as education, transportation facili
ties, public housing and other activities 
affecting the lives of disabled people. 

The Federal lead with respect to ar
chitectural accessibility has been 

followed by the states. All 50 states have 
enacted laws requiring that certain fa
cilities be made physically accessible to 
disabled people. According to informa
tion compiled by the National Center 
for a Barrier Free Environment, ap
proximately half of the states rely ei
ther on the original 1961 AN.S.l. stan
dard or on a slightly modified 1971 ver
sion. The other half have adopted their 
own standards or have borrowed stan
dards from another state. 

A survey of state accessibility laws in 
1979 by the American Bar Association 
found that state legislation is not eq ual
ly forceful throughout the country. The 
survey made a distinction between two 
types of state accessibility laws. Laws of 
the first type are classified as declarato
ry: they merely assert that disabled peo
ple have a right of access. According to 
the bar association, such laws "have 
consistently been held by the courts to 
be insufficient manifestations of legisla
tive intent to require any environmen-
tal modifications to facilitate such use." 
Laws of the second type are considered 
more affirmative: they "vary from sim
ple delegations of authority to promul
gate rules, to lengthy acts incorporat
ing minimum standards ... and specific 
administrative and enforcement meth
odologies." 

One of the most troublesome prob
lems faced by architects in trying to 
eliminate architectural barriers in their 
designs is the application of accessibil
ity standards to different settings. For 
example, there is little dispute over 
the specifications for an accessible bath
room, but there is no agreement on 

o 10 20 30 40 50 60 70 how many accessible bathrooms there 
PERCENT 

UTILIZATION OF HEALTH-CARE SERVICES by disabled people is disproportionately 
high. As these bars for the year 1979 indicate, although people with a chronic activity-limiting 
health condition·totaled less than 15 percent of the U.S. population, they accounted for much 
higher percentages of all visits to a physician, discharges from short-stay hospitals and days 
spent in short-stay hospitals. The data are from the National Center for Health Statistics. 
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should be or how they should be spaced 
throughout a building. It is the imple
mentation and application of standards 
that have caused major difficulties for 
practicing architects. 

Although most Federal, state and 10-
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cal agencies have embraced the A. N.S.1. 
standard, many have adopted different 
criteria for applying it. Hence architects 
sometimes find themselves faced with 
conflicting regulations, for example 
when Federal, state and local agencies 
join on a public housing project. A sim
ilar problem can arise in private com
mercial construction where the public is 
serve

·
d. Even here the architect may be 

confronted with state and local building 
codes that have different requirements. 

The architect is often caught between 
the requirements of his client and the 
demands of people with disabilities. In 
the past most clients knew or cared little 
about barrier-free design. Most doubted 
that there was even a serious demand 
for accessible facilities. Today there is 
a much greater awareness of the scope 
of disability and the need for various 
types of environmental accessibility. 

In spite of increased awareness over 
the past 15 years, it is not clear that cli
ents are any more interested today in 
making their facilities accessible. Archi
tects observe that clients often approach 
the issue of accessibility with one or 
more of three attitudes: (1) disabled peo
ple are not viewed as customers, clients 
or tenants; (2) barrier-free design is au
tomatically assumed to be too expen
sive; (3) disabled people are thought 
likely to stigmatize the facility in the 
minds of nondisabled users. Few archi
tects are equipped to cope with clients 
who are so disposed. Meanwhile on the 
other side of the issue are advocacy 
groups on behalf of disabled people who 
are often assumed to be making unrea
sonable demands. 

Unfortunately there are few mecha
nisms available to reconcile such differ
ences. The problem is not merely the 
accessibility standards or codes but 
the failure to provide the technical as
sistance needed to implement them. 
By themselves standards and codes are 
viewed as architectural constraints that 
invite resistance, if not hostility. In addi
tion there is the constant worry about 
building inspectors and the constant 
threat of court action, real or imagined. 
What is needed is a technical-assistance 
body that can offer creative solutions 
meeting both the letter and the spirit of 
existing standards and codes. What is 
also needed is a decision-making body 
that can render these creative solutions 
and compromises legally binding. 

One model of technical assistance is 
the Special Office for the Handi

capped in the North Carolina Depart
ment of Insurance. The office includes 
an architect who works with practicing 
architects and local building inspectors 
to administer accessibility standards. As 
a result the North Carolina architec
tural-barriers compliance board has re
ceived only two requests for waivers 
over a nine-year period. On the nation-

al level the National Center for a Barri
er Free Environment, based in Wash
ington, serves as a nongovernmental 
technical-assistance organization seek
ing to advise architects, clients and var
ious regulatory boards. Since building 
codes are largely a state and local mat
ter, however, the greatest need for tech
nical assistance remains at the state and 
local level. 

Architects are not neutral observers 
merely trying to accommodate the de
mands of clients and disabled users. 
Most architects are able-bodied and 
bring to the design process all the able
bodied attitudes and assumptions that 
have shaped design concepts in Western 
culture. Moreover, the architect, like 
most people, has become accustomed to 
the social segregation of disabled people 
in the environment. 

What can be done to correct for this 
"cultural lag" in professional architec
ture? We should like to suggest three 
steps. First, architects must come to 
know more about disability, just as in 
recent years they have come to know 
more about solar energy and climate 
and how to design with these environ
mental factors in mind. Architects must 
come to understand that disabled peo
ple are a complex collection of individ
uals with diverse functional limitations. 
An important place to start is in the cur
riculum of both graduate and under
graduate schools of architecture. 

Second, architects need to seek guid
ance from outside their profession. For 
example, architects are known to enlist 
the help of behavioral scientists in the 
design of specialized environments such 
as housing for the elderly. Now they 
need to accept the idea that disabled 
people have something to tell them. 
Architects need to involve disabled 
people as design consultants and learn 
where and how such consultants can be 
employed. 

Third, the architectural profession, 
through its association and publications, 
needs to actively support the barrier
free movement and to reward practi
tioners for outstanding work. So far the 
profession has viewed the barrier-free 
movement largely as an infringement on 
its creative freedoin and has treated ac
cessibility standards as a "cookbook" 
approach to design. The American Insti
tute of Architects, the national profes
sional organization, has never come out 
openly against accessibility standards, 
but it has done little to promote the con
cept of accessibility. Its barrier-free 
committee was never popular and was 

MOBILITY AIDS are now employed by mil
lions of Americans with disabling health con
ditions, as these bars for the year 1977 indi
cate. The use of such devices has increased 
sharply in the U.S. in the past decade or so. 
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eventually disbanded. Even the insti
tute's Bartlett Award, given for excel
lence in accessibility design, fell from 
favor because of the careless way win
ners were selected and because some 
winning designs did not comply with 
minimal national standards. Similarly, 
architectural magazines have done little 
to promote accessibility as an impor
tant design issue. Coverage of barrier
free architecture has mainly been con
fined to technical or business pages or 
has appeared in connection with insti
tutional buildings designed for special 
populations. 

Although technical assistance and pro
£\.. fessional awareness are indispen
sable, there still is a need at the nation
al level for leadership in developing a 
comprehensive standard for accessibili
ty. For two decades the 1961 A.N .S.!. 
standard served as the point of depar
ture for the development of accessibil
ity regulations. The inadequacies of the 
1961 A.N.S.l. standard have allowed 
Federal agencies to apply it in conflict
ing ways. The price of varying Federal 
requirements has been high both in dol
lars and in frustration. 

Recognizing the shortcomings of the 
1961 AN .S.l. standard, the Department 
of Health, Education, and Welfare-in 
cooperation with the President's Com
mittee on Employment of the Handi
capped and the National Easter Seal 
Society-awarded a contract in 1974 to 
Syracuse University's School of Archi
tecture to revise and update the 1961 
standard. What started as a two-year 
project became a six-year conflict end
ing in 1980 when a revised standard was 
formally adopted by the American Na
tional Standards Institute. In spite of the 
consensus-building efforts of those asso
ciated with the Syracuse project, several 
participants representing Federal agen
cies voted against the new AN.S.l. stan
dard on the final ballot. 

The failure to achieve a consensus in 
1980 set the stage for what has been one 
of the most acrimonious debates on 
the issue of environmental accessibility. 
The General Services Administration 
and the Department of Health, Educa
tion, and Welfare announced the devel
opment of a new accessibility standard, 
as did the Postal Service. In addition the 
Architectural and Transportation Bar
riers Compliance Board, as authorized 

MAJOR CAUSES of disability in the U.S. are 
represented in this chart for the years 1966 
and 1976. In the intervening period the popu
lation of the U.S. increased by 10 percent, and 
the number of people with a disability rose by 
37.3 percent. Arthritis and rheumatism have 
replaced heart disease as the leading cause 
of disability. Meanwhile diabetes has become 
the fastest-growing major cause of disability. 

under a 1978 statute, proceeded to de
velop a set of "minimum guidelines and 
requirements" that was to serve'as the 
basis for the setting of standards by oth
er Federal agencies. The emerging con
sensus that had led to the 1980 AN.S.l. 
standard suddenly unraveled with the 
proliferation of conflicting accessibili
ty standards. The situation was further 
complicated by the arrival of a new Ad
ministration that in many ways pre
ferred no regulations at all. 

For most of 1981 the conflict was cen
tered on the compliance board. The 
opening salvo was the board's publica
tion of Minimum Guidelines and Re
q uirements for Accessible Design. The 
new standard appeared in the January 
16 Federal Register, just four days bee 
fore the Reagan Administration took of
fice. The new minimum guidelines were 
characterized by Vice-President George 
Bush's Regulatory Review Task Force 
as overzealous and an example of un
necessary Government regulation. The 
compliance board soon found itself tar
geted for extinction by the Office of 
Management and Budget. The board 
survived the threat but not without fur
ther tumult. 

The compliance board was itself di
vided-II citizens (nine of whom were 
disabled) representing the public and 11 
members representing various Federal 
agencies. The scales were tipped when 
one of the public members was persuad
ed by the Administration to join the 
Federal members in a 12-to-l0 vote to 
rescind the minimum requirements. The 
Federal members argued that the new 
requirements were too costly. Total re
cision was averted late in 1981 when 
compromises were made to eliminate 
the most costly provisions. The Ad
ministration had also come to realize 
that uniform minimum requirements 
would simplify rule making for the oth
er Federal standard-setting agencies. 
On August 4, 1982, the compliance 
board promulgated its final version of 
the new minimum requirements. 

Although the new guidelines do not go 
£\.. as far as many barrier-free advo
cates would like, there is at least a con
sensus on what the minimum require
ments should be. The minimum re
quirements issued by the compliance 
board are similar to the 1980. AN .S.!. 
standard and differ mainly with regard 
to "scoping provisions," or application 
criteria, an area largely unaddressed 
by the 1980 AN.S.l. standard. Even 
under the board's guidelines most is
sues of this kind are left to the Federal 
standard-setting agencies. Among these 
agencies only the Postal Service ap
pears to be recalcitrant, as was demon
strated by its vaguely worded proposed 
regulations published in October, 1982. 

In spite of the Reagan Administra
tion's attempt to put the brakes on the 
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barrier-free movement, there is in one 
sense no turning back. The ground
work-accessibility standards, laws, reg
ulations, technical know-how, public 
consciousness and, to a degree, profes
sional awareness-On which the move
ment is based is substantial. Many of 
the gains are here to stay. In short, the 
efforts of the past two decades to devel
op accessibility standards and enforce
ment mechanisms have paid off. The 
built environment, in spite of many 
shortcomings, is far more accessible to 
mobility-impaired persons than it was 
a few years ago. 

In considering the future of environ
mental accessibility for physically dis
abled Americans one must consider the 
full range 'of policy tools that can be 
used to stimulate public and private ef
forts toward achieving a barrier-free en
vironment. The central weakness in 
the current policy of environmental ac
cessibility is its overreliance on just 
one approach to policy implementation: 
the regulatory approach. When this ap
proach is not accompanied by other in
centives and ind ucements, it becomes 
inherently adversarial: it eventually pits 
one group against another. The adver
sarial nature of the regulatory approach 
has also helped to polarize the national 
debate on environmental accessibility 
and to reduce the chances for mutual 
accommodation. 

Any critique of the regulatory ap
proach, however, must take into ac
count the fact that the development of 
accessibility regulations arose in direct 
response to the failure of voluntary 
compliance. To repeal existing regula
tions would be to return to an earlier era 
of neglect. The champions of voluntar
ism would do well to consider this earli
er period in the history of the barrier
free movement. Although the develop
ment of the first accessibility standards 
had considerable private sponsorship, 
the standards themselves had little pri
vate endorsement in the form of active 
implementation. 

Seldom can a public-policy goal such 
as environmental accessibility be ob
tained with the benefit of just one policy 
instrument. Other approaches must be 
tried. Two are noteworthy here: techni
cal assistance and economic incentives. 

In our review of the architectural-bar
riers problem we observed how me

diating bodies providing technical assis
tance to designers, builders, clients and 
users can help to minimize unnecessary 
conflict. Inherent in the technical-assis
tance approach to policy implementa
tion is a )arge measure of mutual prob
lem solving and cooperation. The need 
for technical assistance is recognized in 
the statutory provisions governing the 
Architectural and Transportation Barri
ers Compliance Board. So far, howev
er, funding for technical assistance at 
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INCIDENCE OF SEVERE DISABILITY has increased by more than 70 percent over the 
13-year period from 1966 to 1979, rising from 213 to 365 Am ericans per 10,000 population. 

the Federal level has been quite modest. 
One of the most powerful tools of pol

icy implementation is the variety of eco
nomic incentives that government offers 
through the tax system and through gov
ernment expenditures. The economic
incentives approach to policy imple
mentation has not been widely tried 
with respect to architectural barriers. 
Some states have introduced modest tax 
deductions for the removal of such bar
riers. Until recently the Federal income
tax code allowed businesses a modest 
tax deduction of $25,000 in any given 
year. The statutory authority for the 
Federal tax deduction, however, expired 
last year. Although the size of the Feder
al tax write-off was far too small to be 
noticed by most large businesses, such 
cost-sharing schemes can help to foster 
compliance with governmentally spon
sored accessibility standards. 

Pervading the public debate on envi
ronmental accessibility is a legal stan
dard commonly referred to as the "rea
sonable accommodation" rule. This rule 
was affirmed in 1979 by the United 
States Supreme Court in the case of 
Southeastern Community College v. Davis, 
in which the court ruled that "substan
tial modifications" resulting in "undue 
administrative or financial burdens" 
were not required under Section 504 of 
the Rehabilitation Act of 1973. 

Implicit in the reasonable-accommo
dation rule is a cost-benefit considera
tion: Are overall costs reasonable in the 
light of anticipated benefits? One should 
be cautious, however, about shaping dis
ability policy solely on the basis of cost
benefit analysis. In the extreme there 
are instances where taking cost-benefit 
criteria to their logical conclusion could 

entail withholding essential life-support 
systems. We believe in many cases a 
more appropriate decision rule would 
be the cost-effectiveness criterion: How, 
in the face of limited resources, can a 
particular right be honored or societal 
responsibility be met in the least costly 
or most cost-effective way? phrasing the 
issue in these terms does not challenge 
the rights of disabled persons or absolve 
society of its responsibilities, but it does 
face up to the unavoidable economic 
conseq uences. 

The increasing preoccupation with 
cost-benefit analysis also betrays the de
gree to which society hesitates to make 
financial outlays on behalf of disabled 
people. The current outlook on disabili
ty issues would change materially if it 
were clearly understood, as we have ar
gued, that much of the cost is the prod
uct of society's success over the years in 
saving and prolonging the lives of mil
lions of Americans, often at the cost of a 
long-term residual disability. This suc
cess has its price, and it is a price that 
must be paid. For disabled people envi
ronmental accessibility is fundamental 
to their quality of life and their ability to 
participate in the life of the community. 

The ultimate and most pervasive of 
environmental barriers are the attitudi
nal ones, particularly the view that dis
abled people are helpless, pathetic vic
tims deserving of charitable interven
tion. There is now more than enough 
experience to indicate that disabled peo
ple can, with appropriate environmen
tal supports, lead full and independent 
lives. Without the removal of attitudinal 
barriers the disability legislation of the 
past decade will not realize its full 
promise. 
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CROWN GALL on a tobacco plant has developed where the top of 
the plant was cut off and the cut stem was inoculated with Agrobacte
rium tumefaciells. The infecting bacteria carry a circular molecule of 
accessory DNA: the Ti (tumor-inducing) plasmid. A segment of the 
plasmid called T-DNA (transferred DNA) is inserted into plant cells. 

TOBACCO TUMOR TISSUE grows in culture in the authors lab
oratory at Washington University in St. Louis. The bacteria have 
been eliminated from these cell lines derived from infected plants, 
but their influence remains as a genetic change in the transformed 
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It gives rise to the tumor, which in this case is a teratoma: a tumor 
mass from which shoots and leaves grow in an unorganized way. Ge
neticists hope to exploit the plasmid as a vector for introducing genes 
into plants, giving rise to plants with improved traits. The photograph 
was made by Robert and B. Gillian Turgeon of Cornell University. 

plant cells. The cells grow in culture without any added auxin or 
cytokinin, hormones needed to enable normal plant cells to grow in 
culture. Here two kinds of tumorous growth are shown: a teratoma 
at the left and a callus (a mass of undifferentiated cells) at the right. 
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A Vector for Introducing 
New Genes into Plants 

The induction of a plant tumor by a bacterium is a natural form 
of genetic engineering. The piece of DNA the bacterium injects 
may serve as a tool for the genetic modification of crop plants 

For a long time, perhaps millions 
of years, the common soil bacteri
um AgrobaCierium lumejaciells has 

been doing what molecular biologists 
are now striving to do. It has been insert
ing foreign genes into plants and getting 
the plants to express those genes in the 

orm of proteins. In the process the bac
terium causes the plant cells to prolifer
ate and form a gall. or tumor. most com
monly at or near the junction of the root 
and the stem (the crown). 

Crown gall disease can afflict a wide 
range of dicotyledonous (broad-leaved) 
plants, and it causes considerable loss 
in certain crops, notably grapes, stone 
fruits and ornamental plants. Since the 
t urn of the century it has been studied by 
plant pathologists because of its eco
nomic impact. In the past few years, as 
it has become clear that the infective 
process is a natural form of genetic en
gineering, A. lumejaciens and the tumor 
it engenders have become the subject 
of fiercely competitive investigation by 
molecular geneticists in both academic 
and industrial laboratories. What has 
long appeared to be simply the agent of 
a bothersome plant disease is likely to 
become a major tool for the genetic ma
nipulation of plants: for putting new 
genes into plants and thereby giving rise 
to new varieties with desired traits. 

In 1907 Erwin F. Smith and C. O. 
Townsend of the U.S. Department of 
Agriculture identified A. lumejaciens as 
the causative agent of crown gall dis
ease. They did so by isolating the bacte
ria from plant galls and then showing 
that inoculation of the bacteria into a 
wound in a healthy plant would gener
ate a new gall. It has since become clear 
that infection takes place only in fresh
ly wounded tissue. The wound site be
comes refractory after only two days or 
so; indeed, washing the "wound juice" 
(the sap that flows out of cut tissue) 
away from the site of a fresh wound can 
block the ind uction of a tumor. Not all 
strains of A. lumejaciens are virulent, or 

by Mary-Dell Chilton 

capable of inducing a tumor. Virulent 
bacteria are known to bind to specific 
pectin constituents of the plant-cell wall. 
The bacterial cells actually enter only 
dead, broken plant cells, and yet they 
stimulate adjacent living plant cells to 
form a tumor; the bacteria themselves 
proliferate among the tumor cells. 

I n 1947 Armin C. Braun of the Rocke
feller Institute for Medical Research 

first succeeded in cultivating gall tissue, 
free of the inducing bacterium, in the 
laboratory on a completely defined me
dium containing only sucrose and inor
ganic salts. He found that the tissue had 
the characteristic property of a t  umor: a 
habit of uncontrolled growth. Whereas 
normal plant cells or tissues grow slowly 
in culture, and then only when plant 
hormones (cytokinins and auxins) are 
supplied, the gall tissue grew rapidly in 
the absence of any exogenous hormone. 
It continued to grow luxuriantly when it 
was transferred to fresh medium time 
after time. Braun concluded that the 
plant cellS had somehow been trans
formed-changed to tumor cells-by a 
hit-and-run act on the part of A. lume
jaciens. He proposed that the bacteri
um introduces a "tumor-inducing prin
ciple" into the plant cell. 

An important metabolic clue to the 
nature of the tumor-inducing principle 
was discovered in the 1960's by Georges 
M. Morel and his colleagues at the Insti
tut National de la Recherche Agrono
mique in Versailles. They found that 
crown gall cells synthesize a class of 
novel chemical compounds (which they 
named opines) that are not present in 
normal cells of the same plant. The 
opines are derivatives of common meta
bolic intermediates, for the most part 
amino acids (the constituents of pro
teins) and various keto acids or sugars. 
Two opines were studied intensively: oc
topine, a compound of the amino acid 
arginine and pyruvic acid, and nopaline, 
a prod uct of arginine and alpha-keto-

glutaric acid. Morel's group established 
two significant findings. One was that 
whether a tumor synthesizes octopine or 
nopaline depends not on the species of 
the host plant but on the strain of the 
bacterium that induces the tumor. The 
other was that a given bacterial strain 
is able to grow on either octopine or 
nopaline but not on both; it can metabo
lize whichever of the compounds is syn
thesized by the·tumor it induces. Morel 
made a striking prediction. He proposed 
that the bacterium must insert into the 
plant cell a gene governing the synthesis 
of either octopine or nopaline; the tu
mor-inducing principle must be DNA. 

If that is the case, it soon became 
clear, the DN A m  ust be on some mobile 
element. Allen Kerr of the University 
of Adelaide found that the property of 
virulence was transferred from a vir
ulent strain to an avirulent one when 
the two strains were inoculated into 
the same plant. The transfer took place 
even between distantly related species 
of Agrobaclerium, making it unlikely 
that the genes responsible for virulence 
were on the bacterial chromosome. 
Kerr thought the genes were probably 
carried by a bacterial virus or a plasmid: 
a small circle of nonchromosomal dou
ble-strand DNA, usually carrying ancil
lary genes such as those affecting patho
genicity, the metabolism of rare com
pounds or resistance to antibiotics. 

Additional evidence that virulence in 
Agrobaclerium might be determined by a 
virus or a plasmid came from the find
ing that virulence could be lost. In 1971 
Robert H. Hamilton, Jr., and M. Z. Fall 
of Pennsylvania State University dis
covered a strain of A. lumejaciens whose 

virulence trait is temperature-sensitive. 

When strain CS8 is grown at a moder

ately high temperature (37 degrees Cel

sius), the bacteria lose virulence: they 

never spontaneously regain the ability 

to ind uce a tumor. In other words, some

thing is permanently lost from the cells. 

Again the implication was that the tu-
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CHROMOSOME 

i 
A. TUMEFACIENS 

TUMOR IS INITIATED when bacteria enter a lesion, which is usu
ally near the crown of the plant (the junction of root and stem), and at
tach themselves to cells (1). A virulent bacteEium carries, in addition 
to its chromosomal DNA, a Ti plasmid (2). The plasmid's T-DNA is 
introduced into a cell and becomes'integrated into the cell's chromo-
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PLASMID IS IDENTIFIED as the tumorigenic agent by experi
ments such as these. A. tumejaciens strain C58 is normally virulent (a). 
It grows on nopaline and induces tumors that synthesize nopaline. 
After growth at 37 degrees· Celsius, C58 loses virulence and the abil
ity to grow on nopaline; the Ti plasmid of C58 is missing from the avir
ulent derivative, NT!. Virulence can be restored to NT! by mating 
with a virulent strain (b). NT! cells (mutants resistant to two antibiot-
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somal DNA (3). Transformed· cells proliferate to form a crown gall 
tumor (4). The tumor cells synthesize compounds called opines, which 
serve as nutrients for ·A . .tumejaciens cells· inhabiting the gall. Two 
well-studied opines are octopine and nopaline. The Ti plasmid carried 
by a given strain of-the bacterium induces synthesis of a given opine. 
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ics) are inoculated into a tomato plant with B6-806, a virulent strain 
that grows on octopine. A tumor forms. It is gr.ound up and spread on 
a medium with the two antibiotics, so that only resistant NT! cells 
form colonies. Many of the cells are transconjugants: they carry the 
octopine-type _plasmid of strain B6-806, which they have acquired 
through conjugation, a bacterial version of mating. Such cells are 
virulent, grow on octopine and induce octopine-synthesizing tumors. 
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mor-inducing genes must be on a virus 
or a plasmid. 

The el·usive DNA was identified in 
1974. Jeff Schell and Marc Van Mon
tagu and their co-workers at the State 
University of Ghent found very large 
plasmids in all virulent strains; the plas
mids could not be found in avirulent 
strains. Soon it was shown that the loss 
of virulence by strain C58 at 37 degrees 
C. is due to the loss of its plasmid. The 
plasmid is Kerr's ·mobile element; it is 
transferred from a virulent strain to an 
avirulent one by conjugation, a bacterial 
version of mating. Conjugation experi
ments done by Rob A. Schilperoort and 
his colleagues at the State University of 
Leiden revealed it is the plasmid that 
confers on bacteria the ability to catabo
lize (break down) octopine or nopaline, 
and so to grow on one of those com
pounds, and that determines whether 
the tumor will synthesize octopine or 
nopaline. Even the spread of a particu
lar virulence plasmid through a popula
tion of A. tume/aciens is promoted by the 
presence of the opine whose synthesis 
and catabol ism it specifies: the transfer 
of the plasmid in conjugation is specifi
cally induced by a particular opine. 

The Ti (for tumor-inducing) plasmid, 
in other words, is the central element 

of a rather wonderful, highly evolved 
ecological interrelation. The presence of 
a Ti plasmid enables a bacterium to sub
Yert the plant cells' metabolic machin
ery to make a substance that is of no use 
to the plant but on which the bacteria 
(and hence also the symbiotic plasmid) 
can proliferate. The growth of a tumor 
makes for a large supply of that sub
stance. In nature the tumor tissue is at 
soil level, and its opine presumably dif
fuses into the soil, where the transfer of 
plasm ids to hitherto avirulent bacteria 
promotes the survival of both the bacte
rial species and the plasmid. 

If a crown gall is generated by gene 
transfer and if the genes are on the Ti 
plasmid, clearly plasmid DNA should 
be present in crown galls. At.the Univer
sity of Washington in Seattle, Eugene 
W. Nester, Milton P. Gordon and I, 
together with a number of postdoctoral 
and grad uate students, undertook to find 
that DNA. At the time the best way to 
detect a particular DNA (the Ti plasmid 
in our case) in the presence of a large 
amount of other DNA (the plant's own) 
was to measure the rate of DNA reasso
ciation. The DNA double helix is dena
tured (its two complementary strands 
are separated) by heating to 100 degrees 
C. When the temperature is reduced to 
68 degrees, complementary strands that 
"find" each other renature, or reassoci
ate, to form a double helix again. The 
rate of reassociation is proportional to 
the square of the concentration of the 
DNA. Our approach was to compare 
the rate of reassociation of denatured Ti 

plasmid DNA alone with the rate of its 
reassociation in the presence of normal 
plant DNA or in the presence of crown 
gall DNA. If the tumor-cell DNA in
cluded copies of the plasmid DNA, it 
should add to the concentration of com
plementary strands, and so make the 
plasmid DNA (which we could detect 
because it was labeled with a radioactive 
isotope) renature faster, in a quantita
tively predictable way. 

Our initial results showed that the ad
dition of denatured tumor DNA to de
natured plasmid DNA made no signifi
cant difference in the reassociation rate, 
so that clearly there was no copy of the 
entire Ti plasmid in the tumor. Might 
part of it be there? We cut up the plas
mid DNA with a restriction endonucle
ase: one of a family of enzymes, e'ach of 
which recognizes a particular short se
quence of nucleotides (DNA subunits) 
as a unique cleavage site and therefore 
always euts any given DNA into a re
producible set of fragments. The endo
nuclease Sma I cuts a Ti plasmid into 
some 20 fragments of different sizes, 
so that digesting a quantity of plasmid 
DNA yields some 20 unique kinds of 
fragments. These. can be separated ac-· 
cording to their size by gel electropho
resis. Each group of fragments' forms 
a narrow horizontal band on the gel; 
the bands can be visualized by staining 
them with a fluorescent dye and the 
DNA in each band can be purified for 
further experiments. 

When we subjected the Ti plasmid 
DNA to electrophoresis and then did 
the renaturation experiment with the in
dividual DNA fragments instead of the 
plasmid as a whole, we were excited to 
find that two of the fragments renatured 
faster in the presence of tumor DNA; 
the others did not. Those two segments 
of the Ti plasmid must therefore be pres
ent in the tumor cells. Subsequent ex
periments with many tumor lines have 
shown that specific fragments of the Ti 
plasmid that induced the tumor are al
ways present in the crown gall cells. We 
call these fragments transferred DNA, 
or T-DNA. 

Analysis of renaturation rates has now 
I\. been supplanted by a more direct 
method of detecting particular segments 
of DNA embedded in a large amount of 
nonspecific DNA. Southern-blot analy
sis, developed by E. M. Southern of the 
University of Edinburgh in 1975, com
bines electrophoresis with renaturation, 
and it has become a fundamental tool 
of molecular genetics. To find plasmid 
DNA in tumor cells one begins by di
gesting the tumor-cell DNA with, for 
example, Sma I. Whereas such a digest 
yielded 20 fragments from each plas
mid, however, it produces a million or 
so fragments of the enormously larg
er genome (the total gene complement) 
of the plant-tumor cell. When these are 

spread out on a gel by electrophoresis, 
they form what looks like a continu
ous smear (although it is really a set of 
a million or so discrete bands). Any T
DNA fragments in the tumor are buried 
in that smear; the Southern technique 
picks them out. 

The tumor DNA fragments are dena
tured and then transferred by blotting to 
a sheet of nitrocellulose filter paper, 
which now carries a sharp but invisible 
print of the original pattern. The DNA 
is fixed to the paper. The paper is incu
bated with a solution of denatured, ra
dioactively labeled fragments of plas
mid DNA, which serve as a probe. If 
there is plasmid DNA in the tumor, 
probe DNA reassociates with it, form
ing hybrid double-strand DN A; the rest 
of the probe DNA is washed away, leav
ing radioactive plasmid DNA bound 
to its counterpart strands in the tumor 
DNA. The paper is put in contact with 
X-ray film. When the film is developed, 
dark bands on the autoradiogram show 
where T-DNA has been incorporated 
into plant DNA. Comparison of those 
bands with the bands on a gel displaying 
a Sma I digest of pure plasmid DNA 
shows which Sma I fragments are, in 
whole or in part, in T-DNA: fragments 
3b, 10c, 16 and 17. 

To understand thc structure of Ti 
plasm ids and their T-DNA in detail it 
was necessary first to determine how the 
plasmid's fragments map into a closed 
circle and then to locate genes for partic
ular functions on the circular fragment 
map. Our group at the University of 
Washington ded uced the first fragment 
map of a Ti plasmid (for the octopine 
plasmid designated B6-806) by digest
ing the plasmid with the endonuclease 
Hpa I and seeing how the resulting frag
ments overlapped with the Sma I frag
ments cut from the same plasmid. We 
prepared' a large Southern blot of the 
Hpa I bands [see illustration on page 55] 
and cut it into longitudinal strips. A dif
ferent labeled Sma I fragment was al
lowed to hybridize with each strip. A 
labeled fragment that binds to only one 
Hpa I band must map within the band; a 
fragment that binds to two Hpa I bands 
must span the junction between those 
bands, and so on. By applying criteria 
such as these and by testing fragments 
generated with several endonucleases 
one finally builds up a complete frag
ment map. 

The next step was to. map the plas
mid's genes by associating mutations at 
particular sites with changes in particu
lar functions. For this purpose several 
groups exploited the techniq ue of trans
poson mutagenesis. Some genes for re
sistance to an antibiotic are carried on 
transposons, which are short segments 
of DNA that tend to jump, almost at 
random, to new sites on the bacterial 
chromosome or on a plasmid. The pres
ence of a trans po son simultaneously 
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PRESENCE OF PLASMID DNA (T-DNA) in gall tissue is demon
strated by Southern transfer. Tumor-DNA fragments generated by 
digestion with Sma I are separated by gel electrophoresis. The thou
sands of bands of fragments form a continuous smear on the gel (1). 
The DNA is denatured (the two strands are separated), transferred 
by blotting to filter paper and fixed to it (2). The paper is incubat-

ed with probe DNA (color): Ti-plasmid DNA or fragments of it, la
beled with a radioactive isotope and denatured (3). Probe fragments 
reassociate with complementary DNA, that is, they "find" and bind 
to bands constituting T-DNA. Unbound probe DNA is washed away 
(4). The T-DNA bands are made visible by autoradiography (5). The 
fragments can be identified by comparison with the original Sma I gel. 

generates a mutation (because insertion 
of the transposon interrupts a gene on 
the chromosome or plasmid), identifies 
itself (because the bacterium is rendered 
resistant to an antibiotic) and flags its 
location (because the pattern of endonu
clease fragments is changed by the inser
tion of new DNA into an old fragment, 
giving rise to new ones). At the Univer
sity of Washington, Nester and David 
Garfinkel introduced the transposon by 
means of a "suicide vector": a plasmid, 
constructed by John Beringer of the 
John Innes Institute in England, that 
carries the kanamycin-resistance trans
poson TnS. Introduced into Agrobacte
rium, this plasmid conveniently self-de
structs, but only after the TnS trans
poson has had an opportunity to jump 
to a new site on the bacterial chromo-. 
some or on a Ti plasmid .. 

One selects kanamycin-resistant bac
terial colonies in which the TnS is 

on the plasmid rather than on the chro
mosomes [see top illustration on page 56] 
and then tests them for any change in 
genetic properties. Many' mutations are 
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"silent," but in some cases there is a de
tectable change. If the bacteria cannot 
catabolize octopine, for example, a gene 
needed for that process must have un
dergone mutation. To map the gene one 
isolates Ti plasmid DNA from the mu
tant bacteria, digests it with Sma I and 
examines the resulting electrophoresis 
pattern. It is different from the normal 
pattern: one of the usual fragments (call 
it X) is missing and two new fragments 
are seen, and the combined size of the 
two new fragments eq uals the size of 
fragment X plus TnS. The gene must be 
within fragment X. Knowing that Sma 
I cuts near the middle of TnS, one can 
determine, from the size of the two new 
fragments and certain other informa
tion, the precise location of the gene. 

From this kind of analysis by Nes
ter's group, by Schell and Van Mon
tagu and by Schilperoort's group, a ge
netic map of octo pine and nopaline Ti 
plasmids eventually emerged. A large 
sector of the plasmid to the left of the 
T-DNA carries the virulence functions. 
Mutations in this sector presumably 
block the attachment of the bacterium 

, 

to a plant cell, the transfer of plasmid 
DNA into the cell or the integration of 
the DNA in the plant-cell chromosome, 
or perhaps several of these functions. 
Another large sector, on the other side 
of the T-DNA, governs the uptake and 
catabolism of octopine or nopaline. 
Genes governing the plasmid's ability 
to transfer in conjugation have been 
mapped, as have genes for the catabo
lism of additional opines. Large sectors 
of the plasmid still appear to be silent, 
but that may be because they govern 
traits of which we are not yet aware, 
perhaps including the ability to catabo
lize still more nutrient substances. 

Mutations within the T-DNA were of 
particular interest in that they identified 
genes transferred from the bacterium to 
the plant. In the nopaline plasmid stud
ied by Schell and Van Montagu one mu
tation eliminated nopaline synthesis in 
tumors, and it was situated within the T
DNA. Morel's prescient hypothesis was 
thereby confirmed; here was direct evi
dence, at the level of the gene, that the 
ability to synthesize nopaline is gov
erned by DNA transferred from the 
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bacterium to the plant. Cells of the tu
mor incited by this mutant Ti plasmid 
turned out to harbor not only the usual 
T-DNA but also a copy of the trans
poson that had given rise to the muta
tion. Now, the transposon in question, 
Tn7, is a sizable piece of DNA. Its pres
ence in the tumor cells meant that a 
large segment of foreign DNA, enough 
to carry several genes, can be trans
ferred along with the T-DNA. Clearly, 
then, in principle it should be possible to 
make T-DNA a vector for introducing a 
desirable gene into plant cells. If such 
a gene could be made to function in the 
plant cells and if the cells could be re
generated into healthy plants, a method 
would be available for genetic engineer
ing in plants. 

Additional transposon mutations in T
n DNA enabled Schilperoort's group 
to identify sites controlling the pertur
bation of hormone activity that is ap
parently responsible for tumor growth. 
The mutations bring about two kinds 
of changes in tumor morphology. One 
class of mutations cause roots to sprout 
from the tumor and the other class give 
rise to shoots. Just such changes are 
caused in normal plant tissue by a hor
mone imbalance: a high ratio of auxins 
to cytokinins induces excess formation 
of roots and a low ratio of auxins to 
cytokinins generates more shoots. Schil
peroort showed that the effect of the 
tumor-morphology mutations could in
deed be reversed by correcting the puta
tive hormone deficiency, that is, by add
ing cytokinins to the medium in the case 
of "rooty" mutants and by adding aux
ins in the case of "shooty" mutants. 

In Nester's laboratory several stu
dents worked out a detailed map of T
DNA, including the rooty and shooty 
gene loci. Again the method was trans
poson mutagenesis, but now that some
thing was known about the structure of 
the Ti plasmid the mutagenesis could be 
"site-directed": one could choose a par
ticular T-DNA fragment, clone it in a 
small vector plasmid, generate a muta
tion in it and then transfer the fragment 
into A. tume/aciens and onto the Ti plas
mid by means of double recombination. 
The result was a Ti plasmid with a muta
tion in a predetermined segment. 

Intensive mutagenesis of T-DNA in 
this way defined the rooty and shooty 
loci and also the site of another class 
of mutations generating unusually large 
tumors. Extensive regions of the T
DNA appeared to be silent, that is, mu
tations within them had no apparent ef
fect. Curiously, none of the 75 mutant 
plasmids studied had completely lost its 
virulence. This implies that all the genes 
governing the transmission of T-DNA 
to a plant cell and its insertion into the 
chromosomal DNA must fall outside 
the T-DNA, in the virulence region to 
the left of it. In this respect T-DNA is 

different from both viruses and trans
posons, both of which carry with them 
the vital functions allowing them to 
transfer to a new host. 

A gene is expressed when its DNA. 
is transcribed into a messenger RNA 
and the RNA is translated into protein. 
Crown gall cells contain RNA tran
scribed from T-DNA genes. The RNA 
seems to have the special characteristics 
of messenger RNA in eukaryotic cells 
(the nucleated cells of all organisms 
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FRAGMENT MAP OF PLASMID is derived by overlapping two sets of endonuclease frag
ments. A large Southern blot is prepared displaying the fragment pattern generated by cleav
ing the Ti plasmid with the endonuclease Hpa I (a). The blot is cut into strips and each strip is 
incubated with a different radioactively labeled Sma I probe, which reassociates with its Hpa I 
counterpart (b). Sma I fragment 4, for example, hybridizes with Hpa I fragments 2 and 4; Sma 

I fragment 6 hybridizes only with Hpa I fragment 2. Such data yield a linear pattern of over
lapping fragments (c) and eventually yield a complete map of the circular Ti plasmid (d). 
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GENETIC MAP OF PLASMID is determined by transposon mutagenesis. A gene conferring 
antibiotic resistance may be carried on a transposon, a piece of DNA that tends to jump to a 
new site. A "suicide" plasmid carrying a kanamycin-resistance transposon (color) is introduced 
into Agrobacterium by conjugation (1). The transposon may jump (2) to a site on the bacterial 
chromosome (a) or on the Ti plasmid (b, c). Wherever the transposon becomes integrated it 
causes a mutation. By screening for kanamycin resistance it is possible to select cells in which 
the Ti plasmid has thus been subjected to mutation. Each cell is tested for a change in genetic 
function. The gene for that function can be determined by comparing the fragment pattern of 
the mutant plasmid with the normal pattern (3). Fragment x has disappeared from the plas
mid of cell b and new fragments y and z are seen. They are the result of Sma I cleavage at a 
new site, in the transposon. The gene must be in missing fragment x, whose identity is con
firmed by the fact that its size is equal to the sum of y and z minus the size of the transposon. 
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GENETIC MAPS are beginning to be built up for an octopine Ti plasmid (left) and a nopaline 
one (right). The T-DNA has been defined. Within it gene loci governing synthesis of octo
pine or nopaline have been mapped. So have genes affecting tumor morphology, which are re
vealed by the "rooty," "shooty" and "large" mutations. In both plasm ids a region to the left 
of the T-DNA governs the virulence functions that enable the plasmid to induce a tumor. Re
gions outside the T-DNA also govern the catabolism of octopine or nopaline and other opines. 
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to genes for opines that havc not yet 
been discovered. 

The uniq ue biological chara
'
cteristics 

of the Ti plasmid make it a natural agent 
for gene transfer. It brings about the 
insertion into the plant's chromosomal 
DNA of T-DNA, which is thereupon 
maintained by the host plant, replicated 
along with the host plant's own genes, 
transcribed into RNA and (at least in 
large part) expressed as protein. How 
does the plasmid "decide" what part of 
itself is T-DNA? The answer may lie in 
specific signal sequences that have been 
identified in the border regions at both 
ends of the T-DNA. In these regions 
there is a 25-nucleotide "direct repeat" 
seq uence of nucleotides. (N ucleotides 
are the four subunits of DNA whose 
sequence in the coding regions of a 
gene encodes the genetic information 
specifying a particular protein. The pre
cise repetition of a short nucleotide 
sequence, either direct or "inverted," of
ten serves as a signal for recombination
al events.) The direct repeats may de
fine the limits of the T-DN A; any for
eign DNA inserted between the repeats 
should be handled as T-DNA, that is, it 
should be transferred to the plant cell. 

T et me describe one strategy for intro
L ducing a foreign gene into a plant by 
means-of a Ti plasmid and A. tume/a
ciens. One begins with a recombinant 
plasmid: a small plasmid suitable for 
cloning in the common bacterium Esch
erichia coli, into which a known frag
ment of T-DNA has been spliced as 
in the site-directed mutagenesis process 
described above. The recombinant plas
mid is cleaved open, at a site in the T
DNA segment, with a restriction endo
nuclease. A piece of "passenger" DNA 
is spliced into the opening. The passen
ger segment is bipartite: it consists of the 
foreign gene one wants to send into the 
plant on T-DNA and, attached to that 
gene, a genetic marker, say a bacterial 
gene for resistance to kanamycin. The 
combined plasmid is then recloned into 
a larger plasmid, which is introduced 
into an Agrobacterium strain carrying a 
wild-type (unmodified) Ti plasmid. As 
the bacteria proliferate a rare double
recombination event will sometimes 
take place, yielding a clone of bacteria 
whose T-DNA harbors an insert: the 
engineered passenger DNA. Such bac
teria can be identified and selected by 
their survival on a medium containing 
kanamycin after the recombinant vec
tor plasmid has been evicted. The select
ed bacteria are introduced into a plant. 
Their T-DNA is inserted into plant cells, 
and with it the passenger ON A. 

A number of experiments have made 
it clear that this strategy or any of sever
al similar ones can give rise to genetical
ly modified crown gall cells growing in a 
culture dish. That result is still a far cry 
from the objective of growing genetical-
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hol dehydrogenase together with a gene for resistance to kanamycin 
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can recombine with the same fragment (black) in the Ti plasmid. A 
rare double-crossover recombination brings the engineered fragment, 

with its passenger, into the Ti plasmid. The vector is evicted by intro
ducing an "incompatible" plasmid. Bacteria carrying the engineered 
fragment in their T-DNA are identified by resistance to kanamycin. 
Such bacteria are used to transform tobacco-plant cells. The T
DNA, with its passenger, is integrated into the plant's DNA, giving 
rise to rooty mutant cells. The cells yield healthy plants whose trans
formed cells contain T-DNA carrying alcohol dehydrogenase gene. 
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ly modified healthy plants from such 
a transformed cell line. Few complete 
plants have been grown from wild-type 
crown gall cells, and in every case they 
have turned out to be mutants most or 
all of whose T-DNA has been deleted. 
The conclusion is that the presence of 

T-DNA genes is incompatible with 
healthy plant growth, presumably be
cause they perturb auxin and cytokinin 
levels. How then is one to regenerate a 
healthy plant with the T-DNA and its 
passenger integrated into the plant's 
chromosomal DNA? 

CARROT CELLS transformed by Ri plasm ids, which are carried by Agrobacterium rhizo
genes, regenerate into healthy carrot plants. The plasmid's T-DNA transforms cells of a slice 
of carrot into rapidly growing hairy roots (top left). A single root placed in a culture medium 
proliferates (top right). When a root is grown on a solid culture medium to form a callus and 
callus is transferred to a liquid medium, it forms an embryo that then develops into a plant (bot
tom). Other kinds of plant can also be regenerated from their hairy roots. The Ri plasmid 
seems to be a naturally disarmed gene vector that can give rise to genetically modified healthy 
plants. These photographs were made by Jacques Tempe of the University of Paris at Orsay. 
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One possible way was suggested by 
some surprising results obtainl;:d recent
ly by Andrew N. Binns of the University 
of Pennsylvania and by Kenneth A. Bar
ton, Antonius J. M. Matzke and me in 
my laboratory at Washington Univer
sity in St. Louis. We inserted a yeast 
gene encoding the enzyme alcohol de
hydrogenase into the rooty locus of the 
nopaline plasmid and infected a tobacco 
plant with the resulting plasmid. The 
outcome was a culture of rooty mu
tant cells. The surprise was that the 
cells were not typically tumorous: they 
required added cytokinin for growth. 
Moreover, the cells (which synthesized 
nopaline and did not require added aux
in) grew into complete tobacco plants. 
DNA isolated from the plants contained 
some 20 copies of T-DNA per cell
each including a copy of the inserted 
eukaryotic gene for alcohol dehydroge
nase! In other words, far from being de
letion mutants our plants had an all
time record number of copies of T
DNA per cell. After self-pollination the 
plants produced seeds that grew into 
healthy plants whose cells contained 
full-length T-DNA, still including the 
yeast gene, in multiple copies. We con
clude that a rooty mutation somehow 
"disarms" nopaline T-DNA so that to
bacco cells transformed by the T-DNA 
can regenerate. Whether this will work 
for other kinds of Ti plasmids and in 
other kinds of plants remains to be seen. 

Amore general way to build a dis
armed T-DNA vector may be to de

lete all the T-DNA's own genes, leaving 
only the passenger DNA and the non
coding direct-repeat signal sequences. 
Such vectors have now been constructed 
in several laboratories, including ;nine. 
They may turn out to be the vectors of 
choice for most plants that are suscepti
ble to infection by A. tume/aciens. 

There is another family of Agrobacte
rium plasmids that may also serve as 
gene vectors yielding healthy genetical
ly modified plants. They cause a pro
liferation of roots, called hairy-root 
disease, in plants infected by A. rhizo
genes and are called Ri (for root-induc
ing) plasmids. The roots, like crown 
gall tissue, grow rapidly in culture in 
the absence of the infecting bacterium. 
Jacques Tempe and his colleagues at 
the Institut National de la Recherche 
Agronomique have shown that the root 
cells contain opines; they also contain 
several copies of a T-DNA. The impor
tant thing is that, like the rooty-mutant 
nopaline Ti plasm ids, the Ri plasm ids 
give rise to transformed plant cells that 
can regenerate into intact healthy, fer
tile plants. The Ri plasm ids appear to 
be naturally disarmed vectors. 

Given that foreign genes can be in
'troduced into certain plants and that 
healthy genetically modified plants can 
be regenerated, the next question is 
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whether those genes will be expressed
will give rise to messenger RNA and 
protein-and so have an effect in their 
new setting. A number of experiments in 
which plant, animal, yeast and bacterial 
genes have been transferred have not 
been successful in this respect. Our yeast 
gene for alcohol dehydrogenase, for ex
ample, is not expressed (the enzyme is 
not synthesized) in the regenerated to
bacco plants. The expression of a gene is 
regulated by various signal sequences 
flanking the DNA that codes for a pro
tein. The most important regulatory se
quences are in the promoter region, up
stream from the gene. The signals sur
rounding an inserted foreign gene must 
be recognizable by the plant cell if the 
gene is to be expressed. For several 
years it has been possible to get bacteria 
to synthesize animal proteins by insert
ing into the bacteria a chimeric gene: 
one in which regulatory information 
from a bacterial gene is carefully spliced 
to the coding region of an animal gene. 

Very recently Michael W. Bevan in 
my laboratory, the group at Ghent 

and workers at the Monsanto Compa
ny in St. Louis have been able to make 
an analogous chimeric gene that is ex
pressed in plant cells. In all three labora
tories the procedure was to excise the 
coding region from a T-DNA gene, 
splice a bacterial gene for resistance to 
kanamycin between the T-DNA gene's 
regulatory regions and then introduce 
the chimeric gene into Ti plasmids more 
or less as described above. Plant cells 
transformed by the plasmids expressed 
the bacterial gene: they were resistant 
to a concentration of kanamycin that 
would have killed unprotected cells in 
culture. This success indicates that the 
problem of gene expression in a genet
ically modified plant can, in principle 
at least, be solved. As more is learned 
about the regulatory mechanisms of 
plant genes it should become possible 
not only to achieve expression but also 
to get selective expression by modify
ing the promoter region of genes. One 
might cause a gene to be expressed only 
in leaves or only in seeds, or only in re
sponse to a chemical signal. 

So far both regeneration and expres
sion have not been reported in the same 
experiment, but this will surely be ac
complished soon. Then the question will 
be how to choose and isolate genes that 
are likely to improve crop plants. There 
are obvious objectives such as larger 
yields, resistance to pests and tolerance 
of cold and drought. The trouble is that 
there is no known way to find genes 
controlling such traits, most of which 
are probably governed by a number of 
genes and perhaps by elaborate regula
tory mechanisms. Even if the appropri
ate genes could be identified, there is no 
known technique for isolating them by 
recombinant-DNA methods; only genes 
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CHIMERIC GENE must be constructed if a passenger gene is to be expressed by plant cells. 
The coding region of a T-DNA gene is excised precisely, leaving undisturbed the promoter re
gion that precedes the gene (and regulates its transcription into RNA) and the signal sequences 
(heavy hatching)  that flank the coding region (and may regulate the processing of the RNA 
for translation into protein). The coding region of the passenger gene is inserted between the 
regulatory regions so that it will be expressed as if it were an integral part of the T-DNA. 

whose protein product is known have so 
far been isolated. 

On the other hand, a feasible objective 
for the near future is the introduction 
into crop plants of novel foreign genes 
conferring resistance to herbicides or 
pesticides. If a plant can be grown in the 
presence of powerful agricultural chem
icals, it should give a higher yield be
cause of diminished competition from 
weeds or diminished predation. 

The Ti and Ri plasmids' promise is 
limited to the modification of dicoty
ledonous plants, which Agrobacterium 
infects. The bacterium does not infect 
monocotyledonous plants, including 
grasses and cereals, and most of the 
world's important food crops are mon
ocots. The reason for their immunity to 
the bacterium is not understood. There 
is as yet little information on how T
DNA travels from the plasmid to the 
plant cell's nucleus and on how (or even 
whether) T-DNA picks its sites of inser
tion into plant DNA. Research is needed 
in this important area, because better 
understanding of the sequence of events 
in infection may give insight into what 
step fails in the monocots. Many dicoty
ledonous plant species readily regen
erate intact plants from tissue-culture 
cells; among the monocots regeneration 
is rarer and more difficult to achieve, but 
recently advances have been made in re
generating important crop plants from 
cells. That should spur efforts to ex
tend the host range of the Ti plasmid to 
monocots and to develop new vectors 
that will function in monocots. 

Agrobacterium has shown that it is 
possible to get foreign DNA into plant 
chromosomes. Can biologists mimic the 
natural process with a plasmid of their 
own choice or design, or does the symbi
otic combination of A. tumefaciens and 
the Ti plasmid have inimitable advan
tages shaped by evolution and natural 
selection? Until now counterfeit plas
mids introduced into plant cells by a va
riety of techniques have failed to inte-

grate their DNA into the host DNA. 
Even the Ti plasmid itself nearly fails 
when it is introduced artificially into 
tobacco protoplasts (cells denuded of 
their tough outer wall). The efficiency 
of T-DNA insertion is very low and the 
ends of the inserted DNA are abnor
mal, suggesting that the usual integra
tion mechanism is not functioning. 

I t is a safe bet that, in contrast, Agrobac
terium knows how to get T-DNA into 

the plant-cell nucleus with high efficien
cy. How? There may be a bacterial en
zyme that excises T-DNA from the plas
mid. The form of the T-DNA on arrival 
in the nucleus must be important. The 
DNA could be linear or circular, single
strand or double-strand, naked or com
plexed with bacterial proteins; it could 
replicate independently in the plant cell 
or it could become integrated immedi
ately. The infecting bacterial cell may 
somehow bring the plant cell into a re
ceptive state for DNA insertion, or the 
bacterium may have a special affinity 
for receptive cells. The signal sequences 
at the end of the T-DNA may be impor
tant for excision from the plasmid or 
for insertion into the plant DNA; what 
structure (and in which organism) reads 
the signals is not known. 

For all its mysteries the Ti plasmid is 
today the only successful gene vector 
for higher plants. Quite apart from the 
great promise of its exploitation for 
crop improvement, the plasmid has be
come an important investigative tool. 
It provides a way to manipulate plant 
genes and thereby to study gene struc
ture and regulation. It has revealed 
genes that influence plant-hormone lev
els, and such genes will be valuable for 
the study of development. Finally, T
DNA has demonstrated for the first 
time that bacterial plasmid D N A  recom
bines with plant chromosomal DNA 
in nature, thus revealing a previously 
unknown evolutionary channel for the 
transmission of genes. 
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Giant Volcanic Calderas 

They are craters tens of kilometers in diameter that remain after 

eruptions far more violent than any in the span ofhuman history. 

Perhaps 10 of them have been created over the past mIllion years 

T
he eruption of Mount St. Helens 
in southern Washington on May 
18, 1980, ejected .6 cubic kilome

ter of magma and left a crater two kil
ometers in diameter; it is deservedly 
regarded as having been a spectacular 
event. How then might one describe an 
eruption that happened 950 kilometers 
to the east of Mount St. Helens some 
600,000 years ago? It disgorged 1,000, 
cubic kilometers of pumice and ash and 
left an elongated caldera (the term for a 
large volcanic crater) 70 kilometers in 
its longest dimension. The camouflaging 
effects of vegetation and glaciation have 
made the traces of that eruption quite 
difficult to recognize today; the most ob
vious vestige is the Old Faithful geyser 
in Yellowstone National Park. Yellow
stone is nonetheless a product of vol
canic processes operating on the largest 
scale: it is a resurgent caldera, that is, a 
caldera whose floor has slowly domed 
upward in the millenniums since the 
eruption. Resurgent calderas are by far 
the largest calderas found on the earth. 
Thus volcanic eruptions such as the one 
that formed the Yellowstone caldera 
must be counted among the greatest ca
tastrophes of nature, perhaps compara
ble to the impact of an asteroid. 

Fortunately they are rare. Not one has 
taken place throughout the few thou
sand years of recorded history, and in 
the U.S. only three are known to have 
happened over the past million years. In 
addition to the one in Yellowstone, an 
eruption 700,000 years ago formed the 
Long Valley caldera in California and 
an eruption a million years ago formed 
the Valles caldera in New Mexico. (The 
Long Valley caldera has been of partic
ular concern lately because of a series of 
small earthquakes in the area.) Erup
tions of similar age may eventually be 
shown to have happened in other parts 
of the world. Still, it will probably turn 
out that in the past million years no 
more than 10 have happened world
wide. On the other hand, detailed map
ping of the San Juan Mountains in Colo
rado by Thomas A. Steven and Peter W. 
Lipman of the U.S. Geological Survey 
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revealed at least 18 calderas between 20 
and 30 million years old, and many 
others of comparable age have been 
recognized in southern New Mexico, 
Arizona and Nevada. In the past dec
ade volcanologists have made rapid 
progress in understanding the origins of 
giant, resurgent calderas and the catas
trophic eruptions that form them. 

T
he fundamental mechanism of cal
dera formation is clear. The sudden 

ejection of large volumes of magma 
from a magma chamber a few kilome
ters below the surface of the earth ab
ruptly removes the underpinning of the 
roof of the chamber. Hence the roof 
founders downward, leaving a caldera 
at the surface. In a classic work on the 
volcanic geology of Scotland published 
in 1909, C. T. Clough, H. B. Maufe and 
E. B. Bailey offered the first account of 
this process, which they termed caul
dron subsidence. The process takes 
place on a wide range of scales, leaving 
calderas that vary in diameter from a 
few kilometers to 50 or more. 

Apart from sheer size the definitive 
feature of a resurgent caldera is the slow 
upheaval of its floor, which probably 
results from the intrusion of fresh mag
ma into the magma chamber that creat
ed the caldera in the first place. The 
amount of vertical resurgence can ex
ceed one kilometer. Unlike an ordinary 
volcano, therefore, a resurgent caldera 
is a broad depression with a central mas
sif. The phenomenon of resurgence was 
first recognized in 1939 by the Dutch 
geologist R. W. van Bemmelen during a 
study of the Toba caldera in northern 

Sumatra. Van Bemmelen estimated that 
the floor of the caldera had subsided by 
as much as two kilometers, allowing a 
deep lake to form, but had later been 
heaved up hundreds of meters to cre
ate the island known as Samosir in the 
middle of the lake. Toba remains today 
the largest resurgent caldera known: its 
maximum dimension is nearly 100 kilo
meters. Toba, however, has been rela
tively little investigated, and the details 
of resurgence have been worked out 
largely by geologists of the Geological 
Survey who have studied the calderas 
of the American Southwest. Indeed, the 
term resurgent caldera was introduced 
(in 1962) by Robert L. Smith and R. S. 
Bailey of the Survey. 

One further characteristic of resur
gent calderas can be traced to the nature 
of volcanic processes. In any volcanic 
eruption the magma reaching the sur
face can erupt in three ways: as lava, as 
air-fall material or as a pyroclastic flow. 
Lava is simply magma that reaches the 
surface, spreads out as a liq uid and so
lidifies into igneous rock that is finely 
crystalline or even glassy. Depending on 
the composition of the magma, the rock 
ranges from basalt, a dark gray material 
relatively poor in silica (Si02), through 
andesite and dacite to rhyolite, a light 
gray material rich in silica. Air-fall ma
terial consists of pumice (a frothy, glassy 
substance) along with finer particles of 
ash and dust. (The term dust is usually 
given to particles less than four micro
meters in diameter. Particles between 
four and 63 micrometers are called fine 
ash.) The material is created when frag
ments of solidified magma are carried 

CERRO GALAN CALDERA in northwestern Argentina went undetected in conventional 
geological surveys of the area but was discovered in this false-color image, which was made by 
a Landsat satellite in orbit 900 kilometers above the ground. The sheer size of the caldera had 
helped to hide it. The rim of the caldera, in places covered with snow, is an ellipse 34 kilometers 
along its greatest (north-south) diameter. The center of the caldera, also covered with snow, is 
an elevation whose apex is six kilometers above sea level. The elevation (a resurgent center) 
exists because the accumulation of fresh magma under the surface in the millenniums since 
the catastrophic eruption at the site has heaved the caldera floor upward. The grayish, heavily 
gullied terrain surrounding the northern half of the caldera is the much-eroded remnant of a 
great apron of ignimbrite: rock that formed from the pumice and ash ejected in the eruption. 
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upward in the atmosphere by intensely 
hot convecting gases. 

Pyroclastic flows are also composed 
of pumice, ash and dust. Here, how
ever, the volcanic material forms an in
candescent, ground-hugging cloud that 
races along the surface at speeds of up to 
100 meters per second, buoyed up and 
fluidized by hot gas. Often the cloud de
posits clasts, or fragments, of pumice 
many tens of kilometers from the source 
of the eruption. 

Most volcanic eruptions produce lava 
and air-fall ashes; pyroclastic flows are 
less common. Yet in eruptions that form 
a resurgent caldera pyroclastic flows ac
count for by far the greatest proportion 
of the ejecta. Indeed, pyroclastic flows 
often accumulate in a newly formed cal
dera to a thickness of more than a kilo
meter. At the bottom of such a pile the 
pumice clasts typically soften and weld 
together, producing a distinctive and 
unmistakable rock. In 1935 P. Marshall, 
studying the rock resulting from pyro
clastic flows in New Zealand, named 
it ignimbrite: fire-cloud rock. The term 
is now employed for the deposits laid 
down by pumiceous pyroclastic flows, 

whether the clasts are welded or not. 
Large thicknesses of welded ignimbrite 
are excellent evidence for the location 
of ancient calderas. 

Desurgent calderas are large and the 
n.. material ejected by the eruptions 
that make them is extremely volumi
nous. Nevertheless, resurgent calderas 
are not particularly easy to identify. In 
many instances they are camouflaged by 
their very size. A few years ago M. C. W. 
Baker and I, working first at the Open 
University in England and later at the 
Lunar and Planetary Institute in Hous
ton, undertook a search for calderas in 
the Andean cordillera of South Ameri
ca by means of images made with the 
Landsat satellites. The search capital
ized on the greatest advantage that sat
ellite imagery holds over conventional 
aerial photography: the altitude of the 
spacecraft (900 kilometers) gives an oth
erwise unobtainable synoptic view of 
large structures on the earth. We were 
able to identify two major calderas that 
had previously gone undetected by geo
logical surveys. 

The more impressive of the two is the 

Cerro Gallin caldera in northwestern 
Argentina, which is 34 kilometers in di
ameter and is surrounded by a spectacu
lar apron of ignimbrite extending as far 
as 70 kilometers from the caldera rim 
itself. We later learned that the caldera 
had also been noted by J. D. Friedman 
of the Geological Survey and Grant H. 
Heiken of the Johnson Space Center in 
photographs made from the Skylab 4 
spacecraft in 1974. The caldera is so 
young (2.6 million years) and its struc
ture is so unambiguous that we had little 
doubt what it is. 

The second caldera was less obvious. 
The Landsat images we examined sug
gested to us that the Kari Kari mountain 
massif in Bolivia, which is five kilome
ters high, probably represents the resur
gent center of a large, old caldera. Earli
er mapping of Kari Kari, however, had 
suggested the massif was a batholith: a 
great mass of coarsely crystalline igne
ous rock that solidified in the crust of the 
earth and was later exposed by erosion. 
Our field work at the site soon confirmed 
our identification. The welded texture of 
the rock of the massif showed conclu
sively that it is ignimbrite. The resurgent 

CLIFF OF IGNIMBRITE nearly half a kilometer high was exposed 
by erosion at Cerro Galan at a site on the apron of ignimbrite about 
20 kilometers to the west of the caldera rim. Each of the horizontal 

layers in the cliff represents material deposited by an individual erup
tion; the uppermost layer represents material deposited by the erup
tion that formed the Cerro Galan caldera some 2.6 million years ago. 
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center is the remaining evidence of a cal
dera that was originally about 36 kilo
meters across in its largest dimension. It 
is 20 million years old. We have found a 
number of other calderas in unexplored 
parts of the central Andes. Field investi
gation will be long and difficult. 

At first one might think the most likely 
I\. place for an eruption that forms a 
resurgent caldera would be a subduc
tion zone, the boundary on the surface 
of the earth where a plate of oceanic 
crust slides under a continental plate 
and plunges into the underlying mantle. 
After all, subduction zones are sites 
of intense seismic and volcanic activ
ity. The Toba caldera in Sumatra is in 
such a setting. In most instances, how
ever, the geological setting is much less 
straightforward. Most of the younger 
calderas in the U.S., for example, are 
hundreds of kilometers from any mod
ern subduction zone. 

Nevertheless, resurgent calderas are 
not randomly distributed around the 
globe. The ignimbrites that characterize 
them result from the eruption of dacitic 
or rhyolitic magma, which is viscous, 
rich in silica and typically is produced 
in areas where the continental crust is 
thick. Resurgent calderas may form, 
therefore, in regions of the continental 
crust where a thermal plume (a "hot 
spot") in the mantle of the earth is large 
enough and long-lasting enough to melt 
huge volumes of rock. The plume does 
not melt the continental crust directly. 
Instead it melts part of the mantle to 
create a basaltic magma. The basaltic 
magma rises, melting the rock at shal
lower levels. 

Consider some specific calderas. In 
the U.S. the Yellowstone caldera lies at 
the northeastern end of a trail of volcan
ic activity that begins in Idaho in the 
basaltic rock of the Snake River plain. 
Over the past 15 million years the focus 
of volcanic activity has shifted along the 
trail to its present position in Wyoming, 
perhaps in response to the movement of 
the plate that includes the North Ameri
can continental crust over a stationary 
thermal plume in the mantle. A number 
of other calderas, no older than a few 
tens of millions of years, are found in a 
zone many hundreds of kilometers wide 
in Nevada, Arizona, Utah and New 
Mexico. The youngest caldera in the 
group is on the flanks of the Rio Grande 
Rift, which runs for hundreds of kilome
ters northward through New Mexico 
into Colorado. It is thought the conti
nental crust at the Rio Grande Rift has 
somehow been thinned, producing the 
rift itself. A similar process is thought to 
have caused rifts in the oceanic crust 
near many of the island arcs in the Pacif
ic. At the Rio Grande Rift the thinning 
may have allowed heat from the mantle 
to act with great effect. 

Other settings are also possible. In Ar-

WELDED IGNIMBRITE, sbown actual size, was pbotograpbed on tbe flanks of tbe Valles 
caldera in New Mexico. Tbe dark streaks are compressed clasts, or fragments, of glassy pum
ice (a frotby volcanic rock) tbat softened and fused in tbe beat of tbe layer of ejecta laid 
down by tbe caldera-forming eruption. Tbe clasts now lie in tbe midst of a bard, dense rock. 

UN WELDED IGNIMBRITE was pbotograpbed on tbe flanks of tbe Cerro Galan caldera. 
Tbe clasts of pumice lie in a matrix of volcanic asb and dust. Tbey can be removed by band. 
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RAIN OF ASH is mapped for the three eruptions that left resurgent 
calderas in the U.S. over the past million years. An eruption a million 
years ago left the Valles caldera in New Mexico, an eruption 700,000 
years ago left the Long Valley caldera in California and an eruption 
600,000 years ago left the Yellowstone caldera in Wyoming. The map-
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ping was done largely by G. A. Izett and his colleagues in the U.S. 
Geological Survey; the uncertain extent of the Valles caldera's ash is 
shown as a broken line. Ordinary volcanoes can distribute ash over 
large areas, but the thickness of the ash layer laid down by a caldera
forming eruption is centimeters rather than a fraction of a millimeter. 
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ASH FROM THE TOBA CALDERA in Sumatra rained down on a 
region including most of the Bay of Bengal and parts of Sumatra, Sri 
Lanka and India 75,000 years ago. The pattern of distribution was 
determined by a group led by Dragoslav Ninkovich of the Lamont-
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Doherty Geological Observatory of Columbia University; the group 
found an ash layer more than 10 centimeters thick in cores extracted 
from the sea floor as far as 2,000 kilometers from the Toba caldera it
self. The Toba caldera is the youngest and the largest caldera known. 
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gentina and Bolivia resurgent calderas 
have formed not only along the main 
volcanic cordillera of the Andes but 
also in a second cordillera more than 
200 kilometers farther inland. Here one 
finds no clear evidence of crustal thin
ning. On the contrary, the continental 
crust may be as much as 40 to 50 kilo
meters thick under the Cerro Galan and 
Kari Kari calderas. It is thought magma 
conduits to the surface of the inland cor
dillera may have developed by local ex
tensional stress: a fracturing of the crust 
caused by the pressure of magma mov
ing upward because of its buoyancy. 

A
number of events can be identified 
in the evolution of a typical calde

ra: precaldera doming, caldera collapse, 
eruption of air-fall material and py
roclastic flows, postcaldera resurgence 
and finally late-stage extrusions of lava. 
Precaldera doming is the elevation of 
the surface of the earth that precedes 
a massive eruption. It happens when a 
great volume of magma intrudes itself 
into a shallow level of the continen
tal crust, creating a pluton, or magma 
chamber, whose top may lie only four 
or five kilometers below the surface. 
The doming generates a local extension
al-stress field in the surface rock, and 
the stresses are important to the next 
event in the evolution: the collapse of 
the caldera. 

An ambiguity persists, however. Does 
the upward pressure of the pluton cause 
the failure of the rock that forms the 
roof of the chamber, allowing magma to 
escape to the surface along a great ring
shaped fracture that develops above 
the pluton's perimeter? The escape of 
the magma would open a subterranean 
space into which the roof could then 
subside. Or does the roof of the pluton 
sink into the magma and in the process 
open the ring fracture along which mag
ma erupts? T. H. Druitt and R. S. J. 
Sparks of the University of Cambridge 
have argued that whether the subsi
dence is a cause or an effect of the erup
tion, the ring fracture, which becomes 
the wall of the caldera, must be verti
cal or must bell outward with increas
ing depth in order to accommodate the 
rate of eruption and the pistonlike fall 
of the roof. 

The magma at the top of the pluton 
has a temperature of 700 to 1,000 de
grees Celsius and is rich in dissolved gas
es, mostly water vapor. The magma ris
es toward the surface along the new
ly opened ring fracture. As it rises, the 
pressure on it lessens, until at a depth of 
about a kilometer the gases come out of 
solution, much as they do when the cork 
on a bottle of champagne is popped. Da
citic or rhyolitic magma is much more 
viscous than champagne, however (or 
even basaltic magma), and so the gases 
do not merely bubble away. Instead they 
blow the magma apart. The actual proc-

PLINIAN COLUMN is generated in a volcanic eruption when the rate of eruption is great, when 
the erupting magma includes large amounts of dissolved gas and when the fissure venting the 
magma is narrow: perhaps 50 to 100 meters in diameter. At a depth of about a kilometer the 
gas comes out of solution, causing the magma to explode into incandescent pumice and ash. 
The particles are blasted upward ballistically (solid red arrows) to form the lower part of the 
plinian column. In the upper part of the column they are lofted many kilometers higher (solid 
blue arrows) by convection currents set up in the atmosphere. It is thought that plinian col
umns are often the first phase in the catastrophic eruption that forms a resurgent caldera. 
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ess is complex but the result is sim
ple: the magma escaping from the plu
ton toward the surface is expanded into 
pumice and explosively fragmented into 
incandescent solid particles ranging in 
size from micrometers to meters. 

The key to understanding the effects 
of a great caldera-forming eruption is 
the action of the incandescent mixture 
of dust, ashes, pumice and liberated gas
es when it is vented at the surface. The 
kinetics of the venting have been ana
lyzed by a group originally centered 
on G. P. L. Walker of the Imperial Col
lege of Science and Technology, notably 
Sparks of Cambridge, Lionel Wilson of 
the University of Lancaster and Colin 
J. N. Wilson of the University of Auck
land. They have shown that when the 
rate of eruption is great and the vent is 
relatively small (perhaps 50 or 100 me
ters in diameter), an eruption column 
develops, rising tens of kilometers into 
the atmosphere. (The eruption column 
of Mount St. Helens on May 18, 1980, 
reached about 20 kilometers.) 

It should be emphasized that the pum
ice in the column is not simply pro-

pelled upward from the vent like buck
shot from a shotgun. Directly above 
the vent the energy of the column in
deed is largely kinetic. The upward ve
locities are hundreds of meters per sec
ond. As the pumice rises, however, it 
rapidly decelerates; it is slowed not only 
by gravity but also by aerodynamic 
drag. Then a second process begins to 
contribute energy. The decelerating as
semblage of incandescent pumice, ash 
and gas entrains and heats up air from 
around the column. As a result the as
semblage becomes buoyant and begins 
to rise convectively. It may even accel
erate upward again. Eruption columns 
rising by convection are well known; 
they are the essence of what is called a 
plinian eruption, after Pliny the Elder, 
whose description of Vesuvius in A.D. 79 
provides the first documented example. 
Convection can drive a plinian column 
to heights as great as 50 kilometers. 

M
assive plinian columns may signal 

the start of a catastrophic collapse 
that creates a caldera. As the eruption 
proceeds, however, the plinian columns 

typically give way to pyroclastic flows, 
which account for by far the greatest 
fraction of the volume of the eruption. 
The reasons are several. The size of the 
vent can be increased by the blast of 
the initial eruption or by the collapse of 
the caldera floor. The gas content of the 
magma can decrease as lower levels of 
the pluton are tapped. In these circum
stances it becomes more difficult for a 
plinian column to sustain itself. The col
umn becomes denser than the surround
ing air and soon collapses. That is, the 
mass of incandescent pumice and gas 
acquires only the first, ballistic compo
nent of upward motion. It still may 
reach a height of 10 kilometers, but 
without convective flow to sustain it, it 
falls back around the vent. 

Now the pyroclastic flows develop. 
They are made up of the falling materi
al, and they surge outward from where 
the material reaches the ground. Their 
mobility is extraordinary. It is known 
from the distribution of the ignimbrites 
they deposit that they can sweep over 
hills as much as a kilometer high and 
travel distances of up to 150 kilometers. 

PYROCLASTIC FLOW is generated in a volcanic eruption when 
the rate of eruption slows, when the erupting magma includes little 

gas or when the vent widens. Often such a flow results when a plinian 
column collapses, so that volcanic particles rise only ballistically (solid 
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No large-scale pyroclastic flows have 
ever been observed in action, but their 
hill-climbing abilities imply a velocity 
on the order of 100 meters per second. 
The smaller flows in the later stages of 
the eruption of Mount St. Helens had 
velocities of 30 meters per second. 

The explanation of the mobility is 
fairly well established as a result of re
cent theoretical and experimental stud
ies such as those of Sparks and Colin 
Wilson. The flows travel in a partially 
fluidized condition. That is, the gases 
that continue to leave the hot pumice 
particles, combined with the atmospher
ic gas entrained at the front of the flow, 
stream upward among the particles, 
supporting the finer grains. The finer 
grains in turn provide a lubricating me
dium in which the larger clasts are dis
persed. The flow thus comes to have a 
lower density and a much lower viscos
ity than an unfluidized aggregation of 
pumice and dust would have. It makes 
efficient use of its kinetic energy, which 
derives from its vertical fall from a 
height of several kilometers. 

The main deposit of a massive py-

roclastic flow is a blanket of pumice 
and smaller particles that can be many 
meters thick more than 50 kilometers 
from the vent. In addition the fine parti
cles entrained by the flow typically form 
a secondary ash cloud that rises many 
kilometers by convection. The subse
quent fall of particles from the cloud 
can deposit a thin layer of ash over a 
region much larger than the one covered 
by the ignimbrite of the pyroclastic flow 
itself. Indeed, the layer, which is called 
co-ignimbrite ash, can amount to as 
much as a third of the entire volume of 
the ignimbrite. 

Why are the eruptions that form re
surgent calderas exclusively eruptions 
of dacitic or rhyolitic magma? Two in
terrelated factors are responsible. First, 
because of the lower viscosity of a basal
tic magma, gases coming out of solution 
in the magma can easily escape. The 
eruption is not catastrophically explo
sive, and the production of pumice and 
fine ash is inhibited. Second, because a 
basaltic eruption gives rise to scant fine 
ash, the transfer of heat from the erup
tion column to the atmosphere is less-

ened. (Such transfer is far more effi
cient for particles less than a millimeter 
in diameter than it is for larger ones.) 
Hence it is difficult for an eruption of 
basaltic magma to generate convective 
currents in the atmosphere and become 
a plinian column. 

The "fire fountains" seen on the active 
volcanoes of the Hawaiian Islands pro
vide an excellent example. In a fire foun
tain great volumes of lava are sprayed 
high into the air, but the lava, which is 
basaltic, emerges as large liquid gob
bets, sometimes a meter or more across. 
Hardly any fine ash erupts. The gobbets 
do not readily transfer heat to the at
mosphere, and so there is virtually no 
chance that a convective column might 
develop. Instead the eruption leaves 
lava spattered on the ground around the 
vent. Since the lava retains almost all 
its original heat, secondary lava flows 
are common. 

O
ne of the most surprising aspects 

of the catastrophic eruptions that 
form a resurgent caldera is how short 
they are. Michael T. Ledbetter of the 

red arrows) and then fall hack to the ground. There they form the 
flow: a ground-hugging cloud of particles buoyed up and fluidized by 

hot gases. The flow can climb hills a kilometer high and can travel 
distances of 150 kilometers at velocities of 100 meters per second. 
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University of Georgia and Sparks have 
studied the rate at which ash particles 
settle in seawater. The rate depends on 
the density and the radius of each par
ticle; therefore fine ash among the ejec
ta from the beginning of an eruption 
and coarse ash among the ejecta from 
the end of the eruption may reach the 
sea floor simultaneously. Ledbetter and 
Sparks deduce from the data they have 
collected that the 300 cubic kilometers 
of ash erupted from the Atitl{m caldera 
in Guatemala 84,000 years ago fell over 
a period of only 20 to 27 days. They 
think it unlikely that the eruption was 
continuous. Instead a plinian column 
probably collapsed a number of times, 
causing the successive emplacement 
of distinct ignimbrite sheets. (The Ati
thin caldera is 28 kilometers across, but 
its center is not resurgent.) The same 
approach suggests the eruption that 
formed the Toba caldera deposited 
more than 1,000 cubic kilometers of ash 
in as little as nine days. 

After the eruption several things hap
pen. Typically a lake fills the new calde
ra. Sediment erodes from the caldera 
wall and accumulates at the bottom of 
the lake. On a slower scale the resur
gence of the caldera floor begins. In gen
eral it is not a simple pistonlike rise 
of the floor (and of the ignimbrite that 
now blankets it) along the ring fracture. 
Mapping of the ignimbrite in Cerro Ga
hin and other calderas shows that it is 
tilted away from a well-defined central 
point, often at an angle exceeding 45 
degrees. This suggests resurgence is a 
local phenomenon. Probably it occurs 
above a small pluton newly intruded 
into the one that caused the eruption. In 
some cases, including Yellowstone, two 
separate centers of resurgence are pres
ent in one caldera. 

It was the recognition that young lake 
sediments had been raised hundreds of 
meters that enabled van Bemmelen to 
demonstrate that the resurgence of the 
floor of the Toba caldera had formed 
the 640-square-kilometer island of Sa
mosir. At Cerro Galan resurgence of 
more than one kilometer has raised the 
center of the caldera to an altitude of 
more than six kilometers above sea lev
el, making it one of the highest moun-

tains in Argentina. Little is known about 
the rate of resurgence, but in the case 
of the Long Valley caldera, the one 
at which the dating of the geological 
events is least equivocal, the process 
may have continued for up to 200,000 
years. Since the Toba caldera is only 
about 75,000 years old, the resurgence 
of Samosir may not yet be complete. 

After resurgence come the final epi
sodes in the evolution of a caldera: the 
relatively quiet effusion of dacitic or 
rhyolitic lava from a necklace of vents 
along the ring fracture. Typically the 
volume of material released is small, 
but the effusions continue intermittent
ly long after the catastrophic caldera
forming eruption. At Long Valley dis
tinct episodes of effusion took place 
500,000, 300,000 and 100,000 years 
ago. It is fair to conclude that the vol
canic events associated with the forma
tion of a caldera may continue with little 
violence for up to a million years. Hot 
springs and geysers, representing geo
thermally heated water that finds its 
way to the surface, may be present for 
much longer than that. 

T
he hazards to human life that would 
be presented by a caldera-forming 

eruption have never been analyzed in 
detail. They would surely be far-reach
ing. Much would depend on the total 
volume of the eruption and on the pro
portions of air-fall ash, ignimbrite and 
co-ignimbrite ash. Consider a 1,000-cu
bic-kilometer eruption. A tract of land 
with a surface area of perhaps 500 
square kilometers would sink, and the 
resulting caldera would be filled entirely 
with ignimbrite. A surrounding area of 
up to 30,000 square kilometers would 
also be covered by ignimbrite. The 
depth of the cover would range from 
more than 100 meters on the caldera 
rim to a few meters at the farthest ex
tent of the ignimbrite. Throughout the 
covered area plants and animals would 
be killed. Buildings would be demol
ished or buried. 

In the short term the most serious con
sequence of the eruption would proba
bly be the fall of co-ignimbrite ash, 
which would have a pattern dictated by 
the prevailing wind and the size distri-

DISTINCT STAGES mark the evolution of a resurgent caldera. In the first stage magma at 
depths of as little as four or five kilometers below the surface forms a pluton, or magma cham
ber, which slightly domes the surface (1). In the pluton there are zones that differ in composi
tion, with viscous magma rich in silica (Si02) and dissolved gases at the top (orange). Even
tually an eruption begins. Plinian columns develop above a great ring-shaped fracture (2). Then 
within minutes or hours the roof of the pluton collapses along the fracture, leaving a caldera, 
and the plinian columns give way to pyroclastic flows (3). The eruption lasts for only a few 
days. It fills the caldera with ignimbrite and also blankets the surrounding area (4). Meanwhile 
the caldera wall begins to erode (black stipp/e). A lake may also form (5). Still later, over a 
period of a few hundred thousand years, the intrusion of fresh magma into the pluton causes 
parts of the caldera floor to move upward again (6). Minor volcanic activity persists along the 
ring fracture (7). The heat of the pluton may power convection currents of water rich in 
minerals (8) and so give rise to hot springs and geysers at the surface for millions of years. 

bution of the particles. Particles much 
larger than about 80 micrometers stay in 
the atmosphere for a few hours at most. 
Smaller particles stay aloft for much 
longer. Particles less than 10 microme
ters in diameter have settling velocities 
in the atmosphere no greater than the 
velocities typical of atmospheric turbu
lence. They may thus stay airborne for 
times of up to 100 days and so can be 
transported great distances. Co-ignim
brite ashes tend to be extremely fine; 
they would probably be dispersed over 
several million square kilometers. 

Imagine the eruption of Mount St. 
Helens multiplied more than a hundred
fold and taking place at Yellowstone to
day. Apart from the immediate effects, 
which would include the immobiliza
tion of ground and air traffic by co-ig
nimbrite ash, the most severe effect 
would probably be on agriculture, since 
millions of square kilometers of grain
growing farmland would be covered by 
ash to a depth of several centimeters. 
The result is easy to forecast: the dis
ruption of at least one year's harvest, 
and possibly several. Over a longer term 
the climate of the earth would be affect
ed by the injection of dust into the atmo
sphere together with an extremely long
lasting aerosol of particles that arise 
from acidic volcanic gases. The result
ing worldwide disruption of agriculture 
could persist for a number of years. 

Could such an eruption be predicted? 
The most likely indication of a future 
caldera-forming eruption might be the 
"leakage" of dacitic or rhyolitic magma 
to the surface as a ring fracture devel
ops. In addition seismic signals might 
indicate the movement of magma into a 
chamber a few kilometers below the sur
face. (Of the two types of seismic waves, 
Sand P, the Swaves are the most reveal
ing, because they cannot pass through a 
liquid.) The site of the chamber would 
be confirmed by a local anomaly in the 
earth's gravitational field. (Thc density 
of magma is less than the density of sol
id crustal rock.) A further important in
dicator would be the tumescence, or ele
vation, of the terrain, and particularly 
an increase in the rate of tumescence. 
Conventional surveying techniq ues can 
readily reveal such changes. 

T
he difficulty lies in interpreting those 
various signs as the precursors of a 

particular event and in placing them on 
a timetable in the absence of a known 
case history. Seismic activity and tumes
cence have recently been noted at the 
Long Valley caldera and have been tak
en to indicate the emplacement of fresh 
magma at a depth of several kilometers. 
Will a large eruption follow? Or do the 
events presage merely the quiet extru
sion of a new lava dome at the surface? 
The immediate precursors of a caldera
forming eruption are largely unknown. 
Moreover, the precursor activity may 
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continue on a time scale spanning many 
human generations. Hence it may not 
be possible to predict an eruption cor
rectly. All the same, signs of renewed 
activity at any known caldera should 
not be ignored. 

The eruptions that form resurgent cal
deras are so rare that on balance they 
are probably advantageous to man. A 
caldera overlying a pluton marks a ther
mal anomaly in the crust that may con
tinue to manifest itself in hot springs for 
two or even three million years after the 
eruption. Apart from the splendid spec
tacle afforded by the geysers, the hot 
water and steam are potential sources 
of useful energy, and so is the hot rock 
overlying the pluton itself. An impor
tant experiment under way in the U.S. is 
the Hot Dry Rock Project of the Los 
Alamos National Laboratory. On the 
flanks of the Valles caldera water is be
ing pumped down a deep borehole into a 
zone of hot, fractured rock. Heated wa-

ter returns to the surface through a sec
ond borehole. The hot water can be em
ployed for the generation of electricity. 

Some less apparent benefits of cal
deras lie in the useful minerals that 
are deposited in resurgent calderas or 
around them over a period of time. The 
Kari Kari caldera provides an example 
that is geologically typical and also rich 
in historical associations. On the flanks 
of the caldera are the city of Potosi and 
also the Cerro Rico, a peak whose sum
mit is 4,900 meters above sea level. The 
peak is composed of rhyolite that was 
intruded into the caldera's ring fracture 
about 13 million years ago. As it cooled 
it was chemically reworked by hydro
thermal solutions: hot, acidic liquids as
cending after the reaction of water with 
deep-lying hot rock. In the 17th century 
Potosi was the largest city in the West
ern Hemisphere, solely because of the 
wealth of silver mined from the veins 
laid down by the solutions. The impor-

tance of the mining to Spain is hard to 
overstate: it gave rise to a well-known 
Spanish expression, "worth a potosi." 
Ultimately the flood of silver from Po
tosi and other mines in the New World 
disastrously inflated the Spanish curren
cy. Mining has been continuous at Cerro 
Rico since 15 44, but the silver easily 
won from the upper levels of the deposit 
has long been exhausted. Tin is now 
sought at deeper levels. 

Clearly the deep-seated sources of 
heat that create calderas are capable of 
driving hydrothermal circulation over 
long periods, and clearly the hydrother
mal activity can work complex chemical 
reactions that allow mineral deposits to 
precipitate. It may be a while before the 
details are understood, but the associa
tion of calderas with 'geothermal ener
gy and with valuable mineral deposits 
ought to inspire gratitude. Without this 
association resurgent calderas might ap
pear to be unalloyed catastrophes. 

TWO LAYERS OF ASH at Crater Lake in Oregon result from an 
eruption 7,000 years ago that tapped the viscous magma at the top of 
a pluton and then the less viscous magma under it. The layers of ash 
reverse that relation. The lower layer, light in color, was deposited 

first. It is rich in silica and poor in iron and magnesium. The upper, 
darker layer was deposited immediately afterward. It is poorer in sili
ca and richer in iron and magnesium. Crater Lake's diameter of only 
nine kilometers makes it too small to be considered a major caldera. 
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Reshaping 
the future ollilm. 

From fat to flat. The goal many of us 
strive for with laborious push-ups 
and strenuous diets, scientists have 
achieved in Kodak laboratories. The 
"bodies" they have streamlined, how
ever, are those of silver halide grains. 
More than a beauty treatment, this 
process of reshaping enabled us to 
position grains for maximum light
catching ability, and expand their sensi
tizing characteristics. It's this advance 
in silver halide emulsion technology 
which made it possible for us to pro
duce a true 1000-speed film with a bal
ance of speed, grain, and sharpness 
previously unattainable. 

The structure of new Kodacolor VR 
1000 film is a modification of the 
inverted-layer format f irst used in 

Kodacolor 400 f ilm. This concept 
places the fastest light-sensitive layers 
closer to the camera lens. The ma
genta and cyan layers are repositioned 
to form a fast-magenta, fast-cyan, slow
magenta, slow-cyan sequence. In the 
new emulsion, the yellow-filter layer is 
eliminated, and the protective over
coat and ultraviolet-filter layers are 
combined into one, without any loss 
in color quality. 

The resultant faster film can be 
exposed by daylight, electronic flash, 
or tungsten, which provides photog
raphers with greater picture-taking 
capability, particularly when recording 
fast-action scenes or shooting in low
light conditions. 

While reshaping the light-sensitive 

substance of film is a significant accom
plishment in itself, we view this new 
technology as a stepping-stone. It may 
well reshape the future of film and 
enable photography to do hundreds of 
different jobs better than before. 

For more information on Kodak's 
fastest color print film ever and the 
new emulsion technology behind 
it ... send your request to: Eastman 
Kodak Company, Department GBSA-8, 
343 State St., Rochester, NY 14650. 

© Eastman Kodak Company, 19R3 

Kodak. Where technology anticipates need. 
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Physician, did you Iniss any of these. 
significant developInents in Inedical science? 

• Campylobacter fetus subsp. jejuni is 
associated with a colitis that can clini
cally and sigmoidoscopically resemble 
acute idiopathic ulcerative colitis. Stool 
cultures are in order for C. fetus before 
beginning nonspecific anti-inflamma
tory therapy. 

• Coumarin derivatives cross the pla
centa. A recent study shows that the 
consequences for the fetus can be se
vere. These include embryopathy, still
birth, and premature delivery. 

• Nonsteroidal anti-inflammatory 
drugs may produce a marked reduction 
in glomerular filtration rate; with ter
mination of the drug, GFR returns to 
normal. 

• The first documented incident of in
digenous transmission of dengue in the 
continental United States since 1945 
has been reported in Brownsville, 
Texas. 

I
F THESE ITEMS are familiar you must 
be a prodigiously energetic or pro
digiously lucky reader. With 2,000 

or more journals published each year, 
information that significantly affects pa
tient management all too easily slips by. 
Textbooks are out-of-date before they 
are published. 

Branches of the right and left coronary 
arteries supply blood to the A-V node and 
intraventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page. 

SCIENTIFIC AMERICAN Medicine is the 
busy clinician's answer to this problem. 

Because its authors update SCIENTIFIC 

AMERICAN Medicine every month, it is al
ways current. Because the new informa
tion appears in a single source, it is there 
when you need it. 

This 2,500-page, innovative union of 
publishing and electronic technology is 
the work of leading scholar-practi
tioners from Harvard and Stanford. 
The editors are Edwa�d Rubenstein, 
M.D., EA.C.P., and Daniel Federman, 
M.D., EA.C.P. 

Each month as authors update their 
contributions, revisions are entered on 
the magnetic tape on which the text and 
index are stored. The tape drives high
speed phototypesetting equipment so 
that subscribers receive about eight new 
chapters and a new index every four 
weeks; a bulletin highlights new devel
opments. 

New material replaces old material in 
the living text, so that the information is 
there - up-to-date, at your fingertips. 

A CME program of eight patient man
agement problems offered over a 12-
month period is available at no extra 
cost. As an organization accredited for 
continuing medical education, the Stan
ford University School of Medicine 
designates this continuing medical edu
cation activity as meeting the criteria for 
32 credit hours in Category 1 for Educa-

'tional Materials for the P hysician's Rec
ognition Award of the American 
Medical Association, provided it has 
been completed according to instruc
tions. This program has been reviewed 
and is acceptable for 32 prescribed hours 
by the American Academy of Family 
P hysicians. This program has been ap
proved by the American College of 
Emergency Physicians for 32 hours of 
ACEP Category 1 credit. 

Trial Offer 

We invite you to try SCIENTIFIC AMERICAN 

Medicine - for two months at no cost. 
Send us the coupon and you will receive 
the two-volume text and two monthly 
updates. You may also take a CME test 
for credit. At the end of 60 days, if you 
decide to continue the subscription, we 
will bill you for $220 for the full 12 
months (renewal is currently $170); 
otherwise return the two volumes. 

Please mail the coupon today and let 
us take the hassle out of keeping up. 

Computerized scintigraphy reveals pulmo
nary thromboembolism. 

Abdominal computed tomogram reveals 
large renal carcinoma replacing part of right 
kidney. 

THE DISTINGUISHED AUTHORS 
AND THE FIFTEEN SECTIONS OF 

SCIENTIFIC AMERICAN MEDICINE 

1. Cardiovascular Medicine 

Edgar Haber, M.D., Harvard Medical 
School and Massachusetts General 
Hospital 
E. W illiam Hancock, M.D., F.A.C.P., 
Stanford University School of Medicine 
Roman W. DeSanctis, M.D., Harvard 
Medical School and Massachusetts Gen
eral Hospital 
Adolph M. Hutter, Jr., M.D., RA.C.P., 
Harvard Medical School and Massachu
setts General Hospital 
Eve Elizabeth Slater, M.D., Harvard 
Medical School and Massachusetts Gen
eral Hospital 

2. Dermatology 

Eugene M. Farber, M.D., Stanford Uni
versity School of Medicine 
Elizabeth A. Abel, M.D., Stanford Uni
versity School of Medicine 

3. Endocrinology 

Daniel D. Federman, M.D., RA.C.P., 
Harvard Medical School 
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4. Gastroenterology 

Gary M. Gray, M.D., Stanford Univer· 
sitY' School of Medicine 
Peter B. Gregory, M.D., Stanford Uni
versity School of Medicine 
John Austin Collins, M:D., Stanford 
University School of Medicine 
Douglas W ilmore, M.D., Harvard Medi
cal School and Brigham and Women's 
Hospital 

5. Hematology 

Stanley L. Schrier, M.D., Stanford U ni
versity School of Medicine 

6. Immunology 

John David, M.D., Harvard Medical 
School and Harvard School of Public 
Health 

7. Infectious Disease 

Thomas C. Merigan, M.D., Stanford 
University School of Medicine 
Morton N. Swartz, M.D., EA.C.P., Har
vard Medical School and Massachusetts 
General Hospital 
Cy rus C. Hopkins, M.D., Harvard Med
ical School and Massachusetts General 
Hospital 
Adolf W. Karchmer, M.D., F.A.C.P., 
Harvard Medical School and Massachu
setts General Hospital 
Robert H. Rubin, M.D., F.A.C.P., Har
vard Medical School and Massachusetts 
General Hospital 
Harvey B. Simon, M.D., EA.C.P., Har
vard Medical School and Massachusetts 
General Hospital 
Peter E Weller, M.D., Harvard Medical 
School; Beth Israel Hospital, Boston; 
and Brigham and Women's Hospital 

8. Intensive and Emergency Care 

Edward Rubenstein, M.D., F.A.C.P., 
Stanford University School of Medicine 

9. Metabolism 

George E Cahill, Jr., M.D., Harvard 
Medical School, Howard Hughes Medi
cal Institute; and Brigham and Women's 
Hospital 

10. Nephrology 

Roy H. Maffly, M.D., Stanford Univer
sity School of Medicine and Palo Alto 
Veterans Administration M e d i c a l  
Center 
W illiam Bennett, M.D., Health Sciences 
University, Portland, Oregon 

11. Neurology 

Robert W. P. Cutler, M.D., Stanford U ni
versity School of Medicine 

12. Oncology 

Saul A. Rosenberg, M.D., EA.C.P., Stan
ford University School of Medicine 

13. Psy chiatry 

Ned H. Cassem, M.D., Harvard Medical 
School and Massachusetts General 
Hospital 

14. Respiratory Medicine 

Eugene D. Robin, M.D., EA.C.P., Stan
ford University School of Medicine 

15. Rheumatology 
Stephen M. Krane, M.D., Harvard Med
ical School and Massachusetts General 
Hospital 
Dwight R. Robinson, M.D., Harvard 
Medical School and Massachusetts Gen
eral Hospital 
Andrei Calin, M.D., M.A., M.R.C.P., 
Stanford University School of Medicine 
and Palo Alto Veterans Administration 
Medical Center 

Order by Phone 

You can order SCIENTIFIC AMERICAN Medi
cine by telephone. Please call this toll
free number: 1-800-345-8112 (i n 
P ennsy lvania, call 1-800-662-2444); 
you will be billed after your subscription 
begins. Toll-free calls are acceptable only 
for orders placed in the continental 
United States. 

415 Madison Avenue, New York, N.Y. 10017 

Please enroll me as a subscriber to SCIENTIFIC AMERICAN Medicine. On receipt of this coupon 
you will send me the advanced two-volume text described in your announcement and 
update it regularly by sending me new monthly subsections. I understand that the price of 
$220 for first year of service is tax deductible, as is current renewal at $170. If I am not 
entirely satisfied, I may cancel at any time during the first 60 days, returning all materials for 
a complete refund. 

o Please enter my subscription for SCIENTlFlC AMERICAN Medicine 
o I shall also enroll in the CME program 

o I enclose a check made out to SCIENTIFIC AMERICAN Medicine for $220* 
o Bill me 0 VISA 0 MasterCard 

Expiration Date Account Number ______________ _ 
*Please add sales tax for California, Illinois. Massachusetts. Michigan and New York 

Name _______________________________ ___ 

MD Specialty ___________________________ _ 
Address _____________________________ __ 
City __________ State __________ Zip _________ _ 
Signature ______________________________ __ 
Please �lIow six to eigh� weeks for delivery. All payments must be in U.S. dollars. CME is available outside the U.S. and its 
possessions for an additional $65. Surface routes used unless airmail delivery is prepaid. 
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SCIENCE AND THE CITIZEN 
Ill-starred Wars 

P
resident Reagan's televised appeal 
to "those who gave us nuclear 
weapons " to join in a new long

term effort to develop a nationwide anti
ballistic-missile (ABM) system has met 
with a largely negative response from 
the scientific community. The main ar
guments advanced in opposition to such 
an undertaking are much the same as 
they were in the 1960's, when the fea
sibility of ballistic-missile defense first 
emerged as a major public issue. 

At that time the proposed method of 
dealing with a long-range missile attack 
on the U.S. by the U.S.S.R. called for 
the deployment of an extensive array of 
ground-based radars and nuclear-armed 
interceptor missiles. Critics of the idea 
pointed out that any system of this kind, 
no matter what the cost, was unlikely to 
be fully effective against a determined 
adversary and hence of dubious value 
given the great destructiveness of even 
a small fraction of the possible incom
ing nuclear warheads. The ABM sys
tem could not provide an impenetrable 
shield over the entire country because 
of various countermeasures available to 
the attacker. For example, the attacking 
country could change its offensive tac
tics, black out the system's long-range 
radars with high-altitude nuclear explo
sions, fool the defense with a large num
ber of comparatively cheap decoys and 
other "penetration aids " or simply over
whelm it by adding enough offensive 
warheads to the attacking force to ex
haust the supply of antimissile missiles. 
Such an action-reaction cycle in military 
preparations, it was argued, would lead 
inevitably to an intensification of the 
strategic-arms race [see "Anti-Ballistic
Missile Systems," by Richard L. Garwin 
and Hans A. Bethe; SCIENTIFIC AMERI
CAN, March, 1968]. 

The force of these arguments was for
mally recognized in the anti-ballistic
missile treaty of 1972, in which each su
perpower agreed "not to deploy ABM 
systems for a defense of the territory of 
its country and not to provide a base for 
such a defense." The treaty limited each 
side to local ABM systems at no more 
than two sites (later reduced to one). 

Although President Reagan did not 
specify what kind of ABM system he 
had in mind when he spoke of his new 
"vision of the future," a spokesman for 
the Administration acknowledged that 
the systems currently under considera
tion include both particle-beam weap
ons and laser weapons, based either on 
the ground or in space. According to 
independent studies carried out at the 
Massachusetts Institute of Technol
ogy, these systems face insurmountable 
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technological obstacles; moreover, they 
would be just as vulnerable to offen
sive countermeasures as the ABM sys
tems of the 1960's were [see "Particle
Beam Weapons," by John Parmentola 
and Kosta Tsipis, SCIENTIFIC AMERICAN, 
April, 1979, and "Laser Weapons," by 
Kosta Tsipis, SCIENTIFIC AMERICAN, De
cember, 198 1]. 

The one thing that does seem certain 
about the president's initiative is how it 
will be perceived by military analysts on 
the other side of the nuclear "balance of 
terror." According to a statement signed 
by 244 scientists in the U.S.S.R., "there 
are no effective defensive means in nu
clear war, and their creation is practical
ly impossible." Nevertheless, the state
ment adds, the proposed "attempt to 
create so-called 'defensive weapons' to 
counter the strategic nuclear force of 
the other side ... will inevitably lead 
to the emergence of a new element 
strengthening the American 'first strike' 
potential [by] striving to lessen the pow
er of a retaliatory strike .... By his state
ment the President is creating a most 
dangerous illusion, which may cause 
an even more threatening spiral of the 
arms race. We are firmly convinced that 
this act will result in a sharp lessening of 
international security, including the se
curity of the U.S." 

Underground Science 

Cosmic rays were once the principal 
source of particles for experiments 

in high-energy physics, but lately physi
cists have been going to considerable 
lengths-or considerable depths-to es
cape them. Experiments have been set 
up in mine shafts and tunnels, where 
they are shielded from most cosmic rays 
by the overburden of earth and rock. In
deed, in the past few years there has 
been a sudden proliferation of under
ground experiments, due in large part 
to interest in a search for the decay of 
the proton. The number of suitable deep 
sites, however, is quite limited. It has 
now been proposed to build a National 
Underground Science Facility, which 
would provide a permanent home and 
supporting staff for such work. 

The need for cosmic peace and quiet 
is most acute in experiments that at
tempt to measure some exceedingly rare 
process whose signal might be lost in a 
noisy background of extraneous events. 
The conjectured decay of the proton is a 
notable example. The proton was long 
considered an immortal form of matter, 
but theoretical work in the past several 
years has given reason to believe a pro
ton might occasionally decay. The aver
age lifetime would have to be at least 
1030 years, or some 1020 times the age of 

the universe, and a detector made up of 
thousands of tons of material could be 
expected to register no more than a few 
decays per year. They would have to be 
distinguished from the much more nu
merous events ind uced by the passage of 
cosmic-ray particles through the detec
tor volume. Putting the apparatus deep 
underground minimizes this distracting 
and possibly misleading background. 

Of the proton-decay detectors now in 
operation the largest is a tank filled with 
10,000 tons of water installed 600 me
ters below the surface in a salt mine near 
Cleveland. It is operated by investiga
tors from the University of California at 
Irvine, the University of Michigan and 
the Brookhaven National Laboratory. 
In January the group announced its first 
result: no decay events had been identi
fied, and a new lower limit of 5 X 1031 

years could be set on the average proton 
lifetime. For theorists the result suggests 
that certain simple and appealing mod
els of the structure of matter may have 
to be excluded from consideration. For 
experimental physicists the result im
plies that a still larger and more sensi
tive detector may be needed to gather 
evidence of proton decay. Even if one of 
the existing experiments detects the dis
integration of a proton, apparatus with 
finer spatial resolution will be needed to 
study the events in detail. An experi
ment of this kind would be a leading 
candidate for installation in a national 
underground science laboratory. 

In the search for proton decay the 
most troublesome background events 
are those induced by neutrinos, particles 
that cannot be screened out by any feasi
ble thickness of overburden; neutrinos 
readily pass through the entire earth. 
Several other proposed underground ex
periments would examine the neutri
nos themselves. For example, the ener
gy spectrum of cosmic-ray neutrinos is 
only poorly known and might be mea
sured by an underground detector act
ing as a neutrino "telescope." The con-· 
jectured phenomenon called neutrino 
oscillation, in which one type of neutri
no is converted spontaneously into an
other type, might also be detected. 

Another neutrino experiment, pro
posed by Raymond Davis, Jr., of Brook
haven, would yield a refined measure
ment of the flux of neutrinos emitted by 
the sun. Among mine-shaft physicists 
Davis is a pioneer: for almost 15 years 
he has been counting solar neutrinos 
with a detector in the Homestake Mine 
in South Dakota. The active element in 
the detector is chlorine, which can be 
converted by a neutrino into argon. The 
results have been consistently puzzling 
(the measured flux of neutrinos is small
er than expected), and their interpreta-
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tion might be clarified by a new experi
ment based on gallium. 

Several more possible uses of an un
derground science facility have been 
discussed. The search for massive mag
netic monopoles, for example, might 
benefit from a reduced background of 
cosmic rays. Attempts to detect gravita
tional radiation, or gravity waves, might 
exploit another characteristic of a deep 
underground site: freedom from vibra
tion. In the stillness of the subterrane
an laboratory an instrument sensitive to 
low-frequency gravity waves (from one 
to 100 hertz) might be operated. 

The chief proponents of the Nation
al Underground Science Facility have 
been Alfred K. Mann of the University 
of Pennsylvania and R. R. Sharp, Jr., 
and Leonard M. Simmons, Jr., of the 
Los Alamos National Laboratory. At a 
meeting held last September at Los Al
amos, Mann reviewed the work that 
might be done in the facility and the 
technical issues that must be addressed 
in building it. The depth of the labora
tory, he points out, should be sufficient 
to provide shielding from cosmic rays 
equivalent to at least 2,500 meters of 
water; because rock is denser than wa
ter, the actual depth could be appreci
ably less. Large rooms would be needed; 
one of them should be at least 50 by 200 

by 50 feet. The main access shaft would 
have to be at least 12 feet in diameter. 

Mann and Sharp have made a survey 
of the available underground sites in the 
western U.S. They identified 13 existing 
mines and tunnels that might be suitable 
for the laboratory. None of the sites is 
ideal, however, and some of the best 
ones are in working mines, where com
mercial operations would be likely to 
interfere with scientific activities. Atten
tion has therefore focused on a plan to 
build an underground facility in a cor
ner of the Nevada Test Site, the desert 
tract near Yucca Flat where the Depart
ment of Energy conducts underground 
tests of nuclear weapons. The area was 
set aside some years ago for nonclas
sified work. The proposed laboratory 
would be at a depth of 3,600 feet, equiv
alent to 2,800 meters of water. 

Some physicists have objected to the 
idea of working at the Nevada Test Site. 
Nevertheless, Mann, Sharp and Sim
mons point out that the area has impor
tant advantages; indeed, it may have 
been chosen for weapons testing for 
some of the same reasons that make it 
suitable for an underground laboratory. 
The geology and hydrology of the site 
have been thoroughly explored and are 
exceptionally stable. The staff of the test 
site itself has expertise in deep excava-

tion; more deep, large-diameter shafts 
have been drilled there, Mann says, than 
in any comparable area elsewhere in the 
U.S. Construction costs (estimated at 
$42.3 million) would be paid by the De
partment of Energy, but it is possible 
that not all the cost would come out of 
the department's basic-science budget. 

A committee chaired by Norman F. 
Ramsey, Jr., of Harvard University has 
been formed to advise the director of 
the Los Alamos laboratory on matters 
related to science underground and the 
proposed facility. In a preliminary re
port the committee stated that a dedi
cated underground facility is urgently 
needed to provide space and technical 
support for important experiments in 
particle physics and astrophysics. The 
committee also expressed approval of 
the Los Alamos proposal to construct 
the facility at the Nevada Test Site. 

Messenger with Forked Tongue 

In the three decades since James D. 
Watson and Francis H. C. Crick elu

cidated the structure of DNA the pic
ture of how the genetic apparatus works 
has become steadily more complex. In 
place of the original simple dictum that 
"DNA makes RNA and RNA makes 
protein" is an intricate mechanism in 
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which many intermediary operations 
have an importance almost equal to 
that of the fundamental genetic events. 
Throughout this period of intensive re
vision in molecular genetics one as
sumption has remained intact, namely 
the assumption that DNA and RNA 
molecules are linear polymers. Now 
even that presupposition has been con
tradicted. In Proceedings 0/ the Nation
al Academy 0/ Sciences John C. Wal
lace and Mary Edmonds of the Uni
versity of Pittsburgh report finding an 
RNA molecule whose chain is split into 
two branches. 

The finding of Wallace and Edmonds 
is a by-product of the considerable body 
of work that has been done on the proc
essing of RNA in the living cell. The 
components of the RNA polymer are 
the nucleotide bases adenine, guanine, 
cytosine and uracil. Each nucleotide in
cludes a five-carbon sugar unit whose 
carbons are generally designated by 
numbers. The monomeric units of the 
polymer are connected by a phosphate 
group interposed between the 3/ carbon 
of one sugar and the 5/ carbon of the 
adjacent sugar. The sequence of the nu
cleotides in the chain constitutes the in
formation for constructing a protein in 
the process called translation. The RNA 
molecule is assembled on a DNA tem-

plate in the cell nucleus in the process 
called transcription; the RNA is then 
transported to the cytoplasm, where the 
translation is done. 

Intervening between transcnptlOn 
and translation are several significant 
operations. These processing operations 
transform the raw RNA transcript, 
known as heterogeneous nuclear RNA 
(hnRNA) in animal cells, into mature 
messenger RNA (mRNA), the form em
ployed in translation. Among the proc
essing functions are the addition of dif
ferent structures to the ends of the 
hnRNA. A sequence of from 150 to 200 
adenine nucleotides is attached to one 
end; the resulting molecule is designated 
poly(A)+hnRNA. A structure called a 
cap, consisting of a modified guanine 
nucleotide, is attached to the other end 
of the molecule by a linkage that in
cludes three phosphate units. 

The attachment of the poly(A) se
quence and the cap is thought to have a 
role in preparing the RNA for transla
tion. The specific contribution made by 
each of these modifications, however, is 
not well understood. Wallace and Ed
monds were investigating the detailed 
structure of the cap when they made 
their recent finding. The cap can read
ily be separated from the rest of the 
hnRNA by means of the enzymes called 

ribonucleases, which sever the covalent 
bonds linking adjacent nucleotides and 
thus yield the monomers. The chemical 
structure of the cap protects it from deg
radation by ribonucleases. Hence the 
application of the enzymes to hnRNA 
leaves an assortment of individual nu
cleotides and the intact cap. 

Both the cap and the nucleotides have 
a negative electric charge. The charge of 
the cap, however, is much larger than 
that of the monomers. The two kinds of 
molecule can therefore be separated by 
ion-exchange chromatography, a tech
nique that can be employed to separate 
molecules on the basis of differences in 
charge. Wallace and Edmonds applied 
the procedure to ribonuclease-treated 
hnRNA taken from the cancer cells des
ignated HeLa cells. As expected, the 
procedure revealed the presence of the 
single nucleotides and the cap. 

There was also a second molecular 
structure with a negative charge rough
ly equal to that of the cap. At first Wal
lace and Edmonds assumed the new 
substance was a kind of cap that had 
not previously been observed. Further 
chemical tests showed, however, that it 
was not a cap. Instead the sequence of 
tests demonstrated that the newly dis
covered segment of RNA includes a 
junction resembling the crotch of a tree 

aerospatiale IS MORE 
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ONLY 
BEEFEATE� GIN 

COULD M AKE ALL 
THESE S TATEMEN TS. 

AND BE SO 
ENJOYABLE. 

"The Crown Jewel of England:' 
It actually has roots all over the 

world. Our juniper berries, for in
stance, come from the southern Alps, 

because that's where the choicest 
juniper grows. 

Our angelica comes from Belgium. And our orris 
from Italy. 

Are these trips necessary? Only if we (and you) 
insist on the world's most excellent gin. 

The Master Stillman. 
In London-home of the world's driest, most 

delicate gins-stillmanship is held as art, and our 
stillmen as masters of it. 

Indeed, as you will see, there is in the distilling 
of Beefeater Gin a distinct resemblance to the art of 
the great jewelers. 

We're all heart. 
A distilling run consists of an unblemished 

middle, or "heart," and of "foreshots and feints," 
the beginning and end of the run, 

which are flawed and out of balance. 
Our master distiller, like a master 

jewel-cutter, selects only the choice 
flawless heart of the run-thus 
assuring you of a gin of delicate 

taste and impeccable balance. 

Proof Perfect. 
Beefeater Gin is bottled at precisely 94 proof. 
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This proof was not chosen by whim. 
At an even slightly higher proof, the gin would 

be a shade less delicate. Any lower and it would be 
a trace less flavorful. Our exacting proof imparts to 
Beefeater a balance between delicacy and flavor 
rarely achieved in any other gin. 

The Legacy of James Burrough. 
Our founder had a basic philosophy: if you want 

a thing done right, do it yourself. 
Not a single distillation of his 

Beefeater Gin left the distillery until 
it was approved by Mr. Burrough 
himself. 

He wasn' t much of a delegator, 
but he made an exceptional gin. 

His philosophy has been 
handed down through succeeding 
generations of the Burrough family, who still approve 
each batch of Beefeater-before it can leave the 
distillery. 

The apple never falls far from the tree. For which 
gin drinkers to this day are profoundly grateful. 

London is as London does. 
A lot of gins have the word "London" on their 

labels. But that does not necessarily mean they 
were distilled in London. 

In fact, there is only one major gin you can buy 
in the United States that is distilled, bottled and 
sealed in London. 

.. And that gin is Beefeater Gin. 
e" 

Hold Beefeater up to a light. 
That's what we do at the distillery 

in London. The bottle is absolutely 
clear, rather than colored glass, so 
you can appreciate the brilliant 

clarity of Beefeater. 

We've got y our number. 
Look, for example, at the individual registration 

number on the back label of any bottle of Beefeater 
Gin. If it happened to be the -------

one shown here, it would No. J F 1222146 
tell you that your Beefeater 
was distilled Thursday, January 7, 1982, under the 
supervision of Thomas Bowman, Master Stillman, 

and that th is particu lar disti lIation was approved 
personally by Mr. Norman Burrough, a direct 
descendant of our founder, before it was allowed 
to leave the distillery. 

Does it do any good to know all this? It does 
indeed. That number is a vital part of Beefeater 
Gin's quality control. 

Because the number is Mr. Bowman's personal 
signature. And Mr. Burrough's as well. 

And any artist is at his best when he has to sign 
his work. 

A Most Exclusive Honor. 
Enjoyed in over 170 countries, 

Beefeater Gin has achieved such 
recognition around the world that 
its makers have been honored four 
times with The Queen's Award . . .  presented on the 
birthday of Her Majesty, Elizabeth I I. No other gin 
has earned this coveted award even once. 

First Name for the Martini. 
It is in the Martini that the differences among 

gins become most evident. 
There is nothing in a Martini, you know, except 

the gin itself, a dash of vermouth, and perhaps an 
olive. 

For a gin, then, the Martini is the moment of 
truth. Because the gin in a Martini 
stands virtually alone for you to judge. 

And you judge wisely. Of all cock
tails, the one most often called for by 
brand name in America is the Beefeater 
Martini. 

The Lessons of History. 
Beefeater has a long and colorful 

history! The Beefeater name and 
the scarlet-coated yeoman on the 
bottle go back more than 900 
years, to the regi
ment that guarded 
William the Conquer
or in the Tower of 
London. 

Of course, you can' t 
really taste history. 

Or can you? 

BEEFEATER®GIN. The Crown Jewel of England': 
IMPOI'HEDFROM ENGLAND 8Y I<08RANO CORP. N Y N Y 9" PROOF I� GRAIN NEUTRAL SPIRITS 
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with two branches extending from it. 
The central member of the junction is 
a single nucleotide. As in linear RNA, 
strings of nucleotides extend from the 
3' and 5' carbons of the sugar unit. In 
addition an anomalous third string of 
nucleotides extends from the 2' carbon. 

Wallace and Edmonds note that this is 
the first report of a branched RNA mol
ecule. Since branching is found only 
in the hnRNA and not in the mature 
mRNA, the branches could play a role 
in RNA processing. Indeed, Wallace 
and Edmonds go on to speculate that the 
branching could contribute to one of the 
major steps in processing. Unprocessed 
hnRNA includes two kinds of base se
quence. One kind corresponds to the 
parts of the gene called exons, which are 
ultimately translated into protein. The 
other kind corresponds to the parts of 
the gene called introns, which are not 
translated. In the assembly of the fin
ished mRNA the introns are removed 
and the ends of adjacent exons are 
spliced. Consider a piece of hnRNA 
with two exons separated by an intron. 
The authors note that if the RNA were 
cut at one end of the intron, the free end 
of the adjacent exon could be brought to 
the other end of the intron, where it joins 
the second exon. The free end could 
then be attached to the 2' carbon of the 
first nucleotide of the second exon. Such 
an operation would yield the branched 
structure observed by Wallace and Ed
monds. Later the dangling intron at
tached to the 3' carbon could be re
moved and the spliced exon could be 
transferred from the 2' carbon to the 
usual 3' site. 

Clouded Ball 

Cold clouds of neutral hydrogen at
oms have a special place in the con

duct of modern astronomy. Detected 
with radio telescopes by means of their 
radiation at a wavelength of 2 1  centi
meters, they have proved to compose as 
much as a fifth of the mass in a typical 
spiral galaxy. Thus they are excellent 
markers of a galaxy's spiral structure. In 
recent months Yervant Terzian, Stephen 
Schneider, George Helov and Edwin 
Salpeter of Cornell University have em
ployed the radio telescope at Arecibo 
in Puerto Rico to detect clouds of neu
tral hydrogen atoms in galaxies other 
than our own galaxy. In January they 
aimed the telescope toward a point be
tween two small groups of galaxies in 
the constellation Leo. They intended 
only to calibrate their instruments by 
measuring the "background " at 2 1  cen
timeters when the telescope was point
ed at "blank sky." Instead they found 
an immense cloud of neutral hydrogen 
in intergalactic space. 

The intergalactic cloud is 10 mega
parsecs from the earth (one mega parsec 
is 3.26 million light-years). It is at least 

80 

100 kiloparsecs across, or about three 
times the diameter of our galaxy. Its 
content of hydrogen atoms is at least 
109 times the mass of the sun. Optical 
images of the sky show no sign of stars 
between the two groups of galaxies, but 
then the density of the hydrogen in the 
intergalactic cloud is only from 10-3 to 
10-4 atoms per cubic centimeter. The 

spontaneous formation of stars by the 
gravitational collapse of the matter in a 
cloud would require a density of 104 or 
even 106 atoms per cubic centimeter. 

On the other hand, the western edge of 
the cloud is receding from the solar sys
tem (as part of the expansion of the uni
verse) faster than the eastern edge. The 
difference in velocity, which is about 80 
kilometers per second, can be taken as 
evidence that the cloud is rotating as it 
recedes, and the rotation in turn implies 
that the cloud is kept from flying apart 
by the gravitational effect of undetected 
matter amounting to as much as 1011 

solar masses, or 100 times the mass of 
the detected hydrogen atoms. The cloud 
would then be equal in mass to a galaxy. 

Picolife 

Exceedingly small plant life is proving 
to be surprisingly important in the 

ecology of the oceans. At two sites in the 
tropical Pacific a group from the Ma
rine Ecology Laboratory of the Bedford 
Institute of Oceanography in Nova Sco
tia sampled the ocean water each day 
for six days and passed the samples 
through various filters. The intent was to 
trap picoplankton: organisms whose wet 
weight is on the order of a picogram, or 
10-12 gram. W. K. W. Li and his col
leagues defined picoplankton as cells 
that pass through a filter whose pores 
are one micrometer in diameter but do 
not pass through a filter with .2-micro
meter pores. 

The cells that met the criteria were 
found to contain as much as 90 percent 
of the chlorophyll in the water samples. 
Thus many such cells are plants. It had 
earlier been supposed that picoplankton 
must be predominantly heterotrophic 
bacteria (bacteria whose mode of nutri
tion is not photosynthetic). A techniq ue 
in which chlorophyll is made to fluo
resce red or orange under the micro
scope revealed as many as 1.5 million 
picoplanktonic plant cells in each milli
liter of seawater in the uppermost 50 
meters of the oceanic water column. 

Evidence that the picoplanktonic 
plants contribute to the photosynthetic 
fixation of carbon at the base of the 
ocean's food chain came from further 
experiments, which Li and his col
leagues describe in Science. In one exper
iment "more than 70 percent of the total 
measurable activity of the enzyme ribu
lose biphosphate carboxylase was found 
in the picoplankton." The enzyme is 
present in organisms that derive organ-

ic carbon photosynthetically from inor
ganic sources such as carbon dioxide. 
In another experiment cells

' 
that had 

passed through the one-micrometer fil
ter were given inorganic carbon labeled 
with the radioactive isotope carbon 14. 
The rate at which radioactive carbon ac
cumulated in the cells turned out to be 
substantially less in the dark than it was 
in the light. 

The experiments "support a view of 
the structure of the pelagic ecosystem in 
which most of the activity (production 
and metabolism) is carried on by very 
small organisms." It is thought that the 
oceans are inhabited by forms of life 
even smaller than picoplankton, weigh
ing about as much as a virus. Essentially 
nothing is known about them. 

Spinning Still 

Astandard industrial distillation col
umn operates with no moving parts 

to separate two or more components 
of a liquid on the basis of their differ
ent boiling temperatures. The process 
is well understood and reliable, but the 
capital cost of the column and its associ
ated equipment is high. Engineers at Im
perial Chemical Industries in the u.K. 
are proposing a new distillation process 
in which the separating unit is a spinning 
drum. They think the technique may of
fer several advantages over the standard 
system, including lower capital costs. 

In the conventional process for distill
ing a substance such as petroleum a 
stream of heated fluid is pumped into 
the lower part of a fractionating column 
as a mixture of liquid and vapor. The 
column, which may be as much as 150 
feet high, contains perhaps 40 fraction
ating trays spaced regularly through its 
height. The vapors rise through the col
umn and at the top are condensed by 
cooling. Part of the condensed liquid 
(representing the component with the 
lowest boiling temperature) is taken off. 
The rest goes back down through the 
fractionating trays, coming in contact 
with rising vapor at each level. At each 
stage the liquid absorbs heavier constit
uents from the vapor and loses lighter 
ones. When a steady state has been 
reached, the column is separating all the 
constituents, the ones with a lower boil
ing point at the top and the ones with a 
higher boiling point at the bottom. 

In the new Higee (for high gravity) 
system the key unit is a flat, round drum 
filled with the kind of porous packing 
material installed in many distillation 
towers. The drum is spun at about 1,800 
revolutions per minute, generating a 
centrifugal force of about 900 g (900 
times the gravitational force at the sur
face of the earth). The heated liquid is 
pumped into the center of the drum and 
flows outward by centrifugal force. A 
countercurrent of vapor enters through 
holes in the rim and flows inward owing 

© 1983 SCIENTIFIC AMERICAN, INC



© 1983 SCIENTIFIC AMERICAN, INC



The Acoustic Detection 
Scientists have studied microstructural discontinuities in 
high-carbon steel since the early 1920s. 
By monitoring acoustic emissions, a materials research engineer at 
the General Motors Research Laboratories 
has arrived at a more detailed understanding of how one type 
of discontinuity occurs. 

Acoustic Emissions 
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Figure 1: Cumulative acoustic emission counts 
for Fe-l.3%C steel, and control specimens of SAE 
4140 and 304 stainless steel. 

Figure 2: Artist's rendering of two proposed 
sources of microcracking: (A) impingement of 
the plal£s during the formation of martensite 
and (B) carbon atom rearrangement during the 
aging of martensite. 

MA RTENSITE is a hard mi
croconstituent of steel 

which forms when austenite, iron 
containing carbon in solid solu
tion, is quenched from a high 
temperature. The martensitic 
transformation produces steel that 
is hard and strong, but non-ductile. 
Through heat treatment, the steel 
can be tailored to applications re
quiring different degrees of ductil
ity. High-carbon martensite-a 
highly stressed microstructure 
with a plate-like morphology-con
tains microscopic ruptures or sep
arations 10 to 20 microns in 
length. These structural discontin
uities, termed "micro cracks," 
influence the mechanical proper
ties of steel. 

Although aspects of the mi
crocracking phenomenon have 

been understood by metallurgists 
for more than fifty years, there 
is still no definitive explanation 
for when or how it occurs. An 
engineer at the General Motors 
Research Laboratories has devised 
an experiment that detects the mi
crocracks as they occur. 

The elastic energy released 
when microcracks form should 
produce a stress wave and asso
ciated high-fre quency acoustic 
emission (AE). Using a piezoelec
tric transducer as the monitoring 
device, Dr. Michael Shea set out to 
determine what could be learned 
about the microcracking process 
by measuring AE. 

The more widely accepted of 
two current hypotheses-the "im
pingement model"-asserts that 
microcracking is transformation
induced, taking place due to the 
collision of martensite plates dur
ing the quench. The other model 
maintains that microcracking 
occurs during the aging of mar
tensite after the plates have al
ready formed. The "aging model" 
suggests that thermal activation 
enables carbon atoms to rearrange 
themselves, producing localized 
stresses high enough to cause mi
crocracking. Dr. Shea's ongoing re
search into high-carbon martensite 
led him to believe that the aging 
hypothesis was important. He pro
ceeded to determine if AE is pro
duced during aging. 

For his study, Dr. Shea chose 
Fe-1.3%C steel, which undergoes 
martensitic transformation during 
quenching and is known to form 
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microcracks. To provide baseline 
data, control specimens of 304 
stainless steel and SAE 4140 steel 
were put through the same proce- . 
dures as the test composition. 
When quenched, 304 stainless steel 
produces no martensite, and SAE 
4140 forms a low-carbon martensite 
which has a lath-type morphology, 
and generally does not microcrack. 

S PECIMENS of the three com
positions were quenched to 

-196°C and then slowly heated to 
room temperature. Acoustic mea
surements were made beginning at 
O°C, at which point carbon atom 
mobility is sufficient to allow rear
rangement processes to take place, 
and continued for 45 minutes after 
the specimens had reached room 
temperature. No AE was recorded 
for 304 stainless steel, and only a 
slight amount for SAE 4 1 4 0. 
Significant emission, however, was 
measured for the Fe-1.3%C steel 
specimen during the entire testing 
period (see Figure 1). Since mar
tensite had already formed during 
the quench, these results support 
the hypothesis that microcracking 
is produced during aging of the 
freshly-formed plates. Dr. Shea 
ruled out both slip and twinning as 
sources of AE since the literature 
indicates that neither factor is 
significant during aging of mar
tensite below 40°C. The possibility 
that the AE resulted from isother
mal transformation of austenite to 
martensite could also be excluded 

because this process does not take 
place in the composition studied. 

"These results demonstrate 
conclusively," says Dr. Shea, "that 
microcracking occurs during the 
aging of high-carbon martensite, 
thereby providing support for the 
less accepted of the two models. 

"The next challenge," he con
tinues, "will be to quantify the rel
a t i v e  c o n t r i b u t i o n s  o f  b o t h  
models-impingement and aging
in an effort to determine which, in 
fact, is the more important mecha
nism, thus furthering our under
standing of microcrack formation. 
Then, perhaps, we can more sys
tematically explore ways to mini
mize microcracking." 

General Motors 

THE 
MAN 
BEHIND 
THE 
WORK 

Dr. Michael Shea 
is a S t a f f  Re
search Engineer 
in the Metallur
gy Department 
at the General Motors Research 
Laboratories. 

Dr. Shea received his under
graduate and graduate degrees in 
metallurgical engineering from 
Michigan Technological Universi
ty, and his Ph.D. in materials 
engineering f rom Rensselaer 
Polytechnic Institute. His thesis 
concerned deformation and frac
ture of cesium chloride type super
lattices. He joined General Motors 
in 1971. 

The areas of metallurgical 
research pursued by Dr. Shea at 
General Motors include the me
chanical properties of high-carbon 
steels, mechanically-induced trans
formation of austenite, and stt uc
ture/proper ty relationships in 
nodular cast iron. His exploration 
of the microcracking phenomenon 
in martensite was conducted with 
the help of instrumentation devel
oped by GM colleague Dr. Douglas 
Harvey. 
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to a higher pressure at the outside. In the 
porous packing the liquid and the vapor 
flow past each other in thin layers, mak
ing for a rapid separation. 

A demonstration unit set up by Impe
rial Chemical Industries in 1981 oper
ates with two rotors, each rotor about 30 
inches in diameter and six inches thick. 
It has successfully separated ethanol 
and isopropanol over extended periods 
of time. These liq uids boil respectively 
at 78 and 82 degrees Celsius and would 
req uire a conventional distillation col
umn about 100 feet high and three feet 
in diameter for a separation of compa
rable quality. The developers say their 
system can be cleaned, repaired or 
moved easily. What remains to be seen 
if it is scaled up to industrial size is 
whether the maintenance costs can be 
kept within reasonable bounds. 

Sharing the Schlepping 

Why do car pools tend to fall apart? 
Four co-workers agree that in 

principle it makes sense to share the 
driving, the fuel and the space on the 
highway for the trip to work and back. 
On Monday, however, Jones cannot 
take her turn because she must be out 
of town. On Tuesday, Smith must drive 
to work because he needs his car at 
lunchtime, even though his turn does 
not come until Thursday. Jones trades 
with Brown, who is scheduled to drive 
on Wednesday, but Roberts, who should 
drive on Tuesday, cannot trade with 
Smith and drive on Thursday. Jones is 
delayed returning from her trip, and so 
she cannot drive on Wednesday either. 
Smith refuses to drive three days in a 
row, so that either Brown or Roberts 
must drive on Wednesday. By the fol
lowing week no one can remember who 
is to drive when. 

Ronald Fagin and John H. Williams 
of the San Jose Research Laboratory 
of the International Business Machines 
Corporation have now devised an in
genious system for determining who is 
to drive on any given day. The system 
allows the members of the car pool to 
miss a turn, to drive out of turn or to 
trade driving days with one another at 
will. More important, it sets up a sim
ple bookkeeping method that fairly ac
counts for the contribution each person 
makes to the car pool. Since the system 
is fair and flexible and leaves no doubt 
about whose turn is next, it can be ap
plied whenever the people in a group 
agree to take turns doing some regular 
task, which might well be cooking rather 
than driving. 

Fagin and Williams describe their car
pooling algorithm in the IBM Journal of 
Research and Development. Suppose the 
maximum number of people who can 
ride together in one car is N, and U is the 
least common multiple of all the num
bers less than or eq ual to N. Thus if there 
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are three people in the car pool, U is 
equal to six; if there are four people, U is 
12. The bookkeeping syste'm worked out 
by Fagin and Williams maintains a run
ning score for each member of the car 
pool. Points are added to a member's 
score for driving and subtracted for rid
ing; the score remains unchanged when 
a member misses a day or drives alone. 
If the number of participants on a given 
day is K (which can be less than N), the 
driver on that day is given U(K - 1)/ K 
points, and U/ K points are deducted 
from the running total of each 'rider. 
Hence if three out of four people ride 
together, the driver receives 12 X 2/3, 
or eight, points and the two riders each 
lose 12/3, or four, points. Each day the 
participant with the fewest points is se
lected as the driver. 

Fagin and Williams point out that 
simpler token systems, such as the sys
tem in which a driver always receives 
one ride token from each rider, are in
herently unfair. A person whose turn to 
drive came up repeatedly on sparsely 
attended days would receive less credit 
than someone who drove when the car 
was full. A better system would require, 
say, J ones to drive a third of the time she 
shares a ride with two other people and 
half of the time she rides with only one 
other person. The new system is fair in 
an even more flexible sense. The total 
number of times Jones must drive is 
equal to the sum of half of her driving 
share for two-person car pools, a third 
of her share for three-person car pools 
and a fourth of her share for four-per
son car pools. Thus she need not drive 
half of the time she shares a ride with 
one other person because the system 
shows how she can make up the deficit 
in the larger car pools. Moreover, the 
car pool need not be confined to one 
car; each person's contribution to car 
pooling could be fairly credited, say, 
throughout an institution. 

The Big Picture 

I t was air travelers in the 1940's who 
called attention to the remarkable 

large drawings on the pampa colorada of 
Peru, a gravel-covered region of coastal 
red desert near Nazca some 300 kilome
ters south of Lima. Ever since, the who, 
when and how of the drawings' origin 
have fired the imagination of various 
commentators and tested the ingenuity 
of soberer scholars. Thanks largely to 
the patient field work of Maria Reiche, a 
German-born mathematician who lives 
in Peru, some of the wilder proposals 
have been laid to rest. These ranged 
from attributing the drawings to the 
work of extraterrestrials marking their 
desert spaceports to the claim by ar
chaeoastronomers that the drawings 
provided sight lines for the observation 
of celestial phenomena. 

Archaeological studies of the pampa 

colorada have identified both the who 
and the when of the Nazca figures. Pot
tery fragments remaining in th.e ancient 
work camps of the people who made the 
drawings and the carbon-isotope age 
of charcoal from the same workers' 
hearths unequivocally indicate that the 
vast desert displays were made by N az
ca Indians sometime before A.D. 600. 

The question of how is easily an
swered in part: the drawings were 
formed by the painstaking removal of 
gravel from the desert surface, exposing 
the lighter-colored underlying soil. The 
troublesome point has been how the 
drawings were laid out; many of them 
are too large to be seen in their entirety 
from ground level. Even the knowledge
able Reiche has suggested that the Naz
ca must have possessed surveying "in
struments and equipment ... buried and 
hidden from the eyes of the [conquista
dors] as the one treasure that was not to 
be surrendered." 

Writing in The Skeptical Inquirer, Joe 
Nickell of the University of Kentucky 
reports his doubt that the Nazca needed 
much surveying skill or special instru
mentation to construct the desert draw
ings. He goes on to recount his success in 
replicating a 440-foot-long portrait of a 
condor using only limited and simple 
equipment. Nickell and his colleagues 
prepared a scale drawing of the Nazca 
original (Reiche had long ago found that 
the Nazca figure-makers had made such 
small mock-ups for guidance), deter
mined a center line and plotted the coor
dinates of various points on the figure. 
Any given number of units on the small 
drawing was then translated into the 
same number of larger units (about 12.7 
inches long) on the full-scale figure. 
Taking advantage of a fresh landfill area 
in West Liberty, Ky., the survey group 
used a rope subdivided into 100 Nazca 
"feet " to locate various points on the 
condor figure. The only surveying in
strument they required was a wood 
cross to ensure that measurements were 
made at a right angle to the center line. 

The survey group staked out 165 
points and connected them with twine to 
duplicate the main outlines of the con
dor. Where a circle was required (for 
example in the representation of the 
condor's head) it was scribed with a 
stake and rope; all other curves were 
done freehand. After completing the 
outline the group marked it by hand on 
the dark soil of the landfill with pow
dered lime and arranged to have the rep
lica photographed from an altitude of 
·1,000 feet. The match with the Nazca 
original was remarkable in its exactness. 
The ground drawing may possibly have 
been the world's largest art reprod uc
tion (until rain washed away the lime). . 
Summarizing his group's experience, 
Nickell emphasizes that the task re
quired no materials not readily avail
able to the Nazca. 
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Peking Man 
In 230,000 years of cave dwelling Homo erectus pekinensis left 

an abundance of fossils and artifacts that now give information 

on biological, technological and perhaps even social evolution 

One of the sites with the longest 
history of habitation by man or 
his ancestors is a cave near the 

railroad station in Zhoukoudian, a town 
some 50 kilometers southwest of Bei
jing. Whereas modern cities are general
ly no more than a few thousand years 
old, the cave at Zhoukoudian was oc
cupied almost continuously for more 
than 200,000 years. The multiple layers 
of fossil-bearing deposits indicate that 
early men first took shelter in the cave 
460,000 years ago, and the last of them 
did not abandon the site until 230,000 
years ago, when they were forced out 
by the filling of the cave with rubble 
and sediment. The species of mankind 
that lived there is classified as Homo 
erectus pekinensis, or Peking man. (The 
name became established before the cus
tomary English spelling of the city was 
changed to Beijing.) 

The long record of habitation at 
Zhoukoudian offers an opportunity to 
trace the development of a single com
munity over a period that spans a signifi
cant fraction of the evolution of the ge
nus Homo. The period is long enough for 
progressive changes in the form of the 
fossils themselves to be discerned; one 
of the important changes in physical 
features is an increase in cranial capaci
ty. Equally important, it is possible to 
reconstruct certain events in the cultural 
evolution of the species. There is evi
dence in the cave deposits that Peking 
man was able to control fire and that he 
employed it for cooking. The fossilized 
remains of animal bones indicate that 
the Zhoukoudian cave dwellers were ef
fective hunters of both large and small 
game; fossilized seeds suggest another 
component of the diet. An abundance of 
flaked-stone implements provides infor
mation on toolmaking skills. From an 
analysis of the materials recovered from 
the cave it is even possible to speculate 
on the social organization of the com
munity. For example, there is informa
tion to support conjectures about the 
sharing of food and the division of labor 
between the sexes. 

In the past five years a comprehen-
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by W u Rukang and Lin Shenglong 

sive investigation of the Zhoukoudian 
site has been undertaken by more than 
120 Chinese scientists, including us. The 
work is sponsored by the Institute of 
Vertebrate Paleontology and Paleoan
thropology of the Chinese Academy of 
Sciences, and the contributors represent 
17 universities and research institutions. 
Their fields of expertise range from ear
ly man and his artifacts to the study of 
ancient climate, caves and the terrains 
in which they form, ancient soils, pollen 
and the dating of archaeological mate
rials. Here we shall pre'sent the salient 
findings of the group and attempt to 
sketch a portrait of Peking man in his 
native environment. 

In the overall scheme of higher prima te 
evolution Peking man and the other ex
amples of Homo erectus are a compar
atively late development. The first hom
inoid, the ancestor of both man and the 
anthropoid apes, had branched off from 
the other primates by about 35 million 
years ago. It walked quadrupedally and 
relied on seeds and fruits for its food. 
From 10 to eight million years ago the 
first hominid, the founder of a genetic 
lineage whose only living representative 
is modern man, diverged from the other 
hominoids such as the chimpanzee and 
the gorilla. The most primitive hom inids 
apparently had a small cranium, with a 
capacity of perhaps 350 cubic centime
ters; they could walk on their hind limbs 
and may have been able to carry objects 
while walking. It was not until about 
four million years ago that an advanced 
hominid, classified in the genus Aus
tralopithecus, appeared. The earlie�t re
mains of australopithecines have been 
found in the middle Awash River valley 
of Ethiopia. The skeleton was evidently 
capable of supporting a fully bipedal 
gait and the brain case had a capacity 
close to 500 cubic centimeters. 

In the past 100 years many fossils of 
manlike skulls and skeletal fragments 
more advanced than those of Australopi
thecus have been found in Europe, Asia 
and Africa. For a time almost every dis
covery gave rise to a new taxonomic di
vision, but virtually all these later speci-

mens have now been subsumed in the 
single species Homo erectus. On the basis 
of chronological studies of the geologic 
context in which the fossils were found 
it has been ascertained that the species 
emerged at least 1.5 million years ago. 
Homo erectus could walk upright, as the 
species name suggests, but his skull was 
still very primitive, with a cranial capac
ity ranging from 850 to 1,100 cubic cen
timeters. He was able to make more ad
vanced stone implements than the peb
ble tools of earlier hom in ids. Some lat
er specimens of Homo erectus, including 
Peking man, developed a quite elabo
rate culture characterized by the inhab
iting of caves and the hunting of game. 
They were also able to make use of fire 
to cook food, although it is not yet clear 
whether they were actually able to kin
dle a fire. 

The subsequent course of develop
ment from Homo erecfus to modern man 
cannot be traced in detail. Suffice it to 
say that about 200,000 years ago there 
appeared a form of man with a less 
heavily built face and a larger brain case 
than those of Homo erecfus. The mem
bers of this species, early representatives 
of Homo sapiens, came to flourish in 
Europe, Asia and Africa somewhat less 
than 100,000 years ago. They were ca
pable of building shelters in the open air 
and of starting a fire, and they made 
highly refined stone tools. Because of 
the closeness of their morphology to 
that of modern man and the progres
siveness of their culture, they are con
sidered to be among the direct ances
tors of the modern Homo sapiens. 

The Cave of Zhoukoudian 

The cave in Zhoukoudian where the 
remains of Peking man have been 
found is in a limestone formation called 
Dragon-Bone Hill. Before it was known 
as a site of early man it had long been a 
favorite haunt of dragon-bone collec
tors. Dragons had an important place 
in traditional Chinese culture, and their 
bones (actually the fossils of various 
mammals) were thought to have great 
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medicinal val ue. Indeed, it was the drag
on-bone collectors who found the first 
evidence of Peking man, although they 
did not recognize its significance. 

At the beginning of the 20th century a 
number of paleontologists and anthro
pologists visited Zhoukoudian in search 
of evidence of primitive man. Nota
ble among them were J. G. Anderson, 
a Swedish geologist, and Walter W. 
Granger, a paleontologist of the Ameri
can Museum of Natural History. On a 
routine survey of Dragon-Bone Hill in 
1921 Anderson, Granger and O. Zdan
sky, an Austrian paleontologist working 
as Anderson's assistant, were directed 
by local residents to a cave that was 
said to be "full of dragon bones." Noth
ing of interest was found, however, 
except some quartz fragments; because 
the fragments were far from their ge
ologic context, Anderson considered 
them artifacts of early man. 

Although survey excayations were 

undertaken in the cave, the progress 
of discovery was slow. In 1923 Zdan
sky found two anthropomorphic teeth. 
When a systematic excavation was start
ed in 1927, Birger Bohlin, a Swedish 
paleontologist, discovered a well-pre
served lower molar. Davidson Black, 
who was then professor of anatomy 
at Peking Union Medical College, as
signed the fossil to the new species 
Sinanfhropus pekinensis. From 19-27 to 
1937, when work was stopped by the 
Japanese invasion of China, the cave 
was continuously excavated. Pei Wen
zhong, who was in charge of the Zhou
koudian excavation from 1928 through 
1935, found the first complete cranium 
in the winter of 1929, thereby providing 
a sound basis for scientific studies of Pe
king man. 

Since the founding of the People's 
Republic of China in 1949 the excava
tion of the cave has been resumed by 
the Institute of Vertebrate Paleontology 

and Paleoanthropology. Up to 1966 fos
sils of more than 40 males and females 
of various ages had been found associat
ed with tens of thousands of stone arti
facts and evidence of fire use. In addi
tion the fossils of two species of plants 
(and the pollen of many more species) 
and 96 kinds of mammals were found. 
The abundance of the fossils and the 
thoroughness with which they have been 
studied make it possible to reconstruct 
elements of Peking man's 200,000-year 
history. 

The cave, called formally Zhoukoudi
an Locality I, is a huge karst cave in a 
limestone structure formed in the Or
dovician period, about half a billion 
years ago. Karst landscape, which takes 
its name from that of a region along 
the Dalmatian coast of Yugoslavia, is 
formed by the work of underground wa
ter on massive soluble limestones. The 
karst cave inhabited by Peking man is 
140 meters long from east to west. The 

LIMESTONE CA VE was inhabited by Peking man, a variety of Homo 
erectus, beginning 460,000 years ago and continuing until 230,000 
years ago. The cave was discovered in the early 1920's. Excavatious 
over the past 50 years and more have revealed evidence of the use of 
fire, all assemblage of 100,000 stone artifacts, fossilized bones and 

teeth of more than 40 individuals and fossil remains of animal and 
plant species that were presumably part of Peking man's diet. The 
photograph shows the east entry to the cave, which was the primary 
entrance in the first phase of Peking man's occupation. The entry 
was abandoned after a massive collapse of some 300,000 years ago. 
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widest part, which measures 40 meters, 
is at the eastern end; the narrowest part, 
at the western end, is only a little more 
than two meters wide. 

The original cave, however, was not 
like this, nor was it habitable at the out
set for Peking man. The formation of 
the cavern inside the hill began in the 
Pliocene epoch, about five million years 
ago, when water percolating along both 
horizontal and vertical cracks dissolved 
the limestone and carried it away in so
lution. The horizontal erosion created a 
long cave with both ends narrower than 
the central part; the vertical erosion fol
lowed precipitous fissures, creating fun
nel-shaped gullies whose bottom was 
deep, rough and bumpy. The original 
cave was a hollow in Dragon-Bone Hill 
without openings to the surface. Owing 
to the continual scouring of the hill by 
the ancient Zhoukou River, however, a 
spur on the eastern slope of the hill was 
cut off early in the Pleistocene epoch, 
exposing the eastern wall of the cave to 
water erosion. As a result the eastern 
slope developed a diagonal fissure ap
proximately at the present-day location 
of the small east entry to the cave. The 
fissure became progressively wider and 
in the end established a connection be
tween the Zhoukou River and the cave. 
Sand and dirt carried by the river were 
washed into the cave, gradually leveling 
the uneven bottom and creating a spa
cious, flat floor. It was at this point that 
Peking man took up residence. 

YONGDING R. 

At first Peking man made his entrance 
from the east and lived mainly in the 
eastern section. About 350,000 years 
ago, however, there was a massive cave
in in the part of the eastern section now 
called the Dove Hall. An enormous 
amount of eroded rock fell from the 
roof, blocking the east entry completely. 
Peking man had to abandon what had 
been the most spacious part of the cave, 
but he was able to enter the cave again 
through a fissure in the central sec
tion. He thereafter lived in the western 
section until 230,000 years ago, when 
the cave was completely filled with the 
detritus of human occupation and with 
eroded limestone. 

The cave remained filled with these 
deposits until its excavation. The depos
its that included remains of Peking man 
had a thickness of about 40 meters, 
which was divided into 10 layers b� 
Pierre Teilhard de Chard in and Yang 
Zhongjian, a Chinese paleontologist, in 
1929. The Chinese archaeologist Jia 
Lanpo analyzed the deposits below the 
10th layer in 1951 and defined three 
more layers (11 through 13). The vari
ous investigators have agreed to identify 
the deposits as those of the Zhoukoudi
an period. Although the period was gen
erally recognized as belonging to the 
Middle Pleistocene, about half a mil
lion years ago, until recently the chro
nology was so sweeping and lacking in 
detail that it gave no idea about the ev
olution of Peking man himself. 

LlANGXIANG 

Dozens of workers in five institutions 
have recently finished a series .of chron
ological investigations and so for the 
first time have given a comparatively ex
act age for each layer. The 10th layer 
was dated by counting the tracks left in 
crystalline minerals by the disintegra
tion of nuclei of uranium 238, the most 
abundant isotope of uranium. The rate 
of such fission events is constant, and so 
the number of tracks is a measure of the 
time that has elapsed since the mineral 
formed. It was concluded that the 10th 
layer was laid down 460,000 years ago. 

Workers at the Institute of Geology 
of the Chinese Academy of Sciences 
have ascertained by the dating tech
niq ue called the uranium-series method 
that the ninth and eighth layers were de
posited 420,000 years ago. In the ura
nium-series method what is measured 
are the relative abundances of uranium 
234 and the prod uct of its radioactive de
cay, thorium 230. The decay proceeds 
at a constant, known rate; the ratio of 
the two elements therefore indicates the 
time since the uranium-bearing mineral 
was formed. 

Still another method was applied to 
the dating of the seventh layer, which 
turns out to be between 370,000 and 
400,000 years old. The age was estab
lished by examining the natural rema
nent magnetism of minerals in the lay
er. When a magnetic mineral crystal
lizes, its magnetic axis becomes aligned 
with the direction of the earth's mag-

BEIJING 

o FANGSHAN 
\ \ 

ZHOUKOUDIAN 
S-1/jR;.; .. ·· R. o KILOMETERS 10 

SITE OF THE CAVE is the small town of Zhoukoudian, some SO 
kilometers southwest of Beijing (right). It is administratively subordi
nate to Fangshan, a suburban county of Beijing about 150 kilometers 
from the seacoast (left). In the northwestern part of the town is Dragon-

Bone Hill, named for the mammalian fossils collected there by local 
residents, who thought they were dragon bones of great medicinal 
value. Zhoukoudian Locality I, which is one of four paleoanthropo
logic sites on the hill, is the cave that was inhabited by Peking man. 
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netic field. Periodic reversals of the 
earth's field thus leave a rccord in the 
rocks, which identifies their time of dep
osition. The uranium-series method has 
also been applied to the' deposits in the 
three topmost layers. The results indi
cate an absolute age of 230,000 years. 

The Fossils of Peking Man 

The fossils of Peking man discovered 
over the past 50 years have been cata
logued as follows: six complete or al
most complete skulls and 12 other skull 
fragments, 15 pieces of mandibles, 157 
teeth, three fragments of humerus (the 
bone of the upper arm), one clavicle 
(collarbone), seven fragments of femur 
(the thighbone), one fragment of tibia 
(shinbone) and one lunate bone (a wrist
bone shaped like a half moon). They 
were found at 15 widely scattered places 
in the cavc. The fossils reprcsent materi
al from more than 40 malc and female 
individuals, who died at various ages. 
From the fossil materia1 it is possible to 
reconstruct the physical form and ap
pearance of Peking man. 

Like other examples of Homo erectus 
that emerged in the Middle Pleistocene, 
Peking man had a skeleton much like 
that of modern man. The main differ
ence is that the limb bones had a thicker 
wall and a smaller marrow cavity. The 
skull of Peking man, however, differed 
substantially from the modern form. It 
was much thicker and flatter and had 
protruding brows and a marked angle 
at the rear. The brain case was larger 
than that of Homo habilis, a species that 
flourished 1.8 million years ago, and 
even larger than that of Java man, the 
somewhat older form of Homo erec
{us; the cranial capacity was still much 
smaller than that of modern man. The 
teeth were larger and more robust than 
those of Homo sapiens and had traces 
of an enamel collar, called a cingulum, 
around the crown. The cingulum is a 
primitive trait in prehistoric man. 

All fossils of Peking man found so far 
have been analyzed by one of us (Wu 
Rukang) and Dong Xingren of the Insti
tute of Vertebrate Paleontology and Pa
leoanthropology. We have given par
ticular attention to the question of Pe
king man's cranial capacity. It should be 
stressed that brain size cannot be taken 
unconditionally as an indicator of hu
man intelligence; a hominid with a big
ger brain case is not necessarily smarter. 
Nevertheless, modern man, with an av
erage cranial capacity of 1,450 cubic 
centimeters, must have evolved from an 
earlier form of man with a smaller cra
nium. The tendency is therefore for thc 
human cranial capacity to increase, 
and the capacity of a given species or 
subspecies may provide some informa
tion about its place in human evolution. 

It is generally accepted that the crani
al capacity of man and his ancestors was 

YEARS 

BEFORE 

PRESENT 

40,000 

100,000 

500,000 

700,000 

3,000,000 

MODERN MAN 

NEANDERTHAL MAN 

(j) 
a: 
w 
I-
w 
:2 f= 
z PEKING MAN 
w 
() 
() CD 
:::J 
� 
>-
I-0 
i£ 
« 
() 
--' � 
z 
« 
a: 
() 

JAVA MAN 

-'! 

1,500 

1,200 

900 

600 

300 

a 

1,500 

1,200 

900 

600 

300 

a 

1,500 

1,200 

900 f.----------

600 

300 

a 

1,500 

1,200 

900 

600 

300 

a 

1,500 

1.200 

900 

600 

- -------

300 

a 

HUMAN EVOLUTION can be traced through morphological changes in the skull (tefl) and 
through an increase in cranial capacity (righl), The early hominid AllslratopilheclIs, which ap
peared some four million years ago, had a fiat skull with protruding jawbones and a small brain 
case (between 450 and 750 cubic centimeters). About 1.5 million years later came HOII/o erec
IllS. Two examples of HOII/o erecl/H, Java man and Peking man, were comparatively advanced 
in their facial structure and cranial capacity, which ranged from 850 cubic centimeters to more 
than 1,000 cubic centimeters. They differed in their age, skull shape and brain size. Not until 
some 100,000 years ago did Neanderthal man, the first member of the species HOII/o sapiells, 
come into existence; by then the brain case was much larger and the jawbones were less pro
tuberant. Modern man, the subspecies HOII/o mpiells sapiells, emerged about 40,000 years ago. 
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stable at from 500 to 800 cubic centime
ters in the interval from three to 1.5 mil
lion years ago. This is the cranial size 
measured in fossils of Australopithecus 
and Homo habilis. Java man, the form of 
Homo erectus that appeared about a mil
lion years ago, had a cranial capacity of 

some 900 cubic centimeters. When Pe
king man emerged, the average capacity 
had reached 1,054 cubic centimeters. 

It should be pointed out that this 
brain-case value for Peking man is an 
average based on the six relatively com
plete skulls found at Zhoukoudian. One 

of the six is the skull of a child who died 
at the age of eight or nine. A juvenile 
skull is obviously smaller than that of an 
adult; if it were not taken into account, 
the average cranial capacity of Peking 
man would be 1,088 cubic centimeters. 

Because of the long time span covered 

EVOLUTION OF THE CAVE at Zhoukoudian Locality I is sche
matized here in six stages. Dragon-Bone Hill, in which the cave was 
created, is a limestone structure formed about 450 million years ago 
(1). As limestone was dissolved by underground water the cave began 

to form inside the hill about five million years ago (2). When the east
ern spur of the hill was cut off by the scouring of the ancient Zhoukoll 
River some three million years ago, a small entry to the cave appeared 
on the eastern slope and became progressively larger (3). Sand and 
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by the fossils of Peking man, it may even 
be possible to trace changes in morphol
ogy, and in particular an increase in cra
nial capacity, over the history of the 
habitation of the site. The average ca
pacity of four skulls found in the eighth 
and ninth layers (which are dated to 

5 

6 

more than 400,000 years ago) is 1,075 
cubic centimeters. The one skull un
earthed in the third layer (230,000 years 
old) has a capacity of 1, 140 cubic cen
timeters. It seems that Peking man 
became more manlike in anatomy after 
200,000 years of cave dwelling. 

It is acknowledged in the anthropologi
cal community that the morphological 
evolution of early man was much slow
er and so less obvious than the trans
formation of behavior and life-style. 
Toolmaking techniques and the tools 
themselves are therefore an important 

dirt were carried by the river into the cave, leveling the gullies creat
ed by the erosion of the limestone. The resulting spacious shelter was 
adopted by Peking man about 460,000 years ago (4). The east entry 
and the eastern part of the cave were the main areas of habitation 

until the collapse of the roof 300,000 years ago forced a move to the 
western part, with access through a fissure in the central section (5). 
By the time Peking man left the cave 230,000 years ago it had been 
filled with fallen rock and the detritus of human occupation (6). 
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measure of human evolution. In the 
case of Peking man a systematic study 
of the lithic culture was done three years 
ago by Pei Wenzhong and Zhang Shen
shui of the Institute of Vertebrate Pale
ontology and Paleoanthropology. They 
came to believe Peking man's evolu
tion is more clearly mirrored in his tools 
and toolmaking behavior than in his fos
sil remains. 

The Tools of Peking Man 

The stone industry of Peking man was 
an advanced one both in the selection 
of materials exploited and in the tool-

CHOPPER 

POINTS 

making techniques applied to them. The 
stone artifacts produced by Peking man 
are primarily made of vein quartz, rock 
crystal, flint and sandstone, suggesting 
that he did not rely exclusively on water
rounded pebbles for tool material. He 
often had to walk some distance to get 
vein quartz and rock crystal where they 
had been exposed by the weathering of 
granite formations. 

Most of the tools are flakes of various 
sizes made in one of three ways. In the 
techniq ue called anvil percussion a large 
flat stone (the anvil) was placed on the 
ground and forcefully struck with a 
piece of sandstone. Flakes chipped off 

SCRAPERS 

BURIN 

STONE TOOLS made by Peking man are of four main types: the chopper (upper left), the 
scraper (upper right), the point (lower left) and the burin (lower right). They were formed out 
of vein quartz, rock crystal, flint and sandstone. Some of the flakes were put into service 
as tools without further trimming; others were retouched into more specialized tools such as 
points and burins. The stone industry was dominated by small tools witb a length of less than 
40 millimeters and a weight of less than 20 grams, although most of the early tools are larger. 
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the sandstone were gathered up, and 
those with a suitable shape .and edge 
were selected either for direct use or for 
later retouching. In another method, 
called direct percussion, the core Oint 
was held in one hand and flakes were 
detached from it by striking it with a 
hammerstone held in the other hand. 
The third flaking method is called bipo
lar percussion. Again a large, flat anvil 
was set on the ground. A piece of vein 
quartz was then held upright on the an
vil with one hand and crushed by verti
cal blows with a hammerstone grasped 
in the other. In this way flakes could be 
chipped off both ends; they are called 
bipolar flakes. 

Although some of the flakes recov
ered at Zhoukoudian were used as they 
were, it is evident that some of them had 
been trimmed into more specialized 
tools such as scrapers, points, choppers, 
burins and awls. The retouching was 
done mainly by the direct-percussion 
process. Most of the tools were trimmed 
on their back surface rather than on the 
one that had been worked in the initial 
flaking operation. Sometimes both faces 
were retouched. 

The evolution of Peking man's lith
ic culture was divided into three peri
ods by Pei and Zhang. The division 
was made according to changes in tool 
size, in tool material and in toolmaking 
techniq ue. The stone tools found in the 
eighth through the II th layers represent 
the earliest culture, which prevailed be
tween 460,000 and 420,000 years ago. 
It is characterized by large tools weigh
ing more than 50 grams and longer than 
60 millimeters and by the indiscrimi
nate application of the three toolmaking 
processes. At this stage tools made out 
of softer materials such as sandstone ac
count for IS to 20 percent of the arti
facts. In the middle stage, from 370,000 
to 350,000 years ago, the anvil-percus
sion process was practically abandoned 
and the bipolar-percussion process be
came the main method of flaking stone. 
As a result the proportion of the tools 
having a weight of less than 20 grams 
and a length of less than 40 millimeters 
increased to 68 percent. In contrast large 
tools diminished to 12 percent. 

The last stage lasted from 300,000 to 
230,000 years ago. It was clearly the 
most advanced: the tools had become 
smaller and the tool materials were of 
better quality. Among the stone tools 
excavated from layers one through five 
the small tools increased dramatically 
to 78 percent of the total, whereas the 
large tools decreased further to 5 per
cent. Although the tools of the third 
period were still made mainly out of 
quartz, fewer were made out of the 
coarse varieties of the stone, such as 
vein quartz, and the fraction of the tools 
made out of flint increased to as much 
as 30 percent in the uppermost lay
ers. In the meantime sandstone tools 
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USE OF FIRE by Peking man, attested to by layers of ashes, can be traced to the beginning of 
his residence in the cave. Four layers of ashes have been identified in the cave deposits; the 
thickest layer is some six meters deep and the thinnest one is a little more than a meter deep. 

had diminished to less than 1 percent 
of the total. 

Another indication of the advanced 
state of Peking man's culture is his use 
of fire: evidently the art had already 
been mastered at the very beginning of 
his habitation of the cave. There are 
four large, thick layers of ashes depos
ited in periods ranging in age from 
460,000 to 230,000 years. The thick
est one, formed between 310,000 and 
290,000 years ago, is six meters deep in 
certain places. Some of the ash deposits 
are in scattered piles, suggesting that Pe
king man had the ability to control fire 
and keep it burning for a long time. 

H.ow did Peking man make a fire and 
control it? A conclusive answer cannot 
be given, but an inference can be drawn. 
Peking man seems to have been too 
primitive to start a fire; instead he was 
probably dependent on natural fires out
side the cave, generally started by light
ning. Presumably the fire was captured 
by lighting a bunch of twigs or some 
other kindling and bringing it back to 
the cave. Given the rarity of natural 
fires, it must have been vitally important 
to avoid letting the fire go out. One way 
of maintaining a fire would have been to 
add wood to it continuously. Another 
would have been to cover burning char
coal with ash or soil to slow its burn
ing. A new fire could then be made by 
blowing on the coals. Some charcoal 
found in the cave may be a remnant of 
the latter process. 

What was the nature of the environ
ment outside the cave at the time Pe
king man occupied the site? On the ba
sis of a study of pollen at Zhoukoudian 
Locality I, Kong Zhaochen of the In-

stitute of Botany of the Chinese Acade
my of Sciences and his colleagues have 
suggested that Peking man lived in the 
climate of an interglacial period; indeed, 
the climate of the period was not much 
different from that of northern China 
today. The vegetation consisted of tem
perate deciduous forests and steppes on 
the plains and in the valleys and conifer
ous forests on the mountains. 

A temperate climate entails the rigors 
of a cold winter every year but also pro
vides many kinds of edible plant prod
ucts. The adoption of a cave as shelter 
and the use of fire may have been in
spired directly by the need for surviving 
cold weather. 

A variety of plants supplied not only 
firewood but also fruits and seeds. 
Among the deposits in the cave are 
quantities of charred seeds of the Chi
nese hackberry, which were obviously 
gathered and roasted by Peking man. 
Evidently the seeds served as food. The 
analysis of pollen in the deposits gives 
evidence of other plants, such as walnut, 
hazelnut, pine, elm and rambler rose. 
The fruits and seeds of those species 
must also be considered candidates for 
inclusion in Peking man's diet. 

Hunting was a valuable adaptation to 
the environment since meat could sup
ply more calories and protein than a 
vegetarian diet. Peking man was evi
dently able to compete successfully with 
large carnivores as a hunter. An abun
dance of fossil bones of mammals of 
various sizes found in the cave indi
cates that Peking man not only hunted 
small game but also was capable of kill
ing large animals. 

Among carnivores a natural relation 
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EVOLUTION OF PEKING MAN in the course of 230,000 years of cave dwelling is suggested 
by an increase in brain size (left) and the development of a more refined lithic culture (right). 
The cave deposits that include fossils of Peking man are divided into 13 ·Iayers. Skulls have 
been recovered from layer 10, from the boundary between layer 9 and layer 8 and from layer 3. 
The measured cranial capacities are 915 cubic centimeters for the earliest skull, an average of 
1,075 cubic centimeters for four later skulls and 1,140 cubic centimeters for the most recent 
one. It seems the brain size increased by more than 100 cubic centimeters during the occupation 
of the cave. The cultural development of Peking man is broken down into three stages. In the 
earliest stage the artifacts were mainly choppers and scrapers; 40 percent were large tools 
(white), 30 percent were of intermediate size (gray) and 30 percent were small (color). In the 
latest stage more complex tools appeared. The proportion of large and medium tools decreased 
respectively to 5 and 17 percent, whereas the proportion of small ones increased to 78 percent. 
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generally exists between the size of the 
predator and that of its prey. A fox can
not kill a zebra, but the zebra is the fa
vorite food of lions. Owing to his use of 
weapons, Peking man escaped the limi
tations of his size. In particular he be
came an efficient hunter of deer, some 
of which were larger and faster than 
he was. The large quantity of fossils 
belonging to at least 3,000 individual 
deer of two species, the thick-jawed 
deer (Megaceros pachyosteus) and the 
sika deer (Pseudaxis grayi), could be re
garded as an indication that deer were 
the commonest prey of Peking man. 

Social Adaptations 

As we have shown, Peking man was a 
cave dweller, a fire user, a deer hunter, 
a seed gatherer and a maker of spe
cialized tools. The fossil and artifactu
al evidence attest to his biological and 
technological adaptation. It is more dif
ficult to trace his social adaptation since 
little evidence is available. Neverthe
less, three hypotheses can be put for
ward on the basis of our studies. 

Generally speaking, gathering is a 
simple labor that can be undertaken by 
single individuals. Hunting, in contrast, 
and particularly the hunting of large an
imals, is so complicated, difficult and 
hazardous that the cooperation of nu
merous individuals is needed. It can be 
inferred, therefore, that Peking man was 
more likely to have been living in a 
group than in solitude when he began to 
hunt deer. Furthermore, thousands of 
fossils of prey species found in the cave 
suggest that these primitive hunters may 
have preferred to bring prey back to the 
cave and share the meat with others in 
the community rather than to consume 
it where it was killed. 

Second, the hunting of large and fast
moving animals such as deer may have 
been difficult for women because of 
physiological limitations (such as preg
nancy and child rearing). It is thus possi
ble to speculate that the hunting behav
ior of Peking man may have caused or 
contributed to the sexual division of 
labor within the group. The pattern 
of male hunters and female gatherers, 
which is common in hunting-and-gath
ering societies today, may have already 
been established. 

Third, the existence of a consistently 
progressing lithic culture throughout a 
period lasting for 200,000 years or more 
suggests that the earliest practice of ed
ucation may have taken place in Pe
king man's cave. It is out of the question 
that each generation could recapitulate 
the entire history of stone-tool devel
opment, from striking a pebble in or
der to make a crude tool to trimming 
a flake into a specialized scraper. Tool
making techniques, like modern science 
and technology, must have been con
veyed from the old to the young. 
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Dark Matter 
in Spiral Galaxies 

It appears that much of the matter in spiral 

galaxies emits no light. Moreover, it is not 

concentrated near the center of the galaxies 

by Vera C. Rubin 

After evidence was obtained (in the 
.I\.. 1920's) that the universe is ex-

panding it became reasonable to 
ask: Will the universe continue to ex
pand indefinitely or is there enough 
mass in it for the m utual attraction of its 
constituents to retard the expansion and 
finally bring it to a halt? Most cosmolo
gists agree that the universe started in a 
big bang 10 to 20 billion years ago from 
an infinitely small and dense state and 
that it has been expanding ever since. It 
can be calculated that the critical densi
ty of matter needed to brake the expan
sion and "close" the universe is on the 
order of 5 X 10-30 gram per c ubic cen
timeter, which is equal to about three 
hydrogen atoms per cubic meter. The 
amount of l uminous matter in the form 
of galaxies, however, comes to only 
about 7.5 X 10-32 gram per cubic centi
meter. Therefore if the expansion of the 
universe is to stop, the density of the in
visible matter must exceed the density 
of the l uminous matter by a factor of 
ro ughly 70. 

With this factor in mind astronomers 
over the past half century have so ught to 
determine the mass of the galaxies that 
populate the universe out to the l imits 
of observation. From the l uminosity of 
typical galaxies one can estimate that 
they have a mass ranging from a few 
billion to a few trillion times the mass 
of the s un. The actual stellar population 
of a galaxy is of course highly diverse. 
Some stars are 10,000 times more l umi
nous than the s un per unit of mass; oth
ers are only a small fraction as l umi
nous. G iven this d iversity one would 
like to know: Is  the d istribution of l umi
nosity in galaxies a reliable indicator 
of the d istrib ution of mass? And, by ex
trapolation, is the distribution of l umi
nosity in galaxies a reliable indicator of 
the distribution of mass in the universe? 

My colleagues and I in the De
partment of Terrestrial Magnetism of 
the Carnegie Institution of Washington 
have sought to answer these questions 
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by measuring the rotational velocity of 
selected galaxies at various d istances 
from their center of rotation. I t  has been 
known for a long time that outside the 
bright n ucleus of a typical spiral galaxy 
the l uminosity of the galaxy falls off 
rapidly with distance from the center. 
If  l uminosity were a true indicator of 
mass, most of the mass would be con
centrated toward the center. O utside the 
n ucleus the rotational velocity would 
fall  off inversely as the square root of 
the distance, in conformity with Kep
ler's law for the orbital velocity of bod
ies in the solar system. Instead it has 
been found that the rotational velocity 
of spiral galaxies in a d iverse sample 
e ither remains constant with increasing 
d istance from the center or rises sl ight
ly out as far as it is possible to make 
meas urements. This unexpected result 
ind icates that the falloff in luminous 
mass with d istance from the center is 
balanced by an increase in nonlumi
nous mass. 

Our results, taken together with those 
of many other workers who have 

attacked the mass q uestion in other 
ways, now makes it possible to say with 
some confidence that the distribution of 
light is not a valid indicator of the d istri
b ution of mass either in galaxies or in 
the universe at large. As m uch as 90 per
cent of the mass of the universe is evi
dently not radiating at any wavelength 
with enough intensity to be detected on 
the earth. Originally astronomers de
scribed the nonl uminous component as 
"missing matter." Today they recognize 
that it is not missing; it is j ust not visible. 
Such dark matter could be in the form 
of extremely d im stars of low mass, of 
large planets like Jupiter or of black 
holes, e ither small or massive. Other 
candidates include ne utrinos (if indeed 
they have mass, as recent work suggests) 
or such hypothetical particles as mag
netic monopoles or gravitinos. 

Early in this century it was reasona-
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SPIRAL GALAXIES whose unseen mass has 
been investigated by the author faJl into three 
principal classes: Sa, Sb and Sc. Within each 

• 
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class the galaxies vary enormously in size and luminosity, Here 
nine examples are reproduced in negative images in which 1.2 
centimeters equals 10 kiloparsecs (32,600 light-years). Three Sa 
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galaxies are at the top, three Sb galaxies are in the middle and three Sc gal
axies are at the bottom. In the progression from Sa to Sc the nucleus gets 
smaller with respect to the disk and spiral structure gets more prononnced. 
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KEPLER'S LAW for the orbital velocity of planets in the solar system, in which more than 99 
percent of the total mass resides in the sun, yields this plotted curve. Orbital velocity decreases 
inversely as the square root of r, the planet's mean distance from the sun. The distance is shown 
here in astronomical units; one A.U. equalS the mean distance between the earth and the sun. 
Pluto, at 39.S A.U., lies 100 times farther from the sun than Mercury, at .39 A.U. Mercury's 
orbital velocity is about 47.9 kilometers per second; Pluto's velocity is accordingly slower by a 
factor of 10, or 4.7 kilometers per second (47.9 X lIvTOO). The author's results show that 
the orbital velocities of stars in a spiral galaxy depart strongly from a Keplerian distribution. 

ble for astronomers to assume that the 
d istribution of l uminous matter, wher
ever it was found, coincided with the 
distribution of mass. Nearly 50 years 
ago, however, Sinclair Smith and Fritz 
Zwicky of the California Institute of 
Technology d iscovered that in some 
large clusters of galaxies the individ ual 
members are moving so rapidly that 
their m utual gravitational attraction is 
insufficient to keep the clusters from fly
ing apart. Either such clusters should be 
d issolving or there must be enough dark 
matter present to hold them together. 
Almost all the evidence s uggests that 
cl usters of galaxies are stable configura
tions. Hence the early observations of 
Smith and Zwicky marshaled the first 
evidence that s uch clusters harbor mat
ter both l uminous and nonluminous. 

Recent work by many other astrono
mers has strengthened this conclusion. 
Studies of the dynamics of ind ividual 
galaxies, incl uding our own galaxy, of 
pairs of galaxies, of groups of galaxies 
and of clusters of galaxies all point to a 
component of unobservable but ubiqui
tous mass. Such studies detect the pres
ence of nonluminous mass solely by its 
gravitational effects. 

For the past several years W. Kent 
Ford, Jr., N orbert Thonnard ,  David 
Burstein and I have sought to learn 
about the d istribution of mass in the uni
verse by investigating the distrib ution of 
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matter within galaxies with a structure 
similar to that of o ur own galaxy, name
ly the general class of spiral galaxies. 
We have adopted this approach because 
spiral galaxies have a geometry fa
vorable for the identification of mass, 
whether it  is  l uminous or nonluminous, 
and modern large telescopes equipped 
with image-tube spectrographs make it  
possible to complete an observation of a 
single galaxy with an exposure of about 
three hours. Before I describe our obser
vations it  will be helpful if I review how 
celestial objects respond to the gravita
tional force acting on them and how that 
response can reveal the large-scale d is
tribution of matter. 

Toward the end of the 17th century 
Robert Hooke suspected that the plan
ets were subject to a gravitational force 
from the sun whose intensity decreased 
inversely as the square of the distance. 
Isaac Newton then recognized that all 
pairs of objects in the universe have a 
gravitational attraction for each other 
that is proportional to the prod uct of 
their masses and inversely proportional 
to the square of the d istance between 
them. In other words, if the d istance be
tween the objects is increased by, say, a 
factor of two, the ir m utual attraction 
decreases by a factor of four. 

For planets in orbit around the sun, 
which embodies essentially all the mass 
in the solar system, the decrease in grav-

itational attraction with d istance is ex
actly paralleled by a decrease in the ve
locity needed to hold the planet in its 
orbit. Therefore Merc ury, lying at .39 
astronomical unit from the sun (that is, 
.39 of the mean d istance between the 
sun and the earth), has an orbital veloci
ty of about 47.9 kilometers per second. 
Pluto, 100 times farther away at a mean 
distance of 39.5 astronomical units, has 
an orbital velocity only a tenth that of 
Mercury, or 4.7 kilometers per second. 
Spiral galaxies rotate because they re
tain the angular momentum and the or
bital momentum of the initial clumps of 
gas from which they formed. 

In a spiral galaxy the gas, d ust and stars 
in the disk of the galaxy (together 

with any associated planets and their 
satellites) are all in orbit around a com
mon center. Like the planets in the solar 
system, the gas and stars move in re
sponse to the combined gravitational at
traction of all the other mass. If  the gal
axy is visualized as a spheroid, the gravi
tational attraction d ue to the mass Mr 
lying between the center and an object 
of mass m in an equatorial orbit at a 
d istance r from the center is given by 
N ewton's law GmMrlr2, where G is the 
constant of gravitation. If the galaxy is 
neither contracting nor expanding, the 
gravitational force is exactly equal to 
the centrifugal force on the mass at dis
tance r: GmMrlr2 = m V1/r. where Vr is 
the orbital velocity. 

When this equation is solved for V" 
the value of m drops out and the velocity 
of a body at d istance r from the center is 
determined only by the mass Mr inward 
from its position. If, as in the solar sys
tem, virtually all the mass is near the 
center, then the velocities outward from 
the center decrease as 1/ r2. Such a de
crease in orbital velocity is called Keple
rian after Johannes Kepler, who first 
stated the laws of planetary motion. 

In a galaxy the brightness is strong
ly peaked near the center and falls off 
rapidly with d istance. Astronomers had 
long assumed that the mass too de
creased rapidly with d istance, in accord
ance with the d istribution of luminos
ity. Hence it was expected that stars at 
increasing d istances from the center 
would have decreasing Keplerian orbit
al velocities. Until recently few velocity 
observations had been made in the faint 
outer regions of galaxies, e ither to con
firm this expectation or refute it. 

Altho ugh the forms of spiral galax
ies are exceedingly d iverse, astronomers 
are able to group them into three useful 
classes following a scheme proposed 
some 60 years ago by Edwin P. Hubble. 
Galaxies designated Sa have a large cen
tral bulge surrounded by tightly wound 
smooth arms in which "knots," or bright 
regions, are barely resolved. Sb galaxies 
have a less pronounced central bulge 
and more open arms with more 'pro-
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nounced knots. Sc galaxies have a small 
central bulge and well-separated arms 
speckled with d istinct l uminous seg
ments. The progression from type Sa to 
type Sc is one of decreasing prominence 
of the central b ulge and increasing 
prominence of the disk rotating about it. 
That the d isk is indeed rotating is as
s umed on simple dynamical grounds. 

Within each type there are systematic 
variations in size and luminosity. For 
example, Sc galaxies range from small, 
low-l uminosity, low-mass objects to gal
axies of enormous luminosity and mass. 
For completeness, therefore, the study 
of the dynamics of galaxies should in
clude not only objects with a range of 

morphological types but also objects 
with a range of l uminosities. 

Only for the closest stars in o ur own 
galaxy is it possible to detect mo

tion by observing the changing position 
of the star against the background of 
more distant stars and galaxies on the 
celestial sphere. Even for the Androme
da galaxy, the large spiral galaxy closest 
to o ur own, it would take some 20,000 
years for an orbital velocity of 200 kilo
meters per second (a velocity compara
ble to the sun's) to carry a star one sec
ond of arc across the sky. This is the 
minimum angular separation that can 
be detected optically from the earth. To 

study the motions in galaxies a d ifferent 
method is needed, one based on the phe
nomenon of the Doppler shift. 

Doppler shifts are shifts in the fre
quency of waves from a source caused 
by the motion of the source toward or 
away from the observer. When the spec
trum of the bright nucleus of a spi
ral galaxy is recorded, the absorption 
lines arising from the constituent stars 
are shifted toward the long-wavelength 
(red) end of the spectr um compared 
with the same l ines in spectra made in 
laboratories on the earth. Such red shifts 
in the spectra of all bUI a few of the 
nearest galaxies, first observed in about 
1915 by V. M.  Slipher of the Lowell 

SPECTRUM OF SPIRAL GALAXY NGC 7541 (right) was record
ed with the four-meter telescope at the Kitt Peak National Observa
tory by the author and W. Kent Ford, Jr. NGC 7541 is a type Sc spiral, 
60 megaparsecs distant. (A megaparsec is 3.26 million light-years.) 

The exposure time was 1 14 minutes. The galaxy is seen at the left as it 
appears on a television monitor in the telescope's console room. The 
dark line through the galaxy shows the orientation of the spectro
graph slit. Light from across the disk is sampled (see illustration below). 
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EMISSION LINES in the spectrogram of NGC 7541 arise from two 
sources: the night sky and atoms in the gas clouds surrounding bright 
stars in the galaxy. Most of the night-sky lines, which extend across 
the entire width of the spectrogram, are from hydroxyl (OH) mole
cules in the atmosphere of the earth. A few arise from oxygen and hy
drogen atoms in the earth's atmosphere. The rotation of NGC 7541 
shifts the position of the emission lines from the disk of the galaxy to 
either a shorter (bluer) wavelength or a longer (redder) one, depend-

I N CREAS I N G  WAVELENGTH ----7 
ing on whether the rotation is carrying the stars and gas in the disk 
toward or away from the observer. Because the galaxy itself is travel
ing away from the observer as part of the general expansion of the 
universe, the hydrogen-alpha line from gas in the galaxy is red-shifted 
from the position of the same line in the night sky. The displacement 
is a measure of the galaxy's velocity of recession. The slant of the 
galactic emission lines shows that the orbital velocity of stars and 
gas in the disk is increasing with distance from the galactic center. 

99 © 1983 SCIENTIFIC AMERICAN, INC



Observatory, provide the evidence that 
the universe is expanding, carrying al
most all the other isolated galaxies away 
from o urs and away from one another. 
As a result of Smith and Zwicky's work 
it is known that in pairs, groups and cl us
ters of galaxies the local gravitational 
field overcomes the general expansion, 
so that these denser agglomerations of 
matter remain bo und. Although the dis
tances between clusters of galaxies are 
increasing, the distances between gal
axies within clusters remain about the 
same. Slipher also noted that the spectra 
of individual galaxies can yield addi
tional information about the motions of 
stars and gas within the galaxy. 

If the disk of a spiral galaxy is orient
ed so that its plane is sharply tilted with 

respect to the line of sight from the 
earth, the rotation of the galaxy will car
ry the stars and gas on one side of the 
galactic nucleus toward our galaxy and 
those on the other side away from it. 
The spectral l ines of the approaching 
material will therefore be blue-shifted ,  
or raised in  frequency, and  the lines of 
the receding material will be red-shift
ed, or lowered in frequency. A measure
ment at any point on a spectral line will 
therefore s upply both the ang ular dis
tance of that point from the galactic nu
cleus and the velocity along the l ine of 
sight at that d istance. 

It is d ifficult to make spectroscopic 
measurements of the velocities of indi
vid ual stars, which are faint even in gal
axies fairly close to our own. In  o ur 
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MEASUREMENT OF THE ROTATION of NGC 2998, an Sc galaxy at a distance of 96 
megaparsecs in the constellation Ursa Major, begins with the making of a spectrogram. The 
picture at the top shows the galaxy and superposed spectrograph slit as they appear on a tele
vision monitor at the four-meter Kitt Peak telescope. Below it is the hydrogen-alpha region of 
the spectrogram that resulted from an exposure of 200 minutes. The plotted points depict ve
locities across the galactic disk as measured from the hydrogen-alpha line. The entire galaxy is 
receding at 4,800 kilometers per second; the left side of the galaxy is approaching, the right 
side receding. The last step is to draw a rotation curve by smoothing velocities from both sides 
of the disk and translating angular distance on the sky into linear distance in the galaxy. 
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work, therefore, we observe not stars 
but the l ight from the clouds of gas, rich 
in hydrogen and hel i um, that s

'
urro und 

certain hot stars. The spectra of s uch 
clouds consist of bright emission lines 
that arise as an electron in an excited 
atom drops from a higher energy state 
to a lower one. In addition to emission 
lines of hydrogen and helium there usu
ally are bright l ines from atoms of nitro
gen and s ulfur that are singly ionized, 
or stripped of one electron. These lines 
are called forbidden because they arise 
only from atoms in the near-vac u um of 
space; in terrestrial laboratories s uch 
singly ionized atoms are rapidly deexcit
ed by collisions with other atoms before 
the forbidden transition can occ ur. 

Until recently it was not possible to 
get high-resolution optical spectra 

of the faint o uter regions of galaxies. It 
is  the present availability of large opti
cal telescopes, of high-resolution, long
slit spectrographs and of efficient elec
tronic imaging devices that have made 
our observing program feasible. Six 
years ago my colleag ues and I set out to 
measure the rotational velocities com
pletely across the l uminous d isk of su it
ably tilted spiral galaxies. O ur aim was 
to study the internal dynamics and d is
tribution of mass in individual galaxies 
as a function of the galaxies' morpholo
gy. We have now observed 60 spiral gal
axies: 20 each of the three major types 
Sa, Sb and Sc. We have selected galax
ies that have a well-defined type, that 
are well inclined to the plane of the 
sky (yielding a large component of or
bital velocity along the l ine of s ight), 
that have an angular d iameter no larg
er than the slit  of the spectrograph and 
that span a large range of luminosities 
within each type . 

Most of the spectra have been ob
tained with two four-meter telescopes, 
the one at the K itt Peak National Ob
servatory in Arizona and the one at 
the Cerro Tololo Inter-American Ob
servatory in Chile. A few of the spec
tra were recorded with the 2.5-meter 
telescope at the Las Campanas Obser
vatory in Chile.  

After the photons from the galactic 
source pass thro ugh the slit of the spec
trograph and are d ispersed by a d if
fraction grating, they are focused on a 
"Carnegie" image tube (RCA C33063), 
where they are multiplied by a factor of 
10 or more before they are recorded by 
the photographic emulsion. Exposures 
of two to three hours are recorded on 
Kodak I1Ia-J plates whose sensitivity, 
matched to that of the image tube,  has 
been m uch increased by having previ
ously been baked at 65 degrees Celsius 
for two hours in a special "forming" gas 
(nitrogen with an admixture of 2 per
cent hydrogen) and preexposed to flash
es  of l ight. Without the image tube and 
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the plate-sensitizing methods exposure 
times would have been prohibitively 
long: from 20 to 60 hours. 

Generally two expos ures are made of 
each galaxy. In one expos ure the spec
trograph slit is made to coincide with the 
major (long) axis of the galaxy; each 
point on the spectrum arises from a 
single region of the galactic d isk. The 
Doppler, or velocity, d isplacements of 
the emission l ines are readily d iscerned 
in the developed image. A second expo
s ure is made with the spectrograph slit 
aligned with the minor axis of the galac
tic disk. Since the orbital velocities are 
now perpendicular to the l ine of sight, 
no Doppler shifts are evident. The ab
sence of l ine d isplacements with the slit 
along the minor axis is confirming evi
dence that the motions we study are in
deed orbital ones. 

In order to have a reference scale 
against which to measure the d isplace
ment of emission lines in galactic spec
tra astronomers formerly recorded neon 
lines from a lamp along the edges of the 
spectrum. We have now d ispensed with 
this proced ure. Instead we measure d is
placements d irectly from the unshift
ed l ines on each plate that are emitted 
by hydroxyl (OH) molecules in the 
earth's atmosphere. Many astronomers 
have adopted sophisticated plate-scan
ning devices to measure l ine positions, 
particularly for faint signals. We, how
ever, still measure the location of the 
emission lines with the aid of a micro
scope whose stage can be moved in two 
d irections. We are able to meas ure po
sitions in each coordinate to the high 
accuracy of one micrometer. 

In o ur work we define the nominal 
radius of a galaxy as that d istance at 
which the s urface brightness of the gal
axy has fallen to the threshold of detect
ability on plates made with the 48-inch 
Schmidt telescope on Palomar Moun
tain, a value equal to 25th magnitude 
per square second of arc. For establish
ing the distance to the objects examined, 
and hence their actual size, we adopt a 
value for the Hubble constant (which 
specifies the expansion rate of the uni
verse) of 50 kilometers per second per 
megaparsec. (A megaparsec is 3.26 mil
l ion l ight-years.)  

From the meas ured velocities of the 
strongest emission lines we compute 

a smooth rotation c urve by averaging 
together the approaching and receding 
velocities from the two sides of the ga
lactic disk. Although each galaxy ex
hibits distinctive features in its rotation
al pattern, the systematic trends that 
emerge are impressive. With increas
ing l uminosity galaxies are bigger, orbit
al velocities are higher and the veloc
ity gradient across the n uclear b ulge is 
steeper. Moreover, each type of galaxy 
displays characteristic rotational prop-
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ROTATION CURVES show orbital velocities of nine Sc galaxies from the center outward. 
Galaxies increase in luminosity from top to bottom. With increasing luminosity galaxies are 
larger, orbital velocities are higher and velocity gradients near the galactic center are steeper. 
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erties. For example, the most luminous 
Sa galaxies rotate more than 50 per
cent faster at the midpoint of their radi
us than equally luminous Sc galaxies. 
Among Sc galaxies the most luminous' 

rotate more than twice as fast at compa
rable radial d istances as Sc galaxies that 
are only a hundredth as luminous. 

One overwhelming conclusion emerg
es from our observations. Virtually all 
the rotation curves are either fiat or 
r ising out to the visible limits of the 
galaxy. There are no extensive regions 
where the velocities fall off with dis
tance from the center, as would be pre
d icted if mass were centrally concentrat
ed. The conclusion is inescapable: mass, 
unlike luminosity, is not concentrated 
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near the center of spiral galaxies. Thus 
the light distribution in a galaxy is not at 
all a guide to mass d istribution. 

On the basis of their rotational veloci
ties the masses of the galaxies in our 
study range from 6 X 109 to 2 X 1012 
times the mass of the sun inside their 
optical radius. We cannot yet specify the 
total mass of any one galaxy because we 
do not see any "edge" to the mass. In
stead the mass inside any given radial 
distance is increasing linearly with dis
tance and, contrary to what one might 
expect, is not converging to a limiting 
mass at the edge of the visible disk. The 
linear increase of mass with radius indi
cates that each successive shell of matter 
in the galaxy must contain just as much 
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ORBITAL VELOCITIES are depicted schematically for Sc galaxies of varying luminosity as 
a function of the optically visible radius of each galaxy. Luminosities in solar units differ by 
two orders of magnitude. At every radial distance orbital velocities increase with luminosity. 
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COMPARISON O F  S a  AND S c  GALAXIES shows that for equal luminosity orbital veloc
ities are significantly higher in Sa galaxies than they are in Sc galaxies at every radial distance. 
This implies that Sa galaxies harbor more mass per unit of luminosity than Sc galaxies do. 
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mass as every other shell of the same 
thickness. Since the volume of each suc
cessive shell increases as the sq  uare of 
the radius, the density of matter in suc
cessive shells 'must decrease as lover 
the radius squared in order for the prod
uct of the density times the volume to 
remain constant. 

The theoretical model that least dis
turbs generally accepted  ideas about 
galaxies accounts for the observed rota
tion curves by embedding each spiral 
galaxy in a spherical "halo" of matter 
that extends well beyond the visible lim
its of the galactic d isk. ;r'he gravitational 
attraction of this unseen mass keeps the 
orbital velocities of the galaxies from 
decreasing with distance from the galac
tic center. It  is perhaps d isappointing 
that the observations yield almost no 
information on the detailed distribution 
of the invisible dark matter. One can 
nonetheless say that the dark matter 
is not part of the overall background 
density of matter in the universe but 
rather is strongly clumped around gal
axies. This is evident because the den
sity of nonluminous matter decreases, 
albeit slowly, with d istance from the 
galactic center, and the density even at 
large radial distances is between 100 
and 1,000 times higher than the mean 
density of the universe. 

Although there are other models that 
I\. try to account for the high orbital 
velocities, all are less satisfactory than a 
single halo of dark matter. If all the re
quired unseen matter is put in a d isk, the 
d isk will quickly become unstable and 
form itself into a bar. The important 
finding that halos are necessary for sta
bilizing a disk was first elucidated by 
Jeremiah P. Ostriker and P. J. E. Peebles 
of Princeton University. 

The observed dynamic effects are re
prod uced by models of spiral galaxies 
that put the mass in a nucleus, a sur
rounding bulge, a disk  and a halo. Par
ticularly interesting models have been 
developed by John N. Bahcall and Ray
mond M. Soneira of the Institute for 
Advanced Study, M aarten Schmidt of 
Cal Tech and S. Casertano of the Scuo
la Normale Superiore in Pisa. Perhaps 
the most radical idea for explaining the 
observed high rotational velocities is 
one advanced independently by Joel E. 
Tohline of Louisiana State University 
and M.  M ilgrom and J.  Bekenstein of 
the Weizmann Institute of Science. They 
have proposed that at great d istances the 
Newtonian theory of gravitation must 
be modified ,  thereby allowing rotation
al velocities in galaxies ·to remain high 
at such distances from the galactic cen
ter even in the absence of unseen mass . 

Additional evidence on the high rota
tional velocities of matter in spiral gal
axies is provided by the 2I-centimeter 
radio waves emitted by the neutral (un
ionized) hydrogen in the galactic d isk. 
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Early studies of the 2 1-centimeter radia
tion of a few spiral galaxies by Morton 
S: Roberts of the National Radio As
tronomy Observatory showed that the 
rotational velocities of the hydrogen are 
high. With multiple radio telescopes, 
notably the array at Westerbork in the 
Netherlands and the Very Large Array 
at Socorro, N . M. ,  it is possible to match 
and even exceed the resolving power of 
optical telescopes and thereby to study 
the d istribution of hydrogen in galaxies 
similar to those we have observed.  Al
bert Bosma of the State University of 
Leiden has shown for a wide variety 
of galaxy types that the orbital veloci
ties of neutral hydrogen remain high at 
large d istances from the galactic center. 

In general the apparent diameters of 
galaxies are similar whether they are 
measured by optical obs.ervations or by 
radio ones. For a small set of galax
ies, however, hydrogen extends several 
times as far out from the center as the 
luminous stars do. For such obje .cts it is 
possible to determine the gravitational 
potential beyond the limits of the opti
cally visible galaxy. In several instances 
the hydrogen does not remain in a plane 
but is warped sharply near the edge of 
the visible d isk. I t  is therefore not cer
tain whether the gas velocities that have 
been measured at the largest d istances 
from the center are true circ ular orbit
al velocities or whether they represent 
more complex motions. 

Renzo Sancisi of the University of 
Groningen, who has studied such 
warped galaxies, has suggested that the 
orbital velocities may in fact be decreas
ing beyond the limits of the visible gal
axy. The velocities, however, seem to 
decrease only sl ightly, perhaps by 20 kil
ometers per second, or about 10 percent, 
and then hold constant at that value at 
larger distances. The radio observations 
are continuing and should offer impor
tant information on the far outer regions 
of galaxies. 

Students of galaxies are fortunate in 
being able to examine the properties of 
galaxies a long way off and then ret urn 
to the galaxy where they live and ask if it 
exhibits the same features as other gal
axies. I t  was not so long ago that as
tronomers believed the sun, about e ight 
kiloparsecs from the center of our gal
axy, was near the edge of it and that 
the galaxy was only of moderate size. 
Now all the evidence indicates that o ur 
galaxy too extends well beyond the po
sition of the sun and that its mass con
tin ues to increase. 

The velocity of the sun in its orbit 
around the center of the galaxy-is 

placed at 220 kilometers per second by 
James E. G unn and Gill ian R. Knapp of 
Princeton and Scott D. Tremaine of the 
Massachusetts Institute of Technology. 
Other estimates run as high as 260 kilo
meters per second. At the lower value 
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1 65 .098 102 .24 
2 91 .39 126 .74 
3 107 .80 142 1.4 
5 123 1.8 182 3.9 
8 135 3.4 204 7.7 
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MASS INSIDE A GIVEN RADIAL DISTANCE can be calculated from the equivalence of 
gravitational force aud centrifugal force at distance r from the center of the galaxy. In the 
equations G is the constant of gravitation, III is the mass at distance r, M,. is the mass inside 
r and V,. is the orbital velocity of mass Ill. The mass inside /' increases linearly with distance. 
The table gives the mass inside r for two Sc galaxies: NGC 1035, of low luminosity, and NGC 
2998, of high luminosity. At every distance from the galactic center the more luminous galaxy 
exbibits a higher orbital velocity and therefore must have much more mass inside that distance. 

the amount of mass between the sun and 
the center of the galaxy is about 1011 
solar masses. On the evidence that sub
stantial mass l ies  beyond the sun's d is
tance from the galactic center, the galac
tic mass out to 100 kiloparsecs may 
reach 1012 solar masses, which would 

place our galaxy in a class with the larg
est galaxies of its type. 

Some 30 years ago Jan H. Oort of the 
Leiden Observatory demonstrated that 
the observable mass of stars and gas in 
the galactic d isk in the vicinity of the sun 
is too low by almost a factor of two to 
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COMPARISONS OF INTERIOR MASS for both low- and high-luminosity galaxies show 
that the mass rises with approximate linearity with distance r from the center and gives no sign 
of approaching a limit at the edge of the optically visible galaxy. At every radial distance Sa 
galaxies exhibit higher mass and therefore higher density than Sc galaxies of equal luminosity. 
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STUDIES OF OUR OWN GALAXY yield estimates of the mass inside r measured in kilopar
secs from the galactic c.enter. The estimates are calculated from the orbital velocities and mean 
distances of a variety of objects. The value adopted for the orbital velocity of the sun at a dis
tance of eight kilo parsecs is 220 kilometers per second. The second point is obtained from the 
mean velocity of carbon monoxide clouds at a mean distance of 18- kiloparsecs, measured by 
Leo Blitz of the University of Maryland at College Park. The third and fifth points are derived 
from the velocity of globular clusters of stars in the "halo" of our galaxy at two different aver
age distances from the nucleus. The velocities of the nearer clusters were analyzed by Carlos 
Frenk, who was. then working at the University of Cambridge, and Simon White of the Uni
versity of California at Berkeley. The velo.cities of the more distant clusters were studied by 

. F . .D. A. Hartwick of the University of Victoria and Wallace L. W. Sargent of. the California In
stitute of Technology. The fourth point was obtained from velocities of the Clouds of Magel
lan, the nearest galaxies to our own, as estimated by Tadayuki Murai and Mitsuaki Fujimoto 
of Nagoya University. The sixth point represents independent estimates of the distance and 
velocities of the Clouds of Magellan made by D. N. C. Lin of the Lick Observatory and Donald 
Lynden-Bell of the University of Cambridge. The final point is based on the velocity of more 
remote satellite galaxies as estimated by Jaan Einasto and his colleagues at the Estonian S.S.R. 
Academy of Sciences. The extent of the vertical lines indicates the range of values for orbits of 
different geometries. The measurements suggest that rotational velocities in our galaxy lie be
tw.een 220 and 250 kilometers per second and remain constant out to 80 .kiloparsecs, or roughly 
10 times the sun's distance from the galactic center. The mass inside 80 kiloparsecs is Iike
wise.some 10 times the mass inside tbe radial distance of the sun, or about 1012 solar masses. 

account for the disk's gravitational at
traction on the stars far out of its central 
plane. This study offered the first evi
dence that our galaxy too harbors mass 
that is not luminous. 

More recent evidence comes from the 
orbital velocities of objects in the plane 
of the galaxy considerably farther out 
than the sun.  Meas urements are diffi
cult ,  but  the velocities have been de
d uced for a few special cases.  For exam
ple, Leo Blitz of the University of Mary
land at College Park has determined the 
velocities of clouds of carbon monoxide 
at a distance of nearly 16 kilo parsecs 
from the galactic center. These veloci
ties, together with the velocities of hy
drogen clouds determined by Blitz and 
Shrinivas Kulkarni and Carl E. Heiles of 
the University of California at Berkeley, 
yield a rotation c urve that continues to 
rise with increasing distance from the 
galactic center. 

In order to ded uce the mass at still 
larger distances the velocities of globu-
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lar star clusters in the halo of our galaxy, 
with one sample of clusters at 30 kilo
parsecs from the center and another at 
60 kiloparsecs, have been measured by 
F. D. A. Hartwick of·the University of 
Victoria, Wallace L W. Sargent of Cal 
Tech, Carlos Frenk of the University 
of Cambridge and Simon White of the 
University of California at Berkeley. 
Their work shows that the mass contin
ues to increase with approximate linear
ity to the mean distance of the cl usters. 

With effort and imagination it is possi
ble to sample the gravitational potential 
at even more remote distances. Our gal
axy is not alone in intergalactic space; 
it has a retinue of smaller satellite gal
axies. The orbits of the two closest sat
ell i tes, the Large and Small Clouds 
of Magellan, a little less than 60 kilo
parsecs from the center of o ur galaxy, 
are highly uncertain. Model orbits have 
been proposed ,  however, by Tadayuki 
M urai and Mitsuaki Fujimoto of N ago
ya University, D. N. C.  Lin of the Lick 

Observatory and Donald Lynden-Bell 
of the University of Cambridge. From 
the model orbits they ded uce' values 
of mass that are consistent with those 
yielded by the globular clusters. 

For still greater distances Jaan Einas
to and his colleagues at the Estonian 
S.S .R.  Academy of Sciences have re lied 
on a combination of enormously distant 
globular cl usters and satellite galaxies to 
ded uce the mass to distances beyond 80 
kiloparsecs. When the results from such 
analyses are combined, they indicate a 
galaxy in which orbital velocities re
main in the range of 220 to 250 kilome
ters per second out to almost 10 -times 

. the distance of the sun from the galac
tic center. S uch a mass distribution is 
mandatory if o ur galaxy is to resem
ble all the other spiral galaxies my col
leagues and I have studied.  I t  moves 
the sun from a relatively rural position 
to a much more urban one. 

The broad conclusion that can be 
drawn from all-these results is that 

as the disk of a spiral galaxy is scanned 
from the center outward the total mass 
of luminous and dark material fal l s  off 
slowly and the luminosity (measured in 
the blue region of the spectrum) falls off 
rapidly. As a result the ratio of the local 
mass den sity to the local ( blue)  luminos
ity density, which can be expressed for 
convenience as the value of the ratio 
M/ L, increases steadily with distance 
from the galactic center. In the nuclear 
region a lot of I uminosity is prod uced 
by relatively little mass, whereas at large 
distances little l uminosity is produced 
by a lot of mass. If there were no invisi
ble material clumped around galaxies,  
the mass distribution would simply fol
low the luminosity distrib ution and the 
M/ L ratio would be approximately con
stant across the disk from its center to 
its edge. 

If  mass and luminosity are measured 
in units of solar mass and solar luminos
ity, the M / L ratio of the sun is of course 
1/ 1. In such units (omitting the denomi
nator, which is simply 1) the average 
M/ L ratio near the nucleus of a spiral 
galaxy has sunlike values of 1 or per
haps 2 or 3. Toward the edge of the vis
ible disk, as l uminosity decreases, the 
M/ L value climbs to 10 or 20. Beyond 
the visible disk, where the luminosity 
falls  essentially to zero and the mass 
remains high, the average M/ L value 
soars into the hundreds. 

In an effort to identify the constituents 
of the invisible halo we must ask what 
celestial objects have high values of 
M / L. Stars like the sun are clearly ruled 
out. The l uminous hot yo ung stars that 
delineate a galaxy's spiral arms are even 
poorer candidates; their M / L val ues are 
about 10 -4. At the other extreme the o ld  
red-dwarf stars that populate the  nu
clear b ulge and the o utlying regions of 
the galaxy have both a low mass and a 
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L U M I NOS I TY (L) 
ORBI TAL 
VELOC I TY (V) 

HYPOTHETICAL AND ACTUAL GALAXIES deviate sharply in 
all their properties except luminosity. The typical actual spiral gal
axy at the bottom has a massive nonluminous halo. The hypothetical 
galaxy at the top has no halo. Its surface brightness decreases rapidly, 
orbital velocities outside the nucleus decrease ,in Keplerian fashion, 
local mass density falls in paralleJ with luminosity, integral mass reach
es a limiting value and the ratio of mass to luminosity stays approxi-

LOCAL M ASS 
DEN S I TY (M) I N TEGRA L  

M ASS OM) LOCAL M ASS-TO
L U M I NOS I TY R ATIO (MIL) 

mately constant with increasing radial distance. Such were the expect
ed properties of a galaxy. In an actual galaxy the presence'of a dark 
halo changes everything but the galaxy's optical appearance. The or
bital velocities remain high, the local mass density falls only slowly, 
the integral mass increases linearly with radius and the mass-to-Iumi
nosity ratio ·steadily increases as the halo of the galaxy contributes 
more mass and the luminous disk falls to the threshold of detectability. 
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L U M I NOS I TY (SOLAR U N I TS) . 

MASS AND LUMINOSITY ARE COMPARED for typical com
ponents of a spiral galaxy such. as our own. The mass and luminosity 
of the sun are taken as unity. In solar units the value of the ratio of 
mass to luminosity, M / L, for normal stars decreases' from about 30 

for cool, old dwarf stars (type MS) to about 10 -4 for hot, young stars 

(type 05). Only extremely .dense white-dwarf stars have an M / L val-· 

ue .in excess of 100. Some other class of objects is needed to popu

late the halo of a galaxy, where M / L values soar into the hundreds. 
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low blue l uminosity. Their M/ L values, 
about 20, are still far short of the val ues 
needed for the halo. Moreover, a halo 
consisting of very-low-mass red dwarfs 
would reveal its presence . by radiating 
strongly in the infrared region of the 
spectrum. All attempts to detect a halo 
by its visual, infrared, radio or X-ray 
radiation have failed. 

What candidates are left? N ormal 
stars radiate energy generated by ther
monuclear processes, which convert 
hydrogen and helium into heavier ele
ments. S uch n uclear processes are kin
dled only in bodies whose mass is large 
enough for the gravitational energy to 
raise the temperature at  the core of the 
star to several m illion degrees Ke l vin 
(degrees C. above absolu te zero). The 
minimum mass required is about . 0 85 
times the mass of the s un. J u p i ter,  the 
largest planet in the solar syste m ,  fall s 
short of this v a l ue  by a factor of nearly 
1 00.  A halo of planetl i ke bodies,  per
haps protostars that fa i led to  become 
stars, is a t  least conceivable ,  a l though 
rather un l ike l y .  In sum,  the only re-

q u irement for the halo is the presence 
of matter in any cold, dark form that 
meets the M/ L constraint, from neutri
nos to black holes. 

so far I have described the rotational 
properties of relatively isolated nor

mal spiral galaxies. There is additional 
observational evidence for high M/ L ra
tios at large d istances from the n uclei of 
other galaxies. Occasionally nature of
fers an unexpected opportunity to probe 
its secrets. Recently Franvois Schwei
zer of the Carnegie Instit ution, Bradley 
C.  Whi tmore of Arizona S tate Univer
s i ty  and I have been fasc inated by the 
faint "anonymous" galaxy AO 1 3 6-
0 80 I ,  one of a c l ass of spindle galax ies 
w ith polar rings. I t  i s  ca ll e d  anony
mous beca use it i s  not  l i s ted in any of 
the stan dard galact ic  catalog ues;  i t s  
n u merical des ignat ion corre spond s to  
its location in the  sky .  

Our observations of the distr ibu t ion 
of l ight across the spindle show that it is 
a low-I  u m inosi ty disk of stars viewed 
nearly edge on,  w ith l i t t l e  or no gas and 

d ust and no spiral str ucture. S uch galax
ies are classed as SO galaxies and repre
sent a significant fraction of all tlisk gal
axies. By our usual methods we have 
determined the rotational properties of 
the disk by meas uring the Doppler shift 
of absorption lines from its component 
stars. A short d istance from the center of 
the object along the major axis of the 
spindle rotational velocities reach 145 
kilometers per second, a value that cor
respon d s  closely to veloc i ties measured 
in type-Sa galaxies of low luminosity. 
Along the minor axis the orbital veloci
ties show no l ine -of-sigh t com ponent,  
confirm ing evidence that  we arc observ
ing a rotating disk of stars.  

The u n u s ua l  feature of AO 1 3 6-0 80 1 
is a large r ing,  a l so seen near l y  edge on,  
that enc irc l e s  the . narrow ax is  of  the 
spindle by passing a lmost  over the d isk 's  
center of rotat ion [see il/uslraTion be
low] . The ring is composed of gas, d ust 
and l u m inous  yo ung stars. The gas re
vea ls  i tself by its em ission - l ine spec
trum,  the d u st by its a bsorbing effects 
where i t  crosses in front of the spind le  

(jJ 
o 
z o (,) 

30 

20 

� 10 

(,) 
a: 
� 
a: 
w 
!z 0 
w 
(,) 
� o 
a: 
LL 
w -10 
(,) 
Z 
� � 
o 

-200 -100 0 100 200 

V E LOCITY ( K I LOMETERS PER S ECON D) 

DISK INSIDE A RIN G is exhibited by the "anonymous" galaxy 
AO 136-0801, so called because it is not listed in standard catalogues. 
(The numbers give its position in right ascension and declination.) 
The oval central region is a rotating disk of stars seen nearly edge on. 
The stars and gas in the thin ring are also rotating but in a plane al
most perpendicular to the disk. The directions of rotation are indicat
ed by the diagram in the middle, which shows how the slits of the 
spectrograph were oriented for measuring orbital velocities in the disk 

and the ring. The two sets of velocity measurements are plotted at 
the right. At 10 seconds of arc from the center the velocities in the 
disk (black) and in the ring (color) are essentially the same. The veloc
ities in the ring, however, can be measured out to nearly three times 
the optical radius of the disk, and they remain virtually constant. It 
appears that the mass is continuing to increase linearly out to dis
tances much greater than the disk radius, and that objects in the ring 
respond to a gravitational potential that is not disklike but spherical. 
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Printed circuit boards ma-de o f  a new mat erial may permit bett er di rect soldering 
o f  large l e adless ceramic chip-carriers . A H u ghes Aircraft Comp any study 
p roposes using q uartz- fabr i c-re i n forced p o l y imi de res i n  in place of glass-epoxy 
or glass-po lyimide boar ds . The n ew material h as near ly the s ame th e rmal expan
s i on coe fficient as ceram i c  ch ip carriers . Whe n  a leadl ess carrier is soldere d 
di re c t ly t o  a quartz-fabric po lyimide boar d ,  there are no shear st resses caused 
by heat ing or coo l i ng .  Such stresses often cau s e  solder j o ints to fai l on 
c o n venti onal rein forced printed circuit boar d s .  

A semiautomatic produc t i o n  l i n e  m a k e s  solar cells th at are h i gh e r  performi n g  and 
much l owe r in cost than conventi onal ce l l s . The new fac i l ity at Spectro lab , a 
Hugh es subs idi ary , creates high ly uni form ce l ls and increases product i v i t y . I t  
uses the l at est technique s , inc luding photo l i thog raphic masking for contact 
patterns , with subs eq uent contact plate-u p .  The first "mech an i z e d "  ce lls have 
been d e l i ve re d  t o  H u ghes for th e I nt e lsat V I  communicati ons sate l l it e s . 

Advanced e l ectro-optical devices produced for the m i l it ary by Hughes today have 
benefited fr om a 7-to-l pro duct ivity improv ement over the l ast five years . These 
devi ces include lase r  range finders , laser designators , an d in frared night vision 
s yst ems . The r ise i n  pro duct ivity stems from more automat i o n , compu t er-aided 
manu fact u r in g , an d employee invo lvement in solving day-t o-day problems . 

A wide- field-of-view h ead-up display can prov ide p i lots with criti cal sensor and 
steering informa t ion in low- a lt itude flights at nigh t and under poor vi s i b i lity 
condition s .  Head-up displ ays s ave a p i lot from looking down at h is instruments 
by superimpos ing such dat a  as airsp e e d , headi n g , and target information on a 
glass- l i ke c ombi ner mount e d  at the p i lot ' s  eye leve l . H u gh es p i o ne e red the 
t ech nology used i n  its HUD , whi ch incorp orates di ffract ion opt i cs ma de th rough a 
process i nvol ving holograp h i c  tech niq ues and l aser s .  I n  additi on t o  providing 
the wide field of view , the di sp lay is br igh t e r , more transpare n t , and does n ' t  
o bst ruct th e p i lot ' s  fo rward vis i o n . The display res ists glare , reflecti ons , and 
hot spots cau sed by the sun . Anoth e r  important advantage is its ab ility to 
display wide- field-o f- v i ew scenes fr om i n frared sensor s . T est p i lots p raised the 
disp lay du ring eva lu at ion fli gh ts in a U . S . N avy F/A- IB Horn e t . 

Hughes is seeking engineers t o  develop advanced systems and components for many 
d i fferent weather and commun� cat ions sat e l li t es , plus the Gali leo Jupiter Prob e . 
I mmediate openi n gs exist i n  ap plicat i ons softwa re deve lopment , data process i n g , 
digital subsy stems t est , microwave/R F circuit des ign , power supply design , 
d igltal c ommunications , s ignal process i ng , spacecraft antenna des i g n ,  system 
integrat i on test and eva lu at i on , and TELCO i nterconnect ion . Send y ou r  resume to 
R ay Bevacq u a , H u gh e s  Space & C ommunications Group , Dep t .  SE , B l d g . S/4 1 , M . S .  
A300 , P . O .  Box 9 29 19 , L os A ngeles , CA 9 0009 . Equal opportunity emp loyer . 

Creating a new world with electronics r - - - - - - - - - - - - - - - - - - , 
I I 

i HUGHES i 
I I 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � 
H U G H E S A I R C R A FT C O M P A N Y  

For more information .please write : 
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and the stellar component by its knotty, 
bluish appearance in photographs. The 
maximum diameter of the ring is several 
times greater than the long axis of the 
spindle. As a consequence the motions 
of the objects in the ring offer a unique 
opportunity to probe the gravitational 
field perpendicular to the galactic d isk 
out to d istances exceed ing the visible ra
dius of the disk. 

Our spectrographic observations con
firm that the ring is indeed rotating at 
right angles to the plane of rotation 
of the d isk. It seems improbable that 
this dynamical configuration could have 
arisen in the normal evolution of an 
isolated d isk galaxy; the configuration 
m ust be the result of some kind of event, 
s uch as an encounter with another gal
axy or with a disk of gas. By measuring 
the displacement of emission l ines we 
find that the ring's velocity of rotation is 
about 1 70 kilometers per second and 
that the velocity c urve is flat or sl ightly 
rising out to a d istance of almost three 
times the radius of the inner disk. If  the 
velocity c urves of the disk and the r ing 
are plotted on the same velocity-dis
tance scale, the two are seen to have 
nearly identical values at the same dis
tance from the center of the galaxy. The 
high rotational velocity of the ring of
fers strong evidence for the existence 
of a massive halo extending at least 
three times farther than the visible ra
dius of the disk. Moreover, the shape 
of the halo must be more nearly spher
ical than disklike. Calculations show 
that if the halo were as flat as the disk, 
the velocities above the plane of the 

disk would be sm'aller than those in the 
disk by 20 to 40 percent. 

I have been describing determinations 
of mass made by measuring the ve

locity of orbiting test objects, objects in 
the central d isk of a galaxy and objects 
orbiting the pole of an unusual gal
axy. Other special instances can help to 
shed light on the quantity of dark mat
ter in the universe. Galaxies often exist 
in pairs. In s uch instances one galaxy 
can be considered a test object in orbit 
around the other. The analysis of such a 
system is complex because both the ori
entation of the orbit in space and the 
position of the galaxy in the orbit are 
unknown. One can, however, resort to 
the observed properties in a large sam
ple of double galaxies (the d ifference be
tween the velocities of the two galaxies, 
their angular separation and their l umi
nosity) to infer from statistical arg u
ments the probable distr ibution of orbit
al elements and M/ L ratios appropriate 
to the galaxies. 

Independent analyses by Edwin L. 
Turner of Princeton, Steven D. Peter
son, working at Cornell University, Lin
da Y. Schweizer of the Carnegie Institu
tion and I .  D. Karachentsev of the Spe
cial Astrophysical Observatory in the 
U.S.S .R.  yield mean M/ L values in the 
range between 25 and 1 00.  These values 
of M/ L are an average over a d istance 
equal to the separation of the galaxies in 
each pair, a d istance generally equal to 
several galaxy diameters, or on the or
der of 1 00 kiloparsecs. This result helps 
to confirm the view that halos of dark 
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RATIOS OF MASS TO LUMINOSITY are plotted for aggregates of matter on progressively 
larger scales. The plot is based on one devised by Herbert J. Rood of the Institute for Advanced 
Study. The M / L value of a density of matter sufficient to arrest the expansion of the universe 
is about 700. For galaxies values are below 10. The value rises with the size of the aggregate. 
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matter, with large values of M / L, ex
tend well beyond the optical limits of 
galaxies. 

We can now return to our original 
question: Does the universe contain 
enough invisible matter to raise the av
erage density to 5 X 1 O �3o gram per c u
bic centimeter, the value needed to close 
the universe and bring its expansion to a 
halt? As we have seen, such a density 
would be reached if the density of non
l uminous matter exceeded the density 
of l uminous matter by a factor of about 
70.  Alternatively what would be need
ed to close the universe can be ex
pressed in terms of the ratio of total 
mass to luminosity. That value is ro ugh
ly 700, compared with 1 for the sun. 

Is there any evidence that the M/ L 
value of 700 is approached? Averaged 
over the visible d isks of spiral galaxies, 
the ratio of total mass (luminous and 
nonluminous) to luminosity is about 5 .  
For SO and elliptical galaxies the M/ L 
value is higher, on the order of 1 0 . For 
double galaxies and small groups of gal
axies the M/ L value increases to be
tween 5 0  and 1 00.  Analyses of galaxy 
motions in large clusters indicate M/ L 
values of several hundreds. This in
crease in mean M/ L value with increas
ing distance from the center of the sys
tem was first stressed a decade ago by 
Einasto, Ants Kaasik and Enn Saar of 
the Estonian S .S .R.  Academy of Sci
ences, and also by Ostriker and Peebles 
and by Amos Yahil of the State Univer
sity of New York at Stony Brook. So far 
there is no evidence for the existence of 
M/ L values above the critical one of 
700 needed to close the universe. The 
highest of the derived values, however, 
comes tantalizingly close. Some physi
cists consider it significant that the in
ferred values seem to be converging on 
the critical one rather than being orders 
of magnitude either higher or lower. 

Investigations encompassing gigantic 
distances and vast time scales are 

made more difficult by this new realiza
tion that the d istribution of l ight is an 
unreliable g uide to the d istribution of 
mass in the universe. An unknown frac
tion of the mass in a spiral galaxy is 
hidden in a nonl uminous constituent, 
and so is an unknown fraction of the 
mass in clusters of galaxies. One cannot 
yet state whether regions of the universe 
that are devoid of galaxies are simply 
voids of l ight or are voids of mass as 
well. To answer this question astrono
mers will have to be clever in devising 
novel observing techniques and physi
cists will have to determine the proper
ties of exotic forms of matter. Only then 
will it be possible to establish the nature 
of the ubiquitous dark matter, to deter
mine the full d imensions and mass of 
galaxies and to assay the l ikely fate of 
the universe. 
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Oceanus· 
The International Magazine of Marine Science and Policy 

With offices in one of the world's 
leading marine research centers 
and published by the 

Woods Hole 
Oceanographic Institution, 

Oceanus magazine is in a uni
quely favorable position to mon
itor significant ocean research 
and related policy issues. 

"='�II!I\I! •• " A case in point 
I is the recent 

discoveries of 
d e e p  o c e a n  
hydrothermal 

��1IIi1 vents at var-
ious locations 
in the Pacific 
Ocean. These 
discoveries are 
causing arevo

lution in Oceanography. 

Many long-standing biological 
and geological theories are being 
revised as a result of this excit
ing research. Exploration of the 
vents by the submersible Alvin 
is turning up new life forms (derived 
chemosynthetically rather than 
photosynthetically) and possible 
new sources of metals, such as 
zinc, iron, and copper. Scientists 
are getting a first-hand look at 
how the earth breathes while 
garnering supporting evidence 
for the theories of sea-floor spread
ing and plate tectonics . 

Economically, it is a time of great 
challenge, too . The cost of run
ning submersibles and support 
ships ,  for example, is high and 
rising. And federal funding for 
marine research all the while is 
shrinking. Many critical decisions 
must be made in nearly every 
area of oceanic concern. 

O c e anus is  
meeting this 
challenge by 
publishing ar
ticles that help 
o u r  r e a d e r s ' 
grasp the sig
nificance of 
p r e s e n t  r e 
s e a r c h  a n d  
t h a t  e x p o s e  

Oceanus 

Marine Policy 1 (or the 1980s � dooBeyond 

them to the substance of impor
tant public policy questions.  

Recent thematic issues have dealt 
with: 
• Deep Sea Mining 
• Research Vessels 
• Sharks 
• Coastal Problems 
• Pollution 
• Oceanography from Space 

Upcoming issues will look at: 
• Marine Birds 
• Oil & Gas Activities 
• Industry and the Sea 
• Polar Research 

and much, much more. 

Handsomely illustrated with many 
sharp photographs and line art, 
Oceanus is edited for all those 
with a serious interest in the 
three-quarters of our planet that 
is covered by water. The general 
readership includes many stu
dents, educators, representatives 
from government and industry, 
environmentalists, conservation
ists, as well as scientists in the 
disciplines of marine biology, 
geology and geophysics ,  chemis
try, ocean engineering, and phys
ical oceanography. 

In addition to the thematic edi
torial material, Oceanus also 
features: 

PROFILES of selected ocean
ographers that give a glimpse of 
the human side of science. 

A CONCERNS SE CTION that 

exposes the reader to controver
sial subj ects and opinions.  

A BOOK REVIEW SECTION 
that gives readers a convenient 
way to choose new and timely 
reading material. 

LETTERS TO THE EDITOR or 
a forum for debate on views and 
thoughts expressed in the maga
ZIne. 

Won't you J om the Editors of 
Oceanus - published quarterly 
- in the exploration of the last 
great wilderness on earth, our 
oceans. Subscribe today! 

Oceanus 
SUBSCRIPTION 
ORDER FORM 

Please enter my subscription for: 
o one year at $20.00 
o two years at $35.00 
o payment enclosed 0 bill me 

(prepayment preferred) 
Please send MY Subscription to: 

Name (please print) 

Street Address 

City State Zip 
Please make checks payable to Woods Hole Ocean· 

ographic In.stitution. Checks accompanying foreign 

orders must be made payable in U.S. currency and 

drawn on a U.S. bank. (Outs:de U $ ,  add $3 per year to 

domestic rates). Mail to: OCEANUS, Woods Hole 

Oceanographic Institution, Woods Hole. Massachu

setts 02543. 
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BOTTLENOSE DOLPHIN, one of the small whales trained by the 
U.S. Navy for underwater tasks, worked for the authors in experi
ments on the physiology of breath-holding. This dolphin, known to 
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his trainers as Tuffy, submerged on signal and after various intervals 
responded to a second signal by nudging a buzzer and exhaling into 
a funnel, so that his remaining oxygen supply could be measured. 
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The Physiological Ecology 
of Whales and Porpoises 

Like other mammals, these marine species have a high-energy 

way of life. In pursuing it they evolved particular adaptations 

of their own, notably the ability to dive deep for long periods 

by John W. Kanwisher and Sam H. Ridgway 

It is not generally realized that 70 spe
cies of entirely marine mammals
the whales and porpoises-play as 

crucial a role in oceanic ecosystems as 
the terrestrial mammals do on land. The 
broad success of the land mammals at 
the end of the Mesozoic era (some 6 5  
million years ago) was due in  large part 
to their high-energy way of life, includ
ing such features as warm-bloodedness 
and an expanded central nervous sys
tem. When some of these terrestrial 
mammals later filled a marine ecologi
cal niche, they evolved further adapta
tions of the same high-energy type. 

How have the whales and porpoises
the Order Cetacea-overcome the many 
physiological obstacles presented by liv
ing in the ocean? Consider, for one 
thing, their severely stressed life cycle. 
Initially expelled from a submerged 
birth canal into water that can be close 
to the freezing point, the newborn calf 
must struggle to the surface unaided be
fore it can even take its first vital breath 
of air. To be suckled by its mother the 
calf must hold its breath and return un
derwater. When eventually it. can feed 
itself, it may have to develop an entire
ly new behavioral repertory: diving in 
order to find its prey. Finally, once the 
cetacean is an adult, it must master a 
further repertory of complex gymnas
tics before it can reproduce and thereby 
give rise to the offspring that initiate the 
next life cycle. 

Consider also the surprising diversity 
of the cetaceans, both in geographic dis
tribution and in size. Whales and por
poises are plentiful in all the oceans, 
from the Tropics to the edge of the polar 
ice, both north and south. Many species 
even migrate seasonally from cold seas 
to warm ones and back again. The larg
est adult blue whale is some 20,000 
times heavier than the smallest newborn 
porpoise, yet both large and small spe
cies are found in tropical and polar seas. 
The toothed whales-the odontocetes
include small porpoises such as the har-

bor porpoise at one end of their size 
range and the great sperm whale at the 
other. How is it that the sperm whale is 
the cetacean that dives the deepest and 
stays submerged the longest? How does 
it avoid the "bends" and other physio
logical problems human beings encoun
ter when they dive to much shallower 
depths? The porpoises, being smaller 
than the smallest of their larger toothed
whale cousins, have a much higher sur
face-to-volume ratio. How do they man
age to stay warm in cold waters? Ques
tions of this kind led us to the first of 
several investigations: the thermal phys
iology of porpoises. 

Our observations of captive porpoises 
at Marineland in Florida showed 

us that the animals were able to main
tain a stable internal temperature close 
to the human one and similarly well reg
ulated. Since water removes heat from 
an object much faster than air does, we 
found this observation intriguing. We 
had thought these thermally stressed 
mammals might exhibit the more vari
able body temperatures typical of ter
restrial hibernators. This not being the 
case, we were led to calculate the strin
gency of the thermal problem faced by a 
small porpoise living in the cold waters 
of high latitudes. 

For the purpose of heat-flow calcula
tions a cetacean may be regarded as a 
uniformly warm fleshy core surrounded 
by a surface layer of insulating blubber. 
The outward flow of heat from the core, 
encountering the thermal resistance of 
the blubber layer, must be great enough 
to maintain the temperature difference 
between the surrounding water and the 
warm -inner core. It is known that this 
difference is equal to the product of the 
thermal resistance of the blubber times 
the outward flow of metabolic heat gen
erated in the core. When the insulation 
is insufficient, more body heat must be 
generated if the animal is to maintain 
a constant' core temperature. For exam-

ple, if the core temperature of a terres
trial mammal falls by as little as .5 de
gree Celsius, the mammal will begin 
to shiver in order to increase its me
tabolism. Over longer periods any such 
imbalance can be corrected by increas
ing the amount of insulation. The land 
mammal grows a winter coat and the 
whale in polar waters develops a thicker 
layer of blubber. 

When the animal is active, such an 
increased thermal b'arrier may actual
ly be too much of a good thing. For ex
ample, when a' whale swims fast, the 
increase in its metabolic activity will 
cause its core to overheat. The whale 
then has recourse to a circulatory strata
gem. An increase in blood flow near the 
body surface, particularly through the 
flippers and flukes, thermally bypasses 
the insulating blubber and returns the 
core temperature to normaL In ceta
ceans generally a steady body tempera
ture is mainly achieved by such changes 
in blood flow. The same is true of hu
man beings: when they are too warm, 
more blood is shunted to the surface of 
the body, producing the flushed appear
ance that is the opposite of being "blue 
from the cold." 

There are fundamental differences, 
however, between the physiology of 
human beings and the physiology of 
whales. For example, cetaceans have no 
sweat glands; evaporative cooling in an 
aq uatic environment is impossible. By 
the same token, for their surface insu
lation human beings have only a very 
poor equivalent of blubber. Human div
ers have now learned to imitate whales 
by wearing insulation in the form of 
foam-rubber suits. Ashore human be
ings overcome the handicap of their 
essentially tropical origins by covering 
themselves with, among other things, 
winter insulation grown by other terres
trial mammals, 

Even before we began our investiga
tions we were well aware that the small
est cetaceans would be the ones that 
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faced the greatest problem in maintain
ing a normal mammalian temperature. 
Considering the total surface area that is 
constantly losing heat to the surround
ing water, the smaller the animal, the 
smaller the core volume that generates 
the metabolic heat required to maintain 
the necessary temperature differential 
across the bl ubber. In addition to the 
disadvantageous geometry of surface
to-volume ratios, considerations of lin
ear scaling also work against any small 
porpoise trying to stay warm in cold wa
ter. Because of their smaller dimensions, 
the smaller animals will tend to have a 
thinner layer of blubber. 

Regardless of their size, cetaceans 
maintain a normal mammalian inter
nal temperature of about 37 degrees C 
In the Arctic, where the water tempera-
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ture may be - 2 degrees C, the temper
ature difference across the blubber bar
rier is nearly 40 degrees. In the Tropics, 
where the water temperature may be 
30 degrees C., the temperature gradient 
across the barrier would be only a fifth 
of that in Arctic waters. Thus a porpoise 
adapted to warm water would seem to 
be headed for serious thermal trouble 
on entering polar seas. Yet one of the 
smallest cetaceans, the harbor porpoise 
(Phocaena phocaena), is found mostly in 
cold northern waters. 

To determine the dimensions of the 
pwblem faced ,by harbor porpoises 

in cold water we calculated how much 
metabolic heat they would have to gen
erate in order to keep warm. To de
termine the total surface area and the 

thickness of the porpoise's insulating 
blubber we made direct measurements 
on a dead harbor porpoise that had 
washed ashore. When our figures were 
entered in the formula for heat loss, the 
only conclusion to be drawn was that 
with only a normal mammalian meta
bolic heat supply a porpoise that small 
could not keep wa·rm in northern wa
ters. Yet there the harbor porpoises 
were, sporting in the same chill seas that 
should have killed them. 

Such a paradox is upsetting to biolo
gists who have come to expect orderli
ness ·when they examine any parame
ter common to different animal groups. 
The amount of metabolic heat produc
tion in animals of different sizes is 
one such comparison that seemed well 
enough understood. For example, the 
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"MOUSE TO ELEPHANT" CURVE, shown as a solid line (color) 
in the graph at the right, was devised in the 1930's by Francis G. 
Benedict of the Carnegie Institution of Washington as a rough means 
of estimating the basal metabolism of various mammals, expressed 
in kilocalories per day, on the basis of 75 percent of their weight. 
Large colored circles show how selected terrestrial mammals closely 
fit the curve, which is constructed on a logarithmic ordinate and ab-

scissa. (The ordinate has a top value of one million kilocalories and 
the abscissa extends to 100 million grams.) Direct measurement of 
the metabolism of harbor porpoises (Phocaella) and bottlenose dol
phins (Tursiops) and an estimate for fin whales (Balaelloplera) based 
on lung volume (black dots) all lie well above the terrestrial-mam
mal curve. Weight for weight, however, the metabolism of fin whales 
is lower than that of such sluggish terrestrial mammals as sloths. 
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metabolic rates of numerous terrestrial 
mammals have long been arrayed in 
what is called the "mouse to elephant" 
curve. It was believed that given the ani
mal's body weight one could closely es
timate from this curve the metabolic 
heat production of any mammal. Our 
estimate of the metabolic rate needed to 
keep the porpoise warm in cold water, 
however, was so high that it was in clear 
disagreement with the data from terres
trial mammals. 

There were two possible ways to ex
plain .the paradox. The fir'st was, quite 
simply, that the metabolism of the ceta
ceans does not conform to the terrestri
al mammals' mouse-to-elephant curve. 
This is to say the cetaceans may have an 
intrinsically higher rate of basal metab
olism that allows even a small cetacean 
to survive in cold water. The second 
possibility is that cetaceans have a "nor
mal" (which is to say a terrestrial) basal 
rate of heat production but that. by exer
cising all the time when they are in cold 
water they can generate enough extra 
heat to keep themselves from getting 
too cold. To us the only way to choose 
between these two explanations was to 
present the question to the porpoises. 
Which of these thermal strategies had 
evolution chosen for them? 

With the skilled help of Gunnar 
Sundnes, a physiologist at the 

Havforskningsinstitutt in Bergen, we 
set up a heat-loss experiment. First we 
learned how to keep young harbor por
poises more or less contented in captiv
ity in a large tank. We then transferred 
them for testing to a smaller box, filled 
with seawater, that served as a whole
body calorimeter. The young of the spe
cies weigh as little as 15 kilograms. Al
though they are born with blubber that 
is only one centimeter thick, the differ
ence between their normal body temper
ature and the temperature of the sur
rounding seawater can be as much as 25' 
degrees C. 

The porpoise being tested would lie 
quietly in its box as the metabolic heat it 
was generating passed through its insuc 
lating layer of blubber 'and warmed the 
surrounding water. We found we could. 
put a thermistor in the box and with a 
little amplification prod uce a curve plot
ting temperature against time on a chart 
recorder that was sensitive to within 
.001 degree C. Taking into account the 
volume of water in the box, the slope of 
the temperature curve provided a run-· 
ning record of how much metabolic heat 
the porpoise was losing .at any moment. 

Our results proved to be quite clearly 
in favor of the first of our two possible 
explanations: these small porpoises had 
a metabolic rate two to three times high
er than the rate of. terrestrial mammals 
of the same weight. This increased heat 
production is not achieved without cost: 
the small porpoises must obtain three 

times as much food as a terrestrial mam
mal of the same weight and must rise 
to the surface and breathe three times 
more often than they would if their met
abolic rate were terrestrial. 

On the basis of the porpoise data we 
went on to make similar thermal calcu
lations for larger cetaceans to see how 
much more easily a large mammal, with 
its more favorable geometry, could keep 
warm in cold water. We first consid
ered a theoretical whale weighing 1,000 
times more than a harbor porpoise; 
since the two sea mammals are similar 
in shape, the whale's linear dimensions 
must increase about tenfold. The theo
retical whale therefore has 1,000 times 
more tissue to generate metabolic heat 
but the heat passes out to the surround
ing water through a surface area only 
100 times larger than the porpoise's. 

Consider this diminished heat loss 
in terms of blubber insulation only. 
Whereas the small porpoise could bal
ance its heat loss with the aid of a blub
ber· layer two centimeters thick, the 
1,000-times-heavier whale, given the 
same metabolic rate as the porpoise, 
could make.do·with a blubber layer no 
more than two millimeters thick. Actu
ally, however, such a whale would have 
a blubber layer some 20 centimeters 
thick and even in polar. seas would face a 
cooling problem . . Such a large cetacean 
appears to be 100 times overinsulated. 

If the large cetacean's blubber layer is 
far thicker than considerations of in
sulation require, what other functions' 
does it serve? First, the fatty tissue, 
which is low in specific gravity, provides 
enough buoyancy to offset the negative 
buoyancy of the whale's muscle and 
skeleton. Second, the blubber consti
tutes a food "Store large enough to take 
care of the whale's metabolic needs 
on the animal's seasonal migrations, of
ten across thousands' of miles of food
poor waters. 

Because of the general rule that re
lates the metabolic rate of mammals to 
their size, we would expect a whale to 
have a rate of heat production per kilo
gram of tissue considerably lower than 
the rate we had established experimen
tally with harbor porpoises. We could 
see no way to check this expectation by 
direct measurement of the metabolic 
rate of a 40-ton animal, and so we were 
left with estimating the whale's heat pro
duction on the basis of anatomical con-' 
siderations only. 

At Steinshamn, a Norwegian coastal 
whaling station,. we dissected 'out .the 
lungs of a 48�foot fin whale (Bala"e
noptera physalus). We determined the 
whale's lung volume by first inflating the 
organs with compressed air and then 
emptying them through a gas meter. We 
assumed that the volume of expelled air 
was equal to the volume of air the whale 
inhaled with each breath. From obser
vations at sea we were able to determine 

how often a fin whale breathes. The nor
mal diving pattern for the species is to 
surface for five quick breaths and then 
to stay underwater for five minutes; thus 
in effect a mature fin whale breathes on 
the average about once a minute. 

From the combination of lung vol
ume and breathing rate we could es
timate the 'amount of' air a fin whale 
breathes: 2,000 liters per minute. Now, 
mammals in general utilize about 6 per
cent of the oxygen in the air they breathe 
(21 percent of the total atmospheric 
mixture of nitrogen, oxygen and other 
gases). Because each cubic centimeter of 
oxygen the animal consumes will gener
ate five calories of heat, we were able to 
estimate, albeit crudely, the fin whale's 
rate of metabolism. The figure we got 
was, like that for the harbor porpoise, 
significantly above the curve for terres
trial mammals. On a weight-for-weight 
basis, however, the fin whale's metabol
ic rate is even lower than that of sloths, 
which have a rate reflecting their lethar
gic .movements. 

When one takes into consideration. 
both the large whales' lower absolute 
metabolic rate and their ability to ac
cumulate a food reserve in the form 
of blubber, it becomes evident that all 
large whales are relatively independent 
of local food supplies. They can satis
fy their energy needs for three to six 
months simply by living off half of their 
supply of blubber. This leaves them free 
to feed in the rich polar seas and to give 
birth to their young thousands of miles 
away in warm tropical waters. 

In comparison the small harbor por
poise leads a much more restricted life. 
Its higher metabolic rate makes its need 
for food much more pressing and limits 
the time available for migration. More
over, its higher rate makes it more diffi
cult for it to hold. its breath: when the 
porpoise dives to search for food, it 
must depend on ,such oxygen as it can 
take along. J list how the porpoise makes 
do with what oxygen it has became the 
focus of our next investigations. 

We already knew that the mammals' 
high-energy way of life had been 

made possible by a correspondingly 
larger consumption of oxygen; this in 
turn depended on a parallel evolution-' 
ary development of respiratory and car
diovascular systems that were more 
competent. than those of amphibians 
and reptiles. When the terrestrial mam
mals that were ancestral to the cetaceans 
abandoned the land (with its unlimited 
access to oxygen) in favor of an aquatic 
life, a still further evolutionary develop
ment favoring greater oxygen storage 
and transport was called for. How had 
this been accomplished? 

Consider the sperm whale, the ceta
cean with one of the most impressive of 
all underwater capabilities. Whereas the 
porpoise can. stay submerged for only a 
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few minutes, sperm-whale dives can last 
for as long as an hour. Yet even the 
porpoises' briefer underwater perform
ance puts an unassisted human diver to 
shame. The answer, for large and small 
cetaceans alike, is that they can take 
morc oxygen down with them than a 
human diver can. 

One factor in this performance is the 
cetaceans' considerably greater volume 
of blood: up to two or three times more 
blood per unit of body weight than is 
the case in human beings. The ceta
ceans' blood also has a somewhat great
er oxygen-carrying capacity than h u
man blood. In addition the whale car
ries a further store of oxygen in combi
nation with myoglobin in its muscles. 
The myoglobin (a protein that is actu
ally a subunit of the oxygen-carrying 

BOTTLENOSE DOLPHIN (150 KILOGRAMS) 

hemoglobin of the red blood cells) is re
sponsible for the muscles' characteris
tic dark red color. Indeed, in some ceta
cean species there is enough myoglobin 
in the muscles to carry more than half 
again as much oxygen as the animal's 
red blood cells do. 

When a whale comes to the surface 
after an extended dive has depleted both 
these oxygen stores, its highly efficient 
vascular system rapidly passes the blood 
through the lungs for oxygen replenish
ment with the aid of a particularly pow
erful heart and a circulatory system that 
features large networks of capillaries 
(retia mirabilia, or "wonderful nets") 
and large sinuses in the venous system. 
Although the exact function of these un
usual structures can only be guessed 
at, it seems likely that they facilitate the 
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TOOTHED WHALES' HEARTBEATS WERE RECORDED, by telemetry for bottlenose 
dolphins such as the one carrying an ultrasonic transmitter in the photograph at the top and 
directly in the case of the remaining electrocardiograms. These show the heartbeat of a 50-
kilogram common dolphin (Delphinus delphis) and that of a 500-kilogram white whale (Del
phil/op/erlls leucos). Arrows in color indicate the start of inhalation in each instance. The heart
beat of all three animals accelerated as they inhaled, an action that would have accelerated 
oxygen uptake. Thereafter, whether the animals were diving, were resting on the surface or 
were out of the water altogether, their heartbeat decelerated until a basal rate was reached. 
Earlier experiments (conducted by the physiologist P. F. Scholander with seals and ducks un
der restraint) had shown a radical decrease in heart rate following involuntary submergence, 
but the three cetaceans did not show such a decrease. The authors' findings suggest that the 
reaction of animals under restraint was one of alarm as they were involuntarily submerged. 

114 

rapid reloading of the red blood cells 
with oxygen. The fast circulation of the 
blood is reflected in the fact that while 
the animal is breathing at the surface 
it has a higher heart rate. This consti
tutes a fundamental respiratory differ
ence between cetaceans and terrestrial 
mammals, whose breathing is usually 
regular and whose blood flow is rela
tively smooth. 

Meanwhile the recharged red blood 
cells convey part of their oxygen load 
to any oxygen-depleted myoglobin in 
the animal's muscle cells. The transfer 
is easy because myoglobin has a much 
lower oxygen-loading tension than he
moglobin. Myoglobin thus binds oxy
gen more tightly than hemoglobin does, 
inhibiting it from reentering the circu
latory system. It is best to think of the 
myoglobin-bound oxygen as a purely 
local oxygen resource, available to the 
surrounding muscle in the course of a 
dive. Most of it lies within easy diffusing 
distance of the muscle cells' mitochon
dria: the intracellular particles where 
respiration occurs. 

Myoglobin is present in the muscles 
of terrestrial mammals too, but in much 
smaller amounts. One of its functions in 
terrestrial mammals is to serve as a local 
oxygen source for muscle during con
traction, when intramuscular pressure 
tends to throttle capillary blood flow, 
cutting off the normal supply of oxygen 
carried by red blood cells. Jt is evident 
that the much more abundant supply 
of oxygen carried by cetacean myo
globin is another example of a diving 
adaptation that has arisen through the 
enhancement of a preexisting mamma
lian capability. 

When we began our study of ceta
cean diving capabilities, a widely 

accepted explanation of the long dive 
times characteristic of aquatic animals 
already existed. It derived from experi
ments done by P. F. Scholander of the 
Scripps Institution of Oceanography 
demonstrating that when a restrained 
animal (a duck or a seal) was forcibly 
submerged, its heart rate decreased ab
ruptly and the reduced blood flow was 
shunted in such a way as to largely shut 
off the circulation of blood to the ani
mal's muscles and viscera. The reduced 
cardiac .output went almost entirely to 
the brain and the heart, organs that were 
considered to have a need for a continu
ous supply of oxygen. (For example, a 
few seconds' interruption in the flow of 
blood to the human brain causes uncon
sciousness.) All that was available to the 
oxygen-deprived muscles of Scholan
der's subjects was an anaerobic ener
gy pathway that resulted in an accu
mulation of lactic acid as a metabolic 
by-product. 

This logical sequence of events has 
become the standard textbook explana
tion of the extended diving capacity not 
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only of ducks and seals but also of other 
waterfowl and of marine mammals in 
general. There were, however, virtually 
no physiological data for cetaceans. In
deed, the one time a restrained porpoise 
was experimentally deprived of air in 
this way it went into shock and died. We 
undertook to collect evidence on this hy
pothetical diving reflex from free-swim
ming cetaceans. 

As a first step we fitted porpoises with 
ultrasonic transmitters so that we could 
monitor the animals' heartbeat as they 
swam. We were surprised, first of all, to 
find no evidence of the abruptly di
minished heartbeat on diving that was 
characteristic of forcibly submerged 
ducks and seals. The porpoises seemed 
to maintain a relatively high level of gen
eral circulation throughout their dive. 
We therefore set out to find a more di
rect measure of how quickly the por
poises depleted their store of oxygen 
while they were submerged. 

Fortunately for us the u.s. Navy at 
that time was training bottlenose dol
phins (Tursiops truncatus) to act as mes
sengers for deep-sea divers. One Navy 
trainer, William Scronce, undertook to 
train one of the dolphins, named Tuffy, 
to exhale on command into an underwa
ter funnel so that we could collect the 
expired breath for analysis. An under
water buzzer was Tuffy's signal to per
form. If he pushed his snout against the 
buzzer and exhaled into the funnel, he 
received three fish as a reward. Anoth
er buzzer served as a signal for Tuffy 
to begin his dive. By varying the inter
val between the sounding of the "dive" 
buzzer and the "collection" buzzer we 
could obtain air samples over an entire 
range of breath-holding times. Tuffy 
could easily hold his breath for as long 
as six minutes, but after a much shorter 
time he grew increasingly impatient as 
he waited for the "collection" buzzer to 
sound; looking up through the water at 
us, he would even gnash his teeth. 

Studying the data Tuffy provided us, 
we were surprised to see how quickly the 
oxygen concentration in the porpoise's 
lungs dropped off. For example, after 
only three minutes the gas in Tuffy's 
lungs had fallen from its normal atmo
spheric level of 21 percent oxygen to less 
than 2 percent. For the remaining three 
minutes of these "easy" dives, therefore, 
he was virtually anaerobic. After such 
a breath-hold he would not perform 
again until he had spent four or five 
minutes breathing rapidly on the sur
face, obviously repaying the oxygen 
debt he had just incurred. After dives of 
two minutes or less, however, he would 
readily dive again following only a brief 
breathing interval at the surface. 

We could now understand why we 
had failed to observe an abruptly dimin
ished heart rate when our ultrasonically 
equipped porpoises dived. Like Tuffy, 
they had made only a partial effort, if 
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NAVY-TRAINED DOLPHIN TUFFY was taught as is shown here to submerge when one 
buzzer (a) sounded and to stay underwater until a second buzzer (b) sounded. Tuffy then swam 
to the second buzzer, touched it with his snout and exhaled into a funnei. After he exhaled he 
received a reward of three fish. The study showed that Tuffy could remain underwater com
fortably for six minutes but had exhausted almost all his oxygen supply within three minutes. 

DEEP-DIVING ABILITY OF THE DOLPHIN was tested in a second experiment. First a 
buzzer and a switch (a) were lowered to a depth of ISO meters. Turning the buzzer on was 
Tuffy's signal to dive and switch it off. The dolphin then returned to the dinghy, to touch a 
second buzzer (b) and claim his reward. Tuffy had no difficulty with ISO-meter dives but need
ed time at the surface to recover after turning off the "dive" buzzer at a depth of 300 meters. 
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Tbesearcb 
far Alexander 

T he son of a king, a pupil 
of Aristotle, an awesome warrior 
and brilliant military strategist, 

he was blessed with a vision 
of a world united and civilized. 

His achievements inspired 
artists and thinkers for over four 

hundred years. T his collection 
forms a part of his legacy. 

Gold statuary and jewels. Silver 
vessels and decorative 

ornaments. Bronze objects. Terra 
cotta and marble statues. 

Important discoveries. Yet the 
most important discovery 

eludes us: his fmal resting place. 
Alexander the Great. Come join 

the search at the newly reno-
vated Royal Ontario Museum in 

Toronto, March 4 - July 10. 
Admission: $5.00 for adults; 
seniors and students, $4.00; 
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children, 12 and under, $3.00. 
For more information, call 

Ontario Travel TOLL FREE: 
1-800-828-8585; in New York 

State 1-800-462-8404. 

I� to discover!" 

any at all, to conserve their initial store 
of oxygen. That store was quickly con
sumed; thereafter an oxygen debt de
veloped in all their tissues, including 
the brain. We found that all the aquatic 
air breathers we observed (diving birds, 
seals and manatees in addition to our 
cetaceans) tried to avoid such an oxygen 
debt by limiting their dives to short peri
ods in order not to exhaust their supply 
of oxygen. For example, when Tuffy 
and his dolphin companions swam with
out instructions to the contrary, dives 
lasting for more than 2. 5 minutes were 
the exception rather than the rule. Sub
merging for shorter intervals, howev
er, the dolphins might continue diving 
for hours. 

When a human diver has spent 
enough time underwater for a 

substantial amount of nitrogen to go 
into solution in his blood and then 
he comes up too rapidly, the nitrogen 
forms tiny bubbles that can cause pain
ful symptoms ("the bends") and even 
death. How did our porpoises, let alone 
the large whales that may dive deeper 
than a kilometer for more than an hour, 
avoid the bends? With this question and 
related ones in mind we arranged some 
deep-diving experiments for our trained 
bottlenose dolphin. 

One buzzer, controlled from the sur
face, we lowered on a line to one or 
another of a variety of chosen depths. 
Tuffy was trained to swim down to the 
buzzer when we sounded it and turn it 
off by pushing a switch with his snout. 
When the animal turned off this "dive" 

buzzer, Scronce immediately sounded 
the "collection" buzzer at the surface. 
Tuffy then quickly swam up from his 
dive to the "collection" buzzer and ex
haled into the collection funnel. 

The scientific literature on porpoises 
suggests they do not dive very deep. 
When we began our experiments, we 
lowered the "dive" buzzer to a depth of 
150 meters. Tuffy easily managed trips 
to this depth, came up to give us his gas 
sample and sometimes demanded all 
three of his reward fish before even 
bothering to inhale; he was clearly far 
from his depth limit. When we lowered 
the "dive" buzzer to 300 meters, we 
found that Tuffy needed a much longer 
recovery time. He was obviously ap
proaching his limit. (Navy trainers in 
Hawaii have since trained a related spe
cies to descend to nearly 600 meters.) 

Tuffy seemed to be untroubled by the 
increasing water pressure at greater 
depths (as much as 30 atmospheres, or 
440 pounds per square inch, at a depth 
of 300 meters). We expected that at such 
a high external pressure the animal's 
lungs would be almost completely col
lapsed. By rigging the "dive" buzzer 
with a flash camera we were able to re
cord Tuffy's appearance as he turned 
off the buzzer 300 meters below the 
surface. We found that his rib cage was 
indeed much deformed by the hydro
static pressure pushing on his lungs. 

We next tried to give another trained 
dolphin the bends by directing it to 
dive repeatedly. As soon as its surface 
breathing indicated its recovery from 
the previous dive we would send it down 
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THIRD EXPERIMENT was aimed at discovering whether a bottlenose dolphin is susceptible 
to "the bends" (the painful symptoms that can result from the absorption of atmospheric nitro
gen by the blood in the course of a long dive). On signal the dolphin dived repeatedly to a depth 
of 100 meters, spending more than 20 minutes out of an hour at an average depth of 50 meters. 
The animal then swam onto a floating couch next to a boat containing a mass spectrometer; 
the experimenters pushed a gas-sampling needle through its blubber layer and into its muscle. 
The dolphin's muscle proved to be saturated with nitrogen to an extent dangerons to a hnman 
diver. The authors attribute the dolphin's freedom from the bends to a diving adaptation. 
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again, until in the course of an hour 
it had remained below 50 meters for 
more than 20 minutes. The dolphin still 
showed no apparent sign of distress. 
Then, with the help of Robert S. ("Red") 
Howard of the Scripps Institution, we 
measured the actual amount of nitrogen 
accumulated in the animal's muscles 
as the result of these many consecutive 
submergences. It was no easy task. First 
the dolphin was trained after such a se
quence of dives to swim onto a floating 
couch alongside our boat. That enabled 
us to insert a small gas-sampling needle 
through its blubber layer into the under
lying muscle. A tube led from the needle 
to a mass spectrometer (aboard a second 
boat) that could directly measure the 
concentration of nitrogen dissolved in 
the muscle. Doing all this while at sea in 
small boats makes a substantial demand 
on the experimenter's patience. 

Again we got a surprise. The concen
tration of dissolved nitrogen in the dol
phin's muscle tissue was indicative of a 
degree of supersaturation that in a hu
man diver would have been dangerous. 
We could only conclude cetaceans can 
tolerate nitrogen concentrations that 
would give a human diver the bends. 
How they do so we cannot yet say, but 
the capability is, of course, what one 
should probably expect of a well-adapt
ed order of deep-diving mammals. 

What has the evolution of this supe
rior diving capacity meant to the 

ecology of the world's oceans? Some 
aquatic mammals, for example the sea 
otter and the manatee, have evolved to 
more or less nibble at the edges of the 
oceanic food chain. Others, such as 
the carnivorous suborder of pinnipeds 
(seals, sea lions and walruses), are more 
at home in the open ocean but still need 
to go ashore for mating and reproduc
tion. Only cetaceans have evolved to 
deal with a fully oceanic way of life. 
What they gained thereby is a vast food 
supply in the form of other marine ani
mal life. The whales and porpoises have 
established themselves as harvesters at 
the very top of the marine food chain. 

The success of these physiologically 
adept marine predators may be judged 
by their numbers. Many species of ceta
ceans are commonly thought to be in 
imminent danger of extinction; this con
clusion is based largely on a misper
ception of their current population lev
els. For example, the total number of 
blue whales is greater by at least one or
der of magnitude than the total number 
of such endangered terrestrial species 
as the orangutan or the giant panda. In 
fact, most cetacean species exist in sub
stantial numbers, and some populations 
are even reaching the level where they 
serve as entertainment. Whale watching 
is a growing winter sport on the Califor
nia coast, and in the Atlantic excursion 
boats putting out from the Boston area 
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WHERE DO BLACK DOCTORS. 
COME FROM? 

"Meharry." 

"Meharry." 

"Meharry." 

"Meharry." '" 
, 

"Meharry." 

"Meharry." 

"Meharry." 
"Meharry." 

"Meharry." 
"Meharry." 

"Meharry. " 

!!Meharry." 

"Meharry." 

Nearly half 
of all black doctors 

practicing in the u.s. today are graduates 
of Meharry. 

Sure, there are black medical students at 
Harvard and Stanford and Johns Hopkins. 
But no single private medical school in the 
U.S. produces as many black physicians 
as Meharry Medical Coll�ge. 

Ninety percent of our students require 
financial aid to some degree. To make more 
funds available for scholarships and student 
loans, and to maintain the quality of our 
training, our goal is to raise $27 million. 

Meharry must depend largely on 
private and corporate contributions. We 

are eligible for only limited funding under 
Federal and State programs-and, as a 
professional school, receive no resources 
from the United Negro College Fund. 

Won't you help? Because without 
Meharry, a lot of qualified youngsters 
couldn't even consider a medical career. 

MEHARRY 
MEDICAL COLLEGE 

Send your tax-deductible contribution, in any amount, to Meharry Medical College, Second Century Fund, Nashville, TN 37208. 
The need is urgent, and your support is appreciated. 
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assure tourists of frequent whale sight
ings after a trip of only an hour or two. 

Sperm whales were probably twice 
as numerous in the generations before 
modern whaling began than they are to
day, but even so their modern number 
is far from low. The British cetologist 
Malcolm R. Clarke reckons the present 
population of sperm whales at about a 
million (others say 1.5 million) and esti
mates that they annually consume some 
100 million tons of deep-sea squid, 
an oceanic resource that is otherwise 
scarcely touched. It is i�structive to 
compare the predation of this single ce
tacean species with the total of the 
world's annual fishery yields: 60 to 70 
million tons. 

An annual-consumption estimate for 
the next-ranking aquatic mammals, the 
pinnipeds, has been made by Michael E. 
Q. Pilson of the University of Rhode 
Island. Pilson's estimate has the advan
tage of better-known population num
bers, since pinnipeds must come ashore 
for breeding and can be more accurately 
counted than the 70 cetacean species. 
Censuses have been taken at most pinni
ped breeding areas, and their annual 
food needs are known from the feeding 
of captive species. Pilson estimates that 
the seals, sea lions and walruses con
sume 60 million tons of fish per year, or 
approximately the amount harvested by 
man. Extrapolating from the number of 
porpoises killed annually by the opera-
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DIFFERING PROPORTIONS OF TOTAL BODY WEIGHT devoted to various compo
nents are shown in this graph. A small odontocete, the harbor porpoise, is compared with a 
large mysticete, the fin whale of cold polar waters. Only about a fourth of the porpoise's weight 
consists of muscle, whereas nearly half of its weight consists of blubber. The .geometry of sur
face-to-volume ratios provides the fin whale with a thick blubber sheath accounting for only 
a fourth of its total weight, whereas nearly half of the total consists of its muscle tissues. 
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ECOLOGICAL ROLE OF MARINE MAMMALS appears to be at least as significant as that 
of the land mammals. The graph compares the marine mammals' estimated "harvest" of other 
marine organisms with the total recorded international. catch of fish. A million sperm whales 
consume some 100 million tons of squid each year (more if sperm whales are actually more· 
numerous). The 50 to 100 million porpoises and other small odontocetes consume between 
100 and 300 million tons of fish. Estimates of consumption by whales other than the sperm .are 
less reliable, but seals, sea lions and walruses consume 60 million tons of fish annually. The 
total·catch by marine fishermen worldwide is somewhere between 60 and 70 million tons (color). 
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tions of the t una fishery in the eastern 
Pacific,  the worldwide stock of por
poises and dolphins may approach 1 00 
mill ion.  Even if the population is only 
half this size,  its  ann ual food consump
tion m ust total some 1 50 mill ion tons.  

S uch large n u m bers may come as a 
s urprise,  and we hasten to add that they 
m ust  be considered tentative.  Indeed,  
unless  oceanic animals  are harvested by 
man e i ther accidentally or del i berate ly ,  
the s ize of their  pop ulations is  not l ike
ly to be well known.  Two examples wil l  
suffice.  Until  recently Fraser 's  dolphin 
was known only from a single skeleton 
collected in 1 9 54. Now that people are 
aware of the species ,  Fraser 's  dolphins 
have been sighted in schools n umber
ing in the h undreds in Phil ippine waters,  
and the animals appear to be widely d is
tr i b uted in the tropical zones of the Pa
cific and Ind ian oceans.  The N orth 
Pacific pop ulation of Dall's porpoise 
was est imated at only a few tens of 
tho usands.  Since it became known that 
Japanese t una fishermen kill as many 
as 1 0,000 Dall 's  porpoises every year,  
new s urveys have raised the pop ulation 
estimate to a mil l ion or more.  

Thus i t  is evident that the cetaceans' 
role in marine food chains is  far greater 
than man's . .This does not mean that 
man's over fishing has not heavily de
pleted local  fish stocks ,  as it  has the 
stocks of some whale species ,  part i c u 
. larJy in t h e  Antarct ic .  I t  does indicate,  
however,  that h uman harve sting, be ing 
largely confined to a fe w highly pro d u c 
t i v e  areas, h a s  p r o b a b l y  not serio usly af
fected the gross n utrient dynamics of 
most ocean areas . 

One feat ure of gross n utrient dynam
ics is upwe l l ing : the l ifting of n utrients 
from deep waters such as that accom
pl ished by the r ising c urrents off so u th
ern Africa in the Atlantic  and off S o u th 
America in the Pacific .  Ce taceans play 
an analogous role on a s urprisingly large 
scale.  All  other l ife in the sea tends to 
move n utrients downwar d . ' Tied to the 
s urface by the ir air- breathing, marine 
mammals tend to move n utrients up
ward .  Even the whales '  fecal o u t p u t  
does not m o v e  downwar d :  b e c a u s e  it  is  
l iquid,  i t  tends to d isperse rather than 
sink when i t  is  release d .  

To those of us  w h o  a r e  interested i n  
t h e  whales' wel l -being f o r  emotional a s  
w e l l  as biological reasons there is n e w  
cause f o r  h o p e .  H unting these animals 
in d istant seas is  an energy- intensive 
activity. As the commercially d e s irable 
baleen whales .have become harder to 
find, the harv.e sters'  costs, largely in fuel  
consumed,  have r isen to a point where 
economics will increasingly d isco urage 
the activity. Ironically the Organiza
tion of Petrole um Exporting Co untries 
(OPEC) may in the end do more than 
conservationists can to r e l ieve h unting 
press ure on these remarkable marine 
mammals. 
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949 pages 
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$32.95 

II 
w. H .  Freeman and Company 
41 Madison Avenue 
New York, N.Y 10010 

Lubert Stryer's Biochemistry has become the standard against which all 
other biochemistry books should be measured.  It  has shaped and 
continues to shape the subj ect i t  teaches . 

First published eight years ago , Biochemistry immediately set new 
standards in the teaching and presentation of biochemistry. E mphasiz
ing the process of discovery, Stryer aimed "to provide an introduction to 
the principles of biochemistry that gives the reader a command of its 
concepts and language . "  Reviewers commented that it was "doubtful 
whether there wil l  be another text which will  appeal to the student as 
strongly as this one does" (Nature). 

The Second E d ition ,  "bigger and even more splendid , "  is "a most 
handsome and thought-provoking new edition of a fine textbook" 
( TIBS). "It continues the tradition of excellence established in his first 
edition" (American Scientist), bri l l iantly achieving the author's aim as 
stated in the Preface : "to weave new knowledge into the fabric of the 
text. . .  to enhance the book's . teaching effectiveness by centering the ' 
exposition of new material on common themes wherever feasible and 
by citing recurrent motifs . . . .  and to convey a sense of the intellectual 
power and beauty of the discipline of biochemistry. "  

With a clarity and conciseness achieved through the u nified 
narrative of a single author, " . . . .  the brevity of the text often belies its 
depth : the author has a unique abil ity to· expound difficult concepts in a 
few words . " (Nature) 

Stryer's Biochemistry, Second Edition-giving u p�to-date coverage 
of new developments while communicating the excitement and prog
ress of biochemical frontiers .  

If you are not using Stryer, compare Biochemistry with your present 
text: After the comparison,  even more the choice . 
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Georg Cantor and the Origins 
of Transfinite Set Theory 

How Jarge is an infinite set? Cantor demonstrated that there is 

a hierarchy of infinities, each one "Jarger" than the preceding 

one. His set theory is one of the cornerstones of mathematics 

The nature of the infinite has always 
been a controversial topic. In an
tiquity it appeared in the famous 

paradoxes of Zeno of Elea, who argued 
with discomfiting clarity that motion is 
impossible because it requires an ob
ject to pass through an infinite number 
of points in a finite time. The success of 
Newtonian physics is in large part a re
sult of Newton's introduction of the cal
culus of infinitesimal rates of change, 
yet no mathematically rigorous formu
lation of this awkward but effective idea 
was offered for more than 200 years. In 
modern times problems associated with 
the infinite have appeared in the abstract 
theory of sets, a theory that provides a 
foundation for virtually all contempo
rary mathematics. Moreover, through
out history the idea of the infinite has 
had theological overtones that have 
played a role in the acceptance or rejec
tion of the concept and the mathemati
cal and philosophical doctrines associat
ed with it. All these currents of thought 
converge in the life and work of the Ger
man mathematician Georg Cantor. 

The substance of Cantor's lifework 
is well known: in developing what he 
called the arithmetic. of transfinite num
bers he gave mathematical content to 
the idea of the actual infinite. In so doing 
he laid the groundwork for abstract set 
theory and made significant contribu-

. tions to the foundations of the calculus 
and to the analysis of the continuum 
of real numbers. Cantor's most remark
able achievement was to show, in a 
mathematically rigorous way, that the 
concept of infinity is not an undifferenti
ated concept. Not all infinite sets are the 
same size; conseq uently infinite sets can 
be compared with one another. For ex
ample, the set of points on a line and the 
set of all fractions are both infinite sets. 
Cantor was able to prove, in a well
defined sense, that the first set is great
er in size than the second. So shock
ing and counterintuitive were Cantor's 
ideas to his contemporaries that the 
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by Joseph W. Dauben 

eminent French mathematician Hen
ri Poincare condemned the theory of 
transfinite numbers as "a disease" from 
which mathematics would someday be 
cured. Leopold Kronecker; one of Can
tor's teachers and a formidable member 
of the German mathematics establish
ment, even attacked Cantor personally, 
calling him a "scientific charlatan, " a 
"renegade" and a "corrupter of youth. " 

It is also well known that Cantor suf
fered throughout his life from a series of 
"nervous breakdowns, " which became 
increasingly frequent and debilitating 
as he got older. The breakdowns were 
probably the symptoms of organic men
tal disease; a recent study by the British 
historian of mathematics Ivor Grattan
Guinness, who relies on the evaluation 
of Cantor's medical records by psy
chologists at the Halle Nervenklinik (the 
mental hospital in the East German city 
of Halle), suggests that Cantor was a 
victim of manic-depressive psychosis. 
Nevertheless, it was all too easy for 
Cantor's early biographers to present 
Cantor, who was trying to defend his 
complex theory but was suffering in
creasingly long periods of mental break
down, as the hapless victim of the per
secutions of his contemporaries. 

Such accounts distort the truth by 
trivializing the genuine intellectual con
cerns that motivated some of the most 
thoughtful contemporary opposition to 
Cantor's theory. They also fail to credit· 
the power and scope of the defense Can
tor offered for his ideas. At first he resist
ed the transfinite numbers because he 
believed the idea of the actual infinite 
could not be consistently formulated 
and so had no place in rigorous math
ematics. Nevertheless, by his own ac
count he soon overcame his "prejudice" 
regarding the transfinite numbers be
cause he found they were indispensa
ble for the further development of his 
mathematics. Because of his own early 
doubts he was able to anticipate opposi
tion from diverse quarters, which he at-

tempted to meet with philosophical and 
theological arguments as well as mathe
matical ones. Moreover, when he was 
called on to respond to his critics, he was 

. able to muster his ideas with considera
ble force. His mental illness, far from 
playing an entirely negative role, may 
well have contributed in its manic phas
es to the energy and single-mindedness 
with which he promoted his theory. 

Georg Ferdinand Ludwig Philipp 
Cantor was born on March 3, 1845, 

in St. Petersburg (now Leningrad). His 
mother, Maria Anna B6hm, came from 
a family that included several gifted mu
sicians; most notable among them was 
her uncle Joseph B6hm, the director of a 
conservatory in Vienna and the founder 
of a school for violinists that trained 
many virtuosos of the time. Georg's 
father, Georg Woldemar Cantor, was 
a successful tradesman and a devout 
Lutheran who communicated deep reli
gious convictions to his son. According 
to Eric Temple Bell's widely read book 
Men of Mathematics, first published in 
1937, the younger Georg's insecurities 
in later life stemmed from a ruinous 
Freudian conflict with his father, but 
surviving letters and other evidence con
cerning their relationship indicate quite 
the contrary. Georg's father appears to 
have been a sensitive man who was at
tentive to his children and took a spe
cial but not coercive interest in the wel
fare and education of his eldest son. 

When the young Cantor was still a 
child the family moved from Russia to 
Germany, and it was there he began to 
study mathematics. In 1868 he received 
his doctorate from the University of 
Berlin for a dissertation on the theory of 
numbers; two years later he accepted 
a position as privatdocent, or instruc
tor, at the University of Halle, a respect
ed institution but not as prestigious for 
mathematics as the universities at Got
tingen or Berlin. One of his colleagues at 
Halle, Heinrich Eduard Heine, was then 
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working on the theory of trigonometric 
series, and Heine encouraged Cantor 
to take up the difficult problem of the 
uniq ueness of such series. In 1872, when 
Cantor was 27, he published a paper 
that included a very general solution to 
the problem, together with the seeds of 
what was later to become the theory 
of transfinite sets. 

The problem suggested by Heine 
arose from the work of the French 
mathematician Jean Baptiste Joseph 
Fourier. In 1822 Fourier had shown that 
the graph of any "reasonably smooth" 
curve (that is, a curve that exhibits at 
most a finite number of points of discon
tinuity) can be represented throughout 

an interval as the sum of an infinite trig
onometric series. In other words, by su
perposing an infinite number of sine and 
cosine waves on one another every point 
on the "reasonably smooth" curve ex
cept the points of discontinuity can be 
approximated to any desired degree of 
accuracy [see illustration on next page]. 
Such a series is said to converge to 
the curve or function except at a fi
nite number of points, or "almost ev
erywhere." Fourier's result was of sig
nal mathematical importance because 
it suggested that certain complicated 
functions could be represented, or re
placed, by a sum of sines or cosines, 
which is much easier to manipulate 

mathematically. In order to justify such 
replacement, however, some guarantee 
was required that only one such trigono
metric series converges to the function. 
Cantor began to investigate the condi
tions under which a trigonometric series 
that converges to a function is unique. 

In 1870 Cantor achieved his first result: 
If a function is continuous through

out an interval, its representation by a 
trigonometric series is unique. His next 
step was to relax the requirement that 
the function be continuous throughout 
the interval. Suppose, for example, the 
function to be approximated by the se
ries is defined as follows: The graph of 

PORTRAIT OF CANTOR and his wife was made in about 1880, 
when Cantor was at the height of his career. He had already begun to 
upset the German mathematics establishment by showing that the in
finite set of real numbers, represented by the continuum of points on 
a line, is larger than the infinite set of all fractions. He also showed 

that infinite quantities called transfinite numbers could be defined 
that describe such differences. A few years after this photograph was 
made Cantor suffered a major attack of manic-depressive psychosis, 
which ultimately put an end to his creative work in mathematics. The 
original photograph is in the private collection of Egbert Schneider. 

123 © 1983 SCIENTIFIC AMERICAN, INC



the function is a straight line parallel to 
the x, or horizontal, axis of the graph 
except at the point on the x axis corre
sponding to 1/2. For the point 1/2 on 
the x axis the function assumes the value 
o instead of 1. Cantor was able to show 
that if convergence is given up at the 
point where x is equal to 1/2, there is 
still a unique trigonometric series that 
converges to the function everywhere 
else. No other trigonometric series of a 

-'/2 

similar form exists that also approxi
mates the function. It was then a simple 
matter for Cantor to extend his result 
to include all {unctions having any fi
nite number of points of discontinuity, 
which Cantor called exceptional points. 

In 1872 Cantor's search for a more 
general statement of his uniqueness the
orem led to the publication of a remark
able discovery. He found that as long as 
the exceptional points are distributed in 

x 

SMOOTH, CONTINUOUS GRAPH whose height depends on the value of a corresponding 
point on the x axis can be approximated to any desired accuracy by a trigonometric series, that 
is, by a sum of sines and cosines. For example, a straight, horizontal line one unit above the x 
axis (color) can be approximated by superposing sine waves on one another (gray curves); the 
first two stages of the approximation are depicted (black curves at top and middle). The trigo
nometric series that approximates the graph is unique. Even if the graph is not continuous, 
however, it can often be approximated by a unique trigonometric series. For example, if the 
height of the graph is one unit everywhere except at the point where x is equal to 112, the trigo
nometric series that converges to the continuous line also converges to the broken line except 
at the point 112 (bottom). Cantor showed that a graph can be approximated by a unique trigo
nometric series even if the number of points where the graph is not continuous is an infinite 
number, provided the points of discontinuity are distributed along the x axis in a specific way. 
He was thereby led to consider the structural properties of abstract infinite sets and the infinite
ly many ways in which elements of infinite sets can be ordered with respect to one another. 
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a carefully specified way on the x axis 
there can be infinitely many of them. 
The most important step in the proof of 
the new result was the precise descrip
tion of the infinite set of exceptional 
points, and for this purpose Cantor real
ized he needed to provide a satisfacto
ry way of analyzing the continuum of 
points along the x axis. Thus Cantor's 
study of trigonometric series gave rise to 
an important transition in his thought: 
he began to focus his attention on the 
relations among points in the continuum 
instead of on theorems about trigono
metric series. 

Cantor regarded it as axiomatic that 
for any point on a continuous line there 
corresponds a number, which is called a 
real number in order to distinguish it 
from the "imaginary" numbers that are 
multiples of v=l .  Conversely, for ev
ery real number there corresponds ex
actly one point on a continuous line. 
Hence the problem of describing the 
continuum of points on a line is equiva
lent to the problem of defining the real 
numbers and exploring their properties. 
One of the major accomplishments of 
Cantor's paper of 1872 was a rigorous 
account of these properties. 

The main obstacles to a theory of the 
real numbers are numbers such as 7r and 
V1, which are not rational numbers. (A 
rational number is a number that can be 
expressed as the quotient of two whole 
numbers. It was known in antiquity that 
V2, V3, VS and many other roots are 
irrational.) Because the legitimacy of 
the rational numbers was not in ques
tion, Cantor followed an approach sug
gested by Karl Weierstrass, one of his 
former teachers at the University of 
Berlin. Cantor proposed that any irra
tional number could be represented by 
an infinite sequence of rational num
bers. The number V2, for example, can 
be represented by the infinite sequence 
of rational numbers 1, 1.4, 1.41 and so on. 
In this way all irrational numbers 
can be understood as geometric points 
on a real-number line just as the rational 
numbers can. 

In spite of the advantages of Cantor's 
approach, it troubled some mathe

maticians because it presumes the exis
tence of sets or sequences of numbers 
having infinitely many elements. Philos
ophers and mathematicians had rejected 
the concept of completed infinities since 
the time of Aristotle, primarily because 
of the logical paradoxes they inevitably 
seemed to generate. Galileo, for exam
ple, pointed out that if completed infi
nite sets are admissible in mathematics, 
there must be as many even integers as 
there are even and odd integers togeth
er. Every even integer can be uniquely 
matched with the integer that is half its 
magnitude and so there is a one-to-one 
correspondence between each member 
of one set and each member of the other. 
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Theologians such as St. Thomas Aqui
nas, representing another voice of tra
ditional opposition to the completed 
infinite, regarded the idea as a direct 
challenge to the unique and absolutely 
infinite nature of God. 

In order to meet such objections 
mathematicians had customarily drawn 
a sharp distinction between the infinite 
regarded as a completed quantity and 
the infinite regarded as potential, repre
sented by an indefinite sum or series of 
numbers that tends toward some limit. 
Only the potential infinite were they 
willing to countenance. In 1831 Carl 
Friedrich Gauss expressed his opposi
tion to the use of completed infinities in 
terms Cantor once described as authori
tative. In a letter to Heinrich Schuma
cher, Gauss wrote: "But concerning 
your proof I protest above all the use of 
an infinite quantity as a completed one, 
which in mathematics is never allowed. 
The infinite is only a jalSon de parler, in 
which one properly speaks of limits." 

By speaking of limits it was possible 
to avoid the paradoxes associated with 
actual infinities. For example, by adding 
additional digits to the decimal expan
sion of 7T one can approximate the true 
value of 7T with increasing precision. 
Gauss insisted, however, that one must 
never assume all the terms of the deci
mal expansion could be given, so that 
the numerical value of 7T would be de
termined exactly. To do so would be to 
grasp an infinite number of terms in its 
entirety, or in other words an actual
ly infinite set of numbers, an operation 
Gauss refused to allow. 

Cantor was not alone in studying the 
properties of the continuum in rigorous 
detail. In 1872, the same year Cantor's 
paper appeared, the German mathema
tician Richard Dedekind also published 
an analysis of the continuum that was 
based on infinite sets. In his paper Dede
kind articulated an idea that Cantor lat
er made more precise: "The line is infi
nitely richer in point-individuals than 
is the domain ... of rational numbers in 
number-individuals." The property can 
be put into perspective if one consid
ers the distribution of the points on a 
line segment that correspond to rational 
numbers, or rational points. No matter 
how small the segment, there are infi
nitely many rational points on it. Thus 
the gist of Dedekind's remark was that 
in spite of the density of the rational 
points on a line segment there is still 
room to pack an infinite number of irra
tional points into the line. Irrational 
points such as V2 fall between the ra
tional points, and so the set of rational 
points, although dense, is still riddled 
with holes and fails to be continuous. 

Dedekind's statement is consistent 
with a correct understanding of the 
continuum, but it conceals a serious 
weakness. If anyone had asked Dede
kind how much richer the infinite set of 

• 

TWO SETS can be compared in size by matching the elements in the first set one for one with 
the elements in the second. For example, in order to determine whether or not there are more 
colored marbles than black marbles in a bucket the marbles can be removed from the bucket 
in pairs of one colored and one black marble. When no more pairings can be made, the mar
bles remaining in the bucket, if any, are the basis of the comparison. Cantor applied the same 
elementary principle in order to describe how the sizes of infinite sets can be compared. 

points in the continuum was than the in
finite set of rational numbers, he could 
not have replied. Cantor's major contri
bution to the question was published in 
1874 by August Leopold Crelle's Jour
nal flir die reine und angewandte Mathe
matik, also referred to as Crelle's Jour
nal and perhaps the most respected 
mathematical periodical of its day. 

In effect Cantor borrowed the para
dox cited by Galileo and turned it 

into a means of comparing the size of in
finite sets. He defined two sets as eq uiv
alent if a one-to-one correspondence 
can be established between the mem
bers of each set. Such a correspondence 
provides a natural way of comparing 
size. For example, imagine a bucket 
filled with black and colored marbles, 
and suppose one wants to compare the 
number of black marbles with the num
ber of colored ones. The simplest way 
is to remove the marbles from the buck
et in pairs of one black and one colored 
marble. If every marble can be paired 
with a marble of a different color, the 
two sets are equivalent. Failing that, 
the marbles remaining in the bucket are 
the basis of the comparison. 

By applying the same principle of cor
respondence Cantor showed that the 
property Galileo regarded as a para
dox was actually a natural property of 
infinite sets. The set of even numbers 
is equivalent to the set of all positive 
whole numbers, even and odd together, 
because the pairings between members 
of each set can go on forever without 
omitting any members from either set. 
Cantor was also able to exhibit an inge
nious and sophisticated method where
by the set of all rational numbers could 
be paired with the whole numbers [see 
bottom illustration on next page]. Any 
set of numbers whose members can be 
matched one for one, or in effect count
ed by the set of positive whole num
bers, Cantor called a denumerable set. 

Given the density of the rational num
bers on a line and the relative sparse
ness of the whole numbers, it may seem 
grossly counterintuitive that the two sets 
turn out to be the same size. Cantor's 
next move, however, was even more 
striking. He showed that no such one-to
one correspondence can exist between 
the set of whole numbers and the set of 
all points on a line, that is, the real num
bers; in short, the real numbers form 
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N 1 2 3 4 5 6 . . . 

1 1 1 1 1 1 
2N 2 4 6 8 10 12 . . . 

N 1 2 3 4 5 6 . .. 

1 1 ! ! ! ! 
109N2 109 4 X 109 9 X 109 16 X 109 25 X 109 36 X 109 .. .  

WHOLE NUMBERS can be paired one for one with the even numbers without exhausting 
either set of numbers. Hence although it may appear there must be more whole numbers than 
even numbers, the two infinite sets actually have the same number of elements. Many other in
finite sets, such as the perfect squares multiplied by a billion, can also be compared one for one 
or, in effect, counted by the whole numbers. Such sets are called countable or denumerable sets. 

a nondenumerable set. Cantor gave a 
somewhat complicated proof for this as
sertion in his paper of 1874; I shall in
stead present the main idea of a simpli
fied and much more powerful version he 
gave in 1891. 

Cantor began his proof by supposing 
there does exist a correspondence be-

1� 
, /, � , /2 '13 � 

:/ Y :/ 
2/, 2/2 2/3 

4�y :/ Y 
3/, 312 3/3 

7 yr ;Y 
4/, 412 4/3 
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5/, 5/2 513 

:Y 
6/, 

tween the set of real numbers and the set 
of whole numbers. The argument then 
proceeds by showing that the supposi
tion leads to a contradiction; it therefore 
follows that the original supposition 
must be false and that no such one-to
one correspondence is possible. The ar
gument can be simplified by examining 

'/4 '/5 � ,/S 

Y ;Y 
2/4 2/5 

Y 
3/4 3/5 

4/4 4/5 

5/4 5/5 

INFINITE SET OF RATIONAL NUMBERS (that is, numbers that can be expressed as the 
quotient of two whole numbers) might seem much larger than the set of whole numbers. For 
example, between any two consecutive whole numbers such as 0 and 1 there are infinitely many 
ra�ional numbers. Nevertheless, Cantor showed in 1874 how the rational numbers can be paired 
one for one with the whole numbers. Every possible rational number can be listed in a square 
array as shown in the illustration; each rational number can then be associated with a whole 
number by tracing the path shown in color. Thus the set of rational numbers is denumerable. 
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only the real numbers between 0 and 1; 
if this set of real numbers is greater than 
the set of whole numbers, the set of all 
the real numbers is greater than the set 
of whole numbers as well. 

Suppose, therefore, that the real num
bers between 0 and 1 can be paired one 
for one with the whole numbers. Setting 
up such a correspondence is equivalent 
to making a list of the real numbers, 
each one represented as an infinite deci
mal. It is then possible to define a new 
real number that has not been included 
in the list. Consider the first digit of the 
first decimal expansion in the list of real 
numbers. If the digit is a 1, write a 9 in 
the first decimal place of the defined 
number. If the first digit in the list is not 
a 1, write a 1 in the first place for the 
defined number. Continue constructing 
the new number to be defined by chang
ing the second digit of the second deci
mal expansion in the list, the third digit 
in the third decimal expansion and so 
on. The newly constructed number must 
differ in at least one decimal place from 
every real number already in the list, but 
it will still represent some real number 
between 0 and 1. A number has there
fore been constructed that is not in the 
list of real numbers, and so the suppo
sition that all the real numbers can be 
listed leads to a contradiction. 

In August, 1874, Cantor married Vally 
Guttmann; the couple spent the sum

mer in the Harz Mountains, where they 
also met with Dedekind. The period was 
an exceedingly fruitful one for Cantor's 
work. Earlier that year he had posed 
his next important problem to Dedekind 
in a letter: "Might it be possible to cor
respond a surface (a square, perhaps, in
cluding its boundaries) with a straight 
line (perhaps an interval with the inclu
sion of its endpoints) so that to each 
point of the surface one point of the 
line corresponds, and conversely?" Al
though Cantor thought the answer must 
be negative, he could offer no reason for 
his belief, and neither could Dedekind. 

By 1877, however, Cantor was able to 
send Dedekind the startling news that, 
contrary to prevailing mathematical 
opinion, a one-to-one correspondence 
between lines and planes is not impossi
ble. The proof is a matter of represent
ing each point on a sq uare by a pair of 
decimal coordinates. The decimal rep
resentations are then shuffled together in 
a strictly specified way to generate a sin
gle decimal expansion; this decimal is 
associated with a point on a line seg
ment. The entire process can also be re
versed [see illustration on page 129]. Can
tor himself was so unprepared for the 
result that it prompted him to exclaim, 
"I see it but I don't believe it!" 

Cantor immediately prepared a man
uscript that described his new discovery, 
and he sent it, as he had his paper of 
1874, to Crelle's Journal. Although the 
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result was of major significance, the pa
per was also the first occasion for open 
hostilities between Cantor and his for
mer teacher Kronecker. As an editor of 
the journal, Kronecker was in a position 
to block the publication of any article, 
and by 1877 he was so appalled at the 
direction of Cantor's work that he did 
just that. Although Cantor had submit
ted his manuscript on.J uly 12, no steps 
were taken to prepare it for publication 
and it did not appear in' the volume for 
1877. Cantor, suspecting Xronecker's 
intervention, wrote a bitter letter to De
dekind complaining about the treatment 
of his paper and mentioning the possi
bility of withdrawing it from the jour
nal. Dedekind, recalling his own experi
ence in such matters, persuaded Cantor 
to wait. As it turned out, Dedekind was 
right. The article appeared in the vol
ume for 1878, but Cantor was so offend
ed by the incident that he refused to pub
lish in Crelle's Journal again. 

The controversy that had arisen be
tween Cantor and Kronecker was 

clouded with personal animosity, but at 
its roots were sharply divergent views on 
the philosophy of mathematics. Such 
views are still reflected in the debate 
between constructivist and formalist 
mathematicians. Kronecker, a forerun
ner of the constructivists, is well known 
for his quip that captures the essence of 
his position: "God made the integers; all 
else is the work of man. " In this spirit he 
advocated constructing all mathematics 
from the integers and from finite arith-

. me tic combinations of them. In the early 
1870's he began to reject any of the lim
iting processes in the traditional calcu
lus, and he opposed all attempts to de
fine mathematical objects in terms of 
limits. Thus even the irrational num
bers, which had been accepted by math
ematicians for centuries, were to be read 
out of mathematics unless some way 
could be found to construct them, as the 
rational numbers are constructed, out of 
the integers. 

Cantor, who had written two major 
papers under Kronecker in his student 
days at the University of Berlin, was 
well aware of Kronecker's extreme po
sition and was sensitive to its advan
tages. It guaranteed the maximum cer
tainty and correctness to a mathemati
cal proof, and it could. be applied as 
a corrective to unfettered speculation 
in mathematics. Cantor nonetheless ar
gued that to accept Kronecker's position 
would be to rule out many of the most 
promising developments in mathemat
ics; moreover, it could burden innova
tive mathematical research. with nar
row and ultimately barren methodolog
ical scruples. 

The definition of the irrational num
bers given in Cantor's 1872 paper was 
tantamount to accepting the existence 
of completed infinite sets. Cantor em-

braced a formalist position on the exis
tence of the irrationals and he argued 
that the only grounds on which their le
gitimacy was to be judged in mathemat
ics were their formal and internal con
sistency. "In introducing new numbers," 
he once wrote, "mathematics is only 
obliged to give definitions of them, by 
which . . .  they can definitely be distin
guished from one another. As soon as a 
number satisfies all these conditions it 
can and must be regarded as existent· 
and real in mathematics. " 

This point of view on the irrational 
numbers was crucial for Cantor's justifi
cation of his introduction of transfinite 
numbers. In his 1872 paper he had de
fined sets of exceptional points by intro
ducing the concept of a limit point. The 
irrational number V2, for example, is a 
limit point of the sequence 1, 1.4, 1.41 
and so on, More generally, a point is a 
limit point of an infinite set if there are 
an infinite number of members in the 
set that lie arbitrarily close to the point. 

Given any infinite set P, Cantor de
fined the derived set pI as the set of all 
the limit points of P. Similarly, if pI 
were also an infinite set, its derived set 
p2 was defined as the set of all the limit 
points of pl. Cantor showed that the re
lation of being a subset determines a 
natural ordering for the sets: it turns 
out that every member of p2 is also a 
member of pI and so p2 is a subset of pI; 
similarly, p3 is a subset of p2 and so on. 

It can turn out that for some finite 
whole number n the derived set pn is a 
finite set; if this condition holds, the infi
nite set of points P that gives rise to the 
set pn is precisely the set of exception
al points needed to prove the general 
version of Cantor's theorem about the 
unique representation of functions by 
trigonometric series. On the other hand, 
it can also happen that no derived set in 
the seq uence pI, p2, P3, . . .  is a finite set. 
Cantor argued that in this case it still 
makes sense to consider the set of points 
that are common to all the derived sets 
pI, p2, P3, ... , pn, . . . .  He designated the 
set of points common to all these de
rived sets poo, and in 1880 he began to 
refer to the superscript 00 as a transfinite 
symbol. Moreover, if poc were an infi
nite set of points, one could then form its 
derived set poc + 1, which could in turn 
lead to an entire sequence of derived 
sets, poo + 2 and so on. 

Cantor might have added that the su
perscripts 00, 00 + 1, 00 + 2 and so 

on actually constitute a new kind of 
number, but at first he did not do so. In 
1872 he had been careful to discuss the 
irrational numbers only in terms of se
quences of rational numbers; similar
ly, he initially regarded the symbols 00, 
00 + 1, 00 + 2 and so on only as tags 
for identifying sets. In 1883, however, 
he abandoned his reticence and pre
sented them ·as transfinite numbers, an . 
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SET OF REAL NUMBERS, represented by 
the continuum of points on a line, is not de
numerable. If it were, the real numbers be-. 
tween, say, 0 and 1 could be paired one for 
one with the whole numbers. Each real num
ber in the list can be represented by an infinite 
decimal expansion. (Infinite ·decimals such as 
.5000 . . .  are to be represented by an equiva
lent infinite decimal, such as .4999 . . . .  ) No 
matter how such infinite decimals are listed, 
however, a new decimal can be constructed 
that defines a real number not included in the 
list: write a 9 in the· first decimal place of the 
constructed number if the first digit in the dec
imal expansion of the first real number in the 
list is a 1; otherwise write a 1 in the first deci
mal place of the constructed number. Contin
ue by changing the second decimal digit of the 
second real number, the third decimal digit 
of the third real number and so on. The con
structed decimal expansion represents a real 
number between 0 and 1,. but it must differ 
in at least one decimal place from every real 
number in the list. Hence the supposition that 
the real numbers can be paired with the whole 
numbers leads to a contradiction and so must 
be abandoned. The main idea employed in the 
proof is called the diagonalization method. 

autonomous and systematic extension 
of the natural numbers. 

The immediate reason for their intro
duction, Cantor maintained, was that 
they were necessary for further progress 
in set theory and for the study of the real 
numbers. Nevertheless, in order to re
spond to critics such as Kronecker, Can
tor argued from his formalist philosoph
ical position: Once the self-consistency 
of the transfinite numbers was recog
nized they could not be refused a place 
alongside the other accepted but once 
disputed members of the mathematical 
family, such as the irrational numbers. 
By formulating a theory of the infinite 
that was able to avoid the well-known 
mathematical paradoxes, Cantor be
lieved he had removed the only rational 
objection mathematicians could raise 
for refusing to consider the completed 
infinite in their work. 

The transfinite numbers ultimately in
troduced by Cantor are widely known 
by the notation he adopted for them in 
later years, namely the first letter of the 
Hebrew alphabet N (aleph). The alephs 
designate the cardinality, or number of 
elements, in an infinite set, and so the 
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eq uivalences among infinite sets that 
Cantor demonstrated in the 1870's are 
frequently stated in terms of the transfi
nite cardinal numbers, the alephs. It is 
therefore of considerable hi·storical in
terest that the first transfinite numbers to 
be introduced were not cardinal num
bers but ordinal numbers. 

An ordinal number is defined by its 
order or position in a list. The ordinal 
number associated with a finite set cor
responds to the cardinal number of the 
set. For example, any set having five ele
ments (that is, any set whose cardinal 
number is five) can in a certain sense be 
thought of as the immediate successor 
to any set having four elements. In other 
words, the ordinal number of the set is 
also five; it is the fifth set in a I ist of sets. 
The ordinal number of an infinite set, 
however, must be distinguished from its 
cardinal number. Cantor showed it is 
possible to construct an infinite number 
of infinite sets having different ordinal 
numbers but the same cardinal number. 
Indeed, Cantor later found it is possible 
to turn this property of infinite sets into 
a criterion for distinguishing them from 

finite sets. A set is finite only if its cardi
nal number and its ordinal number are 
the same. 

Cantor pointed out that the ordinal 
number of a sequence of finite sets of in
creasing size 1, 2, 3 and so on is based 
on the repeated.addition of units. There 
is no greatest ordinal number associ
ated with the sequence of finite sets, 
but just as it is possible to define 71' as the 
limit of a sequence of rational numbers 
without supposing 71' is itself a rational 
number, so, Cantor believed, it is proper 
to define a new, transfinite ordinal num
ber w as the first number following 
the entire sequence of ordinary ordinal 
numbers 1, 2, 3 and so on. Once w is 
defined it is possible through the re
peated addition of units to generate 
additional transfinite ordinal numbers, 
w + 1, w + 2, w + 3 and so on. Because 
there is no largest element for this se
quence either, one could imagine an
other ordinal number w + w, or 2w, as 
the first ordinal following the seq uence 
w + 1, w + 2, w + 3 and so on. By alter
nately repeating these two principles of 
generation Cantor was able to define a 

PROBABILITY OF RANDOMLY SELECTING a point that represents a rational number 
from the continuum of real numbers illustrates how the set of rational numbers compares in 
size with the set of real numbers. The probability is the ratio of the number of rational-valued, 
or rational, points to the total number of points along some interval. Here the interval between 
o and 1 is represented by the circumference of a wheel of fortune. (On the wheel 0 and 1 are 
identified.) It is assumed that by spinning the wheel and allowing it to stop any point on the 
wheel can be selected. at random. The points representing the rational numbers are infinitely 
dense, in the sense that along any arc between two rational points on the circumference, no 
matter how short, there must be an infinite number of rational points. A few such points are 
marked. Nevertheless, the set of all the points along the circumference is infinitely larger than 
the set of rational points; the probability that the wheel stops at a rational point is zero. More 
precisely, the probability is smaller than any positive quantity that can be specified in advance. 
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hierarchy of progressively greater trans
finite ordinal numbers [see illustration 
on page 130]. 

How does one distinguish between, 
say, the ordinal number w and the ordi
nal number w + I? The difference is de
termined by the order of the elements 
within the sets to which w and w + I 
correspond. For example, the set of nat
ural numbers in its familiar sequence 
(1, 2, 3, ... ) has the ordinal number w, 
which represents the entire seq uence of 
natural numbers in its usual order. The 
set of all the natural numbers in the rear
ranged sequence (2, 3, 4, ... , 1), how
ever, or the set of all natural numbers in 
the sequence (10, 30, 40, ... , 20) has the 
ordinal number w + 1. In other words, 
the distinction depends on the consecu
tive order of the elements in the se
q uence and on the placement of the infi
nitely long gap, represented by the ellip
sis; if one number is displaced to the end 
of the sequence, the ordinal number of 
the new seq uence is w + 1. The se
quence (2, 4, 6, ... , 1, 3, 5, ... ) has two 
infinite gaps, and its ordinal number is 
w + w, or 2w. Note that all the sets have 
the same number of elements, that is, 
their elements can always be placed in a 
one-to-one correspondence with each 
other and with the positive whole num
bers. Hence their cardinal numbers are 
the same even though their ordinal num
bers are quite different. 

Once the transfinite ordinal num. 
bers were defined Cantor proceed

ed to describe their arithmetic proper
ties. An important distinction between 
the transfinite and the ordinary num
bers had to be made with respect to the 
commutative property of addition and 
mUltiplication. For two ordinary num
bers A and B the commutative property 
expresses the fact that A + B is equal to 
B + A and A X B is equal to B X A. 
When addition or mUltiplication are de
fined to include the transfinite numbers, 
however, the commutative property 
cannot be assured. For example, w + 2, 
which represents the sequence (J, 2, 
3, ... , 1, 2), is not equal to 2 + w, which 
represents the seq uence (1, 2, 1, 2, 3, ... ). 

Although the difference between ordi
nal number and cardinal number is in
distinct for finite sets, it helped to ex
plain how the application of the concept 
of number to an infinite set could lead 
to confusion and paradox. Because the 
concepts of ordinal and cardinal num
ber are fundamentally distinct for infi
nite sets, any argument that discusses 
the number associated with an infinite 
set without making the distinction is 
subject to ambiguity. Thus it is illegiti
mate to extend the seemingly unambig
uous properties of finite sets to infinite 
sets, as Galileo and others had done. 

In spite of the results achieved by Can
tor in the 1880's there remained a seri
ous lacuna. The question of the card i-
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nal number (or power, in Cantor's early 
terminology) of the continuum of real 
numbers was still unanswered. Remem
ber that in his paper of 1883 Cantor had 
defined the sequence of transfinite ordi
nal numbers according to two principles 
of generation. In order to introduce nat
ural divisions in the sequence he had 
added a third principle. Consider the set 
of all finite whole numbers, which Can
tor called the first number class. Its pow
er or cardinal number is greater than the 
power associated with any element in 
the set.. Similarly, he noted, one could 
also consider the set of all the transfinite 
ordinal numbers corresponding to denu
merably infinite sets, or:in other words' 
sets whose power is the same as the pow
er of the set of all whole numbers. Can
tor called this set of transfinite ordinal 
numbers the second number class. It 
turns out that the power of the second 
number class is greater than the power 
associated with any of the transfinite or
dinal numbers that make up the set. In 
short, the second number class is a non
denumerable set. Although Cantor was 
never able to prove it, he was convinced 
that the power of the second number 
class is equivalent to the power of the 
continuum of real numbers. 

The conjecture has come to be known 
as Cantor's continuum hypothe.sis·, and 
it has' never been proved. 'In 1963 Paul J. 
Cohen of Stanford University, building 
on the work of Kurt Godel of the Insti
tute for Advanced Study, showed that 
although the continuum hypothesis is 
consistent with the axioms of a standard 
version of set theory, it is also indepen
dent of them. In fact, the continuum hy
pothesis plays the role for set theory that 
Euclid's parallel postulate plays for ge
ometry. Different versions of set theo
ry can be constructed by assuming the 
truth or. falsity of the continuum hy
pothesis, just as Euclidean or non-Eu
clidean,geometry can be constructed by 
assuming the truth or falsity of the par
allel postulate [see "Non-Cimtorian Set 
Theory, " by Paul J. Cohen and Reuben 
Hersh; SCIENTIFIC AMERICAN, Decem
ber, 1967]. 

Cantor's unsuccessful efforts to prove 
the continuum hypothesis caused him 
considerable stress and anxiety. Early in 
1884 he thought he had found a proof, 
but a few days later he reversed himself 
completely and thought he could dis
prove the hypothesis. Finally he real
ized he had made no progress at all. 
Throughout the period he had to endure 
mounting opposition and threats from 
Kronecker, who said he was preparing 
an article that would show "the results 
of modernfunction·theory and set theo
ry are of no real significance. " 

Soon thereafter, in May, 1884, Cantor 
had the first of his serious nervous 
breakdowns. Although frustration over 
his lack of progress on the continuum' 
hypothesis or stress from Kronecker's 
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POINTS IN THE PLANE can be matched one for one with the points on the line. Each point 
in the plane is represented by a pair of infinite decimalS, and the infinite decimals are broken 
up into groups. Every digit except O· in the decimal expansions begins a new group. The groups 
are then combined by alternating them into a single infinite decimal, which represents a point 
on the line. The entire procedure can also be reversed. A similar proof shows that the num
ber of points in any finite-dim.ensional space is equivalent to the number of points on the line. 

attack may· have' helped to trigger the 
breakdown, it now seems clear that such 
events had little to do with its underlying 
cause. The illness took over with star
tling speed and lasted for somewhat 
more than a month. At the time only the 
manic phase of manic-depressive psy
chosis was recognized as a symptom; 
when Cantor "recovered" at the end of 
June, 1884, and entered the depressive 
phase, he complained that he lacked the 
energy and interest to return to rigorous 
mathematical thinking. He was content 
to take· care of trifling administrative 
matters at the university and felt capa
ble of little more. 

Although Cantor eventually returned 
I\. to mathematics, he also became in
creasingly absorbed in other interests. 
He undertook a study of English history 
and literature and became engrossed in 
a scholarly diversion that was taken 
with remarkable seriousness by many 

people at the time: the supposition that 
Francis Bacon was the author of Shake
speare's plays. Cantor also tried his 
hand without success at teaching philos
ophy instead of mathematics, and he be
gan to correspond with several theolo
gians who had taken an interest in the 
philosophical implications of his theo
ries about the infinite. The correspon
dence was of special significance to Can
tor because he was convinced that the 
transfinite numbers had come to him as 
a message from God. He was anxious' 
that his views be carefully studied by 
theologians, so that his mathematical 
concept"of the infinite could be recon
ciled with church doctrine. 

More important, Cantor was instru
mental in creating a professional society 
for the promotion of mathematics in 
Germany, the Deutsche Mathematiker
Vereinigung. He believed his own career 
had been greatly damaged by the pr,e
mature and prejudiced rejection of his 

129 © 1983 SCIENTIFIC AMERICAN, INC



1 ---> { 1 }  
2 ---> 1 ,  2 } 
3 ---> 1 ,  2, 3} 

w ---> { 1 ,  2, 3, . . .  } 
1 1  1 

{ 2, 4, 6 , ... } 
w + 1 ---> { 2, 3, 4, . . .  , 1 }  

1 1  1 1 
{ 1 ,  3, 4, ... , 2} 

w + 2 ---> { 3, 4, 5, . . .  , 1 ,  2 } 
1 1 1 1 1  

• { 1 , 4 ,  5, . . .  , 2 ,  3} 

w + w = 2 w  ---> { 1 , 3 , 5 , 7, ... , 2 , 4 , 6 , 8 , . . .  } 

2w + 1 
2w + 2 

2w + w  = 3w 

w . x w = w2 
w2 + 1 

w2 + W 
w2 + w + 1 

1 1 1 1  1 1 1 1  
{ 1 ,  2, 5 ,  6 ,  . . .  , 3 , 4,  7, 8,  . . .  } 

w2 + w . + w = w2 + 2w 

w2 + w X w = 2w2 
2w2 + 1 

. a wn + bw n- 1  + . . .  + Z 
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work by the mathematics establishment, 
and he hoped the independent organi
zation would give younger mathemati
cians encouragement and a fair hearing 
for new and perhaps radical ideas. 

There was one last element of transfi
nite set theory with which Cantor had to 
come to terms, namely the nature and 
status of the transfinite cardinal num
bers. The evolution of his thinking on 
the subject is curious, because the trans
finite cardinal numbers were the last 
part of his theory to be given either rig
orous definition or a special symbol. In
deed, it is difficult in the clarity of hind
sight to reconstruct the obscurity within 
which Cantor must have been groping, 
and I have discussed his work up to now 
as if he had already recognized that the 
power of an ·infinite set could be under
stood as a cardinal number. In fact, al
though Cantor already understood it is 
the power of a set that establishes its 
equivalence (or lack thereof) with any 
other set, he initially avoided any sug
gestion that the power of an infinite set 
could be interpreted as a number. 

He began to equate the two concepts 
in ' September, 1883; still, however, no 
symbol was provided for distinguishing 
one transfinite cardinal number from 
another. Since he had already adopted 
the symbol w to designate the least 
transfinite ordinal number, it is clear 
that the ordinal numbers were much 
more important than the cardinals for 
the early conceptual development of 
Cantorian set theory. When Cantor fi
nally introduced a symbol for the first 
transfinite cardinal number, it was bor
rowed from the symbols already in serv
ice for the transfinite ordinals; the first 
transfinite cardinal was written w. 

Cantor did not settle ·on the alephs as 
symbols until 1893. By then the Italian 
mathematician Giuli6 Vivanti was pre
paring a general account of set theory, 
and Cantor realized it was time to adopt 
a standard notation. He chose the alephs 
for the transfinite cardinals because he 
thought the familiar Greek and Roman 
alphabets were already too widely em
ployed in mathematics for other purpos
es. His new numbers deserved some
thing distinct and unique. Thus he chose 
the letter N , which was reiidily available 
in the type fonts of German printers. 

The choice was particularly clever, as 
Cantor was pleased to admit, because 
the Hebrew aleph was also a symbol for 
the number 1. Since the transfinite cardi
nal numbers were themselves infinite 
unities, the aleph could be taken to rep
resent a new beginning for mathematics. 
Cantor designated the cardinal number 
of the first number class No (aleph-null), 
the number he had previously called w; 
the cardinal number of the second num
ber class was designated N ] (aleph-one). 

Cantor made his last major contribu
�ions to set theory in a pair of arti

cles published in 1895 and 1897. He had 
proved in a paper delivered before the 
first meeting of the Deutsche Mathema
tiker-Vereinigung in 1891 that the cardi
nal number of any set is always smaller 
than the cardinal number of the set of all 
its subsets. (A version of the proof is 
given in the illustration on the opposite 
page.) A few years later he derived a 
corollary to this result: the cardinal 
number of the continuum is equal to a 
cardinal number Cantor designated 2N u. 
He hoped this result would soon lead to 
a solution of the continuum hypothesis, 
because the hypothesis could now be 
stated in clear algebraic form: 2 No = N [ .  

The arguments I n  Cantor's proof 
about the cardinal number of the set 
of subsets, however, led to far differ
ent conclusions. The most important of 
them was reached by Bertrand Russell 
in 1903; Russell showed that a paradox 
can be derived in set theory by consider
ing all sets that do not include them
selves as members. Russell's paradox 
suggested there was something funda
mentally wrong with Cantor's definition 
of a set, and the conseq uences of this 
realization have become an important 
problem in 20th-'century mathematical 
logic. Nevertheless, such developments 
have not overturned any of Cantor's 
major results in transfinite arithmetic. 

Unfortunately by 1903 Cantor was 
suffering attacks of manic depression 
with increasing frequency, and no evi
dence has been found to suggest he ever 
became aware of Russell's result. In 
lact, illness prompted Cantor to apply 
for a leave of absence from the Univer
sity of Halle during the fall term of 
1899, and the request was granted. In 

TRANSFINITE ORDINAL NUMBERS are identified by their order or position in a list. The 
list is generated according to two principles. First, each new transfinite ordinal is derived from 
the immediately preceding one by adding one unit, just as if one were "counting" beyond the 
transfinite ordinal w that is associated with the set of whole numbers arranged in their natnral 
order. Second, whenever a succession of transfinite ordinals exists for which there is no largest 
number, a new transfinite ordinal is defined as the next number larger than all the others. Such 
new numbers are listed immediately 'after a vertical mark of ellipsis; for example, 2w is the 
next transfinite ordinal number larger than all the numbers w, w + 1, w + 2 and so on. It is . the 
placement of the infinite gaps (horizontal marks of ellipsis) within the sets to which the ordinal 
nnmbers correspond that distinguishes the transfinite ordinals from one another. Thus in the 
diagram two examples of sets are given that correspond to the ordinal numbers w, w + 1, w + 2 
and 2w. Every infinite set represented by an ordinal number in the list, however, has the same 
cardinal number, namely N o, or in other words every set includes the same number of elements. 
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November of the same year he notified 
the German M inistry of Culture that 
he wanted to give up his professorship 
completely. As long as his salary was 
not reduced he would be content with a 
modest position in a library. Among his 
qualifications he emphasized his pub
lications on the Shakespeare question, 
and he concluded with the extraordi
nary request that the Ministry issue its 
reply within the next two days. If he 
were offered no alternative to teaching, 
he wrote, then as a person born in Russia 
he would seek to enter the service of the 
Russian diplomatic corps. 

Nothing seems to have come of Can
tor's request, and he did not enter the 
service of Emperor Nicholas II. Never
theless, the entire episode fits the earlier 
pattern of his behavior in 1 8 84, when 
he had seriously considered giving up 
mathematics for philosophy after his 
first major breakdown. Similarly, he was 
hospitalized for manic depression late in 
1 899, again in the winter terms of 1 902 
and 1 903 and thereafter for increasingly 
long and frequent periods. He died of 
heart failure on January 6, 1 9 1 8, in the 
Halle N ervenklinik. 

There is an important connection be
tween Cantor's mental illness and 

his mathematics. Certain documents 
suggest that on occasion the illness af
forded him periodic respite from daily 
affairs, during which he was still able to 
pursue his mathematical ideas in the sol
itude of the hospital or quietly at home. 
The illness may also have supported his 
belief that the transfinite numbers had 
been communicated to him from God. 
Following a long period of hospitaliza
tion in 1 908, he wrote to a friend in Got
tingen, the British mathematician Grace 
Chisholm Young. As he described it, his 
manic depression took on a striking
ly generative quality: "A peculiar fate, 
which thank goodness has in no way 
broken me, but in fact has made me 
stronger inwardly, happier and more 
expectantly joyful than I have been 
in a couple of years, has kept me far 
from home-I can also say far from 
the world. . . .  In my lengthy isolation 
neither mathematics nor in particular 
the theory of transfinite numbers has 
slept or lain fallow in me." 

Elsewhere Cantor described his con
viction about the truth of his theory 
in quasi-religious terms: "My theory 
stands as firm as a rock; every arrow 
directed against it will return quickly to 
its archer. How do I know this? Because 
I have studied it from all sides for many 
years, because I have examined all 
objections that have ever been made 
against the infinite numbers and above 
all because I have followed its roots, so 
to speak, to the first infallible cause of 
all created things." 

Later generations might dismiss the 
philosophy, look askance at the abun-

dant references to St. Thomas or to the 
church fathers, overlook the metaphysi
cal pronouncements and miss entirely 
the deeply religious roots of Cantor's 
later faith in the absolute truth of his 
theory. But all these commitments con
tributed to his resolve not to abandon 
the transfinite numbers. Opposition 

seems to have strengthened his deter
mination. His forbearance, as much as 
anything else he might have contribut
ed, ensured that set theory would sur
vive the early years of doubt and denun
ciation to flourish eventually as a vigor
ous, revolutionary force in the scientific 
thought of the 20th century. 
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FOR EXAMPLE. 

• IS A MEMBER OF f ( • ) BECAUSE f( • ) = r • I 

• IS NOT A MEMBER OF f( . ) BECAUSE f( • ) = { • • } 
• IS A MEMBER OF f ( • ) BECAUSE f( . ) = { • • • } 

HENCE S = { • I ;  NOTE THAT S IS A MEMBER OF N 

INFINITE SEQUENCE OF SETS, each set larger than the one before it in the sequence, can 
be constructed by considering the set of all the subsets of any given set. An ingenious variation 
of Cantor's method of diagonalization can be employed to show that, by assuming a one-to
one correspondence / between any set M and the set of all its subsets N, it is possible to con
struct a subset S that is not included in the one-to-one correspondence, whatever / may be. In 
order to understand the construction consider the finite set M that includes a red, a blue and a 
green disk. The set has eight subsets (including the empty set <1>, which contains no elements). 
Let S be defined as the set of all the elements m of M that are not members of the subset/(m) to 
which m corresponds. For the example in the illustration S includes only the blue disk. Because 
S is a subset of M and because / is assumed to 'be a one-to-one correspondence, there must be 
soine element a of M to which S corresponds, or in other words for which/(a) is identical with 
S. Either a is a member of S or it is not. If a is a member of S, it must also be a member of /(a), 
since/(a) is equal to S; on the other hand, if a is a member of S, it cannot be a member of/(a) be
cause of the way S is defined. Hence a cannot be a member of S. Again, however, by the defini
tion of S, if a is not a member of S, a must be a member of/(a), and since/(a) is equal to S, a must 
also be a member of S. No matter what the status of a is, therefore, the supposition that the set 
M can be paired one for ()De with the set of all its subsets leads to a contradiction, and so the sup
position must be abandoned. In the same way it is proved that even if a set is infinite, the set of 
all its subsets is larger than the original set. An infinite sequence of progressively larger infi
nite sets can be constructed by forming the set N of all the subsets of any infinite set M, then 
forming the set P of all the subsets of N and so on. There is no largest set in the sequence. 
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The Slide Fastener 
Otherwise known as the zipper, it took hold, so to speak, some 
60 years ago. It is the creation of a host ofinventors going back 
to Elias Howe of the sewing machine, and the end is not in sight 

The slide fastener, perhaps more 
widely known as the zipper, ap
pears on objects ranging from 

suitcases to trousers and dresses, and it 
would be unusual for anyone in a West
ern society to get through the day with
out encountering one. Yet this common 
and usually reliable mechanism goes re
markably uncelebrated. Out of curiosity 
I looked in seven leading encyclopedias, 
five published in the U.S., one in Britain 
and one in Germany. Some of them' 
have in their latest edition an entry of a 
few lines on the subject; none has what 
could be called a full-scale article. The 
origin and development of the slide 
fastener are matters few people know 
about, even in the companies that make 
it. Having been associated with the in
dustry for many years, partly as an in
ventor of machinery for making zippers 
and partly as a consulting engineer for 
manufacturers, I am moved to put for
ward an account of this simple and ubiq
uitous device. 

In 1943 Frank B. Jewett, chairman 
of the Bell Telephone Laboratories and 
president of the National Academy of 
Sciences, gave an address at New York 
University titled "The Promise of Tech
nology." Remarking that "the real cre
ative ideas" originate with individuals 
and that no one can foretell what the 
ideas will be or where they may arise, 
he said: "As an example of how impos
sible it is, even with simple things, 
to forecast the future, I have often 
thought of how infinitesimally small 
would have been the chance of any 
man or group of men, except the one 
who actually had the idea, planning to 
invent the common zipper." 

The one who actually had the idea 
was Elias Howe, who is much better 
known for his contribution to the inven
tion of the sewing machine. In 1851 he 
received a U.S. patent for an automatic, 
continuous clothing closure. Describing 
it in the patent, he wrote: "My invention 
consists of a series of clasps united by a 
connecting cord running or sliding upon 
ribs." Howe's device anticipated many 
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by Lewis Weiner 

of the features of the modern slide fas
tener, but for reasons that are not clear 
he never put it on the market. 

Hence the man who usually gets cred
it for inventing the zipper is Whitcomb 
L. Judson, who in 1893 received two 
U.S. patents for an automatic closing 
device actuated by a slide mechanism. 
Whether Judson had a limited vision of 
the applications that might be found for 
his fastener or simply wanted to state a 
specific application for the purpose of 
obtaining the patent is not known, but 
his title for the first patent was "Clasp 
Locker or Unlocker for Shoes." The fas
teners differed from the modern zipper 
mainly in that their movement was per
pendicular to the opening that was to be 
closed, like the buckles on the galoshes 
made before zippers were put on them. 
Judson's scheme consisted of a series of 
separate clasps, each of which consisted 
in turn of two interlocking parts, one 
attached to each side of the opening that 
was to be closed. They could be fastened 
by hand, but Judson also provided for 
a sliding device to close and open them 
in sequence. 

In 1894 Judson and Lewis A. Walk
er organized the Universal Fastener 

Company to exploit the Judson patents. 
Walker was a lawyer who had a flair for 
corporate organization. The company 
began promoting one form of fastener 
under the name Universal in 1896. Sales 
were poor, partly because the fasten
ers had a tendency to pop open under 
stress and partly because they were rath
er sharp and sometimes tore fabrics that 
came in contact with them. 

In: 1904 the company was reorganized 
as the Automatic Hook and Eye Com
pany and offered an improved fastener 
under the name C-Curity. (An advertis
ing slogan was "A Pull and It's Done.") 
The company had the advantage of a 
machine Judson had patented in 1902 
to make the fasteners, which previous
ly had been made by hand. It had the 
further advantage in 1906 of employ
ing Gideon Sundback, an engineer who 

over a period of years greatly improved 
the fastener. 

Simultaneously other inventors were 
also improving it. In 1911 Catharina 
Kuhn-Moos and her partner Henri Fos
ter received a Swiss patent showing a 
device closely resembling a modern me
tallic zipper in that it had no hooks. 
It appears these inventors were too far 
ahead of their time; their fastener was 
not a commercial success. In 1913 P. A. 
Aronson, the superintendent of Auto
matic Hook and Eye, was awarded a 
patent that shows the principle of the 
modern separating zipper: a fastener 
that opens at both ends. 

Sales continued to be poor, however, 
and the company verged on bankrupt
cy. It survived by taking on work other 
than fasteners. Then in 1917 Sundback 
received a patent on a metallic fastener 
that had all the features of the modern 
metallic zipper. In an interview he said: 
"The great need was to eliminate the 
hooks." The invention was so impor
tant to the company that it changed its 
name to the Hookless Fastener Compa
ny. Walker raised more capital and rein
corporated the business with himself as 
president, a position he held until his 
death in 1938. 

Gradually business improved. The 
first item to be manufactured in quantity 
with a slide fastener was a money belt 
developed in 1917 by a tailor in New 
York; it was popular among sailors in 
World War I. Most of the 24,000 fasten
ers the company sold that year were for 
such belts. In 1918 the fasteners were 
incorporated in some 10,000 flying suits 
made for the Navy. 

Soon after the war the introduction 
of slide fasteners on gloves and tobac
co pouches helped to make the device 
familiar to civilian consumers. Proba
bly the biggest impetus, however, came 
from the introduction of slide fasteners 
on galoshes in 1923 by the B. F. Good
rich Company, which also originated 
the name zipper and registered it as a 
trademark for the Goodrich line of rub
ber footwear. 
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Expansion was now rapid. Hookless 
Fastener, which was the sole maker of 
slide fasteners in the U.S. from 1917 to 
1926, saw its sales rise from 24,000 in 
1917 to more than 60 million in 1934. 
By that time the company had changed 
the name of its fasteners to Talon, and in 

1937 it also changed its corporate name 
to Talon, Inc. The U.S. production of 
zippers peaked at about 2.3 billion some 
10 years ago; it has declined since then 
as a result of competition from abroad 
and stood at less than 1.8 billion in 1981. 

zipper are the teeth, the tape, the "hard
ware" and the slider. The teeth are the 
individual units, arrayed on a piece of 
tape. The tape fitted with teeth is called 
a stringer. Two stringers joined side by 
side make up a chain. The hardware 
consists of parts that prevent the slider The basic components of a metallic 

OPEN-TOP ZIPPER 

SLIDER ________ 

SCOOP 

BOTTOM 
STOP --------.r--'====l... 

TAPE 
EXTENSION 

COMPONENTS OF A ZIPPER are portrayed for an open type of 
the kind put on trousers and for a separating type such as is needed 
on a jacket. The teeth are sometimes called scoops because a metal 
tooth in profile resembles a scoop. The fabric tape serves not only 

a b 

OPERATION OF ZIPPER is shown with the front of the slider re
moved. In a zipper with metal teeth (a) each tooth has a dome or ball 
on the top of one end and a pocket on the bottom. As the slider is 

raised its neck positions the teeth at the appropriate angle and dis-

TOP VIEW 

SEPARATING D.....L.-l 
ZIPPER � 

.________BOX 

a 
a 
a 

SIDE VIEW 

REINFORCED 
TAPE 

TOP PLATE 
REMOVED 

to hold the teeth in position but also as the means of sewing the zip
per to a garment, a step further served by the tape extension. A tape 
fitted with teeth or spirals is termed a stringer. Two stringers joined 
are a chain. A chain provided with a slider and stops is a zipper. 

c 

tance for the ball of one tooth to fit into the pocket of the opposite 
tooth; the flanges push the teeth together. In opening a zipper the neck 
pushes the teeth apart. Plastic spirals or teeth (b, c) are made in many 
different shapes, but the opening and closing principle is the same. 
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CUTOFF PUNCH 

\ 

PRE FORMED 
WIRE 

t 

t 
I 
I 
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I 

BEADED TAPE 

TAPE SLIDE 
< > 

I 
I 
I 

TURNTABLE 

METAL STRINGER is made in several ways, one of which is de
picted here. The process begins with wire that has been preformed 
into a Y profile (left). As the wire is moved upward in the machine 
a cutoff punch slices off what will become individual teeth. A sliced 
piece is pushed into a heading die that is rotating clockwise. There 

HEADING PUNCH-

a pocket punch forms the ball and pocket. After two 90-degree turns 
of the die the piece reaches the tape, which is pushed between the 
legs of the Y. The legs are clamped on the beaded tape by the clinch
er and then the tape advances. The bead, which does not appear on 
all tapes, provides more material for the legs of the tooth to grip. 

BEADED TAPE 

1 
BLANKING AND __ 

TRIMMING PUNCH 

POC KET PUNCH_ 
( S TATIONARY) 

P RE S SURE 
PAD 

TRIMMING 
DIE ________ BLANKING DIE 

ALTERNATIVE PROCESS for making metal zippers operates on 
a strip of flat wire. The strip is fed into the machine by rollers. A 
heading punch works against a stationary pocket punch to form the 
ball and pocket. Then a blanking punch cuts off notches to form 
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-CLINCHER 

the basic Y and at the same time cuts off the front tooth. Even before 
the front scoop is fully off the strip the clinchers bend the legs of 
the scoop around the cord of the tape. Then the stringer advances 
into the next position. The machine can make 50 scoops per second. 
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from slipping out. The chain is closed 
and opened by the slider. 

If 'you look closely at a zipper tooth 
made of metal, you will see a tiny dome 
on the top of the outer end and a corre
sponding pocket on the bottom, Togeth
er they give the unit something of the 
configuration of a scoop, which is what 
a zipper tooth is often called. The dome 
or ball of a scoop fits into the pocket 
of the corresponding scoop on the op
posite side of the chain; this geometry 
along the length of the chain is what 
holds the two stringers together when' 
the zipper is closed, 

If you now look closely at a slider, you 
will see that its left and right sides form a 
flange. If you are able to peer inside the 
slider at the top, you will see a solid 
shape in the form of a V; it is called the 
neck. As you close a zipper the inner V 
and the flanges acting together move the 
scoops of opposing stringers far enough 
apart so that they are separated and held 
at an angle allowing the end of each 
scoop to slip in between two scoops on 
the opposite side. The flanges of the slid
er as it moves upward then push the 
two stringers together, scoop by scoop, 
When you open a zipper, the flanges 
hold the scoops at the angle that allows 
opposing scoops to slip apart, and the 
descending V separates them. 

At one time zippers were made only 
of metal. After World War II the im
provement of polymers and of methods 
for forming them ,gave rise to a vari
ety of plastic zippers: spirals, coils, lad
ders and other configurations. In some 
of them the opposing spirals are held to
gether by geometries that differ from the 
ball-and�pocket one, but the principle 
whereby the slider opens and closes the 
two sides of the chain is much the same, 

Slide fasteners are made in various 
ways because certain types serve better 
than others in a specific application. For 
example, the zipper on a dress must be 
pliable and not likely to irritate the skin, 
and a plastic zipper in which the string
ers consist of fine spirals seems to be the 
best choice. On the other hand, a zip
per on heavy luggage must be strong 
in order to withstand substantial loads. 
A large zipper with metallic scoops or 
plastic coils or teeth is the best. 

The size of a chain is identified by a 
measurement across the joined .scoops 
or spirals. The numbers for metallic 
chains range from 2 (,135 inch) to 7 (.35 
inch). For plastic chains the numbers 
range from 3 to 9, which correspond 
roughly to millimeters. 

Azipper chain is made in one continu
ous length and is later cut up into 

individual zippers, to each of which are 
added a slider and appropriate stops to 
limit the travel of the slider according to 
the type of zipper. A separating zipper, 
as on a warm-up jacket, has a stop at the 
top of each stringer and a box and pin at 

the bottom. An open-top zipper, as on a 
pair of trousers, has a single stop at the 
bottom of the chain and a stop at the top 
of each stringer. 

Let us consider the manufacture of . 
zippers in two categories, according to 
whether the fastening element is made 

HEATER 

UPPER ROTATING 
PLATE 

• 

of metal or of plastic. I shall describe 
three methods of making a metallic 
chain. In each case a fully automatic 
machine does .the�ob, and one operator 
can lend several machines. Essentially 
what happens in the first two methods is 
that individual scoops are made in rapid 

COlLER USING ONE ROUND WIRE makes a modified spiral for a plastic stringer from 
polyester or nylon wire. Two joined spirals are sewn simultaneonsly on two tapes. Here one 
sees the npper part of the process, beginning where the plastic wire emerges from the dispenser 
and is wound aronnd a tapered mandrel by the action of a rotating plate. At the same time a 
cord is pulled up through the center of the spiral; it helps to secure the spiral to the tape. As the 
spiral advances up the mandrel it is notched from the side;· the notches also help to secnre the 
spiral to the tape. Two heated screws, rotating in opposite directions, seize the plastic and 
stretch it so that the front part becomes horizontal and properly spaced. The front of the spiral 
is compressed to make the head. The spiral is heated for a period of time at a set temperature 
and is then quickly cooled so that it will maintain the desired shape. This is the process called 
thermosetting. Left-hand and right-hand nnits work side by side to make matching stringers. 
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succession and clampf.d onto an unroll
ing ribbon of fabric tape. The edge of 
the tape is beaded so that the legs. of the 
scoop grip firmly. 

The first process begins with a round 
wire made of brass, aluminum or a nick
el-silver alloy. The wire goes through 
several passes in a rolling mill that 
form it into a Y profile, so that as it is 
later sliced like a loaf of bread a series 
of individual y's is produced. Each of 
them becomes a scoop; the branches 
of the Yare the legs that clamp to the 
beaded tape. 

As the profiled wire is fed into the 
zipper machine a cutting punch slices a 
blank Yand pushes it into a heading die, 
one of four dies on a turntable. A pocket 
punch descends on the Yand forms the 
ball and pocket. After two 90-degree ro
tations of the. turntable, during each of 
which a blank is added to another die, 
the blank reaches the beaded tape. The 
beaded edge of the tape is pushed into 
the scoop, and clinchers close the legs 
of the scoop around the bead. The' tape 
is then raised by approximately twice 

PLASTIC WIRE 

the thickness of the scoop pI us about 10 
percent, a distance calculated to make 
room for the next scoop and also for the 
companion scoop from the other side 
that will slip between them when the zip
per is closed. 

This method of making a metal zipper 
chain is some 60 years old. Indeed, the 
machine is a direct descendant of the 
first automatic chain-making machine, 
which was invented by Sundback in 
1923. Byfore that time the general meth
od of making zippers was to stamp out 
scoops individually. The scoops were 
tumbled to eliminate sharp edges, plated 
and inserted manually into a fixture. 
When the fixture was filled, a corded 
tape was threaded through the legs of 
the scoops. The legs were then closed 
on the tape by a power press. Later the 
manual procedure was mechanized, but 
the process was still slow and unreliable. 
Moreover, it was wasteful: the stamp
ing of the scoops left some 40 percent 
scrap. Sundback's automatic chain-mak
ing machine left no scrap, and it was a 
tremendous success. Round-wire proc-

TAPERED 
MANDREL 

MANDREL 
------::- H 0 L D E R 

- \ DISKS POSITIONING 
.�MANDREL ASSEMBLY 

� 
II 

COlLER FOR TWO WIRES winds them on one mandrel:This double-wire coiler operates on 
plastic wire that is profiled rather than round. The wires are wound in opposite. directions on a 
tapered mandrel. Adter the plastic coil is removed from.the mandrel and thermoset on. another 
wheel it is wov.en, each"coil separately, into .the stringer. The method is sparing. of _material. 
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esses, however, are relatively slow and 
therefore not much used today. 

In the second process, which is traced 
back to a patent received in 1940 by 
Frederick Ulrich of the Conmar Prod
ucts Corporation, the machine works 
not on a round wire but on a flattened 
strip of wire. Two rollers feed the wire 
into the machine, where a heading 
punch works against a stationary pocket 
punch to form the head and pocket on 
what will become the individual tooth 
of the stringer. Next a blanking punch 
cuts off notches on both sides of the wire 

·and at the same time cuts the front 
scoop from -the flattened wire. Before 
the blank is fully cut its legs are bent 
around the bead of the tape. A well
designed machine of this kind operates 
at a rate of about 50 scoops per second. 

In the third process, which originated 
with a patent received in 1932 by Gus
tav Johnson, the teeth are not stamped 
but are cast directly on the tape. The 
tape moves through an open two-part 
mold, which has a series of cavities cor
responding to the teeth. When the mold 
is closed, molten zinc is injected into 
it under pressure. The mold is water
cooled, and when the molten metal so
lidifies, the mold opens. The tape with 
the teeth moves .into the next position 
and the dross is cut off. 

Once a metallic stringer has been 
made.by any of these three processes it 
is put through certain finishing oper
ations. Two stringers are joined into a 
continuous chain -by a closing fixture 
that resem bles the slider on a standard 
zipper. The closed chain passes through 
rollers that 'press it to the proper thick
ness, and then it goes through a series of 
wire .brushes that remove sharp edges. 
The next station is a tank of starch. 

_ Emerging from that, the chain is wrung 
out by sq ueezing rollers and passed over 
hot drying cans. The purpose of this op
eration is to make the tape flat. Finally 
the scoops receive an application of hot 

- wax, �"Which makes the slider operate 
. smoothly when the zipper is new. (When 

the zipper has been broken in,. the. slid
er will operate smoothly without wax.) 
The continuous finished chain is rolled 
onto a spool and is ready to be assem
bled into a zipper. 

The plastic zipper of today made its 
firs!uilppearance in Germany after 

World War II. The German zipper man
ufacturers had lost factories and eq uip
ment during the w.ar, and what'had sur
vived was antiquated. Faced with the 
prospect of having to rebuild their in
d ustry, the Germans decided.to develop 
plastic zippers. 

The pioneering company was the 
West German firm Opti-Werk GMBH. 
As always, however, the'development of 
such zippers was the work of many in
ventors. Among them' were two Ameri-
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Now Available ... a comprehensive journal for investors 
or anyone interested in high technology soo 
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What is the Guide? 
The Investor's Guide is a new, quarterly journal of 
information, corporate profiles, investment 
newsletters, and general overviews of high tech
nology developments. Each issue reports on a 
variety of established. emerging. and embryonic 
public corporations. 

All material is presented in a sturdy, three-ring 
binder, making it convenient to add or subtract 
information according to each subscriber's 
needs. The June 1983 issue contains 150 pages. 
There are two editions-one for private inves
tors, one for corporations. 

Major Industries Surveyed 
• Aerospace 

Biotechnology/ 
Genetic Engineering 
Chemicals 
Computer Hardware 
Computer Software 
and Services 
Computer Peripherals 
Electronics (General) 
Environmental Control 
Fiber Optics 
Laser Technology 
Materials Science 
Medical Devices 
Pharmaceuticals 
R obotics 
Semiconductors 

• Telecommunications 

Hi-Tech Investment Newsletters 
Each issue of the Guide presents three separate 
newsletters with suggested stocks for different 
Investor types: 

CONSERVATIVE ADVISOR 
Directed to cautious Investors who look for 
established corporations in the high technology 
field with good track records and, in most cases, 
moderate-to-high quarterly dividends. Risk to 
investors is low Long-term purchases are gener
ally recommended. 

MODERATE ADVISOR 
Directed to investors willing to take moderate 
risk in emerging corporations, usually from 2-9 
years old. Long-term purchases are generally 
recommended for investors willing to grow with 
these emerging companies over the years, 
despite the possibility of temporary setbacks. 

SPECULATIVE ADVISOR 
Directed to investors willing to assume higher 
risk in new corporations with little or no records, 
but with potential to bloom (quickly or otherwise) 
into substantial corporations. 

(Investors should be aware that. even though 
the stock market has trended upward since 
1897, there are periods of economic recession 
that depress the value of many stock portfolios. 
New investors are cautioned to read the intro
duCtion in the Guide verv carefully.) 

c.... 100 
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Corporate Profiles 

Each corporation capsulized in the investment 
newsletters is profiled in greater depth, with 
some 20 categories of information, including: 

• Major activities in product or 
service commercialization 
R&D commitments 

• Stock price history 
• Revenues and assets 
• Liabilities 
• Management statements 

Hi-Tech Products & Services 
The first Issue contains a comprehensive listing 
of products and services produced by the corpo
rations monitored by AilS. Subsequent issues 
Will contain glossaries and cross-references. 

News Briefs and Industry Trends 
The Guide prOVides concise reports of the high 
technology field, investment news, and pro
jected growth trends for selected industries. 

Corporate Edition 
In addition to the material presented in the pri
vate investor edition, the corporate edition 
contains information of interest to money man
agers In small, medium, and large corporations 
that hold or are planning to hold stock portfolios. 

Since favorable dividend tax credits exist for cor
porations owning preferred stock (currently 
offering a greater return than bonds and money 
market funds!. the first issue highlights some of 
those stocks paYing attractive diVidends. 

Supplements 
For annual subscrrbers, AilS will publish occa
sional supplements containing updated reports, 
mformation about n'ew offerings, and other topi
cal material. 

197$ 
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DOW-JONES INDUSTRIALS 
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The growth of high technology corporations IS eVI
denced by the chart prepared by the Investment bank
Ing film of Hambrecht & QUISt. whose Index of some 
100 hi-tech stocks greatly outperforms the malar mar
ket Indexes. For the purpose of comparrson, all Indexes 
have been set at 100 as of December 1973. The H&Q 
HI-Tech Index at the end of March 1983 stood at 770.74, 
well over 100 pOints higher than at the close of 1982. 

New Hi-Tech Companies 
Each issue provides a comprehensive listing of 
new issues in high technology filed with the 
Securities and Exchange CommiSSion. 

For New Investors 
For beginning or recent investors, the Guide pro
vides a clearly written introduction to stock 
market investing, which includes an explanation 
of the stock market exchanges, discount and 
regular brokerage services, terms and abbreVia
tions, stock price-watch charts, and other useful 
information. 

AilS 
The GUide is published by American Investor 
Information Services Inc , a Pennsylvania corpo
ration registered with the U.S. Securities & 
Exchange Commission under the Investment 
Adviser'S Act of 1940. AilS staff members and 
independent consultants contrrbute information 
to the Publisher who is solely responsible for 
investment suggestions. 

Sources utilized include SEC reports, technology 
and fmancial journals, corporation reports, com
munication with management and specialists, 
and Standard & Poor's reports. Additional data 
are received through computer link-up with the 
Dow Jones News Retrieval Service. 

� -------------------------------------- I American Investor Information Services, Inc. 
1627 Spruce Street, Philadelphia, PA 19103 SAJ 

Subscription Fee Schedules 

For private investors For corporations 
The annual rate is $150.00. A sample issue IJune The annual rate for the corporate edition is 
1983,150 pages) is available for $59.95. Binder $295.00. IAdditional subscriptions to same 
included. Supplements not included in sample address at 50% annual rate.) A sample issue 
Issue. IJune 1983) is available for $100.00. 

Tax-deductible when used as an aid in the man- For 30-day billing. please send order on com-
agement of your investments. pany stationery or purchase order. 

Please enter my subscription to the Investor's Guide. 
D Payment enclosed for one year ($150.00) or for sample issue ($59.95). Make checks 

payable to American Investor Inc. Pa. residents add 6% sales tax. 
D Charge my VISA or MASTERCAR D (circle one): 

Card # __________________ Exp, Date ________ _ 

NAME __________________________________________________ _ 

ADDRESS __________________________________________________ _ 

CITY. STATE, ZIP ____________________________________________ _ 

For more information, write to AilS or call (215) 732-5350 
VISA/MASTERCARD holders, orders only: CALL TOLL FREE-24 Hours, 7 day s a week 

800-257-5858 (In New Jersey, call 609-235-4747) I � -------------------------------------- � 
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FORMING WHEEL--

HEADING AND 
NOTCHING WHEEL 

ROUND PLASTIC WIRE is formed into a ladder (or meander) coil by a pair of wheels. The 
wire dispenser moves intermittently and crosswise to the forming wheel, and the forming wheel 
also moves intermittently so that the wire is laid between the pins. Stationary strippers lift the 
wire from the pins. The second wheel presses the ladder formation into a U on the forming 
wheel, the plastic is thermoset and the heads are formed. Finally the coils are sewn on the tapes. 

WARP YARN -I 
WEFT YARN 

� 

PILOT 
WIRE 

LOOM WEAVING of notched plastic wire into a zipper chain is depicted. Two shuttles hold 
yarn and two hold notched round plastic wire. The pilot wire is attached to the frame of the 
loom, and as the weaving progresses it slips out of the chain. Chain made in this way is of the 
best qnality and is particularly suitable for garments. The operation is slow, because only one 
of the four shuttles works while the other three are waiting, and so the manufacturing cost is 
quite high. Loom weaving is not done in the U.S., but many zippers of this type are imported. 

13 8 

cans. In 1942 Alden W. Hanson received 
a patent on a method of sewing a plastic 
coil on a tape; in 19 51 Nicholas A. Wahl 
received one on a method of winding 
two profiled plastic wires on a single 
mandrel. Thereafter J. R. R uhrman and 
his associates were awarded a German 
patent on a plastic ladder chain. A. Ger
lach and his associates, and indepen
dently the firm William Prym-Werke, 
were awarded patents on a notched plas
tic wire that could be woven into a tape. 
Another important patent was granted 
in 1968 to the Australian inventor E. E. 
Cuckson and hiS associates for a system 
that would continuously cast scoops in 
plastic zippers. A coiler that folds two 
round plastic wires into a thermosetting 
wheel was invented in the U.S. in 1969. 

A plastic stringer has spirals made of 
polyester or nylon formed as a modified 
spiral, a meander or other shapes. In 
most zippers today the plastic spirals are 
sewn or woven on the tape, except in one 
version where the teeth are cast direct
ly on the tape. Both polyester and ny
lon have a melting point above 204 de
grees Celsius (400 degrees Fahrenheit), 
so that a garment with a plastic zipper 
can be safely ironed. 

For the purpose of this discussion I 
shall describe two of the machines that 
make plastic zipper chain. One is the 
machine that winds round plastic wire 
on a mandrel. Its essential parts are the 
stationary tapered mandrel and a sta
tionary cord section, both mounted on 
an offset shaft. (The cord runs vertically 
through the spiral of the stringer; it helps 
to secure the spiral to the tape.) A rotat
ing spool pays out the plastic wire, and 
the cord is pulled from a cone. Other 
important parts are two heated screws, a 
notcher and a head maker. 

The plastic wire comes off the rotating 
spool and passes through two rotating 
plates and into a dispenser, which winds 
it on the mandrel. At the same time the 
cord is pulled through the offset shaft 
and a slot in the mandrel, so that it ends 
up passing through the center of the spi
ral. The cord is not always used. With 
each revolution of the dispenser the spi
(al advances up the mandrel. As it ad
vances it is notched from the side; the 
notches are another means of helping to 
secure the spirals when they are sewn on 
the tape. 

The two heated screws, rotating in 
opposite directions toward the notched 
spiral, seize it and stretch it so that its 
front end is horizontal and properly 
spaced. A stationary bar behind the 
screws holds the spiral in the desired 
position. The screws are heated so that 
they set the thermosetting plastic of the 
spiral. After the stretching the front of 
the spiral is compressed to make the 
heads. At the end of its travel the spi
ral is cooled by a jet of air. Often the 
screws are replaced by gears to stretch 
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Authorized Trek Dealers This is a partial listing of Trek dealers. If there is no dealer in your area, 
caiI800-558-TREK. (In W isconsin call 414-478-2195 .) 

AII�lml 
Auburn/Freewheeler 887 -8117 
Birmingham/Cahaba Cycles 969-0476 

ArizORl 
Phoenix/Happiness House Schwinn Cyclery 995-8474 
Phoenix/Landis Cyclery 264-5681 
Tempe/Landis Cyclery 839-9383 
Tucson/Bicycles Wesl 887-7770 

Cilifomil 
Anaheim/Anaheim Schwinn Cyclery 535:3231 
Berkeley/Missing Link 843-7471 
Bonita/Bonita Schwinn Cyclery 475-7205 
Camarillo/Open Air Bicycles 484-4433 
ClaremonVBud's Bike Shop 626-3285 
Fullerton/Fullerton Bike Shop 879-8310 
Goleta/Open Air Bicycles 967-9669 
Huntington Beach/Two Wheel Transit Authority 536-6940 
Isla Vista/Open Air Bicycles 968-5571 
Laguna Beach/Laguna Beach Cyclery 494-1522 
Los Altos/Bicycle Outfitter 948-8092 
Los Angeles/I. Martin Imports Bicycles 653-6900 
Northridge/Cycle World 349-6900 
Palo AltO/Palo Alto Bikes 32B-7411 
Port Hueneme/Open Air Bicycles 985-5045 
Redwood City/Chain Reaction Bicycles 366-7130 
Sacramento/City Sport Works 332-6453 
San Francisco/Presidio Bicycle Shop 751-3200 
Santa Barbara/Open Air Bicycles 963-3717 
Santa Rosa/The Cycle Path Ltd. 526-7121 
Ventura/Open Air Bicycles 653-1100 

Cololldo 
Aspen/Hub of Aspen 925-7970 
Boulder/High Wheeler 442-5588 
Colorado Springs/Criterium 475-0149 
Denver/Denver Spoke 777-1720 
Denver/Life Cycle 572-B405 
Denver/Turin Bicycles, Ltd. 837-1857 
Durango/Four Faces 247-0500 
Estes Park/Cosmic Wheels Cyclery 5B6-2975 
Fort Collins/The Bike Broker 484-2453 

Conneclicul 
Bloomfield/Bloomfield Bike & Repair 242-9884 
Old Greenwich/Buzz's Bicycle Shop 637-1665 

Delaware 
Newark/Two Wheeled Cycle 368-2685 

Rorida 
Orlando/Orange Cycle Works 422-5552 
South MiamVBicycle Store of South Miami 665-0125 

Georgia 
Athens/Dixon's Bicycling Center, Inc. 549-2453 
Atlanta/Vinings Schwinn 952-7731 
Dunwoody/Dunwoody Schwinn 455-3171 
Idaho 
Boise/George's Lightweight Cycles 343-3782 
illinois 
Arlington Heights/Bikes Plus 398-1650 
Chicago/Village Cycle 751-2412 
EvanstoniTurin Bicycle Co-op 864 -7660 
Niles/Spoke 'N Pedal 692-4240 
Oak Park/Oak Park Cyclery 386-0282 
Indiana 
Bloomington/Bicycle Garage 339-3457 
Fort Wayne/Denny's Bike Shop 432-7636 
West Lafayette/Hodson's Bay Company 743-3506 
Iowa 
DavenporVWorld of Bikes 323-8227 
Des Moines/Bike World 255-7047 
Iowa City/International World of Bikes 351-8337 
Kansas 
Manhattan/Pathfinder 539-5639 
Overland Park/The Bike Rack 642-6115 
Wichita/Bicycle Peddler 262-8029 
louisiana 
New Orleans/Bikesmith, Inc. 891-2453 
New Orleans/Gus Betat & Son 821-6386 
ShreveporVSunset Bicycle 635-5079 
Maryland 
Gaithersburg/Adam's Bicycles of Gaithersburg 840-0484 
Manachuse"s 
Fall River/Paul's Schwinn 674-6343 
Fitchburg/Gamache's Cyclery 343-3140 
Worcester/O'Neil's Bicycle Shop 798-0084 
Michigan 
Ann Arbor/Great Lakes Cycling Center 663-1604 
Kalamazoo/Alfred E. Bike 349-9423 

Mlnnesola 
Bloomington/Penn Cycle 888-t427 
Hopkins/Now Sports 827-2838 
Lake Elmo/North Country, Inc. 739-3500 
Mankato/The Bike Shop 625-2453 
Minneapolis/Freewheel Bike Co-op 339-2219 
Richfield/Penn Cycle 866-7540 
St. Paul/Now Sports 644-2354 
Missouri 
BridgetoniTouring Cyclist 739-5183 
FlorissanVTouring Cyclist 921-1717 
Maplewood/Maplewood Bicycle Sales & 

Service 781-9566 
Richmond Heights/Touring Cyclist 78 t -7973 

Monlana 
Billings/The Spoke Shop 656-8342 
Nebraska 
Lincoln/Cycle Tech, Inc. 466-292 t 
Omaha/Bicycle Specialties 556-2453 

New Hampshire 
Durham/Durham Bike 868-5634 
New Jersey 
Brielle/The Brielle Cyclery 528-9121 
Montclair/Montclair Bikery 744-7252 
MorristOwn/Marty's Reliable Cycle Center 538-7773 
Ridgewood/Ridgewood Cycle Shop 444-2553 
New Muico 
Albuquerque/Albuquerque Bike Co-op 265-5170 
Los Alamos/Strings 'N Spokes 662-3456 

New York 
Brooklyn/Sheepshead Bicycle Shop 646-9430 
Mt. Kisco/Bicycle World 666-4044 
New York/Bicycle Habitat 691-2783 
Rochester/Towner's 271-4453 

North Carolina 
Asheville/Liberty Corner Bicycles 253-7092 

Ohio 
Centerville/International Pro Bike Shop 433-6687 
Columbus/Cross Country Cycle 294-4343 
Findlay/The Bicycle Shop 423-2729 
Yellow Springs/Yellow Springs Bike Shop 767 -1956 
Oklahoma 
Oklahoma City/Pro Bike, Inc. 721-6707 

Oregon 
Eugene/Collins Cycle Shop 342-4878 
Portland/The Bike Gallery 281-9800 

Pennsylvania 
Horsham/Pedal Pusher Ski & Sport 672-0202 
State College/The Ski Station 237-2655 

Texas 
Austin/World Cycle 477-2142 
Dallas/University Cycle 368-2035 
fort Worth/Bikes Etc. 927-2421 
Lewisville/Lewisville Bicycle Center 221-2744 

Ulah 
Salt Lake City/Joe Fisher's Bike Shop 466-397t 
Salt Lake City/Sid's Ski & Cycle 485-3204 

Virginia 
Norfolk/Colley Avenue Bike Shop 622-0006 

Washlnglon 
Seattle/Angle Lake Cyclery 878-7457 
Seattle/Aurora Cycle 783-t 000 
SeattleiNorthwest Cycle 329-2453 
Spokane/Wheel Sport 326-3977 

Wisconsin 
Appleton/Janus 73 t -2253 
Green Bay/Wheels & Boards 468-4745 
Hales Corners/Wheel & Sprocket 425-7930 
Madison/Yellow Jersey 257-4737 
Milwaukee/Rainbow Jersey Bicycle Shop 96 t -1 t 98 
Monona/Village Pedaler 221-031 t 
Sun Prairie/Bicycle World 837-3440 

Wyoming 
Lander/Freewheel Sports 332-66 t 6 

Canada 
Toronto/Bloor Cycle 536-9718 
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are more people in more 
more things with Apples 
other personal computer 

ever looked up a word in a dictionary 
or a number in a phone book, you're 
quite familiar with. 

Faster ways to 
get at the facts. 

Data base management is the most 
common application for 
computers of all types 

ess 
and vital to the world's governments 
and major corporations. But since the 
advent of Apples, it's also become a 
powerful personal tool. 

Because when you tum your paper 
files into electronic files with an Apple, 
you can look at what you need to know 
in ways you never knew you could. 

Paper files are limited to a single 
organizational scheme -either 
numbering or alphabetizing. 

But electronic files can be 
automatically cross-tabulated, 
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so you can get any information you 
want, in any order you specify, and get 
it a lot faster from an Apple than from 
a file cabinet. 

You can selectively retrieve your 
information -like the name and 
address of your top salesperson on the 
East Coast. Or you can generate a 

With Apple's Quick File software, you can easily create 
electronic files that match the paper files you're used to 
working with. But that's the end of the similarity because .. 

variety of reports -like a listing of all 
your accounts ranked alphabetically, 
or by profitability, size, age, or any 
other way you specify. 

Give yourself 
instant recall. 

It's easy to understand 
the value of data base 

management to the IRS or 
the Pentagon. But what can it 

do for you? 
Yes, it can shrink your paper 

files. Appl e's ProFile'" storage 
system can hold up to 3000 pages 

of double-spaced text. 
Yes, it can put the information you 

need at your fingertips -sales records, 
personnel files, expense reports, 
account lists, appointment calendars, 
price lists and invenrories. 

Those benefits alone have paid 
for tb.QW1lIlmj:Qj: 

more. 
departments with efficiencies that 
were once available only to the 
largest organizations. But for you, 
the manager or proprietor, it means 
much more. 

It means increased personal 
productivity, because you spend less 
time searching for information and 

Not only can you retrieve information selecri\iely in an 
instant - whether a single name or all the addresses in a 
certain zip code- but you can also generate a variety of 
reports instantly, like this alphabetical in\ientory or .. 

more time deciding how to use it. 
It means a totally private infor

mation library that you can use as a 
management tool. 

And it means the flexibility to 
consider information easily in many 
different ways, allowing you to 
develop an instinctive feel for the 
facts and make better decisions. 

More ways to 
establish order. 

There are more ready-to-use data 
management programs available for 
Apples than for any other personal 
computer you can buy. Although 
many are specialized packages for 
specific types of businesses, Apple 

Witha few keystrokes, you can look at the same in{orrrw.livn 
in chronological order. Or, for that maaer, in any other 
order you want - by location, billing, merchandise sold, 
or whate\ier you specify. 

offers several data base packages 
adaptable to any office. 

Quick File, for example, is designed 
for individual use by managers or 
professionals. It's extremely flexible. 
easy to use, and well-suited to a wide 
variety of applications. 

Put this in your 
memory bank. 

For your information. Apple has 
more ways to obtain, store and retrieve 
information than any other personal 
computer. We also have more dealers 
fO show you how it works and keep it 
working-over 1300 of them. 

So call the number be10w to find the 
authorized l'lfIIiillll::.(M� 

And 

© 1983 SCIENTIFIC AMERICAN, INC



e 
e 

Marlboro Music Salutes Its 
Corporate And Foundation 
Supporters And Invites You 
To Join TheIn! 
This unique musical community, 
presided over by RudolfSerkin, 
has been described as "perhaps 
the highest concentration of 
artistic activity, of what ever kind, 
that takes place anywhere, any
time, in the United States and 
possibly the world." The alumni 
of this internationally acclaimed center for advanced musical 
studies have taken their places in each succeeding generation of 
musical leaders where their inspiration and vitality have helped 

shape our musical lives. 
Marlboro reviews with gratitude 

and pride the list of corporations 
and foundations which have sup
ported its programs during its first 
thirty years, and acknowledges the 
National Endowment for the Arts 
for its annual support and for the 

Challenge Grant which played such an important role in the 
recent Endowment Campaign. 

For information about Music from Marlboro concerts or 
radio broadcasts in your area, Marlboro Society 
releases or the summer 
Music Festival in 
Vermont, please write 
Marlboro Music, 
201 West 54th Street, 
Suite 4C, New York, 
New York 10019. 
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Benjamin and Elizabeth Abrams 
Foundation, Inc. 

The Alford Foundation, Inc. 
American Broadcasting Company 
Arwood Foundation, Inc. 
Ashe Foundation, Inc. 
Baer Securities Corporation 
The Bell System' 
Burlington Industries, Inc. 
CBS Foundation 
Cargill Incorporated 
Cricket Foundation 
Charles E. Culpeper Foundation 
Dolby Laboratories 
The Dover Fund, Inc. 
Exxon Corporation 
Ford Foundation 
Foundation for Advanced Education in the 

Sciences, Inc. 
The Fromm Music Foundation 
William Randolph Hearst Foundation 
Heineman Foundation for Research, 

Educational, Charitable and Scientific 
Purposes 

Gunter Henle Verlag 
Hochschild Fund 
IBM, Essex Junction, Vermont 
The Island Foundation 
TheJDR 3rd Fund, Inc. 
L.A.W. Fund, Inc. 
The Joe and Emily Lowe Foundation, Inc. 
Maya Corporation 
The Andrew W. Mellon Foundation 
The Charles E. Merrill Trust 
Henry and Lucy Moses Fund, Inc. 
National Broadcasting Company, Inc. 
Walter W. Naumburg Foundation, Inc. 
The New York Community Trust 
The May and Morris Newburger Foundation 
Edward John Noble Foundation 
William Penn Foundation 
Philip Morris Incorporated 
The Presser Foundation 
The Rockefeller Foundation 
The Martha Baird Rockefeller Foundation 

for Music, Inc. 
Rolled Alloys 
The Scherman Foundation, Inc. 
Scientific American, Inc. 
The Franz W. Sichel Foundation 
Spanel Foundation, Inc. 
Stein way & Sons 
The Florence Louchheim Stol Foundation 
The Jean Tennyson Foundation, Inc. 
Time, Inc. 
von Siemens Fund 
The Sulzberger Foundation, Inc. 
United Technologies Corporation 
Bruno Walter Memorial Foundation 
Anonymous Donors 

'Special funds given in connection with the Bell 
Telephone Hour program "Casals at Marlboro. " 
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and form the spiral and then the ther
mosetting is done by induction heat. 

In' a chain of the spiral type the two 
stringers must have oppositely wound 
spirals. Therefore two machines are 
necessary to wind a left coil and a right 
one. Normally they operate side by side 
so that the two spirals can be joined into 
a double spiral. The joined double spiral 
is ready to be sewn onto the tape. 

The continuously cast plastic scoops 
are made on a rotating casting wheel 
that has along its perimeter uniform
ly spaced cavities corresponding to the 
shape of the teeth. A pair of cords are 
fed to each line of teeth. The cords hold 
the series of teeth together and facili-. 
tate the removal of the string of units 
from the wheel. Semimolten plastic ma
terial is delivered to each passing scoop 
mold on the rotating wheel. An apron 
holds the material in place until it solidi
fies, and then a stationary knife sepa
rates the surplus plastic from the units. 
Next the units go through a folding ma
chine, where they are folded into the 
proper shape and thermoset. The next 
step is to sew them on the zipper tape. 

A plastic chain goes through finish
ing operations after it is made. It is put 
through a starch tank, squeezing roll
ers and a drying apparatus to make the 
tape fiat. Finally the continuous chain 
is wound on a paper spool. 

In order to close or open a zipper a 
slider is needed. The slider body and 

the pull tab are either stamped froIIL 
a strip of mild steel or die-cast out of 
zinc. In general the stamped-out sliders 
are put on metal chains and the die-cast 
sliders are put on plastic chains. A slider 
on a plastic chain must have ribs inside 
its body to force the spiral into the right 
position when the zipper is being closed. 
It is difficult to make the ribs in a stamp
ing process, which is why the die-cast 
slider is commonest on plastic chains. 

To make the slider rustproof the com
ponent parts are plated with brass or 
zinc. An exception appears in what are 
called automatic sliders. Such a slider 
has a spring that holds the slider in place 
until the pull tab is lifted; the spring is 
likely to be made of stainless steel. Often 
the slider is enameled to match the color 
of the chain. The body, the pull tab and 
(in automatic sliders) the spring are as
sembled in a special machine. 

The last step in making a zipper is to 
assemble the chain, the slider (two slid
ers for the type of zipper that can be 
opened and closed from each end) and 
the stops. The assembling machinery is 
different for metallic and plastic zip
pers, but the methods are essentially the 
same. A typical assembly operation be
gins with the continuous zipper chain on 
a spool. A pair of circular pullers un
rolls the chain, pulling it first through a 
gap per that removes teeth at certain in-

FORMING WHEEL --

PLASTIC WIRE 

/ 
/ 

PUSH? HEAD MAKER 

PLASTIC WIRE 

COlLER FOLDING. TWO ROUND WIRES makes the right and left spjrals at the same time. 
The two Found plastic wires are fed from each side into the forming wheel, in a confined space 
where they form loops .. The pusher and head maker force the wire between the pins. After ther
moSetting the product is taken off the wheel as two closed spirals, which are sewn on the tapes. 

BACKING 
STRIP 

______ CASTING WHEEL 

APRON 

CASTING OF PLASTIC TEETH is done on a rotating wheel that has uniformly spaced cavi
ties corresponding to the shape of the teeth. The two cords fed to each line of teeth connect 
them and make it easier to remove individual units from the wheel. Semimolten plastic is de
livered from the extrusion press to the cavities, where it is held in place by the cooled apron 
until it solidifies. The knife removes the surplus plastic. In a separate operation (not shown) 
the teeth are folded into the shape of a U,- they are then ready to be sewn on a flat tape. 
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Please senel  me __ copies o f  
" T H E  V I D E O  R E F E R E N C E ". En close el 
is my check or m o n e y  oreler for 
$1/copy to c o ve r  postage a nd 
h a ndling.  

Ci tv  

discwasher 
CELESTRON INTERNATIONAL 
P.O. Box 3578-SA, 2835 Columbia St.  
Torrance, CA 90503 

N ame 
1 40 7  N O R T H  P R O V I D E N C E  R O A D .  P O . B O X  602 1 .  
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D E PT S A .  C O L U M B I A .  M O  6 5 2 0 5  U S A  

A D I V I S I O N  O F  . .  Jt�NSt:N an  � Company 
Add ress 

C ity 

A N T I Q U I TY 
A Per iod i c a l  Rev iew of Arc h a e o l ogy 
ed ited by G lyn Da n i e l  

State 

Founded in 1 927 by O. G. S .  C rawford, ANTI Q U I TY 
has a p peared reg u lar ly  ever· s ince a n d  won accl a i m  t h e  
world over as t h e  most aUthor itative journal  i n  its f i .e l d .  
W h i l e  written by spe c i a l i sts, t h e  art i c les, n o t e s  a n d  
reviews are p o p u l a r  i n  c h a racter a n d  i n d i spensa b l e  to 
al l  i nterested i n  t h e  development  of man a n d  his past.  

" 

P rofe s s o r  G l yn D a n i e l ,  F a c u lty of A rc h a eo l ogy a n d  
Anth ro p o l og y  i n  t h e . U n ive rs ity o f  C a m b r i d g e ,  a n d  
F e l l ow o f  S t  J o h n ' s C o l l e g e ,  h a s · b e e n  E d itor s i n c e  1 9 5 6 .  

-The a n n u a l  su bscr ipt ion,  postage i n c l uded, i s  $ 3 5 .  
. S ubscr ipt i o n  forms a n d  b a n kers' orders a re avail able  o n  

req u est from 

A N T I Q U I TY P U B L I CAT I O N S  L I M I T E D  
H effe rs Pr i nters Ltd , K i n g ' s  H edges R o a d ,  
C a m br i d g e .  E n g l a n d  C B 4 2 P Q 

Zip 

tervals to provide a stretch of empty 
tape and simultaneously attaches the 
bottom stop; when the gap is cut across 
at the midpoint, it determines the length 
of the zipper and provides the bit of ex
tra tape needed to properly sew the zip
per into a garment. The gap can also be 
made on the chain machine by omitting 
the teeth. The chain then goes through 
a machine that slips the slider through 
the gap in the chain, and the top stop is 
put on. The last step is pinking, that is, 
cutting across the chain in the middle 
of a gap. Sometimes the operations are 
combined. The result is an individual 
slide fastener, ready to be attached to a 
garment or bag or whatever product it 
was designed for. 

The manufacturing process is slightly 
different for a separating fastener. A 
cotton tape, laminated with nylon, is 
fused across the gap as a reinforcement 
and top stops are attached. The lami
nated tape is severed along an exten
sion of the.axis of the zipper. The slider 
is slipped on one stringer and the box is 
also mounted there. A pin is mounted 
on the other stringer. When the zipper 
is opened all the way, the pin pulls out 
of the box through the slider and the 
fastener is fully separated, with the slid
er held on its stringer by the box. 

One might suppose little in the way 
of new developments could be ex

pected in a device as simple and stan
dardized as the zipper. Actually, how
ever, several possibilities are in sight, 
particularly for plastic zippers. One is 
for zippers both much larger and much 
smaller than ·the ones now on the mar
ket. The larger ones would be for heavy
duty action in fastening, say, curtainlike 
dividers that allow small meeting places 
to be made in a large room: The smaller 
zippers would be for prod ucts .that re
flect the current trend toward miniatur
ization, such as for carrying cases to fit 
the Walkman type of portable radio. 

Another prospect is for an inexpen
sive zipper that would serve on dispos
able paper garments and other objects 
designed to be used once and then dis
carded. In a more exotic application one 
can. envision a zippeli .that is strong, air
tight and yet reasonably flexible to be 
put in garments forJ!l!!Monauts. If such a 
zipper is developed; -it would probably 
turn up 'soon in consumer products that 
need fasteners with those attributes. 

A final example is an application that 
is still looking for a zipper. In surgery 
there is a need for an airtight and chemi
cally inert zipper that would serve in 
place of stitches in an incision that might 
have to be reopened, say, for access to 
an artificial organ such as a heart pace
maker. Several surgeons have expressed 
a desire for such. a d-e:rice; to .design and 
make it will be a challenge for medical 
investigators and the zipper ind ustry. 
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CALCULATOR MATH? 

Your 
brain 

works 3 times 
as fast as your 

fingers can write! That's where the 
Calculator comes in - you can go 
three times as fast with your machine 
doing the dirty work . 

It's' easier and more interesting . And 
you'll understand it better when it's fun . 
(If you haven't yet tried out a modern 
scientific-statistical calculator , you're in 
for a pleasant surprise - see below ! )  

WHY MATH? To get a promotion or a new 
job .  Just to hang on to that job you've got . 
To quicken your mind . To understand this 
world you live in. To impress people . Just 
for some fun you'll feel good about . (Read 
those letters below to see how it has 
worked for others . )  

Do it at home • • •  You can start right 
away and go as fast as you like ! Put it aside 
while you're busy with something else 
in short , set your own pace! 

Lots of us like to avoid being com
pared with the other members of a class 
- we like to set our own standards . Too ,  
w e  like t o  save the time and expense of 
going to a school or seminar . (Best of all , 
it's a lot cheaper to study at home where 
the rent is already paid - read on !) 

·Let's be honest . You wouldn't expect 
to learn to play baseball or chess by 
watching an expert do it . Math is the same 
- you'll need to do some work. BUT -
with my calculator method , you'll see it's 
a whole new ball game ! 

THIS METHOD IS FRIENDLY! You can 
use it on your own . You follow interesting 
examples step-by-step with calculator 
keystrokes - instead of algebra . 

Let me introduce myself - I'm Dr . 
George McCarty and I teach at the Uni
versity of California . Tens of thousands 
of people like yourself have already used 
my guidebook to teach themselves cal
culus . Recently I have teamed up with 
another professor . We put those same 
tested and proven techniques to work for 
you in a new Statistics Guidebook. 

Even if you've had trouble with 
math, this method will work for you . 
Choose the one you want to learn , 
calculus or statistics (or both) 
and start today! 

As pennywise Ben Franklin said, 
'M investment in knowledge pays the 

best dividends." 

CHOOSE STATISTICS 
It's used everywhere - to set insurance 
rates and to <'Issess a drug's effectiveness,  
to detect a crooked roulette wheel and to 
measure lightbulb lifetimes , to audit the 
books and to find your position at sea . 

People have always known that their 
experience was not a perfect guide to the 
future . Statistics shows us 
that uncertainty IS not 
only inevitable but 
it itself is measurable. 

You'll find out about 
this in my gUidebook. 
You'll read informal ex
planations with detailed cal
culations for topics like "confidence 
intervals" and "contingency tables . "  
YOU'LL B E  DOING Inference and. Hypothesis 
Testing, the Chi-Square Distribution, ANOVA, 
Regression and Correlation, Non-Parametric 
Methods - they're all here . 

SUPPOSE YOU HAVE ALREADY STUDIED 
STATISTICS. You'll use Quick-Reference Guides 
to go straight to a topic you want to refresh yourself 
on - then get right-now answers in your own field, 
business, biology, science, psychology, education. 

The Guidebook is guaranteed to 
work with any calculator or computer . If 
you would like to start ou,t with a fancy 
new machine , order my Statistics Kit 
whiCh includes the guidebook 
and a II -35 calculator which 
finds means and standard 
deviations at the touch 
of a button. It has 
an LCD display, 1000 
hour batteries - the works . 

PHONE MC or VISA ORDERS TO 
(714) 831 -2637 

Ask for our Catalog of books and calculators. 

LOOK AT WHAT THEY SAY • • •  

• '� . . excelJent diagrams and clear explanafions . "  
-POPULAR SCIENCE 

-Tektronix Engineer Bill Templeton says, 
"The best, most clearly written book I have seen 

for improving your math skills. II 

• 1: . . straight-to-the-point explanations . . . " 
-HP Key Notes 

CHOOSE CALCULUS 
The math of science and engineering -
satellite orbits and compound interest , 
bacterial growth and 
radioactive decay , 
marginal profits and 
reaction rates . 

You'll find out 
about these concepts 
when you use the 
Calculus Kit . This Kit 

�/'-""�� t ' 
J 

f t < .  

G...� _c..'¥ 

contains my gUidebook and a II -35 
calculator which finds log and trig values 
at the touch of a button. (It's modern, too , 
with LCD display and 1000 hour batteries. ) 

In the gUidebook you'll learn both 
differential calculus and integral cal
culus - even diHerential equations! 

NEED TO EVALUATE functions, areas, 
volumes - solve equations - use curves, trig, 
polar coordinates - find limits for sequences and 
series? It's all here ! 

If you're in the biological, social or physical 
sciences, you'll be doing Bessel functions, carbon 
dating, Gompertz' growth curves, half·life, future 
value, marginal costs, motion, cooling, proba
bility, pressure - and plenty more . 

Important numerical algorithms are here, too : 
rational and Pade approximation, bracketing, 
continued fractions, Euler's method, Heun's 
method, iteration functions, Newton's method, 
predictor-corrector, successive substitutions, 
Simpson's method and synthetic division. 

If you already have � sCientific 
calculator , you can get just the Calculus 
Guidebook. 

p .S. - YOU CAN DO IT! I'm certain 
I can show you this easy way to success 
with math , so I guarantee it to you 
unconditionally - if you are not satisfied 
j ust send it back for a prompt refund ! 

-Professor H . I .  Freedman of the U. of Alberta, 
states : "There can be no question as to the 
usefulness of this book . . .  10ts of exercises . . .  very 
clearly wriften . . .  easy reading. II 

- S . C .  McCluney, Jr. of Philadelphia writes: 
"With your book and a calculator the whole 
idea becomes clear in d moment, dnd is d 
MOST REFRESHING EXPERIENCE. "  

TAX D E D U C T I B L E  F O R  P R O F E S S I O N A L S  

r - - - - - - - - - - - - - - - - - - - - - - I  YES. I want to learn math fast and easy with your new method. If I am not more 

I than satisfied I can return it for a quick refund . RUSH me the guidebook or com- I 
plete kit I select below (kit contains the guidebook and a modem TI-35 calculator) . J I 0 Send FREE Catalog of books & calculators Enclosed is 0 Check, 0 M. 0 . ;  or charge 

I STATISTICS GUIDEBOOK KIT my MC /VISA . . . exp . 
_

_ _ 

I How many? 0 $14.95 0 $39.95 Card H ____________ _ 

I Handling/Shipping 1 . 00  2.00 
Tax {within Calif . )  .90 2.40 Name ---------------

I TOTAL 
Address _____________ _ 

I CALCULUS GUIDEBOOK KIT 
City 

____________ _ 

I 0 0 State, Zip 
How many? $19.95 $44.95 OUTSIDE USA, surface shipping is 52.00 per 1 

I Handling/Shipping 1 . 00  2 . 00  book or $5.00 per kit. Air shipment is $5.00 per 
Tax (within Calif . )  1 . 20 2 . 70 book or 510.00 per kit. U.S. FUNDS PLEASE. I � TOTAL __ __ EduCALC Publications, Dept. AS I 

I For AIR SHIPMENT add $3.00 per item 27953 Cabot Road �I �����������- ��������--� 
1 45 
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THE AMATEUR 
SCIENTIST 

What causes the color in plastic objects 
stressed between two polarizing filters? 

by] earl Walker 

T

he failure of materials as a re
sult of stress is both common and 
costly. One way to guard against 

such a failure is to test a sample object 
by applying enough stress to destroy it; 
when an identical object is put in serv
ice, the stresses are kept well below 
the destructive level. Another way is to 
make a model of the object out of plastic 
or some similar material and then to 
subject the model to photoelastic analy
sis, which yields a pictorial representa
tion of the stresses in it. 

Recently Frank R. Seufert of Cleve
land showed me some examples of his 
photoelastic analysis of models of var
ious objects. When someone is con
cerned about the stresses on an object, 
Seufert makes a model of it in Lexan or 
Tuffak plastic about an eighth of an inch 
thick. If the object is large, the model is 
a scaled-down version. Seufert mounts 
the model in a wood frame and under
takes to mimic the stress on the real ob
ject by stressing the model with rubber 
bands or machine screws. The screws 
work better because they can be tight
ened slowly and controlled more easily. 

Seufert puts the model in front of a 
polarizing filter and illuminates it with 
light that passes from a 200-watt lamp 
through a ground-glass diffuser and then 
through the filter. Between the model 
and a 35-millimeter camera (a single
lens reflex model) he positions a long 
lens hood made out of cardboard. At
tached to the camera is a Vivitar 2X 
teleconverter with its lenses removed. It 
serves as an extension tube to move the 
lens farther from the film; a different 
type of tube would serve as well. Seu
fert's setup includes a 135-mm. telepho
to lens rated at /2.5. A second polariz
ing filter and a light blue filter (des
ignated 80A) are mounted on the lens. 
The camera is held steady with the 
top piece from a tripod; the piece is at
tached to a block of plywood. 

To make a photograph Seufert orients 
the first polarizing filter with its axis of 
polarization 45 degrees from the verti
cal. Then he puts his plastic model in 
front of it and turns on the lamp. As he 
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sights through the camera he rotates the 
polarizing filter in front of the lens until 
a meaningful pattern is superposed on 
the image of the plastic model. He re
cords the scene with a cable release that 
also triggers an electronic flash posi
tioned near the lamp. The extra light is 
needed for a good photograph. 

The film is Fuji color negative rated 
at A SA 100; Seufert has glossy prints 
made from the negatives. The colored 
lines in the accompanying photographs 
reveal the stress patterns in the plastic 
models. Regions under stress stand out. 
They are the places where the object is 
most likely to fail. 

The first polarizing filter in Seufert's 
setup polarizes the light. The passage of 
this kind of light through stressed plastic 
encodes information about the stresses. 
The second polarizing filter (the one 
mounted on the camera) makes the cod
ed information visible to an observer. 
The top illustration on page 149 depicts 
the stresses on a tiny, thin element that 
is part of a model .being investigated 
by photoelasticity. Each edge of the el
ement is under stress because of forces 
pulling perpendicular to the edge. Each 
edge is also under shear as material on 
opposite sides of the element attempt to 
slide in opposite directions. 

Such is the nature of the stresses on a 
randomly chosen element. The picture 
is simplified if a differently oriented ele
ment is chosen at this region in the mate
rial. The new element is special in that it 
is square and has two important axes 
called the principal stress axes. The ad
vantage of considering such a specially 
oriented element is that its edges are not 
affected by shear. The only stress on an 
edge is the perpendicular one. The ori
entation of the principal stress axes is 
what is revealed in a photograph of a 
stressed model illuminated with polar
ized light. 

To understand the interaction of po
larized light with the principal stresses 
in the plastic it is necessary to under
stand the nature of polarized light. Ac
cord ing to classical physics, light is a 
wave composed of oscillating electric 

and magnetic fields. It is a peculiar kind 
of wave in that nothing material partici
pates in the wave motion. Water waves 
accord more with intuition because a 
wave involves oscillations of the wa
ter surface. Something material partic
ipates. In the wave concept of light, 
however, the oscillation is of immateri
al electric and magnetic fields. 

The electric components specify the 
. polarization of light. An electric field is 

a vector (of a specified size and direc
tion) assigned to a point to be examined, 
as is shown in the middle illustration 
on page 149. The concept is useful when 
one considers how a charged particle 
might behave when it is placed at that 
point. It is also useful in forming a men
tal picture of light. 

The illustration can be regarded as a 
snapshot of a light wave. Superposed on 
the ray, which indicates the direction of 
travel, are some of the electric vectors 
assigned to points along the ray. One 
point is singled out for scrutiny. At that 
point in the first snapshot the electric 
vector is long and points upward. A pos
itive particle there would "feel" a strong 
force upward. 

The light continues to move toward 
the right after the first snapshot is made. 
The electric field at the chosen point 
changes quickly, literally at the speed 
of light. A new snapshot reveals the 
change. The electric vector at the desig
nated point is now downward. Since it is 
not one of the largest vectors in the illus
tration, the electric field is not as large as 
it could be and not as large as it will be 
immediately after this snapshot. A posi
tive particle at this point would now 
"feel" a moderate downward force. 

As light sweeps past the point, the 
electric vectors oscillate in direction and 
strength. Do not, however, be misled by 
the pictorial representation. The vectors 
are not material. A ray has no vectors 
sticking out of it like thorns on a rose 
stem. The electric vectors are bits of 
imagination stuck on a line called a ray. 

Fictitious though the electric vectors 
are, they are almost essential to an un
derstanding of the polarization of light. 
In the two snapshots of light the electric 
vectors are all flat in the plane of the 
page. Light from most common sources 
has vectors that are not as limited in di
rection. The vectors are necessarily per
pendicular to a ray of the light, but they 
can point in any direction in a plane per
pendicular to the ray. Such light is said 
to be unpolarized. 

If light passes through a polarizing fil
ter, the oscillation of the vectors is strict
ly limited to a single axis. Such light is 
said to be linearly polarized. (Some call 
it plane-polarized light.) If unpolarized 
light from an electric light bulb strikes a 
filter, the emerging light has its electric 
vectors confined to a single axis in a 
plane perpendicular to the ray. The di
rection of polarization of the light is the 
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Two of Frank R. Seufert's plastic models under compression 
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orientation of that axis. If the aXIs IS 
vertical, the light is said to be vertically 
polarized. 

Polarizing filters work by a process of 
elimination. The filter incorporates mo
lecular chains that can be visualized as 
long, parallel absorbers. As light reach
es them the electric vectors that oscillate 
parallel to them are eliminated; the per
pendicular vectors pass through. 

For example, if the filter's long mol
ecules are stretched out horizontally 
(parallel to the x axis), only the horizon
tal components of the electric vectors in 
the light are eliminated. The bottom il
lustration on the opposite page presents 
a shorthand notation in which two dou
ble vectors represent unpolarized light; 
the filter eliminates the horizontal one 
and passes the vertical one. The result is 
vertically polarized light. 

Normally the orientation of the mole
cules in a filter is not specified. Instead 
the filter is assigned a polarization axis 
perpendicular to the length of the mole
cules. This fictitious axis is parallel to 
the polarization of the emerging light. 

Suppose a ray of vertically polarized 
light encounters a second polarizing fil
ter. Will the light pass through? That 
depends on the polarization axis of the 
filter. If the axis is vertical, it is paral
lel to the polarization of the light ap
proaching it. All the light is transmitted. 
If the axis is horizontal, none of the light 
is transmitted. 

When light moving through air at a 
speed of 3 X lOB meters per second en
ters any transparent material, its effec
tive speed decreases. The reason is that 
the light interacts with the molecules in 
its path. At each encounter with a mole
cule the light is absorbed; after a brief 
delay it is reemitted. Between molecules 
its speed is 3 X lOB meters per second, 
the value it has in a vacuum. Since it is 
intermittently delayed, however, it takes 
longer to travel through the material 
than it does to travel an equal distance in 
a vacuum. The light is said to be travel
ing slower in the material. 

This effect was measured indirectly 
long before anyone knew about mole
cules. In order to tabulate the effect each 
transparent material was assigned the 
number called the index of refraction. A 
glass with an index of 1.6 transmits light 
slower than one with an index of 1.5. ( In 
either case the actual time of transmis
sion is so incredibly short that the differ
ence is immaterial in everyday life.) 

In 18 16 David Brewster discovered 
how the index of refraction can aid in 
the analysis of stress in a transparent 
material. When he applied a stress to a 
sheet of glass illuminated with linearly 
polarized light, he found a change in the 
index of refraction of the glass. More
over, the index then depended on how 
the light was polarized. 

To follow Brewster's experiments vi
sualize a vertical sheet of glass uniform
ly compressed by forces applied at the 
top and bottom in such a way that the 
principal stress axes are vertical and 
horizontal. When the light illuminating 
the glass is polarized vertically, it en
counters a smaller index of refraction 
and moves with higher velocity than it 
does when it is polarized horizontally. 
If the glass is under tension (stretched 
by forces at the top and bottom), the re
sults are just the opposite. A material 
of this type, with a speed of transmis
sion that depends on the polarization of 
the light, is said to be birefringent, or 
doubly refracting. 

A simple example will demonstrate 
how birefringence can aid in stress anal
ysis. A vertical sheet of plastic is uni
formly compressed to make the princi
pal stress axes vertical and horizontal. 
The way polarized light interacts with 
the stressed plastic depends on whether 
the polarization of the light is aligned 
initially with one of those axes. You can 
create such an alignment by illuminat
ing the plastic through a polarizing filter 
with its axis vertical. On the opposite 
side place another polarizing filter with 
its axis horizontal. The first filter is often 
called the polarizer, the second one the 

analyzer; the two are said to be crossed. 
The light passes through the sheet 

of plastic at whatever speed the stress 
allows. The light emerging from the 
plastic is still vertically polarized and 
is therefore stopped by the analyzer, An 
observer looking through the analyzer 
sees darkness. In the experimental setup 
transmission is eliminated whenever the 
plastic is ill uminated with light polar
ized parallel to a principal stress axis. 

Next rotate each filter by 45 degrees 
in the same direction. The plastic sheet 
now receives light polarized at 45 de
grees from the vertical. The course of 
light through the sheet is a bit harder 
to follow because the polarization must 
be considered in two components paral
lel to the principal stress axes. The two 
components travel through the plastic at 
different speeds because the indexes of 
refraction along the two axes differ. 

When the components emerge from 
the plastic, they in effect recombine. 
The light is then likely to have a new di
rection of polarization. Whether or not 
the light will pass through the analyzer 
depends on how the polarization has 
been changed. 

To determine the change one must 
consider how the wavelength of the light 
is altered by the plastic. For simplicity 
assume that the light is of a single wave
length. When light passes from air into 
a transparent material, its wavelength 
shortens. The larger the index of refrac
tion, the shorter the wavelength of the 
light in the material. 

Since stressed plastic has a different 
index for each principal stress axis, the 
extent to which the wavelength short
ens depends on the polarization of the 
light. If the light is vertically polarized, 
its wavelength is divided by the index of 
refraction associated with the vertical 
principal stress axis. If the light is hori
zontally polarized, the wavelength is di
vided by the index associated with the 
horizontal axis. When the polarization 
lies between the two axes, it must be 
considered in components. The vertical 
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component is shortened in wavelength 
by one amount and the horizontal com
ponent by a different amount. 

As the two components proceed 
through the plastic with their different 
wavelengths they oscillate a different 
number of times. For example, the com
ponent polarized parallel to the vertical 
stress axis might have 1,000 oscillations 
(wavelengths); the other component, be
ing of shorter wavelength, might have 
an additional oscillation, for a total of 
1,00 1. The two components begin their 

trip exactly in step and emerge again in 
step even though one of them has an 
additional oscillation. 

When one mathematically recom
bines the two emerging components, the 
electric vectors of the light are found to 
be oscillating exactly as they were be
fore they entered the plastic. The polari
zation is tilted from the vertical by 45 
degrees. Since the polarizing filters are 
crossed, the light reaching the analyzer 
is blocked. 

If instead one component has an ad
ditional half oscillation, recombination 
yields a polarization rotated by 90 de
grees. This new polarization is parallel 
to the polarization axis of the analyzer 
and so the light passes through. 

Any intermediate result is also possi
ble. Recombination is then harder to 
visualize. The components do not yield 
linearly polarized light. Instead the po
larization rotates continuously about 
the ray of light. The electric vector ro
tates from upward to downward and 
then back to upward. Light with a rotat
ing polarization is said to be elliptically 
polarized. ( In the special case where the 
maximum size of the electric vector re
mains the same throughout the rotation, 
the light is said to be circularly polar
ized.) Elliptically polarized light is part
ly transmitted by the analyzer. The com
ponent of polarization that is parallel 
to the polarization axis of the analyzer 
is passed whereas the other component 
is blocked. 

The point of this discussion is that 
what the observer sees through the ana
lyzer depends on the angle between the 
polarization of the light and a principal 
stress axis in the plastic. Alignment of 
the polarization with an axis yields dark
ness at the analyzer. If in misalignment 
the plastic releases light of unchanged 
polarization, the analyzer again blocks 
it. In other instances at least some light 
gets through the analyzer. 

The example is simple in that the 
stress is uniform and the principal stress 
axes are vertical and horizontal at any 
point in the plastic sheet. If the plastic is 
subjected to various stresses, the axes 
will be oriented differently for each 
point in it. The purpose of photoelastici
ty is to discover how they are oriented; 
in this way one might be able to locate 
a section in the model that might fail 
under the stress. When a complex and 

Strc:s.s <....----JL -Shear 

-j 

T 
Randomly 
cho.scn clement 

r--

Ekmcnt of 
:)peciol one.ntotion 

Stress alld shear 011 all elemellt 

�ir5t -::.nap.shot A1lh 

"Sllapshots" of electric I'eclors alollg a ray of light 

Filter's polarizing 
I axi.s vertical 
i-----Y , 
I 

Pofari z.otion of I iqht 
.,.-J tron.smitted by fir.st 

filkr 

/, 

Filtec' POlo'i Z i ngJV 
oxi.s horizontol 

How crossed polarizillg filters block light 

149 
© 1983 SCIENTIFIC AMERICAN, INC



unknown arrangement of stresses is ap
plied to the plastic, the model as seen 
through the analyzer has a superposed 
pattern of the dark and bright lines 
called fringes. 

A dark fringe marks points within the 
plastic from which the emerging light is 
polarized in exactly the way that keeps it 
from going through the analyzer. The 

reason is either that the light passing 
through one of these dark points is po
larized parallel to one of the princi
pal axes or that it has two components 
(one parallel to each principal stress 
axis there) that recombine to yield the 
same polarization the light had when 
it entered the plastic. In either case the 
analyzer blocks the light. 
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Usually the first condition creates 
most of the dark fringes. A fringe caused 
in this way is called an isoclinic. The 
pattern of isoclinics reveals the orienta
tion of the principal stress axes within 
the plastic. 

To map the principal axes you photo
graph the plastic through the analyzer at 
a particular orientation of the two po
larizing filters. Suppose the axis of the 
first filter is vertical and the axis of the 
analyzer is horizontal. The plastic is 
thus illuminated with vertically polar
ized light. The isoclinics photographed 
through the analyzer mark the points on 
the plastic that have one of their princi
pal stress axes vertical. (Since the stress 
axes are at right angles to each other, 
the other axis must then be horizontal.) 
The pattern in the photograph is traced 
on paper, and the principal axes are 
drawn superposed on several points on 
the isoclinics. 

Next the filters are rotated 10 degrees, 
say, and another photograph is made. 
The isoclinics mark the points with a 
principal stress axis tilted from the ver
tical by 10 degrees. These isoclinics are 
added to the trace and again the princi
pal axes are sketched in at a few places. 
After a few more photographs have 
been made the trace shows how the prin
cipal stress axes are oriented at many 
places in the plastic. 

Now you add to the map lines that 
connect points having equal stress val
ues. For example, a line would be drawn 
from a principal axis at one point to an
other principal axis at a nearby point. It 
is likely to be a curved line. Although a 
certain amount of guesswork is inescap
able here, the result is a rough map of 
the lines of principal stress. 

The dark fringes resulting from re
combination are called isochromatics. 
They are usually masked by the isoclin
ics, but they can be employed to assign 
values to the principal stresses revealed 
by the isoclinics. To make use of them 
you must first eliminate the isoclinics. 

You can do it by putting two addition
al filters, called quarter-wave plates, in 
the path of the light. One plate goes be
tween the first polarizer and the plastic 
and the other one goes between the plas
tic and the analyzer. The function of a 
quarter-wave plate is to transform lin
early polarized light into circularly po
larized light. 

The plate works something like the 
stressed plastic being analyzed. The 
plate is birefringent, that is, it has two 
orthogonal axes ("fast" and "slow") that 
pass light at different speeds. Suppose 
the first polarizer yields light that is po
larized vertically. The first quarter-wave 
plate is set with its fast axis tilted from 
the vertical by 45 degrees. The light 
reaching the plate thus has components 
along both the fast and the slow axes. As 
the two components pass through the 
plate they oscillate a different number 
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of times. The polarization of the light 
emerging from the plate depends on that 
difference. Since the plates are designed 
to make one component complete a 
quarter of an oscillation more than the 
other component (hence the name quar
ter-wave plate), circularly polarized 
light emerges. 

The second quarter-wave plate is ar
ranged with its fast axis perpendicular to 
that of the first one. The function of the 
second plate is to subtract the q uarter
wavelength difference imparted to the 
two components of light by the first 
plate. The net result may seem hardly 
worth the trouble, but a useful end is 
gained. When the circularly polarized 
light passes through the stressed plastic, 
the polarization cannot be strictly paral
lel to a principal stress axis. Therefore 
the isoclinics resulting from such an 
alignment are eliminated. What one re
ceives through the analyzer is a pattern 
of the isochromatics. 

The advantage of this pattern is that 
the fringes are related to the size of the 
stresses in the plastic. At any given point 
in the plastic the difference between the 
principal stresses determines the polari
zation of the light. Thus the stress differ
ence determines whether the point ends 
up as part of a dark fringe or as part of a 
bright one. In principle the stress values 
for any point in the plastic can be com
puted by examining the isochromatics. 

Since the isochromatic pattern de
pends on the shortening of the wave
lengths of the two components of light 
transmitted through any point in the 
plastic, the pattern depends on the wave
length of the light illuminating the plas
tic. With white light each color creates 
its own pattern. At one point in the plas
tic one of the colors might leave with the 
same polarization it had when it entered. 
That color is eliminated by the analyzer. 
The other colors passing through the 
same point are changed somewhat in 
polarization and so are at least partly 
transmitted by the analyzer. The observ
er sees that point on the plastic as being 
neither white nor dark but a color. The 
composite of the points generating the 
same color forms a pattern of colored 
isochromatics. 

The actual color the observer will see 
at a particular point is difficult to pre
dict. It depends on how the various col
ors are altered in polarization. It also 
depends on the perception of the observ
er or the color response of the film in a 
camera. Color prediction becomes even 
more complicated when the stress dif
ferences at each point in the plastic in
crease. When the differences are large 
enough, the colors begin to wash out 
into white. 

The photographs made by Seufert are 
from experiments where linearly polar
ized light is sent through stressed plas
tic. Both the isoclinics (which are only 
bright and dark) and the isochromatics 
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(which are color-dependent) are includ
ed in the photographs. 

The two photographs on page 147 
show plastic models with concentra
tions of stress in their concave regions. 
The isochromatics are closely spaced 
there, indicating that the stress differ
ences at points in those regions vary 
considerably. Since the models are un-
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TOO MAN Y YOUNG 
RUNNERS MAY BE 
HEADEDFORA 
PHOTO-FINISH. 

The only thing growing faster 
than children's runmng is the con
troversy surrounding it. 

If you're a parent, it's an issue 
you take to heart. 

Because you know what chil
dren stand to gain from running. The 
pride of achievement, the sense of 
self-worth. In fact, the actual level 
of fitness achieved in younger years 
may have a considerable influence 
on one's health in adulthood. 

But what about the risks? 
Unfortunately, no one really knows 
for sure. One of the things that 
concerns the American Academy of 
Pediatrics is what the repetitive 
shock may or may not be doing to 
the bone's epiphyseal growth 
centers. 

It concerns us too. 
Because preliminary tests at 

our Sport Research Lab indicate 
young runners undergo stresses 
similar to, and in some cases actu
ally greater than, those experienced 
by aaults. . . .  

With more and more kids Jom
ing their parents on the roads and in 
the races, something had to be done. 

And with the Destiny, we've 
done it. 
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STANDARD DESTINY STANDARD DESTINY 

SHOE SHOE 

FOREFOOT REARFOOT 

Compared to a standard children's running shoe, the 
Destiny proved in impact testing to have 35 percent 
better cushioning in the forefoot and 25 percent 
in the rearfoot. 

There is little doubt that this is 
the most technically advanced run
ning shoe ever made for young 
athfetes. 

Consider its ability to absorb 
shock. In impact tests, the Destiny 
delivered 35 percent more cushion
ing in the forefoot and 25 percent 
more in the rearfoot than a standard 
children's running shoe. 

Nonnally, you can't achieve 
such a dramatic improvement in 
cushioning unless you're willing to 
give up stability. 

The Destiny gives up nothing. 
In fact, it proved to be 23 percent 
more effective in reducing both the 
amount and rate of rearfoot motion. 
Thus offering better protection 
against all the injuries that over
pronation is heir to. 

The Destiny has a midsole and wedge scaled for cush
ion as well as the same degree of heel lift in each size. 

The Destiny is also the first 
youth shoe to systematically adjust 
the height of the midsole and wedge 
according to shoe size, so that 
each size receives the amount of 
cushion it deserves. No more, no less. 

For the serious runner, that's 
critical. Because between the ages of 
2 and 15, a child's weight increases 
faster than the surface area of the 
bottom of the foot. As a result, the 
way shoes are traditionally made, 
the larger sizes don't give near 
enough cushion, and the smaller 
sizes give way too much-leaving 
the shoe dangerously inflexible. 

Don't get us wrong. While the 
Destiny may be light years ahead of 
everything else, it is not a cure-all. 

When adolescents take up long
distance running, parents had bet
ter take notice. And be prepared to 
offer a little guidance. 

If you need help, ask for our free 
booklet, The Guide To Children's 
Runnin�. Write NIKE, Department SA, 
3900 S.w. Murray Blvd., Beaverton, 
OR 97005. 

We're doing everything we can 
to make sure 
young athletes 
are seen. And 
not hurt. 
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FOR ONCE, 
WHAT YOU CAN'T SEE 
IS JUST AS NEW. 

The 1984 Topaz was designed to do more than simply look 
advanced. It was designed to provide you with a driving experi
ence that's solid, responsive, and precise. 

The way Topaz accomplishes this is by integrating a remark
able combination of engineering, design, and handling features 
in a 5-passenger car. 

Its new 2300 HSC engine utilizes High Swirl Combustion 
technology for smooth, responsive power, particularly in stop
and-go situations. The engine is linked to an on-board EEC IV 
computer that's capable of processing 1,000,000 engine com
mands per second for smooth operation. 

The handling is enhanced by a fully independent suspen
sion system with front and rear MacPherson struts which 
help isolate shock from the driver, while still giving a 

superb feel of the road. 
Other standard features include power brakes, 

front-wheel drive for traction, plus rack-and-pinion 
steering for precise control. 

You may not appreciate all this technology just by 
looking at this car. But you will by driving it. We invite 

you to experience Topaz. 
Call us toll-free at 1-800-MERCFAX for the name of your 

nearest Lincoln-Mercury Dealer and a copy of the 1984 Topaz 
catalog. 

The 1984 Mercury Topaz. A car as advanced as those who 
will own it. 

LINCOLN-MERCURY DIVISION c:§'i;;a� 
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Be careful! That's Chivas Regal! 
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