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You have problems. We have solutions.

Auto pollution is the gasoline problem
UOP is cracking now, and it may have some
projectable solutions for you.

We’ve developed two ways of combating
the growing automotive pollution menace.
Both reflect the innovativeness that
made us pioneers in petroleum refining.

First, our catalytic converter, a muffler-
like device for your car that can reduce
automotive pollutants up to 90% when used
with lead-free gas.

Second, we have refining processes to
speed the economical production of high
octane unleaded gasoline. Plus the capabilities
to design and construct plants anywhere in
the world.

Our scientists and researchers are helping
refiners process a cleaner product. They made
these solutions work for you and they can
help with other problems of environmental
control. But, first, they need to know what
problems you want solved.

UOP serves the petroleum and automotive industries through these divisions: (a) UOP Research Center, development of catalytic converters for all cars.
(b) Processes by UOP, advanced refining methods to help refiners solve the lead problem. (¢) Engineered construction by Procon, Inc. to solve construction
problems throughout the petroleum and petrochemicals industry. For solutions to pollution problems, write, call UOP (Universal Oil Products
Company), UOP Plaza, Des Plaines, Ill. 60016.
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We put this little book together
because pyrogens can be a lot more
than apaininthe neck.

We paid Grace D. Brown of totally independent G.B.
Laboratories, Inc., Brookline, Mass., to do it.

To put down everything anybody knows about
pyrogens.

What they are.
The damage they can do.
And what you can do about them.

Despite the fact that this little book proves that the
best way to make sure you're not going to have a
pyrogen problem is to run your water through one of
our new TD-15 stills, it's much more than a Barnstead
commercial message.

It's the last word on pyrogens.

And if you're making eye drops, mouthwash, tooth-
paste, pancake, lipstick, eye liner, intravenous or
other medical solutions, anything that goes on or into
a hufman being it's the end of your search to make

it safer.

We're not in the printing business so we've got to
charge you a 25¢ handling charge for handing your
book to you.

But any information you want about our TD-15s is free.
Some of the best things you can get in life still are.
Even if little books about what you can do with itaren’t.

Mr. Norman McLellan _|

| & BARNSTEAD

225 Rivermoor St./Boston, Mass. 02132/(617) 327-1600

|

l

l O Enclosed is my 25¢ for The Barnstead Book About Pyrogens. I
| [ Please send me my free information on your TD-15 stills. |
| |
I |
I

Name
Title
Company. — =
Address

e o — —— —
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In the minds of many, mod-
ern technology has created a
monster.

The computer.

We’ve all heard the stories
about people making, say, a $30
purchase. And then being billed
for $3,000 by the computer.

Nonsense.

The danger is not that the
computer makes mistakes, but
that human errors remain uncor-
rected while the machine rolls
on, compounding them.

Computers are literal
minded. They must be correctly
instructed to help us in the
solution of problems. They do
exactly what they are told. Not
what they ought to have been
told.

The computer is man’s
assistant. Not his replacement.

The unaided human mind
needs help to cope successfully
with the complexity of our
society.

Intellectual aids, such as
computers, will not only in-
crease the skill of our minds,
but leave more time for human
creativity by freeing man of bur-
densome routine tasks.

Do we really believe that
ourachievementsin space could
have been accomplished with-
out computer assistance?

Do we really believe that we
can function efficiently in our
complex modern environment
without computer assistance?

The answer, of course, is
obvious.

In truth, the invention of
the computer can be compared
with the invention of the printing
press.

Engineers engaged in the
development of computer sys-
tems are convinced that over
the next decade it is possible to
develop networks of intercon-
nected computer systems capa-
ble of offering a wide variety of
services to the public.

By necessity, one-way
mass communications — radio,
television—deal with a common
denominator of entertainment.
This situation can be changed
by developing computer-based
systems that offer each indi-
vidual an almost unlimited range
of entertainment and informa-
tion. Each individual will select
what he wants, and to how
great a depth he wants to delve
into the areas in which he is
interested.

At his choice of time.

Apply this principle to
education.

What it amounts to is indi-
vidualized instruction. To meet
simultaneously the needs of
many students.

From a practical stand-
point, limits to excellence in
education are almost purely
economic.

The computer provides a
solution by performing high
quality instruction for large
numbers of students, economi-
cally.

Our goal is to make it pos-
sible for a teacher to provide in-
dividual guidance to many stu-
dents, instead of few.

Yet, computer-assisted in-
struction is not a concept which
has been enthusiastically em-
braced by all. There are many
who feel that the computer will
replace teachers.

Not so.

This interpretation implies
mechanizing, rather than per-
sonalizing, education.

Everywhere in our lives is
the effect and promise of the
computer.

Its ability to predict de-
mand makes it possible to
apply the economies of mass
production to a wide variety of
customized products.

It will allow for the use of
a computer terminal device for
greater efficiency in home shop-
ping and much wider diversity
in home entertainment.

It can be a safeguard
against the boom and bustcycle
of our economy.

In short, the computer
means accuracy, efficiency,
progress.

ARE THEY
FOR US OR AGAINST US?

© 1971 SCIENTIFIC AMERICAN, INC

The computer affords us
the way to store knowledge in
adirectly usable form—in a way
that permits people to apply it
without having to master it in
detail.

And without the concomi-
tant human delays.

The computer is indicative
of our present-day technology
—a technology which has ad-
vanced to such an extent that
man now is capable, literally, of
changing his world.

We must insure that this
technological potential is
applied for the benefit of all
mankind.

If you are interested in a
comprehensive index of over
1100 technical papers pub-
lished recently by RCA scien-
tists and engineers, let us know.

Write to: Mr. D. L. Crosier,
RCA, Bldg. 2-2, Camden, New
Jersey 08102.

Of course, we're an equal
opportunity employer.
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80% of the scientists
who have ever lived
are alive today.

This means that most of man’s
scientific knowledgeisnewknowl-
edge, requiring new equipment,
techniques, trained teachers. It
means more classrooms for more
college students than ever before
if they are to learn more than
ever before.

Putting this new knowledge to
work can even mean our survival.

College is where the questions
of our future will be answered.
Everybody's future.

It comes down to this: quality
education for the future takes
money.

Join the future. Give to the
college of your choice.

THE COVER

The painting on the cover shows the kernels on an ear of high-lysine corn:
a strain that largely corrects for a deficiency of the amino acid lysine in
normalcorn (see “High-Lysine Corn,” page 34). Lysine is an essential amino
acid in the nutrition of man and other nonruminant animals such as the
pig and the chicken; normal corn alone cannot meet the nutritional re-
quirements of such animals. High-lysine corn can nearly do so by itself. It
is produced by breeding into normal corn strains recessive genes that favor
the synthesis of the protein glutelin, which is rich in lysine, over the pro-
tein zein, which is not. The endosperm in the kernels of the present proto-
types of high-lysine corn has a characteristic floury appearance, which
is reflected in the light yellow coloration of the kernels in the painting.

THE ILLUSTRATIONS

Cover illustration by Lorelle A. Raboni
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SCIENCE "SCOPE

The health of America's crops, forests and rivers will be checked every 18 days
next year by a new scanning device aboard NASA's Earth Resources Technology Satel-
lite. The 100-1b. optical-mechanical instrument, called a Multi-spectral Scanner,
was developed by Hughes. It is designed to detect and record the different '"sig-
natures'" of the solar energy emitted by all objects on Earth and to convert them
into photo-like images that will show the condition of various natural resources.

The synchronous communications satellite's first decade was featured in the Hughes
display at the Telecom '71 exhibition staged by the International Telecommunica-
tions Union in Geneva, Switzerland, June 17-28. Included were: the first syn-
chronous satellite, shown at the 1961 Paris Air Show by the Hughes team credited
with the original concept; a full-scale model of Anik I, Canada's new domestic
satellite; and third-scale models of all others built by Hughes -- from Syncom,
world's first, which was launched in 1963, to the giant Intelsat IV, which began
commercial service March 26.

The U.S. Army Safeguard System Command, Huntsville, Ala., recently awarded letter
contracts to three companies for contract definition leading to the competitive
selection of a prime contractor for a hardsite defense prototype demonstration
program. Hughes has teamed with Boeing and System Development Corp. The work
will be performed over a five-month period.

Airborne radar transmitter design engineers are needed now at Hughes. Must have
specific fire-control-system, doppler, pulse-compression, microwave, and power-
supply experience. Also: solid state microwave engineers with experience ranging
from UHF to millimeter frequencies, and in the design and use of related circuits.
Both positions require accredited degree, 3 years of specific experience, and U.S.
citizenship. Write: Mr. Robert A. Martin, Hughes Aerospace Engineering Divisions,
11940 W. Jefferson Blvd., Culver City,CA 90230. An equal opportunity M/F employer.

A new traveling wave tube for Canada's Anik I domestic synchronous communications
satellite will operate even more reliably and with higher efficiency than previous
Hughes TWTs. It is expected to operate for more than 12 years, compared with the
six-month life expectancy of the Syncom II TWT (which, however, is still operable
after eight years). Hughes TWTs have also been used on all the Intelsat, ATS,
TACSAT, Mariner, and Lunar Orbiter satellites and the Surveyor and Apollo space-
craft. Their record to date: 100 years in space without a relevant failure.

The first tri-service validation of an Air Force contractor's program performance
measurement system was won by Hughes recently on the cost-schedule control system
for the Maverick missile program.. Maverick -- a TV-guided air-to-ground missile
~-- is being developed under a "total package procurement'" contract. It has com-
pleted flight tests by Hughes and is now in USAF's Category II flight test.

Creating a new world with electronics
[PREEEIRREForeseooes hl

HUGHES |

booooocooaoooooancoos J
HUGHES AIRCRAFT COMPANY
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LETTERS

In their article on quasars [ SCIENTIFIC
AMERICAN, May] Maarten Schmidt and
Francis Bello extrapolate “with reason-
able confidence” from data on 20 tenta-
tively identified quasars to a total of
about 15 million unobserved objects.
However, they regard the evidently too
bold hypothesis of ejection of quasars
from a gravitational collapse at the cen-
ter of our galaxy as quite unlikely. This
is, of course, a matter of personal opin-
ion, but it is hard to understand why the
same easily refuted objections to local
origin of quasars are cited once again.

The objection that blue-shifted qua-
sars have not been detected from other
galaxies is not valid if local quasars are
quite close. Proper motion data for the
quasars of lowest red shift, such as 3C
273, are consistent with a distance of
only a few hundred thousand light-years
(J. Terrell, Physical Review Letters, Vol.
21, page 637; 1968). In this case they
would have perhaps 10,000 to 100,000
times the brightness of the sun and
would need only a few solar masses.
That these parameters are similar to
those of Type O stars has been pointed
out by Siu-Kay Luke (to be published).

Such objects would be faint enough
if ejected even by nearby galaxies to
make a red-shift (or blue-shift) measure-
ment exceedingly difficult. Only the ra-
dio emission from large numbers of such
objects would be readily detectable—
and may be the explanation of the puz-
zling radio sources near many radio
galaxies.

The objection to this hypothesis on
energetic grounds is equally invalid for
such local quasars. The ejection of even
a million such objects of a few solar
masses at relativistic speeds would put
no particular strain on the resources of
a galactic center. On the contrary, it is
the cosmological hypothesis that runs
into energy and mass problems.

The recent observation by James E.
Gunn (The Astrophysical Journal, Vol.
164, Letters to the Editor, page 113;
1971) of a quasar, PKS 2251 + 11, “su-
perposed on a small, compact cluster of
galaxies” meets a conspicuous need of
the cosmological quasar hypothesis. The
data from which the red shift of one of
these galaxies is found to be nearly the
same as that of the quasar (z = 0.323)
would not be considered acceptable
proof, however, if the red shift were not

6

already known. If the red shift is cor-
rectly estimated, then the cluster of gal-
axies is unusually dim and amazingly
compact, which is no doubt why H. C.
Arp (The Astrophysical Journal, Vol.
162, page 811; 1970) concluded that
this same quasar was not part of a clus-
ter of galaxies.

A very recent discovery that may lend
support to local quasars is the report by
C. A. Knight et al. (Science, Vol. 172,
page 52; 1971) that two radio sources
associated with the quasar 3C 279 are
apparently separating at a speed in ex-
cess of nine times the speed of light!
This is, of course, a measurement of
change of angle, and the assumption of
a smaller distance than that given by
Hubble’s law would greatly ease the
situation.

Local origin of observed quasars
seems the most physically reasonable ex-
planation of much of the observational
data, as I have pointed out elsewhere,
for instance in Science (Vol. 154, page
1281; 1966) and in The Astrophysical
Journal (Vol. 147, page 827; 1967). If
it were not for uncooperative obser-
vations, the evidently more glamorous
cosmological quasars would have been
fully accepted long since.

JaMmEs TERRELL

Los Alamos Scientific Laboratory
Los Alamos, N.M.

Sirs:

A survey of a small part of the sky
shows that to magnitude 19% there are
about five quasars per square degree
(A. Braccesi et al., The Astrophysical
Journal, Vol. 152, Letters to the Editor,
page 105; 1968). Considering the steep
increase in the number of quasars with
magnitude, a total number of one mil-
lion over the sky is a conservative esti-
mate. If the average mass of the individ-
ual quasar is 1,000 solar masses (J. Ter-
rell, Science, Vol. 154, page 1281,
1966; The Astrophysical Journal, Vol.
147, page 827, 1967; Science, Vol. 156,
page 265, 1967), the total kinetic energy
of the explosion equals 105 ergs. This
corresponds to the total rest-mass ener-
gy of 10° solar masses, that is, all the
mass within 300 light-years from the nu-
cleus of our galaxy. I mentioned in our
May article an individual mass of 10,000
solar masses, which is a minimum esti-
mate derived from the observed prop-
erties of the emission-line spectra of
quasars (M. Schmidt, Volume IX of
Stars and Stellar Systems, edited by A.
and M. Sandage, to be published).
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These excessive energy requirements
are based on an age of the explosion of
five million years, which is the minimum
age corresponding to a maximum proper
motion for 3C 273 of .002 second of arc
per year. The distance of 3C 273 would
be 600,000 light-years and quasars with
larger red shifts would be at distances
of millions of light-years. Hence some of
“our” quasars would be close to neigh-
boring galaxies, and we might expect to
see some of “their” quasars exhibiting
blue shifts, if they existed.

Dr. Terrell has attempted to alleviate
the above objections by revising the age
of the explosion to 1.55 million years
(Physical Review Letters, Vol. 21, page
637; 1968). Since in his discussion the
energy required depends on the cube
of the distance of the quasars, the total
energy requirement is reduced by a
factor of 30. However, the reduced
age is derived by using the least accu-
rate of two proper-motion determina-
tions of 3C 273 and allowing an error of
two standard deviations in a preferred
direction. The adopted proper motion
deviates more than five standard devia-
tions from the more accurate determina-
tion. This approach is artificial, and it is
hard to understand why Dr. Terrell con-
siders objections to the local origin of
quasars “easily refuted.” Parenthetically,
the minimum quasar mass of 10,000 so-
lar masses derived from the emission-
line spectrum is independent of the age
of the explosion; hence on that basis the
total energy requirement cannot be re-
duced by lowering the age.

The apparent superrelativistic in-
crease of the angular separation of two
radio components of the quasar 3C 279
can be understood on the basis of ejec-
tion at relativistic speed if the direction
of ejection makes a not too large angle
with our line of sight. A similar situation
was not considered objectionable in the
local theory of quasars a few years ago
(J. Terrell, Physical Review Letters, Vol.
21, page 637; 1968). Whether or not the
phenomena seen in 3C 279 constitute an
argument against the cosmological hy-
pothesis depends on further observa-
tions of this source and other sources,
the results of which are awaited with
interest.

MAARTEN ScHMIDT
Hale Observatories

Pasadena, Calif.

Sirs:
One may forgive Riley D. Woodson
[“Cooling Towers,” SCIENTIFIC AMERI-



caN, May] for the strong bias to the |

cooling problems of power stations,
since this is the major field of applica-
tion of cooling towers. However, as a
consequence of this bias the article may
create the wrong impression that cool-
ing with air is per se more expensive
than cooling with water. This is so only
when the process outlet temperature is
close to the ambient temperature (pow-
er-station condenser), in which case the
disadvantage that “dry” systems cannot
cool below ambient temperatures be-
comes rather serious.

For process outlet temperatures more
than about 5 degrees Celsius above the
ambient temperature, cooling with air
can usually be done at lower fofal cost
than cooling with water. In the process
industry the alternative for an evapora-
tive cooling tower is not a dry cooling
tower in a cooling water system but di-
rect cooling with air using air-cooled
heat exchangers in the process lines.
Cost comparisons must be made on a
complete system and not on a single
item (the cooling tower).

W. G. B. MANDERSLOOT

National Chemical Research Laboratory
Pretoria, South Africa

Scientific American, August, 1971; Vol. 225,
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The Negev:
The Challenge of a Desert

Michael Evenari, Leslie Shanan and Naphtali Tadmor

In this lively, richly illustrated book, the authors describe the
past and present challenges of the Negev desert to man, plants,
and animals. This is more than just a scientific study. It is a
book of life itself.

“It is no secret that the Israelis have made the desert bloom,
and in this exhilarating book three Israeli scientists describe
how they did it . . . by reviving the methods used by long-
vanished civilizations.”

John Barkham, Saturday Review Syndicate

‘. . . a valuable and splendidly illustrated work . . . I com-
mend it to all who are coping with the problem of desert and
semi-desert agriculture, as well as to all ecologists.”

$15.00 Sir Fulian Huxley

HARARD

Harvard University Press, Cambridge, Mass. 02138

3

ANTIQUITY

A Quarterly Review of Archaeology
edited by Glyn Daniel

Founded in 1927 by O. G.S. Crawford, ANTIQUITY
has appeared regularly ever since and won acclaim the
world over as the most authoritative journal in its field.
While written by specialists, the articles, notes and
reviews are popular in character and indispensable to
all interested in the development of man and his past.

Dr Glyn Daniel of the Faculty of Archaeology and
Anthropology in the University of Cambridge, and
Fellow of St John’s College, has been Editor since 1956.

The annual subscription, postage included, is $8.
Subscription forms and bankers’ orders are available on
request from

ANTIQUITY PUBLICATIONS LIMITED
104 Hills Road, Cambridge, England CB2 ILW
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o0 AND 100
YEARD AGO

SCIENTIFICAMERICAN |

AUGUST, 1921: “The end of a mod-
ern war is certain to leave the victors
only less impoverished than the van-
quished. Moreover, it is the irony of fate
that in respect to the late war the nations
that won the decision should today find
themselves borne down by military bur-
dens that just about equal the cost of the
reparations they have imposed. If we, in
common with Great Britain, France and
Japan, continue to sink enormous sums
into the maintenance of fleets and armies
on a scale that is out of all proportion to
the legitimate international police neces-
sities of these nations, we are placing
ourselves under a financial burden that is
practically equal to that which has been
assumed by Germany. Fortunately there
is to be held in this country a congress
whose primary object will be the amica-
ble settlement of outstanding interna-
tional questions with a view to reason-
able disarmament. The success of that
momentous gathering, whose first session
will take place in Washington on Armi-
stice Day, will depend more than any-
thing on the degree to which dissimula-
tion gives place to a sincere desire to look
impartially at both sides of every ques-
tion, and on a resolute determination by
all concerned to leave suspicion and fear
outside the council chamber.”

“In the ruthless destruction of our for-
ests and the extravagant and wasteful
methods by which we are using up the
natural resources of America we have
been following a policy that has been
truly described as one in which it is a
case of ‘every man for himself and the
Devil take the hindmost.” The most dis-
couraging fact about the whole situation
is that, in spite of endless warnings and
the carefully prepared governmental sta-
tistics showing the rapid depletion of our
resources, particularly of our forests, no-
body seems to be very much disturbed
and the movement to correct this abuse
is apparently making very small head-
way.”

“A French engineer, H. M. Melot, has

put out an invention that from its form
he calls the propelling trumpet. Capable
of application to all sorts of vehicles, it is
designed primarily for the airplane. The
apparatus consists of a number of tubes
ending with trumpet-like flares or noz-
zles. These are arranged in series in
connection with a combustion chamber,
where an explosive mixture of air and
fuel is ignited as in ordinary engine prac-
tice. The exhaust gases of the combus-
tion chamber are discharged into the se-
ries of nozzles. Both the pipe that effects
this operation and the nozzles themselves
are carefully designed to cause the ex-
pansion of the gases to occur under the
best circumstances. It is the velocity of
the exhaust and the velocity of expansion
that, through reaction against the ex-
ternal air, drives the machine forward.
The exhaust gases are discharged at a
velocity of from 1,200 to 1,500 yards per
second; at the entrance to each nozzle a
certain amount of the outside air is
drawn in and surrounds the jet of exhaust
gas as perfectly as possible. The gas
therefore gives up a part of its velocity to
the air and causes a powerful suction ac-
tion at the entrance to each nozzle.”

“We have no doubt that on numerous
occasions disgruntled ball players have
failed to exert their efforts to win or
have actually done what they could to
betray their club. But concerted throw-
ing of games for money, if we are to
credit the testimony offered in the case
of the Chicago baseball scandal, has
been put on a business basis never before
attained. A new crime has been invented,
and the legislatures of numerous states
have responded by defining the offense

and the punishment.”

AUGUST, 1871: “Alfred Russel Wal-
lace’s new book, The Action of Natural
Selection on Man: The Development of
Human Races under the Law of Selec-
tion; the Limits of Natural Selection as
Applied to Man, is a significant addition
to the already profuse literature on the
subject of natural selection. Mr. Wallace
agrees with Mr. Darwin that natural se-
lection has played an important part in
the development of the various races of
men, but he denies that it alone accounts
for the facts of man’s present existence,
his moral nature, etc. As a writer, Mr.
Wallace is not inferior to Mr. Darwin; as
a thinker, he ranks high, and his argu-
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ments are not of a kind that can be easily
refuted.”

“The story of the explosion of the
boiler of the steam ferry boat Westfield,
plying between Staten Island and New
York, has been conveyed to every corner
of the land. As yet the coroner’s inquest
is not completed, and the evidence
scarcely warrants an opinion as to the
cause of the dreadful disaster. It is, how-
ever, revealed that the boiler was old and
patched, that steam pressure was carried
above that authorized by the license, and
that the engineer was away from his post
at the time of the explosion and had
been so at least five minutes, the pressure
being 27 pounds when he left it—two
pounds above the licensed maximum.
How much the pressure rose during his
absence is not known, but that it was
enough to precipitate a large number of
persons into eternity and grievously burn
and maim still more is certain. There
may have been negligence on the part of
the inspector; that there was culpable
neglect on the part of the company and
employees is sure. A patched boiler
is not necessarily an unsafe one, but
patched principles are always unsafe.
And it is because of looseness in the ad-
ministration of law and the want of en-
forced regard to the public welfare on
the part of railway and steamboat com-
panies that the waters of New York Bay
were filled with dead and wounded on
the last Sunday in July, 1871.”

“Professor Tyndall’s Fragments of Sci-
ence for Unscientific People are not all
of them easy reading. You cannot run
through them as you can through a lady
writer’s romance, although certain por-
tions of them are more sensational than
the most sensational novel. There is nev-
er an attempt to hide rough ground un-
der the flowers of rhetoric or the sticks
and straws of verbiage. Wherever there
are hard places to be traversed, Professor
Tyndall tells you they are and will be
hard, and advises you to gird up your
loins accordingly. When the trying bit of
climbing is accomplished, ‘thus patiently
you have accompanied me over a piece
of exceedingly difficult ground; and I
think as a prudent guide we ought to
halt upon the eminence we have now
attained. We might go higher, but the
boulders begin here to be very rough. At
a future day, we shall, I doubt not, be
able to overcome this difficulty, and to
reach together a higher elevation.” Such
frankness, combined with such lucidity,
renders the reading of Professor Tyn-
dall’s works a mental tonic.”



Four thousand
miiles from home.

Age ten.

When a little girl flies alone to Europe,
who takes care of her every step of the way?
A friendly computer system, that's who.
It can arrange all the special attention
a child might need, like being met
at the airport, no matter how many times
she stops or transfers airlines.
Linking the computers of more
than 100 European and Middle Eastern
airlines, this data communications system
can alsg onﬁnnrmm

o puterspeeds, '
computer Imgww"md.
This innovative sys
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You can now reserve Gilroy Roberts'newest
limited edition bird sculptures.In solid sterling silver.
Deadline: Tuesday, August 3lst.




he sterling silver Goshawk

medal (shown opposite — 22

times actual size) is one of five
new bird sculptures, by the famed art-
ist Gilroy Roberts, that will be issued
in the form of solid sterling silver art
medals.

All five of these medals are shown
below in their actual size—2" in diam-
eter. Each is a masterpiece in its own
right—a delicate work of art by Gilroy
Roberts, whose portrait of John F.
Kennedy graces the U.S. half dollar.
(Mr. Roberts, a master engraver as
well as a superb sculptor personally
supervises translation of each sculp-
ture into the medium of solid sterling
silver.)

Each medal is minted with a
beautiful proof finish by the Franklin
Mint, the world’s foremost private
mint. Struck on heavy sterling silver
planchets, weighing at least one thou-
sand grains, these medals are coined in
individually limited editions — with
each edition permanently limited to
one sterling silver specimen for Mr.
Roberts’ personal collection, one for

sale. After each Patron receives the
sterling silver specimen struck ex-
pressly for him, the dies for that de-
sign are destroyed.

As a result, future collectors who
want to acquire these designs must
obtain them from Patrons who are
willing to sell part or all of their col-
lections, at prices determined by the
laws of supply and demand.

You can now become a Patron of
this program by ordering one or more

SKYLARK

of the sterling silver proof medals to
be issued at this time.

Patrons of this newest group of
five Roberts Birds must place their
orders by AUGUST 31, 1971. No or-
ders postmarked later than that date
can be accepted. The original issue
price is $20.00 for each bird or $90.00
for all five. Patrons may order one,
two, three, four, or all five of these
new Roberts Birds, but no more than
one specimen of each design.

GOSHAWK

EUROPEAN ROBIN

the Franklin Mint archives, and one
for each Patron whose order is placed
before the strikings begin.

Thus, the total edition of each
bird sculpture is completely “sold out”

WOODCOCK
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ALBATROSS

PATRON’'S APPLICATION
AND ORDER FORM

. valid only if received in an envelope postmarked by AUGUST 31, 1971.

before the first piece is minted. No The Franklin Mint g Z‘éYSLI-IA:V';K :zggg
additional pieces are struck for future . i :

p : Franklin Center, Pa. 19063 3 EUROPEAN ROBIN £20.00

* Please enroll me as a Patron of Roberts | 0 WOODCOCK $20.00

= Birds and enter my order for the follow- | (] ALBATROSS $20.00

. ing proof-quality specimens, to be | [JThe Complete set of five $90.00

struck in solid sterling silver expressly
* for my personal collection: Total of order $

Add your state sales tax

e Remittance enclosed $
* Mr
+ Mrs.
- Miss
. PLEASE PRINT CAREFULLY
» Address
City State Zip

Each medal will be shipped to you encased in
this handsome Lucite easel display.

The Franklin Mint ic an indenandent nublicly-owned corporation and is not affiliated with the U.S. Mint
¢ © 1971 SCIENTIFIC AMERICAN, INC u-2



i READINGS FROM
SCIENTIFIC
avericay | Man and the
With Commentaries by
o Ecosphere
RICHARD W HOLM

Man and the Ecosphere

Readings from SCIENTIFIC AMERICAN

With Commentaries by

PAUL R. EHRLICH, Stanford University,

JOHN P. HOLDREN, Lawrence Radiation Laboratory,
and RICHARD W. HOLM, Stanford University

1971, 307 pages, 236 illustrations (129 in color),
Clothbound $11.00, paperbound $5.75

“We hope that these articles, together with the commen-
taries that introduce them, convey a sense of the dimen-
sions of man’s impact on the ecosphere and, correspon-
dingly, of the fundamental sociological and technological
changes required to alleviate that impact...” —From the
Preface
A new solution to the problem of suitable supplementary
reading for courses in environmental studies is provided in
this book by two biologists and a physicist. They have
organized 27 articles from SCIENTIFIC AMERICAN into
an integrated presentation that illuminates the history of
man’s relationship with his environment. In each introduc-
tion to the four sections of the book, they offer extensive
commentary on the articles and bring into focus our most
pressing ecological problems.

Man and the Ecosphere will uniquely complement other
books in ecology and will deserve a place on every con-
cerned reader’s bookshelf.

SECTIONS: The Ecosphere and Preindustrial Man. Limits Rarely
Perceived. The Dimensions of Intervention. On Management and
Buying Time. Biographical Notes and Bibliographies

- W. H. FREEMAN AND COMPANY
660 Market Street, San Francisco, California 94104
58 Kings Road, Reading RG1 3AA, Berkshire, England
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THE AUTHORS

NORBERT HIRSCHHORN and
WILLIAM B. GREENOUGH III
(“Cholera”) are respectively associated
with the U.S. Public Health Service and
the Johns Hopkins University School of
Medicine. Hirschhorn writes: “Born in
Vienna, raised and educated at points
between Boston and New York. Three
months in Surinam as a medical student
and three years in Dacca with the U.S.
Public Health Service have wedded me
to a career in international medicine. My
strong bias is that population cannot be
controlled until human health improves
sufficiently. Outside medicine I enjoy
amateur acting and scribbling poetry for
my own consumption.” Greenough, who
was graduated from Ambherst College in
1953 and the Harvard Medical School
in 1957, spent three years with the Pak-
istan-seaATo Cholera Research Labora-
tory in Dacca; he writes that his “avoca-
tional experience with small boats on
the waterways of New England and
New York State was invaluable in es-
tablishing river communications be-
tween the main-base laboratory in Dac-
ca and the cholera-vaccine field trial
area 35 miles away in rural East Paki-
stan.” From 1965 to 1967 Greenough
was at the National Heart Institute,
where he was coinventor of a continuous-
flow centrifuge for the separation of the
various formed elements of the blood.
Since 1967 he has been at Johns Hop-
kins, where he is now chief of the infec-
tious diseases division and associate pro-
fessor of medicine and microbiology in
the School of Medicine.

GEORGE F. BASS (“A Byzantine
Trading Venture”) is associate professor
of classical archaeology at the Univer-
sity of Pennsylvania. He obtained his
Ph.D. there in 1964 after study at Johns
Hopkins University and the American
School of Classical Studies in Athens.
Much of his work has been in under-
water archaeology, although this sum-
mer he is beginning a land excavation of
a Bronze Age site in southern Italy. The
work he describes in his article was
sponsored by the American Philosophi-
cal Society, Bauer Kompressoren, the
Catherwood Foundation, the Corning
Museum of Glass, Nixon Griffis, the Lit-
tauer Foundation, Mr. and Mrs. James
P. Magill, the Main Line Diving Club of
Philadelphia, the National Geographic
Society, the National Science Founda-
tion, the Office of Naval Research, the

Rockefeller
Van Alen.

Foundation and William

DALE D. HARPSTEAD (“High-Ly-
sine Corn”) is professor in and chairman
of the Department of Crop and Soil Sci-
ences at Michigan State University. Af-
ter obtaining his bachelor’s and master’s
degrees at South Dakota State Univer-
sity he joined the department of agrono-
my there and, during leaves of absence,
worked on his Ph.D. at the University
of Nebraska. After receiving the degree
in 1961 he joined the staff of the Rocke-
feller Foundation as a maize geneticist
stationed in Colombia. He took up his
present work in 1969. “As a youth in
South Dakota I developed a lasting love
for the open spaces,” he writes. “I am
very concerned about conservation and
the wise use of our natural resources.”
He adds that he enjoys fishing, hiking
and home carpentry and occasionally
finds time “to chip away at what I call
wood carving.”

LYNN MARGULIS (“Symbiosis and
Evolution”) is with the department of
biology at Boston University. She
writes: “I was born on the University of
Chicago campus; most of my education
and certainly all my attitudes about
learning were obtained at that very ex-
citing institution. Since I left for the Uni-
versity of Wisconsin in 1957 and the
University of California at Berkeley
(where I received my Ph.D.) in 1960 I
have not lifted my nose from the litera-
ture of professional biology, except to
look through my phase-contrast micro-
scope. Minor exceptions to that general
truth are also related to biology: at age
14 I worked on an Israeli commune; one
summer I studied native healers in Mex-
ico, and I trained Peace Corps volun-
teers for biology teaching in Colombia.
The major exception to the above gen-
eral truth involves bearing and raising
my four children, mostly boys, all in-
cessantly active.”

PALMER DYAL and CURTIS W.
PARKIN (“The Magnetism of the
Moon”) are at the NASA-Ames Re-
search Center in California; Dyal is a
research scientist in the Space Physics
Branch and Parkin is a postdoctoral as-
sociate. Dyal was graduated from Coe
College in 1955 and took his Ph.D. at
the University of Illinois. He writes that
he enjoys canoeing, hiking, trout fishing,
gardening and amateur beekeeping and
that he also reads extensively on the his-
tory of World War II. Parkin was gradu-
ated from the University of Texas at El
Paso in 1963 and received his master’s
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degree and his Ph.D. from Vanderbilt
University. “One of my main interests
outside lunar magnetism,” he writes, “is
music—from rock to Bach—preferably in
live concert or quadraphonic sound. I
always carry a book, most often a Greek
classic or a science-fiction novel. I travel
at every opportunity, finding equal plea-
sure in a European trip and a wild week-
end blazing over blacktop roads on my
Honda. Other interests include flamenco
guitar, classic film festivals and weekend
encounter-group marathons.”

JEFFREY M. CAMHI ("Flight Orien-
tation in Locusts”) is assistant professor
of biology at Cornell University. He has
been interested in insects since he was
an undergraduate at Tufts University,
and he began his present line of inquiry
into behavioral neurophysiology while
he was a graduate student at Harvard
University. He writes that he is attracted
by “the almost ideal conditions of in-
sects for studying the development of
behavior and of the nervous system.”

RICHARD C. ATKINSON and
RICHARD M. SHIFFRIN (“The Con-
trol of Short-Term Memory”) are re-
spectively professor of psychology at
Stanford University and associate pro-
tessor of psychology at Indiana Univer-
sity. Atkinson did his undergraduate
work at the University of Chicago and
received his Ph.D. from Indiana in 1955.
His work has ranged from studies of
memory and perception to applied prob-
lems of learning, particularly teaching
reading in primary grades. Shiffrin, who
is currently on leave from Indiana to
serve as a visiting member of the faculty
at Rockefeller University, obtained his
bachelor’s degree in mathematics from
Yale University in 1964 and did graduate
work in psychology at Stanford, where
he received his Ph.D. in 1968.

LYNN ARTHUR STEEN (“New
Models of the Real-Number Line”) is
associate professor of mathematics at St.
Olaf College in Minnesota. During the
academic year 1970-1971 he was on
leave to work at the Institut Mittag-Lef-
fler in Sweden. Steen has been inter-
ested in philosophy, mathematics and
physics since his undergraduate days at
Luther College in Iowa. In 1965 he re-
ceived his Ph.D. in mathematics at the
Massachusetts Institute of Technology,
with a minor in philosophy and mathe-
matical logic. He writes that one of his
principal interests is “to communicate
some of the excitement of modern math-
ematics” to people who are not special-
ists in the field.
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The one aspect of college life
that seems to remain constant is
that each new group of students
feels it can do a better job of helping
society meet its present and future
needs. We think this holds as true
today as it ever did.

It seems to us that campus
unrest is publicized well out of pro-
portion to the reality of the positive
goals of the great majority of
students. Students who, above all,
want to make a meaningful

contribution to our society with
their lives.

Of all the reasons we have for
supporting colleges, our belief in
young people is the most important.
So, each year, we continue our
aid-to-education program which,
this year, touches some 300 colleges
and universities.

Many of the young students
who benefit from our assistance to
colleges and universities will never
work for Texaco. But among them

will be leaders important to our
future. They include a wide range of
young people with some very strong
beliefs that they can do something
worthwhile. All in all, we think we're
getting a pretty good return on

this investment.

We're working to keep your trust.

We still believe in them.
And were backing that belief.

A

=
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Cholera

The disease can readily be treated by the replacement of lost body

fluids, but this calls for effective social organization. Knowledge

of how the toxin acts mayv point toward a simpler specific antidote

by Norbert Hirschhorn and William B. Greenough 111

era struck the city of London, killing

thousands of its citizens. An astute
and studious physician, John Snow (in-
ventor, pioneer in inhalation anesthesia,
obstetrician to Queen Victoria), care-
fully mapped the incidence of the dis-
ease and determined that most of the
people who died had drunk water from
the Broad Street pump. The water,
drawn from the Thames River, had the
taste and odor of sewage. Snow advised
the guardians of the parish to remove
the pump handle, and the epidemic
quickly waned.

Snow was an objective enough scien-
tist to note that the epidemic had begun
to subside before this water source was
cut off. Yet he was convinced that the
disease must have been caused by some
agent in the water associated with hu-
man fecal waste. Although the existence
of germs had not yet been demonstrated
in those days, Snow deduced that the
cholera agent was a self-replicating or-
ganism, because its effect was not di-
luted by passage in water.

Snow’s well-reasoned conjecture that
the epidemic had arisen from the con-
taminated water, not from “miasmic va-
pors” or supernatural causes, was soon
dramatically confirmed. In 1854 the city
was struck by another severe cholera
outbreak. In the intervening years one
of the two private water companies serv-
ing the city had changed its water
source, drawing from a clean area of the
Thames instead of from the sewage-

Ill 1849 an explosive epidemic of chol-

laden area. Among the users supplied
by this company, the Lambeth Com-
pany, relatively few persons were affect-
ed by the 1854 cholera epidemic, the
number of deaths in a 14-week period
being 461, or 2.6 per 1,000. In the popu-
lation served by the other company,
Southwark and Vauxhall, which was still
drawing from the sewage-laden waters,
the deaths from cholera totaled more
than 4,000, or 15.3 per 1,000.

The cholera agent had been reintro-
duced by sailors from the Baltic region.
Snow, in his now classic treatise on the
two epidemics titled “On the Mode of
Communication of Cholera,” observed
that the separation of the two compa-
nies” water sources had set up an “ex-
periment . .. on the grandest scale.” Both
companies had originally offered their
water service to householders competi-
tively, and as a consequence their cus-
tomers were intermingled throughout
the city, each street having some Lam-
beth users and some Southwark and
Vauxhall users. In the 1854 situation, as
Snow pointed out, “no fewer than 300,-
000 people of both sexes, of every age
and occupation, and of every rank and
station ... were divided into two groups
...one group being supplied with water
containing the sewage of London, and
amongst it whatever might have come
from the cholera patients, the other
group having water quite free from such
impurity.” The result of the large-scale
“experiment” left no doubt that the sew-
age carried the cholera agent.
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A great deal has since been learned
about cholera, but Snow’s perceptions
still stand as a model of accuracy and
erudition. Even today his observations
on the nature of the disease sound amaz-
ingly modern, as we shall see. We shall
review here the current research, which
continues to be active, looking toward
even more effective control of the dis-
ease than has already been achieved.

Nthough cholera was virtually elimi-
nated from the Western Hemi-
sphere and Europe and confined to cer-
tain areas in Asia during recent decades,
it has by no means been reduced to a
minor threat. There are still massive
local outbreaks such as the current one
among Bengali refugees from East Pak-
istan. One such outbreak began to
spread in 1958 and is now seeded
throughout the Middle East and Africa
and in parts of Europe. Arising not from
a focus in India but from Celebes Island
in Indonesia, and generated by a variant
type of the cholera bacterium, that out-
break has already reached the dimen-
sions of a pandemic. Like the previous
pandemics, it seems likely to cross the
Atlantic, taking hold particularly in the
slums and along the rivers of South and
Central America.

Cholera is surely one of the most ter-
rifying of all diseases. It strikes suddenly
and massively, sweeping through entire
families, villages and cities. The symp-
toms typically begin with a vague feel-
ing of fullness in the abdomen and loss
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of appetite. The victim becomes giddy,
his hands and feet become cold and
clammy, he may vomit and he begins to
pass great quantities of liquid stool, at
first brown and then the “rice water”
stool—opalescent, watery and flecked
with mucus—that is characteristic of
acute cholera. Excruciating cramps seize
the victim’s limbs and abdomen. He may
quickly go into deep shock. Death, es-
sentially from the effects of dehydra-
tion, may come within hours or after
several agonizing days. Between half
and three-quarters of those acutely
stricken will die if they do not receive
prompt treatment.

It is no wonder that a cholera out-
break almost invariably throws the pop-
ulation into panic. Many people, includ-
ing physicians, flee from the stricken
area. Bordering countries attempt to
stand off the disease by embargoing the
movement of people and goods; the epi-
demic nevertheless spreads inexorably.

Cholera has probably plagued man-
kind for thousands of years; ancient
Sanskrit references give clinical descrip-
tions of an epidemic, cholera-like illness.
The disease has certainly been endemic
in the Indian subcontinent, particularly
along the great river systems, for cen-
turies. The Western world remained rel-
atively free of cholera until the 19th cen-
tury; between 1817 and 1923, however,
it too was visited by a series of six pan-
demics, each lasting for about a dec-
ade or longer. Most technologically ad-
vanced countries have been free of the
disease since early in this century. This

has been attributed to—but may not be
solely the result of—sanitation and pub-
lic health measures. Sanitation, health,
wealth and personal cleanliness do not,
however, provide a sure barrier against
cholera, as was shown recently by an
outbreak in Israel. It can occur when-
ever food or water is contaminated by
fecal material containing the bacterium;
in Israel vegetables washed in contami-
nated water were sold in districts with
excellent sanitation and spread the dis-
ease among well-to-do customers. More-
over, as a disease of man, cholera can be
spread in today’s world as far and as fast
as man can fly.

It is now time to consider the organism

that does all this damage. Cholera is
caused by Vibrio cholerae, a member of
the large family of water bacteria that
are named vibrios from their darting
movements, propelled by a single flagel-
lum. The organism was first identified
by the pioneer bacteriologist Robert
Koch in his study of cholera in Egypt
and India in 1883. A number of investi-
gators have since given intensive study
to the cholera vibrio. It is actually a
delicate creature, thriving only in a
salty, alkaline environment such as ex-
ists in tidal estuaries and the human
small intestine. (The extraordinarily ob-
servant Snow noted that the Southwark
and Vauxhall water was saltier than
Lambeth’s!) Because of its delicacy the
cholera vibrio can be cultured only in a
special medium that suppresses more
vigorous bacteria.

With proper techniques the presence
of the vibrio in a fecal sample or a swab
can be detected at a patient’s bedside
within minutes. Under a dark-field mi-
croscope the organism’s darting move-
ments are easily seen; against the dark
background a field of vibrios looks like
a speeded-up old-time movie of Times
Square at night. When a drop of serum
from a rabbit that has been immunized
specifically against cholera is placed on
the slide, the vibrios clump and all
movement ceases; thus the diagnosis of
cholera is confirmed. A pocket version
of such a microscope has been developed
as a tool for identifying the vibrio of
cholera and the spirochete of syphilis.

Cholera is not very contagious; the
organism generally is transmitted only
in food or water and not from person to
person, unless one allows one’s hands to
be soiled by a sick person’s evacuations
and fails to wash before eating. It has
also been found that subclinical infec-
tion by the cholera vibrio, in which the
host shows no sign of illness, is common.
This situation is similar to that of polio-
myelitis or viral hepatitis, where the
manifest cases of illness represent only
the tip of the iceberg, with a much larg-
er number of persons carrying the in-
fection and spreading it unknowingly.
In endemic focal regions such as India
many people develop a natural immu-
nity to the disease with age, no doubt
through repeated subclinical exposures
to the vibrio. About half of the victims
stricken by cholera are children who
have not developed immunity.

CURRENT WORLD OUTBREAK of cholera began in 1958 on
Celebes Island in Indonesia. The map, from the World Health
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Organization, shows the spread of the pandemic year by year since
then. The outbreak is considered likely to cross the Atlantic Ocean.



Virtually all patients attacked by chol-
era can survive if they are promptly and
properly treated. The lifesaving treat-
ment is simply replacement of what they
are losing in the watery stool. Roughly
speaking, all the derangements in chol-
era are due to the loss of a salty, watery
fluid from the intestine. Again we can
hark back to the insight of Snow, ar-
rived at in a day when little was known
of physiology or biochemistry. Drawing
on his own observations and those of
contemporary physicians, he wrote:

“The stools and vomited matters in
cholera consist of water, containing a
small quantity of the salts of the blood,
and a very little albuminous substance.
The change in the blood is precisely that
which the loss by the alimentary canal
ought to produce. ... If any further proof
were wanting. .. that all of the symp-
toms attending cholera, except those
connected with the alimentary canal,
depend simply on the physical altera-
tion of the blood, and not on any cholera
poison circulating in the system, it
would only be necessary to allude to the
effects of a weak saline solution injected
into the veins in the stage of collapse.
The shrunken skin becomes filled out,
and loses its coldness and lividity . .. the
patient is able to sit up, and for a time
seems well.”

Snow’s remark about the effectiveness
of treatment with intravenous injections
was excessively cautious; he put his fin-
ger, however, on the jugular of the chol-
era medical problem. In our century a
number of investigators, notably Robert
A. Phillips, Raymond H. Watten, Craig
K. Wallace and their associates working
in a research unit of the U.S. Navy in
Taiwan, explored in detail the losses “by
the alimentary canal” in cholera and de-
veloped specific principles for treatment
of the attack.

The volume of the loss of body fluid
is in itself devastating. Cholera patients
have been known to lose fluid at the rate
of more than a liter an hour for many
hours during their diarrhea. On admis-
sion to a hospital they commonly show
a loss of from 5 to 10 percent of their
body weight, which is indeed a massive
loss considering that this amounts to
about a quarter to half of the normal
total weight of the body fluid outside the
cells. The patient shows the outward
signs of the effects of fluid loss: a faint
or absent pulse, collapsed veins, sunken
eyes, loss of skin elasticity, diminished
or absent urine output and, in very se-
vere cases, shock with loss of conscious-
ness, due to the lack of adequate blood
circulation to the vital organs.

The investigators in the Taiwan re-

Sequwsi- s

IMMUNIZATION against cholera is provided at an “inoculation barrier” set up by the
Indian government near a pilgrimage center. The high concentration of population and the
lack of adequate sanitary facilities associated with pilgrimages (and with the current flood
of Bengali refugees) often lead to an outbreak of the disease, which is endemic in India.
The killed-whole-cell vaccines are at best only partially effective, and only for about three
months at that. The potency of commercial vaccines varies; some of them give no protection.

PN e

CHOLERA PATIENT is treated by intravenous injection of fluid to make up for the cata-
strophic fluid loss characteristic of the disease. The severe dehydration reduces the blood
volume sharply, leading to deep shock and unconsciousness. The outward signs include
lack of a pulse and of urine flow and the flaccid skin and sunken eyes seen in this patient.
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sgarch unit found that the blood of a
typical patient contains higher than nor-
mal concentrations of protein and blood
cells, a nearly normal concentration of
sodium in the serum and a marked de-
crease of alkali. These facts indicate,
and analysis of the watery stool con-
firms, that little protein is lost but a con-
siderable quantity of salt and bicarbon-
ate is carried off in the stool.

Once the important losses had been
identified, the necessary treatment be-
came obvious: inject into the patient a
solution that matches in amount and
composition what is lost in the stool.
This is supplied by continuous intra-
venous injection. The volume of excre-
tion of stool is so high that over a treat-
ment period of from four to seven days
the total infusion for replacement may
amount to twice the weight of the pa-
tient’s body or more. To keep track of
the patient’s loss of fluid, and to provide
a hygienic method of stool disposal,
Watten of the Taiwan team designed a
special “cholera cot.” The cot has a hole
under the patient’s buttocks, and a plas-
tic sheet with a sleeve guides the stool
into a calibrated bucket below.

The treatment produces a dramatic
recovery. Within minutes the patient re-
gains warmth and alertness. If hydration
is maintained properly, he can soon sit
up on the cot and even take nourish-
ment. In four to seven days the diarrhea
ceases and the patient is cured and can
go home.

The composition of the replacement
solution is also important. If the bicar-
bonate is not replaced, particularly in
cases where volume replacement has also
been inadequate, there is an increase in
the concentration of hydrogen ions in
the blood, resulting in acidosis. A pa-

tient whose blood pH falls below 7.0 is
perilously close to death. Acidosis weak-
ens the pumping of the heart and causes
a constriction of the blood vessels that
tends to shunt much of the remaining
blood volume into the lungs. This leads
to congestion of the lungs and sets the
stage for either pneumonia or pulmonary
edema if an adequate degree of rehydra-
tion is attempted before the acidosis is
corrected.

In small children, or even in adults,
when diarrhea is prolonged, the loss of
another salt, potassium, can lead to dis-
turbances of the heart rhythm and even
to heart stoppage. Potassium depletion
also causes profound weakness and pos-
sibly paralysis. Most replacement solu-
tions therefore include potassium.

Where the treatment is available, the
mortality from cholera can be reduced
to less than 1 percent. Unfortunately it
is not yet available in most of the chol-
era-ridden areas of the world. It requires
large quantities of sterile intravenous
fluids, skilled personnel and special fa-
cilities. The World Health Organization
is making superb efforts to train person-
nel and supply the necessary material,
but its resources are too small to bring
the required protection to many of the
areas at risk from cholera.

A new laboratory development is
helping to relieve the central problem:
the difficulty and expense of replacing
the lost body fluid by intravenous injec-
tion of sterile fluids. It has been found
that simple sugars such as glucose and
certain amino acids such as glycine
markedly increase the transport of sodi-
um and with it water across the intestinal
wall. This has opened the way to sup-
plying the necessary fluids by mouth in-
stead of by injection into the blood-

stream. An oral solution approximating
the composition of cholera stool and
with glucose as the carrier has been de-
veloped and tested by David Nalin,
Richard A. Cash and one of us (Hirsch-
horn), working in Dacca in East Pakis-
tan, and by Nathaniel F. Pierce, R. B.
Sack and John G. Banwell in Calcutta,
and by others. The patient is first re-
hydrated by intravenous injection, if
necessary, and is then fed the oral solu-
tion at the rate at which fluid is lost by
diarrhea. With a thin stomach tube one
can continue the feeding while the pa-
tient is asleep.

The new method can reduce the re-
quirement for intravenous injection to
as little as 20 percent of the total fluid
needed for the cure. More significant,
since local water sources can be used
and the salts and glucose are readily
available in the market, the expense is
sharply reduced; in a rural center in
East Pakistan, for example, the cost of
the fluids for the full treatment was cut
from $42 per patient to 63 cents. In
epidemic situations, where intravenous
fluids are often not available, early treat-
ment with the right oral solution could
save many lives. In its simplest form
oral treatment could be initiated by let-
ting a patient’s relatives have a quantity
of the solution with instructions to give
at least one or two quarts an hour until
good urine output has been achieved.
Such an approach would provide a first
line of defense where medical facilities
are overwhelmed, as in the Bengali refu-
gee camps.

A vibrio-killing antibiotic such as tet-
racycline can also help, as was demon-
strated in Dacca by a group including
John Lindenbaum and one of us (Gree-
nough) and in Calcutta by Charles C. ]J.

SODIUM POTASSIUM CHLORIDE BICARBONATE
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COMPOSITION of the blood and stool in severe cholera provides
guidance in making up the replacement fluids and also yields clues
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to the mechanism of the disease. Colored bars give average values
in cholera, gray bars normal values, where pertinent (some normal



PLASMA PROTEIN

STOOL VOLUME (LITERS)

INTRAVENOUS FLUIDS (LITERS)

DAY

MAGNITUDE OF FLUID LOSS is demonstrated by data on the
stool volume (almost completely liquid) and replacement intrave-
nous fluids in a series of patients treated in Calcutta by Charles

Carpenter and his colleagues. The anti-
biotic cuts the duration of the diarrhea
in half, thus saving time, money and dis-
tress for the patient. It is not, however,
a cure for the disease; only the replace-
ment of the patient’s fluid losses can re-
store him to health.

The progress that has been made in

treating cholera should not give us
an overconfident sense of security in the
Western world. In richly fed populations
the high incidence of atherosclerosis
(causing narrowing of the arteries) cre-
ates a hazardous setting for any de-
hydrating disease. The sudden drop in
blood volume and pressure in cholera,
reducing blood flow through narrowed

BLOOD pH

4 TOTAL |

vessels to the heart and brain, could pro-
duce an epidemic of heart attacks and
cerebral strokes. Hence there is good
reason to pursue further research into
the basic processes of cholera in an ef-
fort to find means of forestalling the dis-
ease or suppressing it as quickly as it
strikes. Actually the continuing research
has turned up biological findings that go
considerably beyond the disease in in-
terest and significance.

The most fundamental question about
cholera demanding an answer has been:
How does the cholera vibrio bring about
the body’s massive outpouring of fluid?
Once again Snow’s remarkable intuition
is shown in his framing of this question
more than a century ago: “It would seem

RED BLOOD CELLS

PERCENT OF BLOOD VOLUME)

{

values depend on diet). Sodium and chloride in blood are elevated by loss of water
through sweating and labored breathing. The rise in blood potassium is due to acidosis.
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C. J. Carpenter and his colleagues. In patients given fluids but no
antibiotics the loss was still large after four days (black bars). An
antibiotic reduced the duration of diarrhea significantly (color).

that the cholera poison...withdraws
fluid from the blood circulating in the
capillaries, by a power analogous to
that by which the epithelial cells of the
various organs abstract the different se-
cretions in the healthy body.” The key
word here is his reference to a “power”
driving the fluid from the blood vessels
into the intestine. It has now been estab-
lished by a number of investigators that
the vibrio is found all up and down the
intestine, swimming in the lumen and
clinging to the lining of the intestinal
wall. Intubation experiments, in which
fluid is sampled at various levels in the
intestine, show that the outpouring of
fluid comes only from the small intes-
tine, not from the stomach or the colon.
Other studies show that the intestinal
wall remains intact and that the fluid
in the intestine is nearly normal in com-
position (although not in amount!). All
these findings, confirmed in animal stud-
ies by Sack and Carpenter at the Johns
Hopkins University School of Medicine,
suggest that power, or energy, is some-
how supplied for driving the excessive
flow of fluid from the blood into the in-
testine. One might suppose that the
cholera vibrio simply makes the inter-
vening membranes “leaky” in some way,
but experiments have shown that the
permeability of the intestinal mem-
branes is not increased. It turns out that
the vibrio does in fact trigger a process
that stimulates secretion of the fluid.
Several independent lines of inquiry,
eventually drawn together, led to the
elucidation of this process. The findings
were based on the work of investigators
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CURRENT

EXPERIMENTAL CHAMBER for testing the passage of ions through intestinal tissue was
employed hy Michael Field of the Harvard Medical School. Electrical gradients detected hy
the voltmeter are neutralized hy a current. Suhstances affecting the tissue are added to the
fluid and changes in active transport of ions hy the tissue are measured by sampling the fluid.

in Calcutta, Bombay and Dacca, at the
University of Oxford, the Harvard Medi-
cal School, Johns Hopkins and the Uni-
versity of Minnesota.

Michael Field of the Harvard Medical
School had for several years been study-
ing absorption and secretion by the
small intestine of the rabbit. Using a
preparation of intestinal epithelium in
which he could neutralize any physical,
electrical or chemical gradients acting
across the tissue, he traced the move-
ment of salt ions from the lumen side of
the intestinal wall toward the blood and
vice versa [see illustration above]. He
found that normally the sodium ion of
salt was moved by the membrane to the
blood side, corresponding to the absorp-
tion of salt and water by the blood from
the intestine in an animal. However,

CHOLERA TOXIN

when Field added to the tissue prepara-
tion the drug theophylline, a component
of tea long used as a heart stimulant, the
flow was reversed: chloride ion moved
toward the intestinal lumen side and so-
dium was no longer absorbed, corre-
sponding to secretion from the blood of
salt and water.

Theophylline has a highly specific ef-
fect: it fosters the body’s accumulation
of the substance known as cyclic AMP
(a form of adenosine monophosphate) by
inhibiting an enzyme that breaks down
this substance. Cyclic AMP is called a
“second messenger,” because it passes
on orders from various hormones to the
cells. Field proceeded to test the effect
of cyclic AMP on his rabbit intestinal tis-
sue and found that it had precisely the
same effect there as theophylline: it re-

CHOLERA TOXIN

BLOOD SIDE

{BLOOD SIDE

NET ION FLOW across intestinal tissue is given in microequivalents per square centimeter
per hour. The normal flow of sodium ion (top) and chloride ion (bottom) is reversed (cen-
ter) if cholera toxin is added to fluid. Theophylline or cyclic adenosine monophosphate
(cyclic AMP) has the same effect. Adding glucose on lumen side helps restore balance (right).
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versed the flow of salt ion from the nor-
mal absorption direction to the secretion
direction.

One of us (Hirschhorn), with Howard
S. Frazier of Harvard, later performed
another experiment with theophylline.
Examining the reactions of rabbit intes-
tinal cells by means of microelectrodes
inserted into the cells, we found that the
drug produced an electrical effect within
the cells that was consistent with chlo-
ride-ion secretion. We observed this ef-
fect mainly in the basal cells, which are
thought to be the main sources of secre-
tion by the small intestine. Presumably
the cyclic AMP was responsible for the
cellular secretion we were observing.
Here, then, was a secretory process tai-
lor-made to produce fluid loss from the
intestine.

We switch now to another main

thread of the story. More than a
decade ago three Indian investigators,
Nirmal K. Dutta in Bombay and S. N.
De in Calcutta, discovered that not only
the cholera vibrio itself but also the
fluid in which the organism had been
cultured could cause copious secretion
of salt and water from rabbits’ intes-
tines. Findings by several investigators,
including William Burrows of the Uni-
versity of Chicago and George F. Grady
of Tufts University, implicated a spe-
cific toxic substance produced by the
vibrio. After years of work independent
groups headed by Richard A. Finkelstein
of the Southwestern Medical School,
Stephen H. Richardson of the Bowman-
Gray School of Medicine and W. H.
Moseley of the Pakistan-seaTo Cholera
Research Laboratory in Dacca isolated
a purified toxin that, in amounts as small
as a ten-millionth of a gram, could pro-
duce the fluid loss characteristic of chol-
era from rabbit intestinal tissue.

With the discovery of the effect of
cyclic AMP the riddle began to unfold.
Could it be that the vibrio toxin issued
a signal in response to which cyclic
AMP, as a second messenger, opened the
gates for a flood of secretion from the
intestinal cells? In 1968 the authors of
this article gave a seminar on cholera at
Harvard that Field attended, and Gree-
nough and Field formed a Harvard-
Hopkins cooperative research project.
The first experiments proved that the
vibrio product that produced cholera in
animals did indeed set off the same se-
cretory process that cyclic AMP did.
From the experiments with rabbit tissue
Quais al Awqati and Greenough went
on to tests of surgical specimens of tissue
from the small intestine of man, and this
tissue also responded to either cholera
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SPECIFIC EFFECT of the cholera toxin is exerted through the
enzyme adenyl cyclase. The enzyme converts the cell’s primary en-
ergy-carrier, adenosine triphosphate (ATP), into cyclic AMP; the

toxin or cyclic AMP with secretion of
salt and water.

The next step in linking cyclic AMP
to the toxin was a foray into this ques-
tion: Would the cholera toxin have an
effect on other tissues—that is, tissues of
organs other than the intestine—whose
cells respond to cyclic AMP? The toxin
is not absorbed from the gut into the
bloodstream, but it was no difficult mat-
ter to test it in animals and on isolated
tissue specimens. The toxin did have a
general potency when injected into dogs;
Pierce has shown that the effects mimic
what might be expected from hormonal
derangements. In isolated tissues very
small amounts of toxin, less than a bil-
lionth of a gram, caused fat cells to re-
lease their stored lipids, liver cells and
blood platelets to accelerate the break-
down of their glycogen and human white
blood cells to refrain from releasing his-
tamine. Since these responses are known
to be mediated by cyclic AMP, it seemed
clear that the toxin must stimulate pro-
duction of the second messenger. Final
proof that it does so came simultaneous-
ly from three separate investigations,
conducted by Field and Daniel V. Kim-
berg at Harvard, by Geoffrey W. G.
Sharp, also at Harvard, and by David E.
Schafer at Minnesota. They all found
that after intestinal tissue has been ex-
posed to the cholera toxin it does indeed
have heightened levels of cyclic AMP,
produced through increased activity by
the enzyme adenyl cyclase, which con-
verts adenosine triphosphate (ATP), the
cells’ main source of stored energy, into
cyclic AMP [see illustration above].

As is so often true in medical science,
the intensive investigation of a particular
disease has once more in this case pro-
vided new insights into normal physio-
logical and biochemical processes. The
vibrio cholera has revealed that the small
intestine possess a powerful capacity for
secretion of fluids, a capacity for remov-

OH OH

ing more than 100 liters of liquid from
the human body in less than a week.
How is this capacity regulated in the
healthy body? We must suppose there
are normal mechanisms operating to
regulate the absorption and secretion of
fluids by way of the intestine. By analogy
with the regulation of other tissues, we
can assume that the generation of cyclic
AMP in the intestine is normally stimu-
lated by hormones that have not yet
been identified. One possibility is that
this function may be performed by pros-
taglandins: substances that were orig-
inally isolated from the prostate gland
and that are known to increase levels of
cyclic AMP in many tissues. In the in-
testine of the dog large doses of these
hormones produce a cholera-like secre-
tion of salt and water.

With regard to the cholera toxin, one
naturally wonders how it is that the
body cells “recognize” and respond to
this foreign protein. There are several
possible explanations, each of which
raises interesting questions. It may be
that this substance made by the bacte-
rial cell is similar to a hormone of man,
in which case it would appear that hor-
mones have a more ancient origin than
has been supposed, and one is led to
speculate on what function such a sub-
stance would serve for a bacterium. Oth-
er possible explanations of how the toxin
takes effect are that it may somehow
stimulate the adenyl cyclase enzyme
without needing to attach itself to the
receptor site for a hormone, or that it
may induce secretion of a hormone that
normally stimulates the enzyme, or that
the toxin may itself become an active
adenyl cyclase when it is attached to
cells. In the last case the uncontrolled
outpouring of fluid from the intestine
could readily be understood: with a sub-
stance produced by a foreign invader
acting as the stimulator for the produc-
tion of cyclic AMP, there would be no
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higher AMP level causes the intestine wall to secrete chloride (and
with it water) into the intestine. The coincident decrease in the
absorption of sodium (and with it water) enhances the fluid loss.

“feedback” mechanism to turn it off
when too much was produced.

The newly gained knowledge about
the process causing the loss of fluid
in cholera has, of course, considerable
medical significance. Not surprisingly,
it has now been discovered that a similar
mechanism is responsible for the severe
diarrhea that is produced by some other
infections. Escherichia coli in particular
also has a toxin that stimulates secretion
of salt and water from the intestine. Two
investigators in Dacca, Lincoln Chen
and George T. Curlin, demonstrated that
the toxin of an E. coli found in a patient
with severe diarrhea stimulated the
adenyl cyclase in fat cells. The finding
that the cholera toxin represents a fairly
common mechanism for the production
of diarrhea may lead to a new approach
for dealing with the dangerous volume-
depleting diarrheas caused by a number
of organisms. These other diarrhea-pro-
ducing infections actually cause more
disease and death than cholera does,
particularly among children, and they
may be responsible for a significant pro-
portion of the severe malnutrition fol-
lowing acute diarrhea that is seen in
impoverished areas of the world.

As more is learned about how such
toxins exert their effects, it should be-
come possible to find drugs that will
act as specific antidotes. A drug might
seize and deactivate the toxin (as an an-
tibody does) before it arrives at the cell
surface, or it might occupy the receptor
sites on cells the toxin could attack, or it
might directly inhibit the stimulation of
adenyl cyclase. As an answer to cholera
it may come about someday that at the
first sign of the disease a poor river fish-
erman in Asia or the accidentally ex-
posed population of a modern city will
be able simply to take a pill and go back
to work. Snow would have appreciated
that.
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A Byzantine Trading Venture

Early in the seventh century a small cargo ship went down

in the eastern Mediterranean. Four seasons of underwater

investigation have reconstructed the vessel’s last voyage

vessel of 40 tons’ burden was sailing

south along the coast of what is now
Turkey when it struck a reef some 20
miles from Halicarnassus and sank in
120 feet of water. In 1958 the wreck
was discovered during a diving recon-
naissance by Peter Throckmorton, and
from 1961 to 1964 the underwater site
was excavated by my group from the
University Museum of the University of
Pennsylvania. Analysis of our findings,
which is now reaching completion, pro-
vides a vivid picture of a trading ven-
ture in the eastern Mediterranean dur-
ing the days of the Byzantine Empire.
This is the story of the ship and its last
voyage.

Ten years or so before the ship went
down a cypress keel had been laid in a
shipyard probably located in the Ae-
gean, in the Black Sea or in the waters
between. On the keel, which was about
40 feet long, was mounted a high,
curved sternpost of the same wood. (The
ship’s stem was probably also made of
cypress, but that part of the vessel was
not preserved.) Once the spine of the
hull had been completed the shipwrights
went on to construct the sides.

They did not, as we would today, first
build a complete skeleton by adding ribs
to the spine and then cover the frame
with planking. Neither did they follow
the practice, customary in earlier cen-
turies, of stiffening the hull by fastening

In A.D. 625 or 626 a Greek merchant

DIVING ARCHAEOLOGISTS from the
University Museum of the University of
Pennsylvania, working at a depth of 120 feet
off the small Turkish coastal island of Yas-
si Ada, guide a wire basket to the surface
from the site of the seventh-century Byzan-
tine shipwreck (opposite page). The basket
contains timbers from the hull of the vessel.

by George I. Bass

its planks edge to edge with a series of
mortise-and-tenon joints no more than
four inches apart along the full length
of each strake, or strip of planking.
Seventh-century construction fell some-
where between these two methods; it
represents the continuation of a trend,
starting two or three centuries earlier,
that cut down the investment in labor
required to build hulls in the earlier
Greco-Roman style.

Selecting pine planks, the shipwrights
cut mortises in them every three feet
or so and fastened the planks together
edge to edge by inserting loosely fitted
tenons made of oak. The hull was built
up from the keel in this fashion, one
strake at a time, until the waterline was
reached. The builders then scored the
inside of the planks to mark where ribs,
made of elm, should be placed. The ribs,
which rose from the keel to well above
the waterline, were secured in place
with iron nails driven through the pine
strakes from the outside. Four pairs of
heavier strakes were then run along
each side of the ship; three pairs were
nailed in place and the fourth pair was
bolted. The uppermost pair ran along
the top of the ribs. The spaces between
the heavier strakes were filled by nailing
additional planks to the ribs without
mortise-and-tenon joining.

We know that this kind of compro-
mise with earlier Greco-Roman practice
was on the rise because we have also
studied a sunken vessel that is some 250
years older than the seventh-century
wreck. The hull of the older ship was
made with carefully mortised planking;
the mortising continued at least up to
deck level and possibly all the way to
the gunwale. The planks were fixed
to the ribs with treenails—long wooden
dowels—rather than with iron nails, and
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smaller dowels held each tenon secure-
ly in place. Even by this time, how-
ever, the mortise-and-tenon joints were
spaced about seven inches apart, or con-
siderably farther apart than before. The
trend was destined to continue. The
practice of fastening the planks to the
ribs with iron nails and omitting mor-
tise-and-tenon joints, found only above
the waterline in the seventh-century
ship, advanced until the strength of a
hull came to depend exclusively on the
bonds between the ribs and the plank-
ing, as is true today, and mortise-and-
tenon hull-stiffening disappeared.

Once the hull was entirely planked,
deck beams were inserted across the
width of the ship. They were supported
at the ends by short L-shaped timbers
and elsewhere probably by posts [sce
top illustration on page 26]. The ship
was now completely decked except for
the galley area at the stern and a hatch
aft of the single, centrally located mast.
There may also have been a smaller
hatch forward, but like the stem timber
this part of the vessel was not preserved.
Deck beams near the stern projected be-
yond the hull on each side to form a pair
of rectangular structures where the
steering oars were mounted.

Frederick van Doorninck, Jr., of the
University of California at Davis has
plotted the position and angle of every
nail hole and scored mark visible on the
fragments of ship’s hull that were sal-
vaged. Largely on the basis of this evi-
dence he has produced a restoration of
the ship [sce illustration on next two
pages]. He was helped to visualize some
of the ship’s less certain features by the
work of a gifted amateur marine archi-
tect, J. Richard Stefly, who has con-
structed a series of scale models on van
Doorninck’s data.

Van Doominck calculates that the
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ship was some 63 feet long, with a
streamlined hull and a beam of only 17
feet. This is a length-to-width ratio of
3.6 to one, which is quite slender for a
cargo vessel. The fourth-century vessel
mentioned above had been beamier; its
ratio was three to one. It is interesting
to note in this connection that several
years before either wreck was known a
historian, Robert S. Lopez of Yale Uni-
versity, suggested the development of
slimmer and swifter merchant vessels in
the seventh century because of the need
at that time “to dodge or outrun the hos-
tile ships that lurked along every route.”
Lopez also believes the rise of the inde-
pendent shipowner in the seventh cen-
tury must have led to the building of
small, single-deck vessels in place of the
great cargo ships characteristic of the
imperial Roman merchant fleet. Our
seventh-century vessel seems to bear out
Lopez’ contentions. A ship of twice its
burden was considered small in Greco-
Roman times; many of the vessels plying
between Alexandria and Rome carried
more than 1,200 tons.

When the slim merchantman was
ready for launching, its owner must have
visited a ship chandler to buy the gear
needed to outfit the vessel. A site recent-
ly excavated at the ancient Black Sea
port of Tomis—Constanza in modern Ro-
mania—has shown us what such a shop
must have been like early in the Chris-
tian Era. Stacked against a wall in a
large vaulted chamber at Tomis were
iron anchors with removable anchor
stocks, almost identical with the ones
found in the wreckage of our seventh-
century ship. The owner must have ob-
tained at least 11 such anchors from the
chandler, since this is the number we
recovered. He also bought a grapnel,
probably for use with the ship’s boat.

\Vhy were there so many anchors?
There are at least two possible ex-
planations. First, the theory and practice
of anchoring with the help of heavy
anchor chain was unknown to Byzantine
seamen, who did not realize that an
anchor alone, without the added weight
represented by a length of stout chain,
is not an efficient bottom-holding device.
With only rope for their anchors the
mariners probably lost anchors frequent-
ly, and they may have been accustomed
to carrying spares. The second possible
explanation is that the ship was re-
quired by statute to carry a specified
number of anchors. Such statutes are
known to have been in force a few cen-

turies later.
I mentioned that we recovered 11 an-
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chors. What we actually brought to the
surface were 11 featureless concretions;
the iron that had been at the core of
each concretion had corroded away hun-
dreds of years before. We found it pos-
sible, however, to cut into the hollow
concretions with a jeweler’s saw and
were thus able to make exact casts of

nine of the 11 anchors. Working with
the anchor casts, van Doorninck was
able to calculate the weight of the origi-
nals. Six of the anchors were small, each
weighing about 250 Roman pounds
(327.45 grams per pound); each of the
three larger ones weighed about 450
pounds. The uniformity among the two

BODY PLAN (BOW)

APPEARANCE OF SHIP wrecked at Yassi Ada was reconstructed after detailed study of
the wood fragments (color) that still remained after more than 1,300 years of submersion.
The study was conducted by Frederick van Doorninck, Jr., of the University of California
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kinds suggests that in the seventh cen-
tury, as in later times, there were regu-
lations requiring vessels of various
classes to carry a minimum number of
anchors of specified sizes.

The chandlery at Tomis offered a va-
riety of resins for sale. So, evidently, did
the one patronized by our owner. His

ship had already been coated with resin
below the waterline, inside and out.
Now he obtained a smaller amount to be
melted on board in a cheap cooking pot
and applied as needed to seal the pores
of clay pitchers and other containers for
liquids. The chandlery at Tomis also
offered pigments for paint and jars full

BREADTH PLAN

|

DECK BEAMS

\,

MAST

STEERING-OAR BEAMS

STEERING-OAR BEAMS

of iron nails. We do not know whether
or not the owner painted his ship, al-
though literary accounts of earlier and
later times speak of many ships as being
brightly colored. He did buy several
bags of nails, probably with shipboard
repairs in mind.

Literary accounts of the period men-

BODY PLAN (STERN)

SHEER PLAN

at Davis. The pair of beams projecting outboard just forward of
the galley area (broken lines) supported the ship’s two steering
oars. Between the oar beams and the vessel’s single mast a deck
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hatch gave access to the cargo hold; there may have been another
hatch forward, but no wood from this part of the ship has sur-
vived. The length of the ship at the waterline was some 55 feet.
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HULL WAS BUILT by laying planks upward from the keel. The planks were fastened edge
to edge with mortise-and-tenon joints (color) spaced as far apart as three feet (detail at
left). When the planking reached waterline height, the ship’s ribs (a¢) were inserted and
fixed to the hull planking with nails. Four pairs of heavier timbers (b and b’) were then
laid along each side of the ship, and the exterior was completed with more planking (c).
L-shaped timbers (d) were set inside to support deck beams (e), which may have needed
added bracing (broken lines). Hold stringers (f) and deck planks (g) finished the job.
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GALLEY AREA occupied the extreme stern of the vessel and was roofed with flat and
curved tiles. The tile hearth was located to port. Its form remains conjectural. One of several
arrangements (not shoun) may have used an iron grid to brace pots against ship’s motion.
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tion skins for covering deck cargo in
foul weather, as well as sails and cord-
age, and all of these the owner may have
got at the chandlery. We are certain
that he bought 24 oil lamps, because we
found them in the wreck. It seems prob-
able that this was another chandlery
purchase; in the shop at Tomis were
found not only lamps but also the molds
for producing them.

With the new ship almost ready for
sea it would have been time to assemble
a crew. We need not depend entirely on
our imagination in reconstructing the
roster; a document of the seventh cen-
tury or slightly later, known as the Rho-
dian sea law, lists a regular ship’s com-
pany of the day and assigns to each
member his proper share in the profits
of a successful venture. First is the
naukleros, the shipowner or the captain
or both, who receives two shares. Next
are the kybernetes, the helmsman; the
prorcus, the “prow officer”; the naupe-
gos, the ship’s carpenter, and the kara-
bites, the boatswain. Each receives a
share and a half. This completes the list
of officers; the nautai, or seamen, who
follow on the roster receive a single
share each. Last is the lowliest member
of the crew, the parascharites. The ap-
proximate meaning of the word is “gut-
slitter,” and in this context it may mean
cook. At any rate, his stake in the voy-
age is only half a share.

\Ve know that the captain of the ves-

sel was named Georgios. He was
probably also the shipowner, or perhaps
a part owner. The finest scale on the
ship, a bronze balance of the kind called
a steelyard beam, has his name punched
in it in Greek letters to read Georgiou
Presbyterou Nauklerou. That is to say
“Georgios Elder (or Senior), Owner/Sea
Captain.” The inscription presents prob-
lems in spite of its simplicity. Christian-
ity was a strong element in every aspect
of Byzantine life; was Captain Georgios
a ])resbytcros, an elder of the church?
Or does the word have some other
meaning here?

Several passages in the Rhodian sea
law indicate that sometimes there was
more than one captain aboard a vessel.
How would one have distinguished be-
tween two captains? Should Georgios’
title perhaps beread as “Georgios, Senior
Sea Captain”? At the same time that we
were excavating the wreck, Martin Har-
rison of the University of Newcastle dis-
covered an inscribed baptismal basin in
Turkey (in a sixth-century church in
Lycia). The inscription reads: Nicholas
Naukleros Mesatos. Mesatos is derived



from mesos, meaning middle, and Har-
rison has tentatively suggested that the
term might mean something such as
“middling sea captain,” that is, an officer
junior to a senior sea captain. No one,
Harrison included, accepts this sugges-
tion completely. In its support, however,
it should be noted that mesonautai are
mentioned in the literature of the sixth
century and it has been suggested that
the term applied to a junior grade of
nautai or regular seamen.

Our ship had steering oars and there-
fore surely carried a helmsman, but no
evidence of his presence survived in the
wreck. The same is true of the post of
prow officer, unless he was in charge
of the anchors (and a conical sounding
lead, with a hollow for the tallow or wax
that picked up samples of the bottom).
The presence of the ship’s carpenter is
more easily demonstrated. This officer
evidently stored his tool chest on deck.
A little forward of the galley area at the
ship’s stern we found a number of shape-
less concretions. Here again careful cut-
ting enabled us to cast what proved to
be perfect replicas of the tools in a By-
zantine tool chest. Michael L. Katzev,
who made casts of the hollow cores and
analyzed the collection, found that it in-
cluded an axe, adzes, a hammer-adze, a
claw hammer, hammers for metalwork-
ing, chisels, gouges, punches, files, drill
bits, dividers, an awl, assorted knives
and numerous nails and tacks [see bot-
tom illustration on next two pages]. A
folded sheet of lead and some waste
from lead casting that we also recovered
from the wreck suggest that various
lead fittings could be made on board
ship; this may have been part of the
carpenter’s duties.

If Byzantine boatswains were respon-
sible for the ship’s boat, then the grapnel
we found is evidence of a kind that
Georgios’ crew included a boatswain.
As for any ordinary seamen who may
have served aboard, no evidence of
them has survived. In American days of
sail, however, square-rigged ships only
slightly smaller than Georgios’ mer-
chantman often had a crew of no more
than three men and a boy. There need
not have been many ordinary seamen in
the crew to eat further into the profits
from the venture. Indeed, there may
have been none.

Whether or not parascharites stands

for cook, there was certainly a cook
aboard the ship, and the galley where
he worked contained some of our richest
finds. Located at the extreme stern of
the ship, it was set as low as possible
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ISLAND OF YASSI ADA, where the ship went down, lies off the southwestern coast of
Turkey. It is between the mainland and the larger island of Kalymnos, which is some 20

miles to the west of the ancient city of Halicarnassus. The vessel was evidently sailing from
north to south, perhaps bound for one of the celebrated wine-producing centers in the area.

within the hull and was separated from
the cargo hold by a bulkhead scarcely
eight feet forward of the sternpost. The
galley roof stood two and a half feet
above the level of the deck and was
made of tiles, including one tile with a
circular hole that was probably to let
the smoke from the galley fire escape.
The precise arrangement of the hearth
where the fire burned has not yet been
reconstructed to everyone’s satisfaction.
It was built of tiles and iron bars, and
it stood in the port half of the galley.
Perhaps the tiles formed a low firebox,
open at the top and covered by a grill
of iron rods that supported the round-
bottomed pots used for cooking.
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The cook had at his disposal 22 such
pots, two copper cauldrons and a large
water jar that was stowed at the ex-
treme rear of the galley. A further array
of 17 storage jars of various shapes and
sizes, doubtless including one or two
filled with lamp oil, was kept in a kind
of pantry to starboard and forward of
the hearth. Elsewhere in the galley, per-
haps on shelves and perhaps also in a
cupboard of which only a bronze han-
dle has survived, were eight large red
plates, two cups, three jars with spouts
(two with lids) and 18 pitchers. Most of
the pitchers were coated inside with
resin, which indicates that they were
used to hold wine. Georgios was evident-
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GALLEY EQUIPMENT included several copper cooking utensils.

One, a cauldron (a), had a bottom ingeniously dovetailed to the

body. Eight of the large red-ware dinner plates (b) were found in

the wreck, as were three of the slender amphoras (¢), possibly con-
tainers for cooking oil. A jug (d) that was coated with resin to seal
the porous clay was probably used to hold wine. An oil lamp typical

ly not laggard in the fashions of the day:
the oldest precisely dated Byzantine
lead-glazed pottery consists of four small
bowls that we found in the galley area.
The galley may have doubled as a
storage arca for the officers’ gear or in-
deed as a kind of wardroom. It was in

this part of the wreck, clearly separated
from the carpenter’s kit, that we found
the grapnel and a group of iron tools:
axes, a pickaxe, pruning hooks and
a shovel. These look like boatswain’s
stores that would have been nceded by
a landing party to collect firewood for

the cook and to enlarge springs to obtain
fresh water. The galley area also con-
tained, probably originally stored in the
cupboard, a supply of money, a set of
balance-pan weights, a bronze censer
with wick pin, three bronze belt buckles
and a metal belt-tip sheath, the bow! of

CARPENTER’S TOOLS, destroyed by corrosion, were replicated

by making rubber casts of the cavities within the concretions that

had formed around them. Among other tools, the ship’s carpenter
had brought with him a mattock (a), a claw hammer (b), a ham-

© 1971 SCIENTIFIC AMERICAN, INC



of the 21 found in the wreck (e) had been decorated with fish. The
single-handled drinking cup (f) is one of two such cups that were
recovercd. The bowl (g) is one of four made of glazed ware found

a lead spoon, a copper tray and several
copper vessels. Other cook’s gear includ-
ed a whetstone, a milling stone and a
stone mortar and pestle.

What can be said about the ship’s last
voyage? We have noted that Georgios,
in additien to being the captain, may

have been the owner and a merchant-
venturer as well. The basis for this con-
jecture is the fact that the scale hearing
his name is an item of merchant’s equip-
ment. It should be mentioned that later
Venetian statutes required that ship-
owners supply every vessel with a

aboard the ship and is the earliest precisely dated example of lead-
glaze ware from Byzantine times. A stone pestle (h) and a match-
ing stone mortar (i) were also among the furnishings of the galley.

weighing device; perhaps even during
Byzantine times a captain may have
needed to carry his own balance to show
that his freight charges were correct. If
we may assume, however, that Georgios
was owner as well as master, we can cal-
culate with some confidence his total in-

mer-adze (c) and a metalworking hammer

that fitted its handle
loosely and had been fixed in place with a nail (d). Other tools

© 1971 SCIENTIFIC AMERICAN, INC

included a hand adze (e), a file (f), a chisel (g), a gouge (h) and, to
judge by its haft, a wood-boring bit for a brace (i). All are half-size.



vestment in the ship and all its ‘stores.

The Rhodian sea law indicates that
the seventh-century cost of fully outfit-
ted shipping ran about 50 solidi (gold
coins) per six and a half tons’ capac-
ity. On this basis Georgios’ investment
would have been some 300 solidi, a sub-
stantial sum in times when a shipyard
caulker might earn 18 solidi for a year’s
work and less skilled laborers might re-
ceive only seven or eight. Might this in-
vestment have been all Georgios could
afford, leaving him with no capital to in-
vest in a cargo? A shipload of wine, for
example, would have cost 200 or 300
solidi more. One piece of evidence sug-
gests that such was the case.

We found a single lead seal in the
wreck; it bears a cross-shaped mono-
gram that we read as the name Ioannes,
or John. Such a seal could of course have
belonged to a passenger or crew mem-

WEIGHTS for a balance scale are made of bronze inlaid with
silver. They range from one pound (a) to a seventh of an ounce
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ber, but the fact that it was the only seal
we found suggests at least the possibility
of more official use. Perhaps Ioannes
was the emporos, or merchant, aboard
Georgios’ ship, traveling with him to pay
the freight charge and handle the sale of
goods at the vessel’s destination.

f Ioannes was indeed a merchant or
merchant’s agent, he would have
asked other merchants who had sailed
previously with Georgios whether or
not, as specified by law, the ship was in
good condition. When he had heard that
it was, he and Georgios would have en-
tered into a contract. Just where Ioannes
or his employer had raised the money to
buy a cargo was no one else’s affair as
long as he could pay Georgios the re-
quired freight charge.
We know exactly what external shape
the cargo took. Loaded aboard the ship
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were 900-odd amphoras, or storage jars,
most of them large and globular but
some smaller and more elongated. The
large jars could hold as much as 40 liters
of liquid, the small ones around nine
liters. We cannot be sure what, if any-
thing, the jars contained. Not all of
them were lined with resin, the custom-
ary method of waterproofing the porous
clay. However, if all the jars had been
filled with liquid, say wine, the cargo
would have weighed some 37 tons. In
any event, we can visualize a procession
of porters carrying aboard the amphoras,
full or empty, and passing them down
through the hatch into the hold.

The cook’s stores would have been
loaded at the same time. Presumably he
saw to it that his large jar had been
filled with fresh water and checked his
supply of lamp oil. We know that his
fresh rations included a basketful of
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(g). The ounce was 20.45 grams; a pound consisted of 14 ounces.
They were not standard weights, and their purpose is not known.



dark, gleaming Bosphorus mussels: we
found piles of their shells in the wreck
and they are not native to these waters.
We know too that the bow officer—if
such was his responsibility—had lashed
a pair of anchors to the port gunwale
and another to the starboard gunwale
near the bow and had stowed the re-
maining seven just forward of the mast.

Meanwhile the captain placed in the
galley certain valuables, including a
money purse or two. We found 54 cop-
per folles (coins worth a small fraction of
a solidus) and 16 small gold pieces; the
total value of the coins was just a little
more than seven solidi. Was this a ship’s
fund or money deposited by a passen-
ger? The Rhodian sea law declares: “If a
passenger comes on board and has gold,
let him deposit it with the captain. If he
does not deposit it and says ‘T have lost
gold or silver,” no effect is to be given to
what he says, since he did not deposit it
with the captain.” If one is to try to an-
swer the question, one needs to know
something about the purchasing power
of the solidlus.

As we have noted, seven solidi repre-
sented a year’s wage for some kinds of
labor; early in the eighth century, for ex-
ample, a blacksmith earned three-quar-
ters of a solidus per month. Early in the
seventh century a cloak might cost from
one to three solidi, and later in the cen-
tury one solidus would buy four cheap
blankets. Food was much less dear. One
sixth-century figure gives five solidi as
the cost of a year’s rations for one man;
in the years when our ship made its final
voyage a loaf of bread cost three folles.
The money found in the wreck would
have fed a crew of 15 for a month with
something left over, not even taking into
consideration the evidence (lead weights
for fishing lines and nets) that the ship’s
company supplemented its provisions en
route. It therefore seems likely that the
contents of the purse or purses were the
ship’s victualing money.

FF he 70 coins, by the way, are what en-

able us to pinpoint the date of the
voyage at A.p. 625 or 626. Six of the
coins were too badly preserved to allow
identification. Of the remainder Joan
Fagerlie of the American Numismatic
Society finds that only two were minted
earlier than the reign of the Emperor
Heraclius (a.p. 610-641). The latest coin
in the group was minted in the 16th year
of the emperor’s reign, that is, in A.p.
625. We may safely assume that the ship
sank in the same year or quite soon
thereafter.

The weighing equipment for the voy-

CAPTAIN'S SCALE made of bronze was of the fulcrum-and-counterpoise type later called
a steelyard beam. The object to be weighed was suspended from the short end of the beam,
and the counterpoise was moved outward until the scale balanced. The weight was then
read from calibrations along the beam. Scale was calibrated for both heavy and light loads.
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COUNTERPOISE for the steelyard beam was a hollow bronze bust of the goddess Athena
weighted with lead. The Gorgon’s head on the breastplate identifies the goddess. Athena’s
image was often used in this way even though the Byzantine Empire was officially Christian.
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FISHING WEIGHTS found in the wreck were used with both lines and nets. Their pres-
ence implies that the crew members fished during the voyage to supplement their rations.

age was also stowed in the galley cup-
board or close to it. The balance-pan
weights, made of bronze inlaid with sil-
ver, came in a wooden tray that held
them in a graduated series in cylindri-
cal pockets. Seven of the original nine
weights were recovered. In addition we
found what may be a fragment of the
balance itself. The bronze steelyard
beam that bears Georgios’ name was one
of three scales of this kind in the wreck;
one of the other two was made of iron
and was therefore poorly preserved. All
this equipment has been studied in de-
tail by G. Kenneth Sams of the Univer-
sity of North Carolina.

Georgios’ steelyard beam is decorated
with a boar’s head at one end and the
head of another animal, possibly a dog
or a lion, at the other [see top illustra-
tion on preceding page]. It has two ful-
crum points and two calibrated scales,
for heavy or light loads; the counter-
weight is a lead-filled bronze bust of the
goddess Athena. (Two similar counter-
weights in Athena’s image have been
discovered in wrecks, one oft Sicily and
the other in the Bosphorus.)

Both bronze steelyard beams are cali-
brated in terms of a pound that was
equal to 315 grams. (Our pound troy,
which is 373 grams, is the closest mod-
ern equivalent; our pound avoirdupois
is 453 grams.) Van Doorninck has found
that the same lightweight pound was the
unit of measurement for the ship’s an-
chors. The same unit is very close to one
determined earlier from weights of fifth-
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century and sixth-century Byzantine
times.

Curiously the balance-pan weights
represent an entirely different system.
Most are clearly marked; they include
a one-litra, or one-pound, weight; a
six-unciae, or six-ounce, weight, and
three-ounce, two-ounce and one-ounce
weights. Two smaller weights are un-
marked: one of three nomismata (six
nomismata normally equaled one uncia)
and the other of one nomisma. This is
possibly the most complete set of Byzan-
tine weights in existence, and their
pound is not the standard “light” 315-
gram one. It is superlight: 287 grams.
Furthermore, it is a pound divided into
14 ounces rather than the customary 12,
and its ounce is divided into seven no-
mismata rather than six.

These unusual values are not the re-
sult of any alteration in the original
weights as a consequence of their long
submersion. Each of the weights in the
set, give or take a fraction of a gram, is
consistent with all the others; in every
case the ounce is 20.45 grams. It hap-
pens that an ounce of this weight was
the Byzantine standard for gold coinage;
the standard was established in the time
of Constantine the Great (a.p. 272-337)
on the basis of the old Roman pound
(327.45 grams). In this coinage-weight
system, however, there were 16 ounces
to the pound rather than 12 or 14. Only
one other 14-ounce pound is known:
during the fourth century a “heavy”
pound divided into 14 ounces rather
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than 12 was used in the mining of gold
in order to increase state revenue from
mine leases. All of this, however, can
have nothing to do with the standard of
the balance-pan weights from the wreck.
At present it remains unexplained.

The wreck contained one more bal-
ance weight. It is a small pendant of yel-
low glass that is pierced for stringing. It
is so similar in appearance to other By-
zantine glass weights that it must have
been one. The pendant is shaped like
a coin, and pressed into the glass is
another cruciform monogram; this one
gives the name Theodoros. Such weights
are thought to have been used to check
gold coins, although the weights of the
glass pieces seldom correspond to the
weights of any coins then in circulation.
The discrepancy is explained on the
grounds that the glass pieces have lost
weight as a result of corrosion.

So far we have seen Georgios™ ship

built, supplied, loaded and under
way. What was its home port, its course
and its intended destination? It seems
safe to state, on the basis of the coins
alone, that the voyage was from north to
south. With a single exception every one
of the identifiable copper coins had been
struck at mints in the northern part of
the Byzantine Empire: Constantinople,
Thessalonika, Nikomedia, Cyzicus. Only
one copper coin, and it is one of the old-
est, is from a mint in another part of the
empire; it was struck at Alexandria ad
Issum on what is now the Levantine
coast of Turkey. Since the copper coins
are overwhelmingly northern, the home
port of the ship should probably be
sought in the same direction.

The pottery from the galley strength-
ens this assumption. Karen D. Vitelli of
the University of Maryland at Baltimore
has found that fully half of the oil lamps
we recovered are “Asia Minor” types.
Seven are of a kind common in Bulgaria,
Romania, Thrace and the Hellespont;
others find their closest counterparts at
Samos, Ephesus, Smyrna, Troy, Miletos,
Delos and Chios. A probable origin can-
not yet be assigned to the rest of the
lamps, but as with the coins few if any
appear to have come from the parts of
the empire west, south or east of the
shipwreck. Other wares from the galley
also find their best parallels to the north.
The lead-glazed bowls speak of Con-
stantinople, and other pottery is similar
to the ware of Chios and of two Black
Sea ports: Histria and Tomis.

The presence of Bosphorus mussels
among the ship’s victuals provides still
another piece of evidence suggesting a



northern home port for the ship, perhaps
in the Hellespont itself. Finally, the
place where the ship went down is com-
patible with a course running from north
to south. The wreck lay on the southeast
side of a treacherous reef off a small
coastal island named Yassi Ada. Throck-
morton, who found the ship, is of the
opinion that it was running southward
before a wind from the north when the
reef tore a hole in its bottom; evidently
it sank so fast that there was no time
to salvage valuables from the galley or
to drop even a single anchor.

In the light of all this evidence it
seems reasonable to assign the ship a
home port not too far from Constantino-
ple. It is virtually certain that the vessel
was on a southward course when it sank.
There remains the question of its desti-
nation. Today one sees vessels plying
the Aegean whose hold and deck are
crowded with pottery containers. The
pots are empty; they are the cargo.

We have seen that many but not all
of the amphoras aboard Georgios’ ship
were lined with resin. A potful of con-
gealed resin was also found in the gal-
ley. This suggests that resin was being
melted during the voyage; perhaps the
purpose was to coat the unlined am-
phoras. Moreover, although the ship car-
ried some 900 amphoras, we found in
the wreck only 100 amphora stoppers.
(It is of course possible that the missing
stoppers were made of some perishable
material.) The ship’s course was carrying
it toward Kos, Knidos and Rhodes, all
of them celebrated wine-producing cen-
ters. It is not illogical to suggest that
Georgios was carrying a load of the best
wine jars available on the Constantino-
ple (or Black Sea) pottery market for the
use of vintners in the south, and that
the merchant Ioannes had decided to
cut costs a little by having some of the
unlined pots coated with resin on the
voyage.

There are of course other questions,
some of which may be answered and
some not. The main thing we have
learned is how much a single ship-
wreck—and not a particularly well-pre-
served one—can tell us.

CARGO OF AMPHORAS littered the sea
floor off Yassi Ada as they spilled from the
decaying shipwreck. More than 900 were re-
covered by the excavators. The majority
were globular, with a maximum diameter of
about 18 inches. A few, more elongated in
shape, were only 10 inches in diameter. If
all had been filled with liquid, the weight of
the cargo would have been some 37 tons.
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HIGH-LYSINE CORN

As a source of protein for men and other nonruminant animals

corn 1s deficient in the amino acid lysine. This deﬁciency

1S NOW ]f)eing remedied l)y the ].)reeding of high—lysine strains

ankind depends on grain crops
M for 70 percent of its consump-
tion of protein, the most essen-
tial food. For the vast populations of the
developing countries, unable to afford

the luxury of animal protein, cereal grain
is practically the only important source

by Dale D. Iarpstead

of protein in the daily diet. One of these
dietary mainstays is corn; in total world
production it is outranked only by rice
and wheat, and it is the principal staple
in many countries, particularly in the
Tropics and sub-Tropics. Advanced
countries, notably the U.S., also rely

heavily on corn, as it is the main feed
used for the production of animal pro-
tein in the form of meat, milk and eggs.

Yet corn is a poor source of protein for
a single-stomach animal (including ani-
mals such as the pig and the chicken as
well as man). The protein of corn is not

KERNELS OF HIGH-LYSINE CORN (left) are compared with
those of a normal tropical flint corn (right). The endosperm within
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the kernels of the high-lysine ear is opaque and floury, whereas the
endosperm in kernels of the normal ear is translucent and darker.



only low in quantity (about 10 percent);
it is also low in quality as food. About 50
percent of the protein in corn is zein,
which cannot be digested by a nonrumi-
nant (single-stomach) animal. Corn’s
most serious deficiency in terms of nutri-
tive value is its low content of lysine, an
essential amino acid that man and other
nonruminant animals do not synthesize
and must obtain from their food.

Many years ago Thomas Burr Osborne
and his associates at the Connecticut Ag-
ricultural Experiment Station found in
experiments with rats that a diet contain-
ing corn as the sole source of protein
produced obvious signs of malnutrition.
They were able to correct the deficiency
by supplementing the corn diet with
small amounts of lysine and tryptophan,
another amino acid that is present in corn
only in meager amounts. At the human
level the inadequacy of corn as a protein
source is shown strikingly by children
in countries where corn is the principal
food; among these children there exists a
high frequency of the protein-deficiency
syndrome called kwashiorkor.

Over the decades since Osborne’s dis-
coveries plant geneticists have been
working to breed varieties of corn with
higher protein quality. It has been wide-
ly recognized that success in this effort
would be a major breakthrough in the
worldwide food problem [see “A World
Agricultural Plan,” by Addeke H. Boer-
ma; SCIENTIFIC AMERICAN, August,
1970]. Up to a few years ago all the
breeding efforts met with failure. A high-
lysine corn has at last been produced,
however, and the breakthrough now
seems well under way.

In the 1950’s Edwin T. Mertz and
Ricardo Bressani of Purdue Univer-
sity began to search for corn variants that
might be exceptionally rich in protein.
Working with varieties of corn from Cen-
tral America, they found no significant
leads. Oliver E. Nelson, who had been
studying starchy mutants of corn, joined
the team as a second attempt at protein
modification was being planned; the
group then turned to certain soft-ker-
nel mutants known as the “opaque” and
the “floury” types. The “opaque” mu-
tants were named for the fact that, in
contrast to the translucence of kernels in
normal corn, the endosperm of these mu-
tants does not transmit light; the “floury”
mutants were named for their soft, fine-
textured kernels (a property that is also
present in the opaque type). The proper-
ties are governed by the presence of a
recessive gene or genes. In both of these
groups of mutants when the homozygous

AMINO ACID dopPaQuE  EINORMAL
339
LYSINE e
TRYPTOPHAN
3.35
HISTIDINE 2 60
in
AMIDE AMMONIA
328
510
ARGININE ST
B.45
ASPARTIC ACID
6.17
19.13
GLUTAMIC ACID .
an
THREONINE
348
499
SERINE
517
9.36
PROLINE .
4.02
GLYCINE
324
6.99
ALANINE ;
813
4.98
VALINE
468
35
CYSTINE
79
2.00
METHIONINE
283
3o
ISOLEUCINE
382

TYROSINE

PHENYLALANINE

AMINO ACID CONTENT of endosperm from opaque and normal kernels is tabulated.
The units are grams of amino acid per 100 grams of protein. No figures are given for trypto-
phan because it is destroyed by the hydrolyzing agents used to break protein down into its
amino acid units. The measurements were made by Edwin T. Mertz and his colleagues.
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ENDOSPERM OF HIGH-LYSINE KERNEL is shown in longitudinal section (left) and

transverse section (right). The endosperm of the normal kernel is dense at the sides.
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GENES FOR HIGH LYSINE CONTENT are the recessive “opaque” gene (o) and the re-
cessive “floury” gene (fl). The dominant genes at the same loci on the chromosome (O and
F1) are associated with normal endosperm. It takes three doses of the recessive opaque gene to
give rise to a high-lysine kernel (d) but only two doses of the recessive floury gene (g and
h). Three genes are involved because endosperm of corn results from what is called double
fertilization, so that cell nuclei contain three sets of chromosomes instead of usual two.
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recessive situation prevails (only the re-
cessive form of the gene being present),
the endosperm lacks the hard, vitreous
body characteristic of ordinary corn, and
the kernels look dull and faded in color.
These distinctive properties are highly
convenient as markers for tracing the
gene in breeding experiments.

The Purdue investigators soon turned
up a rich find in a gene called “opaque-2”
(because it was the second mutant to be
discovered in the opaque group, which
had been identified and catalogued many
years before). Mertz’s team found that
this gene, when introduced into an ordi-
nary strain of corn, could increase the
kernels’ lysine content by as much as 69
percent. Shortly afterward they discov-
ered that a gene in the floury series,
called “floury-2,” also had a similar ca-
pability.

The nutritional proteins in corn ker-
nels are classified in four categories ac-
cording to solubility: (1) albumins, solu-
ble in water; (2) globulins, soluble in
saline solutions; (3) prolamines, soluble
in moderately strong alcohol, and (4)
glutelins, soluble in dilute alkaline solu-
tions. Of these four fractions the domi-
nant ones in “normal” corn are prola-
mine, which includes zein, accounting
for 40 to 55 percent of the protein total,
and glutelin, which accounts for about
30 to 35 percent of the protein total and
carries all or almost all the endosperm’s
lysine. By biochemical analysis the Pur-
due investigators and others established
that in kernels modified by the opaque-2
or floury-2 gene the zein fraction was
substantially reduced and the glutelin
fraction was correspondingly increased.
Thus the lysine content of the endosperm
was raised from the ratio in ordinary corn
(two grams per 100 grams of protein) to
a ratio of 3.39 grams per 100 of protein
[see illustration on preceding pagel.
There were also noteworthy increases in
tryptophan and severalotheraminoacids.

The Mertz group’s discovery of a
means of producing high-lysine corn,
published in 1964, came as a breath of
fresh air to plant breeders and nutrition-
ists. It stirred the imagination of many
people who were concerned with the
worldwide problem of protein need. The
possibility that corn might become an
agent for relief of the world hunger for
protein appeared to be as important a
find as the historic discovery that pel-
lagra could be prevented by niacin.

The new corn was soon put to the test
of its actual value in nutrition. Prelimi-
nary tests with laboratory rats and pigs,
made as soon as supplies of the modified
corn seed became available, showed that



ENDOSPERM OF NORMAL CORN is enlarged 2,750 diameters in zyme amylase, leaving two protein components: zein (round bod-
scanning electron micrograph. Starch has been dissolved with en- ies) and matrix proteins. Zein is deficient in lysine and tryptophan.
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ZEIN IS REMOYVED with hot ethyl alcohol, leaving matrix protein protein glutelin. The micrographs on this page were made by
with holes where the zein was. The matrix consists largely of the Uheng Khoo and F. L. Baker of the U.S. Department of Agriculture.

ENDOSPERM OF HIGH-LYSINE STRAIN “opaque-2” is shown cipal protein is glutelin. Since glutelin has a higher proportion of

with starch dissolved away. Zein component is absent, so that prin- essential amino acids than zein, so does endosperm as a whole.
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the high-lysine corn was indeed a dra-
matic improvement over ordinary corn
as a food. It could be assumed that not
all the new corn’s improvement in nutri-
tive value was attributable to its increase
in lysine content. No doubt the increase
in tryptophan also made a significant
contribution, and so might some of the
other amino acids whose ratio was en-
hanced. At all events, the change of the
protein pattern in opaque-2 and floury-2
corn and the nutritive effects demon-
strated that the laboratory discovery had
in fact yielded a new product quite un-
like “normal” corn.

t was my privilege to be working in

Colombia as “quarterback” of a team
of investigators—plant breeders, animal
nutritionists, physicians, grain millers,
government officials—that was seeking to
improve the protein yield from plants.
We had an ideal situation for exploring

FIRST GENERATION

0,0,

the potentialities of the new corn. The
Colombian government was greatly in-
terested in the protein problem and was
willing to support a bold program for
solving it. Our team of diverse talents
was able to make full use of the available
materials and technology for develop-
ment of the new discovery. And Colom-
bia’s tropical climate and year-round
growing season allowed rapid progress
in the plant-breeding work.

The first requirement was to breed the
new genes into normal corn stocks that
were suitable for commercial production,
so that large-scale tests could be made of
the new product’s growth potential and
value. The introduction of the genes will
itself be a demanding enterprise. Corn is
not a monolithic plant; it has many vari-
eties, each adapted genetically to its own
locality and the use for which it has been
bred. Hence in each case the high-lysine
gene will have to be introduced into a

0202

stock that fits the locality and desired
use. For hybrid corn it will be necessary
to insert the high-lysine gene in each of
the inbred lines that make up the parent
stock [see “Hybrid Corn,” by Paul C.
Mangelsdorf; SCIENTIFIC ~AMERICAN,
August, 1951].

Using as stocks the locally adapted va-
rieties of hybrid corn in Colombia, we
proceeded to transfer the opaque-2 or
floury-2 gene into the inbred lines by the
standard technique of backcrossing. By
cross-pollination, selection of the daugh-
ter plants found to be carrying the de-
sired gene and repeated crossing back
onto the original stock one finally ob-
tains, usually after five or six generations,
a seed that carries the new gene and in
other respects nearly duplicates the char-
acteristics of the original line. In the case
of the high-lysine genes one has the
great advantage of detecting the pres-
ence of the gene at each passage just by

SECOND GENERATION
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HIGH-LYSINE FACTOR is bred into a locally adapted strain of
corn by repeated backcrossing. In the first generation pollen from
a high-lysine strain (0,0,) is used to fertilize an ear of the locally
adapted strain (0,0,). All the kernels on the fertilized ear are het-
erozygous (0,0,).In the second generation the seed is used to grow
heterozygous plants, pollen from which is again used to fertilize
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ears of locally adapted plants. The kernels from these ears are half
homozygous for the local strain (0,0,) and half heterozygous
(040,), but there is no difference in appearance between them. In
the third generation the homozygous seed (A4) and the heterozygous
(B) are used to grow new plants. When pollen from one of these
plants is used to fertilize one of its own ears, the appearance of the
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visual examination, since it shows its
presence by producing soft, floury ker-
nels. With this marker present, one
knows that the kernels carry the im-
proved protein without having to make
a chemical analysis or biological assay. A
technique involving both cross-pollina-
tion and self-pollination of the male par-
ent makes it easy to identify plants that
will transmit the recessive gene [sce il-
lustration below].

y January, 1967, we had enough high-
lysine corn to start large-scale trials

of its nutritional effects. For tests in ani-
mals the pig is a most useful subject: its
digestive system is very similar to man’s,
its feeding requirements are well known,
and these requirements are themselves a
matter of great interest because the de-
velopment of a low-cost, high-quality
feed for hogs would have consider-
able economic importance. The complex

0,0,

mixed feeds used for hog-raising are
costly.

The effect of a given feed on the pig
can be measured rather quickly and pre-
cisely, as there are well-established stan-
dards. A pig raised on an adequate, bal-
anced diet will reach a weight of 200
pounds (90 kilograms) in 156 days. Its
growth is defined in two stages: rapid
early body-building, up to a weight of
110 pounds (50 kilograms), and the “fin-
ishing” stage of fattening to 200 pounds.
Richard A. Pickett of Purdue had al-
ready found in preliminary tests of the
new corn that piglets grew three and
a half times faster on high-lysine corn
than on normal corn as the sole protein
source. The ratio of units of feed re-
quired per unit of weight gain was only
3.3 to one for the high-lysine corn as
against seven to one for normal corn. And
young pigs did about as well on high-
lysine corn as on a mixed feed of normal

THIRD AND LATER GENERATIONS

corn and soybean meal supplying the
same amount of nitrogen. The Purdue
investigators went on to test high-lysine
corn as a finishing feed and got essen-
tially the same comparative results. Dur-
ing this stage, when the pig’s growth rate
is not quite as rapid, the pigs on high-
lysine corn grew 50 percent faster than
those on normal corn without a supple-
ment.

In Colombia, Jerome Maner of our
team in collaboration with members of
the Colombian animal husbandry insti-
tute set out on a systematic study of the
comparative effectiveness of high-lysine
corn as measured against normal corn
with various amounts of protein supple-
ment. They tested the experimental diets
with weanling pigs 35 days old and
weighing 20 pounds. After 130 days it
was found that the pigs on high-lysine
corn had gained 73.2 pounds (an aver-
age of 256 grams per day) whereas the

ear now indicates whether it is homozygous or heterozygous. The
kernels of the homozygous ear all look the same, and the ear is dis-
carded. Moreover, now that it is known that the plant is homozy-
gous, the ears from backcrossing of the same plant and the homo-
zygous locally adapted plants can also be discarded. The kernels on
the ear of the self-fertilized heterozygous plant, however, segregate

into normal kernels and the opaque high-lysine kernels; the ratio
of segregation is three normal kernels to one opaque kernel. After
five or six generations of backcrossing, which is necessary to ensure
that most of the other genes are those of the locally adapted strain
of corn, opaque seed from the segregated ears can be used to grow
plants that are homozygous for the high-lysine factor (far right).
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weight gain of pigs on unsupplemented
normal corn was only 6.6 pounds (21
grams per day). Even the high-lysine
corn supplies substantially less protein
than an optimal diet for pigs. Neverthe-
less, the pigs fed the new corn were
healthy, were normal in general bodily
appearance and were inferior to optimal-
ly fed animals only in a slight lack of de-
velopment in some internal tissues. On
the other hand, the pigs on the diet of
normal corn without supplement showed
atrophy of essential organelles within the
cells, stunting of the skeletal system and
fatty degeneration of the liver tissues.

GESTATION
(114 DAYS)

These defects in the pigs were similar to
those found in human beings who have
suffered severe and prolonged protein
deficiency.

The series of tests conducted by Maner

and his associates demonstrated that
the weight gain achieved with high-ly-
sine corn fell substantially short of that
produced by an optimal feed of corn and
soybean meal supplying a balance of es-
sential nutrients and protein at the 16
percent level (including nonusable as
well as usable protein). There is practical
wisdom, however, in a Spanish proverb

BIRTH

that says, “The best is an enemy of the
better”—meaning that reaching for the
unattainable may sometimes thwart im-
provement. In most of the developing
countries to discuss optimal diets for man
or animal is in fact utopian, as far as
large segments of the population are con-
cerned. In Colombia, for example, the
availability of fish meal or soybean meal
as a corn supplement is limited and can-
not be counted on. Enriched feeds for
pigs are beyond the economic reach of
the small farmer. Therefore our research
has focused on the objective of using
high-lysine corn to obtain a high yield of

LACTATION
(56 DAYS)

15-16 PERCENT PROTEIN RATION

NORMAL CORN WITH

A SOYBEAN-MEAL SUPPLEMENT

14-15 PERCENT PROTEIN RATION
NORMAL CORN AND SOYBEAN-MEAL

SUPPLEMENT
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SIMPLIFIED SYSTEM OF PORK PRODUCTION based on high-

lysine corn has been developed at the International Center of Trop-

WEANING
(15 KILOGRAMS)
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16 PERCENT PROTEIN RATION
NORMAL CORN AND SOYBEAN-MEAL

SUPPLEMENT

12 PERCENT PROTEIN RATION
NORMAL CORN AND SOYBEAN-MEAL

SUPPLEMENT

]
MARKET FINISHING
WEIGHT (50 DAYS)

(90 KILOGRAMS)
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GROWTH AND
DEVELOPMENT
(50 DAYS)

WEIGHT
(50 KILOGRAMS)

ical Nutrition in Colombia and at several major universities in the
U.S. At left is the system based on normal corn; a suitable pro-



meat production with a minimum of sup-
plementation of the corn by imported or
costly products. A system using only a
small supplement of soybean meal dur-
ing the growth period and no supple-
ment at all during finishing has worked
well, yielding the standard weight
achieved by well-fed pigs after 156 days
[see illustration below]. Similar results
have been demonstrated at experiment
stations and farms in the U.S.; the eco-
nomic savings are less striking there,
however, because of the ready availabil-
ity of soybean meal.

Even before the nutrition studies with

GESTATION
(114 DAYS)

animals were completed, Alberto G. Pra-
dilla of Colombia recognized the signifi-
cance of an improved corn protein and
began investigations of its characteris-
tics. His work has paralleled the research
on the use of high-lysine corn for farm
animals, and it has included highly re-
warding studies of the value of high-ly-
sine corn as a food for man. The team of
physicians working under Pradilla at the
University of Valle began in 1967 a se-
ries of trials of the new corn for the treat-
ment of malnourished children. They
used a diet, previously tested in labora-
tory animals, that was made up mainly

BIRTH

of high-lysine corn with a small supple-
ment of proteins from milk or vegetables.
Their first patients were two children,
aged five and six, who were suffering
from third-degree malnutrition and were
under intensive care in the university
hospital. The youngsters had been so se-
verely undernourished that their anthro-
pometric development was less than that
of a 24-month-old child. On the corn diet
they rapidly recovered vital functions,
and within 90 days they were show-
ing excellent absorption and retention of
nitrogen.

Encouraged by this success, the physi-

12 PERCENT PROTEIN RATION

HIGH-LYSINE CORN

PLUS 2 PERCENT PROTEIN
SUPPLEMENT FROM SOYBEAN MEAL

— e

Y=

GROWTH AND
DEVELOPMENT
(50 DAYS)

10 PERCENT PROTEIN RATION HIGH-LYSINE CORN WITHOUT SUPPLEMENT

BREEDING

(21 DAYS)

tein supplement must be added throughout the pigs’ life cycle.
At right is the system based on high-lysine corn; high-lysine corn

MARKET
WEIGHT
(90 KILOGRAMS)

(50 DAYS)
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FINISHING

WEIGHT
(50 KILOGRAMYS)

with supplement is used at one stage and only high-lysine corn is
required at all the other stages in the life cycle of the animals.
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cians went on to treat children hospital-
ized for malnutrition with high-lysine
corn as the sole source of protein. One of
the most remarkable cases of recovery
was that of anine-year-old orphaned girl
who had been brought to the hospital by
a desperate relative. She was too weak to
walk, unresponsive to food, afflicted with
severe diarrhea and weighed less than 46
pounds. After a few days of liquid feed-
ing she was able to begin eating high-
lysine corn as a solid food. Her response
to this diet was so receptive that after
100 days she was discharged from the
hospital in good health, with a gain of
11 pounds.

In a country where corn is a familiar
and accustomed food, the high-lysine va-
riety is an ideal “prescription” carrying
therapeutic values that go beyond its en-

riched content of protein. The children
accepted it readily, without the psycho-
logical or physiological resistance that
might be offered to a strange diet or
“medication.” More than 20 malnour-
ished children were treated in the hospi-
tal in the series of tests by the university
physicians, and they found it to be a
very flexible diet, thanks to its accept-
ability, its superior digestibility over
common corn and its essential amino
acids. High-lysine corn is now being
used successfully for children’s diets
that, if they were based on normal corn,
would be considered well below an op-
timal level for proper nourishment.

The demonstration of the new corn’s
ability to “cure” children ill of under-
nourishment has of course excited con-
siderable interest in its worth as a food

SOFT, FLOURY ENDOSPERM of an opaque-2 kernel is clearly visible in this section.
High-lysine corn grinds to a fine flour that calls for new methods of preparation for baking.
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among the general population. A food
producer in Colombia, the Maizena
Company, soon began to market prod-
ucts made from high-lysine corn, notably
a precooked baby food offered at rela-
tively low cost. A number of other pre-
pared foods, utilizing high-lysine corn in
mixtures or as a precooked corn flour, are
being developed. The new corn is still in
an exploratory phase as a general food;
it has not yet reached the stage where
the mass of the population is buying
high-lysine corn in the market or grow-
ing it for family consumption.

ike most radical innovations in the de-
velopment phase, high-lysine corn
still has certain flaws, mostly due to the
softness and floury texture of the kernels.
It grinds to a fine flour forming a dough
that will require new methods of prepa-
ration to arrive at the familiar products
baked from corn. For industrial process-
ing the only method available to reduce
the grain to flour is dry milling. In the
field the soft kernel of the growing corn
is vulnerable to attack by insects. And
the yield by weight is 6 to 10 percent
smaller than in normal corn varieties be-
cause of the lower density of the kernels.
In the present state of the art the user
who is least likely to find fault with the
new corn is the farmer operating an in-
tegrated corn-pig enterprise.

The shortcomings can be corrected.
The historic wonders wrought in the
breeding of corn have proved it to be
such a supple plant that any permutation
seems possible. Already there are indica-
tions that we can have high-lysine corn
with hard, corneous kernels. The breed-
ing work hitherto has focused on the
soft-kernel mutants because the distinc-
tive kernel provides a ready, visible
marker to indicate the presence of the
improved protein. Recently, however, a
number of investigators have discovered
that hard endosperm not unlike that
in common corn occasionally crops up
in kernels known to be carrying the
opaque-2 gene. These genetic varieties
have now been isolated and are being
used in efforts to breed high-lysine corn
with kernels of normal texture.

Longer-term projects based on the
opaque-2 gene are also in view. They call
for increasing the total protein content
of corn, now averaging about 10 percent,
to 12 to 15 percent and for maintaining
production yields at the high level char-
acteristic of hybrid corn. If these goals
are attained, corn will truly become a
“supergrain” carrying an economical an-
swer to the protein needs of peoples in
many parts of the world.



We want to be useful
..and even interesting

Cheaper packaging

We are pleased to announce a computer-output microfilmer
of lower price—purchase or rental—than we have previously
offered. At the same time the choice of output formats has
broadened, and format has become easy to change.

A computer can tell you much, much more than you want to
know unless you keep a firm grip on it. That’s where we come in.
Look for Kodak in the Yellow Pages under “Microfilming.” We
show you how to package and distribute the data for convenience,
economy, and security. Also sanity.

Two prices for x-rays

In x-ray film for the healing arts, two
quite separate kinds of economics
enter. The more important of the two
reckons in radiation as its coin. The
radiation buys information with which
to help the patient.

It was on November 8, 1895 that
Wilhelm Conrad Rontgen discovered
x-rays. Frau Rontgen’s hand was the
subject of the first human radiograph.
Just for fun, of course. Nothing wrong with the hand.

On New Year’s Day of 1896 prints of the lady’s finger
bones were sent out. By spring, amazement had spread from
physicists to medical men. Very soon, x-rays became enter-
tainment. The first Nobel Prize ever awarded in physics went
to Rontgen.

Any kind of photographic plate, film, or paper responded
to his amazing rays. Some had to be exposed longer and
stronger, but all responded. You merely relaxed.

While the body has no organs designed to feel x-rays, it is
not oblivious to them. It took time to learn that. To that dis-
covery, Kodak has responded over the years with a long suc-
cession of technical stratagems to deliver more information
from less radiation. For far less than the radiation price that
must have been paid to prove there were bones in Frau Ront-
gen’s hand, more crucial knowledge is bought today, and not
just of bones.

But money also counts. In 1906 a 14 x 17-inch glass Kodak
plate for an x-ray “sitting” cost the photographer $1. If the
client was reasonably well dressed, he might have been wear-
ing a $7 suit and a $3 pair of shoes. By 1918 the plate had
dropped in price to 74¢. By 1924, the highly flammable
nitrate film that had replaced heavy glass plates had itself
been replaced by Kodak safety film, but this was expensive:
$1.04 for a 14 x 17-inch sheet.

Today the same size sheet of the newest, vastly more sensi-
tive Kodak x-ray film, designed for machine processing in 90
seconds, can be bought for 84¢. On the other hand, tuition
at most first-rate universities has now gone up considerably
above $300 a year, and the American Board of Radiology
generally confers its certification on an M.D. only after an
examination that follows at least four years of radiological
residency and one year of joint practice with a radiologist
already holding such certificate.

Two academic attitudes toward photography

r

Sent to establish friendly contact for purposes of trade with a
band of archeologists encamped in council on what to expect
from photography, one of us came back with the above photo
of a photographic platform peculiarly useful in their work.
What better than a tethered balloon and the right kind of
color film for perception of the signs of a site? Like all scien-
tists, archeologists have the problem of explaining themselves
beyond the circle that evaluates work by the standards of the
disciplines. Surrounding the men and women of science is
the larger circle of well-intentioned non-academic humanity
who long to understand what it is they are paying for.

The inner circle and the outer circle require very different
kinds of photography. The hand that holds the hand-axe in
a photograph annoys the scholar by hiding key details from
which to identify a culture. But at the expense of keeping that
offending hand in the picture, a realtor with a lively mind
sees why that particular sharp rock—so like other, undis-
tinguished rocks—shows his ancestors developing the notion
of property. A primeval work of art can be photographed for
the beauty that the ancient artist gave it. But first it ought
to be photographed in a way to record beyond doubt how it
stood before the trowels descended and cut for ever the
authentic thread to the life of its time.

A small outpost for trading information on archeological pho-
tography is maintained by Eastman Kodak Company, Scientific
Photography Markets, Rochester, N.Y. 14650.
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For Men and Women.
Sueded cotton. Looks and
feels like high grade
chamois leather. Machine
washable and is more dur-
able than wool. Mr. Bean
personally used this shirt
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trips. Colors: Tan, Bright
Red, Forest Green. Men's
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$8.50 postpaid. Ladies’
sizes: 10 to 20. Price,
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footwear, clothing
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The Greening of Technology

uropean science policy will have
E to be increasingly concerned with
social aspirations and goals rather
than with simply satisfying the wants of
private consumers, according to a re-
assessment of science policy prepared
for the Organization for Economic Co-
operation and Development (OECD).
Members of the OECD include most of
the nations of western Europe. The re-
port, which acknowledges a widespread
dissatisfaction with the social costs of
rapid economic growth, was prepared
by an international committee under the
chairmanship of Harvey Brooks of Har-
vard University.

“Many aspects of developed socie-
ties,” says the report, “are approaching
a condition that may be described as the
precursor of saturation, in the sense that
things cannot go on growing much long-
er in some lines without reaching fairly
fundamental limits. Indications of sat-
uration are present in total population,
pollution of the environment, in the size
of [cities], in traffic...even in higher
education and perhaps, in the view of
some people, the production of new
knowledge. ... In a society now accus-
tomed to growth in almost all its aspects
during the last 300 years, this is some-
thing quite new. ...

“The composition of output is likely
to shift from the production of private
goods for the market to the production
of ‘public goods,’ i.e., goods and services
purchased collectively or supplied by
the public sector...education, health
care, recreation...clean air and water,
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parks, public recreation facilities, civic
order...housing and urban mass trans-
port. ... Productivity in almost all these
areas has lagged behind productivity
in the manufacture of capital and con-
sumption goods for the private market.
Thus science policy will be increasingly
concerned with improving productivity
in these fields, and with establishing ob-
jective criteria of performance.”

To bring about a reordering of prior-
ities, the report foresees that the OECD
member countries will have to intervene
in the working of the market economy
in three major ways. “The first is the al-
teration of the ground rules and incen-
tives under which the market operates
by such devices as taxes, subsidies, and
judicial actions to internalize [i.e., make
explicit] social costs. The second is regu-
lations and standards in relation to such
matters as safety, pollution and use of
land or other scarce common resources.
The third is direct economic activities of
government deemed to...warrant sup-
plementing private activities beyond the
level that market forces alone would
generate. These interventions will affect
the allocation of investments and the di-
rection of innovation.... It is now recog-
nized that growth as measured by the
market alone does not automatically
guarantee the best application of the re-
sources created. ... Changes in the qual-
ity of life will come only at some cost to
other consumption, presumably of the
more affluent segments of society....
The control of technology within politi-
cal systems that encourage competition
and pluralism and retain the profit mo-
tive represents a major challenge to in-
dustry with regard to broadening its
motivation.”

While emphasizing the need for ex-
tending technologies to grapple with
pressing social problems, the report urges
the continued support of fundamental
research, which provides the “basis of
new technological developments and
for the rational management of technol-
ogy.” Although the report does not refer
directly to the controversy over the su-
personic transport, it notes that “the
emphasis on...environmental manage-
ment may require that, in the introduc-
tion of new technology, [more] funda-
mental and exploratory applied research
to development may be needed than in
the past, because the forecasting of side
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effects requires more fundamental un-
derstanding than is provided by the mere
demonstration of technical feasibilities
and commercial promise.”

The report stresses that if govern-
ments do not respond quickly to a grow-
ing disenchantment with the kind of
technological growth provided by “free”
economies, the consequences could be
grievous. “The worldwide culture of
educated youth, which is deeply con-
cerned with ecological perspectives and
is increasingly anti-materialistic, egali-
tarian, anti-meritocratic, and anti-bu-
reaucratic, could conceivably even
adopt anti-rational views and could be-
come much more influential in the next
decade than our extrapolations suggest,
especially if established methods fail to
bring significant improvement. [Such
a] failure...could create a...reaction
against science [that] could lead to re-
tardation of scientific progress to the
point where the world lacked the intel-

lectual tools to cope with the complexity |

it has created.”

Aspirin Inhibits Prostaglandins

Aspirin and certain other anti-inflam-

matory substances may function, at
least in part, by interfering with the
synthesis of the prostaglandins. These
are fatty acids, only now under inten-
sive investigation, that are widely dis-
tributed in the body and that have hor-
mone-like effects on a variety of tissues
and life processes. For all of aspirin’s
long and widespread acceptance as a
drug to relieve pain, reduce inflaimma-
tion and lower fever, its mechanism of
action has remained a puzzle. It has
come to be considered an “antidefen-
sive” drug that functions by interfering
with one or more of the biological sub-
stances released by tissues in response
to certain stresses.

The prostaglandins are apparently
such substances. Several investigators at
the Royal College of Surgeons in Lon-
don have studied the effect of aspirin,
related salicylates and the antiinflamma-
tory drug indomethacin on prostaglan-
dins produced in the lung of the guinea
pig, in the spleen of the dog and by

platelets in the blood of humans. In a

— brooding on his fate, perhaps, as he
surveys his dwindling domain?

The photographs were taken by Ralph
L. Shook on a bitter cold day in February,
with the wind at 15 miles per hour. He
spent many hours waiting for his eagle to
visit this favorite perch. The picture at the
right shows the whole scene with his Kodak
Instamatic — his Field Model Questar set
up in a blind, 150 feet from the bird’s tree.
His modified Nikon with through-the-lens
meter is close-coupled to the telescope and
the arrow points to the empty branch.
Above, the Questar photograph is cropped
from an 8 x 10 enlargement of 35 mm.
Tri-X, taken at /16, 1/250 second.
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that the drugs either inhibit or abolish
prostaglandin synthesis. The method of
inhibition is not known. It may be
through competition for the active site
of the enzyme that converts arachidonic
acid, a precursor, into prostaglandin,
Vane suggests; this would conform with
the fact that the anti-inflammatory
agents in question all have an acidic
group and would explain why other
kinds of anti-inflammatory agents, such
as hydrocortisone, do not inhibit prosta-
glandin synthesis.

Vane points out that the therapeutic
actions of aspirin-like drugs are at least
partly consistent with a mode of action
involving the prostaglandins, which have
been found to induce fever and to be
associated with some inflammatory proc-
esses. The prostaglandins do not, how-
ever, appear to be involved in certain
kinds of pain relieved by aspirin (al-
though they can induce headaches).
Hence the analgesic action of aspirin re-
mains unexplained. It will probably re-
quire experiments on animals or humans
to show more directly whether or not
prostaglandins are actually the primary
agents responsible for, say, headaches or
arthritis and therefore whether or not
the therapeutic effects of aspirin and
indomethacin can be clearly attrib-
uted to their inhibition of prostaglandin
synthesis.

Protostuff

meteorite that contains crystalline

material older than the solar system
has been identified by workers at Case
Western Reserve University. The ancient
body, called the Allende meteorite, fell
near Parral in the Mexican state of Chi-
huahua on February 8, 1969. Shortly
after the fall was discovered specimens
of the body were subjected to intensive
study by standard optical, petrographic
and chemical techniques. The specimens
were found to consist of a fine-grained,
carbon-rich matrix in which are embed-
ded many chondrules: spherical aggre-
gates of coarser crystals. It was further
established that both the matrix and the
chondrules are composed predominantly
of the mineral olivine (Mg,SiO,). On the
basis of this early analysis the Allende
meteorite was classified as a Type III
carbonaceous chondrite.

A more detailed study was subse-
quently undertaken by H. W. Green II,
S. V. Radcliffe and A. H. Heuer at Case
Western Reserve to determine the fine
structure of the matrix and the chon-
drules with the aid of a high-voltage
transmission electron microscope. It was
in the course of this examination that the
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olivine crystals in several of the chon-
drules were discovered to have a pe-
culiar fine-scale, black-spot structure,
reminiscent of coalesced point defects in
ordinary terrestrial crystals. This fine
structure, which is lacking in the matrix
material, was interpreted as evidence of
extensive radiation damage.

By comparing the substructure of the
Allende meteorite with that of a com-
parable meteorite and also of lunar
basalts and selected terrestrial rocks,
Green, Radcliffe and Heuer were led to
conclude that the observed irradiation
of the chondrules preceded the cold ac-
cretion of matter that took place during
the early stages of the formation of the
solar system. The radiation, they be-
lieve, originated in the protosun. The
presence of radiation damage in the
chondrule olivine and its absence in the
matrix olivine is taken to indicate that
the irradiation occurred after the chon-
drules solidified but before the parent
meteorite body was formed. In addition,
the investigators point out in Science, the
evidence obtained from their examina-
tion suggests that the Allende meteorite
has experienced no significant thermal
event and has suffered no significant
collisions since its origin. All these ob-
servations are in complete agreement
with the view that Type III carbona-
ceous chondrites have not been pro-
duced by metamorphic processes from
Type II carbonaceous chondrites. “We
thus conclude,” the investigators write,
“that the Allende meteorite consists of
virgin planetary material.”

Cooling Salts

[,\ir conditioning represents the fastest-

growing load borne by the electric
utilities, and the one most likely to cre-
ate “brownouts” on hot summer days.
Although the utilities have explored a
number of ways to meet peak demands
for power, the most direct approach
would be to design appliances that
would provide a steady load 24 hours
a day. Engineers at the University of
Pennsylvania have been working on an
air conditioner that does just that.

The key is thermal energy storage:
during the night and early in the morn-
ing the unit “stores cold” in a special
salt that freezes at 55 degrees Fahren-
heit. When the day warms up and the
load on the air conditioner increases, the
salt melts, thus absorbing heat and sup-
plementing the basic cooling capacity of
the unit. The concept of using salts for
thermal storage was pioneered some
years ago at the Massachusetts Institute
of Technology by Maria Telkes as a way
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of storing solar energy for house-heating.
Now at the University of Pennsylvania
she has helped to adapt the heat-storage
principle in reverse for air conditioning.
According to Steven Freedman, chief
engineer on the project, a house that re-
quires a three-ton conventional air con-
ditioner could be adequately cooled by
a 1%-ton unit that runs 24 hours a day
on the cold-storage principle. In addi-
tion to being 60 percent smaller, the
new unit would consume at least 15 per-
cent less power.

Left- and Right-handed Odors

The theory that the shape of a mole-

cule is essentially responsible for its
odor has received strong confirmation
from two studies of enantiomers, or mir-
ror-image molecules. The theory, origi-
nated in 1949 by R. W. Moncrieff and de-
veloped by John E. Amoore, conceives of
the olfactory receptors as having specifi-
cally shaped sites into which molecules of
different forms fit, so that the overall con-
figuration of a molecule is more important
than its constituent atoms or internal ar-
rangement in determining its odor [see
“The Stereochemical Theory of Odor,”
by John E. Amoore, James W. Johnston,
Jr., and Martin Rubin; ScIENTIFIC AMER-
1caN, February, 1964]. The theory has
been much debated, and several other
mechanisms for the detection of odor
have been proposed, including one that
depends on amolecule’s vibrational ener-
gy levels as exhibited by its infrared spec-
trum. Clearly one of the sharpest tests of
the stereochemical theory would be a
comparison of enantiomers. Such mole-
cules are identical in all respects except
for their chirality, or handedness. They
are related as right and left hands are re-
lated and are labeled accordingly: R (for
“right”) and S (for sinister).

Investigators at the University of Cali-
fornia at Davis and at Case Western Re-
serve University, working independent-
ly, studied enantiomers of carvone and
several closely related molecules. One
enantiomeric form of carvone, R-car-
vone, has a strong odor of spearmint; the
other form, S-carvone (which is geomet-
rically a mirror image and which in solu-
tion rotates the plane of polarization of
polarized light in the opposite direction)
has the odor of caraway. G. F. Russell
and J. I. Hills at Davis started with com-
mercial preparations of the two carvones,
purified them and synthesized a number
of related compounds, each in the R and
the S form. Each of the compounds was
purified by gas chromatography and sub-
jected to odor tests by a panel of judges.
In every case the R and the S forms were



judged to have different odors. The two
enantiomers of trans-dihydrocarvone,
which have geometries similar to car-
vone’s, smelled of spearmint or caraway,
depending on handedness. The enanti-
omers of cis-dihydrocarvone, with a
slightly different geometry, had a musty
or a woody odor, but again the R and the
S forms were clearly distinguishable from
each other.

Lester Friedman and John G. Miller,
at Case Western Reserve, “interconvert-
ed” R-carvone and S-carvone into their
enantiomers and then back again, test-
ing odor along the way. At each step the
carvones were found to have identical
physical properties except that the R and
the S forms had difterent odors (R spear-
mint, S caraway) and rotated polarized
light in opposite directions. Friedman
and Miller obtained similar results with
other molecules. For example, they
showed that the difference between the
smell of an orange and the smell of a
lemon is attributable to the difference in
handedness between R-limonene and
S-limonene respectively. They point out
that not all enantiomers smell different;
both forms of camphor smell the same.
The fact that handedness can so strongly
influence odor, however, tends to dis-
credit the vibrational theory and sup-
ports a modified form of the stereochem-
ical theory.

Woher der Gegenschein?

A diffuse patch of dim light is some-
times visible near the zenith in the
night sky. This is the Gegenschein, or
“light of opposition.” It was given the
name in 1854 by its discoverer, the Ger-
man astronomer T. J. C. A. Brorsen, be-
cause it is located exactly opposite the
sun. In the intervening century it has re-
ceived the attention of many eminent
astronomers and has given rise to at least
four explanatory hypotheses.

Robert G. Roosen of the National
Aeronautics and Space Administration
recently summarized the leading hy-
potheses in Reviews of Geophysics and
Space Physics. He dismisses all but one
of them. One hypothesis was offered by
Brorsen some five years after his dis-
covery and was later espoused by others.
It is the “gas tail” hypothesis. It visual-
izes solar radiation sweeping away the
hydrogen and helium that leaks out of
the earth’s atmosphere in a vast plume
extending “downstream” from the earth.
On this hypothesis the Gegenschein is
produced by sunlight that is reflected
from the gas tail at a point some 800,000
miles in space. What destroys the hy-
pothesis is the fact that at this relatively

short distance the shadow the earth casts
into space should produce a dark patch
within the brighter Gegenschein. It does
not.

Next was the libration-point hypoth-
esis, first suggested in the 1880’s and de-
fended at the turn of the century by
W. H. Pickering of the Harvard College
Observatory. It states that in the dy-
namic system of the earth and the sun
a third point of equilibrium exists a lit-
tle less than a million miles from the
earth. This “libration point” would cap-
ture bits of planetary debris, and the
sunlight reflected from the material
produces the Gegenschein. The fact
that kills the first hypothesis does the
same to the second. At this distance the
earth’s shadow should be visible and it
is not.

The third hypothesis is a variation on
the first: The tail downstream from the
earth consists not of gas but of dust, per-
haps largely debris generated by the
continual bombardment of the moon by
meteorites. Again the absence of the
earth’s shadow is the flaw.

Roosen describes the preferred hy-
pothesis. Since no earth shadow is visi-
ble, the reflective material must lie well
outside the deep zone covered by the
shadow. Might it not be a huge cloud of
dust particles traveling in orbit around
the sun far beyond the earth? The
Italian astronomer G. V. Schiaparelli
thought so in 1867, and so today does
Roosen. The origin of the distant cloud?
It is the debris generated by aeons of
collisions in the asteroid belt between
Mars and Jupiter.

Cadmium Watch

he list of toxic metals in the environ-

ment that bear watching is currently
being lengthened by the addition of
cadmium. Evidence that cadmium in
the environment can give rise to “serious
intoxication in human beings” is pre-
sented in a review prepared by Lars
Friberg, Magnus Piscator and Gunnar
Nordberg of the Royal Caroline Insti-
tute in Stockholm under a contract with
the U.S. Environmental Protection
Agency. The institute has conducted ex-
tensive studies of the effects of metals
in the environment. Its review of cad-
mium was discussed recently at a con-
ference convened for the Environmental
Protection Agency by the University of
Rochester School of Medicine and Den-
tistry.

The technological metabolism of cad-
mium has to do mainly with the manu-
facture of batteries. The Swedish inves-
tigators noted that “the ambient air con-
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tains small amounts of cadmium, and in
the vicinity of certain factories the con-
centration can be considerable.” More-
over, people are exposed daily to “a sub-
stantial amount of cadmium in food.”
Exposure to the metal in both the indus-
trial environment and the general en-
vironment can cause illness, the investi-
gators reported. “Inhalation of cadmium
oxide fumes,” they write, “can produce
acute damage in the lungs in the form
of pneumonitis or pulmonary edema,”
and prolonged exposure to dust or fumes
can cause emphysema. They add: “It is
the effects due to long-term exposure to
low concentrations of cadmium that are
of interest. The critical organ is the kid-
ney. Renal tubular dysfunction with
proteinuria is a common manifestation.
... Other systemic effects include ane-
mia and liver dysfunction.” Much fur-
ther work is needed, the investigators
said, to clarify the relation between dose
and response and to explore more fully
the extent, turnover and effects of cad-
mium in the environment.

Carbon Monoxide Sink

I,Iuman activities currently add some
200 million metric tons of carbon
monoxide to the atmosphere every year,
yet there does not appear to be any
buildup of carbon monoxide in the at-
mosphere as a whole. The principal ex-
planation may lie in the metabolism of
microorganisms in the soil. Experiments
in which sterile soil failed to take up car-
bon monoxide whereas most normal soils
absorbed it at an average rate of 8.44
milligrams per hour per square meter
are described in Science by Robert E.
Inman, Royal B. Ingersoll and Elaine
A. Levy of the Stanford Research Insti-
tute. They conclude that soil “must now
be considered as a major natural sink
for CO that is released into the atmo-
sphere by natural emitters or by the
burning of fossil fuels.” This sink does
not, of course, act quickly enough to
affect elevated levels of carbon mon-
oxide in such places as heavily traveled
highways.

Inman, Ingersoll and Mrs. Levy esti-
mate that the average capacity of soils
in temperate zones for absorbing carbon
monoxide is 191.1 metric tons per year
per square mile. On that basis they cal-
culate that the capacity of the soil sur-
face of the continental U.S. (2,977,128
square miles) is 569 million metric tons
per year, “which is 6.5 times the annual
estimated production of CO attributed
to the United States and almost three
times the estimated worldwide produc-
tion due to man’s activities.”
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HEREDITARY SYMBIOSIS between photosynthetic green algae the host is kept close to starvation, its guest symbionts satisfy its

of the genus Chlorella (scattered dark ovals) and a single-celled basic food requirements as long as sunlight is available. The chlo-
animal host is characteristic of the species Paramecium bursaria, roplasts in photosynthetic cells may once have been similar free-
seen magnified 8,000 times in this electron micrograph. Even when living alga-like organisms that eventually became guest symbionts.
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SYMBIOSIS AND EVOLUTION

The cells of higher plants and animals have specialized organelles

such as chloroplasts and mitochondria. There 1s increasing reason

to believe that these organelles were once independent organisms

very form of life on earth—oak tree
E and elephant, bird and bacteri-
um—shares a common ancestry
with every other form; this fact has been
conclusively demonstrated by more than
a century of evolutionary research. At
the same time every living thing be-
longs primarily to one or another of two
groups that are mutually exclusive: or-
ganisms with cells that have nuclei and
organisms with cells that do not. (An ex-
ception is viruses and virus-like parti-
cles, but such organisms can reproduce
only inside cells.) How can both of these
facts be true? Why does so profound a
biological schism exist? Ideas put for-
ward and discarded some decades ago
hinted at one explanation: Cells without
nuclei were the first to evolve. Cells with
nuclei, however, are not merely mutant
descendants of the older kind of cell.
They are the product of a different evo-
lutionary process: a symbiotic union of
several cells without nuclei.

The cells of the two classes of orga-
nisms are called prokaryotic (“prenu-
clear”) and eukaryotic (“truly nucleat-
ed”). The two classes are not equally
familiar to us. Most of the forms of life
we see—ourselves, trees, pets and the
plants and animals that provide our
food—are eukaryotes. Each of their cells
has a central organelle: a membrane-
enclosed nucleus where genetic material
is organized into chromosomes. Each
has within its cytoplasm several other
kinds of organelle. Prokaryotes are far
less prominent organisms, although they
exist in huge numbers. In the absence
of a membrane-enclosed nucleus their
genetic material is dispersed throughout
their cytoplasm. Such primitive simplic-
ity is characteristic of the blue-green
algae and of all the myriad species of
bacteria.

The relatedness of living things is
fundamental. Organisms as apparently

by Lynn Margulis

dissimilar as men and molds have almost
identical nucleic acids and have similar-
ly identical enzyme systems for utilizing
the energy stored in foodstuffs. Their
proteins are made up of the same 20
amino acid units. In spite of a bewilder-
ing diversity of forms, in these funda-
mental respects living things are the
same. Yet we are left with the equally
fundamental discontinuity represented
by the two different classes of cells.

Varieties of Symbiosis

Symbiosis can be defined as the living
together of two or more organisms in
close association. To exclude the many
kinds of parasitic relationships known in
nature, the term is often restricted to
associations that are of mutual advan-
tage to the partners. One frequently
cited instance of symbiosis is the part-
nership sometimes observed between
the hermit crab and the sea anemone.
The anemone attaches itself to the shell
that shelters the crab; this provides its
partner with camouflage, and stray bits
of the crab’s food nourish the anemone.
An example that is more pertinent here
is the relationship between the legumi-
nous plants and certain free-living soil
bacteria. Neither organism can by itself
utilize the gaseous nitrogen of the atmo-
sphere. The roots of the plants, however,
develop projections known as infection
threads that transport the soil bacteria
into the root structure. Once present in
the cytoplasm of the root cells, the bac-
teria (transformed into “bacteroids™)
combine with the host cells to form a
specialized tissue: the root nodule. In-
ert atmospheric nitrogen is utilized by
nodule cells as a nutrient. At the same
time the nodules manufacture a sub-
stance—a pinkish protein known as leg-
hemoglobin—that neither the plant nor
the bacteria alone can produce. Because
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the bacterial symbionts live within the
tissue of the plant host the partnership
is classified as “endosymbiosis.”

Neither of these relationships is nec-
essarily hereditary. The hermit crab will
never give rise to the anemone, nor the
anemone to the hermit crab. Nor in most
instances does a pea or an alfalfa seed
contain bacteria; each new generation of
plants must establish its own association
with a new generation of bacteria. On
the other hand, there is one plant—Psy-
chotria bacteriophila—that contains the
bacterial symbiont in its seed. Thus its
offspring inherit not only chromosomes
and cytoplasm from the parent plants
but bacteria as well. This constitutes
hereditary endosymbiosis.

Hereditary symbiosis is surprisingly
common. In many instances the host—
plant or animal—cannot manufacture its
own food and the guest belongs to the
family of organisms that can synthesize
nutrients by absorbing sunlight. Hosts of
this kind are heterotrophs: “other-feed-
ers.” Among plants the fungi fit into this
group; so do most forms of animal life.
Their guests are autotrophs: “self-feed-
ers.” The process that nourishes them is
the familiar one we call photosynthesis.

An instance of such a relationship is
provided by lichens, the characteristical-
ly flat, crusty plants that can survive in
harshly dry and cold environments. Mi-
croscopic study long ago demonstrated
that a lichen is a symbiotic partnership
between an alga (the autotroph) and a
fungus (the heterotroph). Vernon Ah-
madjian of Clark University has man-
aged to dissociate the partners that form
lichens of the genus Cladonia, and he
has succeeded in raising the two compo-
nents independently.

Endosymbiosis has been character-
ized as swallowing without digesting.
One protozoan symbiont—Paramecium
bursaria, commonly known as the green
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paramecium—provides an apt illustra-
tion. This protozoon has been studied in-
tensively by Richard Siegel of the Uni-
versity of California at Los Angeles and
Stephen Karakashian of the State Uni-
versity of New York at Old Westbury. It
is green because numerous photosyn-
thetic green algae inhabit its single cell.
The photosynthetic guests, given ade-
quate light, can keep the host alive
under near-starvation conditions. When
the host is deprived of its guests, it will
survive only if extra nutrients are added
to its medium. The guests (members of
the genus Chlorella, a common green
alga) will also survive when they are re-
moved from the host.

When the organism is reconstituted
in the laboratory by bringing the iso-
lated paramecium and the algae togeth-
er, an interesting thing happens. Once
back inside the host, the algae multiply,
but only until the normal, genetically
regulated number of algae per parame-
cium is attained. The multiplication then
stops. Should the protozoon encounter
free-living Chlorella, they are promptly
digested. Its own algal partners, how-
ever, are totally immune. Somehow the
paramecium recognizes its symbiont, al-
though even with the electron micro-
scope it is not easy to see any morpholog-
ical difference between the free-living
Chlorella and the symbiotic one.

The relationships described thus far
involve hosts whose guests all belong
to a single species. Far more complex
kinds of symbiosis are known. There is
one protozoon, for example, that is itself
a symbiont and at the same time is the
host of three other symbionts. This is the
flagellate Myxotricha paradoxa, a large,
smooth-swimming single-celled orga-
nism that seems to be covered with hair-
like flagella of various sizes. Myxotricha
lives in the gut of certain Australian ter-
mites; it contributes to the insects’ sur-
vival by helping them digest the pulver-
ized wood that comprises their food.

When Myxotricha was first described, it
was thought to be just another multi-
flagellate protozoon with an unusual
mode of swimming,.

A detailed study by A. V. Grimstone
of the University of Cambridge and
L. R. Cleveland of the University of
Georgia revealed that Myxotricha actu-
ally had only a few normal flagella at
one end. What were mistaken for flagel-
la elsewhere on the organism were spiro-
chetes—a kind of elongated motile bac-
terium—that were living symbiotically
on the surface of the protozoan host.
This was not all; each spirochete was as-
sociated with another kind of symbiotic
bacterium that was also attached to the
host’s surface, and still a third kind of
symbiotic bacterium lived inside Myxo-
tricha [see illustration on page 52]. As
Grimstone and Cleveland have noted,
the protozoon “glides along uninter-
ruptedly” through the gut of the termite
“at constant speed and usually in a
straight line,” with its symbiotic spiro-
chetes undulating vigorously.

Organelles of the Eukaryotic Cell

Having seen how many different kinds
of independent organism can enter into
symbiotic partnerships and how some of
these partnerships can be perpetuated
on a hereditary basis, we now turn to
the eukaryotic cell. When we examine
such a cell under the microscope, we see
that it contains not only a nucleus but
also other organelles. In the eukaryotic
cells of a green leaf, for example, there
are tiny green chloroplasts, where the
chemical events of photosynthesis take
place. In the cells of both plants and
animals there are mitochondria, where
foodstuffs are oxidized to produce ATP
(adenosine triphosphate), the universal
fuel of biochemical reactions. These are
only two of several types of organelle.

Could these organelles have originat-
ed as independent organisms? One kind

“FIVE-KINGDOM” CLASSIFICATION of terrestrial life, proposed by R. H. Whittaker of
Cornell University to solve the dilemma posed by the conventional classification of orga-
nisms as either plants or animals, is shown as modified by the author. The life forms com-

prise two unambiguous and mutually exclusive groups: prokaryotes, the organisms with
cells that lack membrane-enclosed nuclei, all within the kingdom Monera, and the eukary-
otes, the organisms with truly nucleated cells, which include the populations of the other
four. Organisms representative of major phyla are illustrated. In the kingdom Monera these
are various bacteria (left) and a blue-green alga, Nostoc (right). In the kingdom Protista are
Chlamydomonas, one of the chlorophyta (a), diatoms (b), an amoeba (c), a dinoflagellate
(d), a desmid (e), a foraminiferan (f), a trypanosome (g), a sun animalcule (h), a euglena
(i), a paramecium (j), a brown seaweed (k) and a cellular slime mold (I). The two phyla in
the kingdom Plantae, a group nourished by photosynthesis, are represented by a haircap
moss (m) and a lily (n). In the kingdom Fungi, a group characterized by absorptive nu-
trition, are a bread mold (o) and a mushroom (p). In the kingdom Animalia, characterized
by ingestive nutrition, the representatives are a mollusk (q),arthropod (r) and chordate (s).
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of evidence immediately suggests such
an origin: the existence of what are
known as cytoplasmic genes. When we
speak of genes, we usually have in mind
the hereditary material-the DNA—in
the chromosomes of the cell nucleus.
Yet genes are also found outside the nu-
cleus in the cytoplasm, notably in asso-
ciation with chloroplasts and mitochon-
dria.

Chloroplasts belong to a group of or-
ganelles collectively known as plastids.
Plastids have their own unique DNA—a
DNA unrelated to the DNA of the cell
nucleus. As has been abundantly dem-
onstrated over the past two decades,
DNA is the replicative molecule of the
cell. It encodes the synthesis of the pro-
teins required for the doubling of the
cell material before cell division. It has
also been demonstrated that chloroplasts
have their own ribosomes: the bodies
where protein is synthesized. The pres-
ent picture of cellular protein synthesis
is that the hereditary information en-
coded in DNA is transcribed in “messen-
ger” RNA, which then provides the ribo-
some with the information it needs to
link amino acids into a particular pro-
tein. In the process each amino acid
molecule temporarily combines with a
specific molecule of another kind of
RNA: “transfer” RNA. Chloroplasts also
contain specific transfer RNA’s and oth-
er components necessary for indepen-
dent protein synthesis.

Mitochondria also contain DNA that
is not related to the DNA of the cell nu-
cleus. The mitochondria in animal cells
apparently have only enough DNA and
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the associated protein-synthesizing ma-
chinery to produce a fraction of the
structural protein and enzymes needed
by these organelles in order to function.
Nonetheless, the machinery is there:
DNA, messenger RNA, special mito-
chondrial ribosomes and so forth. The
presence of DNA associated with pro-
tein synthesis implies that the mitochon-
dria have a functional genetic system.

Here, then, are two organelles of eu-
karyotic cells that have their own genes
and conduct protein synthesis. When
one considers that almost all the protein
synthesis in the eukaryotic cell is under
the direction of nuclear DNA and that
the synthesis is accomplished by ribo-
somes in the cytoplasm external to both
the mitochondria and the plastids, it is
natural to wonder why these organelles
carry duplicate equipment. Does their
ability to grow and divide within the cell
and to make some of their own protein
under the direction of their own genes
imply that they were once free-living
organisms? A number of investigators
have thought so.

When the plastids of eukaryotic algae
were studied under the microscope in
the 19th century, it was remarked that
they resembled certain free-living algae,
and it was suggested that they had orig-
inated as such algae. A similar origin for
mitochondria was proposed in the 1920’s
by an American physician, J. E. Wallin.
On the basis of microscopic observa-
tions, of reactions to stains and of asser-
tions (subsequently refuted) that he had
grown isolated mitochondria in the lab-
oratory, Wallin maintained that mito-

COMPLEX SYMBIONT, the protozoon Myxotricha paradoxa, lives as a guest in the gut of
certain Australian termites and plays host to three symbionts of its own. These are surface
bacteria of the spirochete group (color), which observers first mistook for flagella, other
surface bacteria (black) and still other bacteria (color) that live inside the protozoon.
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chondria were bacteria that had come to
live symbiotically within animal cells. In
his book Symbioticism and the Origin of
Species he argued that new species arise
as a result of this kind of symbiosis be-
tween distantly related organisms. As
can happen to peopleobsessed by anovel
concept, Wallin overstated his case and
used doubtful data to defend it. His book
fell into disrepute.

What is known today about the bio-
chemical autonomy of mitochondria
goes a long way toward rehabilitating
Wallin’s basic concept. It now seems cer-
tain that mitochondria were once free-
living bacteria that over a long period
of time established a hereditary sym-
biosis with ancestral hosts that ultimate-
ly evolved into animal cells, plant cells
and cells that fit neither of these cate-
gories. The same history evidently holds
true for plastids, which were originally
free-living algae. I believe that still a
third group of organelles, the flagella
and cilia, became associated with the
eukaryotic cell in much the same way.

Flagella and Cilia

Flagella and cilia are really the same.
If these hairlike cell projections are long
and few, they are called flagella; if they
are short and many, they are called cilia.
Their motion propels the cell through its
medium or, if the cell is fixed in place,
moves things past it. In the tissues of
higher animals some flagella and cilia
have been drastically modified to serve
other functions. The light receptors in
the eye of vertebrates are such struc-
tures. So are the smell receptors of ver-
tebrates. Among prokaryotes the analo-
gous structures are much simpler. They
are small, single-stranded and consist of
a protein called flagellin.

The flagella and cilia of eukaryotic
cells are much larger than those of pro-
karyotes. Their basic structure is strik-
ingly uniform, whether they come from
the sperm of a fern or the nostril of a
mouse. Seen in cross section, each con-
sists of a circle of paired microtubules
surrounding one centrally located pair.
If the structure is motile, there are al-
ways two microtubules in the middle
and always nine more pairs surrounding
them,; the pattern is known as the “9 + 2
array” [see illustrations on page 54]. Mi-
crotubules from any kind of eukaryotic
flagella and cilia are composed of re-
lated proteins called tubulin.

At the base of every eukaryotic flagel-
lum and cilium is a distinct microtubular
structure: the basal body. The architec-
ture of the basal body is identical with
that of the centriole, a structure found



SURFACE OF MYXOTRICHA appears at the bottom in trans-
verse section in this electron micrograph by A. V. Grimstone of the
University of Cambridge. In the “hollow” to the left of each sur-
face “peak” lies one of the bacterium guests of the protozoan host.
Two symbiotic spirochetes are visible at right with their basal ends

PROKARYOTIC GUESTS, identifiable by their array of concen-
tric photosynthetic membranes as the blue-green alga Cyanocyta,
are enlarged 15,000 times in this electron micrograph by William T.
Hall of the National Institutes of Health. They are inside protozoan

attached to the host membrane. Other spirochetes whose attach.
ments are not in the plane of focus are partially visible elsewhere
in the micrograph (top). The theory proposing that eukaryotic
cells are the products of similar symbiotic relationships suggests
that the first symbionts were free-living bacterium-like prokaryotes.

hosts of the species Cyanophora paradoxa. Similar hereditary sym-
bioses between various photosynthetic alga-like prokaryotes and
large, more advanced eukaryotic hosts from the kingdom Protista
is suggested as the step leading to evolution of the plant kingdom.
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STRUCTURE OF FLAGELLA is shown in transverse section tubules surrounds a central pair in what is known as a “9 4 2

(right) and longitudinal section (left) in an electron micrograph array.” In the basal body the central pair of microtubules is absent
by R. D. Allen of the University of Hawaii. In the part of the flagel- and the array is “9 4 0.” Such organelles are found only among
lum extending beyond the basal body a circle of paired micro- the eukaryotes and may originally have been free-living cells.

CROSS SECTION (9+0)

CROSS SECTION (9+2)

& ®q

ALGAL
FLAGELLA

MICROTUBULES comprise a variety of structures, including the cilia of tracheal membrane and the centrioles and the spindle
motile flagella of certain algae (bottom right) and of sperm, the structure that mediates halving of the nucleus in mitotic division.
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at opposite poles of the eukaryotic cell
nucleus. Centrioles come into particular
prominence during mitosis, the process
by which eukaryotic cells divide. (Cen-
trioles are found in nearly all animal
cells and in the cells of many eukaryotic
algae but not in certain fungi and in
most higher plants).

The structural array of the basal body
and the centriole is “9 + 0”: the central
pair of microtubules is absent. In cells
that possess mitotic centrioles the cen-
trioles left over from earlier cell divi-
sions often grow projections that become
flagella or cilia as the new cell differen-
tiates. Thus not only are basal bodies
and centrioles identical in structural pat-
tern but also centrioles can become basal
bodies. Moreover, the mitotic spindle,
the characteristic diamond-shaped struc-
ture that lies between the centrioles dur-
ing cell division, is an array of micro-
tubules composed of tubulin.

A further finding requires that we
now ask two fundamental questions.
When the plant alkaloid colchicine is
added to tubulin, derived either from
flagella or cilia or from spindles, the al-
kaloid is bound to the protein. The re-
action is characteristic of tubulin from
the cells of all animals and all eukaryotic
plants, but it has never been observed
with the flagellin from prokaryotic cells.
Nor, for that matter, have microtubules
ever been observed in either bacteria or
blue-green algae.

The first question is this: What differ-
entiates animals from plants? At the
macroscopic level the differences are
obvious; for example, most animals
move around in order to feed them-
selves, whereas most plants stand still
and nourish themselves by photosynthe-
sis. At the microscopic level distinctions
of this kind become meaningless. Many
kinds of single-celled organism some-
times nourish themselves by photosyn-
thesis and at other times swim about in-
gesting food particles. Some organisms
crawl like an amoeba at one stage in
their development but later stop, sprout
stems and disperse a new generation in
the form of spores. Further examples
are almost innumerable.

Generations of biologists have been
troubled by the need to force such or-
ganisms into the plant or animal king-
dom. A far less ambiguous dichotomy is
the division between prokaryotes and
eukaryotes. Notable dissenters from the
plant-animal classification are Herbert
F. Copeland of Sacramento State Col-
lege, G. Evelyn Hutchinson of Yale Uni-
versity and most recently R. H. Whit-
taker of Cornell University. In what
follows I have modified Whittaker’s “five-

kingdom” classification, which takes the
fundamental prokaryote-eukaryote di-
chotomy fully into account [see illustra-
tion on pages 50 and 51]. The answer
to the first question, then, is that there
are not just two basic kinds of organism
but five.

This brings us to the second question:
How did five kingdoms arise? I have al-
ready suggested that eukaryotic cells,
which are characteristic of all high-
er forms of life, came into existence
through an evolutionary advance of a
kind fundamentally different from dis-
crete mutation. Speciﬁc answers to the
second question will appear in the fol-
lowing hypothetical reconstruction of
the origin of eukaryotic cells. The recon-
struction traces the rise of the more ad-
vanced four of Whittaker’s five king-
doms from their origin in the least
advanced one. That kingdom is the king-
dom Monera: the prokaryotic single-
celled organisms that were the first living
things to evolve on the earth. The reader
should be warned that my presentation
of the theory here is necessarily brief and
oversimplified.

The First Cells

All life on the earth is believed to
have originated more than three billion
years ago during Lower Precambrian
times in the form of bacterium-like pro-
karyotic cells. At that time there was no
free oxygen in the atmosphere. The cells
that arose were fermenting cells; their
food consisted of organic matter that
had been produced earlier by the action
of various abiotic processes. Under pres-
sures of natural selection directly related
to the depletion of this stock of abiotic
nutrients, there arose among the first
fermenting bacteria many metabolic
traits that are still observable among
bacteria living today. These traits in-
clude the ability to ferment many dif-
ferent carbohydrates, to incorporate at-
mospheric carbon dioxide directly into
reduced metabolic compounds, to re-
duce sulfate to hydrogen sulfide as a
by-product of fermentation, and so on.

As the ammonia available in some
parts of the environment became deplet-
ed, certain bacteria evolved metabolic
pathways that could “fix” atmospheric
nitrogen into amino acids. Other fer-
menters developed into highly motile or-
ganisms that foreshadowed such highly
mobile living bacteria as spirochetes. All
these fermenting bacteria were “obligate
anaerobes,” that is, for them oxygen was
a powerful poison. Through various de-
toxification mechanisms the fermenters
were able to dispose of the small amount
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of this deadly element present in the en-
vironment as a result of abiotic processes.
Finally, many if not all of the various fer-
menting bacteria were equipped with
well-developed systems for the repair of
DNA. Such systems were necessary to
counteract the damage done by ultra-
violet radiation, which at that time was
intense because there was no ozone (Oj)
in the atmosphere to filter it out.

All these bacteria were heterotrophs;
they had not evolved the photosynthetic
mechanisms that would have enabled
them to nourish themselves in the ab-
sence of abiotic organic compounds. In
time some of them developed metabolic
pathways that led to the synthesis of
the compounds known as porphyrins. It
is a purely fortuitous property of por-
phyrins that they absorb radiation at the
visible wavelengths; nonetheless, this
property was eventually put to use by
the evolution of bacterial photosynthe-
sis. The process of photosynthesis re-
quires a source of hydrogen. Bacteria
can utilize such inorganic substances as
hydrogen sulfide and gaseous hydrogen
as well as various organic compounds of
the kind that would have been present
in the environment as by-products of fer-
mentation. These first anaerobic photo-
synthesizers appeared in Lower Precam-
brian times.

When the new photosynthetic bac-
teria became well established, a process
that may have taken millions of years, a
second kind of photosynthesis was able
to make its appearance. In the second
process the uptake of hydrogen was ac-
complished by the splitting of water
molecules; as a result increasing quanti-
ties of lethal free oxygen entered the at-
mosphere as a waste product. The evo-
lution of this mode of photosynthesis led
to the appearance of the blue-green al-
gae, the first organisms on the earth that
were adapted to the presence of free
oxygen. Since they were active photo-
synthesizers of the newer type, they
accelerated the increase in atmospheric
oxygen.

The blue-green algae, whose Precam-
brian success is attested by the massive
calcium-rich rock formations they left
behind, presented a profound threat to
all other forms of life. The other orga-
nisms were forced to adapt or perish.
Some of the anaerobes adapted simply
by retreating into the oxygen-free muds
where their fellows are found today.
Others developed new mechanisms of
oxygen detoxification; still others, it is
safe to assume, merely disappeared. In
any case, one result of the success of the
blue-green algae was the evolution of
new kinds of bacteria that utilized free
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oxygen in their metabolic processes:
aerobic respirers, oxidizers of sulfide
and ammonia, and the like. As atmo-
spheric oxygen continued to accumu-
late, the stage was set for the initial ap-
pearance of eukaryotic cells.

The First Eukaryote

The first advanced cell came into ex-
istence when some kind of host, perhaps
a fermenting bacterium, acquired as
symbiotic partners a number of smaller
oxygen-respiring bacteria. As atmo-
spheric oxygen continued to increase,
selection pressure would have favored
such a symbiosis. Eventually the small
aerobic bacteria became the hereditary
guests of their hosts; these were the
first mitochondria. The host symbionts,
in turn, evolved in the direction of amoe-
bas, so that a new population of large
aerobic cells evolved and faced the
problem of finding nutrients.

In due course the partners were aided
in their quest for food: a second group
of symbionts, flagellum-like bacteria
comparable to modern spirochetes, at-
tached themselves to the host’s surface
and greatly increased its motility. If this

HIGHER PLANTS

AEROBIC BACTERIA

hypothetical triple partnership begins to
resemble the termite symbiont Myxo-
tricha, it is with good reason; I believe
that just such a Myxotricha-like symbi-
otic association, formed in Precambrian
times, was a universal ancestor to all eu-
karyotic organisms. With the appear-
ance of this supercell the kingdom Mo-
nera gives rise, in a manner consistent
with Whittaker’s taxonomic system, to
the kingdom Protista.

The internal guests, then, served as
mitochondria and the external ones as
flagella. The spirochete-like guests, how-
ever, slowly evolved another role. The
specialized basal body of the flagellum
and its associated microtubules came to
serve the additional function of mediat-
ing the process of cell division. Respec-
tively the centriole and the mitotic spin-
dle, they were responsible for dividing
the parent cell's genes evenly between
daughter cells.

Mitotic cell division was the crucial
genetic step toward further evolutionary
advance. One would not expect it to
have developed in a straight-line man-
ner, starting with no mitosis and con-
cluding with perfect mitosis. There must
have been numerous dead ends, varia-

SYMBIOSIS THEORY is summarized in the three steps illustrated here. Union between
two members of the kingdom Monera, a newly evolved aerobic bacterium (bottom left)
and a larger host, possibly a fermenting bacterium (bottom right), brought into existence
an amoeboid-like protist whose several guests became mitochondria. A second hereditary
symbiosis, joining the amoeboid to a bacterium of the spirochete group (center right),
brought into being an ancestral “amoeboflagellate” that was the direct forebear of two king-
doms: Fungi and Animalia. When the same amoeboflagellate went on to form another
relationship, with algae that became plastids, the fifth kingdom, Plantae, was founded.
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tions and byways. Evidence of just such
uncertain gradualism is found today
among the lower eukaryotes, for exam-
ple the slime molds, the yellow-green
and golden-yellow algae, the euglenids,
the slime-net amoebas and others. Many
of their mitotic arrangements are un-
conventional. The perfection of mitosis
may have occupied as much as a billion
years of Precambrian time.

Mitosis, however, was the key to the
future. Without mitosis there could be
no meiosis, the type of cell division that
gives rise to eggs and sperm. There
could be no complex multicellular orga-
nisms and no natural selection along
Mendelian genetic lines. As mitosis was
perfected the kingdom Protista gave rise
to three other new kingdoms.

Plant-like protists probably appeared
several times through symbiotic unions
between free-living, autotrophic pro-
karyote blue-green algae and various
heterotrophic eukaryote protists. After
much modification the guest algae de-
veloped into those key organelles of the
plant kingdom, the photosynthetic plas-
tids. Some of the original symbiotic or-
ganisms are represented today by the
eukaryotic algae that eventually evolved
into the ancestors of the plant kingdom.
Both algae with nucleated cells and
higher plants have of course evolved a
great deal since they first acquired pho-
tosynthetic guest plastids more than half
a billion years ago. Their evolutionary
progress, however, involves neither the
origin nor any fundamental modification
of the photosynthetic process. This heri-
tage from their anaerobic prokaryote an-
cestors they received fully formed at the
close of the Precambrian.

The group of organisms that we know
as the fungi—molds, mushrooms, yeasts
and the like—are also thought to derive
directly from protists that relinquished
flagellar motility in exchange for mitosis.
This suggestion is consistent with Whit-
taker’s classification. He splits the fungi
from the plant kingdom and recognizes
that these fundamentally different orga-
nisms deserve a domain of their own.
The evolution of the animal kingdom,
in turn, is considered a straight-line con-
sequence of natural selection acting on
the multicellular, sexually reproductive
organisms that, like the fungi, did not
happen to play host to plastids in Upper
Precambrian times.

Testing the Hypothesis

Compared with what had gone be-
fore, however, all this seems to be virtual-
ly modern history. It is more pertinent
at this juncture to see if the theory of



FREE-LIVING MONERAN, a bacterium of the spirochete group,
is seen magnified 55,000 times in this electron micrograph. It is an

eukaryotic-cell origin through hereditary
symbiosis offers useful answers to further
outstanding questions.

Why are there genes outside cell nu-
clei? Some cytoplasmic genes may have
arisen in other ways, but the symbiosis
theory holds that the genes associated
with chloroplasts and mitochondria
demonstrate that these two kinds of or-
ganelle were once free-living organisms.

Why does evidence for photosynthesis
appear in Middle Precambrian times,
even though no higher plants appear in
the fossil record until a mere 600 million
years ago? The theory proposes that
the higher plants are the result of a
symbiosis between animal-like hosts
and photosynthetic blue-green-alga-like
guests whose partnership could not have
evolved until relatively recent times,
when mitosis had been perfected.

Why should there be any connection

between, on the one hand, the basal
body and the flagellum and, on the oth-
er, the centriole and the mitotic spindle?
The proposal is that the original free-
living organism that once accounted
only for the function of motility was an-
cestral to the organelles that came to
mediate the equal partition of genetic
material between daughter cells during
mitosis.

Obviously many other questions re-
main to be answered. Can the synthesis
of DNA and of messenger RNA be de-
tected in association with the reproduc-
tion of the basal body and the centriole?
Can evidence be found of a unique pro-
tein-synthesis system associated with
these bodies? Without such evidence the
case for these organelles having once
been free-living organisms is weak. How
and when did meiosis evolve from mi-
tosis? Which organisms were the initial

anaerobic bacterium found in the human mouth. Organisms like this
may have given rise to the eukaryotic flagella through symbiosis.

hosts to the guest bacteria that became
mitochondria? Were guest plastids of
different kinds—red, brown, golden-yel-
low—acquired independently by the va-
rious kinds of eukaryotic algae? One re-
lated question is profoundly social. Can
botanists, invertebrate zoologists and
microbiologists, with their widely dif-
ferent backgrounds, agree on a single
classification and a consistent evolution-
ary scheme for the lower organisms?
Conclusive proof that the symbiosis
theory is correct demands experiment.
The symbiotic partners will have to be
separated, grown independently and
then brought back into the same part-
nership. No organelle of a eukaryotic
cell has yet been cultivated outside the
cell. The function of a theory, however,
is to make reasonable predictions that
can be proved or disproved. The predic-
tions of the symbiosis theory are clear.

SPECIALIZED FLAGELLA, shown enlarged 3,900 times in an
electron micrograph by Toichiro Kuwabara of the Harvard Medi-
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cal School, are visual receptors in the retina of a rabbit. The darker
structures at left are the outer segments of the visual receptors.
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A two-inch empty pipe
can carry 230,000 telephone conversations.

The pipe is no bigger than your wrist.

Yet what really makes it news is that there's abso-
lutely nothing inside.

Except room for 230,000 simultaneous telephone
conversations.

In the years to come, millimeter waveguide pipe will
be buried four feet underground. In a larger cradling pipe
to give it protection and support.

It'l also have its own amplifying system about every
20 miles. So your voice will stay loud and clear.

Even after 3,000 miles.

Yet this little pipe is capable of carrying a lot more
than just conversations.

It can also carry TV shows. Picturephone® pictures.
Electrocardiograms. And data between thousands of
computers.

All at once.

The American Telephone and Telegraph Company
and your local Bell Company are always looking for new
ways to improve your telephone service.

Sometimes that means developing a better way to
use two inches of empty space.

®
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Mold spore from soil sample 430x Glass bead from Apollo 11 lunar soil 100x
David McCurdy, Middletown, N.J. Dr. W. D. Ehmann, University of Kentucky

Spicule growth on radiolarian  1000x . Larva of monarch butterfly 10x
Selwyn R. Mather, Elmhurst, lIl, J.Roger Matkin, Santa Ana, Calif.

Freshwater copepod cyclops 80x Corrosion of copper wire with gold plating 13x

Robert J. Western, Kailua, Hawaii Walter R. Banzhaf, Ledyard, Conn,

Bone section from 8000-year-old goat 35x : Resin water softener beads 100x
Dr. Isabella M. Drew, Sackler Lab., Columbia University Benjamin B. Bonadio, Madison, Ind.
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All it takes 1s
a microscope, a minute, and less than $70.

You’re looking at some winners in a nationwide photo-
microscopy contest conducted by Polaroid Corporation.

All entries were taken with the Polaroid ED-10 Land
Instrument Camera. Despite its low cost, you can see
that it produces pictures as high in quality as those taken
with the most expensive microscope cameras. Because
the quality depends on the microscope’s own optics.

The ED-10 fits virtually any microscope. Whether
monocular, binocular or trinocular. And can be attached
in moments. A universal adapter attaches to the eye-
piece, and you simply slide the camera over the adapter.

You don’t even have to know photography to use it.
All you do is frame and focus the specimen in the micro-
scope, slip on the focusing tube to refocus in the camera’s
film plane, replace the tube with the camera, and snap
the picture.

And you don’t wait hours or days for results. All it
takes is a minute for a full-color, finished photomicro-
graph and only 15 seconds for black-and-white.

You use Polaroid Land pack film, either Polacolor
Type 108, or black-and-white Type 107 (3000 speed).
Both are available almost everywhere film is sold.

The ED-10’s body is molded of high-impact ABS
material. So it’s rugged, lightweight and remarkably
easy to handle.

You can buy it at scientific supply houses, microscope
dealers and many camera stores. But if you’d like more
information first, write to Polaroid Corporation, Dept.
57-213, 549 Technology Square, Cambridge, Mass.
02139. In Canada, 350 Carlingview Drive, Rexdale, Ont.

It’s well worth looking into. “Polaroid’’and “Polacolor”’®

The Polaroid Land Instrument Camera.
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APOLLO 12 SURFACE MAGNETOMETER was photographed by tion S-band antenna toward the earth. The magnetometer was iso-
astronaut Alan L. Bean just after he finished deploying it near the lated from other scientific instruments in order to avoid measuring

Apollo 12 landing site in Oceanus Procellarum. Astronaut Charles their magnetic fields. The device operates continuously during
Conrad, Jr., can be seen in the background aiming the central-sta- lunar day and night on power from a nearby nuclear generator.

© 1971 SCIENTIFIC AMERICAN, INC




THE MAGNETISM OF THE MOON

Measurements sent to the earth by magnetometers placed

on the lunar surface by the Apollo astronauts reveal much

about the history and present physical state of the moon

agnetometers placed on the
M moon by the astronauts of
Apollo 12 and Apollo 14 have
measured two types of lunar magnetic
field: permanent fields due to fossil mag-
netic material and transient fields due to
electric currents generated deep in the
interior of the moon. These magnetic
measurements yield unique information
about the history and present physical
state of the moon. The origin of the fos-
sil magnetism is unknown and points to
a mysterious epoch in lunar history. The
transient fields are induced in the moon
by changes in the magnetic field asso-
ciated with the “solar wind”: the stream
of electrically charged particles ejected
by the sun. The transient fields provide
data for computing the electrical re-
sistance and the temperature of the lu-
nar interior. The magnetic measure-
ments demonstrate a promising method
for the future scientific exploration and
study of bodies in the solar system, such
as Mars, that resemble the moon.
Although the permanent fields mea-
sured on the moon so far are less than 1
percent as strong as the magnetic field
of the earth, the lunar fields are much
stronger than was expected on the basis
of magnetometer measurements made
earlier by American and Russian space-
craft that either flew past the moon or
went into orbit around it. The perma-
nent fields measured by the Apollo in-
struments vary from place to place on
the lunar surface and do not combine to
form an overall dipole pattern similar to
that of the earth. This indicates that the
measured fields are due to local sources.
Moreover, the high field strengths indi-
cate that these sources were magnetized
by an ambient field much stronger than
the one that now exists at the moon.
Evidently at some time in the past the
moon either possessed a strong magnet-
izing field or was immersed in one. We

by Palmer Dyal and Curtis W. Parkin

are presented with some fascinating
questions about lunar history: Did the
ancient moon have an earthlike field,
generated as the earth’s is thought to be
by an internal “dynamo”? Was the moon
once in an orbit closer to the earth and
within the strong terrestrial field? Was
the moon magnetized in another part
of the solar system and later captured by

may be recorded in the fossil magnetism
of the lunar material. The fact that the
moon has changed little for billions of
years offers opportunities to investigate
magnetic records of the ancient solar
system. Similar magnetic information
recorded in the earth’s crust would have
been erased long ago by crustal activity
and exchange of magnetic surface ma-

the earth? The answer to these questions terial with the earth’s molten interior.

~ FLUX-GATE SENSORS

SUPPORT LEG

HEAT REFLECTORS
AND RADIATORS

LUNAR SURFACE MAGNETOMETER was designed by workers at the Ames Research
Center of the National Aeronautics and Space Administration to be emplaced at a single
fixed location on the moon, where it can measure three components of the lunar magnetic
field continually through the lunar day and night. Three “flux gate” sensors (color), each
directed at right angles with respect to the other two, are installed at the top ends of the
booms about 30 inches above the surface. By remote command from the earth the sensors
can be individually flipped 90 degrees or 180 degrees or rotated around their axes by a
pulley drive (not shown), allowing all three sensors to be aligned simultaneously along any
one boom direction. Motors and data-processing equipment are located inside the box, and
the entire assembly is encased in a thermal blanket. Heat rejection (during day) and re-
tention (during night) are controlled by an array of parabolic reflectors on two sides of the
electronics box. A bubble level and an azimuthal shadowgraph on top of the box enable the
astronauts to orient the magnetometer accurately. Power, digital signals and commands are
conveyed through a ribbon cable connected to the central-station receiver/transmitter.
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APOLLO 14 PORTABLE MAGNETOMETER, a self-contained
battery-operated device, was designed to be transported by the
astronauts along a surface traverse for the purpose of recording mea-
surements of the permanent lunar magnetic field at different loca-
tions. In the photograph above, made by astronaut Edgar D. Mitch-
ell, Jr., the lunar portable magnetometer is shown stowed aboard
the two-wheeled mobile equipment transporter. Astronaut Alan B.

Shepard, Jr., can be seen working on another piece of equipment
behind the transporter. In the photograph below the sensor-tripod
portion of the magnetometer is shown deployed about 50 feet from
the electronics box, which remains on the transporter during the
measurements. After completing all the readings and transmitting
them to the earth, the astronaut stows the sensor-tripod assembly,
reels up the ribbon cable and continues on the surface traverse.
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The transient fields generated by elec-
tric currents flowing in the lunar interior
are associated with the entire moon
rather than with any one region. The
fields wax and wane rapidly in response
to changes in the solar wind. The char-
acteristics of the induced lunar fields de-
pend on the electrical resistance of the
moon’s interior, and this resistance is re-
lated in turn to the temperature of the
material. Therefore the magnetometer
can be used as an indirect “resistance
thermometer” to determine the internal
temperature of the moon.

Analysis of the transient fields shows
that the temperature of the moon is only
about 1,000 degrees Celsius at a depth
halfway to the center, or some 3,400
degrees cooler than the earth is halfway
to its center. Lunar temperature deter-
minations are consistent with the low
seismic activity reported by the seis-
mometers that have been placed on the
moon. These experimental results indi-
cate that the moon is not hot and molten
inside but is relatively cool, and that its
surface has been modified more by the
impact of meteorites than by volcanic
activity. Additional magnetic-field mea-
surements should yield a more accurate
temperature profile of the lunar interior
and also shed light on the nature of the
internal heat source. Through this
knowledge fundamental questions about
the origin and evolution of the moon
will be answered.

The lunar magnetometer experiment

can be regarded as the modern coun-
terpart of the first planetary magnetic
experiment conducted by William Gil-
bert in 1600. Observing that a balanced
magnetized needle dips toward the
earth at an angle, Gilbert inferred that
the earth itself acts as a large magnet.
Since then the geometrical and time-
varying characteristics of the earth’s
field have been intensively analyzed to
determine the electrical resistance and
the temperature of the earth’s crust and
mantle. Long-term measurements also
indicate that the earth’s molten interior
is rotating at a slightly lower speed than
the crust. This differential rotation is
thought to produce the dynamo action
needed to account for the earth’s mag-
netic field.

With the development of rocket tech-
nology it became possible to place mag-
netometers on earth-orbiting spacecraft,
to map the terrestrial magnetic field in
nearby space and to determine its inter-
action with the solar wind. Other mag-
netometer experiments, conducted by
Edward John Smith of the Jet Propul-
sion Laboratory, were flown on board
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LUNAR PORTABLE MAGNETOMETER contains three mutually perpendicular flux-gate
sensors, identical with those used in the lunar surface magnetometer, that are housed inside
a cubical sensor block and mounted on top of a tripod. The sensor-tripod assembly is con-
nected by means of a 50-foot ribbon cable to the electronics box, which contains a battery
pack, electronics equipment and three meters. At each surface site the three magnetic-field
vector components are read aloud from the meters by an astronaut and radioed to the earth.
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FLUX-GATE SENSOR is used in both types of lunar magnetometer to detect the ambient
magnetic field. The sensor consists of an easily magnetized, toroidal Permalloy core that is
driven to saturation by an alternating signal at a certain frequency. A sense winding detects
the superposition of the drive-winding magnetic field and the ambient magnetic field; as a
result a signal of twice the frequency of the driving frequency is generated in the sense
winding with a magnitude that is proportional to the strength of the ambient field. The
phase of this second harmonic signal with respect to the drive signal indicates the direc-
tion of the ambient field with respect to the axis of the sensor. The harmonic signal is elec-
tronically processed and sent through the feedback winding to “null out,” or cancel, the am-
bient field within the sensor. Operating at null increases the thermal stability of the sensor.
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Mariner spacecraft to the vicinity of
Venus and Mars, measuring the inter-
planetary solar fields en route and de-
termining how these planets interact
with the solar wind. No magnetic fields
intrinsic to either Venus or Mars were
detected.

Magnetic fields associated with the
sun and celestial objects outside the
solar system have been measured by
telescopic observation. As early as 1908
George Ellery Hale observed that the
magnetic field of the sun splits lines in
the solar spectrum (the Zeeman effect).
Subsequently Horace W. Babcock and
others used Hale’s technique to measure
the magnetism of other stars and entire
galaxies. Recently James C. Kemp of
the University of Oregon has observed
an extremely strong field (100 million
times stronger than the field of the earth)
in a dwarf star in the constellation
Draco.

Magnetic studies related to the moon
were begun in 1850, when Karl Kreil
discovered that the earth’s magnetic
field varied in a systematic way with the
phase of the moon. Later it was shown
that the effect was created by the moon’s
gravitational pull on the earth’s atmo-
sphere and ionosphere and had nothing
to do with the presence or absence of a
lunar magnetic field. It was not until
spacecraft able to reach the vicinity of
the moon were developed that direct
measurements of the moon’s field finally
became possible.

Since no rigorous theory has evolved
that satisfactorily explains the earth’s
permanent magnetic field, it is not sur-
prising that no one predicted the magni-
tude of the lunar permanent field. In-
vestigations of other lunar properties,
such as optical measurements of changes
in the moon’s surface temperature and
studies of the moon’s shape and dynamic
behavior, have indicated, however, that
the moon does not have an internal
dynamo.

Theoretical predictions of other lunar
magnetic properties were made before
the manned lunar missions by several
investigators, including F. Curtis Michel
of Rice University, Thomas Gold of
Cornell University and John R. Spreiter
of Stanford University. They attempted
to predict how the moon would interact
with high-speed particles in the solar
wind if, at one extreme, the moon was
completely nonmagnetic and if, at the
other, it had a magnetic field as strong
as the earth’s. (The earth’s field at the
Equator is about 30,000 gammas.) At
the nonmagnetic extreme the moon
would act simply as an opaque sphere,
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intercepting only the charged solar par-
ticles that happened to strike it and al-
lowing the others to pass undeflected
[see illustration at right]. If the moon
had a significant overall field, however,
the particles of the solar wind would be
deflected around the lunar sphere in
a complex manner. Moreover, a shock
front would be created on the upwind
side of the moon, in rough analogy to
the shock front created ahead of a su-
personic aircraft.

Several possibilities lying between
these extremes were considered. If the
moon did not have a global field of at
least 40 gammas (as was later found to
be the case), time-varying magnetic
fields induced inside the moon could still
substantially perturb the flow of the
solar wind. Two basic types of induced
lunar field are possible. The first is a
type of field that would be induced in
the moon by the motion of the solar-
wind field past the moon. This process
was mentioned by Gold and was devel-
oped theoretically by David S. Colburn
and Charles P. Sonett of the Ames Re-
search Center of the National Aeronau-
tics and Space Administration. The sec-
ond possibility is a time-varying dipolar
field, which would be induced in the
moon by temporal changes in the solar-
wind field [see illustration on page 71].
In this process eddy currents are set up
inside the moon by time-varying solar-
wind fields in much the same way that
currents are generated in the second-
ary coil of a transformer by changing
fields in the primary coil [see illustra-
tion on page 72]. This latter mecha-
nism was suggested by one of us (Dyal)
in 1966 and was developed theoretical-
ly by Joel Blank and William Sill of
Bellcomm, Inc., in 1969. Magnetome-
ter measurements made on the surface
of the moon have subsequently proved
that the dipolar eddy-current field
is indeed the dominant lunar induced

field.

he measurement of magnetic fields

in the vicinity of the moon began in
January, 1959, when the Russian space-
craft Luna 1 carried a magnetometer to
within several hundred miles of the
moon. In September, 1959, Luna 2, also
equipped with a magnetometer, crashed
into the moon. The instrument aboard
Luna 2 set an upper limit of 100 gam-
mas for a possible lunar field at an alti-
tude of 30 miles above the moon’s sur-
face. In April, 1966, Luna 10, carrying a
magnetometer 10 times more sensitive
than Luna 2%, was successfully placed
in a lunar orbit that came to within 220
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miles of the moon. The Luna 10 magne-
tometer measured a magnetic field vary-
ing between 24 and 40 gammas in the
neighborhood of the moon. This field,
which was correlated with changes in
magnetic activity at the earth’s surface,
was interpreted by the Russian inves-
tigator L. N. Zhuzgov as indicating
the existence of a weak lunar magneto-
sphere.

A year later (July, 1967) the U.S.
placed Explorer 35 in orbit around the

MAGNETIC ENVIRONMENT of the moon

varies considerably depending on the
moon’s orbital position. The “solar wind,”
made up of particles blown outward from
the sun at supersonic speeds, sweeps the



moon with two magnetometers aboard.
The spacecraft is still operating in a
trajectory that takes it to within 520
miles of the moon’s surface. With instru-
ments whose sensitivity is *+.2 gamma
Explorer 35 successfully measured mag-
netic properties of the solar-wind cavity
downstream from the moon. Explorer 35
failed, however, to detect the lunar mag-
netosphere indicated by Luna 10 mea-
surements or the shock front and in-
duced-field configuration suggested by

earth’s magnetic field into a tubular shape known as the magneto-
sphere (gray area). The magnetosphere in turn acts as a barrier to
the solar wind, causing a bow-shaped shock front to form ahead of
the earth. When the moon is immersed in the magnetosphere, the
moon’s magnetic environment is dominated by the comparatively

Gold. In an analysis of the Explorer 35
results Sonett concluded that if a perma-
nent lunar field existed at all, its magni-
tude would be less than two gammas, a
disappointingly low value, at an altitude
of 520 miles.

This was the situation, with all signs

pointing to a magnetically dead
moon, when we finished testing the
magnetometer package scheduled to be
carried to the Ocean of Storms by Apollo

12 in November, 1969. One can imagine
our surprise and delight when the in-
strument measured a permanent mag-
netic field of 38 gammas at the Apollo
12 landing site. Then in February, 1970,
Alan B. Shepard, Jr., and Edgar D.
Mitchell, Jr., of Apollo 14, working with
a portable magnetometer, measured
magnetic fields of 43 gammas and 103
gammas at two different locations near
their landing site, some 110 miles east of
where Apollo 12 had landed.
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steady magnetic field of the earth. In the free-streaming solar wind
the moon is subjected not only to the solar magnetic field but also
to plasma waves traveling from the sun. The intermediate magneto-
sheath region (light-colored area) is characterized by erratic solar-
particle flow and the most turbulent fields of the lunar orbit.
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LOCATIONS of past lunar magnetometer experiments and those
scheduled by the U.S. through 1972 are indicated on this map of
the front half of the moon. The Russian Luna 2 spacecraft, which
crashed into the moon in 1961, and the Luna 10 orbiter, launched
in 1966, made the earliest magnetic measurements of the lunar en-
vironment but were not sensitive enough to detect either the steady
or the transient lunar fields. The U.S. Explorer 35 orbiter, placed

. APOLLO 15 SUBSATELLITE

O
EXPLORER 35

in lunar orbit in 1967, has made possible detailed study of the ef-
fects of the moon on the solar wind, but it is too distant from the
moon to measure the lunar fields. The magnetometers placed on
the moon at the Apollo 12 and Apollo 14 sites respectively in 1969
and 1971 have found the moon to be much more active magnetical-
ly than was anticipated. Magnetometers scheduled for future Apol-
lo missions to the moon should provide more detailed information.

The magnetometers placed on the
moon by the astronauts of Apollo 12 and
Apollo 14 were designed at the Ames
Research Center. Sonett originated the
Apollo 12 experiment and one of us
(Dyal) extended this concept to a net-
work of stationary and portable magne-
tometers for a series of subsequent Apol-
lo missions. The instrument used in the
Apollo 12 experiment was designed and
fabricated by the Philco-Ford Corpora-
tion under the direction of John Keeler
of the Ames Research Center. It was in-
tegrated into an array with four other
experiments, collectively called the
Apollo Lunar Surface Experiments
Package (aLsEP), by the Bendix Corpo-
ration. The Apollo 14 portable magne-
tometer was fabricated by an Ames
Research Center team led by Carle Pri-
vette and was integrated into the Apollo
spacecraft by the Manned Spacecraft
Center of NASA.

The design of the Apollo 12 instru-
ment took into account the magnetome-
ter readings provided by Explorer 35
and Luna 2. In the Apollo instrument
three components of the vector mag-
netic field are detected by three “flux
gate” sensors located at the ends of three
mutually perpendicular booms [see il-
lustration on page 63]. The sensors are
separated so that the uniformity of the
local magnetic field can be determined
by measuring field values at each sensor
location. Each sensor weighs less than
an ounce and operates on 15 milliwatts
of power.

A flux-gate sensor consists of an easily
magnetized core (Permalloy) with three
windings: one to drive the core to sat-
uration in the presence of the ambient
magnetic field, another to sense the sum
of the driving field and the ambient
field, and a third to cancel out the am-
bient field inside the sensor. A signal

with twice the frequency of the driving
frequency is induced in the sense wind-
ing; the magnitude of this signal is pro-
portional to the ambient field [see bot-
tom illustration on page 65]. Each
sensor has a frequency response ranging
from zero to three hertz (cycles per sec-
ond) and an angular response that is
proportional to the cosine of the angle
between the magnetic-field vector and
the sensor axis. The instrument can be
set at ranges of +100 gammas, =200
gammas or =400 gammas, with an ac-
curacy of 2 percent in each range.

The electronics subsystem is self-con-
tained except for power supplied by a
radioactive-isotope thermoelectric gen-
erator and timing and telemetry sup-
plied by the aLsEp central station. The
subsystem weighs six pounds, occupies
a volume of 300 cubic inches and has
some 6,400 electronic parts. The elec-
tronic circuits drive the flux-gate sen-

NONUNIFORM STEADY MAGNETIC FIELD was measured by
the Apollo 14 astronauts at two locations separated by about three-
quarters of a mile, indicating that strongly magnetized material
exists in that vicinity. The nonuniformity could be explained by
the existence of a subsurface slab of material (dark gray area)
that was uniformly magnetized at one time but has subsequently
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been altered by local processes such as shock demagnetization
from meteorite impacts. The moon has little or no global dipole
field; it appears rather that the permanent lunar magnetic field is
dominated by local features such as the one illustrated here and
that it varies from place to place. Therefore a compass (colored
arrows) would probably not be useful for navigation on the moon.
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sors, measure the orientation of the in-
strument, drive three motors for sensor
orientation and process the field data
before radio transmission to the earth.
The instrument is wrapped with thermal
insulation and has directional heat re-
flectors to radiate heat out into space
during the lunar day; resistance heaters
supply heat during the lunar night. In
this way the temperature of the instru-
ment is maintained between —25 de-
grees C. and 75 degrees C. even though
the temperature of the lunar surface on
which it sits varies from about —150 de-
grees to 120 degrees.

During the Apollo 12 mission the
magnetometer was placed in operating
position by astronaut Alan L. Bean at
23.35 degrees lunar west longitude and
2.97 degrees south latitude. Bean lev-
eled the instrument with a bubble level
and aligned it in azimuth by adjusting
a shadowgraph to read within marked
preset values. The instrument was then
activated by radio command from the
Manned Spacecraft Center at Houston,
and measurements transmitted back to
the earth showed that the instrument
was operating successfully.

The success of the Apollo 12 magne-
tometer experiment lead to the design of
a portable magnetometer to measure the
local permanent fields at the Apollo 14
landing site. The Apollo 14 magnetome-
ter was designed to be entirely self-con-
tained, so that the astronauts could mea-
sure the steady magnetic field at dif-
ferent points along their traverse. This
design makes it possible to measure the
changes in magnetic field over distances
on the order of a mile rather than, as in
the case of Apollo 12, 4.5 feet. Three
mutually perpendicular flux-gate sen-
sors, identical with those in the Apollo
12 instrument, are mounted on topof a
tripod; the sensor-tripod assembly is
connected by a 50-foot cable to an elec-
tronics box that contains a battery pack,
the electronics and three meters [see
top illustration on page 65]. The astro-
nauts read the meters and report the
needle positions back to the earth by
radio. The 50-foot separation minimizes
the effect of the magnetic fields asso-
ciated with the electronics and the
astronauts’ backpack. The instrument
weighs 11 pounds, operates on 1.5 watts
of power and functions over the tem-
perature range from zero degrees C. to
50 degrees. It is designed to filter out
high-frequency fluctuations in the solar-
wind field. Two magnetic-field measure-
ments were made by Shepard and
Mitchell during their second exploratory
excursion on the moon. The first mea-
surement was obtained 350 yards to the

MAGNETIC MEASUREMENTS SUGGEST that at one time in the lunar past ambient
fields much stronger than those currently observed existed over much or all of the lunar
surface. One explanation is that the moon may have taken a “magnetic snapshot” of an
early stage in the evolution of the solar system. If the crust of the entire moon was mag-
netized at that time, different global patterns of magnetized material should exist depend-
ing on whether the ancient ambient field originated outside or inside the moon. An ex-
ternal field (top left) that was stronger than the solar or terrestrial fields that exist at pres-
ent would tend to magnetize the crustal material unidirectionally (top right), whereas an
internal field (bottom left) would result in a varied pattern of magnetization (bottomright).

SOLAR WIND COULD COMPRESS a steady lunar magnetic field, forming a bow-shaped
shock front, provided that the steady field is strong enough and its source is large enough.
A global lunar dipole field, if it exists at all, would be too weak to create a shock front like
the shock front of the earth. Instead the solar wind impinges directly on the lunar surface
on the daytime side and forms a turbulent “wake” downstream (light-colored area), which
bounds a “cavity” essentially empty of solar-wind particles (gray area). A localized steady
field of sufficient strength and extent, although unaffected while in the cavity, would
be compressed while on the daytime side of the moon. Such a steady-field compression
has been observed at the Apollo 12 site for data gathered during a solar magnetic storm.
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east of the lunar module; the second, .7
mile farther east near the rim of a crater.

N’[easurements returned from the

* Apollo magnetometers on the lunar
surface have yielded much more infor-
mation than was anticipated. Not only
were steady magnetic fields measured
that were up to 25 times stronger than
had been predicted but also well-de-
fined lunar induction fields were ob-
served that enabled us to calculate val-
ues for the electrical resistance and tem-
perature of the moon. The variation in
readings from less than 40 gammas to
more than 100 gammas told us that our
instruments were measuring fields due
to highly magnetized local sources rath-
er than an overall lunar dipole field.
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CHANGE IN MAGNETIC
FIELD ON MOON (GAMMAS)

NOVEMBER

The steady-field value of approxi-
mately 38 gammas—some 10 times the
maximum predicted value—radioed back
to the earth just 40 minutes after Bean
had unfolded the Apollo 12 magnetom-
eter was so unexpected that we hesi-
tated to believe it until we had cali-
brated the instrument by sending radio
commands from Houston back to the ex-
periment package. Three days after the
magnetometer was turned on, the moon
passed into the tail of the earth’s mag-
netosphere, where the solar wind is ex-
cluded by the earth’s magnetic field.
During the time when the moon was in-
side this region of very steady magnetic
fields we sent commands to the instru-
ment that enabled it to function as a
gradiometer. In this mode the sensors

DECEMBER

EFFECTS OF SOLAR STORM on the lunar magnetic field at the Apollo 12 site and on
the terrestrial magnetic field at a site on the surface of the earth are contrasted in this
illustration. The top curve shows the rise in solar-wind pressure that accompanies the ar-
rival of solar-storm particles in the vicinity of the earth-moon system. The middle curve
shows that the horizontal component of the Apollo 12 steady field rises in direct propor-
tion to the solar-wind pressure. The bottom curve shows that the terrestrial field intensity,
in contrast, exhibits a corresponding decrease during the solar storm. This decrease in
the earth’s total field is believed to be caused by the formation of earth-encircling ring
currents involving charged particles trapped in the earth’s magnetosphere; no known
mechanism exists for the formation of an analogous ring current around the moon.
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were rotated by motors so that all three
vector-field components could be mea-
sured sequentially at each of the three
sensor locations. The three measure-
ments showed that the field varies less
than the instrument’s maximum sensi-
tivity of 2 gamma over the 4.5-foot dis-
tance between any two sensors.

The spatial uniformity of the field in-
dicates that if the highly magnetized
source were a single meteorite buried
near the surface, it would have to be
more than 200 yards away from the in-
strument. On the other hand, the upper
limit placed on the permanent field by
Explorer 35 required that the source be
within 125 miles of the Apollo 12 instru-
ment. One can compute the minimum
and maximum dimensions of the source
if it is assumed to be a sphere with the
same remanent magnetization as that of
lunar samples brought back to the earth.
We calculated that if the hypothetical
source lay 200 yards from the magne-
tometer, it would be 50 yards in diame-
ter, and if it were 125 miles away, it
would be 30 miles in diameter.

Another observation that sheds light
on the dimensions of the steady field is
the compression of the field by the solar
wind. Aaron Barnes and Patrick Cassen
of the Ames Research Center predicted
that the 38-gamma permanent magnetic
field would be compressed if its effective
extent above the surface were more than
about six miles. Such a compression of
the 38-gamma field at the Apollo 12 site
has been observed during times when
the moon is showered by a high density
of solar-wind particles [see bottom illus-
tration on preceding page]. The solar-
wind density was measured by Conway
Snyder and Douglas Clay of the Jet Pro-
pulsion Laboratory.

The magnetic-field measurements
made at the Apollo 12 and Apollo 14
sites, together with the high magnetic
remanence found in rock samples re-
turned from all the Apollo sites (includ-
ing the Apollo 11 site some 900 miles to
the east of Apollo 12), demonstrate that
the moon has been magnetized in widely
dispersed regions. John Mihalov of the
Ames Research Center has reexamined
the magnetometer and charged-particle
data from Explorer 35 and has conclud-
ed that several magnetized areas may
exist on both the near and the far side
of the moon. Thus we have strong evi-
dence that much of the lunar surface—
perhaps even a crustal shell around the
entire moon—was magnetized at some
time in the past. Evidently ambient
magnetic fields much stronger than
those observed today existed over much
or all of the lunar surface. It may be that



TRANSIENT MAGNETIC RESPONSE of a hypothetical three-
layered model of the moon is represented for a case in which a
directional discontinuity in the solar magnetic field travels out-
ward past the moon at a supersonic velocity. The three layers are
characterized by successively decreasing electrical resistance with
distance into the moon. The top drawing shows the moon im-
mersed in a steady solar field before the arrival of the discontinu-
ity. The middle drawing shows the magnetic field through the

moon immediately after the passage of the discontinuity. Eddy cur-
rents have been induced in the moon according to Lenz’s law, which
states that in an electrically conducting medium, currents and fields
will be induced that tend to oppose any change in the original am-
bient magnetic field. Such eddy currents persist longest in regions
of low resistance, so that the original magnetic-field orientation is
maintained longest in the core. Eventually all the eddy currents de-
cay and distortions of the total field disappear (bottom drawing).
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the moon has taken a magnetic snapshot
of an early evolutionary phase of the
solar system.

The magnetic-field measurements
made at the Apollo 12 and Apollo 14
sites are strikingly similar: all the vectors
point down and toward the south, and
their magnitudes correspond to within
a factor of three. This suggests that the
two Apollo 14 sites and possibly the
Apollo 12 site are located over a slab of
material that was uniformly magnetized
at one time. Subsequently the magnet-
ism of the slab could have been altered
by local processes, for example by tec-
tonic activity, by fracturing or by de-
magnetizing shock of meteorite impacts
[see bottom illustration on page 68].

The material near the lunar surface
was probably magnetized at the time of
the moon’s crustal solidification some 3.7
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billion years ago. The remanent mag-
netization in the samples from Apollo 11
and Apollo 12 would have required an
external magnetizing field stronger than
1,000 gammas; ambient fields of this
magnitude have not been measured in
space near the moon. The source of the
ancient ambient field could have been
external to the moon (produced by the
sun or the earth) or inside the moon
(produced by dynamo action or internal
electric currents).

The earth’s magnetic field could have
magnetized the lunar material if the
earth’s field was much stronger in the
past or if the moon’s orbit was once
much closer to the earth. If the terres-
trial field was never stronger than it is
today, the moon would have had to ap-
proach to within two or three earth radii
in order for the moon to be subjected to
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EDDY CURRENTS AND MAGNETIC FIELDS can be induced in the moon in a manner
analogous to the way currents and fields are set up in a passive resistive-inductive sec-
ondary of a transformer (top). The primary of the transformer has a power source that
can drive a current in the coil and change its magnetic field. Field lines from the primary
thread the secondary coil, and any change in the primary field results in the formation of a
dipole field in the secondary. The time necessary for the decay of the secondary current and
secondary field depends on the inductance and resistance of the secondary circuit. By anal-
ogy the sun acts as a primary in the sense that it is a source of a magnetic field and has the
capacity to change that field. A sudden change in the solar field accordingly results in the
induction of a corresponding current and a dipole field in the moon (bottom). The decay
time of the lunar current and field is a function of both the electrical resistance and the
size of the moon. The temperature of the moon’s interior can be estimated from calcula-

tions of the electrical resistance for various assumed lunar compositions. For example, on
the assumption that the moon is composed entirely of pure olivine, the temperature of the
moon increases with depth to about 1,000 degrees Celsius in the central region.
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a magnetic field of 1,000 gammas; this
would be close to the “Roche limit,”
where tidal forces would break up the
moon. For the required magnetizing
field to have been produced by an in-
trinsic lunar dynamo, the moon would
have had to possess both a hot core and
a fairly high rate of spin at the time the
surface material cooled below its Curie
temperature (the temperature where
magnetization is “frozen” into the ma-
terial). This hypothesis requires some
mechanisms, unknown at present, for
lowering the temperature of the lunar
interior and slowing the spin rate to
their present values. Our knowledge of
the moon is still too limited to allow a
choice among these and other hypothe-
ses. One hopes that further mapping of
the moon’s steady fields during future
surface and orbital missions will eluci-
date the moon’s “magnetic epoch” and
solve one of the more interesting puzzles
of lunar history.

Whatever models may be devised to
explain this epoch, they will have to take
account of the moon’s low magnetic per-
meability. There has been speculation
that portions of the lunar interior might
consist of a high percentage of iron, in
which case the moon could exhibit sub-
stantial permeability. Our analysis of
magnetometer data from Explorer 35
and Apollo 12 shows otherwise. If the
moon were significantly permeable, it
should measurably distort the lines of
magnetic force in the lunar environ-
ment. Little or no distortion is observed;
the moon’s relative permeability appears
to be about as low as that of free space.
We conclude that the moon does not as
a whole possess the properties of a large
magnet.

Those of us engaged in developing
the magnetometer experiments had
hoped that measurements made at the
Apollo 12 site might provide clues to
the electrical conductivity of the moon’s
interior from which we might be able to
infer the moon’s internal temperature.
We could not predict in advance, how-
ever, whether readings obtained during
the lunar day or the lunar night would
be most useful for the purpose. It turned
out that the most easily interpreted
measurements were those made during
the lunar night. During the day the solar
wind compresses the 38-gamma perma-
nent field, and this compression is pro-
portional to the highly variable density
of the solar wind. Thus if the daytime
data are to be accurately analyzed,
simultaneous solar-wind effects must be
taken into account. During the night the
moon can be treated as an electrically
conducting sphere in a vacuum.



Because the sun and the moon are
electromagnetically coupled by the solar
wind, the sun acts as the primary coil of
a transformer and the moon acts as a
secondary coil. Any sudden change in
the strength of the primary magnetic
field causes a change in the electric cur-
rent and magnetic field induced in the
secondary. The time required for the
secondary current and field to decay is a
function of the electrical resistance and
size of the secondary, that is, of the
moon itself.

The magnetometer on the surface of
the moon at night and the magnetometer
aboard Explorer 35 give us simultaneous
readings that can be compared when-
ever there is a “step” (sudden) transient
in the strength of the magnetic field car-
ried by the solar wind [sce illustration at
right]. In general the surface fields that
point vertically out of the moon respond
slowly to rapid changes in the field ex-
ternal to the moon, whereas fields that
point along the surface respond rapidly
and are amplified compared with simul-
taneous values recorded in nearby
space.

We have examined the magnetometer
readings produced by more than 100
step transients in the solar wind. The
analysis clearly shows that the entire
moon responds to each transient and
that the induced currents start immedi-
ately near the surface and diffuse slowly
into the deep interior. Our calculations
show that the outer portion (about 40
percent of the distance to the center) of
the moon has a resistance of approxi-
mately 10,000 ohm-meters and that the
inner region, or core, has a resistance of
only 100 ohm-meters. Comparable re-
sistance values for the earth are respec-
tively .1 ohm-meter and .00001 ohm-
meter.

The calculated resistance values of
the moon can be used to estimate the
temperature at various depths in the
moon. For this one uses laboratory mea-
surements of resistance as a function of
temperature (and pressure) for the most
likely lunar constituents. Because such
measurements are made with pure min-
erals they can at best only approximate
the moon’s actual composition. If one
assumes that the chief constituent of the
moon is peridotite (a common mineral in
the mantle of the earth), the observed
electrical resistance of the moon corre-
sponds to a maximum temperature of
between 600 degrees and 1,000 degrees
C. for the bulk of the moon’s interior.
These temperatures are only approxi-
mate, but they support the hypothesis
that for most of its history the moon has
not had a large molten core.
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MAGNETOMETER DATA, recorded as a sharp solar-field directional discontinuity passed
by the moon, were used to calculate the moon’s internal electrical resistance. The data were
gathered while the surface magnetometer was on the dark side of the moon, so that the
compressive effects of the solar wind did not have to be considered. Theoretical solutions
for dark-side surface fields on a moon of homogeneous internal rcsistance are shown in top
two graphs. The black curves show the “step” solar-field change in two external magnetic-
field components (vertical and horizontal to the lunar surface). The colored curves show
the theoretical total surface-field values characteristic of field components that are vertical
(a) and horizontal (b). The bottom two graphs show actual magnetometer data samples.
The black curves represent measurements of a solar-field change recorded by the Explorer
35 lunar orbiter. The colored curves are simultaneous vertical (¢) and horizontal (d) com-
ponents of lunar surface fields measured by the Apollo 12 magnetometer. The deviations of
the data from the theory are believed to be caused by a core of lower resistance than that of
the outer layers of the moon. (The deep resistance can be calculated from the magnitude
of the deviation.) The distinct difference between vertical and horizontal components illus-
trates that the moon is responding as an entire body to changes in the solar magnetic field.
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FLIGHT ORIENTATION IN LOCUSTS

The locust 1s equipped with a sturdy “flight motor” that responds

swiflly to start and stop signals from sense organs. Other elegant

systems keep the insect from rolling, pitching and yawing in flight

nal cockroach and it will scurry
away. Leave a light bulb burning
on a warm summer night and a swarm
of insects will soon appear. The capacity
of insects and other animals to detect,
localize and respond to environmental
stimuli has long presented a puzzle to
biologists. Nineteenth-century explana-
tions of animal behavior were often
colored by anthropomorphism. Insects
were said to approach lights because of
“curiosity” or to evade them because of
“innate fear.” By the early part of the
20th century most biologists had aban-
doned explanations based on the un-
testable “emotions” of animals. In reac-
tion to the anthropomorphic views, and
extrapolating freely from experiments
conducted by physiologists such as Sir
Charles Sherrington, a number of biolo-
gists then adopted the radical hypothe-
sis that animal behavior was almost
wholly reflexive. On this view the con-
tinually changing array of stimuli that
an animal encounters as it moves
through its environment was thought to
produce a large part of the animal’s rep-
ertory of behavior by reflexes and their
mutual interactions. The central nervous
system, particularly the spinal cord and
the lower brain, was viewed as being
little more than a passive recipient and
integrator of multiple sensory inputs.
Recent investigations have made the
reflex hypothesis untenable. Nerve net-
works located in the central nervous sys-
tem of both vertebrate and invertebrate
animals now appear capable of numer-
ous and varied functions that are essen-
tially independent of sensory controls.
Although this independent mode of op-
eration has now been demonstrated in
many species, it shows up with special
clarity in the nerve networks that medi-
ate flying in the locust. My own work at
Cornell University, and earlier at Har-
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f ;hine a light on a scavenging noctur-
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vard University, has been concerned
with the controls that enable a locust to
orient itself in flight. Like an airplane,
an insect can roll around its longitudinal
axis, pitch around a horizontal axis per-
pendicular to its direction of flight or
yaw around a vertical axis [see illustra-
tion at top left on page 78]. The insect I
have used in my studies is the hardy
desert locust (Schistocerca gregaria),
whose annual migrations in Africa and
the Middle East cause widespread de-
struction of crops. My work shows that
central-nervous-system networks, inde-
pendent of the senses, can function in a
wide variety of ways and give rise to
kinds of behavior difficult to explain on
the hypothesis that the nervous system
is largely a reflexive mechanism.

The trend from anthropomorphism to

reflexive interpretations of animal
behavior began late in the 19th century,
largely with the work of the French bi-
ologist Jacques Loeb. He sought to trace
animal movements to the same physical
and chemical forces that his mentor, the
German botanist Julius von Sachs, had
used to explain tropisms: plant move-
ments in response to forces such as grav-
ity. Loeb ultimately described animal
orientation in terms of the “tonus theo-
ry,” which attributes the functional sym-
metry of animals to their bilateral struc-
tural symmetry. On this theory the
chemical and mechanical forces acting
on the nerves and muscles of an ani-
mal’s two sides are ordinarily in bal-
ance; if the balance is upset by external
stimuli, the animal responds in such a
way as to restore it.

For example, to explain how a walk-
ing insect might automatically and with-
out “fear” turn away from a light source
and escape, one simply had to postulate
that the amount of light reaching the
insect’s eyes is unequal. If the extra light
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happens to fall on the right eye, it gen-
erates an excess of nerve impulses in
the pathways leading to the legs on the
insect’s right side, thereby causing the
animal to turn to the left away from the
light. To explain the behavior of an in-
sect that approaches a light Loeb would
say that the nerve pathways must be
crossed so that the output of the eye
receiving the stronger stimuli is trans-
mitted to the legs on the opposite side
of the body [see illustration on page
76]. Loeb contended that, regardless
of whether the nerve pathways were
crossed or uncrossed, they were separate
and noninteracting. According to the
tonus theory, locomotion in a straight
line ultimately resulted when the pulling
force exerted by opposite legs was in
balance.

Loeb held to this theory with a tenac-
ity that was surprising in view of the
fact that contemporary physiologists
could demonstrate extensive central-ner-
vous-system interactions among nerve
signals arising from various sense or-
gans. The principal evidence for nerve
integration was being provided by Sher-
rington, who was then at the University
of Liverpool. Working with dogs and
other mammals, Sherrington concentrat-
ed on the simplest forms of behavior:
reflexes. In order to investigate reflexes
without interference from the animal’s
higher brain centers Sherrington would
transect the upper spinal cord (produc-
ing a “spinal animal”) or the lower brain
regions (producing a “decerebrate ani-
mal”). In this way he was able to study
those reflexes of the trunk and legs
whose controlling neurons (nerve cells)
reside primarily in the relatively simple
spinal cord.

Through his careful analysis of reflex
behavior Sherrington discovered several
ways in which nerve impulses, conduct-
ed along different sensory neurons, in-



teract within the central nervous system.
On indirect evidence he suggested that
such impulses interact at synapses:
the specialized loci of close apposition
where impulses pass from one neuron to
the next in a chain. (The existence of
synapses was still in some doubt at the
time, but there is now a wealth of ana-
tomical and physiological evidence sup-
porting Sherrington’s view.)

One principle Sherrington discovered
was “reciprocal innervation,” an ar-
rangement in which the excitation of
the motor neurons innervating one
group of muscles (resulting in their con-
traction) is accompanied by simulta-
neous inhibition of the motor neurons
innervating an antagonistic group of
muscles (those whose contraction would
cause the opposite movement). The sit-
uation being reciprocal, the excitation
of the second group of motor neurons is
accompanied by the inhibition of the
first. This arrangement, which elimi-
nates the need for a muscle to physically
overpower its antagonist, is one of the
commonest neural patterns. Reciprocal
interactions are also found in parts of
the body that are some distance apart.
Sherrington found, for example, that a

spinal dog would withdraw a leg that
received a sharp poke and would simul-
taneously brace the opposite leg to as-
sume the weight removed from the
withdrawn leg. What happened, purely
by reflex, was that impulses from the
spinal cord excited motor neurons in the
adductor muscles of the poked leg and
inhibited motor neurons in the abductor
muscles; simultaneously impulses inhib-
ited the adductor muscles of the opposite
leg and excited the abductors [see illus-
tration on page 77].

In one famous experiment on spinal
dogs Sherrington found that stimulating
any point within a broad area of the
back by an “electric flea” (a point source
of current) evoked rhythmic scratching
movements of the hind leg on that side.
Currents too weak to evoke immediate
scratching could do so after prolonged
stimulation, owing to “temporal summa-
tion” of stimuli at synapses within the
central nervous system. Moreover, sev-
eral stimuli individually too weak to
evoke scratching could do so if they
were applied simultaneously to separate
regions on one side of the back, through
the synaptic process of “spatial summa-
tion.” Finally, if two stimuli, each by

itself adequate to evoke scratching,
were applied simultaneously to opposite
sides of the back, only one side at a
time would be scratched. The two legs
often alternated in scratching sequences,
suggesting that neurons controlling the
scratching reflexes of opposite legs in-
hibit each other synaptically.

Ultimately Sherrington’s experiments
destroyed Loeb’s hypothesis that sen-
sory-motor pathways were completely
separate by demonstrating in many ways
that inputs from various receptors inter-
act with one another centrally both to
excite and to inhibit muscular responses.
These studies suggested that the balanc-
ing of bilateral inputs is achieved by syn-
aptic rather than mechanical events. The
spinal cord was viewed as the seat of
many of these synaptic interactions, with
the brain exercising a number of com-
plex controls over the basic spinal events.
Although Sherrington was careful not to
overgeneralize from his findings, less cir-
cumspect workers soon adopted the ex-
treme position that most animal behavior
consists of reflexes.

The current view leaves room for a
wide range of reflex behavior but em-
phasizes that neuronal networks can

DESERT LOCUST (Schistocerca gregaria) is held by wax in front
of a miniature wind tunnel in the author’s laboratory at Cornell
University. The wind tunnel is pivoted so that the airflow can be
directed at the insect’s head from various angles. In this double ex-
posure the wind direction has been rotated from directly head on
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to apositionsome 25 degrees to the right, thus simulating what hap-
pens when the locust unintentionally yaws to the left. The locust’s
nervous system spontaneously initiates the corrections needed for
reorientation. The corrections include twisting of the wings, rota-
tion of the head, swinging of the legs and turning of the abdomen.
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serve many functions independently of
sensory inputs. Early evidence for this
hypothesis was provided by the late
Donald M. Wilson, who worked first at
the University of California at Berkeley
and then at Stanford University. Wilson
demonstrated in locusts that the nerve
impulses that rhythmically activate the
wing muscles result from neural process-
ing that takes place within thoracic
ganglia: pools of neurons in the central
nervous system between the neck and
the abdomen. Without requiring sensory
inputs, the thoracic ganglia provide the
nerve impulses that make the elevator
and depressor muscles for the locust’s
wings contract in rhythmic alternation;
the impulses are also timed to make the
back pair of wings beat slightly in ad-
vance of the front pair. Wilson termed
the responsible network of neural inter-
connections the “central flight motor”
[see “The Flight-Control System of the
Locust,” by Donald M. Wilson; Scien-
TIFIC AMERICAN, May, 1968].

Only three naturally occurring sen-
sory stimuli are specifically known to
modify the motor’s basic wingbeat pat-
tern [see illustration at top right on page
78]. The flow of wind over receptor
hairs on the locust’s head can turn the
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ONE EXPLANATION OF RESPONSE TO LIGHT in animals in-
voked the hypothesis, developed early in the 20th century by
Jacques Loeb, that the nervous system is designed to maintain the
bilateral symmetry of stimuli acting on the organism. On this view
a “cockroach” (left) turns away from a light source because the eye
nearer the light receives a stronger stimulus. This leads in turn to a
greater flow of nerve impulses to leg muscles on that side, resulting
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motor on and maintain the flight rhythm.
Contact stimulation of receptors on the
locust’s feet (tarsal receptors) can turn
the motor off, ensuring that the wings
stop beating when the insect alights.
Lastly, the stretch imparted to one re-
ceptor cell on each wing during every
upstroke acts as a stimulus to increase
the frequency of the wingbeat.

It hardly needs saying that a locust
deprived of a rich sensory inflow would
have difficulty foraging, migrating and
propagating. The central flight motor
must be provided with sensory inputs
to enable the locust to steer toward or
away from objects and simply to main-
tain proper body orientation during
flight. Several workers have shown that
a variety of natural stimuli impose fine
controls on the basic flight motor by
modifying the number of impulses per
wingbeat conducted to two or three tiny
muscles in each forewing that control
the twist of the wing. The angle of twist
is one of the important controls for
changing the direction of flight and for
achieving stabilization.

\ y own work has dealt mainly with

the way the locust achieves orien-
tation with respect to yaw so that it does

LIGHT

not turn crosswise to its line of flight.
Some years ago Torkel Weis-Fogh,
working in Copenhagen, had shown
that a flying locust can monitor the angle
of the wind passing over its body sur-
face and that it can use this angle as a
measure of its yaw orientation. As a lo-
cust flies it creates a wind over its sur-
face (the “relative wind”) just as we do
when we run. If the locust makes a yaw-
ing error, its momentum will carry it
for an instant along its original straight
path, although it is now facing sideways.
This causes a change in the angle of the
relative wind that is equal and opposite
to the yaw angle [see bottom illustration
on page 78]. Weis-Fogh and I have both
shown that the wind-receptor hairs on
the locust’s head sense the wind angle
and evoke the necessary flight changes
to restore proper orientation.

One thing I wished to determine was
the precise body movements locusts em-
ploy in yaw reorientation. Using wax as
an adhesive to hold the locust atop a
fixed rod, I tethered my subjects at the
mouth of a miniature wind tunnel that I
could pivot rapidly in an arc in front of
the insect’s head. In this way I could
expose the wind-receptor hairs to chang-
es in wind angle mimicking the changes
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in a lengthened stride that causes the animal to veer away from the
light. To explain how a hypothetical light-loving cockroach (right)
might be attracted to light one assumes, on the Loeb hypothesis,
that the nerve pathways from the animal’s eyes to its legs are crossed
somewhere in the central nervous system. Now the greater flow of
impulses to muscles in the legs opposite the light source lengthens
the stride on that side and causes animal to turn toward light.



the locust would experience during a
yaw in free flight. As soon as the air-
flow was turned on, the locust’s wings
would begin beating at their normal fre-
quency and would usually continue as
long as the insect’s feet were not allowed
to make contact with a surface. The ex-
periments were conducted in total dark-
ness to make sure that the response to
artificial yaws was evoked by changes in
the wind angle alone and not by the
sight of the moving wind tunnel. With
a stroboscopic flash camera I recorded
the precise movements evoked when the
airflow was quickly pivoted from head
on to various angles [see illustration on
page 75].

The pictures show that if the air-
flow mimics a yaw to the left, which re-
quires the locust to initiate a correcting
turn to the right, the following four re-
sponses all occur within about a third
of a second. On each downstroke the
right forewing twists down and/or the
left forewing twists up. As viewed from
the top, the insect’s abdomen swings to
the right as if it were a rudder. The sec-
ond and third pairs of legs also swing
to the right. The head rotates clockwise
as if it were the nose of an airplane
banking to the right. If the wind source
is pivoted to mimic a yaw in the oppo-
site direction, the corrective responses
are reproduced in the opposite sense.

It is difficult to study the wing and
leg movements quantitatively, but I
have measured the simpler responses of
the abdomen and the head. Both clearly
increase in magnitude if the angle of the
simulated yaw is increased or if one in-
creases the speed with which the wind
direction is turned through a given an-
gle. If the wind direction is altered at a
constant speed, the movements of the
head and abdomen increase linearly
with the simulated yaw angle over a
range of from less than five degrees to
more than 20 degrees in either direction
[see illustrations on page 79].

Weis-Fogh had found that the wind-
receptor hairs on the locust’s head in-
duce yaw reorientation, but he had not
determined whether or not it is the hairs
that induce the specific body movements
that underlie the reorientation. It was
not difficult to show that the receptors
that give rise to the abdominal move-
ments are located somewhere on the
head. I carefully cut through the locust’s
neck cuticle, sparing the nerve pathways
from the head to the flight motor, and
rotated the insect’s head 180 degrees. I
then fixed the head firmly with wax to
the thorax so that the head’s left and
right sides were functionally reversed.
It the receptors that controlled the ab-
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LEG-WITHDRAWAL REFLEX IN DOG was elucidated early in this century by Sir
Charles Sherrington, who studied the behavior of animals whose spinal cord had been cut
at the base of the brain. He proposed that impulses from peripheral sensory nerve cells
interact within the central nervous system at synapses, or nerve junctions, where impulses
are either transmitted from one neuron to the next or are prevented from passing. Synapses
that block impulses, indicated here by a knob, are called inhibitory. Synapses in a dog’s
spinal cord are so arranged that if one of the dog’s paws is sharply poked, the impulses
reaching the dog’s spinal cord excite motor neurons to the adductor muscles that cause the
paw to be withdrawn; at the same time the abductors in the opposite leg are activated to
carry the weight shifted to that leg. By “reciprocal innervation” the antagonistic muscles
that would oppose the activated muscles are simultaneously inhibited from contracting,

dominal response were located on the
head, one would now expect the re-
sponse to be exactly reversed when the
locust was held in front of the wind tun-
nel and subjected to a simulated yaw.
This proved to be the case. I then cov-
ered selected regions of the locust’s head
with wax and verified that it was indeed
the wind-receptor hairs and not some
other structure that provided the stimuli
for the movement of the abdomen.

lAlthough the movements of the legs,
the wings and the abdomen that I
observed in my experiments could be un-
derstood as dynamic responses that en-
able the locust to correct for yaw, it was
not immediately clear why the locust
should also rotate its head. Some earlier
studies conducted by Peter T. Haskell
and Leslie Goodman of the Anti-Locust
Research Centre in London provided a
clue. They had discovered a second
group of hair receptors in the locust’s
cervical, or neck, region that respond not
to wind but to the deflection of their
shafts that occurs when the locust rotates
its head around its body’s long axis.
Goodman demonstrated that this sen-
sory information is essential for roll sta-
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bilization. Since insects lack the special
gravity receptors found in most other
animals, they must employ other means
to control roll and pitch, both of which
involve orientations with respect to
gravity. Goodman found that a locust
responds to an incorrect roll attitude by
rotating its head until its eyes are aligned
parallel to the horizon or until the upper
part of each eye is maximally stimulated
by light from above. Either of these vi-
sual alignments will normally return the
insect’s head to the proper roll orienta-
tion. The cervical hair receptors then
sense that the head has been rotated and
evoke reflexive movements that will re-
align the thorax and abdomen with the
head.

One of my first hypotheses was that
the same body movements the locust
uses to correct errors in roll might be
used to correct errors in yaw. Conceiv-
ably in both cases the movements of
the wings, the legs and the abdomen
might be driven by head rotation act-
ing through the cervical receptors. This
turned out not to be the case, since the
head rotation is actually the last (by a
fraction of a second) of the four correct-
ing movements to occur. I also found
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THREE ORIENTATION AXES specify the
rotations that must be controlled if any fly-
ing machine is to achieve stable flight. The
locust is provided with sensors for detect-
ing rotations around each of the three axes
and the means for making corrections. The
author has been concerned chiefly with
the responses that preserve yaw orientation.

that the other responses take place even
when the locust’s head is fixed to the
thorax with wax so that it cannot move.
My next idea was that perhaps the
head rotation and consequent cervical
receptor stimulus provide an alternative,
or “fail safe,” mechanism for correcting

LOCUST FLIGHT PATH is represented with an inadvertent yaw
at point x. The arrows indicate the direction of the relative wind
as sensed by the hairlike wind receptors on the locust’s head. At
position No. 3, following the yaw, the relative wind strikes the re-
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MODEL OF LOCUST “FLIGHT MOTOR?” includes the nerve pathways and synapses de-
picted in color. The motor supplies the nerve impulses that rhythmically and alternately
contract the elevator and depressor muscles of the locust’s wings (only one of four wings is
shown). Inputs from wind-receptor hairs on the locust’s head can start the motor; inputs
from contacts on the locust’s feet can turn it off. Interneurons 4 and B are thought to have
mutually inhibitory synapses to ensure that elevator and depressor muscles contract alter-
nately. Each is also shown with a self-inhibiting process (broken lines) that provides a
brief recovery period after each firing burst. Only a portion of the flight motor is depicted.

yaws, employing the same movements
used in roll correction. These move-
ments might be superimposed on pri-
mary yaw responses directly evoked by
the head hairs, or they might occur only
if the primary mechanism fails. The idea
seemed attractive because my experi-
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ments had shown that yaw-correcting
movements of the abdomen are not per-
fectly reliable.

To test this fail-safe notion I set the
wind source so that it blew directly at
the locust and then, employing a deli-
cate torsion device, I rotated the insect’s

ceptors from the right side. If the yaw is uncorrected, the insect
will follow the new flight path indicated by 4a and 5a. If the yaw is
corrected by appropriate movements of the wings, head, legs and
abdomen, the insect will regain its original flight path (4b, 5b).



head around the stationary thorax,
thereby mimicking the way the head
normally moves when the wind is piv-
oted to one side. Almost every time I
rotated the head counterclockwise (as
viewed from behind) I observed a slight
movement of the abdomen and legs to
the left, the same movements normally
evoked by pivoting the wind to the left.
The movements had only about a third
the magnitude of those normally evoked
by a change in wind direction, and they
took three times as long to complete.

In order to ascertain whether these
movements resulted from stimulation of
the cervical hairs or from other receptors
still unknown I removed the cervical re-
ceptors from several locusts and tested
the behavior of the insects over a period
of several days. The locusts whose re-
ceptors had been excised no longer
moved their abdomen or legs when I
forcibly rotated their head, although
other aspects of their flight were normal,
suggesting that the cervical receptors
are indeed responsible for the move-
ment. Even without the cervical recep-
tors, however, the locusts still responded
normally to changes in wind direction,
owing to the stimulation of the head
hairs.

Thus it appears that locusts have
available two different yaw-correcting
strategies: (1) a rapid change in wing
twist, abdomen position and leg position
controlled by wind-sensitive hairs on the
head and (2) a slower, subtler movement
of the same general character evoked by
cervical receptors. One can speculate
that the slower set of responses arose in
the course of evolution expressly to cor-
rect roll and that at some point a neural
pathway was introduced that tied the
roll-correction movements into the faster
set of responses that had evolved inde-
pendently to correct yaw.

Amther question that interested me
is how the locust coordinates the
movements of eight different body parts
(the head, the abdomen, the one set of
wings and four of the six legs) into a
single integrated response. The answer
has proved elusive. Careful comparison
of head movements and abdomen move-
ments shows that there is not much pro-
portionality between them. If the head
fails to respond to a particular change
in wind direction, the abdomen may
show a normal response, and vice versa.
In fact, one can remove the locust’s en-
tire abdomen, together with its legs and
wings, and find that the head still re-
sponds to changes in wind angle. It
therefore seems that the change in wind
angle, indicating a yaw, is integrated
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MOVEMENTS OF LOCUST’S ABDOMEN induced by simulated yaws are plotted for vari-
ous changes in wind direction. As part of the yaw-correcting response the abdomen swings
in the same direction as the wind shift. Changes in wind angle up to about 20 degrees in
either direction evoke a nearly linear change in the angle between abdomen and thorax.
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ROTATION OF LOCUST’S HEAD induced by yaws either to left or right also shows a
nearly linear response for wind shifts up to about 20 degrees. For example, in response to
a yaw to the left (wind pivot to the right) the head rotates clockwise as seen from the rear.
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HYPOTHETICAL EVOLUTION of the locust’s complete yaw-cor-
recting system from a fast-yaw system and an independent-roll sys-
tem is depicted in three stages. The fast-yaw-correcting system (a)
may have consisted of a single sensory pathway from wind-receptor
hairs to a central control mechanism that evoked rapid changes in
the twist of the forewings together with changes in the position
of the legs and abdomen. The roll-stabilizing system (b) may have
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consisted of additional pathways (lines in light color) that pro-
vided an input evoked by the deflection of hairs on the neck and
an output to muscles that rotate the head. (Broken lines in b indi-
cate pathways not directly demonstrated.) The complete yaw-cor-
recting system (c) may have evolved by the addition of a single
neural connection (heavy black line) that enables nerve impulses
from wind-receptor hairs to rotate the head in response to a yaw.

somewhere in the locust’s central ner-
vous system, and is followed by inde-
pendent motor commands to the wings,
legs, abdomen and head.

Whatever the integrative mechanism
is, it is clear that the movements asso-
ciated with yaw correction occur only if

g‘—r-_—v:/

the locust is flying. When, as often hap-
pens, a locust tethered in the miniature
windstream spontaneously stops flying,
it no longer responds to changes in wind
direction. The moment flight sponta-
neously resumes, however, all the yaw
responses can be evoked in full measure.

Something about flying itself makes the
locust’s central nervous system “atten-
tive” to the wind-angle information sup-
plied by the head hairs. Locusts not in
flight “ignore” the same information.
Maija Hinkle and I have tried to find out
what determines whether or not the lo-
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MOVEMENT OF LOCUST’S ABDOMEN AND THORAX during
flight was recorded in the author’s laboratory. During normal flight
(a) rapid up-and-down vibrations of the abdomen (record A4) are
locked in phase with vibrations of the thorax (record T'), which are
largely responsible for wing movements. If the abdomen and the
thorax are separated so that only the soft pliable nerve cord con-
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nects the two, both rhythms persist and remain in phase (b). This
suggests that abdominal vibrations are independently generated
by abdominal muscles and are not due simply to a mechanical
linkage between the abdomen and the thorax. If the nerve-cord
bridge between the thorax and the abdomen is anesthetized (c),
the abdominal rhythm is eliminated but not the thoracic rhythm.
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cust’s central nervous system responds
to wind-angle messages. To simplify the
problem we focused our attention on the
simple, rudder-like response of the ab-
domen to changes in wind angle.

One of our first observations was that
during flight the locust’s abdomen is
constantly active, making slight but
rapid vibrations in the vertical plane.
Suspecting that these vibrations might
somehow be related to the yaw-correct-
ing movements of the abdomen, we
wished to see whether the vibrations
resulted from contractions of the ab-
dominal muscles or merely reflected
the abdomen’s mechanical linkage to
the thorax, whose vibrations are large-
ly responsible for the wing movements.
Mechanical and electrical recordings
made simultaneously from the abdomen
and the thorax showed that the two vi-
brations have the same frequency and
are locked in phase [see bottom illustra-
tion on opposite page]. When we sepa-
rated the two body sections, leaving only
the pliable nerve cord as a bridge be-
tween the two, both rhythms remained;
moreover, their frequencies were still
equal and in phase, suggesting that the
abdominal muscles play a part in gen-
erating the abdominal vibration. When
we anesthetized the nerve-cord bridge,
we eliminated the abdominal rhythm
but not the thoracic one, indicating that
neurons somewhere in the thorax or the
head conduct the rhythmic impulses to
the abdominal muscles.

Electrical recordings of the entire mo-
tor nerve to the main lifting muscle of a
single abdominal segment (the dorsal
longitudinal muscle, located in bilateral
pairs in each segment) reveal that dur-
ing flight the motor neurons conduct im-
pulses to these muscles in bursts that are
synchronous with similar bursts in the
motor nerves leading to the forewings.
Contractions of the dorsal longitudinal
muscles on both sides of each albdominal
segment produce the abdomen’s vibra-
tions during flight.

The way the muscles are attached to
the abdomen suggested to us that the
normal up-and-down vibration of the
abdomen during flight is caused by bi-
laterally equal contractions of the mus-
cles and that a rudder-like movement
would result if the contractions were
stronger on one side than on the other.
This hypothesis was borne out by our
experiments. A head-on wind evoked
approximately equal bursts in the left
and right nerves, whereas when the
wind was shifted to either side of the
locust’s head, there was an increase in
the number of motor-neuron impulses
per wingbeat on that side accompanied
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LOCUST’S ABDOMINAL VIBRATIONS are traced to the locust’s central flight motor
(color) and its interactions with sensory inputs from the wind-angle receptors. The abdo-
men is raised and lowered during flight by dorsal longitudinal muscles whose inputs are
arranged as shown. Normally the muscles on both sides are equally stimulated. If, however,
the wind receptors should detect a yaw to the left, the additional impulses from the right
wind-receptor hairs would tend to inhibit the dorsal longitudinal contractions on the in-
sect’s left side and increase those on the right, thus deflecting the abdomen to the right.

by a decrease in the strength of the
bursts on the other side. Pivoting the
wind as much as 20 degrees would often
completely suppress the bursts in the
opposite nerve. (The burst frequency
and its phase relation to the wingbeat
were unaffected by wind angle.) It ap-
peared, then, that wind-angle messages
operated during flight by superimposing
a fine control on the ongoing impulse
bursts conducted to the abdominal mus-
cles throughout flight.

\Yf here do these ongoing rhythmic

bursts in the abdominal nerves orig-
inate? Are they commands emanating
directly from the central flight motor,
or are they the result of feedback from
some sense receptors stimulated rhyth-
mically by the wingbeat? (Such rhyth-
mic sensory stimulation had been shown
to occur in at least one stretch receptor
on each wing.) In order to make the
distinction between central and sensory
origins, we isolated almost the entire
central nervous system of the locust by
cutting all peripheral nerves of the ab-
domen and thorax, thereby interrupting
all possible sources of rhythmic sensory
feedback. When we applied wind to the
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locust’s head to excite the central flight
motor, recordings made from the cut
central stumps of both an abdominal
and a thoracic motor nerve showed syn-
chronous, fully normal rhythms in both.
Pivoting the wind produced the same
effects on abdominal bursts as when all
the peripheral connections of the abdo-
men and the thorax were intact.

Thus the rhythmic abdominal bursts
appear to originate in the central flight
motor. We can now see that this central
nervous network performs an even wider
function than Wilson had originally de-
termined. The rhythmic central flight
motor not only patterns the wingbeat
but also raises the abdomen into flight
posture through rapid vertical vibra-
tions, thereby priming the abdominal
neurons to respond to fine controls from
wind-receptor inputs [see illustration
above]. The priming function of the
flight motor seems to explain why the
locust is “attentive” to yaw-angle infor-
mation only during flight. The same
priming function probably applies to
the motor elements that control the twist
of the forewings and perhaps also to the
elements that control the leg and head
movements.

8l



The Control of Short-Term Memory

Memory has two components: short-term and long-term. Control

processes such as “rehearsal” are essential to the transfer

of information from the short-term store to the long-term one

by Richard C. Atkinson and Richard M. Shiffrin

r I Yhe notion that the system by
which information is stored in

- memory and retrieved from it can

be divided into two components dates
back to the 19th century. Theories dis-
tinguishing between two different kinds
of memory were proposed by the En-
glish associationists James Mill and John
Stuart Mill and by such early experi-
mental psychologists as Wilhelm Wundt
and Ernst Meumann in Germany and
William James in the U.S. Reflecting on
their own mental processes, they dis-
cerned a clear difference between
thoughts currently in consciousness and
thoughts that could be brought to con-
sciousness only after a search of mem-
ory that was often laborious. (For exam-
ple, the sentence you are reading is
in your current awareness; the name of
the baseball team that won the 1968

World Series may be in your memory,
but to retrieve it takes some effort,
and you may not be able to retrieve it
at all.)

The two-component concept of mem-
ory was intuitively attractive, and yet it
was largely discarded when psychology
turned to behaviorism, which empha-
sized research on animals rather than
humans. The distinction between short-
term memory and long-term memory re-
ceived little further consideration until
the 1950’s, when such psychologists as
Donald E. Broadbent in England, D. O.
Hebb in Canada and George A. Miller
in the U.S. reintroduced it [see “Infor-
mation and Memory,” by George A.
Miller; SCIENTIFIC AMERICAN, August,
1956]. The concurrent development of
computer models of behavior and of
mathematical psychology accelerated

the growth of interest in the two-process
viewpoint, which is now undergoing
considerable theoretical development
and is the subject of a large research
effort. In particular, the short-term
memory system, or short-term store
(STS), has been given a position of piv-
otal importance. That is because the
processes carried out in the short-term
store are under the immediate control
of the subject and govern the flow of in-
formation in the memory system; they
can be called into play at the subject’s
discretion, with enormous consequences
for performance.

Some control processes are used in
many situations by everyone and others
are used only in special circumstances.
“Rehearsal” is an overt or covert repeti-
tion of information—as in remembering
a telephone number until it can be writ-

ENVIRONMENTAL
INPUT

SENSORY REGISTERS

VISUAL

AUDITORY

HAPTIC

Fo—=————=—————

SHORT-TERM STORE
(STS)

TEMPORARY
WORKING MEMORY

INFORMATION FLOW through the memory system is conceived
of as beginning with the processing of environmental inputs in
sensory registers (receptors plus internal elements) and entry into
the short-term store (STS). While it remains there the information
may be copied into the long-term store (LTS), and associated in-
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formation that is in the long-term store may be activated and en-
tered into the short-term store. If a triangle is seen, for example,
the name “triangle” may be called up. Control processes in the
short-term store affect these transfers into and out of the long-term
store and govern learning, retrieval of information and forgetting.



ten down, remembering the names of a
group of people to whom one has just
been introduced or copying a passage
from a book. “Coding” refers to a class
of control processes in which the infor-
mation to be remembered is put in a
context of additional, easily retrievable
information, such as a mnemonic phrase
or sentence. “Imaging” is a control proc-
ess in which verbal information is re-
membered through visual images; for
example, Cicero suggested learning long
lists (or speeches) by placing each mem-
ber of the list in a visual representation
of successive rooms of a well-known
building. There are other control proc-
esses, including decision rules, organi-
zational schemes, retrieval strategies
and problem-solving techniques; some
of them will be encountered in this ar-
ticle. The point to keep in mind is the
optional nature of control processes. In
contrast to permanent structural com-
ponents of the memory system, the con-
trol processes are selected at the sub-
ject’s discretion; they may vary not only
with different tasks but also from one
encounter with the same task to the
next.

We believe that the overall memory
system is best described in terms
of the flow of information into and out
of short-term storage and the subject’s
control of that flow, and this conception
has been central to our experimental and
theoretical investigation of memory. All
phases of memory are assumed to con-
sist of small units of information that are
associatively related. A set of closely in-
terrelated information units is termed
an image or a trace. Note that “image”
does not necessarily imply a visual rep-
resentation; if the letter-number pair
TKM-4 is presented for memory, the
image that is stored might include the
size of the card on which the pair is print-
ed, the type of print, the sound of the
various symbols, the semantic codes and
numerous other units of information.
Information from the environment is
accepted and processed by the various
sensory systems and is entered into the
short-term store, where it remains for a
period of time that is usually under the
control of the subject. By rehearsing one
or more items the subject can keep them
in the short-term store, but the number
that can be maintained in this way is
strictly limited; most people can main-
tain seven to nine digits, for example.
Once an image is lost from the short-term
store it cannot thereafter be recovered
from it. While information resides in
short-term storage it may be copied into

the long-term store (LTS), which is as-
sumed to be a relatively permanent mem-
ory from which information is not lost.
While an image is in short-term storage,
closely related information in the long-
term store is activated and entered in the
short-term store too. Information enter-
ing the short-term store from the sensory
systems comes from a specific modality—
visual, auditory or whatever—but asso-
ciations from the long-term store in all
modalities are activated to join it. For
instance, an item may be presented visu-
ally, but immediately after input its ver-
bal “name” and associated meanings will
be activated from the long-term store
and placed in the short-term one [see
illustration on opposite page].

Our account of short-term and long-
term storage does not require that the
two stores necessarily be in different
parts of the brain or involve different
physiological structures. One might con-
sider the short-term store simply as
being a temporary activation of some
portion of the long-term store. In our
thinking we tend to equate the short-
term store with “consciousness,” that is,
the thoughts and information of which
we are currently aware can be consid-
ered part of the contents of the short-
term store. (Such a statement lies in the
realm of phenomenology and cannot be
verified scientifically, but thinking of
the short-term store in this way may
help the reader to conceptualize the sys-
tem.) Because consciousness is equated
with the short-term store and because
control processes are centered in and act
through it, the short-term store is con-
sidered a working memory: a system in
which decisions are made, problems are
solved and information flow is directed.
Retrieval of information from short-
term storage is quite fast and accurate.
Experiments by Saul Sternberg of the
Bell Telephone Laboratories and by oth-
ers have shown that the retrieval time
for information in short-term storage
such as letters and numbers ranges from
10 to 30 milliseconds per character.

The retrieval of information from
long-term storage is considerably more
complicated. So much information is
contained in the long-term store that the
major problem is finding access to some
small subset of the information that con-
tains the desired image, just as one must
find a particular book in a library before
it can be scanned for the desired infor-
mation. We propose that the subject
activates a likely subset of information,
places it in the short-term store and then
scans that store for the desired image.
The image may not be present in the
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current subset, and so the retrieval proc-
ess becomes a search in which various
subsets are successively activated and
scanned [see illustration below]. On the
basis of the information presented to
him the subject selects the appropriate
“probe information” and places it in the
short-term store. A “search set,” or sub-
set of information in the long-term store
closely associated with the probe, is
then activated and put in the short-term
store. The subject selects from the
search set some image, which is then
examined. The information extracted
from the selected image is utilized for a
decision: has the desired information

PRESENTATION
OF INFORMATION

CHOICE OF
RETRIEVAL STRATEGY

\ J/

SELECTION OF
PROBE INFORMATION

v

RETRIEVAL from the long-term store re-
quires a choice of strategy and selection of
certain information as a “probe” that is
placed in the short-term store. The probe
activates a “search set” of information in
the long-term store. The search set is placed
in the short-term store and is examined for
the desired information. If it is not found,
search is halted or recycled with new probe.
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PROBABILITY OF RECALL in free-recall experiments varies in a characteristic way with
an item’s serial position in a list: a “primacy effect” and a “recency effect” are apparent
(a). If an arithmetic task is interpolated between presentation and recall, the recency ef-
fect disappears (b). Words in long lists are recalled less well than words in short lists (c).
Slower presentation also results in better recall (d). The curves are idealized ones based
on experiments by James W. Dees, Bennet Murdock, Leo Postman and Murray Glanzer.
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been found? If so, the search is termi-
nated.

If the information hasnot been found,
the subject may decide that continua-
tion is unlikely to be productive or he
may decide to continue. If he does, he
begins the next cycle of the search by
again selecting a probe, which may or
may not be the same probe used in the
preceding cycle depending on the sub-
ject’s strategy. For example, a subject
asked to search for states of the U.S.
starting with the letter M may do so by
generating states at random and check-
ing their first letter (in which case the
same probe information can be used in
each search cycle), or he may generate
successive states in a regular geographic
order (in which case the probe informa-
tion is systematically changed from one
cycle to the next). It can be shown that
strategies in which the probe informa-
tion is systematically changed will re-
sult more often in successful retrieval
but will take longer than alternative
“random” strategies. (Note that the
Freudian concept of repressed memories
can be considered as being an inability
of the subject to generate an appropri-
ate probe.)

This portrayal of the memory system

almost entirely in terms of the op-
erations of the short-term store is quite
intentional. In our view information
storage and retrieval are best described
in terms of the flow of information
through the short-term store and in
terms of the subject’s control of the flow.
One of the most important of these
control processes is rehearsal. Through
overt or covert repetition of information,
rehearsal either increases the momen-
tary strength of information in the short-
term store or otherwise delays its loss.
Rehearsal can be shown not only to
maintain information in short-term stor-
age but also to control transfer from
the short-term store to the long-term one.
We shall present several experiments
concerned with an analysis of the re-
hearsal process.

The research in question involves a
memory paradigm known as “free re-
call,” which is similar to the task you
face when you are asked to name the
people present at the last large party
you went to. In the typical experimental
procedure a list of random items, usual-
ly common English words, is presented
to the subject one at a time. Later the
subject attempts to recall as many words
as possible in any order. Many psycholo-
gists have worked on free recall, with
major research efforts carried out by



Bennet Murdock of the University of
Toronto, Endel Tulving of Yale Univer-
sity and Murray Glanzer of New York
University. The result of principal inter-
est is the probability of recalling each
item in a list as a function of its place
in the list, or “serial-presentation posi-
tion.” Plotting this function yields a
U-shaped curve [see “a” in illustration on
opposite page]. The increased probabil-
ity of recall for the first few words in the
list is called the primacy effect; the large
increase for the last eight to 12 words is
called the recency effect. There is con-
siderable evidence that the recency ef-
fect is due to retrieval from short-term
storage and that the earlier portions of
the serial-position curve reflect retrieval
from long-term storage only. In one ex-
perimental procedure the subject is re-
quired to carry out a difficult arithmetic
task for 30 seconds immediately follow-
ing presentation of the list and then is
asked to recall. One can assume that the
arithmetic task causes the loss of all the
words in short-term storage, so that re-
call reflects retrieval from long-term
storage only. The recency effect is elim-
inated when this experiment is per-
formed; the earlier portions of the serial-
position curve are unaffected [b]. If
variables that influence the long-term
store but not the short-term one are ma-
nipulated, the recency portion of the
serial position curve should be relatively
unaffected, whereas the earlier portions
of the curve should show changes. One
such variable is the number of words in
the presented list. A word in a longer
list is less likely to be recalled, but the
recency effect is quite unaffected by list
length [c]. Similarly, increases in the
rate of presentation decrease the likeli-
hood of recalling words preceding the
recency region but leave the recency ef-
fect largely unchanged [d].

In free recall experiments many lists
are usually piesented in a session. If the
subject is asked at the end of the session
to recall all the words presented during
the session, we would expect his recall
to reflect retrieval from long-term stor-
age only. The probability of recalling
words as a function of their serial posi-
tion within each list can be plotted for
end-of-session recall and compared with
the serial-position curve for recall im-
mediately following presentation [sce il-
lustration on this page]. For the delayed-
recall curve the primacy effect remains,
but the recency effect is eliminated, as
predicted. In summary, the recency re-
gion appears to reflect retrieval from
both short-term and long-term storage
whereas the serial-position curve preced-
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EFFECT OF DELAY is tested by asking subjects to recall at the end of a session all words
from the entire session, and then plotting probability of recall against serial position within
each list. An experiment by Fergus Craik compares immediate recall (black) with delayed
recall (color). The delayed-recall curve emphasizes transitory nature of recency effect.

ing the recency region reflects retrieval
from long-term storage only.

In 1965, at a conference sponsored by

the New York Academy of Sciences,
we put forward a mathematical model
explaining these and other effects in
terms of a rehearsal process. The model
assumed that in a free-recall task the
subject sets up a rehearsal buffer in the
short-term store that can hold only a
fixed number of items. At the start of
the presentation of a list the buffer is
empty; successive items are entered un-
til the buffer is filled. Thereafter, as each
new item enters the rehearsal buffer it
replaces one of the items already there.
(Which item is replaced depends on a
number of psychological factors, but in
the model the decision is approximated
by a random process.) The items that are
still being rehearsed in the short-term
store when the last item is presented are
the ones that are immediately recalled
by the subject, giving rise to the recency
effect. The transfer of information from
the short-term to the long-term store is
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postulated to be a function of the length
of time an item resides in the rehearsal
buffer; the longer the time period, the
more rehearsal the item receives and
therefore the greater the transfer of in-
formation to long-term storage. Since
items presented first in a list enter an
empty or partly empty rehearsal buffer,
they remain longer than later items and
consequently reccive additional rehears-
al. This extra rehearsal causes more
transfer of information to long-term stor-
age for the first items, giving rise to the
primacy effect.

This rehearsal model was given a for-
mal mathematical statement and was
fitted to a wide array of experiments,
and it provided an excellent quantita-
tive account of a great many results in
free recall, including those discussed in
this article. A more direct confirmation
of the model has recently been provided
by Dewey Rundus of Stanford Univer-
sity. He carried out free-recall experi-
ments in which subjects rehearsed aloud
during list presentation. This overt re-
hearsal was tape-recorded and was com-
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pared with the recall results. The num-
ber of different words contained in the
“rehearsal set” (the items overtly re-
hearsed between successive presenta-
tions) was one after the first word was
presented and then rose until the fourth
word; from the fourth word on the num-
ber of different words in the rehearsal
set remained fairly constant (averaging
about 3.3) until the end of the list. The
subjects almost always reported the
members of the most recent rehearsal
set when the list ended and recall began.
A close correspondence is evident be-
tween the number of rehearsals and the
recall probability for words preceding
the recency effect; in the recency region,
however, a sharp disparity occurs [see
illustrations below]. The hypothesis that

ITEM PRESENTED

long-term storage is a function of the
number of rehearsals can be checked
in other ways. The recall probability for
a word preceding the recency region was
plotted as a function of the number of
rehearsals received by that word; the
result was an almost linear, sharply in-
creasing function. And words presented
in the middle of the list given the same
number of rehearsals as the firstitem pre-
sented had the same recall probability as
that firstitem.

With efficacy of rehearsal established
both for storing information in the long-
term store and for maintaining informa-
tion in the short-term store, we did an
experiment in which the subjects’ re-
hearsal was manipulated directly. Our
subjects were trained to engage in one

ITEMS REHEARSED (REHEARSAL SET)

1 REACTION

2 HOOF

3 BLESSING

4 RESEARCH
5 CANDY

6 HARDSHIP
7 KINDNESS
8 NONSENSE

20 CELLAR

REACTION, REACTION, REACTION, REACTION
HOOF, REACTION, HOOF, REACTION
BLESSING, HOOF, REACTION

RESEARCH, REACTION, HOOF, RESEARCH
CANDY, HOOF, RESEARCH, REACTION
HARDSHIP, HOOF, HARDSHIP, HOOF
KINDNESS, CANDY, HARDSHIP, HOOF
NONSENSE, KINDNESS, CANDY, HARDSHIP

CELLAR, ALCOHOL, MISERY, CELLAR

OVERT-REHEARSAL experiment by Dewey Rundus shows the effect of rehearsal on trans-
fer into long-term storage. The subject rehearses aloud. A partial listing of items rehearsed
in one instance shows typical result: early items receive more rehearsals than later items.

PROBABILITY OF RECALL
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]

15 17 19 21
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SERIAL PRESENTATION POSITION

EFFECT OF REHEARSAL is demonstrated by comparison of an item’s probability of re-
call (black) with the total number of rehearsals item receives (color). The two are related
in regions reflecting retrieval from long-term storage (preceding recency region). That is,
long-term storage efficacy depends on number of rehearsals and is reflected in retrieval.
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of two types of rehearsal. In the first (a
one-item rehearsal set) the most recently
presented item was rehearsed exactly
three times before presentation of the
next item; no other items were re-
hearsed. In the second (a three-item re-
hearsal set) the subject rehearsed the
three most recently presented items once
each before presentation of the next
item, so that the first rehearsal set con-
tained three rehearsals of the first word,
the second rehearsal set contained two
rehearsals of the second word and one
rehearsal of the first word, and all sub-
sequent sets contained one rehearsal of
each of the three most recent items [see
illustrations on opposite page].

When only one item is rehearsed at a
time, each item receives an identical
number of rehearsals and the primacy
effect disappears, as predicted. Note
that the recency effect appears for items
preceding the last item even though the
last item is the only one in the last re-
hearsal set. This indicates that even
when items are dropped from rehearsal,
it takes an additional period of time for
them to be completely lost from short-
term storage. The curve for the three-
item rehearsal condition shows the effect
also. The last rehearsal set contains the
last three items presented and these are
recalled perfectly, but a recency effect
is still seen for items preceding these
three. It should also be noted that a pri-
macy effect occurs in the three-rehearsal
condition. This was predicted because
the first item received a total of five re-
hearsals rather than three. A delayed-
recall test for all words was given at the
end of the experimental session. The data
confirmed that long-term-store retrieval
closely parallels the number of rehears-
als given an item during presentation,
for both rehearsal schemes.

r[‘llese results strongly implicate re-
hearsal in the maintenance of infor-
mation in the short-term store and the
transfer of that information to the long-
term system. The question then arises:
What are the forgetting and transfer
characteristics of the short-term store in
the absence of rehcarsal? One can con-
trol rehearsal experimentally by block-
ing it with a difficult verbal task such as
arithmetic. For example, Lloyd R. Peter-
son and Margaret Peterson of Indiana
University [see “Short-Term Memory,”
by Lloyd R. Peterson; SCIENTIFIC AMER-
icaN, July, 1966] presented a set of
three letters (a trigram) to be remem-
bered; the subject next engaged in a
period of arithmetic and then was asked
to recall as many letters of the trigram



as possible. When the probability of re-
call is plotted as a function of the dura-
tion of the arithmetic task, the loss ob-
served over time is similar to that of the
recency effect in free recall [see top il-
lustration on next page]. Short-term-store
loss caused by an arithmetic task, then,
is similar to loss from short-term storage
caused by a series of intervening words
to be remembered. The flat portion of
the curve reflects the retrieval of the
trigram from long-term storage alone and
the earlier portions of the curve repre-
sent retrieval from both short-term and
long-term storage; the loss of the trigram
from short-term storage is represented by
the decreasing probability of recall prior
to the asymptote.

Does the forgetting observed during
arithmetic reflect an automatic decay of
short-term storage that occurs inevitably
in the absence of rehearsal or is the in-
tervening activity the cause of the loss?
There is evidence that the amount of
new material introduced between pre-
sentation and test is a much more im-
portant determinant of loss from short-
term storage than simply the elapsed
time between presentation and test.
This finding is subject to at least two
explanations. The first holds that the
activity intervening between presenta-
tion and test is the direct cause of an
item’s loss from short-term storage. The
second explanation proposes that the
rate of intervening activity merely af-
fects the number of rehearsals that can
be given the item to be remembered
and thus indirectly determines the rate
of loss.

It has recently become possible to
choose between these two explanations
of loss from the short-term store. Judith
Reitman of the University of Michigan
substituted a signal-detection task for
the arithmetic task in the Petersons’ pro-
cedure. The task consisted in responding
whenever a weak tone was heard against
a continuous background of “white”
noise. Surprisingly, no loss from short-
term storage was observed after 15 sec-
onds of the task, even though subjects
reported no rehearsal during the signal
detection. This suggests that loss from
the short-term store is due to the type of
interference during the intervening in-
terval: signal detection does not cause
loss but verbal arithmetic does. Another
important issue that could potentially be
resolved with the Reitman procedure
concerns the transfer of information
from the short-term to the long-term
store: Does transfer occur only at initial
presentation and at subsequent rehears-
als, or does it occur throughout the pe-

ONE-ITEM REHEARSAL SCHEME

SERIAL ITEM | TOTAL REHEARSALS
POSITION PRE | PERITEM
1 A '
2 B 3
3 C 3
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THREE-ITEM REHEARSAL SCHEME
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NUMBER OF REHEARSALS is controlled with two schemes. In one (top) only the
current item is rehearsed and all items have three rehearsals. In the other (bottom) the
latest three items are rehearsed; early ones have extra rehearsals. (Letters represent words.)

L

PROBABILITY OF RECALL

SN (IS SO S e S

1 3 5 7 9 M 13 15
SERIAL PRESENTATION POSITION

PRIMACY EFFECT disappears with one-item rehearsal (color), in which all items have
equal rehearsal, but remains with three-item rehearsal (black ). Recency effect is pronounced
for both schemes in immediate recall (solid lines). Curves for delayed recall (broken
lines), which reflect only retrieval from long-term storage, parallel the number of rehearsals.
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PROBABILITY OF RECALL
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DURATION OF ARITHMETIC (SECONDS)

ARITHMETIC TASK before recall reduces the probability of recall. Lloyd R. Peterson
and Margaret Peterson charted recall probability against duration of arithmetic. The prob-
ability falls off with duration until it levels off when recall reflects retrieval from long-term
storage alone. Does curve reflect only lack of rehearsal or also nature of intervening task?

I
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TWO TASKS were combined in an experiment with these six conditions. Five consonants
were presented for 2.5 seconds (dark gray), followed by a signal-detection task for one sec-
ond, eight seconds or 40 seconds (color), followed in three cases by arithmetic (light gray).
Then came the test (arrows). Rehearsal during detection was included in a control version.
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8 DURATION OF SIGNAL DETECTION (SECONDS) 40

NATURE OF TASKS is seen to have an effect. In the absence of arithmetic, signal detec-
tion leaves the short-term store virtually unaffected, with rehearsal (broken black curve)
or without (solid black). Arithmetic, however, causes loss from the short-term store
(color) ; decreased recall shown reflects retrieval from long-term store only. Retrieval im-
proves with duration of signal detection if there is rehearsal, which increases transfer to the
long-term store (broken colored curve) but not in the absence of rehearsal (solid color).
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riod during which the information re-
sides in the short-term store, regardless
of rehearsals?

To answer these questions, the follow-
ing experiment was carried out. A con-
sonant pentagram (a set of five conso-
nants, such as QJXFK) was presented for
2.5 seconds for the subject to memorize.
This was followed by a signal-detection
task in which pure tones were presented
at random intervals against a continuous
background of white noise. The subjects
pressed a key whenever they thought
they detected a tone. (The task proved
to be difficult; only about three-fourths
of the tones presented were correctly
detected.) The signal-detection period
lasted for either one second, eight sec-
onds or 40 seconds, with tones sounded
on the average every 2.5 seconds. In
conditions 1, 2 and 3 the subjects were
tested on the consonant pentagram im-
mediately after the signal detection; in
conditions 4, 5 and 6, however, they
were required to carry out 30 seconds
of difficult arithmetic following the sig-
nal detection before being tested [see
middle illustration at left]. In order to
increase the likelihood that rehearsal
would not occur, we paid the subjects
for performing well on signal detection
and for doing their arithmetic accurately
but not for their success in remembering
letters. In addition they were instructed
not to rehearse letters during signal de-
tection or arithmetic. They reported af-
terward that they were not consciously
aware of rehearsing. Because the ques-
tion of rehearsal is quite important, we
nevertheless went on to do an additional
control experiment in which all the same
conditions applied but the subjects were
told to rehearse the pentagram aloud
following each detection of a tone.

The results indicate that arithmetic
causes the pentagram information to be
lost from the short-term store but that
in the absence of the arithmetic the sig-
nal-detection task alone causes no loss
[see Dottom illustration at left]. What
then does produce forgetting from the
short-term store? It is not just the analy-
sis of any information input, since signal
detection is a difficult information-proc-
essing task but causes no forgetting. And
time alone causes no noticeable forget-
ting. Yet verbal information (arithmetic)
does cause a large loss. Mrs. Reitman’s
conclusion appears to be correct: forget-
ting is caused by the entry into the
short-term store of other, similar infor-
mation.

What about the effect of rehearsal?
In the arithmetic situation performance
improves if subjects rehearse overtly



during the signal-detection period. Pre-
sumably the rehearsal transfers informa-
tion about the pentagram to the long-
term store; the additional transfer dur-
ing the long signal-detection period is
reflected in the retrieval scores, and the
rehearsal curve rises. The no-rehearsal
curve is horizontal over the last 32 sec-
onds of signal detection, however, con-
firming that no rehearsal was occurring
during that period. The fact that the
lowest curve is flat over the last 32 sec-
onds has important implications for
transfer from the short-term store to the
long-term. It indicates that essentially
no transfer occurred during this period
even though, as the results in the ab-
sence of arithmetic show, the trace re-
mained in the short-term store. Hence
the presence of a trace in the short-term
store is alone not enough to result in
transfer to the long-term store. Appar-
ently transfer to the long-term system
occurs primarily during or shortly after
rehearsals. (The rise in the lowest curve
over the first eight seconds may indicate
that the transfer effects of a presenta-
tion or rehearsal take at least a few sec-
onds to reach completion.)

The emphasis we have given to rote
rehearsal should not imply that other
control processes are of lesser impor-
tance. Although much evidence indi-
cates that transfer from short-term stor-
age to long-term is strongly dependent
on rehearsals, effective later retrieval
from long-term storage can be shown to
be highly dependent on the type of in-
formation rehearsed. Coding is really
the choosing of particular information
to be rehearsed in the short-term store.
In general, coding strategies consist in
adding appropriately chosen informa-
tion from long-term storage to a trace
to be remembered and then rehearsing
the entire complex in the short-term
store. Suppose you are given (as is typi-
cal in memory experiments) the stimu-
lus-response pair HRM—4; later HRM
will be presented alone and you will be
expected to respond “4.” If you simply
rehearse HRM-4 several times, your
ability to respond correctly later will
probably not be high. Suppose, how-
ever, HRM reminds you of “homeroom”
and you think of various aspects of your
fourth-grade classroom. Your retrieval
performance will be greatly enhanced.
Why? First of all, the amount and range
of information stored appears to be
greater with coding than with rote re-
hearsal. Moreover, the coding operation
provides a straightforward means by
which you can gain access to an ap-
propriate and small region of memory

PROBABILITY OF RECALL
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SERIAL PRESENTATION POSITION

LENGTH OF LIST rather than amount of “interference” governs recall probability. Sub-
jects were asked to recall the list before the one just studied. Five-word lists (top) were

recalled better than 20-word lists (bottom) whether they were followed by intervening lists

of five words (black) or of 20 words (color). The data are averages from three experiments.

during retrieval. In the above example,
when HRM is presented at the moment
of test, you are likely to notice, just as
during the initial presentation, that
HRM is similar to “homeroom.” You can
then use “homeroom” (and the current
temporal context) as a further probe and
would almost certainly access “fourth
grade” and so generate the correct re-
sponse.

LAS the discussion of coding suggests,

the key to retrieval is the selection
of probe information that will activate
an appropriate search set from the long-
term store. Since in our view the long-
term store is a relatively permanent re-
pository, forgetting is assumed to result
from an inadequate selection of probe
information and a consequent failure of
the retrieval process. There are two
basic ways in which the probe selection
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may prove inadequate. First, the wrong
probe may be selected. For instance,
you might be asked to name the star of
a particular motion picture. The name
actually begins with T' but you decide
that it begins with A and include A in
the probe information used to access the
long-term store. As a result the correct
name may not be included in the search
set that is drawn into the short-term
store and retrieval will not succeed.
Second, if the probe is such that an
extremely large region of memory is ac-
cessed, then retrieval may fail even
though the desired trace is included in
the search set. For example, if you are
asked to name a fruit that sounds like
a word meaning “to look at,” you might
say “pear.” If you are asked to name a
living thing that sounds like a word
meaning “to look at,” the probability of
your coming up with “pear” will be
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greatly reduced. Again, you are more
likely to remember a “John Smith” if you
met him at a party with five other people
than if there had been 20 people at the
party. This effect can be explained on
grounds other than a failure of memory
search, however. It could be argued that
more attention was given to “John
Smith” at the smaller party. Or if the
permanence of long-term storage is not
accepted, it could be argued that the
names of the many other people met at
the larger party erode or destroy the
memory trace for “John Smith.” Are
these objections reasonable? The John
Smith example is analogous to the situa-
tion in free recall where words in long
lists are less well recalled from long-term
storage than words in short lists.

The problem, then, is to show that the
list-length effect in free recall is depen-
dent on the choice of probe information
rather than on either the number of
words intervening between presentation
and recall or the differential storage giv-
en words in lists of different size. The
second issue is disposed of rather easily:
in many free-recall experiments that vary
list length, the subjects do not know at
the beginning of the list what the length
of the list will be. It is therefore unlikely
that they store different amounts of in-
formation for the first several words in
lists of differing length. Nevertheless, as
we pointed out, the first several words

| are recalled at different levels.

To dispose of the “interference” ex-
planation, which implicates the number
of words between presentation and re-
call, is more difficult. Until fairly re-
cently, as a matter of fact, interference
theories of forgetting have been pre-
dominant [see “Forgetting,” by Benton
J. Underwood, SCIENTIFIC AMERICAN,
March, 1964, and “The Interference
Theory of Forgetting,” by John Ceraso,
October, 1967]. In these theories forget-
ting has often been seen as a matter of
erosion of the memory trace, usually by
items presented following the item to

| be remembered but also by items preced-

ing the item to be remembered. (The list-
length effect might be explained in these
terms, since the average item in a long
list is preceded and followed by more
items than the average item in a short
list.) On the other hand, the retrieval
model presented in this article assumes
long-term storage to be permanent; it
maintains that the strength of long-term
traces is independent of list length and
that forgetting results from the fact that
the temporal-contextual probe cues used
to access any given list tend to elicit a
larger search set for longer lists, thereby
producing less efficient retrieval.
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In order to distinguish between the
retrieval and the interference explana-
tions, we presented lists of varying
lengths and had the subject attempt to
recall not the list just studied (as in the
typical free-recall procedure) but the
list before the last. This procedure
makes it possible to separate the effect
of the size of the list being recalled from
the effect of the number of words inter-
vening between presentation and recall.
A large or a small list to be recalled can
be followed by either a large or a small
intervening list. The retrieval model
predicts that recall probability will be
dependent on the size of the list being
recalled. The interference model pre-
dicts that performance will be largely
determined by the number of words in
the intervening list.

We used lists of five and of 20 words
and presented them in four combina-
tions: 5-5, 5-20, 20-5, 20-20; the first
number gives the size of the list being
recalled and the second number the size
of the intervening list. One result is that
there is no recency effect [sce illustra-
tion on preceding page]. This would be
expected since there is another list and
another recall intervening between pre-
sentation and recall; the intervening ac-
tivity causes the words in the tested list
to be lost from short-term storage and
so the curves represent retrieval from
long-term storage only. The significant
finding is that words in lists five words
long are recalled much better than words
in lists 20 words long, and the length of
the intervening list has little, if any, ef-
fect. The retrieval model can predict
these results only if a probe is available
to access the requested list. It seems
likely in this experiment that the subject
has available at test appropriate cues
(probably temporal in nature) to enable
him to select probe information pertain-
ing to the desired list. If the experimen-
tal procedure were changed so that the
subject was asked to recall the 10th pre-
ceding list, then selection of an adequate
probe would no longer be possible. The
results demonstrate the importance of
probe selection, a control process of the
short-term store.

The model of memory we have de-
scribed, which integrates the system
around the operations of the short-term
store, is not in any sense a final theory.
As experimental techniques and mathe-
matical models have become increasing-
ly sophisticated, memory theory has un-
dergone progressive changes, and there
is no doubt that this trend will continue.
We nevertheless think it is likely that
the short-term store and its control proc-
esses will be found to be central.
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New Models of the Real-Number Line

Recent developments in mathematical logic reveal that there

are a number of alternative ways of defining the continuum,

or connected number svstem, to include all the real numbers

irtually all of mathematics and
\/ much of science is based on the
abstract concept of the real-num-
ber line: the continuum, or connected
number system, that includes all the real
numbers—zero, positive and negative
integers, rational numbers (fractions)
and irrational numbers (such as =)—but
that excludes the “unreal,” or complex,
numbers—expressions  containing  the
imaginary number \/—1. The real-num-
ber continuum not only provides the nat-
ural setting for all the operations of
arithmetic and calculus but also serves
as our only intellectual model of time
and (one-dimensional) space. The prop-
erties of the continuum were organized
into a coherent axiomatic framework
during the 19th century and have been
accepted and promulgated with great
conviction by most contemporary math-
ematicians.

Yet in spite of the present unanimity
of opinion concerning the exact struc-
ture of the continuum several significant
alternative systems have been discov-
ered during the past 10 years. Although
none of these new models reflects any
logical flaw in the 19th-century theory,
their very existence shows quite clearly
that the epistemological foundation of
mathematical analysis is far from settled.

lthough mathematics is sometimes
called a science, it is usually distin-
guished from science by its relative in-
dependence from empirical considera-
tions. The intellectual models of science
are judged by their ability to explain the
observed properties of the universe,
whereas those of mathematics are
judged (by mathematicians) according
to their consistency and beauty and (by
scientists) according to their utility. Pla-
to’s description of mathematics as the
discovery of the properties of objects in
an ideal universe—the universe of Pla-
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by Lynn Arthur Steen

tonic ideals—has been the most enduring
and popular philosophy of mathematics,
since it provides mathematics with the
(scientific) discipline of conforming to
some kind of perceived reality together
with the freedom to escape the bonds
of empiricism.

Most working mathematicians, at
least those not directly engaged in prob-
lems of mathematical logic, tend to be
Platonists in the sense that they talk and
act as if the abstract objects they study
have some kind of enduring ideal ex-
istence. Standing in extreme opposition
to the Platonists are the Formalists, who
maintain that the essence of mathemat-
ics is not in its meaning but in its form.

The problem of the nature of the real-
number line is viewed quite differently
by adherents to these two schools of
thought. A Formalist is likely to say that
the real-number line is whatever we de-
fine it to be; if we have several com-
peting definitions, then we will have sev-
eral different real-number lines and
mathematics will be enriched by their
presence. A Platonist, on the other hand,
would be inclined to wonder which of
the different models represented the
“real” real-number abstraction of the
space and time continuum.

Like beauty, mathematics exists in
the eye of the beholder. Unlike beauty,
however, mathematics enjoys an unpar-
alleled worldwide reputation for objec-
tivity. If you labor to discover the prop-
erties of the real-number continuum and
if I do likewise, we shall reach the same
conclusions. Science has a similar objec-
tivity. But whereas the objectivity of
science is a rather plausible consequence
of its conformity with reality, the objec-
tivity of mathematics is harder to ex-
plain. Why should the ideal mathemati-
cal universe in your mind be the same as
the one in my mind?

Two centuries ago Immanuel Kant at-
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tempted to answer this question by pos-
tulating the a priori existence in the hu-
man mind of a kernel of intuitive mathe-
matical and geometrical truth. The con-
siderable influence of Kant’s philosophy
reinforced the widely held view that the
axioms of mathematics should be self-
evident truths. Euclidean geometry be-
came the archetype of mathematics,
since it was a beautiful, useful theory
created by logical deduction from cer-
tain (nearly) self-evident axioms. In-
deed, Kant himself had asserted that the
geometrical intuition of Euclidean space
and of the time continuum was one of
the a priori characteristics of the human
mind.

Thus it came as a considerable shock
to the intellectual community of the
early 19th century to learn of the dis-
covery of non-Euclidean geometries, in
which one of Euclid’s axioms (the paral-
lel postulate) did not hold. One signifi-
cant consequence of this discovery was
that philosophers and mathematicians
began to regard axioms not as self-evi-
dent truths but rather as arbitrary rules,
subject only to the requirement of con-
sistency. For the axioms to be great the
theory derived from them had to be both
beautiful and useful, but to be mathe-
matics the theory had only to be con-
sistent.

Yet in spite of the widespread 20th-
century consensus on consistency as the
sole criterion of mathematical truth, the
vast majority of mathematicians and sci-
entists maintain a Platonic view of the
continuum. Nearly everyone who stud-
ied calculus in the past 50 years was ex-
pected either to have a clear intuitive
(Platonic) image of the real-number line
or to believe that all its properties were
consequences of some 10 to 15 suppos-
edly self-evident truths that describe
what is called formally a “complete or-
dered field” and informally the “real-



number system” [sce illustration on this
page].

A cynic might view this program as
indoctrination in Platonism, since its
clear purpose is to convince students of
something their professors have accept-
ed, namely that there is a unique real-
number line with certain self-evident
properties, and that mathematicians
have succeeded, by listing the axioms of
a complete ordered field, in capturing
the essence of this line in a dozen or so
sentences. Thus mathematicians now
talk about the real-number line just as
mathematicians and philosophers of the
18th century talked about the geometry.

Of course, the existence of different
geometries does not necessitate the ex-
istence of different real-number lines.
Nonetheless, in 1931 Kurt Gidel showed
that in any mathematical system suffi-
ciently large to contain arithmetic, there
will always be undecidable sentences:
statements about the system that can be
neither proved nor disproved by logical
deduction from the axioms [see “Godel’s
Proof,” by Ernest Nagel and James R.
Newman; ScIENTIFIC AMERICAN, June,
1956]. Godel’s now famous “undecid-
ability theorem” implies that in the Pla-
tonic universe of ideal mathematical ob-
jects there are many—in fact, infinitely
many—objects that satisfy the axioms for
the real-number line, since each unde-
cidable proposition about the real-num-
ber line may be true in one ideal model
and false in another.

In 1963, more than 30 yecars after
Godel proved that different models for
the real-number axioms must exist, Paul
J. Cohen of Stanford University actually
constructed some models in which Georg
Cantor’s famous “continuum hypothe-
sis” was false [see “Non-Cantorian Set
Theory,” by Paul J. Cohen and Reuben
Hersh; SciexTtiric AaericaN, Decem-
ber, 1967]. Cohen’s methods have been
applied extensively over the past eight
years to yield a large variety of alterna-
tive models in all areas of mathematics.
Later in this article I shall show how to
construct one of these models for the
real-number line, but first I should like
to discuss an entirely different source of
alternative models, since Godel’s unde-
cidability theorem is not the only line of
attack on the Platonic ideal of the real-
number line.

Ever since Isaac Newton and Gottfried
Leibniz laid the foundations of cal-
culus in the late 17th century, mathema-
ticians, philosophers and physicists have
been quarreling about whether or not
the real-number line contains infinitely
small objects called infinitesimals. In-

finitesimals played a key role in the de-
velopment of the definitions and nota-
tions of calculus. Indeed, during the
18th and 19th centuries the name for
what we now call simply “calculus” was
“calculus of infinitesimals.” What New-
ton and Leibniz did was to show how
one could calculate with infinitesimals
and obtain reliable results, results that
moreover could not be obtained by any
other method.

The calculus of infinitesimals was re-
ceived with profound skepticism by
many philosophers who, following Aris-
totle, abhorred the absolute infinite. In
his Physics Aristotle distinguished be-
tween the potential infinite and the ab-
solute infinite, accepting the former but
rejecting the latter as untenable, or be-
yond the firm grasp of the human mind.
(In taking this position Aristotle was
merely reflecting the widespread Greek
mistrust of the infinite, most popularly
illustrated by the paradoxes of Zeno.)
The philosopher Leibniz, somewhat cha-
grined at what the mathematician Leib-

1. Addition and Multiplication

2. Associativity

3. Commutativity

4, Distributivity

| 5. ldentities

| There exist two special numbers z (or 0) and u (or 1) called the zero and the unit
that satisfy x + z = x and xu = x for all real numbers x.

6. Additive Inverse

If xand y are real numbers, then so are x + y and xy.

Ifw, xand y are real numbers, then (w+ x) +y =w+ (x + y) and (wx)y = w(xy).

If xand yare real numbers, then x+ y =y + x and xy = yx.

If w, x and y are real numbers.then w(x+ y) = wx + wy.

niz had wrought, squirmed out of the
dilemma by describing infinitesimals as
“fictions, but useful fictions.” Mean-
while Bishop Berkeley scorned New-
ton’s infinitesimals (or fluxions, as New-
ton called them) as “ghosts of departed
quantities.”

But mathematics flourished in spite of
the philosophers, awakened by the cal-
culus of infinitesimals as it had not been
since the glories of Athens and Alexan-
dria. The Platonic image of the real-
number line was as yet only a vague
ideal, and calculus developed more as a
descriptive science than as a deductive
logical system. It was not until the 19th
century that mathematicians began to
echo the philosophers’ skepticism; it was
only then, as the axioms for the real-
number system were distilled from the
great unorganized mass of mystical
properties, that it became clear that the
existence of infinitesimals was incon-
sistent with these axioms.

This inconsistency is an immediate
consequence of one of the most char-

If x is any real number, there is another real number denoted by —x and called
the negative or additive inverse of x that satisfies x + —x =z, where z is the zero.

7. Multiplicative Inverse

If x is any real number except zero, there is another real number x~, called the |
reciprocal or multiplicative inverse of x, that satisfies x x "= u, where v is the unit. |

8. Trichotomy

If xand y are real numbers, then either x<yorx=yorx >y

9. Transitivity
fw<xandx<y thenw<y

10. Isotony

11. Completion

equal to every other upper bound for £.

Ifx<y thenx+w<y+w ifx<yandw >z (wherezis zero) thenxw< yw.

Suppose £ is a set of real numbers that has an upper bound, that is, suppose |
there is some real number x such that y < x whenever y is a member of the set £.
Then £ has a least upper bound. that is, an upper bound x that is less than or

ELEVEN AXIOMS are customarily used to define the real-number line, which is known
formally as a complete ordered field. The first seven axioms define a field; the first 10 define
an ordered field. The symbol > means “greater than”; the symbol < means “less than.”
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acteristic properties of infinitesimals,
namely that any multiple of an infini-
tesimal is still an infinitesimal. For in-
stance, the infinitesimal dx used in cal-
culus is smaller than every ordinary
positive real number, and so is every
multiple m(dx) for any positive integer
m. Accordingly the set M of all multi-
ples of the infinitesimal dx has many up-
per bounds (any ordinary positive real
number will do), but it has no least up-
per bound, since for any given number
b that is an upper bound for M the
smaller number b — dx will also be an
upper bound for M. Thus M fails to sat-
isfy the final axiom for the real-number
system, the “completeness” axiom.
Hence at the same time that geome-
ters were being forced to change their
criterion of truth from self-evidence to
consistency, analysts were discovering
that the supposedly self-evident axioms
for the calculus of infinitesimals were
inconsistent. What was to be done? The
answer, developed principally by Au-
gustin Cauchy and Karl Weierstrass,
was to abandon the infinitesimals but
keep the calculus (whence our present
abbreviated name for the subject).
Cauchy reformulated the foundations of
calculus by substituting the concept of a
limit for that of an infinitesimal; his
method was a return to the Aristotelian
concept of the potential infinite as the
only secure basis for reasoning.
Weierstrass extended Cauchy’s work
by defining the concept of a limit in
terms of the more primitive concept of
real numbers. The Cauchy-Weierstrass
approach to calculus, now widely taught,
placed the epistemological foundation
of calculus squarely on the shoulders of
the real-number line. Although many
users of calculus continue to prefer the
intuitive language of infinitesimals, vir-

.Suppose S is the two-point set {0,1}.

N

tually all 20th-century mathematicians
have adopted the definitions and con-
cepts of Cauchy and Weierstrass.

Within the past decade, however,
Abraham Robinson of Yale University
developed a consistent mathematical
theory of infinitesimals. This new theory,
called “nonstandard analysis,” resusci-
tated the discredited ideas of the actual
infinite and actual infinitesimal and
showed how much of modern mathe-
matics could be consistently translated
into a language of infinities and infini-
tesimals. In particular Robinson’s new
theory created a significant alternative
to the mathematician’s real-number line
(alias the complete ordered field), an
alternative that contained infinitesimals
and on which calculus could be done in
the spirit of Newton and Leibniz.

Thus by the end of the 1960’s there
were available on two different fronts
several pretenders to what can justifiably
be called the throne of mathematics: the
real-number line. Although the techni-
cal construction of each of these alterna-
tives is long and complex, there is a com-
paratively simple approach to both Co-
hen’s and Robinson’s models through the
theory of probability; I shall now out-
line this approach, emphasizing its spirit
more than its detail.

Before beginning this task it would be
well to consider a somewhat subtle
philosophical issue. If we were attempt-
ing to prove the real-number line defec-
tive and to replace it with a better mod-
el, we would have to take great care to
avoid assuming the existence of the real-
number line while constructing the al-
ternative. This, however, is not what we
are trying to do. We are, rather, trying
to establish the existence of several dif-
ferent models of the real-number line,

Then each function f:S—R, which causes each point of S to be assigned a

value in the real-number set R can be defined by giving two real numbers,
namely the value of fat 0 and the value of fat 1.

>

o~

failsto satisfy Axiom !
an inverse.

(2]

.Now the function h belonging to R’® defined by h
. 7since his not equal to z and yet h does not have

3. Theidentity element u belonging to the trial se is given by u(0)=u (1)
T fentity el t ubelonging to the trial set R g by u(0) )
and the zero element z belonging to R is give

N by z(0)= z(1) = 0.

(0) =0 and h(1) =1

. Therefore the set R” is not an adequate model of the real-number line.

FAILURE OF RS (the set of all functions from some arbitrary set S to the real-number set
R) to satisfy Axiom No. 7, the “multiplicative inverse” axiom, is demonstrated in this ex-
ample. For the purpose of the demonstration S is assumed to be the two-point set {(,1}.
The conclusion is that RS falls far short of being a model for the real-number line.
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including the ordinary Platonic ideal of
the complete ordered field. Therefore in
constructing our new models we shall
feel free to use the old one. (This proc-
ess is quite analogous to the one fol-
lowed in the construction of the non-
Euclidean geometries, where the new
models are defined within the standard
Euclidean space.)

Let us now proceed to construct two
specific models for the real-number sys-
tem: one that will contain infinitesimal
elements and another that will contain
a set that violates Cantor’s continuum
hypothesis. Our method will be to con-
struct a general model and then to ob-
tain from it the two special models. The
symbol R will be used throughout the
discussion to stand for the ordinary real-
number line; when we write x ¢ R, we
mean that x belongs to, or is a member
of, the set R, that is, x is a real number.

The objects in our new models will be
real-valued functions f defined on some
set S. In other words, f is a rule that as-
signs to each point s belonging to the
set S a real number f(s) belonging to
the real-number set R. The symbolism
f : S = R expresses the fact that f causes
each point of S to be assigned a value
in R; the expression is usually read as “f
maps S to R” or, more formally, as “f is
a function from S to R.” We shall use
the symbol RS to denote the set of all
functions from S to R.

In order for us to see how RS can be-
gin to resemble the real-number system,
we must understand how to do addition
and multiplication. Since the elements
of RS are functions (that is, rules), one
must in effect define the addition and
multiplication of rules. If f and g are
functions in RS, we shall define f + g to
be the new function in RS that assigns to
each point s belonging to the set S the
real number f(s) + g(s); in pure symbols,
(f + 2)(s) = f(s) + g(s). Multiplication is
similar: (fg)(s) = f(s)g(s). It is quite easy
to show that the functions in RS satisfy
the first six axioms of a complete ordered
field, listed in the illustration on the pre-
ceding page. A simple example, how-
ever, suffices to demonstrate that Axiom
No. 7, the “multiplicative inverse” axi-
om, is not satisfied by this set [see illus-
tration at left]. Thus RS fails even to be a
field and consequently falls far short of
being a model for the real-number line.

To correct this situation we shall en-
gage in a bit of mathematical gerryman-
dering. Axiom No. 7 does not say that
all elements of RS must have inverses;
it only says that if it is true that f does
not equal zero, then f must have an in-
verse. Accordingly if we have some func-
tions f (that is, elements of RS) that do



not have inverses, we shall simply re-
define truth so that for them the state-
ment “f equals zero” will be true. More
precisely, we shall substitute for the ab-
solute notion of truth the more flexible
concept of probable truth. In order to
show how this can be carried out, I must
digress for a while to discuss some defi-
nitions and examples from elementary

probability.

l\lathematical probability is based on

a special function that assigns to
each subset A of a given set Q a positive
real number that represents the proba-
bility that a point selected “at random”
fronrthe set Q will actually be in A. This
function is called a “probability mea-
sure” on the set Q, and we shall denote
it by m. The function m can be thought
of as a rule that measures the size of
sets, and the real number m(A) can be
thought of as the measure, or size, of the
set A. Since the probability is 1 that a
point selected at random from Q will be
in Q, the measure of Q must be 1. In ad-
dition we require of m only that it satis-
fy the (self-evident?) maxim that the
whole is equal to the sum of its parts: if
the whole set A is broken down into
finitely or infinitely many distinct parts
AL A, . LA, ... thenm(A) = m(A,) +
m(Ay) + ... +m(A,) +....

Before applying this measure to our
set RS I shall give two important exam-
ples of measures that will be used as the
basis for our two different models for
the real-number line. First, suppose Q
is the set N of positive integers: in sym-
bols, N ={1, 2, 3, ...}. We shall de-
fine on N a very crude measure by classi-
fying subsets of N as small if they are
finite and large if they are cofinite, that
is, if their complement (the set of posi-
tive integers not in them) is finite. Any
small set will be given measure 0 and
any large set will be given measure 1.

Now, the measure on N as just defined
fails to measure sets such as the set of
even integers, since neither it nor its
complement is finite. The problem is
that the set of even integers is neither
small nor large but somehow in be-
tween. We can correct this deficiency in
our measure m by systematically classi-
fying each intermediate set as either
small or large on an arbitrary basis, sub-
ject only to the constraints of consisten-
cy: each subset of a small set must be
small; each set that contains a set pre-
viously classified as large must be large;
the complement of a small set must be
large, and vice versa. Once this has been
done our measure will assign a value of
either 0 or 1 to every subset of N; we
shall call m the cofinite measure on N.

For our second example let us take for
the set Q the unit interval I that consists
of all real numbers between 0 and 1; in
symbols, I ={xeR 0 £ x L 1}. We
build up a measure m on the subsets of I
by first assigning to each interval its
length. Then for a subset A that consists
of pieces that are intervals we use the
maxim that the whole is equal to the
sum of its parts to say that the measure
of A is the sum of the lengths of its
pieces. Continuing in this fashion, we
can build a probability measure on I
that is known as the Lebesgue measure
(named after the 20th-century French
mathematician Henri Lebesgue).

Since each point x belonging to the
set I is considered to be an interval of
length 0, the Lebesgue measure m of
each point x is 0. According to the con-
struction just described, each finite set
will also have measure 0, as will each
infinite set that can be written as a se-
quence Xy, Xs, ¥y, ... (since the measure
of the entire sequence is just the sum of
the measures of each of its points). Since
the set of rational numbers in I can be
listed in a sequence (1, 1/2, 1/3, 2/3,
1/4, 2/4, 3/4, ...) it too must have
measure 0, even though it appears to be
a very large set. In other words, the
chances are nil that a number selected
at random from the unit interval will be
rational.

This minor paradox leads directly to
a major paradox concerning the Le-
besgue measure. If I select a number at
random from the unit interval, the prob-
ability is O that the number so chosen
will equal some particular previously
selected number; intuitively there are
just too many numbers in the unit inter-
val to choose from. Yet the probability
that I shall pick some number in the unit
interval is 1. Thus in this case it appears
that the whole is not equal to the sum
of its parts! This dilemma has plagued
various philosophers throughout history;
how can something of positive weight be
made up of parts that each have zero
weight?

The trouble is that there are too many
points in the unit interval. Cantor called
countable those infinite sets that can be
written as a sequence Xy, X, Xy, ..., ON€
point for each integer; other infinite sets
are called uncountable. The principle
that the whole is equal to the sum of its
parts applies only if the collection of
parts is finite or countable. Hence the
measure of the set of rational numbers
given above is 0 because the set of ra-
tionals can be written as a sequence in
which each term has measure 0. Similar
reasoning does not allow us to conclude
that the measure of the interval I is 0
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because I cannot be written as a se-
quence. (The fact that the unit interval
I is an uncountable set is actually a very
famous theorem of Cantor’s.) It follows
that R, which contains I, is also uncount-

able.

\er now return to our original task of
building models for the real-num-
ber line. We had constructed the set RS
of functions from S to R and showed
how this set failed to satisfy Axiom No.
7 for complete ordered fields. In order
to correct this defect in RS we shall now
assume that S is equipped with a prob-
ability measure m, so that we shall be
able to measure the size of subsets of S.

The most primitive statement that
can be made concerning two functions
in RS is that they are equal (or unequal).
If f and g are given, then “f equals g” is
either true or false. It is true if and only
if f(x) equals g(x) for all points x belong-
ing to the real-number set R. In other
words, f equals g if and only if f and g
express the same rule. If there is in R so
much as one point y where f(y) does not
equal g(y), then we are forced to say
that the function f does not equal the
function g—even if they agree at every
other point of R. Logicians call the terms
“true” and “false” truth values. In tra-
ditional logic (which we have used
throughout this discussion) sentences
have only two truth values: true or false.

We propose to change this tradition
by assigning to sentences not just one
of two possible truth values but a real
number that expresses the probability of
truth; this number may be 0 (if the sen-
tence has no chance of being true) or 1
(if the sentence is certain to be true) or
any number in between. We can accom-
plish this coup d’état on RS because we
now have a means of measuring the size
or probability of subsets of S. In par-
ticular we shall say that the probability
that “f equals g” is true is the measure
of the set of points in S where it really
is true, that is, the measure of the set of
all points s belonging to S that satisfy
the requirement that f(s) equal g(s). If
we denote this probability truth value
of “f equals g” by |f = g|, we have f =
gl=m({seS | f(s) = g(s)})-

Of course, there are a lot of sentences
about RS that are far more complicated
than the primitive sentences of the form
“f equals g.” All the more complex sen-
tences, however, can be built up from a
few primitive ones, which are called,
naturally enough, atomic sentences.
What we have to do to make our revolu-
tion in truth values succeed is, begin-
ning with the atomic sentences, to sys-
tematically work our way through the
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CONSIDERABLE SIMILARITY exists between the rules that govern the use in logic of
the connectives “and,” “or” and “not,” and the operations on sets of, respectively, inter-
section (a), union (b) and complementation (c). This similarity (in fact, a mathematical
isomorphism) was discovered by the 19th-century English mathematician George Boole,
and the abstract system based on it is now called Boolean algebra. The symbol [Z] stands
for the set where the sentence X is true; [IT] signifies the set where the sentence II is true.
The intersection of these two sets, symbolized [£] n [II], is the set where the sentence
“Y and I1” is true; the union of these two sets, [£] U [II]; is the set where “Z or I1” is
true. In the example of complementation S — [X] signifies the set where “not Z” is true.
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entire catalogue of sentences about RS
and determine how to assign a probabil-
ity to each sentence in such a way that
it represents the measure of the set of
points in S where the sentence is true.

"I he basic idea behind this scheme was

outlined more than 100 years ago
by the English mathematician George
Boole, who noticed that there was a con-
siderable similarity (in fact, a mathe-
matical isomorphism) between the rules
that govern the use in logic of the con-
nectives “and,” “or” and “not,” and the
operations on sets of, respectively, in-
tersection, union and complementation
[see illustration at left]. The abstract
mathematical system that represents this
structure is now called a Boolean alge-
bra. To see how Boole’s system can be
used to solve our problem let us con-
sider a simple example.

If = is a sentence about RS, we shall
denote by [Z] the set of all points in
S where X is true, and by || the mea-
sure of [£]. Thus [£| =m([Z]) is the
probability truth value of the sentence
S. If IT is another sentence about RS,
then one of the Boolean relationships
is that [E and II] =[2] N [II]. In
words, the set of points in S where both
= and II are true is the intersection (de-
noted by N) of the set where X is true
with the set where II is true.

Perhaps the only detail in our plan (to
extend the probability truth values from
atomic sentences to all sentences) that
requires special comment is the treat-
ment of the quantifiers ¥V (meaning “for
all”’) and 3 (“there exists”). The sen-
tence “VsII(s),” which we read as “For
all points s belonging to the set S, the
sentence I(s) is true,” means that I1(s;)
and II(se) and ... (ad infinitum) are all
true. In other words, VY is an infinite
repetition of “and.” Thus it is appropri-
ate that the set operation that corre-
sponds to V is the infinite intersection,
since the ordinary (finite) intersection
corresponds to “and.” Similarly, 3 rep-
resents an infinite “or,” so that its corre-
sponding set operation is the infinite
union.

In summary, then, although we have
by no means discussed all the relevant
detail, it is possible by means of the
Boolean translation to determine for
each sentence = about RS a subset [Z]
of S on which = is true. The measure of
this set is the probability truth value of
=, denoted by |Z|. A sentence = will be
considered valid if and only if |2| =1;
in other words, X is valid if and only if
the measure of the set where T fails to
hold is 0, so that there is “no chance” of
failure. The examples of measures given



above reveal the essential distinction be-
tween the concept of truth in the two-
valued logic and the concept of validity
in the probability-valued logic; for £ to
be true it must hold without exception
for all points s belonging to the set S,
but it remains valid even if it fails to
hold on a fairly large subset, provided
only that the measure of the exceptional
set is 0.

Let us denote by RS/m the set RS
with the new concept of validity as de-
termined by the measure m. We have
seen that under the former notion of
truth RS did not satisfy the axioms for
a complete ordered field. But RS/m will
always be an ordered field because, on
the basis of the concept of validity, it
will always satisfy axioms No. 1 through
No. 10. Furthermore, for certain choices
of S and m it will also satisfy the com-
pletion axiom, so that in these cases
R5/m will be a complete ordered field.

Suppose S is the set of positive in-
tegers N with the cofinite measure m
defined above in our first example of
measures; m assigns to finite sets the
value 0, to cofinite sets the value 1 and
to intermediate sets either 0 or 1 accord-
ing to some arbitrary but consistent pat-
tern. In this case we can picture each
function f belonging to RS as a sequence
f1, fo, fs, - . ., where for each integer i be-
longing to N =S, f; is the real number
that f assigns to i; f; is just what we usu-
ally call f(i). For example, the identity
function u is the sequence 1,1, 1,1, ...,
since u; = u(i) = 1 for each i belonging
to N =8S.

Given S and m as defined above,
RS/m contains both infinitesimals and
infinite elements. The function f de-
fined by the sequence 1, 1/2, 1/3, 1/4,

. is an infinitesimal, since if we multi-
ply it by any integer n, the resulting se-
quence n, n/2, n/3, n/4, ... is smaller
than the identity element u except for
the finite set {n, n/2,n/3, ..., n/(n —
1), n/n}, which has measure 0. In other
words, if I1(n) is the sentence “nf is less
than u,” then |TI(n)| = 1 because{i ¢ N|
nf(i) < u(t)} has measure 1. Thus
|¥nll(n)| = 1, which is to say that for
every n, nf is less than u. Thus f is an
infinitesimal since only an infinitesimal
could have this property.

For a different perspective let us look
at the multiplicative inverse of f; f must
have an inverse since RS/m is a field.
In reality the function g defined by the
sequence 1, 2, 3, 4, ... is the inverse of
f since, clearly, gf =u. Just as f is an
infinitesimal, so g must be infinite. In
fact, if n denotes the constant function
n, n, n, ..., then |g>n|=m({i|g; >
n}) =m({iJi >n}) =1, since the set

in question is cofinite. Thus in RS/m it
is valid to say that g is greater than n
for all n. This is just what we mean when
we say that g is infinite.

We have now achieved the first of
our two goals: the description of a math-
ematically consistent model of the real
numbers that contains infinitesimals.
The other type of model, in which Can-
tor’s continuum hypothesis fails, re-
quires some more work. First, however,

I shall explain Cantor’s hypothesis.

Cantor developed his theory of cardi-

- nal numbers by defining two sets as
being of equal size (or of the same “car-
dinality”) if there is some function, or
rule, that establishes a one-to-one cor-
respondence between them. All finite
sets with the same number of elements
have the same cardinality, and all in-
finite sequences have the same cardi-
nality as the set of integers. (The sets in
this latter category are those that we
have called countable.) Cantor’s great
achievement was to assign sizes (cardi-
nal numbers) even to the uncountable
sets. In particular he identified a class
of sets of the same cardinality as the set
of real numbers R; he called the cardi-
nal number of sets in this class ¢, for
continuum. Sets of size ¢ are those that
can be put into one-to-one correspon-
dence with the real numbers.

Cantor’s continuum hypothesis is
simply this: Every infinite set of real
numbers is either countable or of car-
dinality c. There are no sets of interme-
diate size. This hypothesis was formu-
lated (but not proved) by Cantor late in
the 19th century, and it was listed in
1900 by David Hilbert as the first of
his celebrated 23 problems for 20th-cen-
tury mathematics. We shall now out-
line a version of Cohen’s 1963 model
that shows conclusively that Cantor’s
continuum hypothesis could never be
proved from the ordinary axioms of set
theory and real numbers.

This new model, developed principal-
ly by Dana S. Scott of Princeton Univer-
sity, involves the use of a rather compli-
cated set S in the general model RS/m.
We first have to find a very large set T,
a set whose cardinality is bigger than c,
the cardinal number of R. The proof
that such sets exist is another of Cantor’s
significant contributions to mathematics.
An example of such a set is what is
called the power set of R: the set that
consists of all subsets of R. Cantor’s
proof that the cardinal number of this
set is indeed bigger than c is essentially
the same as his proof that R, or equiva-
lently the unit interval I, is strictly big-
ger than the set of integers.
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Let I denote the unit interval (I =
{xeR|0 < x<1}), and let T be a
set whose cardinal number is bigger
than ¢. Then we define S to be the set
I"={f:T—>1}. The points of S are
functions from T to I. The measure on
S, whose details need not concern us,
is a rather natural extension to I7 of
the Lebesgue measure on I described
above. Our new model for the real-num-
ber line is RS/m, where S equals I”.

The fact that the points of S are real-
ly functions can be the source of some
conceptual difficulty if we confuse the
functions in S = I? with those in RS.
Mathematicians avoid this confusion by
emphasizing in their minds that S is a set
of functions rather than a set of functions.
We put up with this double meaning be-
cause the entire key to Scott’s model is
a deliberate pun formed by interchang-
ing the role of functions and points.

To be precise, we observe that each
point ¢ belonging to the set T can be
thought of as a function in RS that as-
signs to each function f belonging to
I = S the real number £(t) belonging to
L If wekcall the function ¢ by the name
t, then t(f) equals f(t) whenever f is a
member of S. Now our problem is to find
a subset of RS that is uncountable, yet
not as large as RS. But just how large is
RS? Since it contains a ¢ for each ¢ be-
longing to T, the cardinality of RS must
be at least as large as that of T, but T
was selected so that its cardinality was
larger than c. Hence the cardinality of
RS, our new real-number line, is greater
than ¢, the cardinality of the old real-
number line R.

Since the new real-number line is so
very much bigger than the old one, it
will be much easier to find in the new
line an uncountable set that is not of the
same cardinality as the entire line. All we
have to do is select a subset P of T with
the property that the cardinality of P
is ¢. (If we had been thinking of T as the
power set of R, then we could take R
itself for P.) Then the set P that consists
of all the functions ¢ for ¢ belonging to P
is a subset of RS of size ¢. Thus P is un-
countable, yet it is not as large as RS.

This completes our program of con-
structing new models of the real-number
line. To summarize briefly, each model
consists of functions from some set S to
the ordinary real-number line R. The
two-valued true-false logic of the old
system is replaced with a more flexible
probability-valued logic determined by
some measure on the set S. Validity in
the new model means truth with prob-
ability 1, a definition that grants excep-
tions to sets of measure 0. The particu-
lar models that contain infinitesimals or
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counterexamples to the continuum hy-
pothesis are then formed by selecting
special sets S with special probability
measures .

In the preceding development of the

two new models of the real-number
line T not only omitted all proofs and
technical detail but I also failed to men-
tion a most important distinction be-
tween these two models: the Cohen-
Scott model (where S equals I") is a
complete ordered field, whereas the
Robinson model (where S equals N) is
just an ordered field. The fact that Rob-
inson’s model fails to be complete should
come as no surprise, for we did see that
any real-number line that contained in-
finitesimals could not satisfy Axiom No.
11. To complete the discussion of these
models I should explain two things: Why
should the two models behave different-
ly with respect to Axiom No. 11, and by
what right can we call an object (such
as Robinson’s model) that fails to satisfy
Axiom No. 11 a real-number line?

The answers to both questions de-
pend on a distinction that logicians make
between what are called first-order sen-
tences and higher-order sentences. In-
tuitively a first-order sentence about the
real numbers is one that makes generali-
zations only about real numbers and not
about such higher abstractions as func-
tions or sets of real numbers; in techni-
cal terms a first-order sentence is one
in which the quantifiers (¥ and 3) are

R = Real-number line

e = "Belongsto™ "
to. or is a membg

amember of"
of, the

limited to real numbers. All the axioms
of a complete ordered field are first-
order sentences except for the comple-
tion axiom (No. 11), which talks about a
property of all subsets.

Now, the models of nonstandard
analysis (such as the first of our two ex-
amples) have the property that every
first-order sentence that is true about R
is true about them, and conversely. In
other words, it is impossible to distin-
guish between these new models and R
by the use of first-order sentences. Since
a large part of calculus can be expressed
in first-order sentences, it is quite literal-
ly true that for most practical purposes
the nonstandard real-number line is the
same as the ordinary real-number line.

The effort required to show that the
completeness axiom is satisfied by some
particular model RS/m is decidedly
more strenuous than any of the ideas dis-
cussed above. Not only is the axiom it-
self more difficult to verify, but also be-
fore we can even consider it we must
work quite hard to extend the machinery
of assigning probability truth values
from first-order sentences to higher-
order sentences. This extra effort is also
required to prove that in our second ex-
ample the probability is zero that the
continuum hypothesis is true—since the
continuum hypothesis is also a higher-
order sentence.

There is a striking analogy between
the creation of these new models for the
real-number line and the development of

(asin x € R thatis, x belongs
f real numbers R, hence x is areal number)

1(A) = The probability measure of the set A

Iz = Asentence about R

[Z] = Thesetofall pointsin S where X is true

|Z| = The truth value of the sentence I, t

also wnitten m(jZj)

hat is, the probability measure of [Z]:

I M = Another sentence about R®
| N = Intersection of two sets
v = Union of two sets
vV = "Forall"
3 = "There exists”
¢ = Cantor's symbol for the cardinal number of the continuum

GLOSSARY OF SYMBOLS used in this article is provided in this illustration. The symbol
¢, used by Georg Cantor to signify continuum, denotes the cardinal number of sets in the
class of infinite, uncountable sets of the same cardinality, or size, as the set of real numbers R.
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quantum mechanics. The most common
derivation of quantum mechanics from
classical mechanics is accomplished by
substituting in the classical theory a wave
packet or probability cloud for each clas-
sical particle. In the quantum model the
location of the particle in the cloud is
given by a probability distribution and
the particle itself becomes a random
variable.

The new models for the real-number
line that were described above are
formed in just this way. We substituted
for the ordinary real numbers certain
real-valued functions defined on a prob-
ability space. These functions are pre-
cisely what statisticians and probability
theorists call random variables. The sub-
stitution of random variables for real
numbers was accompanied by a corre-
sponding change from a two-valued
logic to a more general scheme in which
the truth value of a statement about the
real numbers is expressed by a probabil-
ity. This transition from two-valued to
probability-valued logic also occurs in
the derivation of quantum mechanics
from classical mechanics, since questions
about the state of the mechanical sys-
tem that in the classical framework
could be answered by “Yes” or “No” can
in quantum theory only be answered
with a probability.

One of the best-known consequences
of quantum mechanics is Werner Hei-
senberg’s uncertainty principle, which
places an absolute limit on the amount
of information that can be obtained by
a physicist through the process of ob-
serving a particle. Heisenberg’s princi-
ple is derived by a process of self-reflec-
tion in which the observer analyses the
effect that his actions have on the system
he is observing.

In mathematics, analogously, one de-
duces from the action of writing down
axioms and theorems (which is to the
mathematician what experimental ob-
servation is to the physicist) a limitation
on the amount of information that can
be derived from a set of axioms (in the
Godel-Cohen case) and a limitation on
the capability of axiom systems to de-
scribe models uniquely (in Robinson’s
theory). The first of these two limita-
tions is the substance of Godel’s unde-
cidability theorem, whereas the second
is one version of a more general result
known in mathematical logic as the
Lowenheim-Skolem theorem. In differ-
ent ways each limitation expresses a
basic uncertainty in mathematics.

lt is not surprising that the introduction
of “uncertainty” results in mathemat-
ics was accompanied by fundamental



disagreement about their significance,
just as Heisenberg’s uncertainty princi-
ple precipitated among physicists a ma-
jor dispute about its ultimate significance.
Most physicists tend to agree with Niels
Bohr that the uncertainty in quantum
mechanics is a fundamental law of na-
ture. Some, however, support the posi-
tion of Albert Einstein, who argued that
the uncertainty principle merely express-
es a limitation on the present conceptual
formulation of physics.

These two opposite poles in physics
reflect approximately the positions of
the Formalist and the Platonist in math-
ematics. The Formalist believes that
mathematics is pure form, and since the
“uncertainty” theorems of mathematics
limit the scope and power of the formal-
ism with which mathematics is con-
cerned, then they must forever limit
mathematics itself. For a Formalist the
question of whether the “real” real-num-
ber line satisfies the continuum hypothe-
sis or contains infinitesimals is as mean-
ingless as is, for a physicist such as Bohr,
the question of whether or not an elec-
tron “really” has an exact simultaneous
position and velocity. Robinson himself
reflects this position when he writes (in
a paper titled “Formalism 647) that “any
mention of infinite totalities is literally
meaningless.”

In contrast, the Platonists, who count
among their number even Godel him-
self, believe (like Einstein) that the un-
decidability in mathematics is a state-
ment about the inherent limitations of
our present axiomatic mode of investiga-
tion and not about the mathematical ob-
jects themselves. Godel has argued that
there is no reason to believe more in the
objective existence of a physical object
such as an electron than in the objective
existence of a mathematical object such
as the real-number line. And one who
believes that the real-number line has
an existence in a Platonic universe can
hardly avoid wondering about which of
our several models is the more accurate
description of this Platonic continuum.

It is ironic that Robinson, the re-crea-
tor of infinitesimals, does not believe
they really exist, whereas Godel, the
prophet of undecidability, believes in a
Platonic universe in which the proper-
ties of mathematical objects are visible
for those who have the eyes to see. Per-
haps these men are merely reflecting an
intense modesty about the significance
of their own achievements. It seems
unlikely, however, that within the next
few generations mathematicians will be
able to agree on whether every math-
ematical statement that is true is also
knowable.
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Some things
are changing for the better...

Many people know us as an instrument manufacturer:

we make more than 2,000 products for measurement, test
and analysis. Others know us as a computer company:
more than 10,000 own our programmable calculators and
computers. We prefer to think that our business is to
serve measurement, analysis and computation needs . ..
in science, industry, medicine and education. This is the
rationale behind every new instrument, computer or
system that we tell you about in these ads. This month:

For picky people with particular problems:
A design-your-own calculator

A user in virtually any discipline now can cus-
tomize a powerful new programmable calculator
to his specific computational needs.

An agronomist, for example, may want to
examine the characteristics of a large plant popu-
lation and determine the mean, standard deviation
and standard error of their distribution. With the
Model 10, he simply enters the raw data and hits a

100

Whatever your job, here’s a calculator that speaks your language.
You can customize its keyboard, memory size, display, programs
and peripherals to suit your number-crunching tasks.

single key for the complete statistical analysis. A
chromatographer can obtain per cent concentration
and relative retention time of each component on his
chromatogram . ..atasingle keystroke. A physicist
completes a sequence of acceleration, velocity,
force and work . . . and a clinical pathologist com-
putes a full blood gas analysis . . . at a single key-
stroke. Et cetera.

This is possible because the new Model 10
calculator has interchangeable function blocks which
can define its keyboard to meet varying needs. One
standard plug-in block emphasizes powerful statisti-
cal computations, another gives higher mathematics
capability, and the third is completely user-definable.
This block provides single keystroke solutions to
multiple-step calculations commonly encountered by
the user. Once programmed each key performs its
customized function whenever he strikes it.

For more on tailoring the $2,975 Model 10 to
your particular profession (full alphanumeric printing
capability, expandable memory, a wide line of pe-
ripherals, etc.) write for our brochure.
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This man is obviously not in bed. Yet

the ECG telemetry system he is wearing
enables nurses at a central monitoring station
to keep close watch on his heart action.

Freedom with protection
for the post-coronary patient

Once the coronary patient is released from the
intensive care unit, his recovery can often be aided
by freedom to move about and mild exercise. . .
provided his ECG can be continuously monitored.

With the new HP ECG Telemetry System, the
post-coronary patient can be ambulatory. Wherever
he goes, his heart action is transmitted to a receiver
at the nursing station where it can be continuously
observed. The transmitter is small enough to be
carried comfortably in a bathrobe pocket, has a
strong enough signal to reach the nursing station
from 200 feet even through several masonry walls,
and is rugged enough to operate reliably even
if dropped.

At the nursing station,
the patient’s ECG signal is
monitored by a receiver that
operates automatically, never
requires tuning and accepts
only valid signals, minimizing
artifacts from patient motion.
An automatic warning light
alerts the nurse of such inoperative conditions as:
patient out of range, dislodged electrode, low battery
power. It is completely compatible with HP patient
monitoring systems. Because it doesn’t require new
wiring, the ECG Telemetry System is easily intro-
duced into existing facilities. Price is $1,800 for each
patient unit. Write for our new illustrated brochure.

Want to wield more power?
Use a computer that has connections

Adding the power of a computer to the laboratory
can change the role of a technologist for the better.
That’s especially true with HP’s new 2100, a small
computer that grows with your needs.

Once it rolls through your door, the 2100 resists
replacement by expanding as your needs increase.
Starting with its smallest configuration for only
$6,900, you get a powerful computer that understands
your instruments. Fourteen input/output devices
and peripherals, and dozens of instruments, can be
plugged directly into the 2100. HP has a big advan-
tage here because we probably made nmiany of your
instruments in the first place.

The 2100 is more than just a pretty face. But if work, rather than
beauty, turns you on, our box is simply gorgeous. Just imagine
it plugged into the important tools of your trade—space

doesn’t permit showing them.

When you need more capability, you merely
plug in additional memory and hook on peripherals.
Smaller and nearly twice as fast as preceding models,
the 2100 can expand from 4K to 32K of core memory,
all within its 12-inch high mainframe. The same 2100
you start with can be upgraded to a time-sharing,
batch processing or automated measurement, test
or analysis systems.

The 2100 also gives you a wider choice of
operating software packages than any other small
computer. One other point: our 2100, as its predeces-
sors, brings HP “instrumentation reliability” to
computers. More information is yours for the asking.

Formore complete information, write Hewlett-Packard,
1501 Page Mill Road, Palo Alto, California 94304.
In Europe: 1217 Meyrin-Geneva, Switzerland. o113
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MATHEMATICAL GAMES

Ticktacktoe and its complications,

and ansiwers to the quickie puzzles

by Martin Gardner

“It's as simple as tit-tat-toe, three-in-
a-row, and as easy as playing hooky. I
should hope we can find a way that’s a
little more complicated than that, Huck
Finn.”

—Mark Twain,
The Adventures of Huckleberry Finn

Ticktacktoe (the spelling varies
widely) is not nearly so simple
as Tom Sawyer thought. When
Charles Sanders Peirce wrote his Ele-
ments of Mathematics, a textbook that
was never published, he included a 17-
page analysis of this ancient game. It
was one of Peirce’s many anticipations
of “modern math.” Today’s progressive
teachers frequently use ticktacktoe to in-
troduce their pupils to such concepts as
the intersection of sets, rotational and
mirror-reflection symmetry and higher
Euclidean space. This month we consider
some unusual aspects of the game not
covered in a 1957 column (reprinted in
The Scientific American Book of Math-
ematical Puzzles & Diversions) or in this
department for February, 1967.

The traditional game, as most readers
surely know, is a draw if both players
do their best. From time to time pictures
of a ticktacktoe game appear in adver-
tisements and cartoons, and sometimes
they provide pleasant little puzzles. For
example, on May 13, 1956, in the New
York Herald Tribune, there was an IBM

X X

0O

advertisement with the unfinished game
at the left in the illustration below.
Which player went first, assuming that
the players were not stupid? It takes
only a moment to realize that O could
not have gone first or X would have
played the top left corner on his second
move. The other two patterns are almost
as trivial. Does the center one, from a
Little Lulu cartoon in The Saturday
Evening Post (January 16, 1937), depict
a possible game? At the right below is
a pattern from an advertisement by pub-
lisher Lyle Stuart in The New York
Times (June 1, 1971). In which cell must
the last move have been made?

If the first player, say X, opens in the
center cell, he can force a draw that al-
ways ends with the same basic pattern.
This underlies several prediction tricks.
For example, the magician draws the
finish of a game, with all cells filled, on
a square sheet of paper that he turns
face down without letting anyone see it.
He then plays a ticktacktoe game with
someone, writing on another square
sheet. After the game ends in a draw he
turns over his “prediction.” The two
patterns match cell for cell.

The technique is explained in the top
illustration on the opposite page. X
plays the center opening. If O marks any
corner cell, X forces the draw shown at
the left in the illustration (moves are
numbered in order of play). It is only
necessary for X to remember where to
make his second move, since all moves
are forced from then on; a simple rule
for the second move is to consider the
corner opposite O’s first move and then

Xl X

O

A

X O
O X

O

O
O
X O] | X

Three easy ticktacktoe puzzles
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play adjacent to it on the clockwise side.
If O responds to the opening with a side
cell, X forces the draw shown at the
right. In this situation only O’s moves
are forced and X must remember how to
play his next four moves. The following
simple rule was proposed by a magician
who signed himself “Thorson” when he
described this trick in the September
1960 issue of M.U.M., official organ of
the Society of American Magicians: X
makes his second, third and fourth
moves adjacent and clockwise to O’s
previous moves, and his fifth move in
the only remaining empty cell.

Note that the two final results are
identical. Of course, each game can be
played in any of four different orienta-
tions. The magician, recalling which
corner of his inverted prediction has
the O surrounded by three X’s, casually
turns over the square sheet along the
proper axis—orthogonal or diagonal—so
that his predicted pattern matches the
orientation of the game just completed.

The trick can even be repeated. This
time X substitutes counterclockwise for
clockwise in the rules, having drawn a
prediction that is a mirror image of the
preceding one. The two predictions will
not match in any orientation and few
people will realize that they are mirror
reflections of each other.

Dozens of variations of planar tick-
tacktoe have been analyzed. Standard
games on squares of higher order than 3,
when the goal on an order-n board is to
get n in a row, are uninteresting because
the second player can easily force a
draw. My 1957 column discussed games
in which counters are moved over the
board (one such version goes back to
ancient Greece), and toetacktick, in
which the first to get three in a row
loses. A. K. Austin’s “wild ticktacktoe,”
in which players may use either X or O
on every move, was shown to be a first-
player win in this department for July,
1964. What about “wild toetacktick,” in
which players can choose either mark on
each move and the first three-in-a-row
loses? In 1964 Solomon W. Golomb and
Robert Abbott independently found
that the simple symmetry strategy by
which the first player can force at least
a draw in standard toetacktick also ap-
plies to the wild version. A center open-
ing is followed by playing directly op-
posite the other player’s moves, always
choosing X if he played O and O if he
played X. The question remains: Does
the first player have a winning strategy
in wild toetacktick? Abbott made an
exhaustive tree diagram of all possible
plays and proved that the second player

too can force a draw. Tame toetacktick



also is a draw if both sides play ratio-
nally.

An amusing variation appears in Da-
vid L. Silverman’s excellent new book of
game puzzles, Your Move. The rules are
the same as in standard ticktacktoe ex-
cept that one player tries to achieve a
draw and the other player wins if either
of them gets three in a row. Can the
reader show that no matter who plays
first the player trying to force a row of
three can always do so? Silverman does
not answer this in his book, but I shall
give his solution next month.

It is impossible to describe all the
other planar variants that have been
proposed, such as using numbers or let-
ters as marks for the goal of forming a
certain sum or spelling a certain word;
playing on the vertexes of curious nine-
point graphs (for a game on one such
graph see this department for Novem-
ber, 1967); using counters with X on one
side and O on the other, with the count-
ers turned over according to specified
rules. Games have been marketed in
which flip-overs are randomized by con-
cealed magnets that may or may not re-
verse a counter or by tossing beanbags
at a board to cause cubical cells to alter
their top symbols by rotating.

If ticktacktoe is played on an unlim-
ited checkerboard, it is a trivial win for
the first player if the goal is to get exact-
ly four or any smaller number of one’s
marks in an orthogonal or diagonal row.
When the goal is exactly five in a row
(more than five does not count), this
game is far from trivial. It is the ancient
Oriental game known as go-moku (five
stones) in Japan, where it is played on
the intersections of a go board. (The
game is sold in the U.S. by Parker Broth-
ers under the name of Pegity.) Although
it is widely believed that a first-player
winning strategy exists, this has not yet,
to my knowledge, been proved. (Geof-
frey Mott-Smith is incorrect in claiming
such a proof in his book Mathematical
Puzzles, Dover, 1954.) Computer learn-
ing programs for go-moku have been de-
vised (for one such program see Ma-
chine Intelligence 2, edited by E. Dale
and D. Michie, Oliver & Boyd, 1968).
In Japan the first player’s strong ad-
vantage is weakened and the game pro-
longed by not allowing either player to
establish two intersecting rows of three,
each row open at both ends. Such a
“fork” usually leads to an open-end row
of four on the player’s next move and a
sure win on his following move. How-
ever, John L. Selfridge, a mathemati-
cian at the University of Illinois, has
shown that if there is a first-player win-
ning strategy without the fork prohibi-
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A ticktacktoe prediction trick

tion, there must be one with the prohi-
bition also.

It is not possible that the second play-
er has a winning strategy in go-moku
or similar games in any dimension. The
bare bones of the simple reductio ad
absurdum proof, first formulated by
John Nash for the game of hex, are
as follows. Assume that a second-player
winning strategy exists. If it does, the
first player can make an irrelevant, ran-
dom first play—a play that can only be
an asset—and then, since he is now in
effect the second player, win by appro-
priating the second player’s strategy.
Because this contradicts the assumption,
it follows that no second-player winning
strategy exists. The first player can ei-
ther win or at least force a draw if the
game allows draws.

Go-moku is a stimulating game. To
catch its special flavor the reader is
urged to study a position from Silver-

man’s book [see illustration below] and
determine how O can play and win in
five moves. The answer will appear next
month. Note that X has an open-end di-
agonal of three, which he threatens to
lengthen to an open-end row of four.
When ticktacktoe is extended to three
dimensions, the first player wins easily
on an order-3 cube by first taking the
center cell. As Silverman points out, if
the first player fails to open with the
center cell, the second player can win
by taking it; if the center is permanently
prohibited to both players, the first play-
er has an easy win. Three-dimensional
toetacktick (the first row of three loses)
is also a win for the first player. He plays
the same strategy used for forcing a
draw in planar toetacktick: he first takes
the center and then always plays sym-
metrically opposite his opponent. Since
drawn positions are impossible on the
order-3 cube, this technique forces the

O
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Go-moku problem: O to play and win
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Answer to the card problem

second player eventually to form a row
of three.

Draw games are possible on the order-
4 cube, but whether the first player can
force a win is not, as far as I know, posi-
tively established. (There cannot, of
course, be a second-player win because
of Nash’s proof.) As with go-moku, the
first player has a strong advantage and
a winning strategy is believed to exist.
Many computer programs for this game
have been written, but the complexity

of play is so enormous that I do not think
a first-player win has yet been rigorous-
ly demonstrated. About a dozen readers
have sent me what they consider win-
ning strategies, but detailed formal
proofs are still unverified. Most of the
strategies involve first taking four of the
eight central cells and then proceeding
to a forced win. Virtually nothing is
known about three-dimensional games
where counters are allowed to move
from cell to cell.

'
N

Answer to the triangle problem
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Another unexplored type of 3-space
game is one in which two players alter-
nately draw from a limited supply of
unit cubes of two or more colors to build
a larger cube with some winning objec-
tive in view, for example, using cubes
of n colors and trying to get a row, on an
order-n cube, in which all n colors ap-
pear. For such games gravity imposes
restraints, since cubes cannot be sus-
pended in midair.

Because drawn games of standard
ticktacktoe are possible in 2-space on an
order-3 board, and in 3-space on an
order-4 board, it was once conjectured
that in a space of n dimensions the
smallest board allowing a draw was one
with n + 1 cells on a side. It turned out,
however, that although in n-space a
board of order n + 1 or higher always
allows a draw, it is sometimes possible
for an n-space board of fewer thann + 1
cells on a side to allow a draw. This was
first established about 1960 by Alfred
W. Hales, a mathematician now at the
University of California at Los Angeles.
when he constructed a draw on the
order-4 hypercube, or fourth-dimension
cube. (I am indebted to Golomb for this
information.)

Several readers have sent informal
but probably valid proofs that the first
player can always win on the order-4
hypercube. Whether or not he can force
a win on the order-5 hypercube is yet
another of the many unanswered ques-
tions about extensions and variants of
what most people, like Tom Sawyer, re-
gard as a “simple” game.

he answers to last month’s rather de-

ceptive quickie problems follow:

1. The smallest number of soldering
points remains eight no matter how
wires are bent. Because an odd number
of edges meet at each corner of a cube,
every point requires soldering.

2. Do not put Descartes before the
horse.

3. You can evade check forever.
Head toward the board’s center, always
moving your king to a color opposite to
that of the knight. Since a knight chang-
es the color of its cell at every move,
whenever the king is on a color different
from the knight’s, no knight move can
check the king. Your only danger lies in
being trapped in a corner where you
can be forced to move diagonally and
be checked by the knight’s next move.

4. The highest constant is 36 [see top
illustration at left].

5. One answer: “The value of n is less
than one million.”

6. He makes twice as much money.

7. The black curve divides the plane



into a number of regions. Trace a round
trip along the red curve and it is obvious
that every region you enter you must
also leave or you will never get back to
where you started. Since each entrance
and exit is a pair of crossing points, the
total number of such spots must be even.

8. 2.3.

9. Two and a half times as high.

10. With one unit side as base and
the other unit side free to rotate [see
bottom illustration on opposite page],
the triangle’s area is greatest when the
altitude is maximum. The third side will
then be the square root of 2.

11. 1+ 24+3=1X2 X 3.

12. Only two of the eight possible
combinations of crossings create a knot,
making the probability of a knot 2/8 =
1/4.

13. House.

14. The first number, 1,324, raised
to any power must end in 6 or 4. The
other two numbers, 731 and 1,961,
raised to any power must end in 1.
Since no number ending in 6 or 4, added
to a number ending in 1, can produce a
number ending in 1, the equation has
no solution.

15. Underground.

16. One proof that the probability
is 1/2: Suppose the man has a Doppel-
ginger directly opposite him on the
other side of the Pentagon’s center and
the same distance away. If either man
sees three sides, his double must see
only two. Since there is an equal prob-
ability that either man is at either spot,
the probability is 1/2 that he will see
three sides.

17. HOBO.

18. The four possible true-false com-
binations for the two statements are
TT, TF, FT and FF. The first is elimi-
nated because we were told that one
statement is false. The second and third
are eliminated because in each case, if
one person lied, the other cannot have
spoken truly. Therefore both lied. The
boy has red hair, the girl black hair.

19. The top illustration at the right
shows the two solutions.

20. If ABCD = 1,234, it is impossible
to obtain a sum as large as 12,300. If
ABCD = 3,456, it is impossible to ob-
tain a sum as small as 12,300. Therefore
ABCD = 2,345, from which it is easy to
determine that the four dots stand for
4,523,

21. It is well known that every prime
greater than 3 is one more or one less
than a multiple of 6. It is easy to see that
every number of the form 6n = 1 must
fall on the same diagonal, therefore the
diagonal is certain to catch every prime.

22. Any two positive integers.

23. There are three permissible com-
binations of true and false for the three
statements: TFF, FTF and FFT. The
only noncontradictory combination is
FTF, which means that Feemster owns
no books at all.

24. Each month has 11 ambiguous
dates (a date such as 8/8/71 is not am-
biguous), making 132 in all.

25. A square manhole cover, turned
on edge, could slip through its hole and
fall into the sewer.

26. Ten digits can be permuted in
10! = 3,628,800 different ways. A 10-
digit number cannot start with zero, so
that we must subtract 3,628,800/10 =
362,880 to obtain the answer: 3,265,920.

27. No, because after 72 hours it
would have been midnight again.

28. “To be or not to be, that is the
question.”

29. Instead of inscribing the hexagon
as shown last month, turn it to the posi-
tion shown in the middle illustration at
the right. The gray lines divide the
larger hexagon into 24 congruent tri-
angles, 18 of which form the smaller
hexagon. The ratio of areas is 18 : 24 =
3 : 4, and so if the smaller hexagon has
an area of three, the larger one has an
area of four.

30. Smith was born in 1892. ITe was
44 in 44 = 1936.

31. I write “10.” This is any base
written in that base system’s notation.

32. U Thant.

33. Twenty white cubes can abut the
red cube. Arrange seven white cubes as
shown in the bottom illustration at the
right. The red cube goes on top as indi-
cated. Seven more white cubes, in the
same pattern and position as the first
layer, form layer No. 3. In between layer
No. 1 and layer No. 3 six more white
cubes can be placed: two on each of
two opposite sides of the red cube and
single cubes on the remaining two sides.

34. The consecutive letters RSTU
will spell “rust” or “ruts.”

35. He ties one end of the rope to
the tree at the edge of the lake, walks
around the lake holding the other end of
the rope and ties that end to the same
tree. The doubled rope is now firmly
stretched between the two trees, mak-
ing it easy for the man to pull himself
through the water, by means of the
rope, to the island.

36. The dog can be at any point be-
tween the boy and the girl, facing either
way. Proof: At the end of one hour,
place the dog anywhere between the
boy and the girl, facing in either direc-
tion. Time-reverse all motions and the
three will return at the same instant to
the starting point.
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THE AMATEUR SCIENTIST

How to build a machine to produce

low-energy protons and deuterons

Conducted by C. L. Stong

lthough radioactive materials for ex-
A perimental use can be bought in
small amounts without a license,

some amateurs have made their own
with an apparatus that generates a beam
of protons. The protons react with the
atomic nuclei in a target to liberate neu-
trons. The neutrons in turn react with

the nuclei in another substance, giving
rise to a radioactive isotope.

Small machines that can be made at
home do not produce much radioactive
substance, but a little goes a long way.
An amateur who has made radioactive
substances of several kinds is Larry
Cress of Pennington Gap, Va. He ex-
plains how to build a small proton ac-
celerator and describes experiments that
can be conducted with it.

“My accelerator,” Cress writes, “con-
sists essentially of a series of electrically
insulated copper tubes supported in axi-
al alignment inside a cylindrical vacuum
chamber. Hydrogen gas, admitted at one

Van de Graaff / i \

enerator’s
Righ-voltage
terminal

end of the structure, is ionized by a pair
of electrodes. The resulting protons (hy-
drogen nuclei) are accelerated to a tar-
get at the other end of the structure by
an electrostatic field of high potential.
Portions of the field that lie between
adjacent ends of the copper tubes act as
electrostatic lenses that focus the pro-
tons into a beam.

“The accelerating potential is devel-
oped by a small electrostatic generator
of the Van de Graaff type [see illustra-
tion below]. Hydrogen is provided by a
tank of compressed gas. Gas pressure in
the accelerator tube is controlled by a
pair of oil diffusion pumps that operate

" Lucite
accelerator s
tube N
hydrogen
source
: \ o
&7 e ! ) iy J i J
>N corona | 7 e -‘-——.- : ’//
to vacuum TR rings iyn;ex / \7
system 3‘&, NI S ube .‘-
. 1 Y voltage b
T ] \\L i belt-drive regulator i
) ~‘\\)\‘ _'| motor For ion | r
water- /AN }{ i o gun 5 ,
cooled ) . to spray- | __ﬁ_‘r Y
varget ‘:'/”" F’"f‘ voltage supply | g
a2 S = @5 *

106

-

‘I-.

The proton accelerator built by Larry Cress
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in series and exhaust into a mechanical
air pump.

“The accelerator is quite versatile.
For example, by substituting deuterium
(the heavier isotope of hydrogen) for
protons one can accelerate deuterons
(deuterium nuclei, consisting of one pro-
ton and one neutron). Indeed, most of
my experiments have been done with
deuterium. By closing the target end of
the tube with a window of aluminum
foil at ground potential and omitting the
hydrogen or deuterium, one can use the
apparatus to accelerate a beam of elec-
trons that is accessible in the air beyond
the window. The electron beam can pro-
mote a host of chemical reactions.

“My Van de Graaff generator was
bought as a kit from Morris and Lee
(1685 Elmwood Avenue, Buffalo, N.Y.
14207). The generator is rated at a po-
tential of a half-million volts at 20 micro-
amperes. The load imposed by the ac-
celerator tube reduces the effective po-
tential to about 250 kilovolts. The belt
that conveys charge to the high-poten-
tial electrode of the machine is driven
by a 1/4-horsepower induction motor.

“To increase the available current and
control the polarity and potential of the
output voltage of the generator I spray
charge on the belt, at a point close to
the bottom of the machine, as a corona
from a charged needle point. Potential
for energizing the needle is developed
by an induction coil of the Ford Model-
T type that operates from a six-volt
transformer. The output of the induction
coil is converted to direct current by a
vacuum diode of the type used in small
X-ray machines. The potential of the
spray voltage is controlled by a 25-ohm
rheostat in series with the primary wind-
ing of the induction coil. The charging
current is measured with a microam-
meter in series with the grounded side
of the coil. The rectifier is not strictly
necessary because the output of induc-
tion coils tends to be unidirectional, but
the inclusion of the diode decreased the
fluctuation of the output voltage and in-
creased the current.

“Electrical connection between the
accelerator tube and the high-voltage
terminal of the Van de Graaff machine
can be made either by fitting the end of
the accelerator tube with a duplicate
of the high-voltage terminal and placing
the two terminals in contact or by in-
serting the end of the accelerator tube
into the high-voltage terminal of the
generator. I elected to use the latter
scheme, primarily because large hollow
terminals of spun aluminum are costly.
The high-voltage terminal consists of
an unperforated hemisphere that mates
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Details of the accelerator tube

with a

second hemisphere curving
smoothly inward to an opening that ad-
mits the charged belt.

“I opened the terminal at the bonding
joint of the hemisphere, so that the ap-
paratus for ionizing the hydrogen gas
could be placed inside. A hole 1% inches
in diameter was made in the lower sur-
face of the perforated hemisphere to ad-
mit the accelerator tube. The edge of the
hole was rounded inward and smoothed
to prevent sparking or corona discharge,
which tends to occur at sharp projec-
tions.

“Both the terminal and the belt are
supported by a cylindrical insulating
column. Rings consisting of a single turn
of bare copper wire were placed around
the column at intervals of three inches.
Known as corona rings, the wires distrib-
ute voltage uniformly along the column
and prevent direct discharge down the
column to ground.

“The assembly of the machine and the
modification of the high-voltage termi-
nal completes the easy part of the job.
The hard part consists in making a gas-
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tight accelerator tube by sandwiching
electrode assemblies between lengths of
1%-inch Pyrex tubing and closing the
ends. The tube must be capable of re-
taining a pressure of 103 torr.

“The glass is cut into three-inch
lengths by filing a nick completely
around the tubing and touching the
nicked portion to a Nichrome wire that
is electrically heated to redness. The
glass will crack at the point of contact.
By slowly rotating the tubing while it is
in contact with the hot wire, lead the
crack completely around the glass. If
the glass does not part immediately, ex-
ert a strong pull on the ends.

“Each electrode assembly includes a
circular brass plate 2% inches in diame-
ter and 1/4 inch thick. Drill a 3/4-inch
hole accurately through the center of
each disk and through it insert a 2%-inch
length of straight copper tubing of 3/4-
inch outside diameter. The edges of the
cut ends of the tubes must be rounded
and preferably polished to minimize co-
rona discharge. The edge of each disk
must be similarly rounded. If the experi-
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menter does not have access to an en-
gine lathe, the edges can be rounded
by soldering a ring of 1/4-inch copper
wire to the perimeter of each disk.

“The copper tubes must be supported
in axial alignment by the glass sections.
To make the assembly I clamped a dow-
el vertically in a vise. A T fitting of plas-
tic pipe 1% inches in diameter was
slipped over the dowel. The fitting rest-
ed on the vise. One of the copper tubes,
with its brass disk, was slipped over the
dowel and lowered so that the disk was
centered with respect to the T fitting
and rested on the upper end of the T.
The joint was sealed with Apiezon W-
100 vacuum wax. The melted wax was
applied with a medicine dropper after
the parts had been warmed with a small
flame. A glass tube was then slipped
over the dowel, centered on the brass
disk and sealed in place. The remaining
five electrode elements of the tube were
assembled in the same way. The com-
pleted structure was lifted from the
dowel after the wax hardened.

“The ion source, which closes the
high-voltage end of the accelerator tube,
consists of another identical length of
Pyrex tubing capped at one end by a
disk of clear plastic 1/4 inch thick that
supports a straight length of copper cap-
illary tubing [see illustration on preced-
ing page]. Tubing of the kind used for
the pilot light of a gas stove is adequate.
An insulator of glass tubing of any con-
venient diameter surrounds the capillary
and extends about 1/2 inch beyond the
copper. Around the glass tube is a metal
sleeve. The lower edge of the sleeve is
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positioned about 3/4 inch from the end
of the glass tube.

“The capillary admits hydrogen or
other gases to the accelerator tube and
also serves as the positive electrode of
the ionizing potential. The metal sleeve
is the negative electrode and is supplied
with an uninsulated wire of solid copper
that extends through the plastic cap. Be-
fore sealing the ion source to the ac-
celerator tube, install an adjustable nee-
dle point near the edge of the brass disk
that is next to the high-voltage electrode.
The needle is used to focus the beam.

“Energizing potential for the ion
source is provided by an induction coil
of the Model-T type. Any comparable
coil that develops a potential of at least
10 kilovolts can be used. The coil, a pair
of six-volt dry batteries and a 25-ohm
rheostat are connected in series and in-
stalled inside the high-voltage terminal
of the Van de Graaff generator. These
parts should be spaced at least an inch
from the belt and the upper pulley. Ac-
cess to the rheostat, which also functions
as an on-off switch, is gained by remov-
ing the upper half of the high-voltage
terminal. Alternatively the rheostat can
be operated by a plastic rod that passes
through a small hole in the high-voltage
terminal.

“As mentioned above, the output of
induction coils tends to be unidirection-
al. The negative terminal of the coil is
connected to the metal sleeve of the ion
source; the positive terminal, to the cop-
per capillary. To determine the polarity
of the coil connect its output to a gas-
discharge tube that has been exhausted

Vacuum system of the accelerator
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*__cold trap

to a pressure of about one torr. At this
pressure the glowing gas will separate
from one of the electrodes, creating a
dark space. This effect, known as the
Faraday dark space, identifies the nega-
tive electrode.

“An appropriate gas-discharge tube
can be improvised by plugging the ends
of any glass tube about 15 centimeters
long with rubber stoppers. Pierce one
stopper with a nail and the other with
a short length of copper capillary. The
nail functions as one electrode; the cop-
per capillary serves both as an electrode
and as a port through which air is
pumped from the tube. The pressure
can be reduced to one torr with a me-
chanical air pump. The completed ac-
celerator tube is supported at an angle
of about 60 degrees by the high-voltage
terminal atop the Van de Graaff ma-
chine and by an improvised clamp at
the bottom, which is anchored to the
base of the apparatus.

“The vacuum system consists of two
single-stage Hickman oil diffusion pumps
and a mechanical air pump connected
in series. Before I bought the mechani-
cal pump I used a pair of refrigerator
compressors in reverse. The compressors
developed the required low pressure but
overheated after several hours of con-
tinuous use. Some four hours of continu-
ous pumping are needed to exhaust the
accelerator tube from atmospheric pres-
sure to a pressure of 10-5 torr.

“The diffusion pumps were obtained
from Morris and Lee. I use butyl phthal-
ate as the pumping fluid and heat it
with small laboratory hot plates oper-

— f ionization
- gauge
4
e s
-..._\h_\;_'_"_:_?:
S J
| -/,
“copper tube il
N
7 4
r
accelerator
tube



w_
' /

A R el Tl Ry M ﬁ' g

Off-shore platforms, Cook Inlet, Alaska JOSEPH RYCHETNIK/ BLACK STAR

SCIENTIFIC
AMERICAN

ENERGY and POWIER

© 1971 SCIENTIFIC AMERICAN, INC

The September issue of will be devoted to




“The Ehrlichs
will prevail because
they are essentially right.”

—New York Times Book Review

Paul R. Ehrlich
Anne H. Ehrlich

Population
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ISSUES IN HUMAN ECOLOGY
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“If the world’s population continues to increase
at the same rate, we will destroy the species.”

—Norman E. Borlaug, winner of the 1970 Nobel Peace Prize,
“The prime mover in the green revolution.”

“The best descriptive and analytical book that has yet
appeared on our total ecological predicament . . . Pulls
together for the first time all the issues that we cannot, must
not, ignore if we wish to survive on our planet with any kind
of decency.” —The Observer Review, London

“The best single descriptive and analytic treatment that | have
yet seen.”
—Robert L. Heilbroner in The New York Review of Books

“(Belongs) on a shelf beside Rachel Carson’s Silent Spring—
and maybe even on a higher one, all by itself.”
—Defenders of Wildlife News

“Should be compulsory reading for anyone concerned with
the management of human affairs.”—Guardian, London

“The Ehrlichs present a positive program by which doom can
yetbe averted.”—Field & Stream

““We are indebted to the Ehrlichs for forcefully bringing these
problems to the attention of the world.”—Science

100,000 copies in print.
$8.95, at all booksellers now.

- W. H. FREEMAN AND COMPANY
660 Market Street, San Francisco, California 94104
58 Kings Road, Reading RG1 3AA, Berkshire, England
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This is how most oil companies
look at things.
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This is how welook at things.

Most people see a good thing and
hang onto it.

We see it, and we have to try and
make it better.

Every oil company has industrial
lubricants they can be proud of.

And so do we.

But we have to keep coming up
with lubricants for industry that are
newer and better.

That's why we're important to you.

American Oil Company
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ated at a temperature of 350 degrees
Fahrenheit. A cold trap, consisting of a
copper coil immersed in a slurry of dry
ice and alcohol, must be installed be-
tween the outlet of the accelerator tube
and the inlet to the pumps. The cold
slurry is contained in a pint-sized tin
can insulated with a thick layer of Styro-
foam. The pumps cannot reduce the
pressure to the required 105 torr with-
out the cold trap. To prevent ice from
forming in the trap I do not add the slur-
ry until the system has been pumped to
102 torr.

“Pressure in the accelerator tube can
be measured down to 10-3 torr with a
vacuum gauge of the Pirani type. The
pressure-sensing elements of the gauge
consist of three miniature incandescent
lamps of identical resistance, which are
rated at six volts. I checked the resist-
ance of several lamps with a Wheatstone
bridge and selected the most closely
matched set. The resistance of each
lamp should be about 15 ohms.

“The glass bulbs of two of the lamps
must be opened for connection to the
vacuum system. Heat the bases in a
small gas flame to unsolder the filament
leads and soften the cement that bonds
the metal to the glass. Pull the base off
to expose the tip of the tube through
which the lamps were exhausted. Heat
the glass tip to redness in the edge of a
gas flame and touch it with a wet cloth.
The glass will fracture, admitting air to
the bulb slowly. After five minutes pick
off the fractured tip with a pair of tweez-
ers. Attach a short length of seven-milli-
meter glass tubing to the opening with
vacuum wax. Wire the three bulbs into
the Wheatstone bridge circuit.

“One of the opened bulbs is used to
calibrate the gauge. Connect the bulb
to one arm of a glass T. To the T also
connect the vacuum system and a Mc-
Leod gauge. An appropriate McLeod
gauge can be obtained from Morris and
Lee, or it can be made [see “The Ama-
teur Scientist”’; SCIENTIFIC AMERICAN,
December, 1965]. To calibrate the Pi-
rani gauge, switch on the bridge circuit.
Operate the two-position switch to con-
nect the calibration bulb into the circuit.
Adjust the 100-ohm rheostat for a meter
indication of one milliampere. Start the
vacuum pumps and, by operating the
needle valve, exhaust the system to a
series of measured pressures down to
10-3 torr. Tabulate each pressure as
measured by the McLeod gauge and
simultaneously record the corresponding
meter reading. Draw a calibration graph
by plotting the known pressures against
the meter readings.

“One could dispense with the Pirani
gauge and measure the pressure of the
accelerator tube directly with the Mc-
Leod gauge. Although the McLeod
gauge indicates absolute pressure and is
universally used for calibrating other in-
struments, it is inconvenient to operate.
The effort expended in making the Pi-
rani gauge is amply repaid by the con-
venience it affords.

“The remaining opened bulb of the
Pirani gauge is connected in the vacuum
system. The calibration bulb is normally
at atmospheric pressure. It is used to set
the meter at one milliampere when the
other opened bulb is under vacuum. The
current should be checked with the cali-
bration bulb before each pressure mea-
surement.
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“For measuring pressures below 10-%
torr I use an ionization gauge that has
a G71-2 triode. This tube is manufac-
tured by the High Vacuum Corporation
(Hingham, Mass. 02043). The gauge re-
sponse is assumed to be linear from 100
microamperes at a pressure of 103 torr
to one microampere at 105 torr. The
mechanical air pump exhausts the sys-
tem to 102 torr in about 30 minutes.
After this pressure is attained I turn on
the heaters of the diffusion pumps. If
the system has been opened to the at-
mosphere, the diffusion pumps require
several hours to reduce the pressure to
10-5 torr. They do the job in about 30
minutes, however, if the system is main-
tained at a reasonably good vacuum. I
try to keep the system under vacuum at
all times. It must of course be opened
occasionally to change the target.

“Hydrogen or another gas is admitted
to the copper capillary of the ion source
from a Pyrex tube that connects through
a needle valve and a pressure-reducing
valve to the storage tank. The induction
coil ionizes some of the gas as it emerges
from the capillary. Excess gas is con-
tinuously removed from the accelerator
tube by the pumps. If the rate at which
gas is admitted exceeds the rate at which
the pumps can remove the excess, pres-
sure rises in the accelerator tube, as in-
dicated by the ionization gauge. At a
sufficiently high pressure both the ac-
celerator tube and the Pyrex tube that
leads to the storage tank emit the char-
acteristic glow of a gas-discharge tube.
The rate of flow of hydrogen or deuteri-
um must be adjusted accordingly.

“Several difficulties may arise when
the apparatus is put in operation. The
tubing may leak at the joints, as indi-
cated by the failure of the pumps to ex-
haust the system to 10 torr. The detec-
tion of leaks is an art in itself [see “The
Amateur Scientist”; SCIENTIFIC AMERI-
caN, February, 1961]. I shall mention
only one detection technique. Spray the
wax joints one at a time with rubbing
alcohol. If there is a leak, the pointer
of the ionization gauge usually jumps
slightly. Reheat the wax to seal the leak.

“Gas will be liberated from the in-
ternal surfaces of the system during
pumpdown, particularly when the beam
of accelerated particles strikes the elec-
trodes or other surfaces. When the pres-
sure has fallen to 10-5 torr, start the Van
de Graaff generator and gradually in-
crease the output voltage by regulating
the amount of charge sprayed onto the
belt. Watch the ionization gauge. Do
not increase the voltage at a rate that
causes the pressure to rise above 10-*
torr.



“When the pressure remains constant
at 105 torr with an applied potential of
250 kilovolts, focus the proton beam.
The beam can be detected by inserting
a thin plate of quartz over the target.
The quartz fluoresces, emitting a spot of
purple light in the area struck by the
beam. Advance or retard the adjustable
needle in the brass disk of the accelera-
tor tube nearest the terminal to focus
the beam. The spot should focus to a
diameter of about one millimeter. The
quartz plate is mounted on an impr()-
vised pivot so that it can conveniently
be swung away from the target when it
is not in use.

“The accelerating potential of 250
kilovolts develops a proton beam of rela-
tively low energy compared with the
beams of full-scale accelerators. For this
reason the amateur experimenter is lim-
ited to the investigation of nuclear reac-
tions in elements of low atomic weight.
The bombardment of boron and fluoride
targets with protons liberates intense
gamma rays with energies substantially
above 250 kilovolts. The rays can be de-
tected with a Geiger-Miiller counter or
a sodium-iodide scintillator having a
photomultiplier tube and a meter circuit.
As the potential of the Van de Graaff
generator is gradually increased from
zero, the emission of gamma rays from
boron is detected at 163 kilovolts and
from fluoride at 224 kilovolts.

“Most of my experiments have been
conducted by bombarding deuterons
with deuterons. The reaction liberates
neutrons. Neutrons combine with many
elements, which become radioactive as
a consequence of the reaction. The ele-
ments can be identified by the nature of
their subsequent emissions. Neutron ab-
sorption also causes some elements, no-
tably uranium, to fission. The half-life of
the resulting radioactive products ranges
from minutes to millenniums. An appro-
priate target of uranium can be bought
from A. D. Mackay, Inc. (198 Broadway,
New York, N.Y. 10038) for $5. The
order must be accompanied by a self-
addressed envelope.

“The energy levels of radioactive nu-
clei can be determined by measuring
the energy of the emitted gamma rays.
A good target for this reaction is a thin
film of heavy water (D.,O). I freeze a
thin film of heavy water on the inner
surface of a copper target by cooling the
exterior surface with liquid nitrogen.
Liquid nitrogen can be obtained from
dealers in welding supplies. Another sat-
isfactory target is deuterium orthophos-
phate, which can be made by adding
heavy water a drop at a time to a small
amount of phosphorus pentoxide until
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all the material has reacted. The energy
of neutrons liberated by the deuteron-
deuteron reaction averages about 2.6
million electron volts. At a Van de Graaff
potential of 200 kilovolts and a current
of 10 microamperes the reaction will
liberate approximately 5 X 107 neutrons
per second. I prepared for the experi-
ments by buying a 25-liter cylinder of
deuterium and 100 grams of heavy wa-
ter from Bio-Rad Laboratories (22 Jones
Street, New York, N.Y. 10014).

“A word of warning is appropriate.
Although the accelerator is small and
the potential of the Van de Graaff ma-
chine is relatively harmless, the proton
beam and the products of the nuclear
reactions are hazardous. In addition to
emitting gamma rays, the machine can
generate X rays of substantial intensity.
The apparatus must be effectively shield-
ed. For shielding I use a double layer
of solid concrete blocks 18 inches thick.
In addition I surround the target with
several blocks of paraffin when experi-
menting with targets that emit neu-
trons. I monitor the control side of the
shielding at all times with a dosimeter
and wear a film badge when working
with the accelerator or its products.
Dosimeters and film badges can be ob-
tained from the R. S. Landauer Com-
pany (Glenwood, Ill. 60425). The ex-
perimenter should bear in mind that
the U.S. Atomic Energy Commission
requires that personnel working with
radiation materials receive not more
than 100 millirems of radiation per 40-
hour week.

“I shall be glad to answer questions
from those who undertake the construc-
tion of the accelerator. Correspondence
can be addressed to Larry Cress, R.F.D.
No. 1, Pennington Gap, Va. 24277.”
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AMATEUR
TELESCOPE
MAKING

Edited by Albert G. Ingalls

This set of books is the au-
thoritative reference library
of the enthralling hobby of
amateur telescope making.
Through these books thou-
sands have discovered a fas-
cinatingmechanicalartcom-
bined with a great science.

Book One

It begins at the beginning,
teaches the basics of glass
grinding and how to com-
plete the first telescope.
(497 pages, 300 illustra-
tions.) Postpaid: $5.00 do-
mestic, $5.35 foreign.

Book Two

This book leads on into ad-
vanced methods of amateur
optical work and describes
new projects for the tele-
scope maker. (650 pages,
36lillustrations.) Postpaid:
$6.00 domestic, $6.35 for-
eign.

Book Three

Book Three opens up fur-
ther fields of enterprise;
e. g£., binoculars, camera
lenses, spectrographs,
Schmidt optics, eyepiece de-
sign, ray tracing (made
easy). (644 pages, 320 illus-
trations.) Postpaid: $7.00
domestic, $7.35 foreign.

Send postcard
for descriptive circular
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415 Madison Avenue, New York, N.Y. 10017
(Restdents of New York City please add 7% sales tar)

(Other NYS residents please add 4% state sales
tax plus local tax)
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by Philip Morrison

N~NvAL ReEport 1970, by the Cen-
ter for Short-Lived Phenomena.

Smithsonian Institution, Cam-
bridge, Mass. ($5). On April 8 an early-
rising resident of West Hartford, Conn.,
saw “a bright streak like a bomb burst-
ing.” Later, at 6:00 a.M., Paul J. Cassa-
rino of suburban Wethersfield awoke to
find plaster on the floor of his living
room. A meteorite weighing three-quar-
ters of a pound had fallen through the
plywood roof to lodge halfway through
the ceiling!

Something of Cassarino’s sense of ce-
lestial intimacy was transferred by post-
card within a day or two to the many
thousands of friends and subscribers of
the service of the Center for Short-Lived
Phenomena. The card told the facts, as
telephoned to Cambridge by the very
men who identified the rock as a bona
fide meteorite. (It was a common kind
of chondrite, and it was in the hands
of expert analysts before the week was
out.)

The Center for Short-Lived Phenome-
na has been at work since January, 1968.
It grew out of efforts to “catch a falling
star”—more prosaically to bring a fresh-
ly fallen meteorite into the laboratory
quickly enough so that information
about the cosmic ray intensity in space
near the earth, perishably locked in
short-lived radioactivity, would not have
fully decayed. It was clear from the
start, however, that many kinds of “fast
and accurate information on the occur-
rence of short-lived natural phenomena”
would be of interest to scientists in sev-
eral disciplines. Today the center has
3,000 registered correspondents in some
150 countries; these scientists or organi-
zations report nearby short-lived events
and follow up on their first alerts, and in
turn they receive the reports of similar
events around the world. The chief re-
source of the center is the global com-
munications network of the Smithsonian
Astrophysical Observatory, which uses
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A compendium of curious events reported

by the Center for Short-Lived Phenomena

commercial, NASA and other Govern-
ment circuits. The center stays in touch
with event areas as the events are in
progress; it immediately alerts those per-
sons and agencies that might quickly re-
spond, and within 24 hours dispatches
postcards that broadcast the alert; then
it forwards authentic data and conclu-
sions as study of the event proceeds.

This 300-page book, with maps and
photographs, its text in unjustified type-
script, indexes the work of the center
from its very start. The bulk of the book
is a summary of the 113 events in 51
countries that the center reported dur-
ing 1970. These events fall into four
classes. Earth-science events are just un-
der 50 in number; they include 19 ma-
jor earthquakes, 22 volcanic eruptions,
tsunamis, landslides, floods, storm surges
and more. Biological events are even
more varied; they include oil spills and
other major pollution events as imminent
threats to the web of life, and they ex-
tend to events remote from the hand of
man, such as the migrations of animals,
blights and epizootics. The astrophysical
events are mostly fireballs and meteorite
falls (plus recurrent moonquakes!). Ar-
chaeology and anthropology claim such
occurrences as the discovery of a ruin
soon to be flooded or the first contact
with a new group of people. The unify-
ing theme is the need for on-the-spot
scientific study of the event before its
course is run; naturally this interest over-
laps with, but is not the same as, the
interests of the government agencies all
over the world that are generally respon-
sible for resource control, rescue and
relief.

Tragedy is present, since everywhere
the lives of men remain at the mercy of
the largest forces of nature. The terrible
November storm surges of the Bay of
Bengal were Event No. 100 of 1970;
the event was of course intensively re-
ported in the regular news media, but
the summary here (by Dr. M. Q. Khuda
of Dacca) is eloquent in its simplicity.
Although many hundreds of thousands
died, “no permanent change in the land
mark is visible.” Mankind is perhaps
most vulnerable along the many mouths
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of the Ganges. The avalanche that en-
tirely buried Yungay in Peru under some
10 feet of mud in the earthquake of
May, 1970, is described with equal care.

Late this summer the inhabitants of
the Mississippi Valley from its Canadian
head to the Gulf can expect a cyclical
peak in the number of migrating mon-
arch butterflies; 1970 was the first of
the two peak years that recur on a six-
or eight-year cycle. Thousands of the
bright-yellow-and-black creatures can
be seen on a single tree. The cycle is the
result of an interaction of the insect and
a virus.

Why do whales beach themselves?
Here is the account of the stranding of
about 150 false killer whales, animals
weighing less than a ton each, on a
shelving Florida beach. Towed to sea
by boats, they immediately swam back
to beach themselves all over again. After
a second towing effort perhaps a third
of the animals found their way out to
sea. On autopsy there was no sign of
bacterial disease, but it was noted that
the water was abnormally cold.

The crown-of-thorns starfish, that
hungry predator on the living polyp of
the hard madrepore coral, continues to
spread alarmingly over the Pacific, again
for uncertain reasons. The notorious Ma-
laysian frog war of last November is re-
interpreted; afterward there were tad-
poles aplenty. Those 10,000 frogs were
making love, not war. Deception Island,
a drowned volcanic crater 500 miles
south of Cape Horn, blew up in the win-
try August of 1970. Its dust and ashes
were “probably the most important [for]
the last three years or so. It seems that
the Dust Veil Index will be somewhere
in the range between 150 and 500 (Kra-
katau 1883 eruption equals 1,000...).”
No one was there; the first news came
from Antarctic bases some 50 miles
away, where a rain of black ash covered
the entire area to a depth of millimeters.

By December, 1970, people had visit-
ed Deception; a photograph was pub-
lished recently. The center’s main pur-
pose was thus fulfilled. Indeed, more
than 84 of the events it reported in 1970
were investigated. But he who stays at



home—amateur, student, teacher—can
share a little of the investigator’s excite-
ment and awe at the changing fabric of
our world by reading the center’s alerts.
There are services matched to all budg-
ets and all levels of specialization. You
can arrange for notice by wire, by air-
mail card or by weekly or even monthly
batches, in each class of events. Schools
and museums should be particularly in-
terested. The cards supply just those de-
tails of place and time, with cogent ap-
praisals, that the news services often
omit.

The performance of this pioneer office
is not faultless: the Annual Report—with
much too bland a title—could be im-
proved by greater editorial resources. It
is nonetheless splendid reading as it
stands; the “real time” services are even
better and the future holds more. Surely
the center is the first form of what some-
day will be a knowing and prescient
worldwide public monitoring service
both for action and for thought.

Long live the Center for Short-Lived
Phenomenal!

NTERNATIONAL TELECOMMUNICATIONS
AND INTERNATIONAL LAW: THE REG-
ULATION OF THE Rapio SpPECTRUM, by
David M. Leive. Oceana Publications,
Inc. Dobbs Ferry, N.Y. ($16.50). Eye,
ear and radio receiver discriminate sig-
nals not only in time and space but also
in quality: color, pitch or frequency.
This new dimension (whose utility de-
pends on the fact that the time scale for
meaningful signal changes is much slow-
er than the inner time variation that es-
tablishes quality) is the main basis of an
important body of international behav-
ior and law. This detailed study by an
attorney on international matters for the
Communications Satellite Corporation
is a critical analysis of the body of law
and of the agency that administers it.
His study is set in the context of history;
it is much concerned with the rise of
space communications, a wholly new do-
main that was the topic of a special in-
ternational conference this past month.
Frequency bands are allocated by in-
ternational treaty within three world re-
gions according to types of service. The
Plenipotentiary Conference of the In-
ternational Telecommunication Union
holds the supreme legislative power.
The ITU is ruled by that conference,
which meets every five or six years to
work out anew the entire complex
treaty, ultimately signed by all the mem-
ber countries. The main interest of this
volume is the work of a board of five in-
dependent men elected at the confer-
ences, each man from a different coun-

try. These men form the International
Frequency Registration Board, an organ
with many faces. It issues findings as a
court does, and it publicly notes and
formally records specific national fre-
quency assignments within the bands as
a registry office records deeds to land.
It conciliates conflicts, promulgates
technical standards and procedures and
offers aid to developing countries. It
is busy; its 100-member staff, working
among several other distinct agencies
of the ITU in Geneva, publishes about
50 pages of frequency assignments
weekly. The full frequency list, pub-
lished every year or two as computer
printout, gave at the end of 1968 the
particulars of about 364,000 individual
assignments. These assignments are
made by nations in presumed compli-
ance with the treaty and conveyed to
the Frequency Registration Board in the
hope that acceptance in the Master Reg-
ister will confer some measure of na-
tional claim to the frequency so as-
signed.

Just what measure of protection ac-
tually accrues in various circumstances
is the main content of this book, a subtle
study of an organization whose prac-
tices are more complex than those of
the most hairsplitting faculty senate.
Nations can make any specific assign-
ments they hold to be proper, that is, to
cause no harmful interference. It is up
to the board to concur or not, under a
shifting and ambiguous regime of prece-
dent and criterion. The board has no
powers other than publicity and per-
suasion. Its sanction is mainly that if its
finding is ignored, its protection can less
easily be sought by the same party in a
future case. True, the nations are bound
to obey the frequency allocations, but
they need not even do that if no harmful
interference results. What is harmful re-
quires judgment; it is plain that priority
claims on a frequency can reflect obso-
lete practice or vary in their effect with
the sunspot cycle. The radio spectrum is
not consumed; rather, a channel is being
wasted whenever it is not in use. Yet the
overall arrangement is remarkably self-
enforcing; it “offers an excellent example
of how national self-interest can be har-
nessed to promote compliance with in-
ternational law.” Generally administra-
tions would rather have interference-free
communication than perfect their legal
claims.

There are sharp limits to this rule of
reason. All nations have veto power over
the Frequency Registration Board. Na-
tions “retain their entire freedom with
regard to military radio installations,”
and such installations are not really un-
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der the board (although there is some
fine print). Shortwave broadcasting is
specially treated; European history has
made its regulation intractable. De-
mands for broadcasting channels far ex-
ceed the space; the board publishes only
a list of announced schedules for those
channels and then washes its hands of
the broadcasters—4,000 clamorous occu-
pants crowding into a few hundred
voice channels. These days the techno-
logically advanced nations are more and
more moving their heavy message traffic
by way of cables and satellite links.
Point-to-point high-frequency service by
way of the ionosphere becomes increas-
ingly the choice of the developing na-
tions. They know that a few thin an-
tenna masts and a houseful of not very
costly gear can put them in contact with
the world, provided that the frequencies
are available. National pressure is there-
fore greatest within the high-frequency
bands, from a few megacycles to 30
megacycles. Hence many smaller na-
tions (to name three that spoke up:
Cuba, Syria and Burma) defended the
board in 1965 against a European and
U.S. proposal to eliminate it in favor of
a single director with purely technical
duties. The board was cut in size from
11 to five, but it remains an elective and
independent body.

Leive devotes a chapter to his recom-
mendations. He comes down on the side
of the board and its usefulness, even
though he can see its shortcomings.
There are many tasks that no mere tech-
nician can perform. He wants for the
board more powers, more law, less am-
biguous procedures and more indepen-
dence, financial and personal. Perhaps
its gentle control could even be extend-
ed to assigning exclusive sectors of the
valuable orbit above the Equator.

The ITU regime began with a Paris
conference in 1865, attended by 20 Eu-
ropean states, that adopted the first In-
ternational Telegraph Convention, some
of whose rules survive today. Adminis-
tration under that agreement was vested
until 1948 in the Berne Bureau, com-
posed of Swiss personnel and financed
by the Swiss government! Those were

indeed simpler days.

THE BoRN-EINSTEIN LETTERS: CORRE-
SPONDENCE BETWEEN ALBERT EIN-
STEIN AND Max aAnp Hepwic Born
FROM 1916 TO 1955, with COMMEN-
TARIES BY Max Born. Translated by
Irene Born. Foreword by Bertrand Rus-
sell. Introduction by Werner Heisen-
berg. Walker and Company ($8.50).
What a play! What a cast! Wolfgang
Pauli, not even mentioned in the billing,
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has a brilliant short part in the last act
that all but steals the scientific show.
The drama, however, is not mainly sci-
ence. There are some 120 letters, each
followed by a comment written by Pro-
fessor Born between 1965 and 1969.
Each bears its own telltale date and its
contemporary burden of truth and fan-
cy, of opinion, posturing, irony, advice
and jest—whatever went back and forth
between Einstein and the Borns as they,
their century and ours reeled from the
years of Field Marshal Ludendorff and
Fritz Haber to those of Joseph McCar-
thy and Robert Oppenheimer.

There is no mistaking that there are
three people on the stage. The role of
Hedwig Born—poet, playwright, devout
pacifist and generous friend—is wholly
engaging. At one point she is turning
Einstein’s cynical little joke or two about
women back on him; at another she is
holding before him the ethical vacuous-
ness of a complete determinism. Max
Born plays two parts, so to speak: writ-
ing recently, he comments on what he
and the others thought long ago, cre-
ating a play within the play of life. Per-
haps this gives the book its special in-
tensity. What happened to this hope
and to that plan, what became of
the brilliant impoverished assistant? We
nearly always learn the outcome; some-
times the very name brings us the news
by hindsight. Born wrote: “Young Pauli
is very stimulating—I shall never get an-
other assistant as good.” Possibly true,
and yet his next young assistant was
“just as gifted, and also more conscien-
tious.” He was Werner Heisenberg.

The depth of the work lies in Ein-
stein. He sounds like Lear—dark, pro-
found, startling, ironic. In 1927 he
writes: “The centre of gravity for cre-
ative activity is located in different parts
of the body in men and women.” In
1947 he says that work “helps one bear
the craziness of the people who deter-
mine the fate of Homo sapiens (so-
called) on the grand scale.” In 1937,
commenting on a professor forced to
leave a Muslim university because he is
not Islamic, he writes: “It is really rather
a comforting thought that in India, too,
the all-too-human trait of knavery pre-
dominates. After all, it would be just too
bad if this were to be the privilege of
the proud white race. I believe that all
creatures who can have young ones to-
gether are very much the same.” Also
in 1937: “Should I ever recommend a
mediocrity to them, even just once, my
credit there would be at an end, and I
would never again be able to help. It is
sad that one is forced to treat human
beings like horses where it matters only
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that they can run and pull, without re-
gard to their qualities as human beings.”

The concerns of pensions and jobs, of
the unfortunate and the promising, fill
many of these letters, written so often
in war and chaos, in exile or in appre-
hensive return. The largest theme in
point of length of treatment, and the
one engaged most technically, is of
course the problem of the interpretation
of quantum mechanics. Born is the man
who suggested the statistical interpreta-
tion of the wave function. This interpre-
tation, as Born writes in the late 1960’s,
is the basis of the common view of the
“Copenhagen school, which today lends
its name almost everywhere to the line
of thinking I originated.” Einstein is the
adversary, although he wrote in the
spring of 1926: “The Heisenberg-Born
concepts leave us all breathless. ... In-
stead of dull resignation, there is now a
singular tension.” Within the year of the
birth of the great theory he came to his
lifelong doubts: “Quantum mechanics is
certainly imposing. . . but does not really
bring us any closer to the secret of the
‘old one.” I, at any rate, am convinced
that He is not playing at dice.”” Pauli’s
crisp little essay of 1954, here in the con-
text of a volley of Born and Einstein let-
ters, certainly puts the Copenhagen-Ein-
stein difference in its clearest light. Even
it does not have the final word.

It is impossible to avoid comparison
between this book, a material witness to
the generation of quantum mechanics
and of two wars, and another key wit-
ness: the recent book by Werner Heisen-
berg. In the metaphor of the theater,
Heisenberg’s book is a romantic play—
witty and deep, and artfully constructed
to display the fate of men and of their
ideas. The Born-Einstein Letters is clos-
er to today’s theater, marked with all
haste and imperfection, with real people
in real and pressing time, yet with a ju-
dicious chorus to throw light (some-
times heat) on events as they were
woven into public history and private
biography. These are three rare men and
women of that old German university
world, whose lives “shine with an intense
beauty,” as Lord Russell, out of the wise
generosity of his own ripe age, put it in
the foreword.

DEEP Ockans, edited by Peter J. Her-

ring and Malcolm H. Clarke. Prae-
ger Publishers ($18.50). THE OPEN SEA:
Its NaturaL History. ParT I: THE
WoRrLD oF PrLANKTON. PArT II: FIsH
AND FisHERIES, by Sir Alister Hardy.
Houghton Mifflin  Company ($20).
HM.S. Challenger’s four years at sea
remains “the longest continual explora-

© 1971 SCIENTIFIC AMERICAN, INC

tion by a scientific vessel.” In these
books Britannia still rules the science of
the waves. Deep Oceans is a new overall
Anglo-American survey of oceanogra-
phy (beyond the continental shelf), the
majority of whose text and photographs
originated with the National Institute of
Oceanography, where the editors work.
It is a large and attractive book written
at a first-reference level, with many
graphs and tables as well as full-page
color photographs. It aims to convey the
look and feel of the modern life of tak-
ing ocean data; its longest chapter, titled
“Hardware and Software,” treats of the
sensors towed deep below the ship, the
computer on board, the navigational
satellite in orbit high overhead. A chap-
ter on ocean physics is particularly well
written, its complex material handled by
H. Charnock of the University of South-
ampton with a grace that does not slight
the anatomy and physiology of the ocean
itself. Most of the book is devoted to the
biology of ocean plants and animals and
their ecological interactions, and to the
exploitation of ocean fisheries. The fish-
eries chapters, with a final essay on sub-
marine geology, are particularly up to
date.

The surface of the open sea is blue,
and so are many of the living forms of
the neuston: those beings that live in
the top few centimeters of the waters.
A full-page photograph shows in deepest
ultramarine 100-odd little copepods en-
larged about 10 times; it is one of the
most striking biological pictures in years.
The photographer is P. M. David, head
of the biology department at the Na-
tional Institute of Oceanography, and he
has furnished more than 40 color pic-
tures showing a glorious living oceanic
bestiary from scarlet prawns with laven-
der egg masses to pale, hairy oceanogra-
phers.

The marvelous copepod blue—the re-
sult of the combination of the red carote-
noid pigment astaxanthin with a pro-
tein—is exactly the color of the unboiled
lobster, although there it is darkened by
other agents. One of its functions is cer-
tainly camouflage, yet even powerful
predators such as the Portuguese man-
of-war have the same pigment. There is
a suggestion (accompanied by a graph
of absorption v. wavelength) that the
pigment reflects the sun’s strong near-
ultraviolet, which may damage the deli-
cate cells of the animals.

The Open Sea, two normal volumes
bound as one, is a different kettle of
plankton. It too has many color plates,
but they are often watercolor paintings
executed by its sole author and chief
illustrator, Sir Alister himself. It is per-



sonal and ruminating, a little old-fash-
ioned and romantic. It has few graphs,
although there are plenty of maps and
sketches. The different flavors of the
two books can be compared thus: Deep
Oceans has real photographs of voracious
little squids made with a baited camera
in the middle depths. Sir Alister also
treats squid life carefully, but he di-
gresses to the giant squid; he presents
a photograph of one cast ashore, a mere
20 feet overall, and he cites dark records
of 50-foot monsters. The Open Sea is
not so up to date, particularly in the eco-
nomics of fisheries. The publisher mod-
estly describes the book as a reissue. (It
was completed in 1959 and published in
two volumes.) In actuality the first vol-
ume has been revised very helpfully, if
only here and there, by Sir Alister a
decade later.

Pay your money (quite a lot of it) and
take your choice. With either book—the
personal one or the team effort, color film
or watercolor, a background of romance
or of biochemistry—you will get a rich
and lasting work about the sea.

THE RorLs-Rovyce Stomy, by Lynn

Perkins. Rolls-Royce, Inc., Box 564,
Paramus, N.J. ($5). Here we review not
a book but a poster. Thirty excellent
color reproductions, each three inches
by four inches, together with their cap-
tions fill this single large sheet. They
comprise a historical pageant of the
magnificent Rolls-Royces, from the 1904
horseless carriage to the latest Silver
Shadow. Every car shown here is still on
the road; the compiler drove each one
of them himself while photographing
them. He writes: “I have every confi-
dence that all these machines will be
running 1,000 years from now.” How-
ever that may be, given man’s devotion
and heaven’s corrosion, all the photo-
graphs are handsome, presenting some
gleaming car against a subdued orange
background. The pictures are large
enough so that one can just make out
that the famous double-R monogram
changed from red to black to mourn the
death of Sir Henry Royce. Whether the
purest automobile type is represented
by the 1921 Open Tourer, the alumi-
num-bodied state car of the Maharaja
of Sarila, the 1929 American-built
Springfield Speedster Phaeton with its
great red wire wheels or the 1907 origi-
nal Silver Ghost (quite literally silver-
plated) individual taste must decide.
One picture devoted to a close-up of,
say, the Rolls-Royce 40/50 horsepower
six-cylinder engine might have been in-
cluded for those intimate devotees who
eagerly lift the bonnet.
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WHY VEGA IS PRICED

We admit that Vega isn't the most in-
expensive little car you can buy.

Nonetheless, we maintain that, dollar
for dollar, Vega is the biggest bargain you
can get in little cars.

And we have evidence.

Now you see it.

There are other little cars that came
out this year, just like Vega.

Only unlike Vegaq, they have engines
that already existed in other cars. Not Vega.
We designed an engine (l) from scratch.
Overhead cam. Aluminum block. It'll give
you plenty of power. And, in our highway
tests, we've been getting about 25 mpg with
the standard engine and transmission.

There are other obvious differences
between Vega and other little cars, too. Like
our wheels and tires (2). They're a little wider
than the wheels and tires on most little cars.
A little thing? We think anything we can
do to make Vega ride and handle better is
a big thing indeed.

Another not-so-little thing. The back
seat (3). You may never have to use the back
seat yourself. But somebody will. And when
they do, they'll discover that Vega's back
seat is a foam-cushioned seat, complete with
frame. Now we realize that may not sound
like any big deal, but when you're out com-
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Buckling your seat and shoulder belts
is an idea you can live with.

A LITTLE HIGHER THAN
OTHER LITTLE CARS.

paring little cars, try out the back seats.

The difference is astounding.

Now you don'.

Some of the differences between Vega
and most other little cars just can't be seen
with the naked eye.

But they're real all the same.

Like protective side-guard door beams
(4), for instance. No other little car has them.
Vega does.

And front disc brakes (5). Some little
cars we know don't have them. But Vega
does—nice big 10-inchers. Because we want
you to have good stopping power.

And Vega also has a power ventila-
tion system (6). And an acoustically engi-
neered double-panel roof (7). And an elec-
iric fuel pump (8). And coil springs at each
wheel (9).

And, well, more.

The moral.

We built Vega on the premise that a
little car should be just as much car as any
big car, only smaller.

And Vega is.

If you still doubt us, compare. Come
on in and sit in our seats. Take us for a ride.
Read our catalog. Ask us questions.

Vega. In the long run, it just might be
the most inexpensive little car you can buy.
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Our record for reliability:
today it extends even to
mass-produced micro-circuits.

You know our resistors, billions produced to the highe
quality standards. Now we’ve added to this tradition. Pr
thick and thin film networks. Tiny RFI filters to conquer
pollution. Miniaturized pots and trimmers. Hybrids, op!
electronic devices, even large scale integrated circuits!
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