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THE 1984 CHRYSLER NE\X YORKER

Chrysler’s most technologically advanced luxury car.
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You have never been so well informed,

There has never been a luxury car like it. The sleek new
Chrysler New Yorker brings you impressive new electronics, a
superior Protection Plan and the option of exhilarating new
turbopower. Without question, this is Chrysler’s most technologi-
cally advanced luxury car.

Compare it carefully to other luxury cars. You enjoy front
wheel drive for better traction on wet surfaces. You ride quietly
and smoothly, surrounded by plush room and a bounty of
luxuries. And you are served by ingenious new electronics.

You command new electronics and turbopower.

Enter the New Yorker and take control. The new graphics
message center informs you, and the electronic voice alert
monitors and reports on 11 vital functions. New electronic fuel
injection gives you better performance. And you can add turbo-
charging, the exciting new way to achieve even more power. Just
step on the accelerator and your fuel-injected turbocharged
engine delivers true luxury car performance at its finest.

Notice that your car has been carefully fitted, finished and

*Whichever comes first. Limited warranty. Deductible applies. Excludes leases. Ask for details at your Chrysler-Plymouth dealer. **Base 2.2 liter engine. Use EPA

National Highway Traffic Safety Administration safety recalls
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so comforted and protected in a luxury car.

equipped. Among your standard luxuries are automatic trans- protected for 5 years or 50,000 miles; and its outer body is
mission, power windows, power steering, power brakes and protected against rust-through for the same period.

dual remote controlled power mirrors. Your front seats are new Nobody else offers you 5/50 protection in a luxury car.
individual pillow style recliners, and of course, you can choose And nobody else offers you such a quury car.

the luxury of rich leather seating. Buckle up for safety. 6T, @

5 year/50,000 mile Protection Plan.

A
The New Chrysler Technology brings you the best built, best The best built, best backed CEr St
backed American cars.t Your car's engine and powertrain are Amerlcan cars. b

est. MPG for comparison. Your mileage mayvary depending on speed, trip length and weather. Highway and California ests.lower.tBased on Corporate percent of
for '82 and ‘83 modelsdesigned and builtin North America.

EST
MPG *
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THE COVER

The painting on the cover is an artist’s representation of a patch of a cell mem-
brane: that of the salt-loving organisms called halobacteria. The membrane is
composed of a bilayer of lipids in which molecules of the protein bacteriorho-
dopsin (orange) are embedded. The configuration of bacteriorhodopsin has been
revealed by analysis of electron-diffraction patterns and electron micrographs
(see “The Structure of Proteins in Biological Membranes,” by Nigel Unwin
and Richard Henderson, page 78). The view in the cover illustration is perpen-
dicular to the surface of the membrane. One sees only the heads of the lipid
molecules, drawn schematically as small blue spheres; the two long hydrocar-
bon tails of each molecule extend into the interior of the membrane. The orange
objects are alpha helixes of the bacteriorhodopsin. A molecule of the protein
consists largely of seven helixes, three of them perpendicular to the plane of the
membrane and four of them tilted from the perpendicular. Each roughly circu-
lar cluster of alpha helixes seen in the painting is a group of three molecules.

THE ILLUSTRATIONS
Cover painting by George V. Kelvin
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LETTERS

The article by Herbert F. York [“Bi-
lateral Negotiations and the Arms
Race”; SCIENTIFIC AMERICAN, October,
1983] makes gloomy reading, and it
gives the impression that the nuclear
stalemate is inevitable and will contin-
ue for a long time. I am worried that it
may lead to the spread of apathy if peo-
ple do not realize that the situation can-
not stay the same: if it does not get bet-
ter, it will get very much worse. Not
only does the number of nuclear weap-
ons continue to increase but also the
qualitative arms race has spawned
MIRVed missiles and now those with
terminal guidance. Such changes (ini-
tiated in the West) threaten the ability
to retaliate, on which mutual deterrence
rests. Nuclear war is therefore becom-
ing likelier.

It is also unfortunate that Dr. York’s
generally balanced article should end
by offering hope only if the Russians
change. Since talks have so often broken
down over the problem of verification
by on-site inspection, it seems to me
that the West has a terrible responsibil-
ity in at least two ways. First, the U.S.
has failed for seven years to ratify the
Peaceful Nuclear Explosions Treaty,
which allowed some on-site inspection
and might have been a prototype for
more far-reaching arrangements. Sec-
ond, the cruise missiles now being intro-
duced are, as a recent article in News-
week puts it, “a verification nightmare”
that with other developments may “put
an arms-control agreement all but out
of reach.” I do not know how such de-
velopments affect Western credibility in
Russianeyes, but they destroy it in mine.

I hope that many of your readers feel,
as I do, that if a voluntary moratorium
on testing could operate in the 1950’s,
it cannot be beyond the wit of human-
kind to adequately verify a total nucle-
ar freeze in the 1980’s.

ROBERT WALL

Bedford, England

Sirs:

I am not quite as pessimistic as Mr.
Wall's letter implies, and I do not be-
lieve that revolutionary change in Rus-
sian political practices is a sine qua non
for further progress.

Political repression in the U.S.S.R. is
not simply an internal problem; it has
many ramifications in international af-
fairs, and one of the most important of
them is the way it combines with the
huge size of that country to make verifi-
cation of most any kind of arms-control
agreement uniquely difficult. Even so, I

believe further progress can be made
if, on the American side, our leaders
adopt a somewhat less paranoid atti-
tude toward the problem, and if, on the
Russian side, they fully and frankly rec-
ognize that they are a unique case and
that they must make special concessions
designed to overcome the extraordinary
difficulties their political system creates.
Indeed, their understanding of the prob-
lem and their willingness to at least
partially face up to it have slowly but
steadily evolved over the years. This is
evidenced, as Wall rightly points out,
by the provision for on-site inspections
(albeit in certain rare and unusual cir-
cumstances), by their acceptance of
the Peaceful Nuclear Explosions Trea-
ty and, more important, by their accept-
ance in principle of both on-site in-
spection and in-country seismic stations
(“black boxes’) during the now defunct
negotiations on a comprehensive test
ban. On our side there has also been
some evolution in the right direction
over the years, although it must be said
that the current Administration’s atti-
tudes constitute a reversal—I hope tem-
porary—in the longer trend.

HERBERT F. YORK

Science, Technology and Public Affairs
University of California
San Diego

Sirs:

In Edward J. Wasp’s article on slur-
ry pipelines [SCIENTIFIC AMERICAN, No-
vember, 1983] he discusses the require-
ment to dewater a coal slurry for use in a
power plant. Whereas in the past it was
considered essential to separate water
from coal before burning slurry in boil-
ers, recent research has shown that this
isnot necessary. Direct injection of coal-
water slurry in the liquid phase through
atomizers with satisfactory combustion
has been demonstrated in furnaces and
boilers. The water in the slurry (30 per-
cent) reduces the flame temperature and
modifies the heat transfer and chemical
reaction, but ignition and completion of
combustion are achieved by appropriate
modification to the burner. In addition
to the successful burning of slurries in
furnaces for industrial and power-plant
boilers, tests are being conducted with
micronized coal-water slurry for direct
injection into gas-turbine and diesel en-
gines. The feasibility of burning coal us-
ing liquid handling, transportation and
injection systems could lead to a large-
scale increase in the utilization of coal as
an alternative to petroleum.

NORMAN CHIGIER
Department of Mechanical Engineering
Carnegie-Mellon University

Pittsburgh, Pa.
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Listsand describesmorethan
300 valuable microcomputer
programs available directly
from Westico. Covers scientific,
business, and professional ap-
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engineering, graphics, time
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than 50 language processors,
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50 AND 100
YEARS AGO

SCIENTIFIC
' AMERICAN

FEBRUARY, 1934: “The huge Van
de Graaff electrostatic generator, which
recently underwent its first tests at the
Round Hill research station of the Mas-
sachusetts Institute of Technology, is
designed to develop direct current at ap-
proximately 10,000,000 volts. Up to the
time the Van de Graaff generator was
designed, science with the best means at
its disposal had not been able to obtain
continuous direct current at more than
800,000 volts. The use of this great gen-
erator for research is expected to mark
the beginning of an era of extraordinary
significance in which extremely high
voltages will make possible investiga-
tion of some of the most fundamental
secrets of nature. The generator consists
of two separate units, each with a pol-
ished aluminum sphere 15 feet in diame-
ter resting on a hollow cylindrical insu-
lating column 25 feet high and six feet in
diameter. The generator was built for
the specific purpose of atomic research:
the bombardment of nuclei, the centers
or kernels of atoms.”

“The Institute of Geographical Ex-
ploration at Harvard University has
performed a wonderful feat of making
an air map of Massachusetts, the first
state to be completely covered. The area
of 8,039 square miles was the largest
ever surveyed in this fashion. The alti-
tude of the airplane was 15,000 feet,
and the scale of the photographs was
1/30,000, or two inches to the mile.
Only 800 composite photographs were
taken, and the total flying time was lim-
ited to 24 hours 40 minutes. This great
achievement was made possible by the
use of the Fairchild Five-Lens Aerial
Camera, which has virtually revolu-
tionized the art of aerial photography.”

“The heart of a reflector telescope is
the mirror, and for many years the stan-
dard mirror coating has been of silver.
Even in the best atmosphere a silver
coating deteriorates badly and has to be
replaced in from six months to a year. A
better metallic film is much to be de-
sired, and one with almost ideal prop-
erties has now been found. It is of a
familiar but most unexpected composi-
tion—aluminum! One might fear that
this coating too would oxidize and be
spoiled, but it covers itself with a uni-
form, transparent and almost infinitesi-
mal thin film of oxide and undergoes no

6

further change. Aluminum oxide is one
of the hardest substances known, ap-
pearing in nature as corundum or in its
precious forms as ruby or sapphire, and
the tenacious coating that automatically
forms on the mirror surface has extraor-
dinary protective powers.”

“The familiar automobile, when mov-
ing at today’s normal speeds, exerts
more power to overcome air resistance
than to conquer ground friction. Yet
motor-car streamlining has hitherto
been almost neglected by manufactur-
ers. Speed has been achieved by the
mere application of brute power—and a
tremendous wastage of gasoline. If by
1940 true streamlining of cars has not
been adopted, and if average speeds,
as projected by present trends, reach 64
miles per hour, the typical energy ex-
penditure will be 64 horsepower. Trust-
ing that gasoline remains at about 20
cents per gallon, the cost of transporta-
tion would become $1.62 per hour; of
this amount only 31 cents would be de-
voted to getting over the ground. The
rest would be expended on invisible air.”

FEBRUARY, 1884: “Professor S. P.
Langley, astronomer at the Allegheny
Observatory, lately gave the following
views on the brilliant sunsets that have
been observed in recent months: ‘At first
I supposed the sunset matter a local phe-
nomenon, but when the reports showed
it to have been visible all over the world,
it was obvious that we must look for
some equally general cause. There is no
improbability that I can see in suppos-
ing the eruption at Krakatoa may have
charged the atmosphere of the whole
planet (or at least of a belt encircling it)
for months with particles sufficiently
large to scatter the rays of red light and
partially absorb the others.””

“Little by little patient workers in Eu-
ropean laboratories are tracing the life
histories of the minute organisms that
are found in the blood and tissues of
men and animals affected with various
diseases, and are learning to distinguish
those that may be said to cause disease
from those that only accompany or fol-
low it. It is a shame that while these
investigations are being pushed in Ger-
many, France and Great Britain nothing
of the sort is going on in this country, the
good commencement that was made in
this direction by the National Board of
Health having been totally abandoned
for want of funds.”

“With the introduction of gelatine sil-
ver paper, which has the property of be-
ing extremely sensitive to light, enlarged
pictures can now be readily made in a

© 1984 SCIENTIFIC AMERICAN, INC

few minutes with artificial light at night.
Expensive apparatus and lenses, such as
are used in solar printing upon the com-
mon albumenized sensitive paper, are
dispensed with, and in their place a sim-
ple camera or a magic lantern with an
ordinary lamp can be employed.”

“It is not generally known that pyrites
are now extensively used for making
sulphuric acid in this country. Like
many other chemical industries, the
manufacture of sulphuric acid is im-
ported from England, where the acid
has been made from pyrites for the past
20 years. As might be expected, the in-
troduction of the use of pyrites in this
country at once caused a drop in the
price of sulphuric acid, so that now the
acid can be obtained almost as cheaply
in this country as in the English mar-
ket. From the fact that sulphuric acid is
so largely used in the manufacture of
chemicals, and more especially fertiliz-
ers, it follows that cheaper acid cannot
fail to exert an immense and beneficial
influence upon the chemical manufac-
tures of the United States as well as
upon the agricultural industries.”

“It is reported that on the 10th of Sep-
tember last a well was tapped at Baku
in Russia from which petroleum com-
menced to spout with a jet 300 feet high,
at the rate of two million gallons daily.
The effect of this sudden outburst is di-
sastrous to the district, pending arrange-
ments for disposing of such a vast quan-
tity of oil. The great local refining firm
of Nobel Brothers have 14 wells capped
over and idle, it being cheaper for them
to buy oil than to use their own. This
firm announced that by next spring they
will be able to distill 75,000,000 gallons
of kerosene and to transport 90,000,000
gallons. As yet the Baku oil has only
supplied the Russian, Austrian and East
German markets via the Volga, but a
new line of railway just opened will con-
vey the product to the southern Europe-
an markets. The supply is regarded as
inexhaustible and is expected to keep
down the value of petroleum oils and
spirits in Europe.”

“A body in England calling itself the
Society for Psychical Research is ad-
dressing a series of interrogatories to the
public in relation to hallucinations and
dreams. An invitation is issued to all
people who think they have seen ghosts
or specters to state their experiences.
There are some preliminary questions
that ought to be asked. Has any group of
presumably sane men a moral right to
instigate the crazy public to formulate
its ‘mysterious’ experiences? We know
that the most disastrous consequences
sometimes ensue to weak brains from
dwelling too intently on fixed ideas.
Such things exist only in the imagination
of the persons who are subject to them.”
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The IBM 4341 super-mini at universities

The BMOC, from

engineering freshmen
to Ph.D. researchers.
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That’s “Big Machine On Cam-
pus” at two big universities.

The University of Maryland

Engineering freshmen start
using the IBM 4341 after only a
few lectures. “Engineers will utilize
the computer all their professional
lives. The 4341 isso easy to use our
students turn to it instinctively to
solve problems.” says Professor
William Wockenfuss, who devel-
oped the introductory course.

Instructors are enthusiastic.
“We know students use it. We get a
rundown on how often they log in.”
says John Horan. “Log-in com-
mands help them interact with the
4341 with no technical jargon.
adds Aliakbar Elahi.
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Dr. Glenn Ricart, Director of
the Computer Science Center,
remarks, “With the 4341’s “Help’
command. students pick them-
selves up if they stumble. That’s
critical in how they’ll relate to com-
puters in the future.”

“The university’s 4341s serve
as a major resource for interactive
computing.” says James S. Harvi-
son, Acting Assistant Vice Presi-
dent. “We have five 4341s installed
at different campuses serving our
university community. They are a
definite asset to our instruction
and research computing network.”

The Johns Hopkins University

The 4341 is used by The Cen-
ter for Metropolitan Planning and

* _
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Research. Teams of Ph.D.’s, with
Dr. Steven Gottfredson, perform
complex analyses of huge data
bases. One study takes ten-year
census figures and extracts small
samples to test the effects of fed-
eral programs on inner-city hous-
ing. Another breaks down census
data tomake it useful for planning
by fire. sanitation and education
departments.

Professor Gottfredson ex-
plains that “machine capacity and
speed are vital because of the size
of our data sets. We also handle
many interactive algorithms, and
the 4341 gives us fast access to
information.”

The 4341 s used in other areas
at Johns Hopkins, including stud-

© 1984 SCIENTIFIC AMERICAN, INC

ies of cancer frequency and astro-
physicsapplications in preparation
for the launch of the space tele-
scope. Vice Provost of the univer-
sity, Richard Zdanis, says, “We
decided on a 4341 because it’s easy
for inexperienced users and can
support a variety of peripherals.”
IBM systems, using microcode-
assisted VM/CMS, help engineers
and scientists in industry. research,
and universities think about the
problem, not worry about the com-
puter. We'd like to help you, too.
For an informative brochure,
please write IBM Engineering and
Scientific Marketing. 1133 West-
chester Avenue,
White Plains,
N.Y. 10604.
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Telecommunication architects: The communica-
tions revolution is changing everyone’s way of
doing business. And of doing practically every-
thing else, too. Chances are you’ll find one or more
Contel companies at the leading

edge of these
changes. Finding ways to get the ‘“‘un-do-able”
done. And done better. There’s a whole group of
Contel subsidiaries that plan and design, that
construct, install and maintain. Successful innova-
tors in every phase of telecommunication, which
has been called “the industry that defines the 80’s.”
At Continental Telecom Inc. you’ll find us defining
telecommunication. From telephony to satellites.

WRITE TO CONTINENTAL TELECOM INC,, DEPT.501, 245 PERIMETER CENTER PARKWAY, ATLANTA GA 30346 B e —
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SOFTKITs are microcomputer book/disk packages.
The books contain program listings in BASIC
alongside full documentation. The disks contain
the same programs in BASIC. You can use the
programs as-is or modify and combine for special
applications. SOFTKITs are the perfect solution for
software developers, students, computer hob-

byists and professionals.

This is a spectacular collection of 67 programs
in BASIC for 2D and 3D graphics. They form a
complete self-teaching guide that will show you
how to write your own graphics software quick-
ly and easily.

The programs are listed beside full documen-
tation. They show how to use basic plotting com-
mands, create 2D and 3D shapes, store pictures
on disk, translate, rotate, scale, stretch, remove
hidden lines, shade, clip, window, draw perspec-
tive views, use hi-speed animation for simulation
and games. Separate versions available for
IBMpc, Apple, Z-100.

“If you have the slightest interest in graphics
| recommend the book"-Programmer Magazine
Book: $28.50 Disk(IBMpc, Apple, Z-100): $21.50

This is a collection of programs in BASIC for
the application of statistics to business, science
and engineering. Emphasis is on understanding
statistics and using your micro for quick solution
to real-life problems.

Programs are included for statistical distribu-
tions, histograms, sorting, smoothing, mean,
standarddeviation, errors, sampling, estimations,
reliability, confidence intervals, linear and
multilinear regression, curve fitting, correlation,
time series and forecasting. Numerous case
studies. Takes the mystery out of statistics!
Book: $36 Disk(IBMpc, Apple, Z-100): $24

Other soFTkiTs available:

C-Graphics, Prodigy Graphics, 2D & 3D CAD
software, Data plotting software, Stress &
Strain, Vectors, Statics, Engineering software,
Structural analysis software, the Key to the C-64

TO ORDER:Send check drawn on US

bank, Visa/Mastercard No. with expiration date

or money order to KERN INTERNATIONAL, 433

Washington St, PO Box 1029SA, Duxbury, MA

02331. With disk orders be sure to specify IBM,

Apple or Z-100. Add $2/book shipping in US.
Call (617)934-0445 for faster delivery.

FREE CATALOG AVAILABLE

12

THE AUTHORS

NATHAN KEYFITZ (“The Popu-
lation of China”) is Andelot Profes-
sor of Sociology, Emeritus, at Harvard
University and Lazarus Professor of
Social Demography, Emeritus, at Ohio
State University. He is also currently in
charge of the population program of the
International Institute of Applied Sys-
tems Analysis in Laxenburg, Austria.
He received a B.Sc. in mathematics
from McGill University and a Ph.D. in
sociology from the University of Chica-
go. After a career in Canadian govern-
ment service, where he was a research
statistician, he entered academic life. He
has taught not only at Harvard and Ohio
State but also at the University of To-
ronto, the University of Chicago, the
University of California at Berkeley and
most recently in the department of pre-
ventive medicine and biostatistics at To-
ronto. Although he is primarily a sociol-
ogist, he has devoted much of his career
to quantitative problems, at first those
of statistical sampling and later those
of mathematical demography. In 1982
Keyfitz made an extensive tour of Chi-
na, on which his article in this issue is
partly based.

GONZALO VIDAL (“The Oldest
Eukaryotic Cells”) is associate profes-
sor in the department of geology at the
University of Lund in Sweden. Born in
Spain, he moved to Sweden in 1963.
There he received his education at
Lund: the Swedish equivalent of the
M.S. degree in 1969 and the equivalent
of a Ph.D.in 1973. (In 1979 he defended
his thesis for the new Swedish doctoral
degree and was awarded the title of do-
cent in the geological sciences.) In 1974
he went to New Zealand on a postdoc-
toral research fellowship in the Depart-
ment of Scientific and Industrial Re-
search; in 1977 he returned to Lund as a
research associate of the Swedish Natu-
ral Science Research Council, based in
the university’s department of geology.
He was appointed associate professor
in 1980, maintaining a Natural Science
Research Council position in pre-Qua-
ternary micropaleontology. Vidal traces
his interest in the history of life on the
earth to a childhood visit to the natural
history museum in Madrid, where he
saw his first dinosaur skeleton. He re-
marks that he has come to enjoy cooler
climates and has developed a keen inter-
est in doing field work in arctic regions.

CURT COVEY (“The Earth’s Orbit
and the Ice Ages”) is assistant professor
in the department of meteorology and
physical oceanography at the Univer-
sity of Miami. Starting out in biology,
he received his bachelor’s degree at the

‘ Massachusetts Institute of Technology

© 1984 SCIENTIFIC AMERICAN, INC

in 1973 and his master’s at the Univer-
sity of California at Santa Barbara in
1975. Switching to geophysics, he was
awarded his Ph.D. at the University
of California at Los Angeles in 1982.
At the time his main interest was the
atmosphere of Venus; he and Gerald
Schubert wrote an article on the subject
in the SCIENTIFIC AMERICAN issue of
July, 1981. In 1982 and 1983 Covey
was a postdoctoral fellow at the Nation-
al Center for Atmospheric Research.
There he worked on, among other
things, the use of oxygen isotopes in the
study of ancient climates and the long-
term effects of nuclear war as they are
expressed in a model of the general cir-
culation of the atmosphere.

NIGEL UNWIN and RICHARD
HENDERSON (“The Structure of Pro-
teins in Biological Membranes”) are re-
spectively professor of structural biolo-
gy at the Stanford University School of
Medicine and a member of the scientif-
ic staff of the Medical Research Coun-
cil Laboratory of Molecular Biology in
Cambridge, England. Unwin was born
in England but grew up in New Zealand;
he received his bachelor of engineer-
ing degree in metallurgy at the Otago
School of Mines. He was awarded his
Ph.D. in metallurgy at the University of
Cambridge in 1968; thereafter he joined
the Laboratory of Molecular Biology,
where he began his work with Hender-
son on applying the technique of low-
dose electron microscopy to the struc-
ture of proteins in biological mem-
branes. Among Unwin’s other interests
are the structure of ribosomes and of
pores in the membrane of the cell nucle-
us; he remarks that he would enjoy at-
tempting to develop new physical tech-
niques that would make it possible to
describe biological structures in more
detail and with greater accuracy. He ac-
cepted a professorship at the Stanford
School of Medicine in 1980. Henderson
was graduated in physics from the Uni-
versity of Edinburgh and did his Ph.D.
work on the structure of enzyme mole-
cules with David Blow at the Laborato-
ry of Molecular Biology. After spending
three years at Yale University as a Hel-
en Hay Whitney Fellow, Henderson
returned to the Laboratory of Molecu-
lar Biology. There he has mainly been
occupied with the subject of the pres-
ent article: determining the structure of
membrane proteins by means of X-ray
diffraction and electron microscopy.

DONALD H. LEVY (“The Spectros-
copy of Supercooled Gases™) is profes-
sor of chemistry at the James Franck
Institute of the University of Chicago.
His B.A. is from Harvard University



(1961), his Ph.D. from the University
of California at Berkeley (1965). From
1965 to 1967 he was a postdoctoral fel-
low in theoretical chemistry at the Uni-
versity of Cambridge. Levy joined the
Chicago faculty in 1967 and was ap-
pointed professor of chemistry in 1978.

JORAN FRIBERG (“Numbers and
Measures in the Earliest Written Rec-
ords™) is professor of mathematics at
the Chalmers University of Technology
at Goteborg in Sweden. He received his
Ph.D. in mathematics at the University
of Lund in 1963; he has been at Chal-
mers since 1967. At first his research
was in partial differential equations and
approximation theory. Telling a class
of liberal-arts students about a Babylo-
nian table of solutions to the Pythagore-
an equation, he became curious about
the purpose of the table and how it was
constructed. He is now, as he puts it,
“totally engulfed in my research in
the history of cuneiform mathematics.”
Friberg has been a visiting professor at
the University of Minnesota and the
University of Wisconsin at Milwaukee,
and a visiting lecturer and visiting fel-
low at Yale University.

SUZANNE W. T. BATRA (“Solitary
Bees”) is a research entomologist with
the United States Department of Agri-
culture. She received a B.A. in zoolo-
gy at Swarthmore College and a Ph.D.
in entomology from the University of
Kansas. After working at the University
of Kansas, Punjab Agricultural Univer-
sity in India and Utah State University,
she joined the Department of Agricul-
ture as a consultant in entomology in
1970; she has been a research entomolo-
gist in the department since 1974. One
of her main research interests has been
the identification of insects with activi-
ties beneficial to humankind; among
such insects are the solitary bees. She is
married to Lekh R. Batra, a mycologist
who also works for the Department of
Agriculture. Combining their research
interests, they wrote “The Fungus Gar-
dens of Insects,” which appeared in
the November 1967 issue of SCIENTIF-
IC AMERICAN.

TIMOTHY A. SALTHOUSE (“The
Skill of Typing™) is associate professor
of psychology at the University of Mis-
souri. His B.A. in psychology is from the
University of California at Santa Barba-
ra; his M.S. and Ph.D. in experimental
psychology are from the University of
Michigan. He joined the Missouri facul-
ty in 1976. His primary research inter-
ests are in the areas of perceptual and
cognitive skills and in the effects of ag-
ing on cognitive functioning. Salthouse
recently returned from a year spent as a
fellow at the Andrew Norman Institute
for Advanced Study in Gerontology at
the University of Southern California.

‘--------~

Better Than
Jogging,
Swimming
® or Cycling

Nordlc rack

Jarless Total Body

Cardiovascular Exerciser
Duplicates X-C Skiing For The

Best Way To Fitness

NordicTrack duplicates the smooth rhythmic total
body motion of XC Skiing. Recognized by health au-
thorities as the most effective fitness building exercise
available. Uniformly exercises more muscles than jog-
ging, swimming, cycling and rowing.

Does Not cause joint or back problems as in jogging.
Highly effective for weight control and muscle tohing.

Easily Adjustable for arm resistance, leg resistance
and body height. Smooth, quiet action. Folds com-
pactly to require only 15 by 17 inches of storage area.
Lifetime quality.

Used In thousands of homes and many major health
clubs, universities, and corporate fitness centers.

Call or Write for FREE BROCHURE
Toll Free 1-800-328-5888 MN 612-448-6987

PSI 124 F Columbia Crt,,  Chaska, Minn. 55318

New 1984
Edition.

i Yours Free.

Send for the 1984 edition of our colorful 32-page mag-
azine, because this year Kiawah offers more island than

I ever. Enjoy twice the golf on our Player and Nicklaus

I courses, twice the tennis at our two world class clubs
plus superb new restaurants. Discover our 10 miles of
beach, fascinating shops, plus all the charm of nearby

I historic Charleston. For reservations, call us or your
travel agent.

NAME

| ADDRESS

| crry

STATE/ZIP

[
|
|
I
|

| Call TOLL FREE :_t;@ﬁ.;_a-z_.;g _|

ot 1 1 1 1 1 L 1 1 1 1 1 1 /1 ./

AS k

What sort of people need to learn a
foreign language as quickly and effec-
tively as passible? Foreign service per-
sonnel, that's who. Members of
America’'s diplomatic corps are assigned
to U.S. embassies abroad, where they
must be able to converse fluently in
every situation.

Now you can learn to speak Spanish
just as these diplomatic personnel do —
with the Foreign Service Institute’s Pro-
grammatic Spanish Course. You'll learn
Latin American Spanish recorded by
native speakers.

The U.S. Department of State has
spent thousands of dollars developing
this course. It’s by far the most effective
way to learn Spanish at your own con-
venience and at your own pace.

The course consists of a series of cas-
settes and accompanying textbook.
Simply follow the spoken and written
instructions, listening and repeating. By
the end of the course, you'll be learning
and speaking entirely in Spanish!

This course turns your cassette player
into a ‘‘teaching machine.” With its
unigue “programmatic” learning methed,
you set your own pace — testing your-
self, correcting errors, reinforcing
accurate responses.

alDIC-FaRUMm’
Or wisit ur New York sales altice

i ) =

© 1984 SCIENTIFIC AMERICAN, INC

llke a diplomat!

ish

The FSF's Programmatic Spanish Course
comes in two volumes,each shipped in a
handsome library binder. Order either,
or save 10% by ordering both:
[0 Volume I: Basic. 12 cassettes (17 hr.),

manual, and 484-p. text, $125.
0 Volume II: Intermediate. 8 cassettes
(12 hr.), manual, and 614-p. text, $110.

{Conn. and N.Y. residents add sales tax)

TO ORDER BY PHONE, PLEASE CALL
TOLL-FREE NUMBER 1-800-243-1234.

To erder by mail. clip this ad and send
with your name and address, and a
check or money order — or charge to
your credit card (AmEx, VISA, Master-
Card, Diners) by enclosing card number,
expiration date. and your signature.

The Forei%n Service Institute’'s Span-
ish course is unconditionally guaran-
teed. Try it for three weeks. If you're not
convinced it's the fastest, easiest, most
painless way to learn Spanish, return it
and we'll refund every penny you pad
Order today!

112 courses in 35 other languages a|so
available. Write us for free
catalog. Our 12th year.

Audio-Forum
Room 106
On-the-Green,
Guilford, CT 06437
(203) 453-9794

145 E_49th St. New York N Y 10017 (21217531783 '
W T S (T e D (N S S oret v s



COMPUTER
RECREATIONS

Turning turtle gives one a view

of geometry from the inside out

by Brian Hayes

hatis a circle? Is it the limiting
casc of an n-sided polygon as n
goes to infinity? Is it the special

case of an ellipse whose two foci co-
incide? Is it the locus of all points in a
plane equidistant from a given point?
All these definitions are correct, of
course, and more could be given. Con-
sider this one: A circle is the figure
formed by walking forward a little, then
turning right a little, and repeating this
sequence of steps until you have turned
exactly 360 degrees. This last definition
is distinctively different from the others.
Rather than describing a circle or speci-
fying some of its properties, it gives a
procedure for constructing a circle. Fur-
thermore, the procedure itself has a
special character: it is stated entirely

in terms of the “local™ properties of the
circle. The curve can be created by at-
tending to one’s immediate neighbor-
hood only; there is no need for an over-
view. There is no need to know where
the center of the circle lies, or even to
determine the radius.

Procedures of this kind form the es-
sence of a new way of thinking about
geometry. It has been called experien-
tial geometry, because one is invited to
imagine moving around in the world
of geometric figures, whereas other ap-
proaches to geometry tend to set the fig-
ures apart in a space separate from the
observer. The difference is somewhat
like that between exploring a landscape
and reading a map. The experiential ap-
proach is particularly well suited to in-

A sequence of nested snowflake curves, drawn by the turtle
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vestigating geometric ideas with the aid
of a computer. The procedural defini-
tions are readily converted into comput-
er programs, which can be executed to
draw the shapes specified.

he new way of thinking about geom-

etry has come to be known as “turtle
geometry.” It is closely connected with
the programming language Logo, which
in turn has its roots in the Massachusetts
Institute of Technology. Logo was con-
ceived in the 1960’s by Seymour Pap-
ert of M.L.T., primarily as a language
for introducing children to computers.
Many others have since contributed to
its development and to its applications
both in education and in other fields.
Among them are Harold Abelson and
Andrea A. diSessa of M.I.T., who have
set forth the ideas underlying turtle
geometry in a remarkable expository
work: Turtle Geometry: The Computer as a
Medium for Exploring Mathematics.

The original turtle was a mechani-
cal device: a small wheeled vehicle
whose movements could be controlled
by instructions typed on a computer
keyboard. The first such creature was
built by the British neurophysiologist
W. Grey Walter in the late 1940s. It
had a dome-shaped cover somewhat
like a turtle’s shell. A mechanical turtle
can move forward or backward and can
change direction by pivoting in place. A
pen can be mounted on the undercar-
riage, so that when the turtle is made to
wander over a sheet of paper, it leaves a
record of its path. Today such *“floor tur-
tles” are less common than ‘*‘screen
turtles,” which move and draw on the
surface of a cathode-ray tube. The tur-
tle itself is represented on the screen by
a simple triangular form, which moves
in response to commands or programs
entered at the keyboard.

Most methods of drawing with a com-
puter employ a global system of coor-
dinates, generally a Cartesian one, with
two perpendicular axes. The position of
every point on the screen is defined with
respect to some origin, such as the lower
left-hand corner, where the imaginary
axes cross. Directions in the plane are
also absolute. A command for drawing
a line might be issued by specifying the
two endpoints; for example, giving the
points {0,0} and {100,0{ might draw a
horizontal line 100 units long across the
bottom of tfe screen.

It should be emphasized that in any
system of global coordinates the effect
of a command does not depend on the
sequence of commands that went be-
fore. The situation is quite different in a
turtle-geometry system. A line 100 units
long can be drawn by giving the turtle
an instruction such as FORWARD 100.
Where the line appears on the screen,
however, and what its orientation is de-
pend entirely on the state of the turtle at
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the time the command is issued. At any
moment the turtle has both a position
and a heading. The FORWARD 100
command causes it to proceed 100 units
from its current position in the direction
defined by its current heading (that is,
in the direction it is “facing”). Hence the
same command has a quite different re-
sult if it is given when the turtle is in a
different initial state.

A simple turtle-geometry system can
be created with just two commands:
FORWARD and RIGHT. FORWARD
is followed by a number that specifies
how many “steps” the turtle is to take.
RIGHT is also followed by a value,
which gives the number of degrees the
turtle is to turn right from its present
heading. Any plane figure can be drawn
by a sequence of forward moves and
right turns. (Note that a 90-degree left
turn can be specified in two ways: as
RIGHT 270 or as RIGHT —90.) Nev-
ertheless, a practical turtle system gener-
ally includes BACK or REVERSE and
LEFT commands as well. PENUP and
PENDOWN determine whether or not
the turtle draws a line along its trail. A
few other commands that report on the
state of the turtle and offer a means of
specifying absolute coordinates are also
commonly provided, but they are not
essential to turtle geometry.

he kind of geometry done with a tur-
tle is formally called finite differen-
tial geometry. It is finite because the tur-
tle can move only in discrete steps. It is
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differential because all movements are
defined in terms of the difference be-
tween the present position and heading
and the subsequent one. This is another
way of saying it is a kind of geometry
concerned only with the local properties
of lines, curves and surfaces; there is no
reference to distant points or to the glob-
al properties of a geometric figure. It
follows that turtle geometry is most use-
ful for exploring the “intrinsic” proper-
ties of geometric figures, those that are
defined entirely within the figure.

One idea that can be awkward to for-
mulate in a coordinate system but that
comes forth clearly in turtle geometry is
that of curvature. In Cartesian coordi-
nates the curvature of a line in a plane
might be defined as the rate of change in
the slope of the line; the slope in turn can
be defined as the rate of change in the y
coordinate as a function of the x coordi-
nate. The turtle can keep track of curva-
ture in a much simpler way: it is the total
turning per unit of distance traveled.
Thus in a circle defined by repeating the
instructions FORWARD 1, RIGHT 1
the curvature is everywhere equal to 1.

The concept of total turning leads to
other interesting findings. Consider the
familiar theorems of Euclidean geome-
try that give the sum of the interior an-
gles of a convex polygon. For a triangle
the sum is 180 degrees, for a quadrilat-
eral 360, for a pentagon 540 and so on.
In other words, the interior angle is in-
variably an integer multiple of 180 de-
grees, and the integer is equal to 2 less

/
/
/) T=90

T=180

T=180
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T=270"|

Some turtle commands (left) and the concept of total turning (right)
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than the number of sides. The total turn-
ing of the turtle is measured in terms of a
different angle: it is neither the interior
nor the exterior angle but the change in
heading at each vertex. Theorems about
the total turning in a polygon can also
be formulated. They are somewhat dif-
ferent from the theorems that pertain
to the total interior angle, and they are
also more general.

The most fundamental theorem states
that the total turning when the turtle
traces a polygon must be an integer mul-
tiple of 360 degrees. The proof is simple
and transparent. If a figure is closed (as
every polygon is), the turtle must even-
tually return to its starting point, and
when it gets there, it must have precisely
the same heading it had at the outset.
(Indeed, this observation serves as an ef-
fective definition of geometric closure.)
If the heading is the same, however, then
the total turning must be zero degrees or
360 or some multiple of 360.

For a convex polygon a stronger re-
sult can be proved, namely that the total
turning is exactly 360 degrees. (A poly-
gon is convex if a line connecting any
two points on its edges never passes out-
side it.) The theorem itself, however,
applies to any polygon, including poly-
gons that are not convex (such as a star-
shaped pentagon). It applies even to
closed figures that have curved edges
and therefore are not polygons.

In coordinate geometry the total inte-
rior angle of a convex polygon has few
obvious connections with other ideas. In
turtle geometry, on the other hand, the
concept of total turning is a powerful
tool rich in wider applications. For ex-
ample, Abelson and diSessa show that it
can be used to analyze the topology of a
closed path. A topologically simple path
is one that can have any number of
edges, curves and convolutions, provid-
ed only that it does not cross itself; like
a simple convex polygon, it has a total
turning of 360 degrees. Adding a single
loop (and a single crossing) to the path
makes the total turning either zero or
720 degrees, depending on the handed-
ness, or direction, of the loop. Each ad-
ditional loop adds or subtracts another
increment of 360 degrees. Because of
this property, the topology of the path
can be determined from a turtle’s-eye
view of it, with only a microscopic sec-
tion being visible at any one time.

Total turning is also the basis of an
algorithm that enables the turtle to find
its way out of a maze. Abelson and di-
Sessa state the algorithm as follows.

“1. Select an arbitrary initial direc-
tion, call it ‘north,” and face that way.

“2. Walk straight ‘northward’ until
you hit an obstacle.

“3. Turn left until that obstacle is on
your right.

“4. Follow the obstacle around, keep-
ing it on your right, until the total turn-



ing (including the initial turn in step 3) is
equal to zero.

“5. Go back to step 2.”

By this method the turtle can solve
any fair maze (meaning one that actual-
ly has an exit). The procedure works be-
cause the only way to trap the turtle is to
lead it into an endless loop, and keeping
track of the total turning avoids that
trap. Note that again a global problem—
finding a route out of the maze—has
been solved even though the turtle has
information about only its local envi-
ronment; there is no aerial view of the
maze. The universal maze-solving pro-
cedure is called the Pledge algorithm,
after John Pledge of Exeter in England,
who developed it at age 12.

Still more applications of the total
turning come up when the turtle is al-
lowed to roam on surfaces that are not
flat. On a sphere, for example, a closed
path is found to have a total turning of
less than 360 degrees. Furthermore, the
amount of deviation from 360 degrees
depends on the length of the path or, to
be more precise, on the area it encloses.
Readers familiar with the non-Euclid-
ean geometries developed in the 19th
century will recognize what is happen-
ing here: the deviation, or angular ex-
cess, is a measure of the curvature of the
surface. In this instance it is important
that the measurement can be made with
only local and intrinsic information.
The curvature one would most like to
measure is that of the spacetime of the
universe, and it will obviously have to
be done by means of observations made
within the universe. Abelson and diSes-
sa explore this process in the final chap-
ter of their book, which gives a turtle-
geometric formulation of the general
theory of relativity.

They also consider the meanderings
of the turtle on the surface of a cube,
which has the same topology as a sphere
but a different geometry. Indeed, the
geometry is bizarre. Suppose the cube
is 100 units on a side and the turtle is ini-
tially in the center of a face and orient-
ed parallel to an edge. Repeat the in-
structions FORWARD 100, RIGHT 90
three times. The result is a closed figure
with three equal sides and three equal
angles; it is also an equal-sided polygon
whose vertexes are all right angles. Is it
an equilateral right triangle or a three-
sided square?

Another remarkable object of cubical
geometry is the monogon, a one-sided
polygon; it is a closed path formed by a
turtle walk that has no turning at all.
Even without a computer-driven turtle
it is possible to see how a simple mon-
ogon can be formed: simply draw an
“equator” on the cube. A more difficult
question is this: Is there any combina-
tion of initial position and heading on
the surface of the cube that does not
close to form a monogon when the

T=360

T=720

T=-360
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T=0

The topology of closed curves deduced from total turning

line is extended indefinitely? What if
the heading must be specified in ration-
al numbers? The answer will be found
in Turtle Geometry (see chapter 6), but
Abelson and diSessa would strongly dis-
courage one from looking there. At one
point they post the following warning:
“DANGER—The next section contains
‘premade’ (already discovered) mathe-
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matics. It may be harmful to your im-
agination and should be used only as a
last resort.”

he discovery of a principle and the
exploration of its extensions or gen-
eralizations are characteristic of the
style in which turtle geometry is done.
The computer greatly facilitates the

17



process: experiments are easy, and vari-
ations on a theme can be tried with little
effort. It is a geometry for tinkerers.
Consider the following Logo proce-
dure, discussed by Abelson and diSessa
and by other writers on the language:

TO SQUIRAL :DISTANCE
FORWARD :DISTANCE
RIGHT 90

SQUIRAL :DISTANCE + 5
END

Here SQUIRAL is the name of the pro-
cedure and DISTANCE is a variable
whose initial value is to be given when
the procedure is executed. (The colon is
a Logo convention for identifying vari-
ables.) The turtle is instructed to move
forward this amount and execute a 90-
degree right turn; then the SQUIRAL
procedure is invoked again, but with a
larger DISTANCE value. The result is
a ‘“‘square spiral” that grows outward
toward the edge of the screen. (In the
procedure as it is given here the spiral
goes on growing indefinitely, although
only a finite part of it can be displayed.)

Many variations are possible. Chang-
ing the value of the constant that is add-
ed to DISTANCE each time the proce-
dure is called merely alters the spacing
between successive arms of the spiral.
Multiplying by a constant value instead

AY

of adding one creates a spiral in which
the arms get progressively farther apart
in proportion to their distance from
the center. Inserting a different constant
angle in the RIGHT 90 instruction can
convert the square spiral into a triangu-
lar or pentagonal or hexagonal one. An
angle that differs only slightly from 90
degrees yields a set of nested *‘squares”
that twist around their center, and so the
vertexes form secondary spirals. A very
small angle yields an approximation to a
smooth *“‘circular” spiral.

It is also possible to rewrite the pro-
cedure so that what changes with each
invocation is the angle rather than the
distance. The transformation is remark-
able: instead of a single spiral that grows
continuously outward the turtle draws
an inward spiral and then an outward
one of the opposite handedness, then
another inward one and so on, creating
a symmetrical array of spirals joined
by their outermost loops. The underly-
ing reason is that whereas distance can
increase monotonically, angular meas-
ure is interpreted modulo 360, so that
repeatedly adding a constant eventual-
ly returns the angle to a small value.

Consider only the subclass of curves
formed when the initial angle is zero
[see illustration on page 20]. All the pat-
terns in this class are similar in basic
form. The turtle creates a number of

The turtle, by following the Pledge algorithm, escapes from a simple maze
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spirals of alternating handedness, then
turns, retraces its path and after .pass-
ing through its starting point creates
another identical array rotated by 180
degrees with respect to the first one.
Thereafter the turtle continues to re-
trace the same path indefinitely. The
number of spirals in the pattern de-
pends only on the angular increment,
but the nature of the relation is not
obvious. If the angular increment is
not divisible by 8, the number of spi-
rals is equal to one more than the larg-
est factor of the increment that is not
also a factor of 360. Can you perceive
why? Can you predict the nature of
the pattern when the increment is a
multiple of 8?

It is the computer that makes possible
such an exploratory approach to the
family of spiral curves. Similar projects
can be undertaken to explore the family
of polygons, of tilings of the plane and
of recursive figures such as the snow-
flake curve, which is made up of simi-
lar structures repeated at progressively
smaller scales [see illustration on page
14]. The constructive, procedural nature
of turtle geometry makes an important
contribution to the process. It would be
awkward at best to write an equation to
specify the entire structure of the snow-
flake curve, whereas a procedure to gen-
erate the curve is readily broken down
into a few elementary steps that are then
carried out repeatedly.

Although turtle geometry and the
Logo programming language have a
strong historical connection, they are
by no means inseparable. Abelson and
diSessa note that turtles have been in-
stalled in at least two other languages
(versions of APL and Smalltalk), and
the programs in their own book are giv-
en not in Logo but in a related language
they call Turtle Procedure Notation.
They offer advice on the creation of a
turtle system in BASIC and Pascal. A
new language now being developed by
members of the Logo group at M.L.T,,
called Boxer, also features a turtle.

I:)go itself is a powerful general-pur-
pose programming language. It has
a strong kinship with Lisp, the list-proc-
essing language invented more than 20
years ago by John McCarthy. Indeed,
the main differences between Lisp and
Logo are matters of vocabulary and
punctuation. The origin of Logo as a
language for children has given it an an-
thropomorphic aspect that can be unset-
tling. The programmer writes as if he
were speaking directly to the turtle, and
occasionally the turtle talks back, issu-
ing an error message such as “I don’t
know how to squiral.” One should not
be misled by this coyness into thinking
the language is a plaything. The anthro-
pomorphism is deliberate: it is part of
a strategy to engage the programmer
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Softbound. $9.95
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Combined Edition. George Polva. Softbound. $20.95
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Account of Mathematical Concepts. Sondheimer and
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and the quantum theory revolution. $11.95
69749-2. PRACTICAL EXPERIMENT DESIGNS
FOR ENGINEERS AND SCIENTISTS. William J.
Diamond. Everything from fundamentals of experiment
design to designs with up to 127 variables. Illustrated.
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61649. THE MEASURE OF THE UNIVERSE. Isaac
Asimov. Our foremost science writer looks at the world
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49070. FROM ATOMS TO QUARKS. James S. Trefil.

How muons. quarks. and other strange particles arc
related to the physical world we touch. $12.9
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(whether child or adult) in the turtle’s
experience of geometry. When one is
baffled by a program, one is told that the
answer is to “play turtle.”

The deepest connection between turtle
geometry and Logo is that they spring
from a common philosophy of educa-
tion. It is a philosophy based in large
part on the work of Jean Piaget, which
places the highest value on the student’s
own discoveries. Papert, who worked
with Piaget for five years, declares his
ambitions in Mindstorms: Children, Com-
puters, and Powerful Ideas. “Program-
ming the Turtle starts by making one
reflect on how one does oneself what
one would like the Turtle to do. Thus
teaching the Turtle to act or to ‘think’
can lead one to reflect on one’s own
actions and thinking.... The experi-
ence can be heady: Thinking about think-
ing turns the child into an epistemolo-
gist, an experience not even shared by
most adults.”

he discussion of randomized prose
in November elicited a number of
comments I should like to pass on for
the benefit of anyone considering a simi-

&/ B @

lar project. One algorithm I described
called for searching through a text for
each instance of a given sequence of
characters, then building a frequency
table for the letters that follow the se-
quence. The entire procedure was to be
repeated for each letter of random text
generated. Several readers proposed
more efficient methods.

One approach, suggested by Judith E.
Dayhoff and Stephen C. Locke, is to
employ a data structure called a hash
table. Each sequence of letters in the
text can be taken to encode a numeri-
cal value, which can serve as an index
pointing to an entry in the table. The en-
try gives the frequencies of the charac-
ters that follow the index sequence. Only
sequences that actually appear need to
be included. The procedure should be
quite fast because the hash table is con-
structed once and subsequent references
to it require only a calculation of the
index, not a search of all the entries.

Bobby Bryant, James W. Butler, Ron-
ald E. Diel, William P. Dunlap and Jim
Schirmer pointed out still another algo-
rithm that is not only faster than the one
I gave but also appreciably simpler.

It eliminates frequency tables entirely.
When a letter is to be selected to follow a
given sequence of characters, a random
position in the text is chosen as the start-
ing point for a serial search. Instead of
tabulating all instances of the sequence,
however, the search stops when the first
instance is found, and the next character
is the selected one. If the distribution of
letter sequences throughout the text is
reasonably uniform, the results should
closely approximate those given by a
frequency table.

An important historical precedent for
work of this kind was brought to my
attention by Sergei P. Kapitza, editor of
V Mire Nauki, the Russian-language edi-
tion of SCIENTIFIC AMERICAN. The pro-
cedure for selecting a letter in the ran-
dom-text program is known in probabil-
ity theory as a Markov process, after the
Russian mathematician Andrei A. Mar-
kov. Kapitza points out that Markov
presented his first discussion of the proc-
ess in terms of randomizing text. Mar-
kov’s paper “On the Sequence of Let-
ters in Eugene Onegin” asks to what ex-
tent Pushkin’s poem remains Pushkin’s
when the letters are scrambled.
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There’s a sense of acceleration here.
Some call it momentum. Others say it's growth,
nurtured by a tradition of success.

It doesn't realy matter which label you use
as long as this one fact rings out loud and clear.

Philadelphia offers a spectrum of
financing and resources that few areas in the
country can come close to matching.

And when it comes to the business of
advanced technology, that fact takes on even
more significance.

Our history here is rich in the pure
process of planning and development. Things
have been managed well; there’s order: defined,
deliberate and decisive.

Philadelphia:
Built by success,
positioned
for growth.

That structure is solidly anchored.

And it's spawned a broad economic base. The
financial dmension is complemented by human
resources. An ambitious, educated and willing
work force. An abundance of universities and the
benefits that an academic atmosphere brings

to any environment.

The result of all this is tangible. It's creat-
ed the momentum and growth, and kept it moving.

Come see for yourself. Feel it. Hear
what’s going on. Talk to the people. Make your
own evaluation. Decide.

That process can begin with one
phone call. And we urge you to make it now. To
the number listed below.

There’s new success and achievement
waiting here for you.

@D Philadelphia

PHILADELPHIA INDUSTRIAL
DEVELOPMENT CORPORATION
One East Penn Square, Suite 1800
Philadelphia, PA 19107 (215) 568-4448
G. CRAIG SCHELTER,

Exeautive Vice President

Call: 215-568-4448
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here’s a surge of new technology

I across southeastern Pennsylvania.
Advances in computer applica-
tions, electronic control and biotechno-
logy are altering the economic, industrial
and educational framework of Philadel-
phia and its four surrounding counties.

In 1946, Dr. J. Presper Eckert and the
late Dr. John W. Mauchly designed, built
and successfully operated the original
Electronic Numerical Integrator and Com-
puter, known as ENIAC, at the University
of Pennsylvania. UNIVAC, the first compu-
ter designed for commercial use, soon
followed.

Philadelphia was the birthplace of the
first computer company. The Eckert-
Mauchly Computer Corporation became
the Computer Systems operations of the
Sperry Corporation in Blue Bell, an attrac-
tive suburb in Montgomery County.

In August 1982, Robert E. Mittelstaedt
Jr. and Thomas A. Penn of the Innovation
Center in the Wharton School of the Uni-
versity of Pennsylvania published a study
on venture capital.

Mittelstaedt and Penn discovered an
unexpected and exciting development in
the Philadelphia area economy. Some 25
advanced technology firms had clustered
along U.S. Route 202 and the Pennsylvania
Turnpike north of Philadelphia, and a
similar number were found in the City.

As awareness of the growth of ad-
vanced technology in the region has in-
creased, relationships between industry,
educational institutions, government and
the investment community have been
transformed and a common view of the
technological and economic future of
Philadelphia and southeastern Pennsyl-
vania has arisen.

An Urban Resea;h Center

The Philadelphia area has the second-
largest concentration of colleges and uni-
versities in the nation, including six medi-
cal schools and several research-oriented
institutions. This academic-technical
complex is integrated by a research and
development facility that also connects
it with business, government and the in-
vestment community.

Situated along West Market Street just
north of the University of Pennsylvania
and near Drexel University, the University
City Science Center is a 19-acre research
park owned by 28 universities, colleges
and medical institutions. More than 70
technically oriented companies, govern-
ment agencies and research groups, em-
ploying 5,500 people, operate out of its
nine buildings.

The Science Center has served as the
home for more than 40 new businesses.
The Science Center’s 100 full-time re-
search professionals do contract research
for government and industry. It also pro-
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vides assistance from the faculties of
member institutions.

According to UCSC President Dr.
Randall M. Whaley, the purpose of the
Science Center is “to use resources of
the region and its institutions to improve
quality of life and to address the problems
of the community at large.” This can
be accomplished, Whaley says, through
technology transfer: shifting the products
of individual and university research to
the commercial sector, where they can be
applied to manufacturing and service in-
dustries and produce jobs.

The executives of a number of mature
companies are directors of the Science
Center.

John R. Selby, president and chief ex-
ecutive officer of SPS Technologies in
Newtown, is a director of the Science Cen-
ter. He believes that southeastern Penn-
sylvania has “an excellent balance be-
tween corporate and institutional

research and development interests in
the area of advanced technologies. And
each shows a willingness to invest in the
disciplines necessary to support these
interests. ”

The Science Center has served as the
temporary home foranumber of advanced
technology companies formed as the
result of industry-supported university re-
search. The genesis of Biological Energy
Corporation is an illustration.

GEVENCO, the wholly owned venture
capital subsidiary of General Electric
Company, established BEC to develop
and commercialize industrial biotechno-
logy.

GEVENCO invested $2 million, and
BEC began operating in the University City
Science Center.

A pilot plant is operating successfully,
and a $14 million pre-commercial plant
has been designed, according to BEC
President Dr. E. Kendall Pye. The Com-
pany, having “incubated” at UCSC, is now
located in Valley Forge.

“Cent_ers of Excellence”

The Science Center also is part of Penn-
sylvania’s efforts to accelerate develop-
ment of advanced technology industries
statewide. It is the home of the Advanced

© 1984 SCIENTIFIC AMERICAN, INC

Technology Center of Southeastern Penn-
sylvania, one of four centers set up by the
state under the Ben Franklin Partnership,
a program that promotes the growth of
advanced technology business through
cooperation between the educational and
private business sectors.

Each center is located in a different
region of the state and is operated by a
consortium of leading universities, busi-
ness, and labor. The other centers are
based at Lehigh University in Bethlehem,
Carnegie-Mellon, the University of Pitts-
burgh, and Pennsylvania State University.
Each center conducts joint research and
development in concert with area
industries.

Governor Dick Thornburgh has made a
strong, long-term commitment to the Ben
Franklin Partnership.

“Our  Southeastern Pennsylvania
Advanced Technology Center, created
through the state’s Ben Franklin Partner-
ship, draws upon research and educa-
tional communities, as well as on private
sector resources, to provide job-creating
new enterprises.”’

The Ben Franklin Partnership is headed
by the State Department of Commerce’s
deputy secretary for technology, Dr. Wal-
ter Plosila. According to Plosila, its mis-
sion is to “mobilize the resources of the
state so that regional features benefit the
entire state. Our goal is to establish ‘cen-
ters of excellence,’” he said.

“The program is different,” Plosila says,
“in that the private sector companies
make the decisions first. This provides a
better basis for creating jobs. Job creation
doesn’t come with simply throwing mon-
ey at universities to do research, but
through building linkages, commitments
and incentives for the private sector to
work from the beginning with the univer-
sity in a partnership.” The centers esti-
mate current projects could create 10,000
jobs in four years.

The Advanced Technology Center of
Southeastern Pennsylvania, based at
UCSC, is supported by the University of
Pennsylvania, Drexel University, Temple,
Thomas Jefferson University, Pennsyl-
vania Hospital and 12 other public and
private colleges and universities and 136
private sector firms. The Greater Philadel-
phia First Corporation has provided busi-
ness community leadership. The Center
received a total of $11.75 million available
in 1983-84 for 75 projects in advanced
sensor technologies, human adaptability
in space, and advanced biomedical
technologies.

“Our mission is economic develop-
ment,” said Phillip A. Singerman, Tech-
nology Center director.

“Our goal is not to create a new institu-
tion,” said Singerman, “but to work with
existing organizations to achieve the ob-
jectives of the Ben Franklin Program.”
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Singerman sees these objectives as “job
creation, along with training to take ad-
vantage of new opportunities, and assist-
ing businesses in bringing new products
and new téchnologies to the marketplace
in a relatively short period of time.”

A research complex about 30 miles
north of Philadelphia represents an effort
to transfer academic research to industry
which began in 1953. The Merck Sharp &
Dohme Research Laboratories (MSDRL)
in West Point, Pennsylvania, are com-
prised of 13 facilities in which more than
700 scientists do biomedical research.
Clinical research is done in Blue Bell,
Montgomery County.

“Over the 50-year span, we have devel-
oped one of the world’s leading biomedi-
cal research laboratories,” said Merck
chairman and chief executive officer
John J. Horan. “From the beginning, tal-
ented scientists have come here from
leading universities and research institu-
tions.”

Dr. Maurice Hilleman, seniorvice pres-
ident of MSDRL and adjunct professor of
virology at the University of Pennsylvania
Medical School, outlined some develop-

ments at the West Point facility: “The lab-

oratory is proud of its basic break-
throughs, exemplified by the discovery of
SV 40 virus and its role in cancer induc-

tion, the discovery and classification of
the rhinoviruses that cause common
colds, and discovery of the mechanism
for interferon induction by double strand-
ed ribonucleic acid.”

Thomas Jefferson University, the larg-
est private medical school in America,
works closely with the Science Center.
University faculty participate in applied
research and technology transfer, as Uni-
versity vice president John DAprix ex-
plains: “Commercialization of intellec-
tual properties, the practical applications
which emerge from our research enter-
prise, is given very active management
support.

“TJU is currently managing a portfolio
of 50 properties. Included are inventions
like an artificial larynx, a medium for stor-
ing blood platelets, and a stroke recovery
system. Our philosophy is that intellec-
tual capital should be managed to gen-
erate a return. Companies here and
around the country have asked us to bring
them our ideas. Their doors—and ours—
are open.”

A Direct De-scendant

The origin of advanced technology in the
area is symbolized by the computer sys-

tems operations facility of Sperry Corpo-
ration in Blue Bell, a suburb 20 miles
northeast of Philadelphia. The op-
eration is the descendant of the company
founded by Eckert and Mauchly.

The first home of the Eckert-Mauchly
Computer Corporation was in downtown
Philadelphia. The operation was acquired
by Remington Rand, Inc., in 1950 during
the development of UNIVAC I. In 1955,
Remington Rand and the Sperry Corpora-
tion were consolidated to form the Sperry
Rand Corporation. A Univac Engineering
Center was established in 1961 in Blue
Bell, and, in 1966, the site became world
headquarters for Sperry Rand’s Computer
Systems Operations. The division name
was changed to Sperry Univac in 1973.

Eckert, who continues to consult with
Univac management, recently discussed
progress in computer technology. Hold-
ing one of the original four-foot ENIAC
chassis, he pointed to the rows of resis-
tors, capacitors and tube sockets.“About
10 times the amount of information con-
tained in this piece can now be fit into the
space of a period on a typewriter key,”
he said.

Sperry pioneered development of real-
time computers, which enable users to
find information virtually instantaneous-
ly. Sperry computers installed at the God-
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dard Space Flight Center in Greenbelt,
MD, link NASA’s worldwide communica-
tions network (NASCOM).

Space-Age Spin-Offs

In the late 1960s, the GE Space Center in
King of Prussia (off Route 202) was con-
ducting research on environmental
chambers for astronauts. In 1970, several
engineers involved in that research de-
cided to start Retnord Safety Products,
located in the Great Valley Corporate Cen-
ter. According to Gerald Corkery, Retnord
operations manager, space research tech-
nology was transferred to the underwater
environment. The firm designs and man-
ufactures sophisticated underwater breath-
ing apparatus using electronic devices to
allow divers to work at greater depths.

In Upper Merion Township in Mont-
gomery County, a structure is taking
shape that will unite city and suburbs in a
large-scale technical, commercial and
humanitarian enterprise (see cover
photograph).

Dr. Stanley Crooke is president of re-
search and development for SmithKline &
French Laboratories, the pharmaceutical
division of SmithKline Beckman Corpora-
tion. According to Crooke, the $200 mil-
lion Upper Merion complex for research
and development in pharmacology and
biotechnology is “the largest building
project ever undertaken in southeastern
Pennsylvania.”

By 1985, Crooke said, all of Smith-
Kline’s R&D programs in the United States
will be consolidated within this one-mil-
lion-square-foot complex. SK&F currently
has more than 1,100 scientists and techni-
cians in Philadelphia. A $28 million ex-
pansion of a pathology/toxicology facility
in the Upper Merion complex was dedi-
cated a year ago. A $25 million molecular
biology building, dedicated last October,
is occupied by 128 scientists and techni-
cians. Construction of nine additional
buildings is underway.

Upon completion of the project, Smith-
Kline Beckman will have linked its cor-
porate headquarters in center city Phila-
delphia to its huge R&D facility. “What
were doing in Philadelphia,” Crooke
said, “is a reflection of the strategic
approach of SK&F, which is driven by
knowledge and foresight” The com-
pany’s commitment to the city and south-
eastern Pennsylvania, he said, is based
on the fact that “Philadelphia has the
largest concentration of academic medi-
cine in the country. Its excellent medical
schools have developed enclaves of out-
standing scientists which, in turn, attract
additional scientists.”

In the past few years, original research
by SK&F has resulted in the introduction
of several innovative specialty drugs. For
example, after almost a decade of devel-

Advanced technology is crucial to
Pennsylvania’s economic development
strategy.

The strategy was derived from
“Choices for Pennsylvanians,” Pennsyl-
vania’s economic blueprint developed
by the State Planning Board with the
input of 185,000 Pennsylvanians and
the strong support of Governor Dick
Thornburgh.

The strategy encourages new busi-
ness start-ups, particularly those on the
leading edge of technology; the incor-
poration of the latest technological pro-
cesses into traditional manufacturing;
and a hospitable business climate to
attract new firms to the state.

Resources Pennsylvania offers tech-
nology-driven firms include:

Financial Assistance—The Pennsyl-
vania Industrial Development Authority
provides low-interest loans for land and
buildings with 25 percent of its annual
resources targeted to advanced technol-
ogy firms. The Pennsylvania Capital
Loan Fund provides loans, particularly
to smaller firms. Through Pennsylvan-
ia’s Revenue Bond and Mortgage Pro-
gram, one of the nation’s most aggres-
sive industrial development bond pro-
grams, tax-exempt bonds may be ap-
proved through private sector financing
sources for capital needs.

Job Training—Pennsylvania offers
customized job training. Technology
firms locating or expanding in the state
work with local educational institutions
to develop tailor-made training pro-
grams. Grants cover the cost of equip-
ment, classroom, and/or on-site
training.

Small Business Assistance Services
—The Pennsylvania Small Business Ac-
tion Center is a one-stop center offering
free assistance for any state-related bus-
iness question. The Center provides in-
formation on state forms and applica-
tions required to start-up or expand a
business. And with its network of 35
expediters in state agencies, the Center
assures prompt answers. Also, Small
Business Development Centers (SBDC)
located at colleges and universities
throughout the state offer managerial
and start-up assistance. Many SBDCs are
involved with the state’s Ben Franklin
Partnership  Advanced Technology
Centers.

' Research and Development—Penn-
sylvania is one of four states with a pro-
gram of research “seed” grants, given
directly to small firms for R&D, leading
to the introduction of new products.

[ Joint research and development efforts

“ADVANCED TECHNOLOGY
HAS A FRIEND IN PENNSYLVANIA”

with the private sector are under way
through each of four Advanced Technol-
ogy Centers to commercialize R&D into
new products or processes, creating
new firms or helping existing compan-
ies, and creating and retaining jobs.

The Ben Franklin Partnership brings
all these services together. Beyond joint
programs in research and development,
the four Centers help modify courses
throughout the educational system
to assure the technological literacy of
Pennsylvania’s work force. Small busi-
ness incubator facilities associated with
each Center provide low-overhead rent-
al space during start-up for fledgling
R&D firms. Access to venture capital
and other financial institutions is pro-
vided through each of the Center’s en-
trepreneurial development services.

Pennsylvania’s work force of 5.4 mil-
lion people represents the fifth largest
labor pool in the nation and is charac-
terized by a high work ethic, low turn-
over, and a wide range of skills. More
than 150,000 scientists and engineers
live and work in the Commonwealth.
Pennsylvania has four of the nation’s top
50 graduate research universities, ranks
third in corporate contributions to uni-
versity R&D, and ranks fifth in corporate
R&D expenditures.

Pennsylvania’s proximity to more
than 60 percent of the nation’s personal
and corporate purchasing power, along
with a sophisticated transportation sys-
tem, is an important plus for business.

Pennsylvania is the third largest pro-
ducer of electricity in the nation, with
enough resources to supply 100 percent
of its own needs, as well as some of the
needs of neighboring states.

The state’s two largest metropolitan
areas, Pittsburgh and Philadelphia,
rank, respectively, fourth and sixth in
the nation as desirable places to live
and raise a family, according to Rand
McNally’s Places Rated Almanac. Every
Pennsylvania resident lives within 25
miles of a state park. Pennsylvania also
offers a variety of excellent recreational
and cultural facilities.

Because of the state’s commitmernt to
the growth of advanced technology in-
dustries, a special position has been
established within the Pennsylvania De-
partment of Commerce: the Office for
Technology Development. For addi-
tional information contact: Dr. Walt
Plosila, Deputy Secretary for Technol-
ogy, Pennsylvania Department of Com-
merce, 433 Forum Building, Harrisburg,
Pennsylvania 17120 or «call (717)
787-3003.
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opment and marketing, Tagamet™ has
become standard therapy for ulcer dis-
ease. Ridaura™, an oral medication con-
taining gold, was developed in 1974 for
treatment and control of rheumatoid ar-
thritis. Recent research has concentrated
on peptides, which, according to Crooke,
are protein chains that occur naturally in
the human body and carry a large amount
of molecular information. For example,
Vasopressin™, a peptide hormone that
affects renal and cardiovascular func-
tions, is used in the treatment of hyper-
tension.

Many breakthroughs have been made
possible by SK&F’s investment in ad-
vanced technology equipment. “Most of
the work we do here could not be done
without the computer,” Crooke said. “We
deal with an extraordinary amount of in-
formation.” The research effort relies on
approximately $60 million worth of high
technology hardware including nuclear
magnetic resonance scanners, ultracen-
trifuges and Fourier spectrophotometers.

To Crooke, however, the real estate,
buildings and equipment have value only
in terms of SK&F’s mission: “This organi-
zation is committed to the aggressive pur-
suit and discovery of new drugs and is
based on a recognition of the necessity to
do outstanding science efficiently.”

Such a commitment, Crooke acknow-
ledges, demands applying high standards
in recruitment. “The key investment is
people. The technology is useless with-
out the associated investment in people.”

He places great value on SK&F’s rela-
tionship with Philadelphia’s universities
and medical schools. “The relationship
serves to enhance the capability of
academicians to do research, and it
contributes to the education of future
scientists,” which Crooke describes as a
“sacred responsibility.”

Referring to the new molecular biology
building in Upper Merion, he says, “The
building is a sculpture that represents the
opportunity to construct the future, and to
make sure that the present and the future
are well cared for.”

From Transistors to
Superchips

The first commercial transistor was pro-
duced at Western Electric’s Allentown
Works north of Philadelphia.

In 1981, Bell Laboratories developed
the first 256K random access memory
(RAM) chip; production began in Allen-
town in 1982. The silicon chip has over
half a million microscopic components
yet is small enough to fit on a fingertip.
According to Bell scientists, it can hold
262,144 bits of information.

The effects of these new technologies
can be seen in the business, medical and
environmental fields.

P-6

4

Southeastern Pennsylvania, for in-
stance, has the industrial automation and
control technology to cause significant
change in methods of production and
marketing in the area. United States Ro-
bots in King of Prussia manufactures and
markets factory automation systems “with
the ability to interact intelligently,” ac-
cording to President George S. Crosby.
USR was founded in 1980 by Peter
Chance, a native Philadelphian, and
Mitchell Weiss; in 1982, it became a sub-
sidiary of Square D Company of Illinois
and now employs 60 people.

Development of biotechnology in the
area promises innovations in the detec-
tion and treatment of disease. Centocor,
Inc., develops and markets biological
substances for use in diagnostic and ther-
apeutic products. Chairman Michael A.
Wall said that the company recently made
three important breakthroughs: a hepati-
tis test, a blood test for pancreatic cancer
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and a test for ovarian cancer.

The hepatitis test, Wall said, is capable
of detecting more positive cases than any
other test. The test for ovarian cancer was
favorably reviewed recently in the New
England Journal of Medicine. “None of
these breakthroughs would have been
possible,” Wall said, “without the mono-
clonal antibody technology developed by
Centocor.” Originally established at the
Science Center, Centocor has expanded
to larger quarters at Rouse Associates’
Great Valley Corporate Center in Malvern;
according to Rouse Marketing Director
Jill Felix they're “starting to outgrow the
present quarters here as well.”

) A{l Outstanding Location

“Philadelphia offers inexpensive incuba-
tor-space, in close proximity to major uni-
versities, an intensive labor pool, and
substantive financial programs to en-
hance the development of high-technol-
ogy companies,” says G. Craig Schelter,
executive vice president of Philadelphia
Industrial Development Corporation.
Hewlett-Packard has its headquarters
in Palo Alto in Silicon Valley. In the mid-
60s, the growing corporation was attract-
edtothe Philadelphia suburb of Avondale.

© 1984 SCIENTIFIC AMERICAN, INC

1% §= ‘IHIA TRADITION OF TECHNOLOGY PHILADELPHIA
| o

According to Avondale Division gener-
al manager Mason Byles, the division em-
ploys 800 persons in the manufacture of

gas chromatographs and laboratory
automation.
Byles adds, “There are a number of

factors which make southeastern Penn-
sylvania an outstanding location for
firms, considering the density of indus-
tries in the Northeast that require the use
of analytical instrumentation.”

AMP Products Corporation, a subsidi-
ary of AMP Inc. of Harrisburg, located in
Berwyn long before development of the
Route 202 advanced technology corridor.

“Berwyn offered AMP Products Corpora-
tion easy access to major transportation
routes, and a supply of skilled and dedi-
cated workers,” said vice president Oscar
B. Rudolph. “Philadelphia, with its im-
pressive roster of universities and institu-
tions, is close by.”

“We originally were attracted by the
area’s potential,” said Ronald A. Wallace,
president of Sorbus Service in Frazer, a
nationwide computer-maintenance firm.

Wallace sees the area’s usefulness in
“the activity of a talented workforce,
educational and cultural facilities, local
talent, good communication and trans-
portation networks, and pleasant living
conditions. Philadelphia’s western sub-
urbs are by their very nature a ‘natural
resource’ for the development of a
high-tech service company like ours.”

Technology Park

One of the largest concentrations of new
advanced technology business is found
along the Route 202 corridor in the Great
Valley Corporate Center in Malvern in
Chester County. The 210-acre commercial
park was built in 1974 by Rouse & As-
sociates, a development, construction
and property management corporation.

“GCreat Valley and Route 202 are not
accidents,” says principal partner Bill
Rouse. “Certainly the attractive natural
environment has always been here. So
have the universities and the service
infrastructure.”

Shared resources are a hallmark of any
Rouse & Associates operation. “We work
to learn what our client corporations need
in common,” says marketing director Jill
Felix, “and we provide it.

“Clients told us they wanted conve-
nient access to off-hours continuing edu-
cation. We found educational institutions
in the region who had excess capacity.
Result: a range of courses to help high-
tech operatives retain and improve their
skills.”

The Great Valley Corporate Center has
90 tenants employing around 3,500 in 23
buildings. The firm recently broke ground
for a $200 million, 200-acre, high techno-
logy park adjacent to the existing center.



RIGHT
NOW

Philadelphia has in place the most
sophisticated telecommunications net-
work in the world. With this network
Philadelphia leads the country in tele-
communications technology.

Right now, Philadelphia has 100%
electronic switching capabilities. And
has a 100% digital network that can
handle from 56,000 bits to 115, megabits
of information per second.

Right now, Philadelphia’s lightguide
facility has one of the leading optical
fiber systems in the country capable of

transmitting at speeds up to 90 megabits.

Right now, our lightguide and soft-
ware enhancements are opening new

markets such as videotex, teleconfer-
encing, electronic message systems, on-
line polling and packet switching, to
name a few. And right now, Philadelphia
is connected to the world via fiber
optics, digital microwave and satellite.

This telecommunications network is
the vital resource linking our city and
its business community with all the
benefits of today’s technology.

Philadelphia businesses can com-
municate more information, with more
speed and accuracy, and in more ways
than anyplace else in the world. Right
now.

And this is just the beginning.

@ Bell of Pennsylivania

A Bell Atlantic Company
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TECHNOLOGY
THAT CARES

Thomas Jefferson

University
An Academic Health Center

We assist our researchers in
inventing and marketing health
care products that help people.

To learn more about our

world-wide program for

technology transfer, write
or call:

Mark Herrmann
Director, Business Services
Thomas Jefferson

University

Room 626 Scott Building
Philadelphia, PA 19107

(215) 928-8563

T DO
THESE
VANGUARD
TECHNOLOGIES
HAVE INCOMMON?

n improved artificial heart

drug which may prevent
cancer and obesity

genetically engineered new
generation of insecticides

ew uses of liquid crystals-

process to harness the power
of ocean waves

personal UV sunburn
dosimeter

SCIENTISTS AT A SINGLE
COMPREHENSIVE RESEARCH

INSTITUTION ON THE CUTTING EDGE.

For more information call Dr. Timothy
Weckesser at 215-787-8525, or write Provost's
Office, Temple U. Phila., PA 19122
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~ An Advanced Technology
Network

According to Joseph J. Houldin, Debra E.
Buck and W.M. Cristman III of the Phila-
delphia Industrial Development Corpora-
tion (PIDC), the Wharton study was the
key force in the recent organization of
venture capital availability in Philadel-
phia. PIDC is a 24-year-old quasi-public,
nonprofit economic development agency.
It sponsors a Technology Assistance Pro-
gram that is funded through the Federal
Community Development Block Grant
Program.

Buck administers the Technology As-
sistance Program, designed to “strength-
en and maintain the city’s capacity for
economic growth and stability. PIDC’s
Technology Assistance Program provides
an incentive for commercialization of
new technologies through financial as-
sistance to small firms” Funds may be
used to finance start-up costs after re-
search and development has been com-
pleted, Buck said.

PIDC’s G. Craig Schelter points, with
some pride, to the relocation of one grow-
ing technology firm away from a suburb
to a downtown location—to facilitate
planned growth. Sonex/Philmont Elec-
tronics’ own equity contribution was
joined to a PIDC mortgage loan and a
tax-exempt loan from a commercial bank.

Houldin, assistant director for client re-
lations, believes that the technology net-
work that has arisen spontaneously in
Philadelphia has advantages over enter-
prises in other regions. “An advanced
technology center can arise via an official
master plan, in which each sector has an
assigned role, or by allowing the universi-
ties, venture capital institutions and pub-
lic agencies to approach it in their own
ways.

“Here in Philadelphia everybody is
conscious of advanced technology and is
addressing it in their own context. This
approach has much more grass-roots
effectiveness.”

To illustrate the coordinating process
currently underway, Houldin cited recent
meetings between PIDC, the University
City Science Center, the Franklin Institute
and the Wharton School.

An important junction in the communi-
cation network is the Technology Council
of the Greater Philadelphia Chamber of
Commerce. Cristman, PIDC vice presi-
dent for research and corporate strategy,
describes the council as a “think-tank ef-
fort that has resulted in a mini-explosion
of joint venture activity.”

A Technology Exchange

Since the Technology Council was found-
ed by Dr. Bowen Dees, former president

© 1984 SCIENTIFIC AMERICAN, INC

of the Franklin Institute, as the Committee
on Technological Innovation in 1980, it
has sought to heighten the region’s aware-
ness of the importance of technology.The
Council acts as a “high-tech communica-
tions exchange” for all communities. Its
monthly newsletter, Technology Council
News, is the first communications net-
work for technology in southeastern
Pennsylvania.

“The whole attitude of the universities
has changed,” said Fred Lipman, Techno-
logy Council chairman. “They now permit
more liberal consulting by professors.
They're extremely anxious to participate
and are a fertile source of spin-off
business.”
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Investmg In Technology

As venture capital is vital to the develop-
ment of advanced technology, technical
knowledge is an aid in making prudent
investment decisions, according to Geof-
frey S.M. Hedrick, who is president and
chief executive officer of Smiths Indus-
tries Aerospace & Defense Systems, Mal-
vern. As an electrical engineer, a holder of
38 patents and a lecturer at Wharton,
Hedrick has an excellent perspective on
the technical and financial elements of
advanced technology development.

Hedrick believes advanced technology
ventures call for technical counseling of
investors. “The rapid development of
technology has placed new demands on
venture capitalists,” he said. “Substantial
technical depth is often required to ade-
quately assess the products of
entrepreneurs.’

Atty. Raymond R. Rafferty Jr. is chair-
man of the Chamber’s Delaware Valley
Venture Group. According to Rafferty, the
Delaware Valley Venture Group is “an
association of professionals—including
accountants, bank representatives, cor-
porate finance specialists and other fi-
nancial intermediaries—involved in the
capital investment process.” It holds
monthly seminars to discuss issues as-
sociated with commercial development
of research-derived products.

Rafferty also is cochairman of Century
IV Partners. The partnership was orga-
nized in 1982 by the Chamber of Com-
merce and the Greater Philadelphia Part-
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nership, in response to the Mittelstaedt-
Penn study.

As of September 1983, said Rafferty, the
partnership had received in excess of $20
million, with more than $17 million com-
ing from Philadelphia institutions such as
SmithKline Beckman Corporation, Rohm
& Haas Corporation, Fidelity Mutual Life
Insurance Company, Provident Mutual
Life Insurance Company, and Thomas Jef-
ferson University.

The Seed Company, formed in 1982,
grew out of the Wharton study. Its presi-
dent is Thomas A. Penn, co-author of the
study. The Wharton Innovation Center

(WIC) assists Seed in the formation of .

venture partnerships.

Seed'’s first partnership, Schuylkill Ven-
ture Partners, is an association seeking
selective investments in growth-industry
firms.

“At present,” Penn noted recently, “the
WIC at the University of Pennsylvania is
approached with 400-500 new deals per
year. Evidently, of the four factors neces-
sary for a successful entrepreneurial en-
vironment—universities, labor force, en-
trepreneurs with ideas, and dollars—the
only one that the Delaware Valley lacks is
dollars. The deal-stream is in place, and
we are tapped into it.”

Greater Philadelphia First

According to Executive Director Ralph
Widner, Greater Philadelphia First is an
association of area corporations that was
formed “to unite city and suburban busi-
ness, labor, civic and government leader-
ship in Greater Philadelphia ina common
effort to advance the economic develop-
ment of the region and to formulate and
maintain an overall economic develop-
ment strategy.” It recognized, he said, the
special relationship between the Pennsyl-
vania Turnpike, the Route 202 corridor
and Center City Philadelphia’s universities
and businesses and institutions. The as-
sociation is affiliated with the Chamber,
the Greater Philadelphia Economic De-
velopment Coalition, and PIDC.

“As a major center of education, re-
search and medicine in a highly strategic
location and with an exceptional quality
of life, Greater Philadelphia can realisti-
cally continue to develop as an ‘interna-
tional city,” Widner said.

Counties’ Initiatives

Delaware, Chester, Montgomery and
Bucks counties all have industrial devel-
opment corporations, which assist new
advanced technology firms.

Gary Smith, director of the Chester
County Industrial Development Corpora-
tion, says, “Years ago—when the in-mi-
gration of advanced technology firms had
not begun—we knew no better. But now

ADVANCED TECHNOLOGY 1S LRERTING
NEW ECONOMC DPPORTUNITIES
IN SOUTHERSTERIN PENNSSLVANIA

The Advanced Technology Center of Southeastern Pennsylvania is a
partnership among universities. industry. labor and government

The Advanced Technology Center promotes job creation and retention
through

University-industry research and development for projects with
commercial application
Scientific education programs to prepare the workforce with
job skills in new technology fields
Entrepreneurial development assistance that provides product
evaluation, business and marketing plans. seed and venture
capital, and incubator facilities
The Advanced Technology Center transtorms innovative technologies
into economic opportunities for new and existing businesses
Phillip Singerman, Director
Advanced Technology Center of Southeastern Pennsylvania
University City Science Center
3624 Market Street » Philadelphia PA 19104
(215) 387-2255

Contact

AOVAHCED TECHHOLOGY CEMTER:
g)F SOUTHERSTERH PERNZYLURRIA

“PHILADELPHIA: A GROWING TRADITION OF TECHNOLOGY”
IS SPONSORED BY ITS ADVERTISERS AND BY:

RDC, Incorporated
115E. 15 St.

Great Valley Corporate Center
A Rouse Associates Development

10 Great Valley Parkway Chester, PA 19013
Malvern, PA 19355 Judd L. Howard,
Jill Felix, Marketing Director
Marketing Director (215) 874-5555
(215) 647-7300 Creative financial strategies

for new enterprise.

Pennwalt Corporation
KYNAR Piezo Film Group
King of Prussia, PA 19406
J. Victor Chatigny,
Manager
(215) 337-6710

One Reading Center
Opening June 1984
Spectacular 32-Story Office Tower
Northwest Corner/11th & Market Sts.
Leasing Inquiries Invited:

(215) 625-2500

Chester County Development Council
750 Pottstown Pike, Exton, PA 19341
Gary W. Smith, Executive Director
(215) 363-6110
Complete assistance for high-tech
companies on the move.

“Philadelphia: A Growing Tradition of Technology” was written by Gene Gorsky of the
Public Relations Division of Lewis, Gilman & Kynett, Philadelphia, with graphics by
Sherin & Matejka, Inc., New York. PHOTO CREDITS: SmithKline Beckman Corp.; PIDC;
One Reading Center Associates; City of Philadelphia. ILLUSTRATION CREDIT: Glen Wolf.
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we're all part of the Advanced Technology
Center.
“This new cooperation is better for us
and for the industries we serve.”
Riverfront Development Corporation
(RDC) is a private-sector, nonprofit in-
dustrial development organization in
Chester, Delaware County. According to
President and Chief Executive Officer Carl
E. Russell, it provides not only seed capi-
tal, venture capital and other financing,
but also technical assistance through the
corporate sector and the universities.
“We're most useful to ventures that are
either too small, or too underorganized,
to approach conventional financial
sources. We package new ideas and new
firms, and help them reach a level where
they're of interest to the money-markets.”
Uniting Philadelphia and the five coun-
ties in southeastern Pennsylvania in an
economic and social, as well as a tech-
nological network, is the Philadelphia
Electric Company. According to Jim
O’Brien, manager of area development,
PE began development work shortly after
World War II, attempting to stimulate the
area’s economy and create manufactur-
ing jobs. “We act as a catalyst to put things
together and make things happen,”
O’Brien says.

The Choice for }l_dpe

“Technology is inexorably advancing,”
says Dr. Randall Whaley. “It will remark-
ably affect the way we do business with
one another; and we are fortunate to be in
a region that can adapt to change. Educa-
tional institutions can respond to techni-
cal and practical needs to maintain a
skilled labor pool. Understanding the
needs of emerging and expanding busi-
nesses by our financial community will
lend credence to the hospitable environ-
ment of the region. State and federal re-
search and development assistance pro-
grams which couple universities and in-
dustry are in place.

“There is already satisfactory evidence
that business and industry and educa-
tional institutions are willing participants
in the advanced technology center con-
cept. We feel that southeastern Pennsyl-
vania is building in such ways as to be
supportive to all our citizens — whatever
their level in the workplace.”

University-industry linkages are top pri-
ority for Temple University. UCSC is estab-
lishing the Temple Science Center Cam-
pus as a resource for local entrepreneur-
ial business. Temple is securing patents
and licenses on its own, and its faculty’s,
behalf.

Temple is involved with the work of
Dr. Jack Kolff on the total artificial heart
(see “An Artificial Heart Inside The Body,”
SCIENTIFIC AMERICAN, November 1965).
Dr. Kolff is chief of the cardio-thoracic
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surgery section at Temple University Hos-
pital and a professor of surgery there as
well. With Temple’s assistance Dr. Kolff
has assembled a new effort to refine a
smaller, more useful artificial heart. The
effort is supported by the Ben Franklin
Partnership, the American Heart Associa-
tion, and private companies. “We've
pulled together an excellent team,” says
Dr. Kolff. “SmithKline Beckman, for ex-
ample, has given us the modern equip-
ment we need to properly monitor our
clinical cases.

“WeVve married the skills and facilities
we have here at Temple with the skills and
facilities of industry.”

Says Dr. Tim Weckesser, special as-
sistant to Temple’s provost, “Temple is
proud of its contributions to science and
to our environment.”

Transition, Not Revolution )

Robert G. Wilder is president and chair-
man of Lewis, Gilman & Kynett, Inc., Phil-
adelphia, the largest full-service market-
ing/communications agency in the re-
gion. Mr. Wilder is a past chairman of
Greater Philadelphia Chamber of Com-
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merce and is a board member of the Op-
portunities Industrialization Center.

“The rise of the new technology,” Wil-
der states, “has meant replacement of
some traditional manufacturing compa-
nies by new firms providing sophisticated
hardware and services. By planning this
change—through the Ben Franklin Part-
nership and organizations such as UCSC
and the Technology Council—we are ex-
periencing a transition, rather than a
revolution.”

According to Wilder, “The key is recog-
nizing that an area like ours is a fabric of
economic, cultural and personal threads
to be rewoven over time and not abruptly
torn and pieced together. We're develop-
ing advanced-technology business while
encouraging growth and maintenance in
other areas. And we're reinvigorating old-
er industries by incorporating into them
technological innovations, thereby form-
ing a growing, integrated economy. We
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here—as professional communicators—
are an important thread in this broad new
fabric.”

LGK’s client list includes many that are
technology-based. One major new agen-
cy client, AT&T Western Electric,isaworld
leader in computer, microelectronic, and
lightwave technologies. Western Electric
will sponsor the 1984 Summer Olympics
and is designing a sophisticated elec-
tronic messaging system for the Games.

Philadelphia is headquarters for Bell
Atlantic Corporation, new parent com-
pany for telephone operating companies
in a seven-state region. One of those com-
panies is Bell of Pennsylvania, whose
division manager for network planning,
Ken Weaver, is enthusiastic about Phila-
delphia’s technological growth.

“In the telecommunications industry,
deployment involves as much advanced
technology as does invention. For exam-
ple, we're implementing a new ‘interface’
based on fiber-optics here. It allows our
customers to obtain access to the new
inter-city carriers like MCI and Sprint in
the most modern ways.

“Like any corporation working at the
newest limits of technology, we're con-
cerned with learning what our large busi-
ness customers need and want, and then
letting them know what Bell of Pennsyl-
vania can do for them. That process
works more smoothly in Philadelphia,
where things are happening in technol-
ogy in a wide range of disciplines.”

One example of promising new tech-
nology comes from Pennwalt Corpora-
tion, founded in 1850 as the Pennsylvania
Salt Manufacturing Company. West of
Pennwalt’s Center City world headquar-
ters, and near Route 202, Pennwalt man-
ufactures Kynar™ Piezo film, a polymer
transducer with many applications. One
engineer described the product, available
for application for just 18 months, as “the
most important transducer technology
ever.”

“Bell Laboratories is located just north
of our King of Prussia technology center,”
said Pennwalt manager J.V. Chatigny.
“Bell Labs has tested Kynar Piezo film
through more than 15 million test actions,
and a fair number of other engineers con-
sider it highly reliable.” The film is even
being studied as a replacement for dam-
aged human skin.

Philadelphia’s new mayor, W. Wilson
Goode, has already announced a five-part
City plan to create jobs in high-tech in-
dustries. “These industries have the po-
tential to play a major role in a ‘Second
Renaissance’ in Philadelphia and to put
more of our people to work,” the mayor
said. The mayor’s program includes an
active Scientific Advisory Committee “to
help the City government locate and lure
commercially viable technological re-
search to Philadelphia.”
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System.

With MAPPER, you work with
the computer directly. You ask ques-
tions in plain English. And you get
immediate answers.

And if the information you get
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them right away. With no delay for
programming. Or reprogramming.

MAPPER is that powerful. It
allows you to manipulate informa-
tion in almost any way you want.
And, interesting to note, it can even
help your programmers become
more productive.

AN AFFORDABLE SYSTEM.

You don’t have to be a large com-
pany to have a MAPPER System.
MAPPER can be scaled to the real
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own its own system. Or you can
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Throughout our 150 year his-
tory, SmithKline Beckman has been
associated with the Greater Phila-
delphia area. That association goes
deeper than our roots or civic pride.
It is based also on the synergy be-
tween us.

SmithKline Beckman has con-
tributed to the rich technological
environment surging across south-
eastern Pennsylvania. In turn, we

Philadelphia
and
SmithKline Beckman:
the synergy
of place
and people

SmithKline Beckman'’s Pathology/Toxicology Research
Laboratory, part of our new Research and Development Center.

have drawn on the resources, knowl-
edge and people that make up this
scientifically fertile area. Our work on
molecular-based biotechnology alone
has required the addition of several
hundred scientists to our new $200
million research complex.

We salute the growing tradition
of technology so much a part of the
Greater Philadelphia area. It is excit-
ing to be part of it.

SmithiKline Beclkman

CORPORATION

World Headquarters: One Franklin Plaza, Philadelphia, PA 19101
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BOOKS

Crops and their wild relatives, a timetable

from the big bang to A.D. 2000, vortex lows

by Philip Morrison

HE DIVERSITY OF CROP PLANTS, by

J. G. Hawkes. Harvard University

Press ($20). Fifty varieties of chili
pepper, bead-size to hand-size, lie in
three long ranks to illustrate the mor-
phological diversity of crops. The next
page marshals an even more unexpect-
ed lineup: bottle gourds from northeast
Brazil, golf balls to trombones. These
minor crops are not, to be sure, anyone’s
daily bread, but they are no trivialities.
By their antiquity alone they command
respect; the two earliest domesticates
found by archaeologists in one long dat-
ed series of three dozen species are these
two, cultivated for 11,000 years there
along the valley road from Mexico City
south to Oaxaca.

Reflective, quiet and clear, this small
book by a distinguished English botanist
and geneticist presents an example of
applied archaeology. The use of the dis-
tant past to form the powerful myths
of nationalism is familiar enough, but
here prehistory is placed in direct eco-
nomic service. In our populous time we
need the genetic diversity of crops, their
grand pool of genes for resistance to ad-
versities and for yield, for new range
and for desirable product, perhaps more
than ever. Where are those half-hidden
legacies? How can we best find and pre-
serve them? These are the bread-and-
oil questions of the day whose answers
must in part be given by ethnobotanists
and archaeologists.

Crops are weedy plants, weeds not by
the self-centered complaint that they
grow in the wrong place for human pur-
poses but by a deeper ecological defini-
tion, plants able to thrive in disturbed
soil around the busy hearths and camps
of people, less successful in open com-
petition with the established vegetation
of their region. Crop plants have grown
under conscious and accidental selec-
tion by their human growers. In many
crops selection is marked for gigantism,
against protective mechanisms (the wild
African eggplant is a thorny vine) and
against dispersal (the common bean had
a wild ancestor able to disperse its seeds
by anexplosive twist of the pod, and the
wild poppy had fruit with pores to cast
out the fine poppy seeds).

The delightful visible forms and col-

ors of chili and gourd may reflect an
ancient aesthetic principle of selection.
Crop plants are largely statistical arti-
facts of the knowing women who tended
gardens long ago. More than half of
the book amounts to an expert’s survey
of the varied explanations and conjec-
tures—they are far from proved—that
surround the question of where and how
crop plants arose. Professor Hawkes
does not neglect the root and tuber crops
either; they are mostly of tropical origin,
so that their preservation on site is rela-
tively poor. He suggests, partly from re-
search of his own with the potato, that
there is greater similarity between seed
and root crops both in the epoch and in
the process of domestication than oth-
ers have held.

Diversity is not always visible. There
are hidden rich biochemical differences.
For instance, electrophoresis disclosed
that every single European potato vari-
ety possessed a set of proteins different
from those of all other varieties. Plant
breeders have long argued the merits of
single-gene immunity as against nonspe-
cific resistance to disease; crop varieties
resistant on the basis of a single gene
often act mainly as a screen for the
disclosure of new genetic combinations
among pathogenic fungi in the “perma-
nent cold war between the plant breed-
ers and the fungus pests.” Longer-last-
ing results follow from a polygenic
approach, giving complete immunity
against no single pathogen but more
durably effective overall. The issue is
complex; there is no one path, and the
diverse genetic statements are essential
raw material.

Diversity is of course dwindling as
wild habitats are lost, and local farmers
everywhere are tempted to adopt the se-
lected strains with superior properties
offered them. The sophisticated farmer
has gone far in optimized uniformity;
even the law requires genetic purity in
seeds offered for sale, where a couple of
generations ago even U.S. farmers grew
land races, mixtures of genotypes that
“could not even be called varieties.”
This is much more of a problem for the
major crops, wheat, maize, soybeans
and rice, say, than it is for the roots,
shrubs, climbers and herbs that flourish
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in the dooryard gardens of the tropical
villager from Puerto Rico to central
Java; those diverse plots are almost as
varied as the forests outside.

The danger of genetic erosion has
long been seen. In 1936 H. V. Harlan, an
American plant breeder, wrote: “In the
hinterlands of Asia there were proba-
bly barley fields when man was young.
The progenies of these fields with all
their surviving variations constitute
the world’s priceless reservoir of germ
plasm.... When new barleys replace
those grown by the farmers of Ethiopia
or Tibet, the world will have lost some-
thing irreplaceable.” The news, how-
ever, is good. There is a worldwide strat-
egy at work. Collection, evaluation,
standardized documentation and care-
ful storage are under way. There are lists
of priorities by crop and region, and
each of the 14 centers of the interna-
tional crop-research program has a few
crops under its wing and its funds from
the World Bank; the effort is coordi-
nated by the United Nations Food and
Agriculture Organization. The Peruvian
center, for example, has stored 12,000
primitive cultivated forms of potato and
is now reaching out to the wild species.
A flood of booklets has appeared telling
crop by crop what is on hand and what
and how to find more. There is a grow-
ing training scheme for needed specialist
workers at every level. There are nation-
al and regional centers too, including
strong seed banks in eastern Europe,
such as the one in Leningrad, with exten-
sive collections since the time of the pio-
neer expeditions of N.-I. Vavilov.

Everywhere seeds are held refriger-
ated, dried to the right moisture con-
tent and sampled for germination to de-
cide the time for replanting. Such seeds
might last in careful storage for 50 to
100 years. The limit is set by inter-
nal oxidation of the lipids in the cell
embryo. The most important species,
particularly the “recalcitrant” seeds of
many tropical tree crops, from citrus to
oil palm, are conserved much more ex-
pensively by orchard plantings or in nat-
ural reserves. New possibilities are of-
fered by tissue cultures held in liquid
nitrogen, and perhaps by seedlings dor-
mant under controlled low light for a
long time, as when they wait in the forest
for some sunny opening to appear in the
canopy above. The economic microflo-
ra are not treated in this engaging vol-
ume, nor is the power of recent recombi-
nant techniques. Surely DNA splicing
and copying will become valuable; ge-
netic information retrieval is a DNA-
based game.

IMESCALE: AN ATLAS OF THE FOURTH
DiMENSION, by Nigel Calder. The
Viking Press ($19.95). We unwind the
spiral from near its center, one power of
10 to each turn. The turn is taken in five
equal segments (their ratios always as
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10:16:25:40:63:100) from the big
bang to 1984, adjusted to offer nine full
turns and a bit more toward an end point
in the convenient bimillennial year
2000. The thread we unwrap is more the
thread of the Fates than a single bland
dimension; it is the array of all that has
been. Two text pages, each flanked by a
relevant photograph or graph or two,
narrate coolly enough what events each
segment held, whether it was the entry
of the “ruthless sting of oxygen” into the
atmosphere of an earth where life was
solely microbial, dated 1,800 million
years past, or whether it was the reus-
able spaceship and the eradication of
smallpox, dated nine turns later, just 18
years before the conventional end point.

More than 300 events are signaled by
arrowheads along a logarithmic time
scale that runs across the bottom of the
90 pages. There is a prologue, particle-
physics events in the first microsecond
or so of time, in the bold views of to-
day’s theories. Then the true logarithms
begin, with a dozen markers to the ori-
gins of the sun, by way of various ele-
ment-forming events. Earth history, ge-
ology in the large, is spelled out in a
couple of dozen more events, past the
gold boom (geological) and the iron
boom (bacteriological) to the coming
of animals. Another 60 events, plenty
of continental encounters and asteroid
splashdowns, before the grass comes,
now identifiable as ‘“‘the master of the
planet Earth.”

Another 30 arrowheads and we come
to the first scavenging ancestors of
humankind. It takes somewhat more
events, climate oscillations and cer-
tain human accomplishments before the
breakout of modern humanity, ascribed
to the genetic facilitation of language
only 40 millenniums ago. After that ge-
netics is outstripped; it is culture that
changes species and moves mountains.
After that the events are cultural, too
swift to enumerate, with many inven-
tions in our populous world (although
no more per head per year than in the
deep human past). The logarithms now
pay off in a somewhat human-centered
way; the last 30 events string back from
1982 only as far as Das Kapital and
the telephone.

A section of world maps plots the
drifting continents of the dim past and
the human movements of history to the
present pattern, the Pacific now rival to
the Atlantic for economic focus, Japan
and California salient instead of Lon-
don, the Ruhr and the U.S. Northeast.
The time-scale section follows, and the
book ends with a remarkably dense and
diverse reference index, crammed with
explication, cross-references and cita-
tions, and accented by no fewer than
three dozen closely set timetables.

These schedules display the assigned
dates of the main junctures in geology,
paleontology and human history. Some
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are quite expected lists, their entries
standard, although here given an unusu-
al consistency. Others are fresh: infor-
mation technology from Paleolithic lu-
nar calendars to optical-fiber links; epi-
demics from Roman times onward; cos-
mic impacts from the oldest shield scars
to the Tunguska fall of 1908; transport
from floating logs to space flight. Break-
outs are a key part of the author’s view
of prehistory and history: human groups
suddenly spread both geographically
and through cultural influence. That
timetable is the longest, and it compiles
assigned dates for the coming of the
modern hunter-gatherers 400 centuries
ago and the spread of blacksmiths and
charioteers, on to the Americans and the
Japanese, with a history of national ex-
pansion in a few wry lines for each.

The entire product is a tour de force
by the experienced author. Like the best
fireworks, it is a brilliant display of what
reasoned expertise can do, with now and
again a little too much noise and smoke.
The material is fully up-to-date; more
than one item is based on a single re-
cent paper in Nature or Science. Always
stimulating, those conclusions are not
always enduring.

The form of the book all but demands
decisive conclusions. Little is left open
to doubt; too little, if precedents are any
guide. Calder thinks like the physicist he
is; he openly admires the easy detach-
ment of physicists and their tone of
strict causality. Indeed, if there is a fault
here, it is the absence of chance. In histo-
ry epidemic disease plays a major part;
in prehistory the genetic mutation that
allows the digestion of lactose by most
people of European extraction does the
same. It is open to doubt that milk-based
nutrition was more important than can-
non and nationalism in the breakout of
the palefaces. Milk may be more effi-
cient than meat in the conversion of en-
ergy from grass, but one would like to
see some evidence that the naval gun-
ners of the fleet of the Duke of Albu-
querque, say, showed signs of milk-fed
vigor. Microorganisms can predigest
lactose very well; quite a few people in-
nocent of both Indo-European verbs
and enzymes enjoy the proteins of fer-
mented milk. It is witty to cite the Opi-
um War of 1839-42 as marking the Chi-
nese cowed; perhaps they were instead
hoist by their very own gunpowder. In
much the same vein Calder bets heavily
on molecular dating against the fossil
record, on human genetics against other
causes—or chance—in the broad sweep
of history and on asteroid collisions for
much of large-scale evolution.

But this is carping in the presence of
an enriching and ample book. Recog-
nize the author’s penchant for firm dates
even as the evidence remains conflicting
and you have the needed caution for
enjoying these tightly argued and mar-
velously catholic pages, never provin-
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cial or petty. The writing, occasional-
ly strained, is tart. An observant Mar-
tian announces the first law of human
biology: Nutrition goes inversely with
skin pigmentation. “Exceptions in the
form of fat blacks and scrawny whites
show that this is not a genetic but a so-
cial phenomenon. Every two seconds a
small child dies of poverty, and from
Mars the planet Earth is just South Afri-
ca written large.” This is no book for the
gentlest reader, but for those who can
temper its sharpness with a few grains
of deferred conclusions it is an exciting
book to read and a lasting resource on
the shelf.

There are few unclarities in the swath
cut across science and history. The com-
plex volume is well designed for use; its
high level of authority flows alike from
the author’s experience and perspicac-
ity and his knowing contacts with more
than 100 scientists and other scholars as
expert consultants. It is a shrewd exam-
ple of the current state of the art of un-
raveling the entire past, except that al-
most every debate in progress has been
shifted backstage.

ORLD OCEAN ATLAS, VOLUME 3:

THE ARrcTIC OceaN. Edited by
Sergei G. Gorshkov, Commander-in-
Chief of the U.S.S.R. Navy. Department
of Navigation and Oceanography, Min-
istry of Defense, Union of Soviet Social-
ist Republics. Distributed by Pergamon
Press ($400). THE TIMES ATLAS OF THE
OcCEANS, edited by Alistair Couper. Van
Nostrand Reinhold Company ($90.50).
The hefty volume from Moscow, stand-
ing a foot and a half tall, is the third
of its set to appear; the Pacific volume
came out in 1976 and the volume treat-
ing the Atlantic and the Indian Ocean
together in 1979, each priced above
$400. This is a major production of the
mapping agency of the Russian navy,
with the scientific collaboration of the
appropriate research institutes and an
editorial board including a clutch of
admirals under Admiral of the Fleet
Gorshkov. The map pages are hand-
somely colored and well printed, with
shaded relief for the land masses and all
the other apparatus of a fine atlas. It
is no book for the casual English-read-
ing user, since it is entirely in Russian,
in Cyrillic characters, apart from a title
page in English.

If the Arctic Ocean is not Mare Nos-
trum to the U.S.S.R., it comes close to it.
The heavy maritime use made of the
long Arctic coastline in summer remains
a persistently adventurous note in Rus-
sian economic life. The historical sec-
tion of this atlas, perhaps the part of
most interest for the general reader,
makes the tradition plain. The first air-
plane ever to fly in the Arctic was that of
Ya. I. Nagursky, who flew over the bar-
ren island of Novaya Zemlya in 1914.
The drifting ice stations, the merchant
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convoys and the icebreakers came later;
in 1977 the nuclear-powered icebreaker
Arktika reached the North Pole, the first
visit there by any surface vessel, and in
1979 seven young men on skis went
across the early spring ice from the New
Siberian Islands straight to the pole.
Thisreader, as perhaps other Americans
will, found that our media had offered
surprisingly little familiarity with such
agreeable if transient leading stories in
the Russian press in recent years. The
atlas by no means emphasizes Russian
exploration; it is a full and fair historical
summary in maps, from old Eric the
Red onward to Robert Peary and the
U.S. drifting stations Bravo and Charlie.

History takes up less than a tenth
of the book. The ocean floor, its relief
and its structure, the climate month by
month and altitude by altitude, the re-
gime of rain, snow and cloud, the circu-
lation of the winds and the air masses,
the physical, chemical and dynamical
properties of the ocean waters, the fau-
na and flora, and the ice, the ice, the ice,
both land-fast and floating—all appear
here in detailed quantitative mappings,
summaries of the state of present knowl-
edge. The aurora and the earth’s mag-
netic field are not omitted, and even the
times of sunshine are carefully plot-
ted. One delightful inset shows the po-
sition of the magnetic pole every five or
10 years since 1900; it is moving out
through the Canadian islands straight
toward the pole, although not quite as
neatly as those skiers did.

This is aresearch atlas, and one hopes
that the naval and merchant ships’ offi-
cers for whom the preface says the work
is intended can use it well. The pages
that map month by month the probabil-
ity contours for encountering floating
ice are likely to draw anxious eyes on
shipboard.

Arctic reference libraries will have to
have it; oceanographic ones will surely
want the entire set (although probably
the Arctic volume is the freshest, since
the Russian physical data are so impor-
tant for the area). It is fortunate that
Pergamon is able to distribute this valu-
able work outside the U.S.S.R., but the
experienced multinational publisher has
somehow piloted the Russian navy into
shoal commercial waters. Doubtless the
work is heavily subsidized; it never ap-
peals to the civil servants of any treasury
to ship such a subsidy abroad, even as
fine heavy books. Perhaps that some-
how justifies the 1,200 percent dollar
markup from the 1980 domestic price of
25 rubles printed right on the book. For
the $400 Pergamon should have found
some way to bind into the volume the
useful English translation of the section
introductions and the full index that it
now supplies only as a separate offset
pamphlet, of no great beauty or perma-
nence. That title page in English is no
more than a buoy adrift.
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The Times Atlas of the Oceans is a less
imposing reference volume of smaller
size and wider scope, much more suited
to use by the general reader. It treats all
the oceans, the polar ones as well, at
a less detailed level. It is not so much
a specialized atlas of the seas as it is a
richly illustrated and comprehensive in-
troductory treatise on the economic ge-
ography of the oceans, with a sturdy
supporting base in physical and biologi-
cal oceanography. The big pages display
plenty of images, most of them in bright
color, from up-to-date drawings of the
main types of merchant ships to photo-
graphs of krill and squid and the plank-
ton they consume. The only systematic
mapping in full-page size is in the open-
ing 10 pages, which display the sea bot-
tom worldwide, with its named trenches,
plains, seamounts and fracture zones.

There are hundreds of other maps,
all insets to textual spreads describing a
wide variety of interesting salty topics:
environment, resources, trade, strategy,
exploration, law. Here is the track of the
Trolltunga iceberg, a fragment of the
southern ice cap, first seen by satellite in
1967. It was then a giant floe about half
the area of Long Island; it floated slowly
northward, to dwindle into “little more
than a collection of small bergs” south
of the Cape of Good Hope a decade
later. There is a world map studded with
close to 200 straits and canals, and
good-size detailed maps of the half-
dozen most important of them, such as
Hormuz, a candidate for the headlines
in any troubled year.

There are maps of ocean cables, of the
drill stations of the Glomar Challenger,
of the moving front of a typical tsunami,
of worldwide shipwrecks for two years
and even of the two dozen major surf-
boarding sites (three million partici-
pants, the legend says, on all but the
polar oceans). The Falklands-Malvinas
war is mapped as one of nearly 200 na-
val incidents around the world since
1946. U.S. involvement leads, whether
in defense or in attack: we keep more
naval ships at sea in harm’s way.

This volume is as full of general inter-
est as it will be a first resort for refer-
ence; its Cardiff editor and contributors
(that university in Wales claims most
of the authors) have reason for satis-
faction, to be shared by the production
groups in England, Denmark and Italy.

ORTEX FLOW IN NATURE AND TECH-

NOLOGY, by Hans J. Lugt. John Wi-
ley & Sons, Inc. ($49.95). “Vortices are
ordered structures of fluid motion,
which nature prefers over chaos in
many situations.” From the tiniest tur-
bulent eddy to the entire galaxy the rota-
tion of a multitude of material particles
about a common center is a pattern of
motion that has fascinated the eye and
the mind’s eye for a very long time. Lugt
is a distinguished hydrodynamicist at
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the David W. Taylor Naval Ship R & D
Center outside Washington. He is at
home alike with big ship models towed
down mile-long tanks, with the histori-
cal development of understanding and
with the powerful computer codes of the
day. In this book he has compiled a com-
prehensive story of the vortex at a seri-
ous descriptive level, without equations
but copiously documented with tables,
graphs and diagrams. The coverage is so
wide (he has a first chapter on ancient
views of the vortex, including myth and
the turbulent musical metaphors in the
Bach Passions, and a final one on the
vortices of the extraterrestrial cosmos)
and the essential geometry is so far from
intuitive that the book demands and re-
wards close study. He has added a brief
mathematical supplement, carefully se-
questered, to document the remarks of
the expository section for students fa-
miliar with vector fields and the equa-
tions of fluid dynamics.

The chief text has two parts. In the
first part the motions are those that gyre
from inner causes: the effects of walls,
edges and wings, and of the instability
and turbulence of most laboratory-size
flows. The treatment amounts to an
overview of the theory of flow of vis-
cous fluids. In the second part Lugt ex-
amines the larger flows of wind and wa-
ter, at a scale adequate to exhibit the
related consequences of the rotation
of the earth and the stratification in-
duced in air and salt sea by gravity. The
two sections, somewhat more than 100
pages each, present a broad survey of
the phenomena in the laboratory and
outside it, causally described and quan-
titatively assessed through a couple of
dozen examples.

Try a small sample. Three or four
large pages, with one striking photo-
graph of a turbine intake and half a doz-
en diagrams done in line, are given to the
intake and discharge vortices, Kin to the
bathtub whirls. Surely these ordered and
stable motions that evince such compact
power without any easily seen origin
must be a widespread source of wonder.
The conservation law is invoked by a
simple numerical estimate, to show how
a tiny initial motion can explain the
swift central whirl. The bathtub vortex
is carefully included in the account, and
three or four hardly perceptible sour-
ces of the input vorticity are named.
Then the experiments are cited that un-
der exquisitely controlled conditions
(although not at all in everyday experi-
ence) have been able to reveal the majes-
tic spin of the earth with a humble piece
of plumbing. In Sydney the symmetri-
cally prepared tub drains clockwise; in
Boston it drains the other way.

The most interesting and novel sec-
tions of the first part treat of the vortex
as it arises from flow collisions and join-
ings, the instabilities and turbulence of
large or fast flows. This work is current;



that ordered vortex patterns appear
even as the flow is steadily evolving
toward the confused eddies of turbu-
lence is one more example of the mod-
ern realization that chaos is not to be
entered chaotically. A marvelous pho-
tograph from Gottingen only a cou-
ple of years old shows a turbulent vor-
tex, looking like a rather ragged smoke
ring, shedding infant vortices from its
core into a grainy, spin-filled wake as
it moves along.

The second part treats of the vortex-
laden atmosphere and ocean of our
spinning earth. Of course, it has plenty
to say about tornadoes and dust devils,
about the Gulf Stream and jet streams.
It offers a good general account of
the modern views of the circulation in
sea and sky; although the jet streams
are very convincingly mapped and di-
agrammed (there are two to a hemi-
sphere, the familiar subpolar one and a
subtropical one), their origin does not
come clear to this reader. On the other
hand, the vortex progeny of the Gulf
Stream are neatly made rational, and
with some surprise we read that the do-
main central to the North Atlantic gyre,
which we know as the quiescent pool
called the Sargasso Sea, has a counter-
part in the North Pacific circulation,
around the islands of Hawaii.

The regimes of flow governed by
force ratios expressed as the numbers of
Reynolds, Rossby, Ekman and Rayleigh
are made physically quite reasonable.
Unstable rotation in odd-shaped vessels
gives rise to potholes of surprising vari-
ety and order, with thanks to Sir Geof-
frey Taylor. The chapter that closes the
work is rather too ambitious, seeking in
a dozen pages to give an account of
everything from the Great Red Spot of
Jupiter to the spin of the galaxies. Lugt
hunts the origin of the angular momen-
tum manifest in the realm of the galax-
ies, but he does not much entertain the
most popular view, which is that gal-
axies whirl simply because they have
taken in one another’s spin. Overall
there is no sign of net angular momen-
tum in the cosmos.

The book is certainly a first-rate re-
source at a nonmathematical level for
anyone who has a genuine interest in
1iuid flow. Students and teachers of the
topic will want it handy, not least for
its 500 references. One hopes that gen-
eral readers too will dip into its com-
pendious chapters; it was so greeted by
a serious audience of readers of Ger-
man when it first appeared in that lan-
guage a couple of years back. Its read-
ers will never forget that every darting
fish and slow-turning submarine, every
falling leaf and summer breeze, leaves
behind it a strange wake, a subtle if in-
visible trail of vortices of varied shape
and size, a pattern of motion more or-
ganized and perhaps even more ubiqui-
tous than waves.
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Outruns Them All

The Wild Turkey is an
incredible bird, capable of
out-running a galloping
horse in a short sprint.

It is also the symbol of
Wild Turkey, an incredible
whiskey widely recognized
as the finest whiskey
produced in America.
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The Population of China

The recent census confirms that it stands at a little more than

one biilion. Through strong measures to reduce the birth rate

the government is seeking to have it level off at 1.2 billion

fourth of the world’s population is

Chinese. What is noted less often is
that 80 percent of the population of Chi-
na live in the rural areas of the country
and hence one-fifth of the world’s popu-
lation is made up of the Chinese peas-
antry. The demographic trends in this
very large social group therefore have a
considerable significance not only for
China but also for the world as a whole.
In many economically developing coun-
tries the rate of population growth has
fallen faster among the educated urban
population than it has among the peas-
antry. The peasant economy encourag-
es demographic growth: many children
provide many hands to work the small
plot of land the typical peasant family
owns or rents. Children also ensure that
the land will be worked when the par-
ents are old. Such conditions prevailed
for centuries in China before the revolu-
tion of 1949 and the rate of population
growth was high.

The collectivization of agriculture
that followed the Communist revolu-
tion removed much of the economic in-
centive for large families on the farm.
The rate of population growth, how-
ever, remained high because profamily
cultural attitudes persisted, because the
death rate had declined sharply and be-
cause little attention was given to birth
control. Not until after the death of
Mao Zedong in 1976 was the control
of demographic growth pursued vigor-
ously as an official policy. The political
structure of Chinese society, however, is
such that policy decisions can be quickly
implemented. As a result the rate of
population increase has declined fast-
er in China than it has in any other
large economically developing country.
Moreover, contrary to the experience

It is frequently observed that one-
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of many developing nations the reduc-
tions in the birth rate have taken place
in rural areas as well as in the cities.
Although a decrease in the rate at
which the population is growing is on
the whole beneficial to a developing
country, a rapid decline in the birth rate
has significant social costs. The official

position of the Chinese government is
that the largest population China can
support is 1.2 billion, or 200 million
more than the population counted in
the most recent census (taken in 1982).
I have made projections showing the
effect of an immediate decrease in the
birth rate to a level commensurate with

ADMINISTRATIVE UNIT POPULATION (THOUSANDS)
BEIJING 9,231

TIANJIN o 1 7,764

| 'HEBEI PROVINCE 53,006

SHANXI PROVINCE 25,291

INNER MONGOLIA AUTONOMOUS REGION 19,274

LIAONING PROVINCE 35,722

JILIN PROVINCE 22560 |
HEILONGJIANG PROVINCE T 32,666
| SHANGHAI i - 11,860

JIANGSU PROVINCE 60,521

ZHEJIANG PROVINCE - 38,855

ANHUI PROVINCE - 49,666 T
FUJIAN PROVINCE 25,931

“JIANGXI PROVINCE - 33,185

SHANDONG PROVINCE - 74419

HENAN PROVINCE o 74,423 B |
HUBE! PROVINCE - 47,804

HUNAN PROVINCE 54,009

GUANGDONG PROVINCE 759,299

GUANGXI ZHUANG AUTONOMOUS REGION 36,421 ]
SICHUAN PROVINCE 99,713

GUIZHOU PROVINCE 1 28,553

YUNNAN PROVINCE - | 32,554 |
TIBET AUTONOMOUS REGION 1,892 ]
SHAANXI PROVINCE - 28,904

GANSU PROVINCE - 19,569

QINGHAI PROVINCE - - 3,896

NINGXIA HUI AUTONOMOUS REGION 3,896 ]
| XINJIANG UYGUR AUTONOMOUS REGION 13,082 -

POPULATION DENSITY OF CHINESE PROVINCES is shown on a map where the height
of each area is proportional to its population density. Yellow stands for an average density of
more than 400 people per square kilometer, blue for 200 to 399 people, pink for 100 to 199

© 1984 SCIENTIFIC AMERICAN, INC



an ultimate constant population of 1.2
billion. The projections show that such
a rate could have at least two substan-
tial implications. The first implication
is that in the middle of the 21st century
there will be a disadvantageous distribu-
tion of the Chinese population accord-
ing to age: a relatively small group of
workers will be supporting a large group
of retired people. The second is that if
China is to achieve a constant popula-
tion of 1.2 billion, Chinese married cou-
ples must average fewer than two chil-
dren for much of the 1990’s, a figure
lower than that in most economically
developed countries.

he authorities of the People’s Re-
public of China are well aware of
such implications. The projections pre-
sent Chinese officials with some diffi-
cult choices. If the birth rate were to
drop faster, the ultimate pressure on

people and brown for fewer than 100 people. The east coast with its
large ports and concentration of industry is the most densely popu-
lated part of the country. The table at the left shows the population

natural resources would be reduced but
the resulting age distribution would be
even more unfavorable and the social
discipline necessary to impose family
planning on the population would be
even stronger. If the decline in the birth
rate were slower, a less stringent social
discipline would be needed and the age
distribution would be more favorable
but the pressure on natural resources
and on the capital available for eco-
nomic development would be substan-
tial. Whatever choices the Chinese re-
gime makes, it is evident that one of the
most intriguing demographic experi-
ments in human history is being con-
ducted in the largest society on earth.
The results will have implications for
the parts of the developing world
where the birth rate is still high and for
the human population as a whole.
There have been many changes in the
People’s Republic of China since the

SHAANXI
INNER MONGOLIA \ SHANXI /

NINGXIA
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death of Mao but none of them has been
more dramatic than the reversal in pop-
ulation policy. Mao believed that the
Chinese people, no matter how numer-
ous, could construct the material basis
for prosperity; it was said that “revolu-
tion plus production” would solve all
problems. In the regime of Deng Xiao-
peng, however, population growth is
perceived as the main obstacle to im-
proving the standard of living. The
emphasis given to birth control by the
current regime is reflected in many of-
ficial statements and actions. For exam-
ple, in December, 1982, the National
People’s Congress adopted a new na-
tional constitution that includes a pro-
vision making family planning the duty
of all married couples.

My interest in demographic policy in
China was sharpened by a monthlong
visit there in January, 1982, under the
auspices of an academic exchange pro-

of the provinces, the autonomous regions and the three independent
municipalities (Shanghai, Beijing and Tianjin) as counted in the cen-
sus of 1982. Shanghai, with 11.9 million people, is the largest city.
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gram sponsored by the National Re-
search Council of the National Acade-
my of Sciences. The visit took me to
Beijing, Chengdu and Canton and to
several rural areas as well. I lectured and
interviewed people at many levels of
Chinese society, including factory work-
ers, peasants, managers and government
officials. From such experiences I gath-
ered a sense of how the problem of
demographic growth is perceived in the
People’s Republic. These impressions
augmented the objective information
that is given by censuses and numeri-
cal projections.

The most frequently expressed official
reason for controlling the growth of the
Chinese population is the scarcity of ag-
ricultural resources. Although per capi-
ta food consumption has increased since
the revolution, it is said by officials that
10 percent of the population are un-
derfed. Moreover, most of the country
consists of mountains, deserts or lands
otherwise unsuited for agriculture. The
11 percent of the total land area that is
now under cultivation includes virtual-
ly every square meter of arable land. A
recent article on the front page of Peo-
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ple’s Daily, the newspaper of the Chinese
Communist Party, asserted that if the
population continues to grow at the rate
of the past 20 years, demographic pres-
sure will threaten the improvements in
the standard of living that have been
achieved since 1949.

Whereas food consumption per capi-
ta has increased only slowly, there has
been a remarkable change in the distri-
bution of agricultural products. Unlike
many other developing nations, China
has chosen an egalitarian policy of food
distribution. An attempt has been made
to provide a healthy, if austere, diet for
all. Furthermore, the rationing system
keeps people from spending increases in
pay on food, and as a result differences
in income are not immediately convert-
ed into differences in diet. In many de-
veloping countries as much as 80 per-
cent of additional income is spent on
food; in China the figure is said to be
about 20 percent. In particular, meat
consumption has been held down. As
long as people are hungry the available
grain is employed to feed people rath-
er than livestock. The people are urged
to spend their income on manufactured

BIRTH RATE

RATE OF
NATURAL
INCREASE

/ DEATH RATE

1975

1965 1970

DEMOGRAPHIC RATES have fluctuated sharply in China since the revolution of 1949 be-
cause of economic, political and public-health factors. The rate of natural increase is the ex-
cess of the birth rate over the death rate. Broken lines correspond to years in which the demo-
graphic rates had to be estimated. As a result of the more egalitarian distribution of food and
universal, albeit rudimentary, medical care the death rate has declined continuously except for
a brief period of economic disruption caused by the “Great Leap Forward” of 1960. The birth
rate, which was high in prerevolutionary times, declined in the 1950’s, then rose during the
Cultural Revolution of the mid-1960’s. In the 1970’s population control began to be pursued
vigorously as official policy and the birth rate declined rapidly. The One-Child Campaign
adopted in 1979 has led to further decreases. The rate of natural increase has fallen, but the
population is still growing. Recent reports from China suggest the birth rate has risen since 1980.
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1980

goods, which stimulates industrial de-
velopment. Nevertheless, there.is a sub-
stantial pent-up demand in China for
food of higher quality. Rapid popu-
lation growth would increase the de-
mand and also perhaps generate politi-
cal resistance.

Ithough the well-defined limits of
agriculture are the strongest moti-
vation for family planning in China,
other considerations have strengthened
the collective will to limit population
growth. China has a considerable po-
tential for expanding its industry and
its output of energy. Economic devel-
opment, however, requires substantial
capital. Chinese officials have thorough-
ly assimilated an argument advanced
more than 20 years ago by Ansley J.
Coale and Edgar M. Hoover of Prince-
ton University. Coale and Hoover main-
tained that if in a developing country the
birth rate is high, the capital needed to
develop industry will be expended in
supporting and educating the younger
generation. A lower rate of population
growth would make it easier to accumu-
late the capital for development.

Another disadvantage resulting from
a high rate of population growth is the
presence of many young people who
need jobs. The problem of employment
for the young is particularly acute in
two groups: the educated urban popu-
lace and the residents of rural areas
where mechanization has reduced the
demand for labor. Of the two groups
the more serious political threat comes
from the educated. Intellectuals have
traditionally enjoyed respect in China
and have provided leadership for many
political opposition movements, includ-
ing the revolution of 1949. The gov-
ernment needs the knowledge, exper-
tise and prestige of well-educated city
dwellers yet is skeptical of their politi-
cal reliability.

The problem is exacerbated by the
shortage of jobs suitable for educated
people. The regime is attempting to lim-
it the size of the bureaucracy, which is
already too large for maximum efficien-
cy. Denied entry into official positions,
many urban young people now have
what is called provisional employment:
low-level jobs that make little use of
thgir qualifications. They work with the
understanding that they will be given
more demanding and prestigious jobs
when openings occur, but there are few
openings.

One of the reasons there are few open-
ings is that the elderly are entrenched at
the top of the career ladder. The politi-
cal organizers who led the fight against
the Kuomintang in the 1930’s are cur-
rently in their seventies, and they still
occupy positions of authority. At the
end of their careers they hold the most
conspicuous and responsible jobs and



stand in the way of the advancement of
the next two generations. The regime
has required the resignation of some
senior officials as a symbolic concession
to the young ones whose chances for
promotion are blocked. Such gestures,
however, do little to open up careers for
millions of new graduates. Slower popu-
lation growth would result in fewer un-
deremployed urban youths in the future.

Surplus population is not as serious a
threat in the rural areas as it is in the
cities, but the countryside also has its
problems. The mechanization of agri-
culture is not currently being promoted
as vigorously as it once was. The intro-
duction of rather crude farm machinery,
however, has increased the output per
person in the fields. Since the amount of
arable land is quite limited, increases
in productivity reduce the demand for
labor. The share of the gross domestic
product contributed by agriculture de-
clined from 47 percent in 1952 to 26
percent in 1970. In order to accommo-
date those thrown out of farm work
the government has tried to stimulate
the development of light industry in the
countryside, but finding the capital for
such projects exerts considerable pres-
sure on the fragile budgets of agencies in
the lower levels of government.

In addition to the dilemmas of resour-
ces and employment, uncontrolled
population growth could aggravate ten-
sions between the city and the country.
Developing nations have difficulty limit-
ing the size of their cities, in particular
their largest city. In China the flow of
people to the urban centers has been
restrained by the apparatus of govern-
ment control. Only people with jobs can
legally settle in cities and obtain ration
cards, housing and coupons authorizing
the purchase of medical care and con-
sumer goods, including the all-impor-
tant bicycle. As a result of such control,
squatter colonies, which exist in the cit-
ies of many poor countries, are not seen
in China. Even the stringent official poli-
¢y, however, does not prevent some Chi-
nese from living illegally in urban areas
with their relatives. The cities currently
hold 21 percent of the population, and
limiting the exodus from the farms has
been a constant struggle, with the au-
thorities sometimes winning and some-
times losing.

If the urban population increases fast-
er than industrial production in the ur-
ban areas, the burden on the farm popu-
lation will become heavier. The resi-
dents of the cities are fed largely with
about 50 million tons of grain per year
called commodity grain. The commodi-
ty grain is sold at a controlled price un-
der the rationing system. The grain is
collected in part by a tax in kind lev-
ied on the agricultural collectives. To
increase the tax burden in the rural
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PACE OF CHILDBEARING has decelerated more rapidly in China than in any other large
developing country. The curves show the gross reproduction rate for several countries. The
gross reproduction rate is the number of daughters each woman would have on the average if
all women survived to the end of their childbearing years. In China the rate has declined from
about 3.0 in 1950 to less than 1.5 in 1980. In Indonesia, a developing country with a highly
organized family-planning program, the rate is still higher than 2.0. In the U.S. and other eco-
nomically developed countries it can be 1.0 or less. In Nigeria, where there has been no decline,
the rate is about 4.0, implying that healthy women are having an average of eight children.

areas would incur the risk of renewing
the conflict between the urbanites and
the farmers.

Thus the desire to limit population
growth, which is motivated by scarce re-
sources, is reinforced by several social
and political factors. The national cen-
sus taken in July, 1982, did nothing to
allay official concern. Indeed, the census
results that have been released hold few
surprises. The total population count of
1.008 billion was close to the estimates
made beforehand. The high priority giv-
en to population matters was made clear
in the time and energy devoted to the
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census. About 5.7 million census takers
were appointed, and a member of each
household was required to come to a
census official and answer 19 questions.
Some 100,000 clerks are now preparing
the 300 million census forms and enter-
ing them in computer files.

Only summary figures from the count
of population have been published; they
include figures for the population of the
26 provinces and autonomous regions.
The final census results, with such de-
tailed information as the distribution of
the population by age, have been prom-
ised before the end of this year. The
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published figures on individual prov-
inces confirm the sharp differences in
population density in China. Eastern
China, with its large ports, remains the
most densely populated part of the
country. Shanghai, which has a popula-
tion of 11.9 million, is still the largest
city. The strip that includes Shanghai
and Beijing continues to be the most
heavily industrialized area in spite of
official efforts to promote the develop-
ment of industry in the western region
of the country.

The centralization of industrial pro-
duction carries with it large econ-
omies of scale, and in attempting to
disperse industry the government is op-
posing underlying economic and social
factors. The poor success of the decen-
tralization presents a striking contrast
to the resounding success of the family-
planning program.

Between 1949 and 1980 the birth rate
fell by half, a drop unprecedented in a
large developing country. The decline in
fertility, however, has not been smooth
or steady. The birth rate has fluctuated
sharply with changes in economic orga-
nization and social policy. In 1949 the
rate was 35 births per 1,000 people per
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METHODS OF POPULATION CONTROL utilized in China include the intrauterine device
(IUD), male and female sterilization and induced abortion. The bars show the number of times
each method was employed in each year from 1971 to 1978. All four methods are available
free from the government. China has preferred the IUD to all other contraceptive methods.

year, a level that had prevailed for many
decades. As a result of the elimination
of private ownership of agricultural
land and early birth-control campaigns
the rate fell to 25 per 1,000 in the late
1950’s. During the Cultural Revolu-
tion and other political upheavals of the
1960’s birth planning was abandoned as
an official goal, whereupon the birthrate
rose rapidly to a maximum of 44 per
1,000 in one year.

It was in the 1970’s that the full ef-
fect of organized population control be-
gan to be felt. The Third Birth Planning
Campaign, with the slogan of “Later,
Longer, Fewer,” advocated later mar-
riage, a longer interval between births
and fewer children. It was succeeded
in 1979 by an even more energetic
program: the One-Child Campaign. By
1980 the birth rate had decreased to 18
per 1,000. Official reports may have un-
derestimated the number of births; there
has also been a recent increase in fertil-
ity. Hence the current birth rate could
be about 20 per 1,000.

The magnitude of the decrease that
has been achieved in fertility is impres-
sive. The One-Child Campaign appears
to be taking hold, at least in some parts
of the country. In Shanghai, Beijing,and

© 1984 SCIENTIFIC AMERICAN, INC

five of the 26 provinces and autonomous
regions between 80 and 90 percent of all
births are births of first children.

The effectiveness of the recent birth-
control campaigns results chiefly from
the political structure of Chinese socie-
ty. The structure is the legacy of the 20-
year struggle for power waged by Mao
and his associates. In the struggle cadres
were carefully selected and trained in
secret party schools; each cadre then
became a link in the unified command
structure. Many cadres were recruited
from the peasantry, and their job was to
transform the rural populace from the
unprotesting, taxed people that Asian
peasants have tended to be into con-
scious agents of change.

When the Communist Party took
power, the increased political con-
sciousness and organization that had
been developed in war were turned to
civilian purposes, including family plan-
ning. In part because the political struc-
ture originated in an armed conflict, it
has a hierarchical form much like the
form of a military organization. The hi-
erarchy has six main levels. At the top
is the nation as a whole and at the bot-
tom are the production teams, each with
from 250 to 800 members. Every ad-



ministrative body, regardless of its lev-
el, includes an agency of the executive
branch, a Communist Party unit and a
unit responsible for the delivery of
health services. Birth-control services
are integrated into the health-care sys-
tem, and in each administrative body
there are personnel whose job is family-
planning education. In small discussion
groups guided by party cadres the con-
cept of population control is passed
down from the highest executive agency
to married couples.

n addition to arguments for popu-

lation control, birth-control devices
and rewards and punishments are deliv-
ered through the administrative appa-
ratus. Contraceptive pills, intrauterine
devices (IUD’s) and sterilization oper-
ations are available free to married
couples, as are premarital physical ex-
aminations that include explanations
of contraception. Unlike most other na-
tions, the Chinese have favored the [lUD
over all other contraceptive devices.

The means of persuading married
couples to limit their fertility is left to
the local authorities, but in all locali-
ties there are rewards for family plan-
ning and punishments for having too
many children. Newly married couples
are asked to sign a statement commit-
ting them to having only one child. By
the middle of 1981 more than 11 mil-
lion couples had signed the agreement,
which entitles them to free hospital
delivery of their child, free medical
care and education for the child, special
consideration for better housing and an
extra month’s salary each year. Single
children are given preferential treat-
ment in school and in obtaining jobs,
particularly .if the child is a girl.

The penalties for unsanctioned preg-
nancies can be substantial. The birth
of a second child to a couple that has
signed the one-child document results
in an official reprimand. The birth of a
third child results in a pay cut. Many
women who are pregnant without per-
mission are persuaded to have an abor-
tion. Having an abortion entitles a wom-
an to a paid vacation, as does a con-
traceptive sterilization operation. The
decentralized execution of political de-
cisions, with zealous local party cadres
competing to make a good showing,
can lead to coercion in both abortion
and sterilization.

The combination of free contracep-
tives, the system of rewards and punish-
ments and the well-organized apparatus
of social persuasion has led to one result
that is quite unusual. In most countries
where the demographic transition (from
high birth rates and death rates to low
birth rates and death rates) has begun
the reduction in fertility has been great-
est in the areas with the highest level of
urbanization and income and the lowest

death rate. Work done by H. Yuan Tien
of Ohio State University shows that
until recently there was a correlation
in China between urbanization, income
and low mortality on the one hand and
reductions in fertility on the other. By
1980, however, the relation was much
weaker and indeed was no longer signifi-
cant in the statistical sense. The family-
planning campaign has apparently now
reached the poor rural areas without
the health, wealth and urbanization that
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have been associated with the demo-
graphic transition in Europe and many
developing countries.

Notwithstanding the effectiveness of
the birth-control program there are two
factors that tend to sustain the increase
of the population. The first is the rapid
decrease in the death rate. Like other
poor countries, China must choose be-
tween, on the one hand, a meat diet and
sophisticated medical care for its middle
class and, on the other, a universal diet

1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

AVERAGE NUMBER OF CHILDREN each Chinese couple could have if there were a con-
stant number of births each year is shown in these curves. The top curve corresponds to 20 mil-
lion births per year, the curve below that to 16.7 million births, the next curve to 15 million
births and the bottom curve to 10 million births. The number of births in China has fluctuated
greatly in the past. Therefore the number of couples who will mature and begin to have chil-
dren at various times in the future will also fluctuate. If a constant number of births is to be
maintained, the average number of children per married couple must vary during a transi-
tional period, reaching a low point in the 1990°s, when the large cohorts born from 1960 to
1980 are of childbearing age. With 15 million births per year the average Chinese couple could
have slightly less than 1.5 children during much of the 1990’s. A level of 10 million births per
year corresponds to an ultimate population of 700 million. If there were 10 million births per
year Chinese couples would have to average less than one child during much of the 1990’s.
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of cereals and rudimentary universal
medical care. Unlike most developing
countries, China has chosen the egali-
tarian alternative.

As aresult mortality declined from 20
deaths per 1,000 people per year in 1949
to six per 1,000 in 1980. The death rate
in the U.S. is about eight per 1,000. The
comparison is a misleading one, how-
ever, because the population of China is
on the average much younger than the
population of the US. A more accu-
rate comparison is that the average life
expectancy in China is estimated by
the United Nations to be approaching
70 years, whereas in the U.S. it is 73
years. Nevertheless, the improvement
in the past three decades has been re-
markable: in 1950 the life expectancy
in China was 47 years.

Because the death rate has declined
quickly, the population has in-
creased even though fertility has begun
to fall. The rate of natural increase, or
the excess of births over deaths, was five
per 1,000 people in 1949. After rising to
20 per 1,000 in the 1960’s the rate has
recently fallen, but only to 12 per 1,000.
If that rate were maintained, the popula-
tion would double every 60 years.

The second factor that tends to keep
the population of China growing is the
one known as demographic momentum,
which is the delayed effect of a recent
history of rapid population growth. In a
population that has recently grown rap-
idly there is a distribution of people
by age that is heavily skewed toward
the young, who will in a short period be
ready to marry and have children. Con-
sider what would happen if all married
couples in such a population immediate-
ly reduced their fertility to the level nec-
essary for replacement.

For a human population to replace its
members each fertile couple must have
on the average 2.2 children. The figure is
slightly more than 2.0 because of infant
and child mortality, infertility and peo-
ple who do not marry. Even if all mar-
ried couples in the population reduced

CHART OF AGES shows what would hap-
pen to the Chinese population if the number
of births declined immediately to 16.7 mil-
lion per year and remained there. The curves
show the distribution of the population ac-
cording to age at 20-year intervals beginning
in 1980. The working population (white) must
support the dependent population (color), con-
sisting of children and retired people. The im-
mediate effect of a reduction in births would
be beneficial: the large group born from 1960
to 1980 would enter the work force and there
would be few children to support. Beginning
in about 2020, however, the number of retired
people would increase. The retirees would
have to be supported by the small cohorts born
after the number of births became constant.



their fertility to the replacement level,
the population would not stop growing
immediately because the large cohorts
of children born recently would ma-
ture and have children. In a transitional
period of about 50 years the popula-
tion would continue to increase. The ul-
timate stationary, or constant, popula-
tion could be as much as 60 percent
larger than the population was when
the decline to replacement-level fertili-
ty took place.

If it is assumed that the decline to re-
placement-level fertility in China came
about in 1980 and that the death rate will
continue to decline at the pace of the
past few years, the population in the
year 2000 will be 1.2 billion. Demo-
graphic momentum would continue to
operate in the 2 1st century, and by 2075
the population would be more than 1.5
billion. There is much debate in China
about how many people the country’s
resources can support. Chinese esti-
mates of the capacity range from 700
million to 1.4 billion. In 1980 Hua Guo-
feng, chairman of the Communist Party,
said the goal of the party was to limit the
population to 1.2 billion by the end of
the 20th century. Furthermore, the gov-
ernment’s goal is that the population
should then be stationary.

Since the immediate decline to re-
placement-level fertility would yield an
ultimate population of more than 1.5
billion, it can readily be seen that if a
stationary population of 1.2 billion is to
be achieved, fertility must be below the
replacement level in the period before
such a population is achieved. One way
to arrive at a stationary population is for
there to be a constant number of births
each year. If the right annual number is
chosen, any particular stationary popu-
lation can be achieved. The size of the
population will fluctuate as the cohorts
born before the number of births was
stabilized age and die, but when the first
of the constant cohorts reach the end of
their lives, the population will be sta-
tionary at the target level.

n most countries asking what the ef-

fects on society of having a constant
number of births each year would be is
idle speculation because the number of
births cannot be controlled. In China,
however, the regime appears to be able
to control the annual number of births
with considerable precision. Therefore
the question is of practical interest.

I have prepared a set of projections of
the population of China over the next
several decades starting from the as-
sumption that the annual number of
births will be constant from now on.
Several figures for births have been em-
ployed, with each figure corresponding
to a different ultimate population.

A somewhat more modest goal than
the one announced by Hua Guofeng is

that the population in the year 2000
should be 1.2 billion and that the con-
stant population should be 1.2 billion
but that in the period between 2000 and
the achievement of a stationary level the
population should be allowed to rise
somewhat before returning to the sta-
tionary level. Such a goal could well be
practical with the current means of birth
control in China.

I have assumed that the death rate will
continue to drop and that the average
life expectancy over the next two gen-
erations will be 72 years. If the death
rate follows this course and a stationary
population is achieved by means of the
pattern described in the preceding para-
graph, an ultimate constant population
of 1.2 billion corresponds to 16.7 mil-
lion births per year. For the sake of sim-
plicity I have assumed that the decline to
the constant annual number of births
took place in 1980.

From the point of view of allocating
resources one of the most significant
demographic features of a society is the
distribution of the population according
to age. The age distribution determines
the ratio of people who are working to
those who must be supported by the
population of workers. The dependent
group includes both children and older
people who have retired from the labor
force. Anincrease in the fraction of very
old or very young people implies that
more resources must be devoted to tak-
ing care of dependents and that hence
less capital is available for investment
in industry. Such considerations are
particularly significant in a country
where the pace of economic develop-
ment is limited by the available capital.

What would the ratio of dependents
to workers be if there were 16.7 mil-
lion births every year in China? In 1985
there would be 81 million surviving
children less than five years old. In the
15 years preceding 1980, however, there
were considerably more than 16.7 mil-
lion births per year.

The large cohort made up of those
born between 1965 and 1980 will for
many years constitute a peak in the
curve representing the distribution of
population according to age. As the
large cohort ages and moves through the
phases of the working life of its mem-
bers it will be followed by the small co-
horts born after the annual number of
births declines to 16.7 million. The im-
mediate effect on the ratio of workers to
the dependent population would be fa-
vorable. The decrease to an annual lev-
el of 16.7 million births per year rep-
resents a reduction in the number of
children that more than compensates
for the initial increase in the number of
older people. The fraction of the popu-
lation in the working ages from 15 to 60
would continue to rise until 2005: the
large recent cohorts would be entering
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the labor force as the small cohorts of
the 1920’s retire and the small cohorts
of the 1980’s and 1990’s are in school.

After 2005, however, the fraction of
retirees would begin to increase sharply.
By 2040, when the last of the cohorts
born between 1960 and 1979 reach 60
and retire, the ratio of the retired popu-
lation to the working population would
reach its highest level: there would be
32 retirees for every 100 workers. Such
a ratio would entail a substantial cost.
For the purpose of comparison, in 1980
there were nine retired people for every
100 workers.

f the annual number of births were to

fall below 16.7 million, the shifts in
the age distribution would be even more
disadvantageous. Song Jian, the presi-
dent of the Chinese Society for Automa-
tion, has estimated that if every person
is to have 85 grams of protein per day,
of which 75 to 80 percent comes from
animal sources, then China can support
only 700 million people.

A stationary population of 700 mil-
lion corresponds to 10 million births per
year. If the number of births had fall-
en to 10 million per year in 1980 and
remained at that level, by 2040 there
would be 50 retired people for every
100 workers. Every couple in the work-
ing population would be supporting one
older person, and the financial burden
would be heavy. With 20 million births
per year, corresponding to a stationary
population of 1.4 billion, the shifts in
the age distribution would be much less
disadvantageous.

There is another kind of cost that
must be taken into account when the
consequences of a population goal are
considered: the social tensions that arise
from the need to impose a stringent limit
on how many children people can have.
As I have mentioned, any stationary
population of less than 1.4 billion re-
quires that for a period married couples
must on the average have fewer than
2.2 children. If a very low stationary
population is chosen, then during a tran-
sitional period the average fertility
would have to decline far below the re-
placement level.

For example, an ultimate constant
population of slightly more than one bil-
lion corresponds to 15 million births per
year. For there to be a constant level of
15 million births per year the fertility of
the average married couple in the early
1990’s would have to be less than 1.5
children. No married couple could have
more than two children; half of the cou-
ples could have two children and half
would have to settle for one child.

If the extreme goal of 700 million is
selected, the limits on fertility are even
more draconian: in the early 1990’s mar-
ried couples could not average even one
child each. Together with the unfavor-
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RATIO OF WORKERS TO RETIRED PEOPLE who must be supported depends on the
birth rate. The bars show the ratio of those 65 or older to those from 15 to 64 if there are 10
million births per year, 15 million births, 16.7 million births or 20 million births. The current ra-
tio of older people to workers is about nine to 100. The ratio will reach a maximum in 2040,
when the large groups born between 1960 and 1980 have retired. How high the ratio rises de-
pends on how many people are of working age in 2040, that is, on how many births there are
each year for the next few decades. With 10 million births per year the ratio would reach 50 to
100 in 2040: every two workers would be supporting one retiree. With 16.7 million births the
maximum would be 33 to 100. With 20 million births the maximum would be about 27 te 100.
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able age distribution such a harsh limi-
tation on childbearing suggests why a
stationary population of 700 million is
currently an impractical goal. With 16.7
million births per year the lowest level
of fertility would be about 1.7 children
per couple.

Officials of the People’s Republic
have already begun to evaluate methods
of resolving the problems caused by a
rapid decline in the birth rate. Difficult
choices will have to be made, particular-
ly with respect to employment. One way
to solve the problem of too many depen-
dents in an aging population is to de-
fer retirement. If the age at which peo-
ple can retire is raised, the ratio of re-
tired people to workers will obvious-
ly decline. Indeed, if retirement age is
raised enough, the current ratio could
be maintained in the future even though
the average age of the population will
have risen considerably.

The current official retirement age in
China is 60. If there are 16.7 million
births per year, the ratio of retirees to
workers that prevailed in 1980, which
as we have seen was nine to 100, could
be maintained by raising the age of re-
tirement to 62 in 2000, to 67 in 2020
and to a maximum of 73 in 2040.
Thereafter the retirement age could be
slowly lowered.

here would undoubtedly be objec-

tions to such a plan. Some would
come from the old, who would think it
unfair to have to work past 70 when
their parents had retired at 60. The chief
objection, however, would come from
the young, who would perceive the el-
derly as holding on to the good jobs.
Whatever solution is chosen, the old
must be provided for, and if there are
many elderly people in relation to the
size of the labor force, a choice must be
made between allowing them to retain
their jobs and retiring them and support-
ing them with tax money.

The main current problem, however,
is finding employment for young people
born in the 1960’s who are entering the
labor force in large numbers. Part of
the solution that has been chosen is to
decentralize authority and make local
units, including communes and produc-
tion teams, responsible for employment.
The local administrative units are ex-
pected to maintain a financial balance
and also a balance of human resources
utilizing all the labor that is offered. In
the rural areas the employment balance
has been threatened by the introduc-
tion of trucks and mechanized plows
that increase the productivity of agri-
cultural labor.

To absorb surplus labor and increase
the production of food the government
has recently begun to allow some peas-
ants to work private plots and sell the
produce they raise in state-sponsored
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CHINESE FARM MACHINERY appears primitive by the stan-
dards of the economically developed countries but has reduced the
demand for labor on the collective farms. The photograph was made
by the author in the province of Sichuan during a visit to China in
1982. The front of the vehicle shown is a gasoline-powered unit that

markets. Such privatization, however,
tends to reinstate the social arrange-
ments of prerevolutionary peasant life
and hence to increase the economic val-
ue of children. The policy of private cul-
tivation could undermine the efforts of
the government to control population
growth.

Therefore some recent social tenden-
cies suggest parallels to prerevolution-
ary society. The revolution of 1949,
which was made largely by peasants,
was the last of many peasant revolts.
Each successful revolt eliminated many
large landlords and brought to power
a new dynasty with an austere and
uncorrupted court. As the new dynas-
ty became entrenched taxes increased
and freeholders had to borrow to meet
their obligations to the government.
Sooner or later the farmers were unable
to pay and they sold their lands, becom-
ing tenants of large landlords who could
resist the government tax collectors.

As the court became more corrupt the
pay of government employees declined.
The poorly paid army was ineffective
and eventually a new revolt of hungry
tenant farmers overthrew the existing
regime. Since the system of land tenure
and taxation was not changed, the cycle
began again.

Demographic growth was a central
feature of the cycle. In a statement that

is still quoted in China, Han Fei-tzu
wrote 2,500 years ago: ‘“People think
five sons are not too many and each son
has five sons also. Therefore people are
more numerous and wealth is less; the
people work hard and receive little.”
Jack Goldstone of Northwestern Uni-
versity has shown that in the Ming dy-
nasty there was a correlation among ris-
ing food prices, demographic growth
and revolution. From the late 14th cen-
tury to the late 16th century the popu-
lation of China more than doubled al-
though the area of land under cultiva-
tion increased less than 50 percent. In
the same period the price of rice more
than tripled, and there were many popu-
lar uprisings. The current regime is well
aware of such precedents and is working
to avoid the fate of earlier rulers.

he change of government in 1949

abolished the form of land tenancy
that drove the prerevolutionary cycle.
Even more significant, it transformed
the Chinese peasantry into a watchful,
politically active group; the transforma-
tion was continued by the expansion of
the educational system after the revo-
lution. The profound social change is
in large part responsible for the success
of organized family planning in China.
The reduction of demographic growth,
however, brings with it complex so-
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can pull a wagon or pull a plow with a man walking behind it. There
is little arable land in China that is not currently being cultivated.
Therefore an increase in the productivity of agricultural labor such
as is yielded even by crude machines challenges the government to
create industry to employ the laborers no longer needed on the farm.

cial problems, including an unfavor-
able age distribution and the necessity
for strong social discipline.

The regime has considerable support
from the Chinese people and its guide-
lines elicit a degree of spontaneous com-
pliance. Nevertheless, newspapers and
other periodicals in China disclose and
criticize many elements of compulsion.
A large fraction of the national prod-
uct, at times as much as 30 percent, is
skimmed off as capital, not all of which
is well invested. Part of the sacrifice that
the 30 percent represents goes to sup-
port an overlarge bureaucracy. Urban
incomes average three times as high as
rural ones. With regard to the success
of family planning, John S. Aird of the
United States Bureau of the Census ob-
serves that “the single most important
factor is direct administrative pressure
on individual Chinese families from
family-planning cadres and other offi-
cials who are themselves under pressure
to achieve quick results.” Accounts are
published of forced abortions, and
there are cases of infanticide when the
firstborn turns out to be a girl. Protests
are heard when a female only child and
her parents are given exceptional priv-
ileges. One can expect this form of resis-
tance and others to increase as the econ-
omy becomes less regulated under the
policy of self-reliance.
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The Oldest Eukaryotic Cells

All higher organisms are composed of eukaryotic, or nucleated, cells.

A review of the fossil record indicates that the eukaryotes originally

evolved in the form of unicellular plankton some 1.4 billion years ago

ccording to the modern interpreta-
tion of the fossil record, the first
traces of life appeared on the
earth about 3.5 billion years ago, with-
in a billion years or so of the planet’s
formation. The earliest identifiable life
forms were prokaryotes: primitive uni-
cellular microorganisms that, like pres-
ent-day bacteria, lacked a distinct nucle-
us. Multicellular organisms, which are
composed entirely of eukaryotic, or nu-
cleated, cells, did not make their first
appearance until almost three billion
years later. When in the immense span
of geologic time that intervened did the
first eukaryotic cells evolve from their
prokaryotic ancestors?

Until quite recently it was widely
thought that direct evidence of this mo-
mentous evolutionary event would most
likely be found among the fossilized
remains of benthic, or bottom-dwel-
ling, aquatic microorganisms. It now ap-
pears, however, that the original eukary-
otes were plankton, buoyant creatures
that floated freely in the sea. The micro-
scopic fossils identified as the remnants
of the earliest eukaryotic cells have been
classified for some time as acritarchs, a
compound term from the Greek mean-
ing “of uncertain origin.” Acritarchs
are found in various sedimentary rocks
from many parts of the world, some of
which have been estimated on the basis
of radioactive-dating techniques to be at
least 1.4 billion years old.

Before 1930 the oldest fossils known
were those recovered from sedimentary
rocks dating from the Cambrian period,
the first interval of the Paleozoic era,
which according to the currently ac-
cepted chronology began 570 million
years ago. For years the division be-
tween Cambrian and Precambrian time
was considered an enigmatically sharp
discontinuity. Rocks of Cambrian age
yielded comparatively abundant fossils
of extinct organisms representing virtu-
ally every major biotic group extant to-
day. Precambrian rocks of the late Pro-
terozoic era, although quite similar in
most cases to their immediately younger
Cambrian counterparts, were found to

48

by Gonzalo Vidal

be conspicuously barren of fossils. The
only notable exceptions were the lami-
nated limestones called stromatolites,
which are now interpreted as sedimenta-
ry structures produced by superposed
communities of bacteria; although stro-
matolites had long been known to ex-
tend far back in time into the Precam-
brian, they were not regarded by most
paleontologists as definitive evidence of
early life. Published claims of the dis-
covery of various other forms of Pre-
cambrian life were made as early as the
late 19th century, but they too were gen-
erally viewed with skepticism.

The first convincing evidence of Pre-
cambrian animal life came in 1930 with
the finding by the German paleontolo-
gist G. Giirich of traces of fossilized
multicellular organisms in late Protero-
zoic rocks from Namibia in Africa. In
1947 the Australian geologist R. C.
Sprigg discovered numerous imprints
of primitive aquatic animals—including
jellyfish, various kinds of worms and
possibly sponges—in the sandstone beds
of the Ediacara Hills in South Austra-
lia; at the time the rocks were believed
to date from the early Cambrian peri-
od, but subsequent study showed that
they too belonged to the late Protero-
zoic. Since then similar animal fossils
have been found in sedimentary rocks
of comparable age in Britain, Cana-
da, Sweden and the U.S.S.R. The dis-
covery of these “Ediacarian” fossils
pushed the oldest record of multicel-
lular life back to about 670 million
years ago. Except for the equivocal stro-
matolites, however, no trace of earlier
Precambrian life forms was found un-
til the 1950’s.

he existence of Precambrian mi-

crobial life was first established in
1954 by Elso S. Barghoorn of Harvard
University and Stanley A. Tyler of the
University of Wisconsin, on the basis
of their study of microscopic bodies in
stromatolitic rocks from the Gunflint
Iron Formation in southern Ontario.
Radioactive dating of minerals in the
rocks showed they were formed about
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two billion years ago. The most impor-
tant step in the uncovering of early Pre-
cambrian life had been taken. From this
point on the investigation of fossil mi-
croorganisms was to lead to a veritable
flood of published reports on findings in
Precambrian deposits throughout the
world. Comparable studies of Precam-
brian and early Paleozoic microfossils
were undertaken at the same time by
Boris V. Timofeev of the Academy of
Sciences of the U.S.S.R., and a similar
deluge of publications followed his pio-
neering work.

The early studies of Precambrian mi-
crofossils in the U.S. and the U.S.SR.
soon diverged into two quite separate
lines of inquiry, differing in both the
kinds of questions asked and the meth-
odology employed. The American line
followed the original hypothesis of
Charles Doolittle Walcott, who first as-
cribed a biological origin to stromato-
lites at the beginning of this century. In
the U.S. and to some extent in Europe
the investigation of stromatolites and
of the communities of microorganisms
that form them became the focus of
a multidisciplinary research effort. The
Russian line of inquiry, on the other
hand, grew out of the long-established
European school of palynology: the
study of both living and fossil spores,
pollen grains and other microscopic
structures. Palynological studies of mi-
crofossils in acid-resistant residues of
early Paleozoic rocks were initiated in
1931 by Alfred Eisenack of the Univer-
sity of Tiibingen. The application of Ei-
senack’s technique to Precambrian mi-
crofossils constituted a logical extension
of his work on the early Paleozoic.

The Russian line of inquiry led natu-
rally to the investigation of the well-pre-
served Riphean, or late Proterozoic,
sedimentary deposits that are wide-
spread in the U.S.S.R. The Russian in-
vestigators gave priority to geologic
questions; they sought to utilize the mi-
crofossils for the purpose of relative
dating, in the tradition of biostratigra-
phy. Questions of a paleobiological na-
ture—those that asked about the rela-



tions of microfossils to one another, to
their habitat and depositional environ-
ment and to such global factors as pa-
leoclimatology and the evolution of the
atmosphere—tended to be ignored by
the Russian school. Indeed, some of
the initial paleobiological conclusions
reached by the Russian palynologists
were later shown to be erroneous.

On the other hand, the American line
of inquiry, because it relied primarily
on the study of petrographic thin sec-
tions, dealt with only a limited part of
the available fossil record. Nevertheless,
the American school came to take the
lead in paleobiological studies. Skepti-
cism outside the U.S.S.R. about the pa-
leobiological interpretation of the Rus-
sian findings tended to obscure their im-
portance for many years. Although the
two lines of inquiry are still quite dis-
tinct, there is now general agreement
about the basic outlines of the origin
and evolution of early life.

Asigniﬁcant part of the Precambri-
an fossil record is derived from
the study of stromatolites in which
the original calcium carbonate has
been replaced by silica. Stromatolites
are formed by the accumulation of fine
sediment, usually calcium carbonate,
trapped by photosynthetic microbial
communities. The carbonate, which is
porous, does not preserve the structure
of the organisms that make up the com-
munities, whereas the silica sometimes
does. The microfossils discovered by the
American investigators and their Euro-
pean colleagues from silicified stromat-
olitic sediments represent for the most
part shallow benthic communities con-
sisting almost exclusively of nonmotile
prokaryotic microorganisms, chiefly cy-
anobacteria (formerly known as blue-
green algae). Living stromatolites, that
is, microbial mats dominated by cyano-
bacteria that are in the process of lithify-
ing, have been recognized in both salt-
water and freshwater environments.
These structures are invariably shallow
benthic microbial communities.

FOSSILIZED REMAINS of microorganisms
identified by the author as the earliest eu-
karyotes are magnified about 2,500 diameters
in these photomicrographs. Both specimens,
known as acritarchs, were recovered in the
form of acid-resistant organic residues from
their enclosing matrix of sedimentary rock.
The roughly spherical microfossil at the top
is thought to be a cyst, or comparatively stur-
dy outer membrane, formed by a unicellular
plankton during a resting stage in its life cycle.
Collected from the southern Ural Mountains
by Tadas V. Jankauskas of the Lithuanian
Institute of Geology, it is estimated to be be-
tween 1.6 and 1.4 billion years old. The object
at bottom is a cluster of similar forms collect-
ed from the Chamberlain Shale Formation in
Montana by Robert J. Horodyski of Tulane
University. It is about 1.4 billion years old.
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MOUND-SHAPED STRUCTURES called stromatolites consist of superposed layers of lime-
stone accumulated by successive mats of photosynthetic microorganisms, chiefly cyanobacte-
ria (formerly known as blue-green algae). In this case the calcium carbonate of the original
sediments has been replaced in part by silica, which tends to preserve the microfossils better.
The rock, which is from a dolomite formation in northern Norway, is 800 million years old.

THIN SECTION OF A SILICIFIED STROMATOLITE is viewed in transmitted light in this
photomicrograph, revealing the fossilized sheaths of both filamentous and spherical cyanobac-
teria. Microorganisms of this type, which lack a distinct nucleus, are classified as prokaryotes.
They are usually preserved as finely disseminated organic matter and can rarely be extracted
from the siliceous rock matrix. The specimens, which are from the Gunflint Iron Formation in
southern Ontario, are some two billion years old. The magnification is about 4,000 diameters.
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Many fossil microorganisms from
Precambrian stromatolites exhibit a re-
markable morphological resemblance
to living cyanobacteria. Stromatolitic
microfossils have been found in Pre-
cambrian rocks of various ages, the old-
est of which may be more than three
billion years old. Specimens are known
from every continent except Antarctica.
Studies of fossil stromatolites and their
living counterparts have greatly expand-
ed paleobiologists’ understanding of an-
cient benthic communities of microor-
ganisms. Because these predominantly
cyanobacterial communities have been
remarkably stable for billions of years,
however, they have provided little infor-
mation on the paleobiology of organ-
isms living in open waters. Nevertheless,
as I shall undertake to show here, it was
probably in open-water planktonic com-
munities that most major evolutionary
changes in the Precambrian took place.
Most important, it was apparently there
that the first eukaryotic cells appeared
and rapidly diversified. The techniques
of the Russian school and the interdisci-
plinary American approach have both
been instrumental in elucidating the fos-
sil history of the earliest plankton.

Whereas the study of benthic micro-
fossils has been limited to thin sections
of fine-textured siliceous rocks such as
cherts, a wide variety of sedimentary
rocks—sandstones, siltstones, shales and
limestones, to name a few—are known
to yield the fossilized remains of micro-
organisms with a comparatively sturdy
organic wall, resembling the cyst, or
capsulelike outer membrane, formed by
certain extant microorganisms during a
resting stage in their life cycle. By com-
parison with sediments deposited under
present conditions, rocks that harbor
these microfossils can be shown to have
been formed in shallow to moderately
deep marine basins overlying continen-
tal platforms. The microfossils recov-
ered from these rocks exhibit a variety
of shapes and structures. Classified as
acritarchs, they are uniformly distribut-
ed in the matrix of the hardened sedi-
ments. Although acritarchs have occa-
sionally been reported in thin sections of
rocks, they are usually too sparsely dis-
tributed in the rock matrix for them to
be studied under those conditions.

The organic walls of the acritarchs are
resistant to most inorganic acids and
bases. Hence they can be readily con-
centrated and studied in acid-resistant
residues of the enclosing rock matrix.
The planktonic origin of many acri-
tarchous microfossils can be inferred
from the types of sediment that enclose
them. The fact that acritarchs are often
found uniformly distributed in shale,
sandstone, siltstone and carbonate sug-
gests they had a free-floating disper-
sive way of life in open water. Their
planktonic character is also indicated
by the cosmopolitan distribution of



many forms in contemporaneous lay-
ers of sediment. In both their external
appearance and their uniform distri-
bution in the enclosing sediments the
Proterozoic acritarchs resemble much
younger microfossils that are unques-
tionably planktonic.

ost acritarchs were probably cyst-

forming, unicellular, photosyn-
thetic eukaryotes—algae of some kind—
although in a few cases they appear to
be characteristically prokaryotic in or-
ganization. For example, some acri-
tarchs resemble the existing colonies of
spherical cyanobacteria called chroo-
coccaleans. These forms are typically
found in large numbers in what are oth-
erwise quite barren marine sediments
laid down under glacial conditions dur-
ing the late Proterozoic episode known

EXPOSED SEDIMENTARY BEDS on the Varanger peninsula in
northeastern Norway represent a more or less continuous stratigraph-
ic record of the late Proterozoic era and early Cambrian period. The

as the Varangerian ice age, which took
place about 650 million years ago. By
analogy with the “blooms” of morpho-
logically similar microorganisms ob-
served today, one can conclude that
these abundant microfossils represent
the abrupt proliferation of certain cya-
nobacteria in periods of generally low
planktonic productivity and diversity.
Such conditions are known to be caused
by raised levels of water-soluble organ-
ic and inorganic nutrients, chiefly nitro-
gen and phosphorus. The Varangerian
assemblage is evidently related to a
comparatively sudden influx of such
nutrients, released as a result of wide-
spread glaciation.

J. William Schopf of the University of
California at Los Angeles has shown
that Precambrian microfossils in gener-
al exhibit a striking tendency to increase
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in size as they decrease in geologic age.
The evolution of eukaryotes entailed
not only an increase in the amount of
DNA per cell and the segregation of
the bulk of the genetic material into a
distinct nucleus but also the develop-
ment of intracellular organelles such as
mitochondria and chloroplasts. Under
the circumstances one would expect the
process to be accompanied by an in-
crease in cell size. A significant increase
in the size of fossil acritarchs some 1.4
billion years ago has been interpreted to
mean that eukaryotic organization first
emerged at about that time.

Much of the debate on the origin of
eukaryotic cells has centered on the in-
terpretation of certain spherical stro-
matolitic microfossils that have inter-
nal bodies reminiscent of nuclei or oth-
er cellular organelles. In addition some

rocks contain the fossilized remains of both benthic (bottom-dwell-
ing) and planktonic (free-floating) life forms, ranging from unicel-
lular prokaryotes and eukaryotes to primitive multicellular animals.
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FOSSILIZED CELL COLONY dating from the late Proterozoic era found in a shale formation in southern Norway, resemble the char-
(about 700 million years ago) is viewed at two different depths of fo- acteristic cell colonies formed by extant species of prokaryotic cya-
cus in this pair of photomicrographs. The microfossils, which were nobacteria. The cells are magnified approximately 1,500 diameters.

-

PRESENCE OF INTERNAL BODIES is not always a reliable indi- top has been identified as the remnant of a eukaryotic microorgan-

cator of an acritarch’s cellular organization. Both microfossils shown ism, whereas the one at the bottom is probably a prokaryotic cyano-
at different depths of focus in these paired views, for example, show bacterium. Both specimens are from the same late Proterozoic rock
the coagulated remains of intracellular material. The acritarch at the layer in southern Norway. Magnification is about 1,500 diameters.
52
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spheroids found in close tetrahedral
groups have been viewed as fossil eu-
karyotes caught in the act of cell divi-
sion. The interpretation of such spher-
oids as eukaryotes is now generally con-
sidered unconvincing. Most if not all of
them appear to be the products of deg-
radational processes or the fortuitous
arrangement of the remains of spheri-
cal prokaryotes. In contrast, the record
of planktonic acritarchous microfossils,
even the oldest ones, is unambiguous:
it clearly represents the initial evolu-
tionary radiation of eukaryotic micro-
organisms. The paleobiological record
of Precambrian and early Paleozoic
plankton is particularly significant in
that it is the most representative sample
available of the global evolutionary sta-
tus of life during those eras. This role
is enhanced by the cosmopolitan distri-
bution of most acritarchs over quite
sharply delimited periods of time.

he earliest acritarchous microfossils,

identified by Tadas V. Jankauskas of
the Lithuanian Institute of Geology,
come from rocks estimated to be early
Riphean in age, that is, between 1.6 and
1.4 billion years old. These remains,
collected from rocks in the southern
Ural Mountains, resemble two Kkinds
of younger fossil eukaryotes probably
related to existing kinds of green algae.
An assemblage of microfossils from the
Chamberlain Shale Formation in Mon-
tana, estimated to be about 1.4 billion
years old, includes not only filamentous
cyanobacteria and thin-walled sphe-
roidal sheaths of prokaryotes but also
characteristically thick-walled spheroi-
dal acritarchs. The chief investigator of
this assemblage, Robert J. Horodyski of
Tulane University, regards these acri-
tarchs too as eukaryotic remains, again
by analogy with younger forms.

Most acritarchs are fairly large (be-
tween 10 and 500 micrometers in diam-
eter), thick-walled, distinctively shaped
and ornamented with various external
structures. The largest recognized acri-
tarchs, measuring about three millime-
ters (or 3,000 micrometers) across, are
clearly visible to the unaided eye. A
number of them have fissures in their
walls, which are thought to represent
openings through which the planktonic
organisms were released during the ex-
cystment stage, in which they shed their
outer walls. Alternatively, certain cir-
cular holes have been interpreted as
openings in the cell wall through which
elongated cell processes such as unduli-
podia (eukaryotic flagella) might have
protruded. In any event most of the
late Proterozoic and early Paleozoic ac-
ritarchs appear to be cystlike struc-
tures associated with nonmotile stages
of green algae. A few polygonal forms
have been interpreted as colonies of
green algae, as have other colonies
consisting of thick-walled spherical

.\\ &\
[y}
A < R O
) < G, \ B \
% ARCAREN
Y 2\ 550, \ 253\
A A N
T, Z \ 023 \ 0%%
e 0\ 280 \ 0%
iy (i \m w0
0
CENOZOIC
g MESOZOIC
Q ERA
ow
T =
2 F | PALEOZOIC
<
T ERA
5 %
\ i | |
|
1= | I I |
| ] 1 |
I |
P |
< 1 | | |
o I b
w L
9] ' |
: .
; : o
h T Lo
= I |
Q |
a | |
— | |
&) | |
3 ' L
Loz
. =
o
)
zZ w
o} =
= co
Q <
= 25F @
Z 2
« <
v O
a i
w a
% | |
W | ]
B 3 P ro
w | | : }
=
z m
! 1 | |
! i | |
I
s i i i |
L
o
e}
N
o}
w
5
o OLDEST SEDIMENTARY ROCKS
4
4.5 FORMATION OF EARTH
J

COMPARATIVE AGES of the earliest life forms are displayed in this version of the geologic
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TIME BEFORE PRESENT (BILLIONS OF YEARS )

MAJOR EVENTS 0

TAXONOMIC DIVERSITY OF PLANKTON (NUMBER OF SPECIES)
10 40 50
TN

PALEOZOIC
ERA

CAMBRIAN

PERIOD

SECOND MAJOR
RADIATION OF
PLANKTON (RADIATION
OF MULTICELLULAR
ORGANISMS)

(OLDEST MULTICELLULAR
ORGANISMS)

(VARANGERIAN ICE AGE)

MAJOR DECLINE
OF PLANKTON

VENDIAN PERIOD

MAJOR RADIATION
OF PLANKTON

OLDEST HETEROTROPHIC
EUKARYOTES

PROTEROZOIC ERA
RIPHEAN PERIOD

11

1.2

OLDEST
AUTOTROPHIC
14 EUKARYOTES

EXPANDED SECTION of the geologic time scale shows some ma-
jor events in the evolution of life during the late Proterozoic era and
the early Cambrian period. The colored area at the right reflects the
fluctuation in taxonomic diversity observed among planktonic micro-
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fossils during this interval. The abruptdecrease in diversity observed
about 650 million years ago coincides with the beginning of the Va-
rangerian ice age. Some representative microfossils of the time are
indicated by the drawings, which are not done to the same scale.
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vesicles. In short, the evidence shows
that a variety of planktonic eukaryoies
have existed for at least the past 1.4
billion years.

The planktonic mode of life may go
back much further in geologic time.
The oldestreasonably certain planktonic
forms are rather large spherical unicel-
lular microfossils from the cherts of the
two-billion-year-old Gunflint Iron For-
mation. It seems likely that these micro-
fossils are the remains of prokaryotes.
The planktonic realm was probably first
populated by photosynthetic prokary-
otes. Gas vacuoles—internal cell struc-
tures found in many cyanobacteria,
photosynthetic bacteria and other free-
floating aquatic microorganisms—ap-
parently served as primitive flotation
devices. They represent an early evolu-
tionary solution to the problem of how
to move vertically in open water. In to-
day’s world prokaryotic microorgan-
isms play a rather minor role in marine
planktonic associations. They have pre-
sumably been outcompeted since the
Proterozoic by eukaryotic plankton.

The preceding model of the evolution
of early plankton is in good agreement
with current ideas about the rise of the
oxygen level in the earth’s atmosphere
over geologic time. Cells with a eukary-
otic organization may have emerged by
one of two evolutionary pathways: ei-
ther as self-generated organisms or as
symbiotic ones. (According to the latter
view, put forward most prominently by
Lynn Margulis of Boston University,
the first eukaryotic cells were assembled
from preexisting prokaryotic cells.) In
either case the survival of the eukary-
otes required the prior establishment of
aerobic metabolism in an oxygenated
environment. The photosynthetic, oxy-
gen-generating cyanobacteria were re-
sponsible for the initial rise in the oxy-
gen level of the atmosphere, but they
were poorly adapted for survival at
high oxygen levels. Some apparently
increased their tolerance for oxygen by
surrounding themselves with a thick pro-
tective layer of mucilage.

he first significant amounts of oxy-

gen generated photosynthetically by
anaerobic cyanobacteria must have ac-
cumulated in restricted shallow-water
environments. Increasing levels of this
bacterially produced oxygen probably
forced the development of new oxygen-
protective strategies, such as the coloni-
zation of anoxic environments, the pro-
duction of oxygen-protective extracel-
lular layers and the development of
specialized cells such as nitrogen-fixing
heterocysts. The irreversible oxygena-
tion of the near-shore waters probably
exerted considerable adaptive pressure
toward the colonization of the first oxy-
genated offshore waters. Nitrogen fixa-
tion by means of thick-walled hetero-
cysts is still accomplished by a number

CHARACTERISTIC FOLDS evident in this scanning electron micrograph of an acritarch re-
covered from an 800-million-year-old rock layer in eastern Greenland are the result of com-
paction in the original sedimentary bed. The microfossil, identified by the author as the aban-
doned cyst of a free-floating eukaryotic algae, measures roughly 300 micrometers in diameter.

COMPLEX OCTAHEDRAL MORPHOLOGY distinguishes this late Proterozoic acritarch,
recovered from a 700-million-year-old shale in southern Sweden. Comparable specimens have
been found in rocks of the same age in Greenland, Norway and the U.S.S.R. Such microfossils
are also common in much younger Paleozoic rocks. Magnification is about 1,900 diameters.
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of planktonic cyanobacteria. Hence the
planktonic mode of life is probably an
exceedingly old but biologically expen-
sive adaptation among such prokaryotic
organisms.

At present cyanobacteria have limited
success in the planktonic realm. The evi-
dence provided by the fossil record indi-
cates that even in the early Proterozoic,
before competition with eukaryotes, cy-
anobacteria formed a rather insignifi-

cant part of the record of planktonic
life. Indeed, prokaryotes in general have
probably never been well adapted to life
in open water. Their tiny, dense, muci-
laginous cells tend to make them sink.
The cyanobacteria originated in an an-
oxic environment that was accumulat-
ing increasing levels of life-threatening
oxygen. The eukaryotes, which not only
tolerated a high oxygen level but also
required it, were increasingly competi-

tive in the newly oxygen-rich plankton-
ic realm. By about 800 million years
ago both autotrophic and heterotrophic
forms (consumers respectively of inor-
ganic and organic substances) had ar-
rived in force.

Plankton are constantly being starved
by inadequate supplies of mineral nu-
trients. They must have availed them-
selves first of erosionally derived ni-
trogen and phosphorus by colonizing

STAR-SHAPED ACRITARCHS were recovered from sedimentary
beds in the Varanger peninsula estimated to be about 700 million
years old. Similar microfossils are also known from contemporane-

ous beds elsewhere in Scandinavia and in the U.S.S.R. Measuring
about 50 micrometers across, the elaborate structures are probably
the remains of radially branching colonies of spherical green algae.

VASE-SHAPED MICROFOSSIL (/eft) is representative of an abun-
dant type of plankton that appeared in shallow coastal waters rough-
ly 800 million years ago. This particular specimen is from the Grand
Canyon in Arizona. Similar microfossils have been found in Green-
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land, Brazil, Saudi Arabia, Sweden and Norway. The triangular open-
ing at the base (right) is apparently plugged, suggesting that the cells,
which were presumably heterotrophic eukaryotes, moved by means
of undulipodia (the eukaryotic equivalent of bacterial flagella).



shallow marine environments. At a
later stage evolutionary pressure may
have acted in favor of the recovery of
nutrients from deeper waters and from
those more remote from continental
shelves. A conspicuous rise in the diver-
sity of large, spheroidal, cyst-forming
acritarchous eukaryotes in late Riphe-
an times—between 900 and 700 million
years ago—can be seen in the fossil rec-
ord. This trend coincides with a period
in which the major preexisting conti-
nents broke up, forming shallow intra-
continental basins. The formation of
such basins through widespread geolog-
ic faulting is amply demonstrated in
both North America and Europe.

The large marine basins resulting
from this process accumulated thick de-
posits of sediments. The late Riphean
geologic regime undoubtedly provided
the plankton with new sources of miner-
al nutrients along the continental mar-
gins. Acritarchous microfossils from the
period were buried in enormous num-
bers in sediments formed in shallow ma-
rine environments. Most of therm are di-
versely ornamented, spheroidal forms
of cyst-forming eukaryotes. Proterozoic
turbidites—rocks that formed in deeper
marine settings—have very few fossils
of any type. Nevertheless, they do con-
tain some acritarchs that seem to have
adapted to a buoyant way of life.

he external morphology of late Pro-

terozoic acritarchs (that is, those be-
tween 800 and 700 million years old)
resembles that of some early Paleozoic
forms. The similarity is observed among
acritarchs in comparable environmental
settings even if they belong to different
taxonomic groups. Although they may
be only remotely related, their similar
means of dispersal and their simulta-
neous appearance in widely scattered
sedimentary beds are the result of re-
current adaptive solutions to similar en-
vironmental problems.

By the late Proterozoic the basic ad-
aptation in favor of the recovery of
“easy” sources of water-soluble nutri-
ents had been tried and the available in-
novations were probably exhausted. Ad-
ditional adaptive pressure apparently
led to the development of buoyancy-
promoting features. The earliest solu-
tions to the buoyancy problem are evi-
dent in microfossils from sediments esti-
mated to be more than 800 million years
old. Several kinds of plankton apparent-
ly developed blisterlike structures, prob-
ably filled with lighter liquids or gases,
surrounding a thick spherical wall. The
clustering of cells into motile colonies,
with the addition of undulipodia, may
have provided another solution to the
buoyancy problem.

Abrupt departures from simple spher-
ical symmetry, leading to polygonal
walled structures, appeared in the late

NUMEROUS APPENDAGES covering the surface of an acritarch discovered in a 550-mil-
lion-year-old rock in Sweden are indicative of the increasing variation in form observed in
specimens dating from the early Cambrian period. The magnification is about 1,500 diameters.

Proterozoic about 700 million years
ago. The same adaptation resulted in
microorganisms with a similar mor-
phology but very different biology dur-
ing later periods. Such adaptive simi-
larities, called convergences, are com-
parable to later examples of parallel
evolution, for example the formation
of hydrodynamically shaped limbs in
such diverse marine animals as dino-
saurs, whales, seals and penguins.

About 800 million years ago a new
class of planktonic microorganisms ap-
peared in great abundance all over the
globe. These are represented in the fossil
record in the form of vase-shaped bod-
ies with massive tests, or external cover-
ings, which in some cases may have been
mineralized, most likely with calcium
carbonate or silica. Some had flangelike
collars. These plankton are interpreted
to be heterotrophic eukaryotes that in-
habited coastal waters and fed on abun-
dant algal plankton. Some of the vase-
shaped cells have plugged openings at
one end, suggesting that they moved by
means of undulipodia. The evolution of
even larger eukaryotes is reflected in the
fossil record in immediately younger
deposits, estimated to be slightly more
than 600 million years old. The same
rocks also yield the earliest scattered
traces of soft-bodied animals.

Highly ornamented, greatly varied
and presumably more efficiently buoy-
ant microfossils appeared early in the
Cambrian period, some 550 million
years ago. This major event of plankton-
ic diversification, giving rise to the first
true spiny acritarchs, coincides with the
first appearance of trilobites: the char-
acteristic shelled arthropods of the Pa-
leozoic era.

Estimates of the diversity of plank-
tonic populations in Proterozoic and
early Paleozoic times can only be ap-
proximate. Nevertheless, like the diver-
sity estimates made for the Paleozoic
era as a whole, they do represent fluctu-
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ations in morphology that can be inter-
preted to reflect some taxonomic varia-
tion. A major decline in planktonic di-
versity apparently occurred during the
late Proterozoic Varangerian episode.
The widespread eutrophication of wa-
ters in major basins resulting from the
Varangerian glaciation probably led to
an abundance of mineral nutrients and
concurrent bacterial blooms. At the end
of the Varangerian glaciation normal
nutrient conditions were apparently re-
stored, a development that is correlated
with the rapid radiation of new acri-
tarchous microfossils in the early Cam-
brian. This new radiation may be re-
lated to worldwide fluctuations in sea
level that are known to have occurred
at the time.

ne of the main goals of the study of
Precambrian microfossils is a bio-
stratigraphic system of relative dating
that allows worldwide correlations. Any
progress tending toward the subdivision
of Precambrian rock sequences into a
number of biologically distinctive strata
is of great significance. Impressive re-
sults in this direction, based on mi-
crofossils such as the ones described in
this article, have already been achieved.
Such micropaleontological research has
led to the subdivision and correlation of
late Proterozoic and early Cambrian
rocks in widely separated areas. Because
the late Proterozoic and early Cambrian
acritarchs had a planktonic mode of life,
they achieved the widespread geograph-
ic distribution required of such diagnos-
tic fossils. Thus the Russian line of in-
quiry, emphasizing the use of these mi-
crofossils as biostratigraphic indicators,
and the American line, concentrating on
the paleobiology of the organisms them-
selves in the reconstruction of ancient
ecosystems and their evolution, have fi-
nally come together. The late Protero-
zoic can be considered the golden age of
unicellular life.
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The Earth’s Orbit and the Ice Ages

Perrodic variations in the geometry of the earth’s orbit have

long been considered a possible cause of ice ages. The idea is

now supported by a more reliable chronology of glaciations

third of the land surface of the

earth was covered with ice. In
North America the ice was several kilo-
meters thick in places and extended as
far south as Oregon and New York.
Antarctica and part of Eurasia and
Greenland were also covered with ice.
Glaciers in mountain ranges from the
Alps to the Andes had expanded. So
much water was locked up in the ice that
the sea level was almost 100 meters low-
er than it is today; altogether about 5
percent of the earth’s water was in the
form of ice on land. As might be expect-
ed, the earth was significantly colder.
The temperature at the earth’s surface,
averaged over the globe and over the
seasons, was roughly five degrees Celsi-
us lower than the average today. (For
purposes of comparison, annual fluctu-
ations in mean global temperature are
only a few tenths of a degree C.)

The glaciation of 18,000 years ago
was the most recent of about 10 ice
ages in the past million years. Although
many theories have been proposed to
explain the ice ages, a growing body
of evidence strongly supports one idea:
that they are caused by small changes in
the tilt of the earth’s axis and in the
geometry of the earth’s orbit around
the sun. The theory is called the Mi-
lankovitch theory, after Milutin Milan-
kovitch, a Yugoslav astronomer who
championed it in the first half of the
20th century. It asserts that orbital vari-
ations change the climate by altering the
amount of solar energy the earth re-
ceives at different latitudes and seasons.

For some time the Milankovitch theo-
ry was considered untestable, largely be-
cause there was no sufficiently precise
chronology of the ice ages with which
the orbital variations could be matched.
Recently, however, new types of geolog-
ic evidence have established a better
chronology. A correspondence has been
demonstrated between the history of the
ice ages and the orbital variations. Fur-
thermore, reasonable mechanisms have
been proposed to explain how small var-
iations in solar radiation could cause

Eighteen thousand years ago one-
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large changes in climate. These develop-
ments have renewed interest in the theo-
ry and led to its widespread acceptance.

he first persuasive evidence that

large parts of the mid-latitude conti-
nents were once covered with ice was
compiled by the Swiss-American geolo-
gist Louis Agassiz early in the 19th cen-
tury. Agassiz found rocks that had been
scratched and polished by the passage of
ice, and he identified deposits of sand
and rocks, including boulders too large
to have been carried by water, as de-
tritus left behind after the retreat of
glaciers. With the realization that land
forms and sediments in ice-free regions
could have been produced by the ac-
tion of ice rather than by the working
of wind and water, the traces of gla-
ciers were recognized throughout North
America and Europe.

In mapping glacial deposits geologists
soon found that there are several dis-
tinct layers; the earth has clearly under-
gone many glaciations in the past mil-
lion years. Eventually the study of even
older glacial deposits, particularly til-
lites (mixtures of pebbles, boulders and
clay that were consolidated into rock),
led geologists to the conclusion that
there were at least two or three glacial
episodes much earlier in the history of
the earth. The first extensive glacia-
tion may have been in the Precambri-
an, more than 500 million years ago.

It should be noted in passing that the
term ““ice age” reflects in its lack of pre-
cision the history of glacial geology. It
can refer either to a single advance of
the ice sheets during the period of rela-
tively cold climate that began about a
million years ago (the Pleistocene ep-
och) or to the entire Pleistocene and the
earlier cold periods. Because the Milan-
kovitch theory explains fluctuations in
ice volume once the climate is relatively
cool but not the onset of a colder climate
and because the evidence of earlier gla-
cial cycles is comparatively vague, “ice
age” is generally used here to mean
a time of maximum extent of the ice
sheets during the Pleistocene.
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Although it has long been clear from
the geologic record that there were
many Pleistocene ice ages, the exact
number, date and duration of the glacia-
tions have proved difficult to pin down.
It is a recent discovery that has finally
made it possible to establish a better
chronology. The global volume of ice at
any given time can be deduced from the
ratio of two isotopes of oxygen in ocean
sediments deposited at the time.

The most abundant isotope of oxygen
is the one with an atomic mass of 16 (in
which each atomic nucleus is made up
of eight protons and eight neutrons). Al-
most all the oxygen in water is oxygen
16, but a few molecules out of every
thousand incorporate the heavier iso-
tope oxygen 18 (in which each nucleus
has two extra neutrons). The heavier
molecules tend to be left behind when
water evaporates from the ocean sur-
face. As a result rain and snow and the
ice formed from precipitation over land
have less oxygen 18 than ocean water
does. When an ice age begins, the conti-
nental ice sheets grow, removing water
from the ocean. The ocean water left
behind thereby becomes enriched in the
heavier oxygen 18.

Of course, specimens of seawater
from a remote era cannot now be recov-
ered or identified. The isotope ratio can
be determined, however, from the calci-
um carbonate (CaCOj) shells of marine
organisms, which are constructed with
the oxygen atoms in seawater and re-
flect the water’s isotopic composition.
The shells of the organisms fall to the
ocean floor and accumulate to form
sediments. The higher the ratio of oxy-
gen 18 to oxygen 16 in a sedimentary
specimen is, the more land ice there
was when the sediment was laid down.

he complexity of the sequence of

events the isotopes record limits the
conclusions that can be drawn from
the sedimentary evidence. The degree to
which the evaporation of water and the
deposition of snow sorts the isotopes is
dependent on many poorly understood
factors. For example, Stephen H.



Schneider of the National Center for At-
mospheric Research and I have found
that the degree of isotopic separation
depends in part on the vertical distance
the water vapor travels before it con-
denses as rain or snow. How the circula-
tion of the atmosphere during an ice age
differed from that of toddy is not known,
however, and so the altitude factor adds
some uncertainty to the interpretation
of the isotopic data. In addition the iso-
topic composition of carbonate shells is
known to depend on the temperature of
the water in which the shells formed.
More oxygen 18 is incorporated into the
shells when the oceans are cooler. The
temperature effect is thought to account
for about a third of the variation in oxy-
gen-isotope ratios.

Because of effects such as these, the
isotope record cannot reveal precisely
how much land ice there was at a giv-
en time in the past. Nevertheless, it is
agreed that a shift to a higher oxygen-18
level indicates a shift to a colder and
more glacial climate, and the record
does provide the best way of determin-
ing the sequence of ice-sheet advances
and retreats over the past several hun-
dred thousand years. For this purpose
the isotope record has two advantages
over the more traditional geologic data.
First, it is a global record: the ratios in a
given core of sediments extracted from
the sea floor are thought to reflect the
total amount of ice on land the world
over. There is remarkably little varia-
tion among cores taken from different
locations. Second, it is a fairly continu-
ous record: the sequence of ocean sedi-
ments has far fewer gaps than the record
of rocks on land.

The shifts in climate recorded in
ocean sediments can be dated with suffi-
cient accuracy to test the Milankovitch
theory by radiometric methods. The
methods also call for a measurement of
isotopic ratios, but the isotopes—unlike
oxygen 16 and oxygen 18—are radioac-
tive ones whose Steady decay marks the
passage of time since the sediments were
formed. By dating a few points in each
core one can construct a time line on

SIMULATION OF CLIMATE suggests that
small, cyclic variations in the earth’s orbit
may be sufficient to bring on ice ages. The
changes in the orbit alter the amount of sun-
light reaching various parts of the earth’s sur-
face. The most important factor is the insola-
tion in summer at high northern latitudes; if
the summer temperature remains below zero
degrees Celsius, ice can accumulate from year
to year. The maps show the temperatures in
July predicted by a climate model developed
by Gerald R. North, David A. Short and John
G. Mengel. In the configuration of the orbit
115,000 years ago (upper map) the model pre-
dicts ice-age conditions for much of North
America and for part of Eurasia. With the
current parameters of the earth’s orbit (lower
map) the July temperature is below the freez-
ing point only in Greenland and Antarctica.
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which the oxygen-isotope variations can
be plotted.

The dated isotope record constructed
in this way shows that the global ice
volume has increased and decreased
repeatedly in the past several hundred
thousand years. The fluctuations have
a pattern: roughly speaking, an ice age
comes once every 100,000 years. The
pattern is not simple, however. The
peaks in the curve have an asymmet-
ric, sawtooth shape, indicating that the
ice takes much longer to build up than
it does to disappear. In addition many
smaller fluctuations are superimposed
on the dominant 100,000-year cycle.

] coNTINENTAL ICE

ICE SHEETS several kilometers thick blanketed the Northern Hemi-
sphere 18,000 years ago, at the height of the most recent ice age (/ef?).
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The pattern suggests that the climate

- has responded to some continual “forc-

ing” oscillation. The most obvious can-
didate for a forcing factor would be a
variation in the amount of sunlight re-
ceived by the earth, and the most ob-
vious cause of such a variation would
be oscillations in the energy output of
the sun. Satellite-mounted instruments
have only just begun to establish an ac-
curate record of the energy flux the
earth receives from the sun, however,
and as yet there is no firm evidence
of suitable long-term variations in so-
lar output. The Milankovitch theory
proposes a mechanism that is much
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more accessible to observation and cal-
culation. Even if the output of the sun is
constant, global insolation varies with
the distance between the earth and the
sun, and the insolation at any given lat-
itude varies with the orientation of the
earth with respect to the sun.

Afamiliar example of changing inso-
lation and its effect on climate is the
cycle of the seasons. The earth under-
goes seasonal changes mainly because
the axis of its rotation is tilted with re-
spect to a line perpendicular to the plane
of the earth’s orbit around the sun. Dur-
ing June, July and August the Northern

INDETERMINATE
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So much water had been transferred from the oceans to the ice that
Siberia and North America were connected by a land bridge. Today



Hemisphere points toward the sun and
receives more sunlight than it would if
the axis were perpendicular to the plane
of the orbit; the Southern Hemisphere
receives less sunlight. Six months later,
when the earth has moved 180 degrees
along its orbit, the situation is reversed.

An additional factor modifies the sea-
sonal cycle slightly. The earth’s orbit is
an ellipse rather than a circle, and so the
distance from the earth to the sun varies
with the time of year. In January the
earth is closest to the sun (perihelion)
and in July it is farthest from it (aphe-
lion). Accordingly the global insolation
is slightly greater in January than it is
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(righ?) only Greenland and Antarctica are covered with ice. The maps
are based on ones prepared by members of the cLiMAP project. The

in July. This effect gives the Northern
Hemisphere warmer winters and cooler
summers than the hemisphere would
have if the earth’s orbit were circular.
Three quantities are needed to specify
the earth’s orbit for the purpose of dis-
cussing insolation. First, there is the ob-
liquity, or angle of tilt, of the earth’s axis
with respect to the plane of its orbit;
the obliquity today is 23.5 degrees. A
second quantity, the orbital eccentric-
ity, measures the departure of the orbit
from a perfect circle. A circle has zero
eccentricity, and an ellipse twice as long
as it is wide has an eccentricity of .866.
At present the eccentricity of the earth’s
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orbit is .017. Third, as the earth spins,
the direction in which its axis points
slowly precesses, describing a circle
with respect to the fixed background of
distant stars. The axis currently points
toward Polaris, the polestar.

The earth’s orbital parameters change
with time as a result of the small gravita-
tional pull of the moon and of the oth-
er planets. The nearly periodic changes
during the past several hundred thou-
sand years can be calculated with great
accuracy. The tilt of the earth’s axis
varies between 22.1 and 24.5 degrees
with a period of about 40,000 years.
The eccentricity of the orbit varies be-
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distribution of the ice during the last ice age is based on the distri-
bution of glacial land forms and sediments and on fossil evidence.
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tween about .005 and .06 with a period
of about 100,000 years. It takes about
26,000 years for the earth’s axis to de-
scribe a complete circle as it precesses.

The variation in the earth’s orbital pa-
rameters leads to a corresponding varia-
tion in the amount of sunlight received

at a given latitude and time of year. The
idea that these slow changes in the in-
coming solar energy are responsible for
the advance and retreat of glacial ice
was proposed almost as soon as the
ice ages themselves were discovered in
the 19th century. Most of the credit
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TIME LINE summarizes the earth’s climate during the past 570
million years of its 4.6-billion-year history. In the distant past the
climate was generally warmer than it is today, although there is some
evidence that there were ice sheets during parts of the Precambrian
era and the Ordovician and Permocarboniferous periods. The climate
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for the orbital hypothesis, however, be-
longs to Milankovitch. In the -1920’s
and 1930’s he laboriously calculated the
change in insolation that results from
orbital variation and suggested ways in
which it could affect climate.

Changes in the earth’s orbital parame-

TIME BEFORE PRESENT (MILLIONS OF YEARS)

1

began to cool at the end of the Cretaceous, some 65 million years ago;
the first permanent ice sheets probably appeared in the Oligocene
epoch of the Tertiary. The most recent cycle of ice ages, the Pleisto-
cene ice ages, bégan a million years ago. There have been about 10
Pleistocene ice ages; the earth is currently in an interglacial period.



ters lead primarily to changes in the in-
tensity of the seasonal cycle. Increas-
ing the tilt of the earth’s axis increases
the amplitude of the cycle: winters are
colder and summers are hotter in both
hemispheres. The effect of precession
on insolation is less straightforward
but together with the rotation of the el-
lipse of the earth’s orbit around the sun
it determines the time of perihelion. The
variation in the time of perihelion has a
period of approximately 20,000 years,
somewhat shorter than the period of
precession itself. In general a change
in the time of perihelion increases the
intensity of the seasons in one hemi-
sphere and decreases the intensity in the
other. Perihelion is now reached on Jan-
uary 3, and so the Northern Hemisphere
winter is slightly warmer than it might
be and the Southern Hemisphere sum-
mer is cooler. In about 12,000 years,
when the earth’s axis is pointed toward
Vega rather than Polaris, the situation
will be reversed.

he eccentricity of the earth’s orbit

has two distinct effects on insolation.
The greater the eccentricity of the orbit,
the greater the difference between the
maximum and the minimum distance of
the earth from the sun and hence the
greater the amplitude of the precession
effect. The total annual insolation also
varies with the eccentricity of the orbit.
This effect, however, is a small one; the
global insolation has changed by at most
.3 percent over the past million years
because of the change in eccentric-
ity. According to most calculations, a
change of .3 percent in global insolation
would change the average temperature
by only a few tenths of a degree.

In sum, eccentricity gives rise to only
a small change in annual global insola-
tion, and tilt and precession alter only
the distribution of insolation with lati-
tude and season and not the total insola-
tion. How, then, could orbital variations
be responsible for the major changes
in climate that accompany the advance
and retreat of ice sheets? Milankovitch
argued that the force driving the ice ages
is not the total global insolation but
rather the insolation at high northern
latitudes in the summer, which varies by
as much as 20 percent, much more than
the total insolation does. If this argu-
ment is accepted, it becomes much more
reasonable to suppose orbital variations
cause ice ages.

Summer insolation is more important
than winter insolation because snow ac-
cumulates at high latitudes even during
a mild winter. What matters is not how
much snow accumulates in the winter
but how much is preserved through the
summer. If less sunlight than normal is
received at high latitudes in the summer,
the snow will tend to be preserved. If the
situation persists over many years, ice is
formed as the snow is compressed under
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RATIO OF TWO ISOTOPES OF OXYGEN in ocean sediments is a measure of past global
ice volume. Fewer of the water molecules in glacial ice than in ocean water include the heavy
oxygen isotope oxygen 18. Thus when continental ice sheets grow, ocean water and the shells
of the marine organisms in ocean sediments are enriched in oxygen 18. The higher the oxygen-
18 concentration in a sedimentary layer is, the more land ice there was when the layer was de-
posited and the colder the climate was. Two sets of isotope data are shown; each set is a com-
posite of measurements from several cores of sedimentary material extracted from the ocean
floor. One set was compiled by James D. Hays of the Lamont-Doherty Geological Observato-
ry of Columbia University (black) and the other by Cesare Emiliani of the University of Miami
(color). The curves are remarkably similar even though the cores were from widely separated
places; the sedimentary isotope ratios are therefore thought to reflect the global volume of
ice. Note that there is less ice today than there has been at any time in the past 120,000 years.

its own weight, continental ice sheets be-
gin to form and the earth enters an ice
age. If the amount of sunlight received
during the summer increases, on the oth-
er hand, more ice melts during the sum-
mer than is replaced by the snow in the
winter and the earth returns to a climate
similar to the present one.

Northern Hemisphere insolation is
more important than Southern Hemi-
sphere insolation because glaciers can
form only onland and there are current-
ly large land masses at high northern
latitudes. In the Southern Hemisphere
the only continent at high latitudes is
Antarctica, which is covered with ice
even today. A decrease in Southern
Hemisphere insolation would accord-
ingly be less effective in pulling the cli-
mate toward an ice age.

The orbital theory of the ice ages has
long been subject to skepticism for two
reasons. First, it was not clear whether
the theory is consistent with the geolog-
ic record. Second, it seemed implausi-
ble that the small changes in insolation
could be responsible for the large chang-
es in climate. Only within the past 10
years has enough evidence accumulat-
ed to convince the majority of earth sci-
entists that there is indeed a connection
between the ice ages and the orbit.

he evidence includes periodicities

in the lake-bed sediments called
varves, whose deposition is controlled
by the seasons. Periodicities have also
been observed in ocean sediments made
up of species of marine organisms that
prefer warmer or cooler water. The
decisive evidence, however, has come
from the examination of isotope ratios
in ocean sediments. In 1976 James D.
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Hays of the Lamont-Doherty Geologi-
cal Observatory of Columbia Univer-
sity, John Imbrie of Brown University
and Nicholas J. Shackleton of the Uni-
versity of Cambridge published a study
of the isotopic record. Hays, Imbrie
and Shackleton wanted to establish how
much of the fluctuation in the global
ice volume could be attributed to the
100,000-year cycle of orbital eccentric-
ity, how much to the 40,000-year cycle
of axial tilt and how much to the 20,-
000-year cycle of precession. They ap-
proached the question by subjecting the
ice-volume curve to Fourier analysis,
the technique commonly employed to
detect cyclic variations and to define
the period or periods of oscillation.
The French mathematician Jean Bap-
tiste Joseph Fourier proved in 1807 that
the graph of almost any function can be
approximated to any degree of accuracy
by superposing sine and cosine curves of
various phases, amplitudes and frequen-
cies; this is the process of Fourier syn-
thesis. In the converse process, which is
generally done with the aid of a comput-
er, a complex curve is decomposed into
elementary sine and cosine waves; the
amplitude and phase of each single-fre-
quency component are chosen so that
the sum of the waves best approximates
the measured curve. The result of a Fou-
rier analysis is usually displayed as a
spectral plot, which gives the total am-
plitude as a function of frequency or
period. If there is a sharp peak in the
spectrum at, say, a period of 100,000
years, much of the information can be
explained by a 100,000-year cycle.
Spectral analysis brings into relief a
number of distinct frequencies in the
ice-volume curve. The most prominent
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frequency is indeed a 100,000-year cy-
cle, but there are lesser peaks at periods
of about 40,000 and 20,000 years. Alto~
gether, about 60 percent of the fluctua-
tion in the curve can be expressed as the
sum of functions with the same periods
as the orbital parameters. This is power-

ful evidence in favor of the Milanko-
vitch theory.

Although the geologic evidence is
compelling, it is still only circumstan-
tial; it does not identify the mechanism
by which a change in insolation causes a
change in ice volume. Plausible mecha-

nisms are being tested with mathemati-
cal models of the climate.

There are a great variety of climate
models, ranging in complexity from a
single equation for globally and annu-
ally averaged temperatures that can be
solved with a calculator to general cir-
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MILANKOVITCH THEORY, formulated by the Yugoslav astron-
omer Milutin Milankovitch, attributes the onset of ice ages to varia-
tions in three parameters of the earth’s orbit. The eccentricity is the
degree to which the orbit departs from a perfect circle. The tilt angle
is the angle between the earth’s axis and a direction perpendicular to
the plane of its orbit. The time of perihelion determines the direction
in which the axis points when the earth makes its closest approach to
the sun. Each of the parameters changes slowly under the influence
of the gravitational attraction of the moon and of the other planets.
Changes in the orbital parameters lead to changes in the amount of
sunlight received by the earth; there is little change in the annual
global insolation but there are relatively large changes in high-lati-
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tude summertime insolation. The variations in eccentricity, tilt and
the time of perihelion were calculated by a method developed by
André Berger. Times of maximum eccentricity are separated by peri-
ods of roughly 100,000 years, although the eccentricity has a second
period of roughly 400,000 years. The cycles of tilt and time of peri-
helion have periods of approximately 40,000 and 20,000 years. The
time of perihelion is also not a simple sine curve; it has two cycles of
19,000 and 23,000 years. Variation in the amount of sunlight received
isshown for the zone between 60 and 70 degrees north latitude in July.
Insolation was calculated with a computer program written by Tama-
ra S. Ledley-of the Massachusetts Institute of Technology and Stan-
ley L. Thompson of the National Center for Atmospheric Research.
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culation models that offer a detailed
representation of temperatures, winds
and other meteorological variables and
their dependence on time, latitude, lon-
gitude and altitude. Most climate mod-
els require extended numerical calcu-
lations; with general circulation mod-
els it takes the fastest computers hours
to simulate the development of climate
over the course of a year. Clearly the
evolution of climate over the past hun-
dreds of thousands of years can be stud-
ied only with simplified models.

he kind of climate model that is most

suitable for testing theories of the ice
ages is an energy-balance model, one
based ultimately on the law of conserva-
tion of energy. In the model physical
conditions are defined only at discrete
points on the earth’s surface, generally
in a gridlike pattern. The rate of change
of the temperature at each point is de-
termined by repeatedly subtracting the
outgoing infrared energy from the in-
coming solar energy and adding to the
difference any energy transferred from
adjacent points. The simplification that
makes it possible to solve energy-bal-
ance models quickly enough to simulate
glacial cycles lies in the treatment of
energy transport between points on the
grid. The transport is assumed to follow
a simple law such as “Heat flows from
warmer points to cooler points at a rate
proportional to the temperature dif-
ference.” Actually the winds and cur-
rents that transport heat follow com-
plex and often unpredictable patterns.
Nevertheless, energy-balance models
successfully simulate variations in tem-
perature with latitude and season; they
may therefore be capable of simulating
changes in climate that have the same
cause as the seasonal cycle.

Recently experiments with energy-
balance models have shown both that
orbital forcing could cause large chang-
es in climate and that it could give rise
to a 100,000-year climate cycle. A mod-
el developed by Gerald R. North and
David A. Short of the Goddard Space
Flight Center of the National Aeronau-
tics and Space Administration and John
G. Mengel of the Applied Research
Corporation demonstrates that small
decreases in insolation can indeed lead
to extensive glaciation. The key, as
Milankovitch suggested, is the insola-
tion at high northern latitudes.

North and his co-workers wondered
if climate models were failing to pre-
dict correct changes in ice volume be-
cause the continents were typically rep-
resented as one large land mass. They
found that a model with a more realistic
distribution of land was more sensitive
to changes in insolation. Moreover, it
predicted distributions of ice like those
seen in the geologic record. For ex-
ample, when the insolation of 115,000
years ago, at the beginning of an ice age,
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SPECTRAL PLOT shows the amplitude and frequency of the sine waves whose sum best ap-
proximates the curve derived from the ratios of oxygen isotopes. The components with the
largest amplitudes have frequencies close to those of the orbital parameters; the four labeled
components can account for about 60 percent of the fluctuation in the oxygen-isotope record.

was put into the model, it predicted that
ice sheets would grow at northern lat-
itudes, particularly in North America.
Less ice was predicted to accumulate in
Eurasia because it is larger. The interior
of Eurasia, far from the ocean’s moder-
ating influence, undergoes greater sea-
sonal temperature extremes, and the rel-
atively warm summers melt the ice that
is built up in the winter.

This finding still leaves unexplained
the prominence of the 100,000-year os-
cillation in the cycle of the ice ages. In
many ways this is the most puzzling part
of the problem. The variation in the ec-
centricity of the earth’s orbit does have
a 100,000-year period, but the distribu-
tion of insolation, which seems to be
the driver of climatic change, is affected
by tilt and precession much more than
it is by eccentricity. Why does the rec-
ord show that the 100,000-year cycle is
stronger than the 40,000-year tilt cycle
and the 20,000-year precession cycle?

The answer may lie in the phenome-
non of resonance, a property of many
physical systems. A pendulum gives a
simple example. If the pendulum is set
in motion and then left alone, it swings
with a frequency that depends only on
its length and the strength of the force
of gravity. The pendulum can also be
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forced to oscillate by a series of timed
pushes; in this case the frequency de-
pends on the frequency of the pushes
and does not have to be the same as the
natural frequency. Even so, the ampli-
tude of the swing, or the response of
the system, increases as the frequency
of the forcing approaches the natural
frequency of the pendulum. It is this in-
crease in the amplitude of the response
that constitutes a resonance.

It is possible that the climate system,
composed of the atmosphere, the
oceans, the continents and the ice sheets,
may have a natural or preferred fre-
quency of oscillation with a period of
roughly 100,000 years. Eccentricity
may change insolation less than tilt or
precession does, but the changes may be
more effective in driving the climate be-
cause they have a frequency near the
natural frequency of the system.

A number of investigators, notably
Imbrie and Michael Ghil of New York
University, have advocated resonance
as the explanation of the 100,000-year
climate cycle and have examined com-
puter models incorporating factors that
might give the climate this natural fre-
quency. In my opinion the most reason-
able of the models is one that takes into
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account the response of the underlying
bedrock to the massive ice sheets. The
bedrock sinks under a growing ice sheet,
but it takes some time to adjust to the
load, at least thousands of years. Mean-
while, as the ice sheet thickens, its sur-
face rises to higher altitudes, where
snow is likelier. As a result ice accu-
mulates even faster. When the bedrock
finally sinks, the entire ice sheet is low-
ered, which favors melting. Thus the re-
sponse of the bedrock can amplify a
tendency toward ice-sheet growth and
then later encourage the opposite proc-
ess of melting. After melting begins the
bedrock slowly rises in response to the
lighter load, raising the remaining ice
and causing the cycle to begin again.
The effect bedrock loading could have
on global ice volume was demonstrated
by an ice-sheet model developed by Da-
vid Pollard of Oregon State Universi-
ty. In the model it was assumed ini-
tially that the growth of the ice would
be inversely proportional to the inso-
lation; without taking into account the
response of the bedrock the model pre-
dicted ice volumes dominated by the
40,000-year tilt cycle and the 20,000-
year precession cycle. When the re-
sponse of the bedrock was included in
the model and was assumed to lag be-
hind the loading and unloading of the
rock by about 10,000 years, the model
predicted changes in ice volume domi-
nated by the 100,000-year cycle. The re-
sponse of bedrock to ice sheets is actu-
ally far more complex than Pollard’s
simulation of it, and so the issue can-
not be considered settled. Nevertheless,

bedrock loading appears to be a rea-
sonable explanation of the natural fre-
quency of the climate.

Although it seems clear that there is a
connection between the earth’s orbit and
the ice ages, a word of caution is in or-
der. Orbital forcing is only one of many
factors that could potentially have
changed the climate. For example, it is
possible that particulates injected into
the upper atmosphere by large numbers
of volcanic eruptions could have ab-
sorbed or scattered enough sunlight to
cause a substantial global cooling. The
advantage of the Milankovitch theory
is that it is testable; the changes in the
earth’s orbit and hence in insolation can
readily be calculated by applying New-
ton’s law of gravity to progressively ear-
lier configurations of the bodies in the
solar system. Climatologists naturally
prefer to experiment with well-defined
forcing factors such as orbital varia-
tions, but the lack of information about
other possible forcing factors does not
mean they are any less important.

In any case the Milankovitch theory
does not explain why ice ages began to
occur at the beginning of the Pleistocene
epoch. Throughout most of the earth’s
history there was little or no land ice and
the climate was significantly warmer
than it has been in the past million years.
What caused the cooling that led to the
ice ages? One answer may be the move-
ment of the continents across the earth’s
surface. The climate may have begun to
cool when the North American and the
Eurasian continents reached their pres-
ent position a few tens of millions of

years ago and new atmospheric and oce-
anic heat-transport patterns began to
establish themselves. The process ap-
pears to have been gradual. Glacial ice
formed on Antarctica about 30 million
years ago, after it had separated from
South America and was cut off from the
circulation of warm equatorial waters.
There is evidence that high-latitude gla-
ciers began forming in the Miocene.

Will there be more ice ages in the
future? The fluctuations in the iso-
tope record show no sign of abating, but
the planet may nonetheless have seen its
last ice age because of the effect of hu-
man activities on climate. As industrial-
ization continues and more fossil fuel is
burned the concentration of carbon di-
oxide and other trace atmospheric gases
increases. By the end of the century
these gases may cause an appreciable
warming of the earth, an increase in
average temperatures large enough, if
it were to continue, to overwhelm any
cooling due to orbital variations.

The earth is not the only planet whose
climate may be affected by variations in
its orbit and axial tilt. Mars has much
greater orbital fluctuations because it is
closer to the massive planet Jupiter. The
tilt of Mars’s rotational axis varies be-
tween 12 and 38 degrees with a period
of about 120,000 years. The resulting
changes in insolation must have a sig-
nificant effect on the Martian climate.
Some of the geologic features of Mars
recently detected by spacecraft, such as
layered deposits near the poles, may re-
cord these changes.

WITHOUT BEDROCK LAG

, : 3
8,000 =

2
6,000

— 4,000 A

.'lll \
k«’u'j W;

o
[=)
S
o

o

WITH BEDROCK' LAG

ICE-SHEET CROSS-SECTIONAL AREA
SQUARE KILOMETERS

w
(000°t H3d S1HVd NI
AYVANV1S WOH4 NOILYIA3A)
NOILYHLNIONOD 81-NIDAXO

8,000 2.5
2
6,000
15
4,000
/
2,000 5
§ ;
700,000 600,000 500,000 400,000 300,000 200,000 100,000 0

DELAYED RESPONSE OF THE BEDROCK may explain why the
dominant period in the ice-volume curve is 100,000 years although
high-latitude insolation is affected less by eccentricity (which has a
100,000-year period) than by the orbital parameters that have short-
er periods. The graphs show the ice volumes predicted from the inso-
lation by an ice-sheet model developed by David Pollard. In one ex-

66

TIME BEFORE PRESENT (YEARS)

© 1984 SCIENTIFIC AMERICAN, INC

periment with the model (upper graph) the bedrock was assumed to
sink immediately under the weight of accumulating ice. In another
experiment (lower graph) it was assumed that the bedrock requires
about 10,000 years to adjust to the load, maintaining the surface of
the ice sheet at higher and colder altitudes. The second experiment
came closer to duplicating the peaks in the isotope record (color).
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SCIENCE AND THE CITIZEN

The Poor Get Poorer

The continuing global recession,
caused in large part by anti-in-
flationary measures adopted by
the governments of the world’s richest
countries, isexacting a heavy tollamong
those least able to afford it: the citizens
of the poorest countries. According to
the latest annual report of the World
Bank, a combination of factors beyond
the control of the developing countries
has placed severe constraints on their
prospects for economic growth. The
overall drop in demand in the industrial-
ized countries since 1980 has reduced
both the amounts and the prices of pri-
mary exports from the developing coun-
tries. At the same time the restrictive
monetary policies of some of the ma-
jor industrialized countries, notably the
U.S., have kept real interest rates at high
levels, thereby increasing the burden of
debt service for the developing coun-
tries. Some of them have been unable
to meet their payments on debts, and
many have been forced to reduce their
borrowing from private sources and to
curtail their imports in an effort to con-
trol the deficits in their accounts.

The ensuing tower rate of growth in
the developing world as a whole, the
World Bank reports, “has undoubtedly
resulted in increases in unemployment
and underemployment, and hence addi-
tional poverty. In some countries, par-
ticularly in the more developed parts of
Latin America, the recession has caused
the progress made during the 1970’s
to be abruptly interrupted. In others,
particularly in sub-Saharan Africa, the
recession has accelerated the decline
in living standards that began in the
1970’s.” For hundreds of millions of
people in the poorest countries, the re-
port states, “the current ‘cyclical down-
turn’ is, in reality, a tragedy of no small
proportion. Emergence from this condi-
tion for these countries will be a slow
process.”

In view of the “urgent need” for more
development assistance in such cases,
the International Development Associa-
tion (IDA), the affiliate of the World
Bank set up to aid the poorest develop-
ing countries, had planned to raise a to-
tal of at least $12 billion over the next
three years from its more developed
members, thereby matching the total
raised for the preceding three-year peri-
od. IDA funds are disbursed to its less
developed members in the form of inter-
est-free credits with repayment periods
of up to 50 years. More than 50 coun-
tries are eligible for such credits under
the present criterion: an annual per capi-
ta gross domestic product of less than
$796 (in 1981 dollars).
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The scheduled replenishment of the
IDA funds suffered a serious setback in
December, when the Reagan Adminis-
tration announced its intention to cut
the projected U.S. contribution to $750
million annually for the next three
years. The Administration had previ-
ously decided to spread the $3.2 billion
pledged by President Carter in 1979
over four years rather than three, in ef-
fect reducing the U.S. share of the last
IDA refinancing to $800 million annu-
ally. A number of other countries that
contribute to the IDA thereupon set up a
special fund to replace some of the mon-
ey lost as a result of the U.S. action.

Since the U.S. is committed to provid-
ing 25 percent of the new IDA replenish-
ment, the Administration’s latest deci-
sion means that the total amount avail-
able for IDA credits over the next three
years would be reduced to $9 billion,
or $3 billion less than the amount that
had been planned. Representatives of
the 32 other donor countries in the IDA
immediately appealed to President Rea-
gan to restore the U.S. commitment to
the previously projected level of $1 bil-
lion annually.

Bypassing the Bypass

he creation of artificial channels
around obstructions in the arteries
that supply blood to the heart is now the
major surgical operation most frequent-
ly performed in the U.S. In 1981, the
most recent year for which reliable fig-
ures are available, 159,000 coronary-ar-
tery bypass graft procedures were done
at a cost of about $20,000 each. Thus in
that year some $3 billion was spent on
the operation, not including the substan-
tial cost of the diagnostic tests preceding
it. In spite of the frequency of bypass
surgery, the evidence that the operation
prolongs the life of those who have had
it has until recently been sparse and am-
biguous. A thoroughgoing study of the
effects of bypass surgery by the Nation-
al Heart, Lung, and Blood Institute now
shows that for people with mild or mod-
erate coronary-artery disease surgery
does not yield an increase in surviv-
al rate over current nonsurgical treat-
ments. The study recommends that peo-
ple with nonsevere coronary-artery dis-
ease be treated without surgery unless
their condition deteriorates. If this ad-
vice is followed, the number of bypass
operations done in the U.S. each year
will be reduced by at least 25,000.
Coronary-artery bypass surgery in its
current form was devised in 1968. The
operation was accepted rapidly by sur-
geons and their patients. In 1971, 24,000
operations were done, and the number
rose steadily through the 1970’s. Part of
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the reason for the rapid increase in the
number of bypass procedures is the high
incidence of diseases of the coronary ar-
teries. Heart disease causes more deaths
in the U.S. than any other illness, and
about three-fourths of the deaths caused
by heart disease are due to coronary-ar-
tery disease. In 1980, 566,000 people in
the U.S. died from conditions that affect
the coronary arteries.

The symptoms and life-threatening
consequences of coronary-artery dis-
ease originate with the reduction in the
flow of blood to the muscular tissues
of the heart. The reduction is caused
by a progressive decrease in the lumen,
or inner diameter, of the coronary ves-
sels. Four main vessels supply blood to
the ventricles, which are the pumping
chambers. The left main coronary ar-
tery, the largest of the four vessels,
branches into the left circumflex cor-
onary artery and the left anterior de-
scending coronary artery, which are the
chief sources of blood for the left ven-
tricle. The right coronary artery is
the chief source of blood for the right
ventricle.

Any or all of the four vessels can be
obstructed. The severity of the disease
depends largely on which artery is nar-
rowed and on the degree of the obstruc-
tion. The most serious conditions result
from the narrowing of the left main cor-
onary artery, because the vessel carries
most of the blood for the left ventricle.
Hence a narrowing of the left main cor-
onary artery can lead to impairment of
the function of the left ventricle. The
left ventricle, which is the most muscu-
lar part of the heart, propels the blood
through the body. (The right ventricle
propels it through the lungs.) If the left
main coronary artery is not affected, the
severity of the disease depends on how
many of the other three vessels are nar-
rowed and the degree of the narrowing.

The most dangerous consequence of
the occlusion of the coronary arteries is
myocardial infarction: the death of a re-
gion of heart tissue. In many instances,
however, long before infarction devel-
ops the patient experiences angina pec-
toris, a recurrent and occasionally in-
capacitating pain. The pain is generally
felt in the chest but may be “referred” to
other parts of the body.

In increasing the flow of blood to the
heart the bypass operation is quite effec-
tive in relieving angina. The majority of
patients who have the operation expe-
rience an immediate reduction in the
frequency and severity of their attacks.
This is probably the main reason bypass
surgery was widely accepted.

The capacity of the surgery to prolong
patients’ lives, however, has not been as
clearly established. Whereas the reduc-
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les for 1984 extends from the 2 3-liter four-cylinder 190 2.3

for1984,

five of the more potent

gasoline-powered
automobiles

sold in America are sold

by MercedesBenz.

CHANGING CONDITIONS never
seem to catch the engineers of
Mercedes-Benz napping,

Diesel cars, years in advance
of the efficiency stampede.

Turbodiesels that anticipated
a demand for efficiency plus
performance. And it should now
come as no shock that Mercedes-
Benz greets the current perfor-
mance renaissance with a range
of fivre muscular gasoline perfor-
mance cars.

In fact, gasoline-powered
models now represent half the
Mercedes-Benz line. Four of
them—the 190E 23 Sedan, the
380SE Sedan, the 500SEL Sedan
and the SO0SEC Coupe—are new
to America for 1984.

They help form the most
vivid group of performance auto-
mobiles Mercedes-Benz has
ever built for sale.

The most spirited Mercedes-Benz
is unquestionably the stunning
new 190E 23 Sedan “—perhaps
the best in the world in its size
class; in Road & Track$ opinion.
And perhaps the equal, in pure
driving exhilaration, of any sports
sedan now sold.

BOLD PERFORMANCE,
MUTED NOISE

The 190E combines its trim
2,655 Ibs. and a four-cylinder, 2.3-
liter fuel-injected engine to reach
test track maximums of 115-mph-
plus. ¥et it is so finely engineered
that vibration and noise are as
muted as in larger Mercedes-
Benz sedans.

Its performance character is
underscored by the five-speed
manual gearbox that can be or-
dered as an alternative to the
four-speed automatic.

“Transmission designers from
around the world] Road & Track
suggests, “should take a sabbatical
to spend time at Stuttgart learn-
ing the Mercedes way of building
gearboxes’”

A V-8 LIKE NO OTHER

The new 380SE Sedan exploits
the technology of the eighties to
shine as one of the most con-
fidently responsive passenger
cars of the eighties.

Turbine-smooth and jackrab-
bit-quick, its 3.8-liter V-8 engine
evolves from a new design gener-
ation meant to deftly balance
power and efficiency.

Note that its block is even
made of a different substance
than most V-85—cast not in iron
but in an exotic alloy of alumi-
num, magnesium and silicon that
radically cuts weight. The pistons
in this engine move not against
metal cylinder walls but against a
surface of slippery, smooth,
seemingly indestructible silicon
crystals.

The 380SEs torque-converter
four-speed automatic gearbox is
so well integrated with this power
plant that it seems to function
almost as part of the engine. To
the benefit of satistying perfor-
mance motoring,

What that 3.8-liter engine
does for the 380SE it does for the
380 SL Roadster, the two-seater
descendant of Mercedes-Benz’
immortal SL sports car series,
carried over intact for 1984.

*Approximate suggested advertised delivered price at port of entry. ©1984 Mercedes Benz of N.A,, Inc., Montvale, NJ.
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Sedan, at $24,0007 o the 5-liter V-8 S00SEC Coupe, at §57,000% Lefi to right: 190 2.3, 380SE, S00SEC, S00SEL, 3805L.

Mercedes-Benz launches two
new flagship models for 1984—
the 500SEL Sedan and the
500SEC Coupe. They top off the
gasoline performance line in
formidable fashion.

The 500SEL, featured below,
is a five-passenger sedan of near
limousine status. The S00SEC is

its sybaritic four-passenger tour-
ing coupe counterpart.

Each is propelled by an Olym-
pian performer of an engine: the
five-liter, light-alloy Mercedes-Benz
V-8, new to America for 1984 but
already somewhat of a legend on
the highways of Europe.

So massive are its power
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reserves that, though not a prac-
tice recommended for normal
driving, it could quietly cruise
at 5SS mph in second gear. At

55 mph in top gear it is turning
at a lazy and barely audible 1,886
rpm. Acceleration from zero to
55 mph is jet-smooth. Accel-
eration from almost any point
in the speed range, in any gear,
is vivid.

HIGH-PERFORMANCE
ENGINEERING

The automobiles powered by
these engines are painstakingly
engineered to high performance
levels, from suspensions to steer-
ing to brakes. And to the stern
safety standards imposed by
Mercedes-Benz on every car it
builds.

These five gasoline-powered
Mercedes-Benz models for 1984
are meanwhile complemented
by five of the most advanced
diesel-powered automobiles you
can buy—each an outstanding
performer in its own right. Mak-
ing for the most varied, the most
exciting, the most timely lineup
of models Mercedes-Benz has
ever sold in America.

=

Engineered like no other
car in the world



tion of angina can be observed by an
individual physician, measuring an in-
crease in survival rate calls for studies
that include many patients and last for a
substantial period. Moreover, if surgical
treatment is to be compared with non-
surgical treatment, a group of patients
whose pathology is about the same must
be assigned at random to the treatments
and observed for a considerable period.
Such a randomized prospective study
is complex to administer, is costly and
raises ethical issues.

Because of such problems, only two
large randomized studies of bypass sur-
gery were done before the current study.
One of them was a collaboration among
several European medical institutions
and the other was done by the Veterans
Administration in the U.S. Both studies
found that surgery prolonged the life of
patients who showed a narrowing of the
left main coronary artery.

Such patients, however, are only a
fraction of all those who undergo by-
pass surgery, and the results with pa-
tients showing a less severe pathology
were not clear-cut. The current study,
called the Coronary Artery Surgery
Study (CASS), was directed at patients
with mild or moderate forms of disease:
those who had some narrowing of coro-
nary arteries other than the left main
coronary artery and those who had suf-
fered a myocardial infarction that had
subsequently healed but who did not
suffer from angina.

A group of 780 patients from 15
hospitals who met these criteria were as-
signed at random to surgery or to non-
surgical treatment. Nonsurgical treat-
ment consists chiefly of the adminis-
tration of drugs, including nitrates and
beta-blocking agents. The 780 patients
were observed for as long as five years.

The results of the CASS study, which
were published in the journal Circula-
tion, show that in general surgery does
not extend the lives of patients with less
than severe coronary-artery disease be-
yond what might be expected from drug
treatment. After five years the average
annual mortality rate among patients
who had had surgery was 1.1 percent
and the rate among those who had had
drug treatment was 1.6 percent. The dif-
ference was not statistically significant.
When the patients were divided accord-
ing to whether one, two or three coro-
nary vessels were affected, the differen-
ces in survival were also not significant.

The study confirmed the earlier find-
ing that surgery is effective in relieving
angina. The fraction of surgically treat-
ed patients who experienced complete
relief from pain was significantly larg-
er than that of the nonsurgically treated
patients. The difference was confirmed
by the patients’ reports on their condi-
tion and by the capacity to exercise.
There was little difference between the
groups, however, in the fraction who
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continued to hold jobs during the study,
or in the fraction who exercised regular-
ly. The study finds that “the decision to
proceed with bypass surgery in these
patients [those with mild or moderate
symptoms] can be reduced to a question
of whether the current level of symp-
toms is acceptable to the patient.”

Thus for many people suffering from
coronary-artery disease surgery appears
to lead at considerable expense to a
reduction in symptoms but not to an
increase in longevity or to a substan-
tial change in the style of life. Further-
more, although mortality from bypass
surgery has decreased as surgeons have
mastered the technique, 1.4 percent of
CASS patients who had been operated
on died in the course of the operation or
within 30 days of it.

In assessing the implications of the
new findings Eugene Braunwald of
the Harvard Medical School predicts a
decrease in the frequency of coronary-
artery bypass surgery. According to
Braunwald, several factors could con-
tribute to such a decrease. In addition
to the results of the CASS study such
factors include “the greater effective-
ness of nonsurgical therapy [and] the
increasing efforts to contain the costs of
medical care, especially of procedures
whose indications have not been clearly
established.” Braunwald concludes: “I
suggest that after 15 years of increasing
enthusiasm for coronary-artery bypass
surgery, if appropriate education of the
health professionals and the public con-
cerning this procedure is carried out, the
pendulum will swing back to a more ap-
propriate equilibrium.”

Sharpened Bits

bout one light-second, or 300,000 kil-
ometers, of optical fiber has now
been shipped for installation in the U.S.
telephone network. Of this quantity
about 60 percent has already been in-
stalled, most of it in regional centers but
also in two long trunk lines: one between
Washington, D.C., and New York and
the other between Sacramento and San
Jose, Calif. Each pair of fibers necessary
to complete the circuit of a conversation
can transmit 90 million bits of informa-
tion per second, the equivalent of about
1,400 telephone calls. In spite of this
remarkable transmission rate there are
two major bottlenecks in the system,
which until recently had seemed un-
avoidable. Workers at Bell Laboratories
now report that by taking advantage of
two nonlinear interactions of light with
the molecules that make up the fiber
both bottlenecks can be eliminated.
The first bottleneck in the fiber-optics
system is caused by the physical charac-
teristics of the digital pulse of light,
whose presence or absence within a
short interval during the reception of
the signal constitutes one bit of infor-

© 1984 SCIENTIFIC AMERICAN, INC

mation. Under ordinary circumstances
such a pulse tends to broaden as it prop-
agates along the fiber. The broadening
comes about because the pulse is made
up of numerous simple sine- or cosine-
wave components at various frequen-
cies and amplitudes, which add by su-
perposition to generate the pulse. The
components travel along the fiber at
different velocities; this velocity disper-
sion causes the phase, or distance be-
tween wave crests, of each component
to change in such a way that the shape
of the pulse is smeared. The calculated
broadening of the pulse at the receiving
end of the fiber determines the mini-
mum length of the time interval that
can be assigned to carry one bit of infor-
mation: if the interval were too short,
the broadening could cause two pulses
to overlap and become indistinct.

The second bottleneck is caused by
the system of repeaters that is designed
to overcome the small but finite loss of
light from the fiber. The repeater cur-
rently in service converts the light pulse
into an electric pulse, amplifies the elec-
tric pulse by accelerating the charged
particles that make up the pulse and fi-
nally reconverts the amplified electric
pulse into a pulse of light. The device is
relatively expensive; indeed, repeaters
make up about half of the cost of hard-
ware needed for a fiber-optics network.
Moreover, the response time of the re-
peater is relatively slow, and so the de-
vice imposes a limit on the rate at which
information can be transmitted.

The amplitude, or strength, of the
light signal in fibers now being manufac-
tured leaks out of the fiber at a rate of
only about 5 percent for each kilometer
of transit. Accordingly it has often been
assumed that the disadvantages of re-
peaters can be minimized by placing the
repeaters at intervals of up to 150 kil-
ometers. Unfortunately this scheme it-
self limits the data-transmission rate.
For pulses shorter than 100 picoseconds
(trillionths of a second) the spreading of
the pulse is so severe that over a distance
of 150 kilometers the pulse, without am-
plification, would become indistinguish-
able from random optical noise.

It now appears that nonlinear proces-
ses can circumvent all these problems.
When light passes through a material,
the oscillating electric field of the light
photons causes vibrations of the electric
charges in the material. For the light in-
tensities usually encountered in optical
systems such as mirrors and lenses the
displacement of the electric charges is
nearly proportional to the strength of
the electric field of the light, and so the
interaction is called a linear one. In the
optical fiber, however, the transmitted
light is confined to a core whose diame-
ter is only about five micrometers; the
intensity of the light in the core can be
quite high. Moreover, the interaction of
light with the fiber can build up over the



entire length of the fiber. Hence in a fi-
ber the strict linear proportionality be-
tween the electric field and the displace-
ment of the charged particles does not
hold. The nonlinear relation gives rise to
diverse and exotic phenomena that until
recently were not accounted for in the
design of fiber-optical systems.

Perhaps the best-known nonlinear ef-
fect is Raman scattering (named for
C. V. Raman, who first observed it in
1927). Akira Hasegawa of Bell Labora-
tories has proposed that the Raman ef-
fect can be exploited to make a repeater
that does not depend on the interconver-
sion of light and electrical energy. Hase-
gawa likens the Raman effect in an op-
tical fiber to the effect on an oscillator
such as an ordinary rope swing that is
not pumped, or driven, at its natural res-
onant frequency. For a boy standing on
the seat of a swing to pump the swing
efficiently he must shift his weight up
and down in both the forward direction
and the reverse one; in other words, the
most efficient pumping frequency of the
swing is twice the natural frequency at
which the swing would oscillate with-
out any pumping. Two such oscillators,
namely the swing and the pumping of
the boy, are said to be coupled nonlin-
early because their oscillation frequen-
cies do not match.

The swing responds to the pumping at
two frequencies: one response is the sum
of the pumping frequency and the natu-
ral frequency of the swing, and the oth-
er response is the difference between
the pumping frequency and the natural
frequency. When the boy pumps at
just twice the natural frequency of the
swing, the difference between the pump-
ing frequency and the natural frequency
is equal to the natural frequency. Hence
although the coupling is nonlinear, one
response frequency of the swing reso-
nates with its natural frequency, and the
energy added by the pumping tends to
be stored in the natural vibrational mo-
tion of the swing. The amplitude of the
swing becomes increasingly high.

According to Hasegawa, if light with
a frequency slightly higher than the fre-
quency of the signal pulse is injected at
regular intervals into a fiber, the same
kind of resonant, nonlinear coupling
will increase the amplitude of the signal.
The frequency of the pumping light cor-
responds to the frequency of the pump-
ing by the boy in the swing. The pump-
ing frequency must be adjusted so that it
is equal to the sum of the signal frequen-
cy and the natural frequency of the vi-
brational motions of the molecules in
the fiber. The fiber will then respond
nonlinearly at a frequency equal to the
difference between the pumping fre-
quency and the vibrational frequency of
the molecules; in other words, the re-
sponse frequency to the pumping light is
equal to the frequency of the signal, and
so the response of the system resonates

with the signal light. Raman amplifica-
tion of light could be relatively inexpen-
sive, and it would impose no limitations
on the data-transmission rate.

Hasegawa, Yuji Kodama, Linn F.
Mollenauer and Roger H. Stolen, also of
Bell Laboratories, have investigated an-
other nonlinear effect that could elimi-
nate the limitation on transmission rate
imposed by pulse spreading. When light
passes through a solid medium, its speed
varies with the intensity of the light; this
variation is a nonlinear phenomenon,
but high intensities are required before
it can be observed.

In an optical fiber the effects of the
phenomenon build up as a light pulse
travels down the fiber. The frequencies
of the components that make up the
leading half of the pulse are lowered,
whereas the frequencies of the compo-
nents that make up the trailing half are
raised. Although the redistribution of
the components would not affect the
shape of the pulse in the absence of the
dispersion of the component velocities,
the interaction of the nonlinear effects
with the velocity dispersion opposes
the broadening of the pulse and can ac-
tually cause it to narrow.

If the initial energy and shape of the
pulse are controlled within certain limits
that are fixed by the properties of the
fiber, the pulse will evolve in shape as
it propagates until the nonlinear effects
are exactly balanced by the effects of the
velocity dispersion. The pulse that re-
sults is a remarkably stable configura-
tion of light energy, in the sense that the
area under the pulse does not change as
the pulse moves along. Such a pulse is
called a soliton, or solitary wave.

Soliton pulses are ideally suited to op-
tical communications. Extremely nar-
row solitons can be generated, and so
the transmission rate can be high. Ener-
gy loss along the fiber causes the ampli-
tude of the soliton pulse to diminish, but
the area under the pulse remains the
same. Energy supplied to the fiber by
Raman light can restore the soliton to its
original amplitude, but because the area
under the pulse must remain constant,
the energy also restores the soliton to its
original shape. The transmission of soli-
tons enhanced periodically by Raman
light amplification could lead to trans-
mission rates on the order of 10 to 100
billion bits per second.

Oncogenes in vivo

ver the past five years strong evi-

dence has accumulated indicating
that specific genes are responsible at
least in part for the development of hu-
man cancers. The evidence is, however,
circumstantial. What is well established
is that certain ordinarily benign “proto-
oncogenes” in normal cells can be acti-
vated to become oncogenes, which are
found in animal and human tumor-cell
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lines and tumor tissue. When oncogenes
are transferred into mouse cells that
have been maintained in laboratory cul-
tures, the cells are transformed into the
cancerous state. It takes a combination
of two different oncogenes or of an
oncogene and a carcinogenic agent to
transform more nearly normal cells, in
keeping with the observation that the
development of cancer is a multistep
process. In either case injection of the
transformed cells into laboratory ani-
mals gives rise to tumors. What has not
been directly demonstrated is a direct
role for oncogenes in initiating the origi-
nal tumor. Both to establish that role
and to investigate the multistep cancer
process at the molecular level it would
be good to have an animal model in
which a particular oncogene could be
followed from its activation by a carcin-
ogen to the growth of a tumor. Steps
have been taken toward developing such
a model.

A first step was reported in Nature
some months ago by Allan Balmain and
Ian B. Pragnell of the Beatson Institute
for Cancer Research in Scotland. They
induced squamous-cell skin carcino-
mas by treating mice with two carcino-
gens, first an “initiator” substance and
then a “promoter,” and transplanted the
tumors to increase their malignancy.
DNA from the transplanted tumors
transformed cultured mouse cells. The
transformed cells were shown to contain
an oncogene, of the ras family of genes,
that is found in a number of human tu-
mors. The implication was that the on-
cogene had been activated by a carcino-
gen and had givenrise to the skin cancer.

Now a more precisely defined experi-
mental system and clearer identification
of the mechanism whereby a ras onco-
gene is activated in it have been reported
in Nature by Saraswati Sukumar, Vi-
cente Notario, Dionisio Martin-Zanca
and Mariano Barbacid, working in
Barbacid’s laboratory at the National
Cancer Institute. Sukumar and her col-
leagues induced mammary carcinomas
by treating female rats with the car-
cinogen nitroso-methyl-urea (NMU),
an initiator. DNA from nine such tu-
mors transformed cultured mouse cells;
DNA from normal breast tissue did
not. Mouse cells transformed by DNA
from each of the nine rat tumors were
shown to contain a particular activated
ras oncogene.

The next step was to identify the
mechanism of activation. In 1982 Bar-
bacid’s group and groups headed by
Robert A. Weinberg of the Massachu-
setts Institute of Technology and Mi-
chael Wigler of the Cold Spring Harbor
Laboratory had shown that the human
ras oncogene acquires its malignant
properties as the result of a single point
mutation. The mutation changes the co-
don (the sequence of three nucleotides
in DNA that codes for a specific ami-
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no acid in a protein) for the 12th ami-
no acid of the protein encoded by ras.
Where the proto-oncogene codon speci-
fies the amino acid glycine, the onco-
gene codon specifies valine; it has since
been shown that the substitution of any
other amino acid for this glycine would
have the same activating effect.

Now Barbacid’s group isolated the
ras gene derived from one of the mam-
mary tumors and determined the nu-
cleotide sequence of the first part of
the gene. Comparing it with the se-
quence of a normal ras gene from the
same rat strain, they again found a sin-
gle-nucleotide difference that changes
the 12th codon so that it no longer spec-
ifies: glycine; in this case it encodes
glutamic acid. The investigators also
showed that the ras oncogenes in the
other eight mammary tumors had un-
dergone mutation in the same location.

The high degree of reproducibility in
oncogene activation by NMU opens the
door to a reexamination of the role of
chemical carcinogenesis in the develop-
ment of cancer. Barbacid’s group noted
that the particular mutation identified in
the study is one to be expected if NMU
was in fact responsible for the activa-
tion. If the link can be firmly estab-
lished, the NMU-induced mammary
carcinoma in particular and chemical
carcinogenesis in general should pro-
vide a model system for studying the
malignant activatidn of an oncogene
and the mechanism by which it contrib-
utes to the development of a tumor. Be-
cause the mode of activation is the same
in the mouse carcinoma and in some hu-
man tumors, what is learned from such
a system should be directly applicable to
human cancer.

Message from the Moon

ince it was first realized in the early
1970’s that the Antarctic ice tends
to preserve meteorites that would have
weathered away in other parts of the
globe, annual expeditions to the area
have added thousands of specimens to
the world’s collections of extraterrestri-
al rocks. One of them, ALHA 81005,
has caused particular excitement in me-
teoritic circles since its discovery in the
Allan Hills region in January, 1982. The
papers in a special issue of Geophysical
Research Letters reveal why, namely that
investigators are certain this modest
rock, weighing just 31 grams and mea-
suring three centimeters across, is the
first known meteorite from the moon.
How do they know? To begin with,
ALHA 81005 looks like the Apollo
moon rocks: its fine-grained texture and
its glassy brown constituents identify it
as a breccia (a rock composed of frag-
ments) from the lunar regolith (the sur-
face layer worked over by meteoritic
impacts). In mineral composition it is
also like lunar samples but unlike any
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other meteorite, consisting of approxi-
mately 75 percent plagioclase, a calci-
um aluminum silicate. Then there is a
plethora of evidence from chemical and
physical analysis. The ratio of iron to
manganese, the relative abundances of
three isotopes of oxygen and large con-
centrations of trapped noble gases (such
as helium and argon) all serve to distin-
guish ALHA 81005 from other meteor-
ites and to suggest its lunar origin. The
noble gases demonstrate that the rock is
not terrestrial; they can only have been
implanted by the wind of particles from
the sun, which do not reach the earth’s
surface because they are blocked by the
atmosphere.

The rock is not, however, the same as
other moon rocks, which makes it all the
more interesting. It seems to have come
from an area on the moon not visited by
any of the Apollo (manned American)
or Luna (unmanned Russian) missions,
which were concentrated close to the
center of the near side. The main reason
for believing this is the relative absence
in the meteorite of the KREEP elements
(standing for potassium, the rare-earth
elements and phosphorus), which were
found as contaminants in most Apollo
and Luna rocks. According to Carle M.
Pieters of Brown University and her
colleagues, remote-sensing data on the
moon’s geochemistry (from X-ray and
gamma-ray spectrometers mounted on
two of the Apollo spacecraft) also sug-
gest that ALHA 81005 came from the
far side of the moon or the edge of the
near side.

The National Aeronautics and Space
Administration authorized a consorti-
um of workers led by Klaus Keil of the
University of New Mexico to break off
up to 10 grams of the meteorite for more
detailed study of its composition. Keil
reports the identification in it of pristine
fragments, that is, fragments that have
not remelted and whose radioactive
clocks have not been reset since their
minerals first crystallized out of a lunar
magma. By radioactive dating of the
pristine fragments it may be possible
to determine their age. ALHA 81005
could thereby offer a glimpse into the
early history of the lunar crust, which is
thought to have formed about 4.5 bil-
lion years ago. Such glimpses are rare,
Keil observes; crystallization ages have
so far been determined for only a few
lunar samples.

The implications of ALHA 81005
may extend even further to eight puz-
zling objects known as the SNC meteor-
ites (for shergottites, nakhlites and chas-
singites). Most other meteorites crystal-
lized 4.5 billion years ago, and they are
therefore thought to have come from
asteroids, the only bodies small enough
to have cooled so soon after the forma-
tion of the solar system. In contrast, the
SNC’s are no more than 1.3 billion years
old. Therefore they must be from a body

© 1984 SCIENTIFIC AMERICAN, INC

sufficiently large and well insulated to
have had volcanic activity that recent-
ly. The most popular theory, based on
indirect geochemical evidence, is that
a powerful meteorite impact expelled
them from the surface of Mars. The
main objection to the hypothesis is that
no one has been able to demonstrate
convincingly how a rock could be ac-
celerated to the Martian escape veloc-
ity of five kilometers per second without
being pulverized.

Until the discovery of ALHA 81005
the same argument had been advanced
to explain why no meteorites found on
the earth could have come from the
moon. The lack of meteorites from the
moon, in turn, supplied a strong motive
for dismissing the possibility that rocks
could reach the earth from Mars. The
petrologists and geochemists who be-
lieve in the Martian origin of the SNC’s
now argue that ALHA 81005 has but-
tressed their case. Not only was it not
pulverized in escaping the moon but
also it exhibits no evidence (such as the
melting of some of its components to
glass) that it was shocked in the process.
Since it is widely agreed that the only
event that could knock a rock off the
moon or Mars is a giant meteorite im-
pact, this is surprising.

H. J. Melosh of the University of
Arizona offers a possible explanation.
When a meteorite buries itself in the lu-
nar surface (to a depth of several times
its diameter), the shock travels upward
as acompressional wave and isreflected
back off the surface as a tensional wave.
The total pressure at any point below
the surface is given by the sum of the
two wave amplitudes. At the surface,
however, the two waves cancel and the
pressure is zero. According to Melosh, a
thin surface layer could therefore be
“spalled” off the moon without being
shocked. The spalling hypothesis fits the
observation that ALHA 81005 is a sur-
face rock.

There are many reasons, however,
why the hypothesis cannot explain how
the SNC meteorites might have got off
Mars. Most important, some of the
SNC’s are highly shocked and are clear-
ly igneous rocks from below the surface.
Furthermore, the escape velocity of the
moon is 2.4 kilometers per second, half
that of Mars. Also some of the SNC
meteorites are about 10 times larger
than ALHA 81005, and attempts to
model their ejection from Mars theo-
retically require them to have started
off larger still—at least several meters
across. According to Melosh, the dy-
namical objections to the hypothesis of
Martian origin are still strong. Never-
theless, says Donald Bogard of the
Johnson Space Center of NASA, a ma-
jority of geochemists now accept the
hypothesis and think the onus is on dy-
namicists to come up with a suitable
physical basis.
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The Structure of Proteins
in Biological Membranes

Membrane proteins are embedded in lipid, but they extend into water.

The configurations that adapt them to contact with two environments

are beginning to be revealed by novel electron-microscope techniques

by Nigel Unwin and Richard Henderson

ells are bounded, and organelles
‘ within them are enveloped, by

an extremely thin but tenacious-
ly stable film of lipid and protein mol-
ecules: the biological membrane. The
membrane functions basically as a per-
meability barrier that establishes dis-
crete compartments and prevents the
random mixing of the contents of one
compartment with those of another, en-
abling the chemistry of life to proceed in
an orderly way. Biological membranes
are not, however, just containers; they
serve as highly specific mediators be-
tween the cell or organelle and its envi-
ronment. The diverse functions of dif-
ferent cells and different organelles are
accountable in large part to the design
of their individual membrane and the
properties of the membrane’s proteins.

The membrane proteins have a wide
range of vital functions. The permeabil-
ity of membranes is highly selective,
and the reason is that particular pro-
teins form channels or pumps allow-
ing specific ions or molecules to pass
through the membrane or driving them
through it against a concentration gradi-
ent. The response of a target cell to hor-
mones, neurotransmitters or foreign an-
tigens depends on a receptor protein
that detects the presence of these mole-
cules and transmits their specific signal
through the membrane. Still other pro-
teins, such as enzymes or antigens, are
simply anchored in the membrane to lo-
calize a particular reaction there.

To understand the critical roles of
membrane proteins one needs to know
their three-dimensional structure and
how it changes in response to specific
stimuli. We have been analyzing the
structure of membrane proteins with
the electron microscope, and some of
the details are beginning to come clear.

Lipids and Proteins

The ground substance of a biological
membrane is a bimolecular sheet of lip-
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id molecules. A lipid molecule is amphi-
pathic, that is, it has a hydrophilic por-
tion and a hydrophobic one. The bulky
head of a lipid molecule is hydrophilic:
it reacts easily with water, commonly
by forming hydrogen bonds. The two
long hydrocarbon tails of the molecule
are hydrophobic: they cannot form hy-
drogen bonds and they avoid water. In
an aqueous physiological environment
such molecules tend to arrange them-
selves into a two-layer membrane. The
hydrophilic heads line up to face out-
ward, interacting with water molecules
in the intercellular space, the cytoplasm
of a cell or the interior of an organelle;
the hydrophobic tails line up pointed
away from the water, interacting with
one another in the interior of the bilayer.
The result is a membrane some 45 ang-
strom units (ten-millionths of a millime-
ter) thick. The lipid molecules are usu-
ally in thermal motion and are free to
diffuse in the plane of the membrane,
so that the bilayer is a two-dimensional
film of liquid only slightly more viscous
than water. For all its thinness and fluid-
ity the bilayer is stable because the am-
phipathic lipid molecules are in their
preferred orientation.

Membrane proteins are densely inter-
calated among the lipid molecules, dis-
persed over the membrane or grouped
in patches. What distinguishes the di-
verse proteins of membranes from oth-
er, water-soluble proteins is that they
make contact with two environments, or
are partitioned between two phases: the
lipid film in which they are embedded
and the water into which they protrude,
often on both sides of the membrane.
They are tethered firmly (although they
are free to diffuse in the plane of the
membrane) because they too are amphi-
pathic: they have hydrophilic portions
that interact with the lipid heads at the
membrane’s surface and with water and
they have hydrophobic portions that in-
teract with the lipid tails in the interior
of the membrane. Membrane proteins
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can also interact with water-soluble pro-
teins, with one another and with small
molecules soluble in lipids.

We reasoned that the special environ-
ment of the lipid bilayer must impose
special constraints on the structure of
the embedded proteins and that the fun-
damental principles of protein structure
should apply. Amino acids, the constitu-
ents of proteins, are linked in a linear
sequence by peptide bonds to form a
long polypeptide chain. A polypeptide
chain folds on itself (or several chains
fold together) in a specific way deter-
mined by the sequence of amino acids.
The sequence dictates the folding be-
cause the side chains that character-
ize each of the 20 amino acids differ in
size, shape, charge, hydrogen-bonding
capacity and chemical reactivity; evo-
lution has selected sequences that give
rise to stable, functional structures.

Alpha Helix, Beta Sheet

Most of the water-soluble proteins
studied to date consist of more or less
regular conformations of the polypep-
tide chain—the alpha helix and the beta
sheet—connected by less regular re-
gions. The alpha helix is a rodlike struc-
ture: the backbone of the chain is coiled
tightly into a helix, forming a cylinder
from which the amino acid side chains
project. In the beta sheet, on the other
hand, two or more backbones, almost
fully extended, are arrayed in parallel
and the amino acid side chains extend
perpendicularly from opposite surfaces
of the sheet. Both the alpha helix and the
beta sheet are stabilized by hydrogen
bonding between the hydrophilic NH
and CO groups of the backbone chain.
In the alpha helix this bonding is be-
tween groups at successive turns of the
helix; in the beta sheet it is between
groups on adjacent strands.

In less regular regions of the protein
(for example where a polypeptide chain
links two successive alpha helixes) these



STRUCTURE OF BACTERIORHODOPSIN, a protein that pow-
ers an unusual form of photosynthesis in the membrane of salt-loving
bacteria, is seen in a computer display generated by one of the authors
(Henderson) and Arthur M. Lesk. The protein has 248 amino acids
in a single polypeptide chain, which is linked to one light-absorbing
retinal group. Seven segments of the chain, accounting for most of its

length, are coiled into the regular alpha-helix conformation. It is the
seven alpha helixes that are seen in this display. They are presumably
linked to one another by six nonhelical stretches of the chain, but
neither these links nor the retinal is visible at a resolution of seven
angstrom units, the resolution of the contour maps of electron densi-
ty (see bottom illustration on page 91) on which the display is based.
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stabilizing bonds may not form; there
are free hydrophilic groups in the back-
bone, and they are normally hydrogen-
bonded to water molecules. A structure
in which the hydrophilic groups are un-
able to interact with one another or
with a water molecule would be unsta-
ble. Soluble proteins achieve stability
by folding so that the self-bonded al-
pha and beta structures are largely on
the inside, with less regular turns and
bends of the chain situated at the mole-
cule’s surface, where water is available.
Similar principles must surely apply,
perhaps with even greater force, to a
protein embedded in the hydrophobic
lipid-tail environment. The less regular
turns and bends with free hydrogen-
bonding groups should be mainly in
parts of the protein exposed to the hy-
drophilic heads of lipids or to the aque-
ous environment. The alpha helixes and
the beta sheets, whose hydrophilic back-
bone groups are bonded to one another,
should be sequestered within the mem-
brane in the hydrophobic environment
of the lipids’ hydrocarbon chains, and
so should the more hydrophobic of the
amino acid side chains. One could imag-
ine a variety of possible configurations
for membrane proteins, for example
bundles of alpha helixes, beta sheets
formed into barrels or combinations of
the two. Such configurations could con-
stitute functioning proteins or could be
subunits of more complex assemblies.

Electron Analysis

To test these hypotheses we set out
some 10 years ago to analyze the struc-
ture of membrane proteins with the
electron microscope, adapting tech-
niques developed by X-ray crystallogra-
phers for the analysis of crystals of solu-

ble proteins. A crystal is made up of
many identical molecules, which are as-
sembled in positions and orientations
that depend precisely on the individual
molecule’s structure; the crystal’s struc-
ture is in effect the sum of that of each of
the repeating units. By recording the
way in which the atoms of a crystal dif-
fract X rays one obtains information
about the positions of atoms within
the individual molecules of the crystal.
Most of what is known about the struc-
ture of soluble proteins, including the
details of the alpha and beta configu-
rations, has been learned through X-
ray-diffraction analysis of large three-
dimensional crystals. Such analysis was
not possible for the membrane proteins
because they could not be induced to
form three-dimensional crystals.

These proteins are adapted to floating
in the lipid bilayer, a two-dimensional
world. They tend to associate more easi-
ly in two dimensions than in three. Some
of them tend to aggregate into two-
dimensional lattices within the mem-
brane. Others can be induced to form
such arrays, which are in effect two-di-
mensional crystals, if they are extracted
from the membrane with a detergent,
purified and then reconstituted with a
suitable proportion of lipid. X rays
would hardly be diffracted at all in pass-
ing through such a thin crystal, but elec-
trons, which interact with the atomic nu-
clei, are scattered much more strongly
than X rays and yield a diffraction pat-
tern. Moreover, electrons are charged
particles, and so they can be focused to
form an image: an electron micrograph.
The diffraction pattern yields some in-
formation about the structure of an indi-
vidual molecule; more information can
be extracted from the micrograph.

For conventional electron microsco-

py a membrane must be negatively
stained: embedded in the salt of a heavy
metal that is opaque to the electron
beam. The stain outlines the external,
hydrophilic surfaces of the specimen
and so reveals the shape of surface fea-
tures; details of structure within the lipid
bilayer and within the protein molecules
remain obscure. To observe these de-
tails it is necessary to eliminate the stain
and visualize the specimen directly.
That is not easy to do because biological
matter, unlike the stain, is rapidly dam-
aged by the electron beam. Such fea-
tures as alpha helixes and beta sheets are
destroyed by an electron dose far small-
er than the dose required to define them
in a micrograph of a single molecule.

The solution is to make a micrograph
of a crystalline array of several thou-
sand molecules with an electron dose
too weak to destroy them, and then to
apply a summation procedure that rein-
forces genuine detail associated with
the repetitive molecular structure while
canceling out the large amount of noise:
the random electron impacts associated
with the weak electron dose. In this way
a complete and accurate picture of the
molecule is built up from fragments of
information provided by each of the re-
peating units.

Fourier Transforms

One way to carry out this reinforce-
ment, or averaging, would be to take
successive repeating units from the mi-
crograph and superpose them on one
another, thus summing the informa-
tion reflecting genuine, repetitive detail.
That might not work, however, because
it is often hard to determine the precise
positions of repeating units. A more ele-
gant and powerful approach would be

BIOLOGICAL MEMBRANE is made up of proteins set into a bi-
molecular film of closely packed lipid molecules. The hydrophilic
heads (blue spheres) of the lipids are oriented toward the aqueous
extracellular or intracellular medium (/ight blue) and their hydropho-
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bic hydrocarbon tails (red) are oriented toward the inside of the bilay-
er. The exposed portions of proteins embedded in the bilayer are also
either hydrophilic or hydrophobic, depending on whether they inter-
act with lipid heads and water molecules or with hydrophobic tails.



the one developed some years ago by
David J. DeRosier and Aaron Klug of
the Medical Research Council Labo-
ratory of Molecular Biology in Cam-
bridge for analyzing electron micro-
graphs of ordered molecular aggregates
such as virus particles. The averaging is
done in steps. The first step is to scan a
micrograph of a crystalline object with
a microdensitometer, thereby generat-
ing a two-dimensional array of numbers
representing the photographic density at
every point in the picture. The second
step is to compute the Fourier transform
of the array, in effect the numerical ana-
logue of its diffraction pattern. The third
step is to select from the Fourier trans-
form only the information derived from
the regular, repeating features of the ob-
ject. The final step is to reconstruct the
image of the object by combining just
this information in a second Fourier-
transform calculation: a Fourier syn-
thesis, which reconstructs the original
image without its obscuring noise.

Except for the third step the entire
process is analogous to the formation of
an image in a simple two-lens optical
microscope. The first lens creates a dif-
fraction pattern of the object, equivalent
to the first Fourier transform, and the
second lens projects an image, equiva-
lent to the second transform, or Fou-
rier synthesis. Indeed, we often inspect
the micrographs with an optical diffrac-
tometer that displays their diffraction
pattern (the first transform) in order to
check their quality before going on to
process them.

To understand the third step, which
isolates the genuine information associ-
ated with repetitive details from the ran-
dom fluctuations associated with noise,
one needs to consider some properties
of Fourier transforms. An image can be
conceived of as being built up of sine
waves of various wavelengths that differ
in their amplitude, orientation and dis-
placement from a common origin. In
the Fourier transform of the image each
sine wave, or Fourier term, appears as
two sharp peaks positioned symmetri-
cally on each side of the origin, at a dis-
tance from it that is inversely propor-
tional to the wavelength; each peak has
an amplitude and a phase, which re-
spectively indicate the strength and the
relative displacement of the wave. The
pattern of peaks in the transform there-
fore reflects the regularity and symme-
try in the image. :

Because the densities of the atoms
constituting the crystal are arranged
on a repeating lattice, the first Fourier
transform reveals a regular pattern of
strong peaks derived from those few
sine-wave components that fall on the
lattice. It also has peaks derived from
noise, but since the random density fluc-
tuations of noise contain all possible
sine-wave components, those peaks are
present everywhere at random. The first

ALPHA HELIX AND BETA SHEET are two regular conformations of a protein’s polypep-
tide chain. In the alpha helix (fop left) the backbone of the chain (gray) is coiled into a helix,
forming a rodlike structure from which the side chains (R) of the constituent amino acids pro-
ject. In the beta sheet (top right) two or more backbones are arrayed side by side. In both cases
the structure is stabilized by hydrogen bonds (green) between NH and CO groups of the back-
bone. These groups are hydrophilic: in the absence of such bonding to each other they need to
be able to form hydrogen bonds with water molecules. One would therefore expect the parts of
membrane proteins buried in the hydrophobic interior of the membrane to be largely in the
form of alpha helixes or beta sheets (bottom); less regular parts of the chain, whose NH and
CO groups may not be “protected” by bonds to each other, should be at a hydrophilic surface
of the membrane or in the aqueous environment, where the groups can form hydrogen bonds.
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Fourier transform therefore consists of
~a lattice of strong peaks superimposed
on a random background. What hap-
pens in the third step is that a computer
program selects only those peaks form-
ing a regular pattern and masks out the
intervening peaks derived from noise.
Only information reflecting genuine de-

tail is included in the final Fourier syn-
thesis that reconstructs the image. In the
final step it is also possible to identify
and sum just those peaks reiated by crys-
tal symmetry, thus reinforcing the im-
age of the molecule’s true structure.
The idea that one might learn the
structure not only of a molecular aggre-

gate but even of a single molecule by
analyzing an image made with a weak
electron dose had been advanced be-
fore the technology was sufficiently ad-
vanced to accomplish the task. Robert
M. Glaeser of the University of Califor-
nia at Berkeley had done computer sim-
ulations that demonstrated the proce-

CRYSTALLINE ARRAYS of bacteriorhodopsin are enlarged some
100,000 diameters in an electron micrograph made by one of the au-
thors (Henderson) and David M. Shotton. To make the micrograph
a stack of membranes was prepared by the freeze-fracture method:
frozen, split at a shallow angle, shadowed with platinum and replicat-
ed in carbon. Membranes treated in this way tend to split along the

ELECTRON MICROSCOPE yields both a diffraction pattern and
an image of an unstained crystalline array of bacteriorhodopsin. The
diffraction pattern (/eff) can be analyzed to give the amplitude of the
sine-wave components of the structure; their relative displacement
can be learned only from analysis of the image on an electron micro-

central plane of the bilayer. Rough-textured regions of the micro-
graph show the cytoplasmic fracture face, that is, the cleaved surface
of the inner layer of the membranes. The surface is studded with a
hexagonal lattice of bacteriorhodopsin molecules, which adhered to
the inner layer when the membranes were split. Smooth regions show
the extracellular fracture face: the cleaved surface of the outer layer.

graph. A micrograph (right) of an unstained membrane is very differ-
ent, however, from a picture of a stained membrane, such as the one
in the upper illustration: the signal-to-noise ratio is so low that no
regular features can be discerned. To extract structural information
from such a micrograph it is necessary to turn to Fourier analysis.
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dure’s potential. It became feasible only
after the advent of computers powerful
enough to calculate the large Fourier
transforms (hundreds of thousands of
terms) within a reasonable time and the
development of methods for preserv-
ing the integrity of unstained membrane
specimens in the vacuum of the electron
microscope. We found that one way to

protect the specimen is to immerse itin a
glucose solution. When the water evapo-
rates in the vacuum, some liguid glucose

remains, providing a hydrophilic medi-
um that substitutes for the membrane's
usual aqucous environment. Another
way, developed by Kenneth A. Taylor
and Glaeser at Berkeley, is to freeze the
specimen in a lilm of water or salt solu
tion and examine it al a temperature so
low that the ice does not sublime away.

Bacteriorhodopsin

We first took advantage of these tech-
nical developments to analyze the struc-
ture of bacteriorhodopsin, a simple pro-
tein found in the cell membrane of the
halobacteria. Such bacteria thrive only
in water with a very high concentration
of sodium chloride: high-salinity lakes
and evaporation ponds. The protein
consists of a chain of 248 amino acids
linked to a single group called retinal.
Retinal is the light-absorbing element of
visual pigments in animals, including
rhodopsin, the “visual purple” of hu-
man rod cells. In the halobacterial mem-
brane bacteriorhodopsin functions as a
light-driven proton pump that powers
an unusual form of photosynthesis [see
“The Purple Membrane of Salt-loving
Bacteria,” by Walther Stoeckenius; Sci-
ENTIFIC AMERICAN, June, 1976]. Bacte-
riorhodopsin has the unusual property
of aggregating within the membrane,
forming crystalline patches composed
of tens of thousands of protein mole-
cules and hundreds of thousands of lipid
molecules packed tightly together in a

STRUCTURAL INFORMATION is sepa-
rated from noise by Fourier averaging. To il-
lustrate the process a regular lattice of ducks
(top) was overlaid with a grainy negative and
photographed to make a simulated noisy elec-
tron micrograph (second from top). The pho-
tograph was scanned with a densitometer and
the array of density values was processed to
make a Fourier transform, whose visual ana-
logue is a diffraction pattern (third from top).
Now the signal of the ducks (strong peaks on a
regular lattice) is separate from the noise (ran-
dom peaks), whereas the two kinds of informa-
tion were jumbled together in the photograph.
Only the signal information was selected for
asecond transform (a Fourier synthesis), from
which the image was reconstructed (fourth
from top); noise is suppressed and the duck
pattern greatly enhanced. Still clearer pattern
(bottom) was generated by averaging infor-
mation in peaks related by lattice symmetry.
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hexagonal lattice. It is not hard to isolate ~

the patches and prepare them in glucose
for direct examination.

Our plan was first to record the elec-
tron-diffraction pattern of the crystal-
line array and then to make images
of the array for processing as Fourier
transforms. To record the diffraction
pattern one simply interrupts the usual
series of operations performed by an
electron microscope: electrons deflected
by atoms in the sample are allowed to
fall directly on a photographic film in-
stead of being focused by the micro-
scope’s magnetic lens to form an im-
age. The purple membrane proved to be
so sensitive to radiation damage that it
was impossible to follow the usual pro-
cedure of first viewing the diffraction
pattern on a fluorescent screen and
then recording it; the diffraction pattern
vanished before our eyes. We learned
to avoid such pre-irradiation and got
some clear hexagonal diffraction pat-
terns. The intensities of the spots gave us
the strength of the sine waves compos-
ing the array of molecules, that is, gave
us the amplitudes of the Fourier terms.

To get information on the phase of
the sine waves, and thus on their dis-
placement from a common origin, we
went on to make an actual image of the
molecular array. An unstained patch of
purple membrane recorded with a low
electron dose yields a featureless micro-
graph that would dismay an electron mi-
croscopist. Viewed in an optical diffrac-
tometer, however, such a micrograph
yields a sharp crystalline diffraction pat-
tern: the weak periodic detail, spread
out in the picture over thousands of
repeating units, is concentrated into a
much smaller number of sharp points.

Areas of the micrographs calculated
to include at least several thousand bac-
teriorhodopsin molecules were scanned
with a microdensitometer. The Fourier
transforms of the density values, togeth-
er with amplitudes derived from the dif-
fraction patterns, were combined to syn-
thesize an averaged representation of
the molecular array: a contour map of
atomic densities showing the structure
of the purple membrane in projection
(a vertical view in two dimensions). It
was limited by the microscope’s imag-
ing properties to a resolution of seven
angstroms, that is, features separated
by less than that distance were hard to
distinguish from each other.

The map showed a striking pattern
of peaks, such as would be generated
by a set of rods seen end on. The peaks
werespaced 10.5angstromsapart. Inoth-
er proteins such rodlike patterns seen
in contour maps at low resolution had
turned out to represent alpha helixes. It
looked as if the principal feature of the
bacteriorhodopsin molecule must be a
set of alpha helixes running roughly per-
pendicular to the lipid bilayer. Just such
an alpha-helical packing of the peptide
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FURTHER PROCESSING is necessary to get a three-dimensional view. Specimens are tilted
through a range of angles to the incident beam (/). The resulting micrographs constitute a set
of different projection views (2). From the micrographs Fourier transforms (3) are computed,
each equivalent to a different plane through the origin of a three-dimensional Fourier trans-
form. From a large number of such planes (only three are indicated in this illustration) the com-
plete three-dimensional transform is computed (4). From it a number of contour maps are plot-
ted on transparent plastic sheets, each map showing the density values at a different level in
the membrane. When maps are stacked, complete three-dimensional structure is revealed (5).
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chain had been predicted by one of us
(Henderson) and Allen E. Blaurock of
King’s College London on the basis
of an examination of X-ray-diffraction
patterns recorded from pellets of purple
membrane. The apparent confirmation
was pleasing, but some tantalizing ques-
tions remained. We could not tell to
what extent the helical rods penetrate
the bilayer, or how large a part of the
molecule they represent, because in ad-
dition to the distinct peaks the projec-
tion map of each molecule showed a
continuous strip of density that defied
interpretation. It was clear the analysis
had to be carried into three dimensions.

Three-dimensional Structure

DeRosier and Klug had formulated
general principles for solving the three-
dimensional structure of biological mol-
ecules by combining the information
contained in a number of different two-
dimensional views. In an optical stereo-
microscope each eye looks at the speci-
men from a different angle of tilt and
the brain combines the two flat images
to create a single three-dimensional im-
pression. Similarly, with an electron
microscope one can record two micro-
graphs of an object at different angles
and then look at them through a stereo
viewer, but this provides too little detail
for accurate reconstruction of the object
in three dimensions. Fourier theory in-
dicates that such reconstruction is possi-
ble, however, if one records not just two
views of the object but an entire series of
them at slightly different angles. Each
view gives a distinct projection of the
object, which is then decomposed into
its transform so that the Fourier terms
of the signal can be separated from the
noise. The terms from all the projections
are then combined to construct a com-
plete three-dimensional set of terms: a
Fourier synthesis that is a three-dimen-
sional representation of the object.

To obtain a perfect three-dimensional
representation we would have had to
record electron micrographs of the pur-
ple membrane at angles of tilt ranging
from zero to 90 degrees. This was not
possible, but we did manage to record
18 micrographs at angles between zero
and 57 degrees, moving the specimen so
that each micrograph was of a different
patch of membrane, undamaged by the
electron beam. The Fourier transforms
of these micrographs gave us the ampli-
tudes and phases of the set of Fourier
terms. To get better values for the am-
plitudes we also recorded 15 electron-
diffraction patterns at different angles
of tilt. Then we combined the informa-
tion gained from the two methods in a
Fourier-synthesis calculation and plot-
ted the results on 10 contour maps, each
one representing a different level in the
membrane.

The bacteriorhodopsin molecule was
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SCIENCE.SCOPE

The U.S. Navy will save $24 million on the F/A-18 program in the next nine years
as a result of a redesigned electrical equipment rack for the strike fighter's
radar. The new rack is far simpler to make and helps improve the aircraft's
center of gravity distribution. Bulkheads made of bonded honeycomb panels were
replaced with machined aluminum panels, and wraparound honeycomb panels with a
riveted aluminum assembly. The rack rail pan's riveted sheet assembly, with its
numerous parts, has been replaced by a cast assembly. The modifications reduce
costs by $24,000 per unit. Hughes Aircraft Company builds the AN/APG-65 radar
under contract to McDonnell Douglas for the Navy and Marine Corps aircraft.

Tests of a prototype ducted rocket engine hold promise of increased range and
velocity for future tactical missiles. In milestone demonstrations for the U.S.
Air Force, Hughes solid-propellant ducted rocket engines were fired successfully
in a wind tunnel simulating supersonic missile speeds at a variety of altitudes.
Whereas conventional air-launched motors contain all the fuel and oxidizer they
need for combustion, the ducted rocket obtains a large portion of its oxygen from
the atmosphere. An important benefit is that the ducted rocket motor can contain
more fuel for a given weight.

Space shuttle crews will soon be able to rendezvous with satellites in low orbit
in order to repair or recover them, thanks to a new integrated radar and communi-
cations subsystem that passed its first tests on the shuttle last June and
August. The Hughes subsystem, also called a Ku band radar, has an antenna dish
at the front of the cargo bay. It can pinpoint objects as small as 1 square yard
from up to 14 miles away. If the object is equipped with an electronic signal
enhancer, the range increases to 345 miles.

NATO early-warning aircraft are being equipped with a communications system that
uses four primary encoding techniques to hamper enemy eavesdropping or jamming.
The Joint Tactical Information Distribution System (JTIDS) provides E3A AWACS
aircraft and NATO ground command centers with secure voice and digital
communications. One JTIDS encryption technique is spread spectrum, in which a
signal is expanded over a large bandwidth. With frequency hopping, a second
method, frequencies are changed many times a second. Another technique, time
division multiple access, assigns certain users to specific time slots no longer
than a fraction of a second. Finally, to verify messages, JTIDS repeats messages
automatically. Hughes is supplying JTIDS to NATO and the U.S. Air Force.

A system that provides three-dimensional positioning information to military
field commanders is in production. The Position Location Reporting System (PLRS)
gives commanders continuously updated information on the location of troops,
vehicles, helicopters, fixed-wing aircraft, and weapons. The system links small
portable radios into a network controlled by microprocessors. Users can locate
their positions, navigate to predetermined positions, and be informed when near-
ing or crossing boundaries. Join our high-tech team. Send your resume to Hughes
Ground Systems Group, Employment Dept. SE, P.0. Box 4275, Fullerton, CA 92634.

Creatlng a new world with electronlcs

HUGHES AIRCRAFT COMPANY

For additional information please write to:
P.O. Box 11205, Marina del Rey, CA 90295
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seen to be composed of seven rods of
density, presumably alpha-helical seg-
ments of the polypeptide chain, extend-
ing all the way through the membrane.
Three of the rods are indeed perpendic-
ular to the plane of the bilayer, as we
had suspected from the projection view.
The other four rods are tilted slightly, so
that various cross sections of their densi-
ty had been partly superimposed in the
projection view and the rods had there-
fore been indistinctly resolved. The di-
rection in which the rods are tilted is
consistent with theoretical arguments
for the side-to-side packing of alpha he-
lixes that were put forward as long ago
as 1953 by F. H. C. Crick.

The stretches of the polypeptide chain
that connect the seven rods are not visi-
ble at a resolution of seven angstroms.
We could, however, estimate the total
length of the nonhelical segments by
subtracting the number of amino acids
necessary to account for the seven helix-
es from the 248 amino acids known to
constitute the complete protein. The dif-
ference, some 70 amino acids, suggested
that the nonhelical stretches are short
links connecting the helixes at the two
surfaces of the membrane. This impres-
sion was confirmed when Yu. A. Ov-
chinnikov of the M. M. Shemyakin
Institute of Bio-organic Chemistry in
Moscow and H. Gobind Khorana’s
group at the Massachusetts Institute of
Technology determined the amino acid
sequence of bacteriorhodopsin. They
found seven segments of generally hy-
drophobic residues separated by short
hydrophilic segments, a sequence that is
likely to correspond to seven alpha-he-
lical rods set into the membrane with
connecting links at the two surfaces.

The available chemical and structural
data fall short of providing a complete
description of the bacteriorhodopsin
molecule and of the mechanism by
which it pumps protons. For that one
needs to know the exact positions of the
individual amino acids and of the reti-
nal group. Our structural findings do,
however, give confidence that the gen-
eral principles derived from X-ray stud-
ies of water-soluble proteins apply also
to the lipid-soluble proteins residing in
membranes.

Connexons

Adjacent cells need to communicate
with one another if they are to coor-
dinate their metabolism and otherwise
work together in a tissue. They com-
municate by means of short intercellu-
lar “pipes,” which are arrayed in disk-
shaped patches at what are called gap
junctions. Each pipe is composed of two
roughly cylindrical proteins called con-
nexons. Each connexon is embedded
in onc of the apposed cell membranes
and extends into the intercellular space,
where it is linked with an abutting con-

TWO-DIMENSIONAL contour map derived by Fourier averaging shows the crystalline array
of bacteriorhodopsin and lipid molecules in projection. A single protein molecule is delineated
in color. The contours connect points of equal electron density; since the values come from a
single overhead view of the sample, the density values at every level in the sample are summed.
As aresult the only readily identifiable structures are those that are perpendicular to the mem-
brane: three distinct peaks of density (circular contours) in each bacteriorhodopsin molecule
are suggestive of three alpha helixes seen end on. The molecule also includes a continuous
strip of density (ridgelike contours), however, that cannot be interpreted straightforwardly.

THREE-DIMENSIONAL VIEW of the array of bacteriorhodopsin and lipid molecules is re-
vealed by a stack of contour maps representing density levels at different heights. Now the
ridgelike contours of the projection view are resolved into four separable sets of roughly circu-
lar contours. They represent four more alpha helixes, tilted from the perpendicular. Each bac-
teriorhodopsin molecule, then, has seven alpha helixes. The computer drawing on page 79 is
a smooth-surface representation based on the contours that delineate a single density level.
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nexon to form a continuous. pathway
between the cells’ interiors. A connexon
is made up of subunits, each of which
has about the same molecular weight as
a single molecule of bacteriorhodopsin.
The subunits are arranged to form a
central channel: the lumen of the inter-
cellular pipe. By microinjecting fluo-
rescent dyes of various sizes into a sin-
gle cell and observing their penetration
into nearby cells, Werner R. Loewen-
stein and his colleagues at the Univer-
sity of Miami School of Medicine de-
termined that the diameter of the chan-
nel is from 15 to 20 angstroms, large
enough for the passage not only of
small ions (charged atoms) but also
of certain nutrient molecules and such
messenger molecules as cyclic AMP.
By isolating gap junctions in a deter-
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gent solution one can obtain crystalline
hexagonal arrays of connexons in two
apposed sheets of membrane, with abut-
ting connexons still linked to each other.
These arrays have fewer repeating units
than the purple-membrane patches do,
so that they can be analyzed by electron
microscopy only at a rather low resolu-
tion. We visualized specimens with two
complementary techniques. One tech-
nique was negative staining, which out-
lines only the external, hydrophilic sur-
faces. The other was the method, men-
tioned above, in which the membrane is
frozen in a thin film of water. Differen-
ces in the density of protein, lipid and
ice provide enough contrast to reveal
the internal details of the gap-junction
membrane, and the density difference
between protein and water (which is
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large compared with the difference be-
tween protein and glucose) reveals the
parts of the protein that protrude from
the bilayer. For gap junctions the advan-
tages of a truly aqueous environment
outweigh the difficulty of keeping the
specimen stably frozen in the electron
microscope’s vacuum.

In pictures of negatively stained gap
junctions the connexon looks like a ring
surrounding a central region in which
the stain is concentrated: the channel.
To examine the arrangement of the sub-
units around the channel Guido A. Zam-
pighi of the Duke University Medical
Center and one of us (Unwin) applied
the image-analysis and reconstruction
procedures described above. In.a pro-
jected view at a resolution of 18 ang-
stroms the contour lines defining the

TWO LARGER PROTEINS studied by the authors and their col-
leagues are the connexon (fop) and cytochrome c oxidase (bottom).
Their micrographs (/eft) and projection maps (right) are shown here.
The micrographs, of negatively stained samples, have more contrast
than the micrograph of unstained bacteriorhodopsin, but because
there are fewer repeating units of these larger proteins in a given area,
the resolution of their maps is lower: only about 18 angstroms in the

case of the connexon and about 25 angstroms for the cytochrome ¢
oxidase. The heavy contours in the connexon map suggest a six-lobed
ring surrounding a central region of lesser density (gray contours):
a channel through the membrane. The map of cytochrome c oxidase
suggests that the protein is present as a dimer, with the two molecules
related by a twofold axis of symmetry. Three-dimensional contour
maps of the two proteins revealed further details of their structure.

92 © 1984 SCIENTIFIC AMERICAN, INC



ring were seen to have six lobe-shaped
modulations suggestive of a channel
surrounded by six protein subunits. The
projected view was complicated, how-
ever, by the superpositioning of connex-
ons embedded in the two apposed mem-
branes. Once again a three-dimensional
map was necessary to reveal the struc-
ture’s configuration.

The combination of the information
from many images made at different an-
gles showed that there are indeed six
subunits. They protrude from both sur-
faces of the membrane, extending less
than 10 angstroms into the cytoplasm of
the cell and between 15 and 20 ang-
stroms outside the cell, where they meet
the directly apposed connexon. The sub-
units tilt in opposite directions on oppo-
site sides of the channel, indicating that
they are skewed at an angle to its axis.
The direction of tilt is the same as that of
the alpha-helical elements of bacterio-
rhodopsin. The channel itself is seen to
taper somewhat: it is perhaps 20 ang-
stroms wide near the extracellular end
and narrow enough to be incompletely
resolved near the cytoplasmic end.

The Gating Effect

In live tissue the gap-junction chan-
nels are known to open and close in re-
sponse to changes in intracellular con-
ditions. This gating effect is crucial to
the life of tissues; among other things,
it seals off cells that die, preventing
the loss of vital nutrients from adjacent
healthy cells. The molecular mechanism
of the opening and closing was suggest-
ed by some of our gap-junction images,
which showed what appeared to be a
form of connexon different from the one
we had first analyzed: the central chan-
nel seemed to be less clearly defined.
The three-dimensional map derived
from these images revealed a change in
the configuration of the subunits. They
were less tilted and came closer together
at the cytoplasmic end, constricting the
channel there. The change seemed to be
the result of small tilting and sliding mo-
tions of the subunits along their lines
of contact. It occurred to us that such
displacements, somewhat like those that
open and close the iris diaphragm be-
hind a camera lens, might be responsible
for the opening and closing of the chan-
nels in live tissue.

At the Stanford University School of
Medicine, Peter D. Ennis and one of us
(Unwin) recently put that notion to the
test. The opening and closing of gap
junctions has been shown to depend on
the intracellular level of calcium ions.
We applied the freezing technique to re-
veal the protein’s structure both in the
absence of calcium ions and in their
presence. The effect of the calcium was
indeed to straighten the subunits and
constrict the channel, confirming that
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SCHEMATIC DRAWINGS of two connexons (f0op) and of a single cytochrome ¢ oxidase mol-
ecule (bottom) are based on models derived from their three-dimensional maps. The connexon
was studied both in a calcium-free medium (/ef?) and in the presence of calcium (right). The
calcium causes the six tilted subunits to rotate and become more nearly perpendicular to the
plane of the membrane, thereby apparently constricting the central channel. The cytochrome
¢ oxidase monomer is a large Y-shaped molecule. The stem of the Y protrudes from the mi-
tochondrial inner membrane and is responsible for the enzyme’s binding to cytochrome c.

just such a rearrangement quite likely
does regulate the passage of molecules
between the interiors of live cells.

We still do not know much about the
internal detail of a connexon assembly.
Some findings have been reported, how-
ever, on the basis of X-ray studies. Lee
Makowski, Donald L. D. Caspar, Dan-
iel A. Goodenough and Walter C. Phil-
lips of Brandeis University have record-
ed X-ray-diffraction patterns (from pel-
lets of gap junctions) suggesting that,
unlike bacteriorhodopsin, the connex-
on’s polypeptide chains have some beta-
sheet regions rather than being nearly all
alpha-helical. We hope to make crystal-
line arrays that have a larger number
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of repeating units than the samples we
have so far analyzed. This would en-
able us to improve the resolution of our
maps while reducing the exposure of
the specimen to the electron beam and
thereby overcoming the problem of ra-
diation damage. Maps with higher reso-
lution should reveal the configuration
of the chains in greater detail.

Cytochrome ¢ Oxidase

The third membrane protein whose
three-dimensional structure is beginning
to be understood is cytochrome ¢ oxi-
dase, an enzyme that consists of at least
seven polypeptide chains and is about
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six times as large as bacteriorhodopsin.
It resides not in the cell membrane but in
the inner membrane of the mitochondri-
on, the energy-transducing organelle of
the cell, where it catalyzes the oxidation
of cytochrome c¢. In the reaction four
protons from the interior of the mito-
chondrion (the matrix) combine with
four electrons from cytochrome ¢ mole-
cules (on the outside of the inner mem-
brane) and one oxygen molecule to yield
two molecules of water. The removal
of protons from the interior of the mi-
tochondrion creates a proton gradient
across the inner membrane, and that
gradient powers the production of aden-
osine triphosphate (ATP), which sup-
plies energy for metabolism.

The membranes of living mitochon-
dria do not contain crystalline arrays of
cytochrome ¢ oxidase, but such arrays
can be made by treating mitochondria
with detergents that extract some of the
components selectively and concentrate
other components. Roderick A. Capal-
di of the University of Oregon found
that two such arrays contain only cyto-
chrome ¢ oxidase. James F. Deatherage
and one of us (Henderson), together
with Capaldi and Stephen D. Fuller,
have analyzed the two arrays. To look at
the parts of the proteins extending out-
side the membrane we treated the speci-
mens with negative stain; to see the parts
embedded in the membrane we applied
a glucose film.

The seven polypeptide chains of cy-
tochrome ¢ oxidase are different in
size and have different amino acid
sequences, and the protein’s chemical
asymmetry is reflected in its shape. The
part of the structure that is largely
embedded in the lipid bilayer is divid-
ed into two clearly resolved domains,
which protrude less than 20 angstroms

into the matrix. These domains are con-
nected to a larger third domain, which
protrudes about 55 angstroms from the
opposite (exterior) surface of the inner
membrane, the same side that reacts
with cytochrome ¢. The overall struc-
ture is that of a lopsided Y, with the
arms mostly embedded in the lipid bi-
layer and the stem protruding into the
intermembrane space. We were fortu-
nate in that the protein molecules were
arranged differently in our two crys-
talline arrays, enabling us to trace the
boundaries between neighboring mole-
cules. In one array, which is thought to
reflect the state of the enzyme in its nor-
mal environment, the protein is present
as a dimer, with the two molecules of
the dimer related by a twofold axis of
symmetry.

As in the case of the gap-junction
crystals, the resolution of our picture
of cytochrome ¢ oxidase is limited by
the relatively small number of repeat-
ing units in the two-dimensional crystal.
The oxidase is a particularly large pro-
tein: a dimeric complex of seven differ-
ent polypeptide chains with a total mo-
lecular weight of 330,000. It therefore
seems likely that the high-resolution
structure of the two smaller proteins
will be determined before that of cyto-
chrome ¢ oxidase.

Membrane-Protein Structure

What do these preliminary three-di-
mensional studies tell one about the
structure of membrane proteins in gen-
eral? They indicate that the folding of
such proteins’ polypeptide chains and
other aspects of their design are similar
to those of water-soluble proteins. The
chains probably fold to form regular
groups of alpha helixes and beta sheets

CYTOPLASM

INTERCELLULAR SPACE

CYTOPLASM

INTERCELLULAR SPACE

MEMBRANE PROTEINS whose three-dimensional configuration
is best understood are shown at the same scale. Bacteriorhodopsin
(left) is a monomer; the connexon (center) is a hexamer of identical
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in the parts of the proteins that traverse
the hydrophobic interior of the. bilayer,
and they probably form irregular bends
and turns outside the membrane. The
groups of helixes and sheets probably
coalesce into compact, globular mole-
cules that vary in size, shape and num-
ber of polypeptide chains. Several such
molecules may associate within the
plane of the membrane to create com-
posite structures. Such structures would
be comparable to certain water-solu-
ble enzymes, consisting of several sub-
units, that undergo small “cooperative”
rearrangements in response to specific
stimuli.

Such structural features will have to
be described in detail if one is to un-
derstand how membrane proteins work.
Improvements in electron-micrographic
techniques, combined with amino acid
sequence data, may soon make it possi-
ble to map at least some of the proteins
in atomic detail, which is to say at a
resolution of perhaps two angstroms.

There has also been progress in the X-
ray diffraction of membrane proteins.
Hartmut Michel of the Max Planck In-
stitute for Biochemistry in Munich has
developed a new method for crystalliz-
ing such proteins in three dimensions by
treating membranes with detergents of
low molecular weight; Jiirg Rosenbusch
and Michael Garavito of the Biozen-
trum in Basel have devised a related
method. The ability to prepare large
three-dimensional crystals of mem-
brane proteins means that the power-
ful established techniques of X-ray dif-
fraction can be applied to analyze the
molecules’ structure at atomic resolu-
tion. The investigators in Munich and
Basel, working with two quite different
membrane proteins, have already made
excellent progress toward that goal.

INTERMEMBRANE SPACE

MATRIX

subunits, and cytochrome ¢ oxidase (right) is a dimeric complex each
half of which has seven polypeptide chains. The first two proteins are
in cell membranes; third one is in inner membrane of mitochondria.



Today's Chevrolet

Move into more.
New Chevrolet Celebrity.

Four or five years ago, your smaller car seemed enough car. But
now you're ready to move into more.

More room. More comfort. More engine. And more than just a
little more prestige. For which we introduce our smooth, quiet, front-
drive Chevrolet Celebrity.

Move into Celebrity comfort, Celebrity convenience.
Comfort that begins with more passenger room than 91 out of 95
import cars. More passenger room, in fact, than Chrysler LeBaron.
And more trunk space than Mercury Marquis.

More? Turn the key. Celebrity’s standard electronically fuel-
injected engine gives you more standard cubic inches than any front-
drive Datsun, Toyota, Honda, Mazda, Ford, Mercury or Dodge.

More excitement. And front drive. Exemplified by our
new Celebrity Eurosport shown here. All the virtues of Celebrity,
wrapped in head-turning European styling, mounted atop a Special
F41 Sport Suspension. All at a price that will make Europe’s best blush
with envy. And you with pride.

Isn’t it time you moved into more car? Especially when it OFFICIAL U.S.
doesn't cost that much more. In fact, try to find any other front-drive CARS AN&TT'L%(;(':\SI ; _
car with more passenger room at a lower sticker price. _
' , OLYMPIC WINTER S ——-—=
You'll see what we mean by Chevrolet—Taking Charge. GAMES s o

Some Chevrolets are equipped with engines produced by other GM divisions, subsidiaries, or affiliated companies worldwide. See your dealer for details.
1984 Celebrity Sedan shown with available Eurosport Equipment Package, Aluminum Wheels and Eagle GT tires.
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The Spectroscopy
of Supercooled Gases

A new technique for cooling a gas far below the normal temperature

of condensation can dramatically simplify its spectrum. The result

gives a highly resolved picture of complex molecular energy states

( :hemicals and their reactions have
traditionally been studied by
making bulk measurements that

describe the average properties of arela-
tively large amount of material. Such
quantities as the total amount of heat
liberated in a reaction, the amount of a
given chemical that is generated and the
time required for the reaction to yield a
given amount of the chemical are all
properties of macroscopic aggregates of
matter. Although the determination of
these data remains important, modern
physical chemistry is increasingly con-
cerned with what is going on at the
molecular level. Many experiments are
now designed to study the structure of
the individual molecule, the mechanism
by which its energy is stored and the
probability that it will react with anoth-
er molecule when the two molecules
collide. Such investigations probe both
the static and the dynamic properties of
the molecule.

One of the most powerful tools for
examining the microscopic properties of
a substance is molecular spectroscopy.
Matter does not uniformly absorb light
of all frequencies; on the contrary, cer-
tain frequencies are strongly absorbed
and others are not absorbed at all. Simi-
larly, matter in an excited state can fluo-
resce, or emit light of certain frequen-
cies. The amount of light absorbed or
emitted by a collection of molecules,
plotted against the frequency, or the col-
or, of the light, is the molecular spec-
trum of the substance. By measuring,
analyzing and interpreting the frequen-
cies present in a molecular spectrum it is
possible to infer a great deal about the
physical properties of the molecule re-
sponsible for the spectrum.

In principle the more complex the
molecular spectrum is, the more infor-
mation about the molecule it contains.
In practice, however, the spectrum of
a compound can be so complex that
analysis is impossible. For example,
the absorption spectrum at visible-light
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frequencies is a collection of dark lines
spaced at various intervals against the
familiar rainbow of colors from red to
violet. The dark lines represent the ab-
sorbed frequencies of light, and the rest
of the spectrum is made up of trans-
mitted light, which passes through the
compound without being absorbed. For
many substances the dark spectral lines
are so dense that they cannot be separat-
ed even with instruments of the highest
resolving power available; indeed, some
lines are so close together that their res-
olution is theoretically precluded by the
uncertainty principle. Hence any experi-
mental technique that can reduce the
number of spectral lines and thereby
simplify molecular spectra can be ex-
tremely useful. Although it sounds con-
tradictory, what has been sought is a
means of decreasing the information in
the spectrum so that the remaining in-
formation can be understood.

For the past several years my col-
leagues and I at the University of
Chicago have been developing a tech-
nique, based on the properties of gases
at very low temperatures, whereby the
number of spectral lines absorbed or
emitted by gaseous substances can be
systematically reduced. Our strategy is
simple. Every dark line in the absorp-
tion spectrum represents the absorption
by the substance of at least one photon,
or quantum of light; the absorption of a
photon is accompanied by a transition
of the substance from its initial energy
state to a higher, more energetic state.
Similarly, in fluorescence the emission
of a photon marks the transition of the
substance from some initial energy state
to a lower, less energetic one. The laws
of quantum mechanics require that the
frequency of the photon, or in other
words the position of its line in a spec-
trum, be proportional to the difference
in energy between the initial energy state
and the final one.

If the molecules that make up a sub-
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stance are found in many different ini-
tial energy states, the number of possi-
ble energy transitions, and therefore the
number of lines in the spectrum, can
be extremely large. On the other hand,
if the number of initial energy states is
limited, the number of possible transi-
tions is reduced and the spectrum that
results can be analytically tractable. The
most practical way to limit the number
of initial energy states is to lower the
temperature of the substance, because
at low temperatures only the states of
lowest energy are populated. Hence
our strategy for reducing spectral com-
plexity is to measure the spectrum of
the substance at temperatures within
one degree of absolute zero.

If the only requirement for high-reso-
lution spectroscopy were a convention-
al low-temperature refrigerator, there
would be no need for our new tech-
nique. At low temperatures, however,
molecules tend to condense into the lig-
uid or the solid state, and the interac-
tions of the molecules with one another
bring about significant changes in the
spectrum. There can be little doubt, giv-
en the remarkable advances in electron-
ics brought about by an understanding
of the solid state, that the spectroscopy
of condensed (liquid or solid) matter is
an investigative technique of great val-
ue. Nevertheless, it is also important to
study the properties of individual mole-
cules, free from interactions with their
surroundings. Such study is best carried
out on the gas phase. The spectral lines
identified with the absorption or emis-
sion of light by a low-pressure gas arise,
to a good approximation, solely from
transitions in the energy states of the in-
dividual molecules of the gas. The prob-
lem, therefore, is to make a gas cold
enough to limit the number of initial en-
ergy states without allowing the gas to
condense and form a liquid or a solid.

At this point it will be useful to con-
sider the physical properties that are re-
sponsible for the spectral lines. Accord-



ing to the laws of quantum mechanics,
energy cannot be added to a molecule
in arbitrary amounts. If energy is to be
added to or taken from the molecule, it
must be sufficient to bring the molecule
to its next higher or its next lower en-
ergy state; otherwise the initial energy
state cannot be changed at all.
Electromagnetic radiation is ab-
sorbed or emitted in the discrete, indi-
visible unit called the photon. The pho-
ton is best described in some contexts
as a particle and in others as a wave; as
a wave it has both a frequency and a
wavelength. Remember that the energy
of the photon is directly proportional to
its frequency, and so the absorption or
emission of a photon signals the tran-
sition of a molecule from one energy
level to another. A molecular spectrum

has an enormous range of frequencies.
Low-energy transitions between closely
spaced energy levels are signaled by
radio-frequency photons, transitions be-
tween levels of intermediate spacing
by infrared photons and transitions be-
tween widely spaced levels by visible-
light, ultraviolet and X-ray photons. It
is possible to associate various kinds of
molecular motion or degrees of free-
dom with absorption or emission in par-
ticular regions of the spectrum.

he motions of the heavy, slow-mov-

ing atomic nuclei and the motions
of the light, fast-moving electrons that
make up a molecule can be considered
independently. The nuclear motions are
so slow that the electrons can almost al-
ways adjust to a changing configuration

of nuclei, and so the electronic orbits
about moving nuclei are essentially the
same as they would be if the nuclei were
at rest. Furthermore, the nuclear mo-
tions can be divided into two distinct
types: the end-over-end rotation of the
molecule as a whole and the small vibra-
tions of the nuclei about their equilibri-
um positions. These two motions also
are largely independent. The rotational
motion is close to what it would be if the
molecule were rigid, and the vibration-
al motion is approximately the same as
it would be in a nonrotating molecule.

The energy transitions associated
with change in the rotational motion of
a molecule can be quite small, and so the
transitions between adjacent rotational
energy levels are induced by photons of
very low frequency, in the radio or mi-

SUPERSONIC FREE JET of helium gas seeded with a small amount
of molecular iodine (I3) fluoresces a bright yellow-orange during ex-
posure to the energizing radiation of a laser. The path of the laser
beam is indicated by the thin line of red fluorescent light created by
the beam as it passes through the residual gas surrounding the jet.
The gas in the jet emerges from a high-pressure container through
a small hole about .05 millimeter in diameter and expands at super-

sonic speed into an evacuated chamber, where it is exposed to the la-
ser beam. The rapid expansion of the jet cools the gas and simplifies
the spectrum of the fluorescent-light emission. Laser-induced fluores-
cence spectroscopy carried out on supersonic free jets of gas has be-
come a deep and powerful probe of molecular structure and dynam-
ics. The photograph was made by Fritz Goro in the author’s labo-
ratory at the James Franck Institute of the University of Chicago.
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crowave regions of the spectrum. The
spacing of the rotational energy levels is
determined by the moments of inertia of
the molecule, and each moment of iner-
tia is in turn determined by the configu-
ration of the atomic nuclei in the mole-
cule. The analysis of the pattern of rota-
tional energy levels cantherefore lead to
a determination of the bond lengths and

the angles between the molecular bonds.

The vibrational motion of a molecule
can be quite complex, and the larger the
molecule, the greater the complexity in
the energy-level pattern. The spacing
of the vibrational energy levels is usu-
ally greater than the spacing of the ro-
tational energy levels, and the photon
frequencies associated with vibrational
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MOLECULAR ENERGY is stored in the rotational or the vibrational motion of the molecule
as well as in the configuration of the orbiting electrons. Here the three rotational modes and
the three vibrational modes of the nitrogen dioxide molecule (NO;) are shown. The amount of
stored rotational energy depends on the rotational velocity and on the moments of inertia of
the molecule about the principal axes of rotation. The electronic energy structure can also al-
ter the configuration of the nuclei. The orbitals of the electrons have been omitted for clarity.
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transitions lie in the infrared region of
the spectrum. Infrared spectroscopy has
therefore been the traditional tool for
unraveling the structure of vibrational
energy levels. The vibrational frequen-
cies are determined by the strength, or
stiffness, of the restoring forces that
hold the atomic nuclei in place, and so
the vibrational spectrum provides infor-
mation about the forces responsible for
chemical bonds.

The lightest particle associated with
transitions in molecular energy is the
electron, and the separation between ad-
jacent electronic energy levels is greater
than the separations associated with the
rotational or the vibrational motions of
the nuclei. Accordingly the transitions
between electronic energy states are in-
duced by photons in the visible-light
or ultraviolet regions of the spectrum.
Chemical properties of a molecule such
as the configuration of its atomic nuclei,
the strength of the bonds it can form and
its chemical reactivity are determined
by the distribution of the electrons, par-
ticularly the valence electrons: the outer
electrons in the molecule. Hence there
is a sense in which different electronic
states of the same molecule can be con-
sidered different chemical species.

It is possible for a single photon to
cause changes in more than one kind
of energy state. For example, an infra-
red photon can change both the rota-
tional and the vibrational state of a mol-
ecule: most of the energy is expended in
the vibrational excitation, but a small
fraction of it causes rotational excita-
tion as well. Thus each vibrational state
is split into a large number of energy
levels representing the possible rota-
tional states of the molecule for the
given vibrational state. An energy tran-
sition from another vibrational state to
one of these levels corresponds, in gen-
eral, to a vibrational transition and a
rotational transition. Similarly, a visi-
ble-light photon or an ultraviolet pho-
ton can cause electronic, vibrational
and rotational transitions all at once.
An electronic energy state is made up
of a series of vibrational energy states,
each of which is further split into rota-
tional energy levels.

The energy transitions accessible to a
molecule in a given energy state can
thereby give rise to tens or hundreds of
spectral lines, but it is not this complexi-
ty the spectroscopist wants to avoid. In-
deed, such a spectrum could be both re-
solved and analyzed. The trouble is that
the spectrum is never that of a single
molecule; it is the spectrum of a large
collection of molecules such as those of
a gas in an experimental glass bulb. The
molecules in the bulb occupy many dif-
ferent energy states, and each state
gives rise to a different spectrum. The
observed spectrum is the sum of all the
spectra associated with the large num-



ber of initial energy states in the bulb.
When the molecules in a gas can free-
ly exchange energy with one another,
they are in thermal equilibrium, and the
laws of statistical mechanics make it
possible to estimate the distribution of
the molecules among the available ener-
gy states. For any given absolute tem-
perature the fraction of the total num-
ber of molecules in the gas that are in
any single energy state can be calculated
from the statistical law named the Boltz-
mann distribution, after the Austrian
physicist Ludwig Eduard Boltzmann. In
order to calculate the population of a
given energy state one must find the dif-
ference between the energy of the given
state and the energy of the ground state,
or lowest energy state possible. This dif-
ference E is then divided by a constant
k, called the Boltzmann constant, which
is equal to approximately 1.4 X 10-16
erg per degree Kelvin. Since the Boltz-
mann constant is expressed in units of
energy per unit of temperature, the en-
ergy separation between the given state
and the ground state is thereby ex-
pressed in units of temperature.

he Boltzmann distribution gives the

ratio of the number of molecules in
a gas that occupy the givenexcited ener-
gy state to the number of molecules that
occupy the ground state. Equivalently,
the ratio is the probability that a single
molecule will occupy the excited state,
divided by the probability that it will
occupy the ground state. This ratio is
equal to e, the base of the natural loga-
rithms, raised to the power —(E/k)/ T,
where T is the absolute temperature of
the gas. When the energy separation is
equal to the gas temperature, the equa-
tion shows that the excited state is about
.37 as likely to be populated as the
ground state. When the energy separa-
tion is about 2.3 times the gas tempera-
ture, the number of molecules in the ex-
cited state is about one-tenth the num-
ber of molecules in the ground state. If
the population of the excited state is at
least one-tenth as great as the popula-
tion of the ground state, let us arbitrarily
call the excited state populated.

The number of populated states de-
pends on both the energy separation be-
tween states and the absolute tempera-
ture. At absolute zero all energy levels
except the ground state are depopulat-
ed. The energy separation between rota-
tional energy states depends on the size
of the molecule: for small diatomic mol-
ecules it is about one degree K., for me-
dium-size, polyatomic molecules it is
roughly 10-2 degree and for the largest
molecules in the gas phase it is on the
order of 10-3 degree. Hence at room
temperature, which is about 295 degrees
K., the number of populated rotational
energy states can be enormous.

The Boltzmann distribution makes it
clear why molecular spectra can be sim-
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QUANTIZATION OF ENERGY in a molecule can be represented as a collection of discrete
horizontal lines, each of which corresponds to a level of energy allowed by quantum mechan-
ics. The energy levels typically exhibit a three-layered hierarchy: many rotational energy states
are allowed for each vibrational state, and many vibrational states are allowed for each elec-
tronic state. Hence each electronic energy state is split into separate clusters of lines; each clus-
ter corresponds to a state of vibrational energy, and each line within a cluster represents a dis-
crete level of rotational energy. Energy transitions of the molecule can take place only be-
tween two energy levels; if the energy does not match the energy difference between two levels,
the rules of quantum mechanics forbid the transition (broken arrow at left). Transitions are ac-
companied either by the absorption (black arrow) or the emission (colored arrows) of a pho-
ton. The frequency of the photon varies directly with its energy, and so the emitted photons
give rise to a spectrum of bright lines from which certain physical properties of the molecule
can be deduced. The numbered energy transitions correspond to the numbered lines on the
schematic spectrum at the bottom. The relative heights of the transitions are not drawn to scale.
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Walter M. Bortz II, M.D.:

ON DISEASE ... AGING ... AND DISUSE

Much of illness... and even many biologic changes thought due to aging ...
may really be due to simple disuse

PUBLISHER’S NOTE: Dr. Walter M. Bortz Il of Stanford University School of
Medicine and the Palo Alto Medical Clinic, in many medical journal reports, is
urging physicians to recognize the striking evidence: That human frailty has a
third dimension which is neither disease nor time. And that overcoming the dis-
use dimension by natural means can sustain health and slow aging-related changes
as no drug can. We have asked him to brief you on this vital subject.

“Use it or lose it” seems like a trite, trivial aphroism.
But it is not. Contained within those five small words
is immense wisdom.

All natural processes link vitality with purposeful
activity. When purpose is lost, nature has little toler-
ance. Each cell, tissue, and organ requires active
stimulation to function optimally. When denied maxi-
mal usage, deterioration in function and structure is
certain to follow.

Until recently, we have had no scientific basis for
fully understanding the many effects of disuse—and the
strikingly beneficial multiple effects of activity—on the
human body.

We now have mounting evidence of both. Disuse on

the one hand . . . and activity on the other—touch
virtually every area of the body, virtually all body sys-
tems, and, hardly least of all, the brain and its func-
tioning.

Medicine and the individual today are—or should
be—faced with a potentially greatly rewarding new
challenge: recognizing how much of all illness and
slowing down result from disuse rather than disease or
aging. And, of course, the coronary challenge: how
mucn can be done by something inherent, natural—
becoming active, fully, purposefully active.

The “disease theory”—not enough
Traditional medical ‘“disease theory” holds that ill-
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How Long Will You Live?

Discover what research scientists now know
about how to take the best care you can

of the only body you will ever have!

Have you ever asked yourself,
“What keeps well people well?” Medi-
cal men have long concentrated upon
sick people and how to get them well

. not upon well people and how to
keep them well. Now many top re-
search scientists are concentrating
their efforts on preventive medicine
. . . how to keep well people well.

May we suggest that you get the
benefits of this new research for your-
self? Do as so many thousands of ex-
ecutives do. Subscribe to Executive
Health Report. The members of our
Editorial Advisory Board are among
the world’s most distinguished author-
ities on preventive medicine. Their
wise advice can help you not only live
longer but enjoy those extra years!
(Note their high qualifications.)

Executive Health Report is not sold
on newsstands but only by private sub-
scription at $30 (U.S. Funds) a year
in the U.S.A. and its possessions, Can-
ada and Mexico. Individual reports
(back issues) $3.00 per copy. All
other countries $36 (air mail only).
(Only International Money Order or
check on U.S. bank acceptable.)

Subscribe now under this unusual
introductory offer:

(1) Your choice of any three of the
reports listed below ($3.00 each)
FREE!

(2) If you are not satisfied with
your first issue, your money will be
promptly refunded.

Please study the reports listed here
and circle your three choices:
°
Walter M. Bortz II, M.D.: ON DIS-
EASE ... AGING ... AND DISUSE.

Much of illness . . . and even many
biologic changes thought due to ag-

ing . . . may really be due to simple
disuse.

°
If you sit at a desk all day . .. How to

avoid a POT-BELLY and DOUBLE-
CHIN or get rid of them for good!
(updated)

Lot B. Page, M.D.: ON MAKING
SENSE OF SALT AND YOUR BLOOD
PRESSURE. An authoritative report on
how much salt may matter to you if
excessive . . . and how much good
moderation can do.

Herbert A. deVries, Ph.D.: ON EXER-
CISE FOR RELIEVING ANXIETY AND
TENSION. Authoritative new insights
into how physical activity — surpris-
ingly modest activity — can be at least
as effective as tranquilizers and far
safer.

°
Richard B. Shekelle, Ph.D. and C. C.
Tangney, Ph.D.: ON DIETARY VITA-
MIN A . . . Beta-Carotene . . . and
Lung Cancer Prevention. An authori-
tative report on our deadliest malig-
nancy . . . the possible anti-lung can-
cer effect of some foods . . . and
what, wisely, to put on your plate.

.

Linus Pauling, Ph.D.: ON GOOD NU-
TRITION FOR THE GOOD LIFE . ..
in which the two-time Nobel Laureate
informs you of his personal approach
. and his own intake of many vita-

mins . . . and why — for your own
possible guidance — that intake dif-
fers so markedly from conventional
recommendations.

.
Hans Selye, M.D., Ph.D., D.Sc., F.R.S.
(C): “IT’S NOT THE AMOUNT OF
STRESS YOU HAVE, IT’S HOW YOU
RESPOND TO IT . . . Adaptability is
probably the most distinctive charac-
teristic of life.”

°
Joseph T. Coyle, M.D.: ON SENILITY
... ALZHEIMER’S DISEASE . .. AND
THE CHOLINERGIC LINK. New in-
sights into what is NOT a natural ac-
companiment of aging . . . the causes
of mental impairment . . . and ALL
that now can be done to combat it.

°

ON THE B VITAMINS. Are they do-
ing well by you . . . can they do more
for you?

°
Linus Pauling, Ph.D.: ON VITAMIN C

and infectious diseases.

Roger J. Williams, Ph.D., D.Sc.: ON
YOUR STARTLING BIOCHEMICAL
INDIVIDUALITY. Some amazing
facts about your body you need to
know if you want to understand your-
self (and other people) better.

°

Robert J. Krane, M.D.: ON THE
BRIGHT NEW OUTLOOK FOR IM-
POTENCE. How major advances both
in pinpointing causes — and treating
them — now can benefit close to 90%
of the affected.

°
Joan Borysenko, Ph.D. and Myrin
Borysenko, Ph.D.: ON PSYCHONEU-
ROIMMUNOLOGY: HOW THE MIND
INFLUENCES HEALTH AND DIS-
EASE ... AND HOW TO MAKE THE
INFLUENCE BENEFICIAL. Insights
from a burgeoning new medical field.

°

Roy L. Walford, M.D.: ON RETARD-
ING AGING BY NUTRITION. Can it
be done? The evidence now is yes—
even starting in middle age.

°
The TRUTH about the RIGHT DIET
and EXERCISE to lose weight safely
and stay slender for life.

°
New research findings ON WALKING

. nature’s own amazing ‘“‘anti-age

antibiotic!” Not running, not jog-
ging, but walking is your most efficient
form of exercise and the only one
you can safely follow all the years
of your life!

°
Bruce Proctor, M.D., F.A.C.S. and Con-
rad Proctor, M.D., M.S., F.A.C.S.: ON
A DIET TO TREAT MENIERE’S. Re-
lieving the incapacitating inner ear
disorder . . . with its prostrating ver-
tigo, nausea, ear ringing, and hearing
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plified by cooling the sample. At suffi-
ciently low temperatures the sepa-
rations betweenenergy levelsevenfor the
largest molecules are large compared
with the temperature, and most levels
become depopulated. The lines they
contribute to the spectrum disappear,
and the spectrum of the few populated
levels that remain becomes strong and
simple. The observed small separations

between molecular energy states imply
that unless the sample is cooled to well
below one degree K. the necessary spec-
tral simplification cannot be achieved.

In order to study molecules in the gas
phase at such temperatures my col-
leagues and I rely on a novel technique
of refrigeration that chills the gas mole-
cules very quickly and then thins them

out before they can condense. The re-
frigerant is an uncollimated, or free, jet
of gas ejected into an evacuated cham-
ber under conditions where the flow is
many times faster than a sound wave
can travel in that medium; the technique
is therefore called supersonic-free-jet
spectroscopy. Imagine a container filled
with an atomic gas such as helium, pres-
surized to perhaps 100 atmospheres,
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EXPERIMENTAL APPARATUS for observing the fluorescence
spectrum of a supersonic free jet has three main parts: the apparatus
for generating the jet, the laser system for exciting the gas molecules
in the jet and the detector for the fluorescent photons. In this sche-
matic diagram the jet expands through a small hole in the high-pres-
sure-gas container into the evacuated chamber. The source of the
laser beam is a dye laser, which is pumped, or energized, by a second
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laser, the argon-ion laser. The frequency of the light emitted by the
argon-ion laser is fixed, but the frequency of the dye laser can be var-
ied. Two detectors are shown, both of which count the photons emit-
ted by the molecules in the jet. The photomultiplier tube counts pho-
tons over a range of frequencies, and the monochromator counts pho-
tons of a predetermined frequency. Other kinds of detector such
as a charged-particle detector (not shown) can also be employed.
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Why this New York ad man leaves his $300 attaché

Dick Anderson, an Executive
Vice President of Needham,
Harper and Steers, explains it
this way:

“I'm always trying to jam
_| more things into an attaché
% than it was ever meant to hold.
] That plays hell with stiff-

A backed cases. So I find myself
leaving my $300 leather case
in the closet, and carrying my
canvas Square Rigger. [t
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P complaint, has inside pockets
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book, even a snap hook for keys.”

And more.
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always, always service.
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case in the closet and carries our $39.50 Square Rigger.

purchase price.”

If we're new to you, we don'’t ask
that you trust us. Just try us. By phone,
you can reach us toll-free 24 hours a
day at 800-356-4444 (except Alaska
and Hawaii call 608-935-2788). Or fill in
the coupon. Order a Square Rigger or
not, as you like. But let us send you a free
copy of our Lands’ End catalog.
|
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Lands’ End Dept. Q-02

Dodgeville, WI 53595

Ship. Attachés. $39.50 ea.
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Faculty Positions in
Media Technology

The Massachusetts Institute of
Technology has created a new inter-
disciplinary laboratory to address the
invention and creative use of new
media. As part of this Media Labora-
tory’s teaching responsibilities, six
faculty positions are open in the
Department of Architecture. Candi-
dates qualified for any one or more of
these openings are invited to submit
resumes and any information by
February 15, 1984:

Professor Nicholas Negroponte
Director, Media Laboratory

Room NE43-205

Massachusetts Institute of Technology
545 Technology Square

Cambridge, Massachusetts 02139

The positions are in the discipline
areas of:

1.film and video engineering

2. computer/graphics

3. personal computation

4. photo-electronics

5. epistemology and learning

6. acoustics and audio engineering

Duties include 50% research and 50%
teaching. In each case teaching will
include three commitments:
1. an introductory subject in the field
2. agraduate seminar in the faculty
person’s particular field
3. thesis supervision

Faculty are expected to build research
programs from the following existing
platforms of sponsored research:
human interaction with computers,
broadcast technology, learning, signal
processing, computer music, electro-
optics, graphics and image making.

Applicants must possess a PhD or
equivalent, and must have demon-
strated ability and interest in research.
Teaching experience at the University
level is desirable. The positions
respectively require professional
experiencein:
1. television engineering, digital
video, telecommunication
2. computer animation, image
processing, artificial intelligence
3. human/machine interface,
experimental psychology
4. electronic imaging,
display technology, 3-D
5. developmental psychology, social
science, computation
6. digital audio, real-time signal
processing, spatial sound, speech
processing, performance
technology

Each position can be at either the
Assistant or Associate Professor level;
salary competitive and to be negotiated.
The opening is specifically for the
academic year starting September 1984.
An earlier starting date is possible.

MIT IS AN EQUAL OPPORTUNITY/
AFFIRMATIVE ACTION EMPLOYER.
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and assume the container is enclosed in
an evacuated chamber. If a hole is
punched in the container, gas will rush
out of the hole into the vacuum. If the
pressure in the container is high enough
or the hole is large enough, atoms in the
container will tend to collide with the
atoms escaping from it, and so a jet of
gas is pushed out of the hole.

The laws of thermodynamics state
that under appropriate conditions the
expanding gas in the jet must cool. On a
microscopic scale the cooling of a gas
implies that the energy of the gas associ-
ated with the random motion of the par-
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ticles in the gas isreduced. The atoms of
a gas inside a bulb move about at many
different velocities. For simplicity con-
sider motion in only one direction. Since
the motion israndom, an atom is as like-
ly to be moving at a certain velocity to
the right as it is to be moving at that
same velocity to the left. Hence the ve-
locities of the particles in the left-right
direction are distributed symmetrically
about the most probable velocity, which
is zero. The temperature of the gas is
reduced as an increasingly large fraction
of the particles move at low velocity
with respect to the most probable veloc-

LASER BEAM 1

MOLECULAR VELOCITY DISTRIBUTION downstream from the nozzle determines the
temperature of the gas in the jet. The direction of each molecule is represented by an arrow,
and the magnitude of the velocity is represented by the length of the arrow. In the high-pres-
sure-gas container the density of the molecules is high and their velocities are random in both
direction and magnitude. Moreover, because the high-pressure gas is relatively hot, the range,
or dispersion, of the velocities assumed by the molecules is relatively large. Outside the nozzle
the density of the molecules drops precipitously, and it continues to drop with the distance
from the nozzle. Collisions among the molecules in the jet narrow the range of molecular
speeds along any radial direction downstream from the nozzle, and so all the molecules in any
small region of space begin to move at nearly the same velocity. Because the width of the ve-
locity distribution is a measure of temperature, the gas in the jet can be cooled to within a
few hundredths of a degree of absolute zero. The cooling of the central region of the super-
sonic jet from which the spectrum is observed is indicated by the progressively darker shading.
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ity. In other words, the temperature is |
measured by the width of the velocity
distribution about the most probable ve-
locity. At low temperatures almost all
the atoms move at velocities close to
zero, whereas at high temperatures a
larger fraction of the atoms move at
higher velocities to the left or right.

In a supersonic free jet the tempera-
ture is also measured by the width of the
velocity distribution. In the jet the most
probable velocity in one direction is not
zero, since the gas is moving away from
the hole at some nonzero flow velocity.
The temperature is determined by the
width of the velocity distribution cen-
tered about the flow velocity; the tem-
perature is lowered as an increasing
number of atoms move at approximate-
ly the same velocity, even though the
entire mass of gas is moving forward at
the flow velocity. The definition of tem-
perature is independent of the flow ve-
locity because chemical and physical
properties of a parcel of gas are deter-
mined by what is going on in its imme-
diate vicinity. These properties are no
more altered by the high flow velocity
of the jet than they would be if the
parcel were carried aboard an airplane
moving at a high but constant velocity.

he narrowing of the velocity distri-
bution that takes place in a super-
sonic expansion is called translational
cooling. Consider the transverse veloci-
ty component of each atom, or the com-
ponent of the velocity that is perpendic-
ular to the direction of the flow. If there
were no collisions between atoms, the
atoms with small transverse velocities
would remain near the center of the ex-
pansion and the atoms with large trans-
verse velocities would move away from
the center line. Because of the spatial
segregation of the atoms according to
their transverse velocities, the atoms in
any small parcel of gas relatively far
downstream from the nozzle must have
similar transverse velocities. In other
words, the transverse velocity distribu-
tion within any small parcel is narrowed
and so the transverse velocity is cooled.
Near the nozzle, however, where the
pressure of the gas in the jet is relatively
high, the atoms in the jet collide with
one another continually. These colli-
sions allow full or partial equilibration
between the transverse velocity compo-
nents and the other degrees of freedom
in the motion of the atoms. The cooling
of the transverse velocity thereby leads
to a cooling of the longitudinal velocity,
which is the velocity component parallel
to the direction of the flow of the jet.
In order to cool a molecular gas of
spectroscopic interest a small amount of
the gas is mixed with a large quantity
of a monatomic carrier gas such as heli-
um. When the mixture expands through
a hole or nozzle, it is translationally
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DISTRIBUTION OF MOLECULES in random thermal motion among various energy levels
is given by the Boltzmann distribution. The number of molecules at any given energy level in a
gas depends on the absolute temperature of the gas and on the difference in energy between
the given energy level and the ground state, or lowest energy level possible. The ratio of the
number of molecules in the given level to the number of molecules in the ground state is e, the
base of the natural logarithms, raised to the power — E/kT, where E is the energy separation
above the ground state, £ is the constant known as Boltzmann’s constant and 7 is the absolute
temperature of the gas. Because & has units of energy per degree Kelvin, the quantity A7 has
units of energy. Hence if the separation £ between energy levels is roughly equal to 4 times the
absolute temperature, only the lowest energy levels are populated (/¢ft). On the other hand, if
the energy separation is less than k7, higher energy levels are populated as well (right). In
the equations the symbol N(X) designates the number of particles that occupy energy level X.

mixture is high enough the molecules
collide at low velocity with the cold at-
oms, and the energy of rotational and
vibrational motion of the molecules is
transferred to the translationally cold
bath of monatomic gas. As the gas flows
downstream from the nozzle, however,
the average distance between the at-
oms and molecules increases, and so
the number of collisions per second be-
tween the particles decreases. Thus the
cooling of the molecules caused by the
exchange of energy in collisions is a self-
limiting process. The cooling is rapid in
the upstreamregion of the jet, but it de-
creasessharply as the collisions in the jet
become rare.

he approximate independence of

the rotational, vibrational and elec-
tronic energy states of a molecule im-
plies that cooling can be considered in-
dependently for each kind of motion.
For these internal degrees of freedom
cooling is equivalent to limiting the mo-
tions of most of the molecules in a gas
to their lowest energy states. The ex-
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change of energy between molecular ro-
tational motion and atomic translation-
al motion is extremely fast, and so the
molecular rotations are cooled to a tem-
perature that is close to the ordinary,
translational temperature.

Molecular vibrations exchange ener-
gy with translational motion somewhat
more slowly; they are cooled to a tem-
perature significantly below their orig-
inal temperature but above the final
translational temperature. Both cool-
ing processes, however, are much fast-
er than condensation. Indeed, the main
advantage of the supersonic free jet as
a refrigerant is that the molecular mo-
tions can be cooled for spectroscopic
purposes before the molecules condense
to form a liquid or a solid.

Condensation is ultimately checked
by the same mechanism that limits the
cooling, namely the rarefaction of the
gas as it moves downstream in the jet.
Even during the translational cooling,
however, condensation is slow because
its initiation requires simultaneous. col-
lisions among three or more particles.
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Unlike cooling, which requires only that
energy be exchanged between .two col-
liding particles, condensation requires
that at least two particles stick togeth-
er. If a bond is to form, however, a third
particle must collide with the first two
during the time of the two-body colli-
sion so that the third particle can carry
off the binding energy of the pair as
translational energy. Three-body colli-
sions require much higher densities in
the gas than two-body collisions do, and
the cooling is complete before a signif-
icant number of three-body collisions
can take place. In effect the molecular
gas is rapidly supercooled, or cooled be-
low its ordinary condensation tempera-
ture, and then allowed to expand un-
til its low density precludes the forma-
tion of clusters of molecules on which
other molecules could condense.

In principle any kind of molecular
spectroscopy that can be done on
gases in a bulb can also be done on a
supersonic free jet. In practice the spec-
troscopic technique must be tailored for
the jet because the sample of molecular
gas is small. In a typical experiment,
such as the study of the free-jet spec-
trum of molecular iodine, the sample of
gas exposed to light at any one moment
is made up of 108 molecules and weighs
3 X 10-14 gram. With a sample that
small a spectroscopic method of great
sensitivity is necessary.

In addition to the sample molecular
spectroscopy requires a source of light
for exciting the molecules out of their
initial states and a detector for recording
the resulting spectral lines. One high-
ly sensitive method we have employed
is fluorescence spectroscopy. When the
molecules in the jet are exposed to light
of a frequency at which the molecules
absorb, each molecule can absorb a
photon from the light beam. After 109
to 10 -6 second the excited molecule can
return to some lower energy state by
emitting another photon; in other words,
the molecule can fluoresce. The detec-
tion of the fluorescent photon makes it
possible to infer that a molecule in the
sample has absorbed a photon at the
known frequency of the light. The re-
sulting spectrum, in which the intensity
of the fluorescence is plotted against the
frequency of the incident light, displays
information similar to that carried by
the absorption spectrum. Fluorescence
detectors can count individual photons
with high accuracy, so that the method
is an extremely sensitive way to obtain
the absorption spectrum.

If fluorescence spectroscopy is under-
stood as a chemical reaction in which
two reactants (the incident photons and
the molecules) are combined to form a
product (the fluorescent photons), then
in spite of the low concentration of one
reactant the reaction rate can be kept at
a tolerable level by forcing an excess
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concentration of the other reactant. In
short, because the molecular sample is
small, the light source must be bright.
The brightness of a light source is its
power per unit frequency per unit of
solid angle; brightness can therefore be
achieved not only by increasing power
but also by collimating the light beam
and limiting the photons in the beam to
a narrow frequency range.

Among the brightest sources known is
the laser, whose intense, monochromat-
ic and highly collimated output beam
can deliver photons of the proper fre-
quency at a high rate to the small vol-
ume occupied by the sample. Indeed, su-
personic-jet spectroscopy would have
been either impossible or at best a curi-
osity applicable only in a few favorable
cases if the frequency-tunable laser had
not been available. The growth of super-
sonic-jet spectroscopy as a tool of gener-
al utility has been made possible large-
ly by the development of more reliable
and more powerful lasers that can be
tuned to produce photons from the in-
frared to the ultraviolet.

In our apparatus the carrier gas, which
is usually helium but can on occasion
be argon, is passed over or bubbled
through the molecular compound of in-
terest. The carrier gas thereby picks
up a small amount of molecular vapor,
and the resulting mixture is expanded
through a nozzle, which is simply a hole
about .05 millimeter in diameter in a
thin piece of metal. When the vapor
pressure is not high enough at room
temperature, the molecular sample and
the nozzle can be heated before the gas

is passed into the evacuated chamber.

The largest part of the apparatus is the
pumping system necessary to maintain
the vacuum into which the free jet ex-
pands. The final temperature along the
center of the jet can be lowered either by
increasing the diameter of the nozzle or
by increasing the pressure behind it, but
both these modifications increase the
amount of gas that must be removed by
the pumps. Hence the size of the pump-
ing system ultimately limits the cooling
performance of the jet. We have been
able to attain a final translational tem-
perature of about .05 degree K., which
chills the molecular rotational motion
to a few tenths of a degree and cools the
vibrational motion to between 10 and 50
degrees. (Most molecules are in the
electronic ground state even at room
temperature.)

In order to generate the spectrum an
ultraviolet or visible-light laser beam,
whose radiation can be varied in fre-
quency, is crossed with the supersonic
free jet atright angles. The laser photons
are energetic enough to raise a signifi-
cant proportion of the molecules to an
excited electronic energy state. The de-
tector is a photomultiplier tube, which
converts the photon signal into a pulse
of electric current. We can distinguish
the fluorescent photons from the pho-
tons emitted by the laser in one of three
ways. First, the fluorescent photons do
not necessarily have the same frequency
as the laser photons. If the electronically
excited molecule does not fall back to
the same energy level from which it was
excited, the frequency of the fluorescent
photon does not match the frequency of

the laser. For such frequencies a simple
colored-glass filter or a monochromator
can transmit the fluorescent photons to
the photomultiplier tube and block the
laser light.

A second means of distinguishing the
fluorescent photons from the laser pho-
tons issimply to place the photodetector
outside the path of the laser beam. Since
the laser beam is collimated, the only
photons counted by the detector are the
fluorescent ones, which are emitted in
all directions. Finally, it is sometimes
possible to filter the laser photons tem-
porally. If the laser is pulsed, or turned
rapidly on and off, the molecule can
emit fluorescent photons for some time
after the laser is off. The laser photons
can then be eliminated if the photode-
tector is turned off while the laser is on
and turned on while the laser is off and
the molecule is still fluorescing.

Fluorescence detection is not the only
technique for obtaining the spectrum of
a supersonic jet. Another method has
recently been developed that detects
electrically charged particles instead of
photons. The molecule in the sample
is first excited electronically by the ab-
sorption of a laser photon. A second
photon is then absorbed either from the
same laser or from a second laser; the
energy of the second photon is sufficient
to ionize a molecule, or remove an elec-
tron from it, only if the molecule has
previously been put in an excited state
by the first photon. Since the molecu-
lar ion is a positively charged particle
with a deficit of one or more electrons,
the presence of a charged particle in the
sample is a signal that the molecule had

300° KELVIN
16,670 16,940 VERTICAL SCALE
RECIPROCAL CENTIMETERS ——> | EXAGGERATED 10 TIMES ]
b
3° KELVIN o @ N -
g [ 3 P
N S @ & ¢
© - © S @
© " B < 2
X 5 © ® g
© o - - <
© ~N o ~ 1) ~ © ©
v © o ~ ~ < >
= © © - )
S "~ ~ e} ©
© < % ©
==y 1 I I 1 1 1 1 1 1 I | i i 1 i | 1 | i 1 ]
16,700 16,750 16,800 16,850 16,900

RESOLUTION OF THE SPECTRUM of nitrogen dioxide is dra-
matically improved when the spectrum is generated by a supersonic
jet seeded with nitrogen dioxide molecules. The upper trace is a spec-
trum generated by static nitrogen dioxide gas; its complexity is be-
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yond the scope of analysis. The lower trace is the supersonic-free-jet
spectrum in the same frequency region, shown with an expanded fre-
quency scale. Individual spectral lines are resolved and information
about the structure of the nitrogen dioxide molecule can be deduced.
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originally absorbed a photon of known
frequency when it was first electronical-
ly excited. Moreover, a charged-particle
detector can include a mass spectrome-
ter, so that the mass of the absorbing
molecule can be determined.

Supersonic—jet spectroscopy has now
been applied to the study of a wide
variety of molecules thatrange in com-
plexity from diatomic molecules to the
large organic molecules called porphy-
rins. The first molecule we investigat-
ed with the technique, nitrogen dioxide
(NOy,), provides an excellent demonstra-
tion of the power of supersonic-jet
spectroscopy to resolve densely packed
spectral lines. The electronic spectrum
of nitrogen dioxide extends from the
infrared through almost all the visible
frequencies; the densely packed lines
give rise to the brown color of nitro-
gen dioxide that is seen as air pollution
over many cities.

Spectral lines are often analyzed by
grouping them into bands that corre-
spond to many rotational energy levels
and a single vibrational level. In many
small molecules the vibrational bands
are well separated from one another,
but in nitrogen dioxide the spectral lines
are so dense that there is no obvious
separation; as a result the spectrum had
resisted analysis in spite of substantial
effort for many years. In a supersonic
free jet the nitrogen dioxide can be so
cold that essentially all the molecules
in the sample occupy the lowest vibra-
tional and rotational energy level. When
the molecule is electronically excited,
the spectrum is made up of one rotation-
al line for each vibrational level of the
excited energy state, and the separation
of bands is straightforward. In fact, we
found it useful to back away from
the most. extreme conditions we could
achieve so that a few rotational energy
levels were initially populated. More ro-
tational structure was thereby present in
the spectrum, and it yielded additional
information about the molecule.

One of the most promising applica-
tions of supersonic-jet spectroscopy is
the study of the dynamic processes in
molecules, such as energy transfer and
decomposition by light. We have been
particularly interested in the flow of en-
ergy within a molecule from one vibra-
tional mode to another. It is useful in
the study of such phenomena to have a
means of detecting the transfer of small
amounts of energy; if such means are
available, the molecule can be stud-
ied near its vibrational ground state,
where its structure and properties are
well known. This requirement is met
by a class of molecules that are held
together by the weak intermolecular
forces called van der Waals forces. In
these molecules the transfer of a small
amount of energy from a vibrational
mode to the van der Waals bond breaks

the bond; the breaking of the bond sig-
nals that the energy transfer has taken
place. In van der Waals molecules the
threshold of energy required to break
the bond and signal the energy transfer
is much smaller than it is in mole-
cules held together by ordinary chemi-
cal bonds; hence it is possible to inves-
tigate photochemical reactions whose
excitation energy is extremely low.

Unfortunately the van der Waals
force is too weak to form stable bonds
under ordinary laboratory conditions.
At the low temperatures in the super-
sonic free jet, however, van der Waals
bonds can form between molecules such
as molecular iodine (I3) and atoms of
a noble gas such as helium or neon. If
these molecules are then electronical-
ly excited and slightly vibrationally ex-
cited by the absorption of a photon,
the two iodine atoms begin to oscillate
along the bond between them. After a
short time this energy is transferred to
the van der Waals bond, causing the
rupture of the bond and the production
of two particles: an electronically excit-
ed but vibrationally deexcited iodine
molecule and a free atom of the noble
gas. The iodine molecule can then fall
back to its electronic ground state and
emit a photon, signaling that the van
der Waals molecule had previously ab-
sorbed a photon and that a photochemi-
cal reaction had taken place.

he spectral line registered by the ab-

sorbed photon is smeared, or broad-
ened, but the broadening itself is in-
formative: from the width of the line
one can calculate the duration of the
excited energy state. The calculation
depends on the uncertainty principle,
which states that the accuracy with
which the time of the excited state is
known must be offset by an uncertainty
about its energy. Since the frequency,
and so the position, of the spectral line is
proportional to the energy of the pho-
ton, the line must be broadened in fre-
quency to reflect the uncertainty in its
energy. The width of the observed line
shows that several tens or hundreds
of picoseconds (trillionths of a second)
elapse before the energy is transferred
to the van der Waals bond; the vibra-
tion of the iodine atoms must therefore
be maintained throughout hundreds of
oscillations.

Suchstudies, which provide highreso-
lution in time as well as in space, are
helping to make supersonic-jet spectros-
copy a standard method for studying the
spectra of molecules in the gas phase.
The major limits to the technique are the
brightness and reliability of the laser
light source, and the degree to which it
can be tuned to a given emission fre-
quency. The rapid development of laser
technology is likely to make supersonic-
jet spectrcs~opy an increasingly pow-
erful tool.
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Numbers and Measures
in the Earliest Written Records

As early as the end of the fourth millennium B.C. proto-Sumerian

and proto-Elamite scribes had well-developed systems of numbers

and measures. They included precursors of our own decimal system

mong the world’s earliest written
records are inscriptions on clay
tablets unearthed in Iraq and
Iran, in particular at the sites of two
great ancient cities: the early Sumerian
city Uruk and the early Elamite city
Susa. The inscriptions, mainly accounts
and receipts of various kinds, were writ-
ten toward the end of the fourth mil-
lennium B.c. and soon afterward. After
more than 100 years of scholarly effort
all the systems of numbers and mea-
sures in these “proto-literate” texts have
now been identified. They turn out to
include precursors of the later Sumero-
Babylonian sexagesimal number system
(counting in 10’s and 60’s) and of our
own decimal system (counting only in
10’s). In addition they include a previ-
ously unrecognized system of capacity
measures, used in all accounts dealing
with barley, which in this early period
was both the basic food grain and the
currency.

The reader who would enjoy knowing
about the proto-literate systems of num-
bers and measures will have to join me
in a two-directional journey. We shall
travel backward in time with respect to
the historical record and forward from
the past to the present with respect to
the scholars who have studied the an-
cient tablets. The reason we must do so
is that the oldest tablets were buried the
deepest and were therefore the last to
be excavated and made available for
study. The oldest tablets were also the
most difficult to interpret.

Let us take as our point of departure
the Greek coastal island of Cos, some
20 miles northwest of Rhodes. There in
about 340 B.c. the founder of a school of
astrology, a Babylonian named Beros-
sos, wrote a history of his homeland. In
it he told his Greek readers that the
numbers sossos (60), neros (600) and
saros (3,600) occupied a special place
in Babylonian arithmetic and astrono-
my. Practically nothing more was known
about Babylonian numbers and mea-
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sures for the next 2,200 years. Then in
1855 Sir Henry Rawlinson, one of the
pioneers in the decipherment of cunei-
form script, published a summary of the
cuneiformnumbersinscribed on a small
clay tablet found at the site of the an-
cient Mesopotamian city Larsa. Rawlin-
son realized, among other things, that
the last two lines of the tablet stated in
effect that “58 1 is the square of 59~
and “1 is the square of 1.” He concluded
that the tablet was the final part of an
incomplete table of square roots, begin-
ning with the square of 49 (equal to
2,401, or 40 X 60 + 1) and ending with
the square of 60 (equal to 3,600, or
60 X 60). His interpretation, of course,
was possible only if it was assumed that
the numbers 60 and 60 X 60 were both
represented by the same symbol, name-
ly the symbol for the number 1.

Rawlinson drew the conclusion that
the Babylonians had worked with a sex-
agesimal number notation of a quasi-
positional nature, in other words, a
number notation in which the symbol
for 1 also stood for the powers of 60
and for 10 times the powers of 60. He
further concluded that the Babylonians
did not have any special sign to repre-
sent zero.

Here it is necessary to briefly consider
the relative merits of number sys-
tems with different bases. Let us begin
with the so-called metric system, which
is actually a family of interrelated sys-
tems of units for several kinds of mea-
sures. The metric system owes its cur-
rent acceptance to its structural simplic-
ity and to the fact that it is constructed to
match the base-10, or decimal, system
used today for all kinds of routine com-
putations. Since its conception in France
in the aftermath of the French Revo-
lution it has gradually spread across
the world.

The very length of time it has taken
the metric system to gain general ac-
ceptance is proof of how difficult it is
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to suppress other “customary” systems
of weights and measures. English ex-
amples of such systems include the
sequences ‘“mile,” “furlong,” “chain,”
“rod,” “yard,” “foot” and “inch” for
measures of length, “barrel,” “bushel,”
“peck,” “quart” and “pint” for measures
of dry capacity and “ton,” “hundred-
weight,” “pound” and “ounce” for mea-
sures of weight. For that matter even the
metric system has come to incorporate
nondecimal systems: the 12-month year,
the 24-hour day, the 60-minute hour and
the 60-second minute as units of time,
and the 360-degree circle, with its subdi-
visions the 60-minute degree and the 60-
second minute as units of angle. These
customary measures can be traced back
to classical Greek astronomy and be-
yond that to the general use of sexagesi-
mal numbers for computation in Baby-
lon and Sumer. Many other customary
systems of weights and measures, how-
ever, were doomed to be replaced by the
metric system because they were insuffi-
ciently matched to the widely adopted
decimal number system.

Still, the survival of some customary
systems has been partially the fault of
the decimal number system itself. The
decimal system has the weakness that
its base of 10 is really too small. This
will become more apparent when I
give additional examples of computa-
tions within the framework of the sexa-
gesimal system with its larger base:
60 =3 X 4 X5 (as opposed to 10 =2
X'5). As will be seen, the base-60 sys-
tem made it possible for the Sumerians’
proto-literate predecessors to construct
a family of nicely interrelated measure
systems, with sequences of naturally oc-
curring standard units that were easy
to deal with in computations.

To find the correct interpretation of
the system of cuneiform notations serv-
ing to represent sexagesimal (or base-
60) numbers was relatively easy. It
proved to be much harder to understand
how the various systems of measures
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that appear clearly in many cuneiform
inscriptions were constructed. Some de-
cisive clues were offered by certain tab-
lets known to scholars as school texts.

The copying of standard texts was an
essential part of the school curricu-
lum in Old Babylonian times (1900 to
1500 B.c.). Many of the texts were lists
and tables: lists of geographic names,
lists of the names of birds and fishes,
lists of words in two languages, gram-
matical tables for the study of the diffi-
cult Sumerian language and so on. Also
copied were mathematical tables and
lists explaining the structure of the Bab-

PROTO-SUMERIAN TABLET from Jemdet Nasr in Iraq records
the rations allotted to a total of 40 men in the course of a five-day
week. The signs farthest to the left in the top three rows indicate
“Day 1,” “Day 2” and “Day 3.” The text on the reverse of the tab-

ylonian systems of measures and their
representation in cuneiform script. By
doing this kind of copying a student
trained himself in cuneiform writing
and at the same time accumulated a
small personal library of tablets.

The first example of a table of mea-
sures to be described in a scholarly pub-
lication was a fragmentary tablet also
uncovered at Larsa. The table was dis-
cussed by George Smith, a prominent
student of cuneiform, in 1872, but its
meaning was not fully understood until
much later. On the left side of each col-
umn of the tablet is a systematically
arranged sequence of linear measure-
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ments, expressed in standard units. The
units are, from the smallest to the larg-
est, the she (a grain), the shu-si (a finger),
the kush (a cubit) and so on up to the
beru, equal to 30 X 60 X 12 (6 X 602),
or 21,600, cubits. On the right side of
each column are the same linear mea-
surements expressed as multiples of cu-
bits in sexagesimal notation. For exam-
ple, the line at the lower right labeled
b in the reproduction of the tablet on
page 113 reads “Two beru [equals] 12.”
It should be noted that beru is how the
Babylonians pronounced the symbol for
the Sumerian word danna (normally
written as kas-gid, meaning “long way”).

let indicates that each of the men received rations equivalent in val-
ue to two minor units of barley per day. Barley was the currency
of the period. The triangular sign near the right end of the fourth
row probably means “workers.” The tablet is in the British Museum.
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IRAQ AND IRAN are the regions of southwest Asia where early
forms of writing arose before 3000 B.C., primarily for the purpose
of recording numbers and commodities. The seven sites in Iraq have
yielded numerous cuneiform tablets. Two of them, Jemdet Nasr and
Uruk, are the sources of tablets bearing the earliest Mesopotamian

The 12, however, represents not 12
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script, proto-Sumerian. The five sites in Iran, Susa in particular, are
the sources of a linguistically unrelated script, proto-Elamite, that is
about as old as proto-Sumerian. Both scripts relied on essentially
identical special notations to represent numbers and measures, so that
the tablets bearing numerical records and accounts are decipherable.

cubits but the much larger sum of
12 X 602 cubits. With a cubit being
equal to about half a meter in length,
the length of the beru was more than 20
kilometers.

When another fragment of the same
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tablet was identified soon after the first
fragment was found, it proved to con-
tain an additional metrological table of
the same kind as the first, except that
here the right side of each column was
concerned with multiples of a nindan
(equal to 12 cubits) in sexagesimal nota-
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tion. Only much later did the study
of Babylonian mathematical texts deal-
ing with the computation of volumes
make it clear that whereas the cubit
was the basic unit for vertical measure-
ments, the nindan was the unit for hori-
zontal measurements. Hence the small-

40 01 E 49 IBSI/

40 x 60 + 1 (L.E., 2,401) EQUALS 49 SQUARED

41 40 E 50 IBSI

41 x 60 + 40 (I.E., 2,500) EQUALS 50 SQUARED

4 YIry VETY Ad4 ‘@'3
45 < Yy

CUNEIFORM TABLET FROM LARSA, described in 1855 by Sir
Henry Rawlinson, is reproduced in part. The script is Old Babyloni-
an cuneiform; the text is a table of square roots. Next to the top two
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| 58 x 60 + 1 (L.E., 3,481) EQUALS 59 SQUARED
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and bottom two lines are transliterations into English script and Ara-
bic numerals (black). Below the transliterations are free translations
(color). Many such tablets were study copies made by novice scribes.

60 x 60 (l.E., 3,600) EQUALS 60 SQUARED
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est Sumero-Babylonian unit of area,
the shar, was one square nindan. By the
same token the smallest unit of volume,
also called a shar, was the space en-
closed by a bottom area of one square
nindan that had sides one cubit high.
This seemingly peculiar choice of units
was actually quite practical because it
usually excluded the need to count with
small fractions of a volume unit.

These two metrological tables are elo-
quent witness to how well adapted the
Sumero-Babylonian system of linear
measurements was to the sexagesimal
number system. Consider the conver-
sion rules for units of the system of lin-
ear measures. Six she is equal to one shu-
st, 30 shu-si is equal to one kush, 12 kush
is equal to one nindan, 60 nindan is equal
to one USH and 30 USH is equal to one
kas-gid (or beru). The information con-
tained in this sequence of conversion
rules can be condensed as follows: the
“conversion factors” for the Babylonian
linear system are 6, 30, 12, 60 and 30.
Note that each one of these factors is
also a numerical factor of the sexagesi-
mal number system. By way of compari-
son, the Anglo-Saxon sequence from the
inch to the mile involves the following
conversion factors: 12, 3, 5%, 4, 10 and
8. Whatever the origins of the factors for
this customary system, they are clearly
in no way adapted to our decimal num-
ber system.

Excavations in Mesopotamia have
yielded not only mathematically inter-
esting texts such as those from Larsa but
also “problem texts” that are even more
substantial. As early as 1900 the Brit-
ish Museum reproduced two large Old
Babyloniantablets that displayed mixed
mathematical problems. Their mathe-
matical terminology was difficult and
unusual, and so some 30 years passed
before the majority of the problems
were interpreted and fully understood.
Today a large number of Old Babylo-
nian mathematical problem texts are
available for study. To say more about
them here would not, however, be with-
in the scope of this exploration of ori-
gins. Let me therefore proceed to some
other texts published at the beginning
of this century.

Between 1889 and 1900 an American
expedition conducted a major exca-
vation at Nippur, one of the largest and
most important sites in Mesopotamia.
By 1906 Herman V. Hilprecht of the
University of Pennsylvania had report-
ed some of the expedition’s results in
a volume that included reproductions
of several important Old Babylonian
mathematical and metrological texts
and a single problem text written in
Sumerian. (As recently as a year ago
I was able to show that this problem text
bears a series of three-dimensional geo-
metric problems solved by reduction
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ANOTHER TABLET FROM LARSA, part of a conversion table for linear measurements,
was also probably a novice scribe’s practice exercise. At the right, from the top to the 10th row,
is a single column of numbers from 2 to 12 (color), omitting 7. The last intact line, from left to
right, reads “Two beru [equals] 12.” Because in the Old Babylonian script the numbers 12,
12 X 60 and 12 X 602 were all written in the same way, what this actually means is that two
beru are equal to a distance of 43,200 cubits (12 X 602 cubits). The missing 7 may be a mistake.

to cubic equations and extractions of
cube roots.)

The Old Babylonian metrological
texts Hilprecht published included sex-
agesimal conversion tables for various
kinds of measures and lists of measures
from the smallest to the largest. It can
be supposed that such lists served to
teach both the structure of the Sumero-
Babylonian systems of measures and
the form of the number signs and oth-
er signs belonging to each system.

Hilprecht’s publication demonstrated
an obvious similarity between on the
one hand the Old Babylonian tables and
lists and on the other the Sumero-Baby-
lonian tables and lists. Over the years
since then quite a number of additional
Sumero-Babylonian texts have been un-
earthed. The oldest of them are a few
proto-literate nonmathematical texts
that date to the end of the fourth millen-
nium B.c. The oldest mathematical ta-
bles are half a millennium younger.

If we now continue our journey back-
ward in time to the beginning of the
third millennium B.c. we come to the
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Sumerian period known as Ur II1 (2050-
1950 B.c.), which immediately preceded
the Old Babylonian period. Ur III is
known from an enormous number of
cuneiform texts. At that time the qua-
si-positional notation for sexagesimal
numbers the Babylonians used most fre-
quently had not yet become common. In
the Sumerians’ nonpositional notation
separate signs stood for 1, 60 and 602,
for 10, 10 X 60 and 10 X 602, and so
on. Clearly with this kind of nonposi-
tional notation a special sign for zero
was not necessary.

Only a few of the many Ur III texts
are of any interest because of their
mathematical or metrological content.
Here I shall mention just a small group
of them, concerned with calculations of
the amount of seed grain needed to sow
fields of a given size when the spacing
of the furrows was given as N furrows
per nindan. Preserved copies of a kind
of Sumerian Farmer’s Almanac indicate
that grains regularly were dropped in a
furrow at intervals of two fingers (shu-
si), that is, at a rate of 180 grains (equal
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to a unit of capacity known as a shekel)
per nindan. When, as was quite com-
monly the case, N was equal to 10, that
rate could be expressed as precisely one
gur (the largest unit of capacity) per bur
(the largest unit of area). This example,
in which two grains per finger is equal to
one shekel per nindan or one gur per bur,
shows in what a nice way the various
Sumero-Babylonian units of measure
were interrelated in spite of their seem-
ing complexity.

Sumerian domination in Mesopota-
mia during the third millennium was
broken by a brief Semitic interlude,
beginning with the rule of Sargon of
Akkad (2350-2300 B.c.). The existence
of mathematical activity in the period
of Sargon and his successors, which is
hardly to be doubted, is confirmed by a
handful of small tablets recording sim-
ple but far from trivial geometric exer-
cises. The Sargonic period is exemplified
here by a tablet from the city of Um-
ma that gives an account of daily and
monthly religious offerings of beer. Its
text contains interesting metrological
computations. It also clearly shows that
number symbols could be written in
two ways: either as cuneiform signs, in-
scribed with the wedge-shaped end of a
stylus, or as circular signs made with
the blunt end of a stylus.

A few further mathematical texts are
known from the Sumerian Presargonic
period and from the preceding Early Su-
merian Fara period in the middle of the
third millennium B.c. The oldest metro-
logical text from the Fara period is of
particular interest. It is a table listing the
areas of large square fields up to and

RELIGIOUS OFFERINGS OF BEER are recorded on the obverse
side (/eft) and reverse side (right) of this Sargonic-period tablet from
Umma in Iraq. The signs at the left in the top three rows of the ob-
verse side respectively indicate three jars of beer, one jar and one jar.
The colored symbols to the right in the first line are units of capacity,
from left to right a bariga and a ban (six ban make one bariga). The
unit below that is five ban and below that three ban. The sense of the
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including a field of (10 X 60 nindan)2. 1
recently had the opportunity to identify
another Fara text as a related geometric
exercise. Two other mathematical texts
from the Fara period are well known.
Both deal with the same division prob-
lem involving large sexagesimal num-
bers. Although such a small sample of
texts does not allow any far-reaching
conclusions, it seems clear that the early
Sumerian teachers, whose work would
appear to have been instruction in what
might be called applied elementary
mathematics, actually excelled in work-
ing with fairly abstract problems involv-
ing very large or very small numbers or
measures, with algorithms for multipli-
cation or division, with area computa-
tions based on tables of square areas
and so forth. As we shall see, the predi-
lection for working with unrealistically
large and small numbers can be traced
back as far as the proto-literate period.

ow did Sumerian mathematical and

metrological systems evolve? Pre-
senting the principal evidence calls for
another step backward toward the be-
ginning of the third millennium B.c. In
1928 Stephen H. Langdon of the Uni-
versity of Oxford published a collection
of some 200 texts from tablets and tab-
let fragments that had been excavated
a few years earlier at the small site of
Jemdet Nasr in Iraq. (The Jemdet Nasr
collection is now divided between the
Ashmolean Museum in Oxford and the
Iraqi Museum in Baghdad.) The new in-
scriptions were written in an archaic
pictographic script that was recogniza-
bly a precursor of Sumerian cuneiform.
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Many of the signs in the archaic texts,
however, were no longer in use by the
time the cuneiform texts of the Early
Sumerian Fara period were written.

For that reason even today the correct
reading of many signs in the “proto-Su-
merian” inscriptions from Jemdet Nasr
is still not known and the texts remain
more or less unintelligible. It is not even
completely clear that the language of
the Jemdet Nasr tablets is Sumerian,
which is why I refer to the inscriptions as
proto-Sumerian. Nevertheless, the num-
bers that appear in these texts, as a rule
made with the round end of styluses, are
always easy to identify. It was also im-
mediately recognized that the number
notations on the Jemdet Nasr tablets
were closely related to those on even
more enigmatic tablets from Iran. These
tablets are for the same reason called
proto-Elamite, and they are of about the
same age. We shall be returning to them.

In 1936, less than a decade after Lang-
don’s publication of the Jemdet Nasr
tablets, the German scholar Adam Falk-
enstein published another collection of
proto-Sumerian tablets, clearly older
and somewhat more primitive than
those from Jemdet Nasr. Falkenstein’s
collection included 600 inscriptions, but
this was only a small part of the total
excavated by a German expedition that
had worked at the site of the important
Mesopotamian city of Uruk in the early
1930’s. The majority of the published
tablets came from Level IV of the site.
The balance of the collection (now in
Berlin) is scheduled for publication in
the near future.

Three texts from Jemdet Nasr dealing
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three lines is that a daily offering of beer is to be made, consisting of
three one-ban jars with a value in barley of one bariga, of one jar with
a value of five ban and of one additional jar valued at only three ban.
The wide line (4) of the reverse side summarizes the total value of the
offering over a month of 30 days: from left to right (color) 3 times 10
gur plus 6 gur plus 1 bariga. (Four bariga is equal to one gur.) The
last line of the reverse side (5) records the date “Year 2, Month 4.”
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PROTO-SUMERIAN TEXT FROM URUK records the amount of emmer wheat given to a
number of men and women. The system of capacity notations in archaic texts such as this one
proceeds from a major unit (M in the factor diagram above the text) via a principal unit (C) to
a minor unit () and fractions of a minor unit. The double lines that appear with the units of
measure indicate the grain is emmer. (A different symbol, an ear of grain, represents barley.)
The text reads from right to left and units are in color. Two supervisors, a and b, respectively
receive 64 C and 6 C. Six of seven men (c-1, c-2, ¢-4, ¢-5, ¢c-6 and c-7) receive 1 C each; one man
(c-3) receives 2 C’s. Three women (d-1, d-2 and d-3) respectively get 3 m’s, 2 m’s and 3 m’.

20 x 60 2 x 60 60 10

1
[B@um M(z) @(e) oo 7

BI-SEXAGESIMAL NUMBERS

ANOTHER PROTO-SUMERIAN TEXT, an exercise dealing with large quantities of bread
and beer, uses a “bi-sexagesimal” number system shown in the factor diagram above the text.
The largest number is 20 X 60; the smallest is 1. Boxes farthest to the left in the top row (a)
state that 6,000 loaves of bread (valued at a fractional minor unit of barley each) would have
a total costof 1 M + 3 X 6 C + 2 C (equal to 200 C). Boxes farthest to left in the second row ()
state that 5 (<60 is understood) jars of beer would have a cost of 3 X 6 C +2 C, or 15 jars per C.
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Three texts from Jemdet Nasr dealing
with area computations were interpret-
ed in 1930 by the French scholar Fran-
¢ois-Maurice Allotte de la Fuye, who
was able to prove that the sexagesimal
number system and the Sumerian sys-
tem of area measures were also used in
these proto-Sumerian inscriptions. With
this exception, however, proto-Sumeri-
an notations for numbers and measures
continued to be little understood. It was
generally assumed, however, that along
with the Sumerian sexagesimal system
the early scribes resorted to a decimal
(or “centesimal’’) number system, possi-
bly borrowed from the proto-Elamite. It
was also assumed on loose grounds that
in the proto-Sumerian grain texts (char-
acterized by the sign she, meaning grain)
the main capacity unit was a gur consist-
ing of 300 sila (or 30 ban), just as in the
grain texts of the later period Ur IIL

In 1978 I was able to demonstrate the
falsity of these assumptions by proving
that in both kinds of proto-literate grain
texts, proto-Sumerian and proto-Elam-
ite, the number sign invariably read by
scholars as 10 is just as likely to have the
value 6. As a matter of fact, even in a
single text the same number sign can be
read either as 10 or as 6, depending on
the context.

This new insight at once made it possi-
ble to understand the computations in
hundreds of proto-Sumerian and proto-
Elamite capacity-measure texts that be-
fore had been impossible to analyze.
By drawing parallels between certain
classes of proto-literate texts and their
Sumerian counterparts I was further
able to determine, at least approxi-
mately, the absolute size of the main
proto-literate unit of capacity, which
turned out to be about one Sumerian
ban (equivalent to 10 liters) rather than
the assumed 30 ban.

A a result of these advances it is now
possible to begin to correctly assess
the scale and character of the proto-Su-
merian economies at Jemdet Nasr and
Uruk and of the proto-Elamite econo-
my at the important ancient Iranian city
of Susa. Thus, for instance, a certain
“bread and beer” text belonging to the
Jemdet Nasr period but found at Uruk
that contains computations with large
numbers and small fractions has proved
to be of particular interest. The text
lacks any kind of date or signature. This
fact alone suggests that it is no ordinary
administrative record but a school text:
an exercise in mathematics and metrolo-
gy. As is indicated by the bottom illus-
tration on this page, the upper part of
the tablet is devoted to the computation
of the amount of grain expended in bak-
ing given numbers of loaves of bread of
various sizes (indicated by fractions of
a minor proto-Sumerian capacity unit).
The lower part of the tablet does a simi-
lar calculation for the quantity of grain



expended in brewing two jars of strong
beer, three jars of medium-strength beer
and five jars of weak beer. The different
strengths of the three batches of beer are
evidenced by the different quantities of
grain per jar in the three instances.

This particular example of a proto-
Sumerian text of the Jemdet Nasr type
is important for several reasons. First,
it establishes beyond doubt the relative
values of quite a few units of the proto-
Sumerian system that served for mea-
suring capacity, including a number of
fractional units. Second, it demonstrates
the use of both the sexagesimal number
system and a special “bi-sexagesimal”
system. Equally important, the text can
be used to find the absolute values of the
units of this archaic system of measur-
ing capacity.

Ift us turn now to the second kind of
proto-literate inscription, the proto-
Elamite texts from various sites in Iran.

Elam was the name given by the Babylo-
nians and the Assyrians to the western
region of Iran extending to the borders
of Mesopotamia. French expeditions
have been excavating at the site of an-
cient Susa, a capital city of Elam, since
late in the 19th century. At the time
of the Old Babylonian period, almost
4,000 years ago, the Elamites were using
the Sumero-Babylonian cuneiform sys-
tem of writing. Excavations at Susa and
in other parts of Iran have revealed,
however, the existence of an earlier Ira-
nian civilization that wrote a noncunei-
form script and flourished for a brief
period a millennium before the time
of the Old Babylonians and the Elam-
ites. This proto-Elamite civilization was
vigorous enough to extend its influ-
ence beyond Elam itself northward and
eastward to distant corners of the Ira-
nian plateau.

Hundreds of archaic clay tablets from
Susa (they constitute the greater part

of all known proto-Elamite texts) were
published by the French scholar Vin-
cent Scheil between 1900 and 1935.
Scheil was also the first scholar to note
one parallel between the Sumerian and
the proto-Elamite scripts: the method of
producing numerical notations. Other-
wise, however, the proto-Elamite script
shows no relation to any other known
script. Its repertory of signs, represent-
ing the words or syllables of an un-
known language, is also unhelpfully
abstract and nonpictographic, a circum-
stance that would seem to make inter-
pretation of the non-numerical parts
of the proto-Elamite texts virtually im-
possible.

Scheil’s first attempts to understand
the nature of the number systems in his
proto-Elamite texts were unfortunately
not very successful. He failed to rec-
ognize that one sign—a small circular
impression—need not always have the
numerical value of 10. He was thus

PROTO-ELAMITE TABLET FROM SUSA shows lines of num-
ber signs only along its top and bottom edges. Much of the remaining
surface of the tablet is marked by the impression of a cylinder seal
that shows lions dominating bulls and vice versa. The signs to the
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right at the top of the tablet summarize many entries on the reverse
side of the tablet: slightly more than 1,200 principal units of capac-
ity. To the left is a smaller number, about 360 principal units. It is
probably a tax or fee imposed on the transaction by the authorities.
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for a time led to the conclusion that the
proto-Elamites, like the ancient Egyp-
tians, worked with a decimal number
system in all their accounts and compu-
tations. Later, however, he found that
some proto-Elamite texts actually fea-
ture a special sign for 60. Scheil also
identified a series of fractional nota-
tions and went on to correctly identify
the proto-Elamite ideograph for “grain”
or perhaps ‘“‘grain measure.”

A proto-Elamite mathematical-met-
rological exercise text, published by
Scheil in 1935, deals with the addition of
a long series of numbers, made up of
many digits and representing measures
of capacity. This particular text yields
excellent confirmation of my own anal-
ysis of the structure of the proto-Elam-
ite units for measuring capacity. The
system was clearly constructed to match
the sexagesimal (or bi-sexagesimal)
number system; it has the following se-
quence of conversion factors from one
unit to the next: 6, 10, 3, 10, 6, 5, 2, 3, 2,
2. The corresponding series of conver-
sion factors for the units of the proto-
Sumerian system, omitting the first fac-
tor and the last four, is 10, 3, 10, 6, 5.
Hence the two systems differ from each
other only in their respective ways of
representing fractions of the small ca-
pacity unit (a measure that corresponds
to the liter in the metric system).

I wrote an account of this analysis of
the two systems’ units of capacity mea-
sure in a 1978 research report. The same
report included another surprising dis-
covery, namely that the proto-Elamites
(but not the proto-Sumerians) used the

sexagesimal number system only when
they were counting people or inanimate
objects such as loaves of bread or clay
vessels. When they were counting ani-
mals, they worked with a decimal num-
ber system!

The use of the decimal system for
counting animals is confirmed by a fa-
mous proto-Elamite text published by
Scheilin 1923. The text is uncharacteris-
tic: it includes unmistakable pictographs
rather than the customary obscure ideo-
graphs. The heads of horselike ani-
mals are displayed in four different cat-
egories, probably divided according
to sex and age. There can be no doubt,
however, that the ‘“horses” were count-
ed with decimal numbers. To add to
the general confusion resulting from
the proto-Elamite use of two different
number systems for counting, several
of the proto-Elamite signs for numbers
(not only the infamous small circular
impression) have different values de-
pending on the context. For example,
the sign for 1,000 is the same as the
one for 2 X 60.

To summarize, as a result of my iden-
tification of the systems used in
the proto-literate texts for numbers and
measures, it is now possible for the first
time to divide the archaic proto-Sumeri-
an and proto-Elamite numerical texts so
that they fall into a comparatively small
number of categories according to their
content. The content of a text is indicat-
ed in particular by the kind of numbers
and measures used in it. For example,
among the proto-Elamite texts the main
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GRAIN-RATION RECORD FROM PROTO-ELAMITE SUSA is read from right to left.
The text begins with a “hairy triangle,” thought to be the issuing authority. Next is a “plow”
sign that is probably a field worker. The number signs that follow continue at the right of the
bottom line: 1 X 60 + 3 X 10 + 3. Next is a sign like a sheaf of grain; it means barley. Last is a
capacity number: 6 <X 6 C + 1 C + 1 m.Thesense is that 93 workers receive two minor units each.
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categories are enumerations of people
(sexagesimal counting numbers), com-
putations of grain expended on rations
for people (capacity numbers and sexa-
gesimal numbers) or for animals (ca-
pacity numbers and decimal numbers),
bread-and-beer texts (capacity numbers
and sexagesimal numbers), accounts of
groups of animals (decimal numbers),
accounts of loaves of bread or clay
vessels (sexagesimal numbers) and ac-
counts of large quantities of grain deliv-
ered to or dispatched from storehouses,
in one case during a five-day “week” (ca-
pacity numbers). Additional categories
are to be found among the proto-Su-
merian texts: area computations (area
numbers and sexagesimal numbers) and
in a single instance a seed-grain text
(area numbers and capacity numbers).

Much work remains to be done before
the existing collections of proto-literate
texts, published or still unpublished, can
be persuaded to give up all the informa-
tion they contain. Nevertheless, so much
progress has been made, particularly in
the past decade, that it is now at last
feasible to sketch a plausible outline of
the development of numeration and me-
trology in southwest Asia from prehis-
toric to Late Babylonian times.

In particular it is now known, from
the work of Denise Schmandt-Besserat
of the University of Texas at Austin,
that a variety of clay “tokens” served in
the region continually from the ninth
millennium B.c. to the end of the fourth
millennium to designate numbers, mea-
sures and perhaps categories of objects.
It is also known that the use of loose
tokens was complemented late in the
fourth millennium by the device of en-
closing selected symbols in protective
envelopes of clay, many of them bear-
ing surface impressions resembling the
enclosed tokens. The envelopes in turn
seem to have inspired the invention of
“impressed tablets.” (The term refers to
clay tablets bearing number notations
and usually cylinder-seal impressions
but lacking any abstract or pictographic
word signs.)

The similarity of the form of the num-
ber signs on the impressed tablets and
the shape of the earlier clay tokens show
a continuity of representations of num-
bers and measures from the time of the
rise of city-states in southwest Asia
backward in time to the early Neolithic,
as long as 10,000 years ago. Moreover,
the fact that notations for units belong-
ing to various proto-literate measure
systems also clearly appear on some im-
pressed tablets shows a continuity in
representations of numbers and mea-
sures forward in time from late in the
fourth millennium B.c. all the way to the
Old Babylonian period, which was some
2,000 years later. And, as we have seen,
our own decimal system is a reflection
of the same continuity down to the pres-
ent day.
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Solitary Bees

Most species of bees are not social like the honeybee. They are

solitary, meaning that the female builds her own nest. They play

a profoundly important role in pollinating crops and wild plants

the intricate social organization of

the honeybees that populate it are
the hallmark of bee life. In reality more
than 85 percent of the some 20,000 bee
species are not social but solitary. Each
female independently mates, makes her
own nest of about 10 brood cells, stocks
the cells with food for the young, lays an
egg in each cell and dies before the next
generation emerges. The solitary bees
play immensely important roles in eco-
logical systems, particularly in the polli-
nation of crops and wild plants. Indeed,
farmers in some parts of the world are
beginning to make specific arrange-
ments to accommodate solitary bees for
the pollination of crops (such as alfalfa)
that are not pollinated effectively by
honeybees.

Bees apparently evolved from pre-
daceous ancestors such as the solitary
mud-dauber wasps in about the middle
of the Cretaceous period (100 million
years ago), when flowering plants be-
came the dominant vegetation on the
earth. Now bees live everywhere, show-
ing the greatestabundance and diversity
of species in semiarid, warm temperate
climates. Many solitary bees do not
resemble honeybees in general appear-
ance but instead look more like wasps,
flies or bumblebees. They range in
length from 1.5 to 46 millimeters. Some
species are hairless and shiny, others are
densely furry. Although many of them
are drab, some (such as the emerald
green orchid bees) are quite beautiful.
The hair or the spots and stripes may
include all the colors of the rainbow.

Solitary bees are distributed among
nine families: the Colletidae, or mem-
brane bees, which are most numer-
ous and diverse in the Southern Hemi-
sphere; the Andrenidae, or digger bees,
which are mainly in the Northern Hemi-
sphere; the Halictidae, or sweat bees (so
named because they are attracted by hu-
man sweat), of worldwide distribution;
the Megachilidae, or leafcutter and ma-
son bees, also worldwide; the Antho-
phoridae, or carpenter and miner bees,
predominantly tropical; the Melittidae,

For most people the beehive and
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Oxaeidae and Fideliiddae, which are
small families with a limited distribu-
tion and no common names, and the
Apidae, or honeybees, stingless bees
and orchid bees, all of which are most-
ly tropical, and bumblebees, which are
mainly in the Northern Hemisphere and
are the most able of all the bees to toler-
ate low temperatures.

he nests and brood cells of most sol-

itary bees are made underground.
Bare, dry, light soil exposed to the morn-
ing sun is preferred. In such habitats
many nests of their relatives, the ants
and the solitary wasps, may also be
found. In a favorable area thousands of
nests of ground-dwelling solitary bees
may form dense aggregations. The fe-
males do not, however, cooperate in
nest-building chores.

The largest recorded aggregation of
nests occupied about 360,000 square
meters extending for seven kilometers
along a bank of the Barysh River in the
U.S.S.R. It consisted of an estimated 12
million nests made by two species of
sweat bee and a species of miner bee. In
about mid-May every year I receive at
my U.S. Department of Agriculture of-
fice in Beltsville, Md., many agitated tel-
ephone calls about swarms of solitary
bees nesting on lawns in the Washington
area. These are usually the membrane
bee Colletes thoracicus, which is active as
an adult for about six weeks. The largest
aggregation of this honeybee-size insect
included about 104,000 nests in a subur-
ban backyard of 1,187 square meters.

Aggregations of nests may persist for
many years. For example, a species of
miner bee has occupied an adobe wall
near Baltimore for at least 40 years. The
aggregations are probably maintained
because the young females on their first
flight memorize visual landmarks in the
area, just as new honeybee workers re-
member the location of their hive. Pher-
omones (chemical signals) or odors re-
leased by other females in the aggre-
gation may also be attractive. After
mating, a young bee returns to make
her own nest among the other nests in
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an environment shown to be satisfacto-
ry by the survival of her ancestors.

Bees that nest in the ground usually
have plenty of room for nest sites. They
face, however, the problem of protect-
ing for almost a year the nutritious hon-
ey-and-pollen provision they have laid
up for their brood (and the delicate,
helpless, grublike brood itself) from soil
moisture and a wide variety of soil or-
ganisms such as bacteria, yeasts, fungi,
nematodes and mites. The large majori-
ty of ground-dwelling bees line their un-
derground brood cells with special wa-
terproof secretions before provisioning
them. These bees possess an abdominal
gland (Dufour’s gland) that opens near
the sting. In some species it occupies
half of the abdominal cavity. The gland
contains an oily liquid of a fragrant-to-
musky odor. (A few species collect plant
resin or cut pieces of leaf to line their
brood cells. The Fideliidae and other
bees that live only in deserts do not line
their cells at all.)

By inducing bees to nest in narrow,
glass-sided chambers filled with soil I
was able to observe their subterranean
nest-making behavior. After a chamber
for a cell is excavated by the bee and
often polished to a shiny smoothness by
the pygidial plate at the end of the abdo-
men, dollops of Dufour’s-gland secre-
tion are deposited in it and are repeated-
ly smeared around by rhythmic sweeps
of the bee’s tongue, by special velvet-
like pads on the abdomen or by hairy
brushes on the legs. Most solitary bees
fly about during the day collecting pro-
visions, lay an egg in the afternoon, seal
the cell, begin digging a new cell cham-
ber in the evening and apply the Du-
four’s-gland secretion at night, so that
the new cell is dry and ready for provi-
sioning the next morning. Such bees
work day and night with little respite.

Henry M. Fales and Abraham Hefetz
of the National Heart, Lung, and Blood
Institute and I analyzed the secretions of
Colletes membrane bees. We found that
the Dufour’s gland contains fragrant,
musky-smelling compounds (macro-
cyclic lactones). When they are deposit-



ed in the brood cell, they polymerize to
form a flexible, transparent, waterproof
membrane composed of a natural poly-
ester (mainly 18-hydroxyoctadecanoic
acid and 20-hydroxyeicosanoic acid).
The membrane forms a miniature plas-
tic bag in each cell. The bag even has a
“zip lock” closure: a flap that is lifted
and sealed by the female bee after she
has laid an egg. The membrane is quite
durable, remaining intact in soil for a
year or more.

For comparison we also analyzed the
Dufour’s-gland secretion and brood-cell
lining of Anthophora abrupta, a miner
bee. This bee’s large Dufour’s gland
holds a mixture of transparent, slightly
fragrant oily triglycerides. When they
are secreted into the brood cell, they
are converted, possibly by salivary en-
zymes, into white, waxy diglycerides
with a rancid odor. This secretion is also
added to the provision for the larvae.
The developing larvae eat it and even

rasp away and eat the cell lining. Until
the miner-bee larvae’s feeding habits
were discovered the honeybee was the
only bee known to feed its larvae with
a secretion (royal jelly, secreted orally
and consisting mainly of protein).

Bees that do not live underground
need not protect their young so
carefully from excess moisture, and
probably for this reason they have rela-
tively small Dufour’s glands. Most ma-

SOLITARY BEES are compared with the honeybee, Apis mellifera
(a), in drawings that are done to a common scale. The solitary
bees are the alfalfa leafcutter, Megachile rotundata (b); the membrane
bee, Colletes thoracicus (c); the alkali bee, Nomia melanderi (d); a
cuckoo bee, Nomada luteoloides (), so named because it lays its eggs
in the nests of other solitary bees; the carpenter bee, Xylocopa vir-

ginica (f); the miner bee, Anthophora abrupta (g); the orchid bee, Eu-
glossaignita (h),shown with its unusually long tongue extended; a mason
bee of the genus Anthidium (i); a digger bee, Andrena carlini (j), and
a silk-making membrane bee of the genus Hylaeus (k). In life Hylaeus
is four miilimeters long. The bees portrayed represent only a few
of the many solitary-bee species, of which there are some 17,000.
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son bees and leafcutter bees use existing
aboveground holes as nests, building
brood cells of mud, resin and plant fiber
or of neat layers of ovals and circles
precisely cut out of leaves and petals.
Leafcutters may damage plants. In an
extreme example the yield of two hec-
tares of soybeans was reduced 30 per-
cent by the removal of leaf tissue by
bees nesting nearby. Some mason bees
build clustered brood cells of mud or
resin on branches or walls. One com-
mon species of solitary bee is notable
for defacing Egyptian and Greek monu-
ments with its numerous large, lumpy
nests of dried mud.

Carpenter bees drill neat round holes
with their powerful mandibles into
wood, bamboo or pithy stems. In their
galleries they construct series of brood
cells separated by partitions of aggluti-
nated sawdust. They sometimes do sig-
nificant structural damage to the beams
or eaves of buildings.

Membrane bees of the genus Hylaeus
are wasplike in appearance and carry
provisions internally as wasps do in-
stead of on special hairs in the manner
of other bees. Hylaeus bees are unique in
making brood cells of true silk inside
existing holes. The silk is secreted orally
and applied by the female bee’s broad
tongue. Small predatory wasps belong-
ing to the family Pemphredoninae also
(uniquely among wasps) make cells out
of silk. It is possible that bees have
evolved, through primitive forms such
as Hylaeus, from this group of wasps.

/
OPENING OF :
MANDIBULAR e
GLAND e

The secretion of silk by adult insects is
quite rare.

Most female solitary bees, like the
honeybees and the bumblebees, can de-
fend themselves individually by sting-
ing, but their venom is usually mild. The
nests of solitary bees, unless they are
densely aggregated, seldom attract ver-
tebrate predators to their meager pro-
visions and brood. Therefore the bees
have not developed the aggressive mass-
stinging counterattack provoked when
honeybee and bumblebee nests are dis-
turbed. Solitary bees’ nests, however,
are particularly vulnerable to attack by
other invertebrates and by microorgan-
isms, and the bees have evolved ways to
repel them.

Fungi are the primary enemies of soli-
tary bees that nest underground. The
bee must work quickly to finish the
preparation of the provision and to lay
an egg so that the larva can consume the
food before it spoils. The brood-cell lin-
ing isolates the contents from free water
in the soil. Water vapor enters many
cells, however, along with the gases
needed for the respiration of the larvae.

The provisions of most bees consist of
a mixture of honey and pollen. The sug-
ars of the honey are hygroscopic (they
attract moisture from the air), and so
they may gradually become more di-
lute. This may account for the fact that
bee larvae may weigh more than their
provision originally did. All is well with
this system unless populations of yeasts
and bacteria in the provision explode.
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FEATURES OF THE ANATOMY of typical solitary bees include the pygidial plate, which
the female uses to smooth the inside of a nest she has excavated in the ground, and Dufour’s
gland (within the abdomen), with which she applies a secretion that waterproofs the inside of
the nest. Mandibular-gland secretions serve in communication and self-defense. The scopa,
which in some species is on the abdomen, is an array of hairs for carrying pollen. A solitary
bee walks on its knees (the basitibial plates) when it is excavating or provisioning its burrow.
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STINGER

These microorganisms, usually present
in the nectar from flowers, are normal-
ly deposited along with the provision.
Their growth is prevented, however, by
the high sugar concentration; with soli-
tary bees, as with honeybees, the excess
water in the honey evaporates away
as the flower nectar is converted into
honey by enzymatic reactions. If yeasts
grow unchecked, the bee larva gets indi-
gestion and becomes weak or dies. The
fermented provision is then overrun by
filamentous fungi.

Working at Utah State University
with two of my colleagues in the De-
partment of Agriculture (George E. Bo-
hart, an entomologist, and my husband
Lekh R. Batra, a mycologist), I found
that bee adults and broods are attacked
by at least 124 species of fungi. The soli-
tary alkali bee has developed an inter-
esting method of protecting its brood
from some of the 49 species of fungi that
afflict it. In common with most other
solitary bees the alkali bee seals each
cell after provisioning it and laying an
egg. It has long been assumed that such
“mass provisioning” bees have no fur-
ther contact with their young. When the
contents of a cell become infested with a
fungus, however, the mother bee opens
the cell and packs soil into it. This proce-
dure reduces the amount of air available
for the growth of the fungus and so pre-
vents the fungus from spreading to adja-
cent cells. Although some soil-dwelling
bees may annually lose as much as half
of their brood to fungi, the species that
nest in drier sites such as sound wood,
stems and adobe walls are usually less
severely affected.

pecialized solitary bees, known as
cuckoo bees or inquilines, are com-
mon parasites of other solitary bees.
Like its bird namesake, a cuckoo bee
does not make its own nest but instead
lays its eggs in the nests of other bees.
About 15 percent of all bee species are
cuckoo bees. These parasites may be
quite host-specific, each attacking a sin-
gle host or a group of related host spe-
cies. Most families of bees include some
cuckoo species, which may attack hosts
belonging to their own family or to oth-
er families. The young larvae of many
cuckoo bees have long mandibles that
serve to crush the larva of the host bee;
older cuckoo-bee larvae, feeding after
the host has been eliminated, have nor-
mal small mandibles. Usually the most
easily observed cuckoo bees are the
slender, wasplike, rust-colored or yel-
low-and-black species of Nomada (An-
thophoridae), which flit about in early
spring near the ground among the wood-
land flowers in search of temporarily
unoccupied nests of their Andrena hosts.
A solitary bee must spend several
hours daily away from its nest foraging
for nectar and pollen. During this time
the helpless brood is particularly vulner-



able. The brood cells of some species are
tightly sealed with a thick cap of resin,
secretion or clay, but the cells of many
solitary bees have a permeable cap of
lightly packed soil, leaves or wood dust
that is readily penetrated by insect para-
sites and predators. The mother bee may
try to protect the nest in her absence by
positioning it so that the entrance is hid-
den, by temporarily filling the burrow
with soil, by heaping soil in a small tu-
mulus over the entrance or by building a
compact turret of earth that may deter
crawling insects. Nevertheless, solitary-
bee broods suffer losses to a variety of
predatory and parasitic wasps, ants, sev-
eral kinds of flies and beetles, strepsip-
terons, mites and nematodes. Some of
the parasites deposit their eggs or larvae
on flowers, where they are accidentally
picked up by the foraging bee, brought
home to the nest and included in the
brood-cell provision, where they lie
ready to attack the bee larva.

The colorful, symmetrical and fra-
grant blossoms of higher plants evolved
to attract pollen-dispersing animal life.
Bees are the most efficient and effective
of all pollinators for several reasons, in-
cluding their sheer abundance, their rap-
id flight, their tendency to visit several
flowers of the same species in succes-
sion, their need for large quantities of
nectar and pollen and their specialized
hairs, which can trap and hold as many
as 15,000 pollen grains per bee.

Anindividual bee may possess several
types of hair, which are grouped on the
body and legs according to their func-
tion. The dense hairs on the hind legs of
most solitary bees form a pollen-hold-
ing brush called the scopa. (In leafcut-
ter and mason bees it is below the
abdomen.) Honeybees and their rela-
tives have shiny bare patches on their
hind legs known as pollen baskets or
corbiculae, which carry nectar-moist-
ened lumps of pollen or nesting materi-
al. The hairs of bees are modified ac-
cording to the type of pollen collected
by the particular species. For holding
fine, dry pollen grains a cluster of down-
like, branched, plumed hairs is best.
Large or sticky pollen grains call for
stiffer hairs. Such hairs often have short-
er branches or are formed with spiral
ridges resembling a corkscrew. They
may also have spatulate or hooked tips.

Combs of bristly hairs on the legs and
mouthparts of bees serve for grooming
and for transferrring pollen to the scopa.
The Dufour’s-gland secretion is applied
with special straight hairs in tufts resem-
bling a paintbrush. To collect floral per-
fumes or plant oils some solitary bees
have velvety hairs that form sponges
and flattened hairs arranged in combs.

he value of bees for the pollination
of wild plants and crops is incalcula-
ble. No price can be placed on wild
plants, which are pollinated primarily

.
¥
POLLEN-CARRYING APPARATUS is the scopa, the group of branched hairs near the top

of this electron micrograph of the hind leg of a sweat bee of the genus Lasioglossum. Sever-
al spherical grains of pollen are visible in the scopa. The enlargement is about 62 diameters.

INNER SURFACE of the sweat bee’s hind leg shows (left) the spiral-ridged hairs that serve
to manipulate pollen and (lower right) the penicillus, used somewhat like a paintbrush for
spreading a waterproof secretion in the nest. The enlargement of the hairs is 300 diameters.
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by solitary bees. It has been estimated
that in the U.S. the value of some 90
crops that depend on insect pollination
for maximum vyield is $17 billion per
year. If seeds of insect-pollinated forage
plants for livestock are included, about
a third of the nation’s food supply de-
pends directly or indirectly on pollina-
tion by insects, mainly bees. It is rea-
sonable to assume that solitary bees
account for at least half of this crop-
pollination activity in the U.S. and per-
haps more in areas where beekeeping is
less prevalent.

Unfortunately populations of soli-
tary bees decline under the conditions
of large-scale modern agriculture and
urbanization. When large fields of sin-

a 3 T

male supplies with provisions for the larva

The cells are usually made at a rate of one a day (in good weather) in
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gle crops are planted as monocultures,
where all plants flower simultaneously
for a short time, solitary-bee popula-
tions may be insufficient to handle the
pollination, and when the flowers finish
blooming, nothing is left for the bees to
eat. Cultivation and construction elim-
inate supplementary floral hosts and
nesting areas. Irrigation may destroy
nests. It also increases the damage done
to the bee brood caused by fungi. The
careless application of pesticides Kkills
many bees. The sulfur dioxide in pol-
luted air can cause bees to reduce their
flying time.

These effects can be observed by com-
paring, say, the bee populations on flow-
ering apples in the center of a large,
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NESTING ARRANGEMENTS of six species of solitary bee are de-
picted. Each nest has several individual cells, each of which the fe-

well-sprayed commercial orchard with
the bee populations on flowering trees in
abandoned orchards or at the edge of a
forest. In order to achieve adequate pol-
lination in the absence of enough native
bees, growers have to rent hives of hon-
eybees from beekeepers at a cost of
about $20 per hive. Hundreds or even
thousands of hives may be needed. The
value of pollination services far exceeds
the value of the honey and wax obtained
from honeybees.

Honeybees pollinate many types of
plant, but some plants are pollinated
only ineffectively. For example, the
flower of alfalfa has a little spring in it
that is triggered when a bee pushes her
head into the flower. The stamens pop
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the period of several weeks when the adult female is active. The nest
of the alkali bee, Nomia melanderi (a), is made in moist soil. The mem-
brane bee, Colletes'thoracicus (b), which also nests in soil, gets its com-
mon name from the fact that it lines the inside of each cell with a poly-
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up and rap the bee on the head, dust-
ing her with pollen. Honeybees appar-
ently do not like being rapped on the
head, and since they are fairly intelli-
gent insects, they learn to poke their
long tongue into the side of the flower,
avoiding the spring. Thus they take nec-
tar but accomplish no pollination. Be-
cause alfalfa is one of the major forage
legumes, the supply of seed (a $100-
million-per-year industry in the U.S.)
is of critical importance.

In the northwestern U.S. and Canada
two species of solitary bee—the alfal-
fa-leafcutter bee and the alkali bee—are
intensively managed to pollinate alfalfa.
These persistent insects do not seem to
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mind being rapped by the flowers, and
they collect the pollen for provisioning
their nests as it is showered on them. The
alfalfa-leafcutter bee, originally Euro-
pean, quickly visits many flowers in suc-
cession and is a highly efficient pollina-
tor. It nests in groups. Farmers make
suitable holes in ‘“bee boards,” which
they put in shedlike shelters in the alfal-
fa fields. The brood cells of this bee are
built out of bits of alfalfa leaf.

The alkali bee is a species of sweat bee
native to the U.S. It likes to nest on alka-
line flats, where the subsoil stays fairly
moist. Growers who accommodate this
bee construct “bee beds,” which consist
of plastic-lined trenches in the alfalfa
fields. The trenches are filled with spe-

-
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ester membrane of its own making. The miner bee, Anthophora abrupta (c), employs a differ-
ent technique in dry soil. The mason bee of the genus Chalicodoma (d) builds its nest on the
surface of wood or rock; the carpenter bee, Xylocopa virginica (e), drills into wood. Some
growers of alfalfa make grooved “bee boards” (f) for alfalfa-leafcutter nests to aid pollination.
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cially prepared soil that is maintained at
just the right level of moisture to attract
and hold dense aggregations of alkali
bees. There may be as many as 2,100
nests per square meter.

Another solitary bee utilized com-
mercially is a mason bee, the Japanese
hornfaced bee. Apple flowers are often
not pollinated efficiently by honeybees,
which tend to work slowly, to avoid
touching the stamens and to fly away to
forage on dandelions and other weeds.
Some 40 years ago Japanese farmers no-
ticed that the little hornfaced bees nest-
ing in their thatched roofs were ener-
getic and effective pollinators of apples.
Over the years the management of this
bee has been perfected, and bee shelters
containing hollow reeds for nesting are
seen throughout the apple-growing dis-
tricts of Japan. Recently, in collabo-
ration with Yasuo Maeta of Shimane
University and other Japanese workers,
I have successfully established popula-
tions of this Asian pollinator in the east-
ern U.S., where it is being tested for
its adaptability to the climate and its
acceptance of the available nesting ma-
terial.

Many species of bees have life cycles
and habits that depend on the availabil-
ity of specific host plants. Bees that gath-
er pollen from one species or a few
closely related plants are termed oligo-
lectic. Bees such as the honeybee, which
can gather pollen from a variety of
plants because of the hive’s long collec-
tive period of adult activity, are termed

= polylectic.

Flowering plants and oligolectic bees

| have developed some remarkable mu-
| tualistic relations. For example, the
| American native gourds are most effec-

tively pollinated by squash bees, which

| are several native species of miner bee.

Some species of sweat bee pollinate eve-
ning primroses and fly at night, which is
unusual for bees. This activity is aided
by their eyes, which are enlarged for
light gathering. Other specialized miner
bees pollinate wild morning glories. Per-
haps the most highly specialized solitary
bees are those visiting flowers that yield
oils, which are collected instead of nec-
tar (for mixing with pollen in the provi-
sion for the brood); to pick up the oil
these bees have hairs arrayed in comb-
like structures.

Orchids are among the most special-
ized of flowers. Some of them have
evolved unique ways of exploiting the
behavior patterns of solitary bees. Some
orchids have false nectaries: colored
spots yielding no nectar. When a bee
probes a false nectary for nectar, a pol-
linium (pollen packet) is attached to the
insect, which carries it along to pollinate
the next orchid. This deception works
until the bees learn that the nectaries
yield nothing.

Other orchids have color patterns and
aphrodisiac odors that resemble the ap-
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pearance or the odor of female bees or
wasps. Males are attracted. They try to
copulate with the flower and in so doing
pick up a pollinium, which is deposited
at the next enticing orchid. Still other
orchids mimic certain male miner bees.
When an aggressively territorial male
bee sees the orchid flower nodding in the
wind, the bee strikes it in an effort to
drive the “rival” away. As a result a pol-
linium 1is stuck to the bee’s head.

The most complex relation is the one
between certain South American or-
chids that yield neither nectar nor pollen
and several species of orchid bee. The
male bees have swollen hind legs with
hair-lined slits leading to internal pock-
ets and have velvety pads on their front
feet. The males form leks, or all-male
swarms, that attract females for mating.
Certain males are more attractive than
others because they have collected mix-
tures of fragrances from the orchids.
They brush the flower’s odor glands
with their front feet and stuff fragrant
particles into their hind-leg slits. While
the bee is doing so it picks up a pollin-
ium from the orchid. Since these bees
can fly as far as 23 kilometers in a day,
they are effective pollinators for sparse-
ly distributed plants, such as certain of
the orchids.

NEST-MAKING ACTIVITY of an alkali bee, Nomia melanderi,
is followed over a period of 24 hours. At the outset (/) the female
has finished one cell and has begun excavating another. When she
reaches the appropriate depth, she packs soil along the edges (2). Then
she smooths the inside of the cell with her pygidial plate (3) and ap-
plies a waterproof lining with a secretion from her Dufour’s gland
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Orchid bees apparently respond to
other odors. Males of one species have
become a nuisance because they are at-
tracted to houses that have been dusted
with DDT for mosquito control. They
collect the powder and pack it into their
leg slits. The compound does not seem
to harm the male bees, but whether or
not it has the intended aphrodisiac effect
on the females is not known.

Male solitary bees ordinarily emerge
from the pupa a few days earlier
than the females of their species. They
feed on floral nectar and pollen and
search for newly emerged virgin fe-
males. In some species the males form
loose groups that jointly patrol the nest-
ing site, nearby landmarks or flowers
that are regularly visited by females.
When males see a female bee or an ob-
ject shaped like one, they pounce on it,
but unless a sex pheromone is present
they let it go immediately. If a virgin
female appears, a pile of writhing males,
all attempting to mate, may form rapid-
ly on top of her. Usually the first male to
grasp the female holds on to her tight-
ly and succeeds in mating. Males of
most species merely compete to reach
the females first and are not noticeably
aggressive toward one another. In some
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species of carpenter bee and mason bee
the males are aggressive and battle to
exclude other male bees from their
small home territory.

In ancient India the territorial bat-
tles of carpenter bees were called “bee
sport.” It is said that the homing of such
bees was exploited for the carrying of
tiny messages. Much of the carpenter-
bee activity noticed by homeowners to-
day consists of males zooming after one
another and even heading in the direc-
tion of passing birds and airplanes. The
territorial males stage battles of bluff,
zigging and zagging face to face until
one of them gives up and leaves.

Some Anthidium mason bees are un-
usual among insects because the males
are larger than the females. The reason
is probably that the males butt and grap-
ple with each other in their aerial bat-
tles; physical strength and weight would
make it easier to retain a territory visited
by females. These males attack other in-
sects that wander into their territory.
They can break the intruder’s wings with
their strong mandibles and puncture its
body with their stout abdominal spincs.
Curiously, male bees that fight over ter-
ritory during the day may cluster togeth-
er peaceably in the evening as they sleep.

In 1802 the naturalist William Kirby

(4).Nowsheisready tolay in provisions (5, 6), consisting of a honey-pol-
len mixture, which will sustain the larva. After grooming the ball of
provisions (7) and removing debris from the cell (5) she does more
polishing of the cell walls (9) and lays an egg (/0). She caps the cell
(11) and adds a plug of dirt that comes from the early stages of her
excavation of what will be the third cell in the nest-building cycle (12).



wrote: “I have often thought that if gen-
tlemen, who amuse themselves with
chemical experiments, should direct
their attention to insects, it might lead
to the discovery of some powerful med-
icines. The variety of strong scents,
which these little creatures emit, is won-
derful.... Many Melittae have a strong
scent, in some approaching to that of
garlick or onion.” An interesting if
somewhat risky pastime is to carefully
sniff captive live bees and wasps, which
indeed produce a spectrum of odors that
evidently serve in communication and
defense. Small glands at the base of the
mandibles release when the mandibles
are opened various combinations of ter-
penes, aldehydes, ketones, esters, pyra-
zines and other pungent or fragrant
compounds.

Some male bees apply such secretions
to vegetation to delineate their territory.
In other species the secretions serve as
attractants for one or both sexes. For
example, if a large number of bees such
as species of Colletes, Nomia or Antho-
phora are netted at an aggregation of
nests, they bite the net in an effort to
escape, releasing mandibular-gland se-
cretions as they do so. Other bees down-
wind are attracted toward the netful of
captive bees. That it is the mandibular-
gland secretions and not something else
that is attracting the other bees has been
demonstrated by the fact that the bees
are also attracted by excised mandibular
glands or by the appropriate synthetic
compounds mixed in the right ratio. The
small carpenter bees Ceratina and Pithi-
tis produce pungent mandibular-gland
secretions when they are annoyed. They
smear them over their bodies and the
intruder. These secretions are repellent
to nest-invading ants.

Social behavior among the bees prob-
ably arose because the survival of the
brood is enhanced if a guard bee is pres-
ent while the forager is away. Another
benefit is that two or more bees can
share the work of nest construction and
provisioning.

Such behavior could have arisen in
two ways. The first is that the mother
bee came to have a relatively long life
span, so that she could help her daugh-
ters and be helped by them; this pattern
is seen in some sweat bees and carpenter
bees. The second way is that bees of the
same generation came to share nests and
cooperate in nest making and provision-
ing; this pattern is seen in a few species
of sweat bees, digger bees, mason bees
and orchid bees. Truly social behavior,
with a division of labor in which some
bees are queens, dominating the others
and laying the eggs, and other bees are
nonreproductive workers, is relatively
rare among bees, being known only in
some sweat bees and some small carpen-
ter bees in addition to the more famil-
iar social stingless bees, bumblebees and
honeybees.
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The Skill of Typing

How can skilled typists type as fast as they do? A century of study
has not produced a definitive answer. A leading hypothesis is that

a typist learning to type well learns to make mental processes overlap

writer came into use, the skill of

typing has intrigued experimental
psychologists, and it intrigues them even
today, because the rate at which typists
(even average ones) perform exceeds by
far the rate that laboratory tests quite
common in psychology would lead a
psychologist to predict. Consider a typi-
cal secretarial task, the retyping of a
document. In essence it is the transcrip-
tion of a sequence of symbols (letters,
numbers and so on) that come under
the typist’s gaze into a sequence of mo-
tor acts: the pressing of typewriter keys.
Thus it closely- resembles a series of
choice-reaction-time tasks, in which a
subject is presented with a single visual
stimulus from a set of two or more stim-
uli after being instructed to rapidly press
a particular button for each of the pos-
sible stimuli. Under optimal conditions

From almost the time the first type-

by Timothy A. Salthouse

(highly practiced people and a minimal
number of stimulus-response alterna-
tives) the average latency, or delay be-
tween the presentation of the stimulus
and the pressing of a button, is approxi-
mately 250 milliseconds. The paradox
of typing is that a latency of 250 milli-
seconds yields a typing rate of 48 words
per minute (assuming five keystrokes
per word). Yet speeds of twice that rate
are fairly common.

How is it possible? What have skilled
typists learned that enables them to
overcome what appear to be fundamen-
tal limitations? Everyone has a mini-
mum reaction time, which should set
limits on the maximum typing rate,
and yet skilled typists have developed a
means of overcoming their perceptual
and motor restrictions. Their achieve-
ment may have significance far beyond
the skill of typing. After all, the detailed

understanding of any skill, in the form
of knowing how skilled people differ
from less skilled people, should have
implications for the selection of stu-
dents and for their training in skills quite
generally. Understanding the skill of
typing may even have significance for
rehabilitation therapy.

ypewriters came into use in the U.S.

in the latter part of the 19th century,
a period when experimental psychology
was also becoming established. Perhaps
that is why a number of early psycho-
logical studies were done on various as-
pects of typing. The research uncovered
most of the major phenomena of typing:
that it goes faster when keystrokes al-
ternate between the hands, when suc-
cessive keystrokes represent letter pairs
with a high frequency of occurrence in
the language, when the material being
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TYPING SPEED exceeds the speed that psychological tests would
lead one to predict. The number below each key on this typewriter
keyboard is the average time required for that keystroke by 10 skilled
typists the author studied. (Times are in milliseconds.) Most of the
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times are notably fast: less than 250 milliseconds (colored numbers).
The same typists were asked to rest each index finger on a certain
key and press it whenever the letter / or r (for “left’ or “right”) ap-
peared on ascreen. Response times were then 500 to 600 milliseconds.



typed is meaningful to the typist and so
on. Thus the research provided some of
the' first scientific evidence pertaining
to man-machine interaction. Indeed, the
research probed what is sometimes con-
sidered one of the most maladaptive
man-machine interfaces ever invented:
the standard, or QWERTY, typewriter
keyboard.

The QWERTY keyboard (named, of
course, for the sequence of letters across
its top row) had been devised in the
1870’s without empirical research. It
was a response to a defect of the earlier
machines, namely that moderate speeds
of typing tended to make keys jam to-
gether. QWERTY has been criticized
for requiring disproportionate effort by
the weakest fingers of each hand, and
several alternatives have been proposed.
Unfortunately QWERTY is now so
thoroughly established that the benefits
of a better arrangement are unlikely to
offset the cost of retraining present-day
typists and scrapping present-day type-
writers and other keyboard machines.
Clearly specialists in man-machine in-
teraction should participate in the de-
sign of virtually all the equipment peo-
ple use.

One of the earliest studies of typing
was reported by William F. Book in
1908. Book had been much influenced
by a classic study of telegraphers pub-
lished 11 years earlier by William Bry-
an, an experimental psychologist, and
Noble Harter, a former telegrapher who
was doing graduate work in psychology.
These earlier investigators had conclud-
ed from interviews, systematic obser-
vation and records of performance of
telegraphers that a telegrapher in the
process of becoming expert focuses at-
tention on successively larger units, be-
ginning with dots and dashes, the funda-
mental elements of telegraphy, and pro-
gressing to characters, syllables, words
and even phrases. There is now consid-
erable evidence that many skills are
organized in this hierarchical fashion.
Moreover, it is clear that skills such as
reading would be almost impossibly dif-
ficult if the reader alwaysanalyzed writ-
ten language in units of isolated letters.
Book was therefore on firm theoretical
ground in suggesting that skilled typing
was achieved by expanding the size of
verbal units from single characters to
words and perhaps even phrases.

Fifteen years after Book’s proposal
the importance of large units of analy-
sis to the skill of typing was empirical-
ly demonstrated by John E. Coover. He
phrased his finding succinctly: “If copy
is presented one letter at a time, so that
as soon as the letter is typed another
automatically appears, the expert’s per-
formance is reduced to a series of reac-
tion times to the letters, and his rate
is greatly reduced.” This observation is
readily verified with the aid of a com-

puter. In the procedure I have imple-
mented on a computer in my laboratory
at the University of Missouri at Colum-
bia typists see written material in a “pre-
view display” that can be varied from
one character to 39 characters. That is,
the material shown to them on a vid-
eo terminal can range from zero to 38
characters ahead of the character they
are typing. They type at a standard key-
board, and the time (in milliseconds) be-
tween their successive keystrokes is au-
tomatically recorded and stored, along
with the character typed.

Many typists have now been tested
with this procedure. The results are uni-
form in that every subject tested typed
very slowly when the preview was most
limited and typed faster when the pre-
view size increased. The preview size at
which the typing rate first equaled its
normal rate (its rate with unlimited pre-
view and with a record of the typing that
was visible to the typist) ranged from
three to seven characters. (The 10 typists

in the study varied in age from 20 to 40
and had gross typing rates, that is, rates
uncorrected for typing errors, that var-
ied from 50 to 75 words per minute.) If
the typing rate is affected by the visu-
al availability of characters up to seven
spaces in advance of the character being
typed, one must conclude that the typist
attends to these characters. Thus there
must be a gap or span between the char-
acters receiving the attention of the eyes
and the character whose key is being
pressed. Similar estimates of such a gap
have been reported in analyses of eye
movements recorded in typists.

How does preview confer an advan-
tage, so that the limitations of re-
action time are circumvented by skilled
typists? The reason is still in dispute.
The possibility Book would favor is that
typists developing their skill move from
a mode in which they analyze character
by character to one involving larger
units such as words and phrases. Thus

DISPLAY The h e e c ca calt at It G [**-
RESPONSE T h e (SPACE) c a t /
600 |- —20
LIMITED PREVIEW
500 — (REVERSED TEXT) o4

400 —

LIMITED PREVIEW
(NORMAL TEXT)

TIME PER KEYSTROKE (MILLISECONDS)

TYPING SPEED (WORDS PER MINUTE)
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200}» — 60
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— 80
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LIMITED PREVIEW diminished the typists’ speed. Each typist faced a screen on which a text
always remained a certain number of characters ahead of the character the typist was typing.
(In the example at the top the text is “The cat climbed ...” and the previewsize is three.) The typ-
ists’ speed approached normal speed only when the preview size approached seven. A similar
effect was seen even when the text was randomized by reversing each word letter by letter.
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the skilled typist is assumed to impose
groupings on both the input (the text to
be typed) and the output (the sequence
of keystrokes). The input groupings
amount to perceptual “chunks.” Proba-
bly they consist of syllables or common
words, evidently having three to seven
characters. The output groupings are
similar to what contemporary theorists
call motor programs and consist of inte-
gral sequences of essentially automatic
keystrokes. In effect the typing of a giv-
en output grouping is taken to be ballis-
tic: it requires only a start signal, af-
ter which nothing affects the execution
of the movement. According to this
hypothesis, maximum typing speed re-
quires a preview of three to seven char-
acters because a smaller preview crip-
ples the ability to group.

Shortly after Book made his sugges-
tion a number of people proposed the
competing idea that typing speeds cir-
cumventing the choice reaction time
are accomplished by an overlapping of
“processing operations.” August Dvo-
rak, a strong advocate of this position,
was also a critic of QWERTY and the
inventor of an alternative keyboard.
Dvorak, like Book, asked why typing
strokes are faster than isolated choice-
reaction-time responses. “The answer,”
he wrote in 1936, “is that even with a
two-letter sequence, while the first finger
is stroking, the second finger is starting
its play for position and overlapping its
stroke with the first.”

The processing operations can be giv-
en modern labels remarkably similar
to the ones incorporated in recent
“stage theories” of choice-reaction-time
tasks. They might begin with encoding:
the perception of each character. Then
would come the categorization of the
stimulus (say into the class of the left- or
right-handed keystrokes), the fixed deci-
sion as to which finger must type and
finally the preparation and execution of
the actual typing movements. On this
hypothesis maximum typing speed re-
quires a certain preview because the
visual availability of text characters
allows the sequence of processing op-
erations to be executed in parallel for
a number of characters, the late stages
of one sequence accompanying the ear-
lier stages of others instead of the strict
succession dictated by the availability
of only one character at a time.

Some support for the “chunking hy-
pothesis” (the one that Book would fa-
vor) is available from an analysis of the
time intervals between the keystrokes
made by a typist who repeatedly types
the same text with unlimited preview.
Under these circumstances a typist is
generally quite consistent in the tempo-
ral pattern of keystrokes composing a
given word, as though the individual
keystrokes were under the control of a
single motor program. The consistency
cannot simply be attributed to the differ-
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CHUNKING HYPOTHESIS is an attempt to account for both the preview effect and the
remarkable speed of skilled typists. It proposes that the material to be typed gets mentally
“chunked” into multicharacter units (here words) and that the typing of each unit is governed
by an autonomous “motor program.” If the preview is too limited, chunking is counteracted.
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OVERLAPPING OPERATIONS is a competing hypothesis. It proposes that typing of each
character proceeds in steps (here five) such as perception of a character, its assignment to a
hand and so on, and that the steps overlap. If preview is too limited, overlapping is counteracted.
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The quick brown fox jumps over the lazy dog

TEMPORAL PATTERN OF KEYSTROKES over 10 typings of “The quick brown fox...”
by one typist seems at first to favor the chunking hypothesis. A given letter (such as o) is typed at
different speeds in different words, as if it were under the control of different motor programs.
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ing accessibility of various keys or to
variations in the strength or dexterity
of individual fingers, because the same
character turns out to be typed with dif-
ferent latencies in different contexts. An
example is the letter o in the familiar
sentence “The quick brown fox jumps
over the lazy dog.” The typists I studied
typed it with an average latency of 370
milliseconds in the word brown, 160 mil-
liseconds in fox, 185 milliseconds in over
and 130 milliseconds in dog.

Further results, however, suggest im-
portant qualifications of the chunk-
ing hypothesis. If the hypothesis is inter-
preted literally and the characters of a
word are organized into a strictly ballis-
tic motor program, one might predict
that errors made at any point in its exe-

cution would go undetected until at least
the end of the program. The prediction
can be examined by an analysis of the
errors committed in normal typing. It
has been reported (in fact, the first re-
ports came soon after Book’s pioneering
work) that the keystrokes accompany-
ing the first intimation on the part of
the typists that an error has been made
are partially inhibited, in that they are
weaker or delayed with respect to nor-
mal typing. These phenomena might
serve, then, as a marker of the instants
when errors are detected. The markers
do have a drawback: it is difficult to pre-
dict a typist’s groupings. A preferable
strategy is to assume that groupings
do not exist. Errors could then be de-
tected immediately. A failure to find
evidence of immediate error detection
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TYPING ERRORS weaken the chunking hypothesis. Four errors are shown: substitution (@),
such as caet instead of cart; intrusion (b), such as carrt instead of cart; omission (c), such as cat
instead of cart, and transposition (d), such as crat instead of cart. In each case typists slowed
one keystroke after the error (dark color) was made. The slowing is taken to signal awareness
that something is wrong. The chunking hypothesis implies errors cannot be detected that soon.

132

© 1984 SCIENTIFIC AMERICAN, INC

would therefore tend to support the
notion that typing is controlled in multi-
character groups.

I determined the median latencies for
the keystrokes before and after each of
four types of errors: substitution errors
(typing caet instead of cart, for example),
intrusion errors (carrt instead of cari),
omission errors (cat instead of carr) and
transposition errors (crat instead of
cart). The interpretation of the omission
results is difficult: the latency of the
omitted keystroke might be incorporat-
ed into that of the next keystroke. In
addition some errors are not detected
unless the typist proofreads the typed
copy. No error-detection phenomena
could reasonably be expected from un-
detected errors. Nevertheless, my re-
sults suggest that a large proportion of
errors are detected immediately, and
not at the end of multicharacter groups.
This is not to say output groupings can-
not exist. It does, however, indicate that
the control of typing is not complete-
ly relinquished to multicharacter motor
programs.

Additional evidence for the conclu-
sion that keystrokes are controlled in
units smaller than words or syllables has
recently been provided by Gordon D.
Logan of the University of Toronto. Lo-
gan employed a technique in which typ-
ists were instructed to stop typing when-
ever they heard a tone. He reasoned that
if word-length motor programs con-
trolled typists’ keystrokes, the typists
would type to the end of a word regard-
less of both the “position” of the stop
signal and the number of letters remain-
ing to be typed. Logan found that re-
gardless of word length the typists hear-
ing the tone actually stopped after an
average of only one or two letters.

third piece of evidence that weakens
the chunking hypothesis emerges
from a comparison of the typing of nor-
mal and random texts. The chunking hy-
pothesis leads to two predictions about
the typing of random texts. First, the
process of chunking calls for the match-
ing of grouped input material to prees-
tablished motor programs, and so the
process should be disrupted by material
that does not have the familiarity of nor-
mal English. Hence the rate of typing
should be greatly reduced. Second, a
random text is not amenable to chunk-
ing even with unlimited preview. Hence
the rate of typing should not be affected
by reducing the size of the preview.
These predictions were examined by
having typists type sentences where each
word had been reversed letter by letter.
The resulting text is not genuinely ran-
dom, but it does have the advantage of
disrupting the familiar letter sequences
and word organizations of English while
preserving the letter frequencies and the
pattern of interword spacing. Preview
sizes of 19 characters and one character



were presented, and typists performed
under each condition twice. The first
prediction proved to be true: typing
speed was impaired. The second predic-
tion proved to be mistaken: the viewing
of 19 characters resulted in markedly
faster typing than the viewing of one
character at a time. Thus the preview
effect is pronounced. Indeed, increasing
the number of visible characters pro-
vided nearly as much relative advan-
tage with the meaningless material as
it would with normal text. It seems to
follow that the benefits of presenting
more than one character at a time are
not simply attributable to the input
chunking and output chunking of mean-
ingful patterns.

The chunking hypothesis is weakened
still further by the finding that the laten-
cies of successive keystrokes have a rela-
tively low correlation. That is, the time
it takes a typist to make a given key-
stroke proves to have little relation to
the time it takes the typist to make the
next keystroke. If the successive key-
strokes were within an output grouping,
one might expect to find such a relation.
If the first keystroke takes longer, the
second one should too. After all, they
would both be under the control of a
single higher-order process.

Finally, the chunking hypothesis is
weakened by the finding that there is no
relation between the length of a word
and either the latency of the first key-
stroke in the word or the median inter-
val between successive keystrokes in
the word. The reason a word-length
effect might have been expected is that
the time needed for a motor program
to be “retrieved” and “prepared for ex-
ecution” (to borrow the terminology
of computer science) should be related
to the number of units (separate key-
strokes) governed by the program.

No single item among these lines
of evidence is conclusive in itself.
Taken together, however, the findings
strongly imply that typing speeds cir-
cumventing choice-reaction-time rates
are unlikely to be accountable solely to
a switch from single-character to sylla-
ble- or word-length units of analysis.
Why, then, does the chunking hypothe-
sis seem so compelling? One explana-
tion might be the strong subjective im-
pression among most skilled typists that
they need only think of a word and it
seems to be typed automatically. This
impression may be due more to the typ-
ist’s input than to any output processes.
In particular, the lifelong habits of read-
ing probably include the perception of
written language in multicharacter in-
put units. Thus a manuscript in the proc-
ess of being typed may get perceptually
chunked by syllable or word. After that
the preparation and execution of the dis-
crete motor acts that constitute typing
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LACK OF SYSTEMATIC CORRELATION between the speeds of keystrokes made in suc-
cession by people typing “The quick brown fox...” also weakens the chunking hypothesis.
Each dot shows the correlation between the time required for a given keystroke and the time
required for the preceding keystroke. The scale ranges from 1 through 0 to —1. A correlation
of 1 means that an increase in one of the variables is always accompanied by a proportionate
increase in the other. A correlation of —1 means that an increase in one variable is always ac-
companied by a proportionate decrease in the other. A correlation of 0 means that the varia-
bles have no relation. The broad scatter of points suggests that the characters in each word can-
not be part of a higher-order chunk. Broken line in the chart shows correlations among key-
strokes obtained from the typing of the in nonrepetitious material. Again no relation emerged.
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LACK OF WORD-LENGTH EFFECT weakens the chunking hypothesis still further. The
hypothesis predicts that motor programs for long words should take longer to “retrieve” and
“execute.” Yet the median time per keystroke needed to type a word (black curve) and the time
needed to type the first letter in it (colored curve) are independent of the length of the word.
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may proceed in ways utterly inaccessi-
ble to conscious awareness.

How can the evidence that seems to
favor the chunking hypothesis (for ex-
ample the consistency in the temporal
patterns of keystrokes making up the
words in “The quick brown fox...”) be
explained if not by a motor program?
Specifically, how can the evidence be
explained by the competing hypothesis
that skilled typists make their processing
operations overlap? One possibility is
that the time required for a keystroke
depends on factors such as the position
of the preceding keys and subsequent
keys and the direction in which specific
fingers must move. The importance of
these factors is documented by the find-
ing that the time needed for a keystroke
is less when the preceding keystroke was
made by a.finger of the opposite hand.
My own studies of normal typing show
that opposite-hand sequences of two
keystrokes are executed an average of
40 milliseconds faster than same-hand
sequences. Similar effects have been re-
ported by earlier workers investigating
sequences involving the same finger or
different fingers (the latter are faster)
and the same row or different rows of
the keyboard. (The results are a bit
complicated; for example, the index fin-
ger moves inward on a row faster than
it moves to a different row.)

One might also expect that the rela-
tive frequency with which particular se-
quences of letters have been typed in
the past is important, so that common-
ly typed sequences are executed faster
than less-practiced ones. This possibility
can be examined by calculating the cor-
relation between two variables: on the
one hand the frequency of occurrence of
various two-letter sequences in English
and on the other the latency between the
two keystrokes in each sequence as
the sequences arise in the course of nor-
mal typing. The range of occurrences
is great: from zero percent for sequen-
ces such as gz to 3.68 percent for the se-
quence th. Therefore I worked with the
logarithms of the frequencies of occur-
rence. The correlation turned out to be
low: only some 4 percent-of the varia-
bility in the latency between keystrokes
could be attributed to the variability in
the logarithm of the frequency of occur-
rence of two-letter combinations. Nev-
ertheless, the average latency decreased
by about 52 milliseconds for each log-
unit increase in frequency. Thus a fre-
quency effect emerges. I have not done
a similar analysis for longer sequences,
but it is reasonable to guess that three-
letter combinations might also show a
frequency effect. It has been estimated
that only 104 three-letter sequences
(out of 263, or 17,576) account for near-
ly half of the occurrences of three-let-
ter sequences in English.

So far I have emphasized the similar-
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TYPING OF TWO-LETTER COMBINATIONS suggests one reason typing speeds for a giv-
en letter tend to vary from word to word. In each case the letter 4, typed by the right index fin-
ger, was preceded by a letter typed with the opposite hand. In ¢/ and gh (left) the t and the g are
typed by the left index finger; th is commoner in English. (Frequencies of occurrence are in pa-
rentheses.) In c/ and eh (middle) the ¢ and the e are typed by the left middle finger; c/ is the
commoner. In wh and xh (right) w and x are typed by the left ring finger; wh is the commoner.
The time required to type / is greater for the / in each of the less common combinations.

ities among typists. I should also men-
tion the differences. One of these is
the extent to which typists comprehend
what they type. In the course of my stud-
ies some typists reported they had virtu-
ally no idea of the content of what they
typed. Others said they could compre-
hend the material at least as well as if
they had merely read it. Their subjective
reports are supported by their scores on
posttyping comprehension tests, which
ranged from 12.5 percent correct re-
sponses to 75 percent.

nother way in which typists dif-
fered was in the frequency with
which they made errors of various types.
The least frequent type of error for
all typists was transposition, but the
most frequent type was either intrusion,
omission or substitution. The duration
of the keystrokes associated with er-
rors also varied. Some typists made ex-
tremely fast keystrokes by pressing two
fingers almost simultaneously. The first
keystroke would come with a normal
latency, the second would come per-
haps 10 milliseconds later. The error
(often an intrusion error) might be ei-
ther one of the strokes.

All things considered, it appears that
the limits of reaction time are circum-
vented primarily because skilled typists
have learned to overlap the perform-
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ance of many of the operations involved
in making keystrokes. This overlapping
is impossible when the material to be
typed is displayed only a few characters
at a time. What does this conclusion im-
ply for the understanding of skill? First,
the results from the study of typing are
consistent with results from the study
of other perceptual-motor activities in
suggesting that a cognitive component
is present in nearly all skilled behavior.
Attention to characters ahead of the one
being typed may be due to the develop-
ment of multicharacter units of analysis
and execution or it may be due to the
overlapping of processing operations.
Either way, the mechanisms are high-
ly rational adaptations to the limits of
processing character by character.
Second, the processes mediating be-
tween the input and the output in typing
are exquisitely coordinated: the skilled
typist does not often hesitate. The inten-
sive practice necessary to achieve high
levels of skill appears, then, to result in
the elimination of unnecessary opera-
tions, in the ability to execute more than
one operation at a time and perhaps in a
reduction in the attention demanded of
the typist by certain operations. These
characteristics may be common to a
wide variety of activities and so may
serve as some of the goals toward which
any kind of training should be oriented.
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How to stop a spinning object by humming

and perceive curious blue arcs around a light

by Jearl Walker

The next time you are watching a
spinning propeller, rotating fan
blades or anything else turning
rapidly, start humming. By changing
your pitch until you reach a certain fre-
quency you can make the rotation (as
you perceive it) seem to slow down, stop
or move slowly in the opposite direc-
tion. Another visual illusion you can test
yourself is the appearance of blue arcs
when you look under certain conditions
at a small light. The humming experi-
ment can be explained but the blue-arc
illusion remains something of a puzzle.

It is usually possible to perceive any
regular fluctuation if its frequency does
not exceed about 40 hertz (cycles per
second). At higher frequencies the fluc-
tuations blend together. Imagine a pat-
tern of radial black and white sectors
mounted on the turntable of a phono-
graph and rotating at 33/ revolutions
per minute. If the pattern moves across
your field of view slowly enough be-
cause the rotation is slow or the sectors
are wide, the sectors remain visible. At
higher speeds the sectors blend into a
uniform gray.

In 1967 W. A. H. Rushton of the Uni-
versity of Cambridge reported that an
observer can stroboscopically “‘freeze”
such a rotating pattern even when the
motion is fast enough to fuse the sectors.
All the observer has to do is to hum at
the appropriate frequency. At a slight-
ly lower frequency the strobe pattern
moves slowly in the same direction as
the true rotation. At a slightly higher
frequency itreverses direction. The find-
ing was made independently in 1974
by Marlin S. Werner of the Speech and
Hearing Center in Oakland, Calif. The
cause of the stroboscopic effect was in-
vestigated further in 1979 by H. A. K.
Mastebroek and J. B. van der Kooi of
the Laboratory for General Physics at
Groningen in the Netherlands.

The radial pattern employed by Rush-
ton is on a disk often supplied with
home audio equipment for checking the
speed of the turntable. The check is
made by illuminating the disk with a
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household lamp energized by alternat-
ing current. In the U.S. such current re-
verses direction at a frequency of 60
hertz, causing the lamp to fluctuate in
brightness at a rate of 120 hertz. The
black and white sectors on the disk are
spaced in such a way that when the turn-
table rotates at the right speed, the fluc-
tuations in the light from the lamp
stroboscopically freeze the motion of
the sectors.

Suppose that when the lamp is bright-
est, a white sector is at a certain position
in your field of view. The lamp dims and
then brightens again, too fast for you to
perceive it. By then the motion of the
disk brings the next white sector into
the same position. Each time the lamp
brightens, another white sector is at that
position. This matching of the rotation
rate of the disk and the fluctuation in
the lamp’s brightness creates the illusion
that a single white sector remains fixed
in position.

If the turntable is turning a little too
fast, the pattern moves slowly in the di-
rection of the true rotation. On one
brightening you find the white sectors in
a certain orientation. By the next bright-
ening the turntable has moved them be-
yond that orientation. Each new bright-
ening reveals the same advance. You
misinterpret the motion as a slow rota-
tion of the pattern in the direction of
the turntable’s movement. On the other
hand, if the turntable is rotating a little
too slowly, the successive illuminations
of the pattern generate the illusion that
it is turning slowly backward. In each
case the speed of the migration indicates
how much the turntable is off speed.

Rushton experimented with a strobe
disk intended for use in Britain to check
33Y,-r.p.m. turntables. Alternating cur-
rent reverses at a frequency of 50 hertz
in Britain, causing the lamp to fluctu-
ate in brightness at a rate of 100 hertz.
The corresponding time between bright
phases of illumination is .01 second.
The strobe disk was laid out with its ra-
dial sectors spaced so that the rotation
of one white sector into the place pre-
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viously occupied by another white sec-
tor in an observer’s field of view took
.01 second. When Rushton viewed the
disk on a turntable running at the right
speed, the pattern seemed to freeze.

As one might expect, stroboscopic ef-
fects disappear in steady illumination
such as sunlight. Rushton discovered,
however, that even in steady light he
could freeze the pattern by humming at
a frequency of about 100 hertz. If he
hummed slightly flat, the pattern mi-
grated slowly in the true direction of ro-
tation. If he hummed slightly sharp, the
pattern migrated slowly in the opposite
direction. Other sources of sound in the
room had no effect.

How does the vibration of humming
give rise to the stroboscopic effect? Does
it perhaps shake the optic nerve in such
a way that the transmission of signals
to the brain is periodically diminished
or delayed? Rushton devised an experi-
ment to check this possibility. His idea
was to force a delay in the transmission
of an image to his brain.

For this purpose he resorted to a dark
filter. When light falls on the retina, the
information is sent immediately to the
brain. If the light then gets dimmer, the
information is delayed by as much as
several milliseconds. Rushton’s thought
was that if the vibration from his hum-
ming was jarring nerve fibers or some-
thing else in the pathway leading from
the retina to the brain, then dimming his
view of the rotating pattern would make
a steady stroboscopic pattern migrate
because of the imposed delay. He ob-
served no migration, thereby ascertain-
ing that the humming does not act on
the pathway leading from the retina. In-
stead it apparently acts on the eye as a
whole. The facial bones conduct the vi-
brations of humming from the mouth
and throat up to the eyes.

Rushton’s explanation was the subject
of a paper by Mastebroek and van der
Kooi. The illustration on page 138 is
pertinent to their analysis. The black-
and-white pattern on a rotating turnta-
ble sweeps across the observer’s field of
view. In the illustration the motion is
shown in relation to a fixed axis in a
room. The eye, which is made to oscil-
late vertically by humming, is in its up-
permost position in part a. The frequen-
cy with which whi‘e sectors are replaced
in the field of view is matched by the
humming frequency and thus by the vi-
bration of the eye.

In part a of the illustration a white
sector lies on the optic axis that runs
from the center of the field of view back
to the retina. The sector is the central
image on the retina. In parts 4 and ¢ the
disk pattern and the eye move down-
ward in phase, maintaining the white
sector as the central image on the retina.
In parts d, e and fthe disk pattern con-
tinues to move downward as vibration



moves the eye upward. The white sector
that was previously central on the retina
shifts upward. Meanwhile a dark sector
is imaged briefly on the center of the
retina. In part fthe cycle begins again.

For most of a single vibration of the
eye the center of the retina receives an
image of a white sector. Other points
spaced periodically along the retina are
also mostly illuminated by white sec-
tors. At all such points neither the white
images nor the dark ones are perceived
individually because of the rapidity of
the vibration. Instead the visual system
averages the brightness over a full vibra-
tion, giving the white-image points a
bright average. The points on the retina

<

A

that receive mostly images of the dark
sectors yield a darker average. If the ob-
server is humming at the right frequen-
cy, this pattern of averages is reinforced
with every oscillation of the eye. Al-
though the pattern is less distinct than
the one on the disk (when it is station-
ary), it is still observable.

Many similar stroboscopic effects in-
duced by humming can be observed.
Werner has described how humming
can make the image on a television
screen unstable. He stood about 30 me-
ters from a television set and hummed
through his teeth at a frequency of 60
hertz. Philip C. Williams and Theodore
P. Williams of Tallahassee, Fla., had

A pattern for testing the speed of a turntable
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previously reported how humming can
alter a television image. In their obscr-
vations the humming created on the
screen an illusion of horizontal dark
lines. By controlling the frequency of
the hum the hummer could hold a line
stationary on the screen or move it up or
down. Certain higher frequencies (ap-
parently harmonics of the lowest fre-
quency) yielded multiple lines. On both
black-and-white sets and color sets the
lines were gray.

Werner also described how humming
can stroboscopically freeze spokes on
rotating automobile hubcaps and lug
bolts on rotating truck wheels. An ob-
server driving past a picket fence can

.

W



freeze the pickets by humming. I have
heard of people who can ascertain the
frequency of a fluorescent lamp by
humming.

The most curious report of a strob-
oscopic effect was published by J. L.
Scott-Scott of Nuneaton, Warwickshire,
England. He hit on a way of determining
the direction of rotation on an airplane
propeller. He made his head vibrate by
allowing his tongue to flutter gently
against the roof of his mouth as he ex-
haled. He began with a high frequen-
cy of vibration and gradually brought
the frequency down until the propellers
were stroboscopically frozen. He then
decreased the frequency a little more.
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The slow migration of the strobe im-
age of the propellers revealed their true
sense of rotation.

I made a strobe disk by taping a large
sheet of white paper onto one side of a
long-playing record. I put a reference
point on the paper at the center of the
hole in the record. Then I marked off
radial sectors one degree in width. (All
the measurements must be completed
before the record is put on the turnta-
ble because the spindle breaks through
the paper and obliterates the reference
point.) I filled every other sector with
black ink.

When I rotate the disk at 33, r.p.m,,
the turntable is running at a frequency
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How movements of the eye caused by humming can ‘“freeze” a moving pattern
Yy y
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of .555 hertz. Since I had arranged 180
pairs of black-and-white sectors around
the disk, the frequency at which a cer-
tain arrangement of the pattern is re-
peated is .555 hertz multiplied by 180
pairs, or about 100 hertz.

It was tedious to make the disk, and
the result was marred by variations in
the blackness of the dark sectors. When |
rotated the record at 33Y; r.p.m., I was
easily distracted by the variations in the
ink. Other features of the rotation also
made me follow the movement of the
record instead of fixing my gaze on one
area. With experience I learned to ig-
nore most of the distractions and to con-
centrate on the gray blur.

When I illuminated the rotating pat-
tern with an alternating-current house
lamp, [ saw only the blur. The light flick-
ered at a rate of 120 hertz, higher than
the frequency of 100 hertz needed to
freeze the pattern. With the turntable in
sunlight I tried to hum at approximately
100 hertz in order to freeze the pattern.
Although I could sweep my humming
frequency through the proper range, I
failed to freeze the pattern, largely be-
cause I cannot hold a note of one pitch.

I then turned to an easier method of
making my head vibrate. I attached a
speaker to an audio amplifier driven by
a signal generator. Setting the amplifi-
cation high, I stuck my chin inside the
speaker cone. My head vibrated. With
one hand I slowly swept the frequen-
cy of the oscillator through a region
around 100 hertz as I stared at a section
of the rotating pattern. The section I
chose was on the right side of the record
as I faced it. There the pattern descend-
ed in my field of view.

At a frequency of about 100 hertz
a faint, stationary strobe pattern was
perceptible against the gray blur. As I
moved to slightly higher or lower fre-
quencies the strobe pattern migrated in
the ways described by other people.
Even without looking at the frequency
control I could consistently freeze the
strobe pattern at the same frequency.
When I took my chin out of the speaker
cone or moved the frequency well off
100 hertz, the strobe pattern disap-
peared immediately.

You might like to make your own
strobe pattern and continue the experi-
ment. You could also experiment with
other vibrating or rotating objects. Can
you freeze their motions with an appro-
priate hum?

Early in the 19th century Johannes
Purkinje, one of the pioneers in
physiological optics, discovered that the
light from a small piece of glowing tin-
der created two blue arcs across his field
of view. Although the arcs soon faded,
he could control their brightness and
duration by moving the tinder up and
down, sweeping its light across different



[f you want to invest In
WATCHW OBDo European technology but
haven't found a car priced within reach—look at Renault
Alliance. Independent suspension with unique twin coaxial

torsion bars for a quiet,

smooth ride. Sedan com- TECIm OLOGY
fort for five, with Renault’s exclusive pedestal seats for extra
rear seat leg room. Power front disc brakes. Electronic fuel
injection for an outstanding 8@ EST HWY, (38| EPA EST
T MPG.* Renault Alliance. Built in
/ _ﬂ.&\ _ America ar}d priced to k{ﬁng afforda-
W : == Dbility to European Technology:

S am ) $5989** It's the one to watch B

- f
Alliance 2-door
* Mil g may v ,-.nlr 5 u r ; angth wl_-all r tua 2\« y a :I(_.n

rq ower M ulac l qq reta I

cen e- .'|¢1'| atic r arges _,n,ru.r.s-‘;u|;.n|-gr.1 ._-,r.-a \
Bmlt by Amencan Motots ‘ ‘

© 1984 SCIENTIFIC AMERICAN, INC




On the way up,
the work
may not get easier,
but the rewards
get better

Johnnie Walker
Black Label Scotch

Lal

12 YEAR OLD BLENDED SCOTCH WHISKY
86 8 PROOF BOTTLED IN SCOTLAND
IMPORTED BY SOMERSET IMPORTERS, LTD, MY & 1983

TI'TT‘TTI' T ]—]'_T'_T 1 ]T

5 ﬁ
== b-
fSol—c of
4 d
& ¢ '\‘\
oy W
9 . A\
P b \\\\.}\
S —— __—_-;'
(000 (O A | PRI A T A W
5 o ) 10

Degrees horizontal

Arc locations for the right eye

parts of his retina. If the arcs faded, he
couldregenerate them by readapting his
eyes to darkness for a few minutes.
The cause of the blue arcs, and partic-
ularly the reason for their being blue,
has been a physiological puzzle ever
since. Many investigators have studied
the relation between the place on the
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J. D. Moreland’s stimulus locations

retina that is illuminated and the shape
of the arc that is generated. Recent pub-
lications by J. D. Moreland, formerly at
the Institute of Ophthalmology in Lon-
don, provided me with detailed instruc-
tions on how to repeat the observations.

Moreland suggests the following pro-
cedures for viewing Purkinje’s arcs. Al-
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low one eye to adapt to darkness for at
least one minute but not more than three
minutes. Switch on a small light. (A yel-
low or red light in the range of wave-
lengths between 510 and 620 nanome-
ters is best.) Depending on the location
of the light in your field of view, you
should see one or more arcs for about a
second. For repeated displays turn on
the room lights for two or three minutes
every five minutes. During the dark peri-
od turn on the yellow or red light for
half a second, repeating the stimulus ev-
ery four seconds.

If bright, clear arcs are to be seen,
both the orientation and the size of the
stimulus light are important. A small
rectangular source works well because it
can be positioned to excite several over-
lapping arcs whose brightness can be
summed by the visual system. If a rec-
tangular light source is in the part of the
field of view toward the nose, its long
side should be vertical. If it is in the part
of the field of view toward the temple, its
long side should be horizontal.

The reason for the preferred orienta-
tions has to do with the amount of the
retina that is illuminated and with where
in the field of view the arcs appear. Ev-
ery small section of a narrow rectangu-
lar source creates a uniquely shaped arc.
If the composite arc is to be bright and
clear, the spread of the individual arcs
should be small.

Several possible arcs for the right eye
are shown in the illustration at the top
left on the opposite page for a light
source that is a vertical slit. The width
of the slit is negligible. The height of
the slit occupies 15 minutes of angle in
the observer’s field of view. The point
labeled fis the point of fixation, that is,
the point in the field of view to which
you direct your gaze. (The image of this
point falls on the fovea, the most sensi-
tive area of the retina.) The graph of the
field of view is measured in degrees,
with the point of fixation at the origin.

If the slit is at point ¢, the large arc
passing through c is excited. (Only the
center of the arc appears in the illustra-
tion; the arc is actually one degree in
width.) When the light is meved to point
b, an arc is excited in the upper part of
the field of view. When the light is
moved to point d, an arc is generated in
the lower part of the field of view.

A slit longer than 15 minutes of angle
can excite many arcs. What the observer
sees is a composite. The visibility of the
composite depends in part on how the
individual arcs overlap. Suppose the slit
spans the field of view from b to ¢. The
composite is bright because the spread
in individual arcs is small enough to al-
low the visual system to sum their in-
tensities. Similarly, if the slit is long
enough to fill the span from ¢ to d, an-
other bright composite arc is created.

Still longer slits diminish the visibility
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of the composite arc. For example, if the
span of the slit is from a to ¢, the overlap
of individual arcs yields a composite arc
too wide for a complete summation of
brightness. This arc is wider than the one
generated by a shorter slit but is not pro-
portionately brighter. Perception is even
poorer if the slit is oriented horizontally
through ¢. With this orientation a large
number of arcs are excited to yield a
wide composite arc.

The illustration at the top right on
page 140 shows three general regions
in the right eye’s field of view where
Moreland considers placing light sour-
ces. Good arcs are generated if the light
source is in, say, section C and has the
curved shape depicted in the illustra-
tion. Arcs with a different position and
curvature are generated by a light stimu-
lus positioned and curved like section B.
A light stimulus like section A is differ-
ent. A blue spike appears if a narrow
light source is inserted between the point
of fixation and the blind spot (the spot
where the retinal nerve fibers exit to
the brain).

Moreland does the following demon-
strations of the various arcs. Place a rec-
tangular source of light in section 4. The
source should be about .66 degree wide
and about 2.5 degrees long. The proba-
ble appearance of the blue spike is
shown in part b of the bottom illustra-
tion on page 140. By rotating your head
you can bring the spike in line with
the stimulus as in part a. If the same
arrangement is presented simultaneous-
ly to the left eye, you get a striking view
of two blue spikes.

Next place a light source in section B.
For good results the source should be
about 4.5 degrees long and about .66
degree wide at its narrowest. The ends
are flared. This source generates two
arcs that are symmetrical if the source
is approximately symmetrical about the
line connecting the point of fixation and
the blind spot (part ¢). By tilting your

head you can complete or break the
symmetry of the arcs.

To demonstrate that the shape and the
positioning of the arcs depend strongly
on the position of the light source, set up
two light sources as is shown in part
d. One source occupies the upper half
of section C, the other the lower half of
section B. The resulting arcs are dis-
connected and have noticeably differ-
ent curvatures. When stimulus lights are
placed in all three positions, the result
is two horseshoe-shaped arcs and one
spike (part e).

In all these demonstrations arcs ap-
pear soon after the stimulus light is
turned on. Similar but fainter arcs can
be seen when a stimulus light is turned
off under the right conditions. The on
and off times of the room lights remain
the same, but now during the dark peri-
od the stimulus light is on for 3.5 sec-
onds and off for .5 second. You might
have to repeat this sequence 10 times or
so before the “off " arcs are visible.

As a light source Moreland suggests a
photographic safelight with a 60-watt
lamp covered with a red or yellow filter.
I found that almost any small light (such
as a penlight) covered with a red or yel-
low filter serves to generate arcs. My
filters were inexpensive ones that 1
obtained from the Edmund Scientific
Company (101 East Gloucester Pike,
Barrington, N.J. 08007).

To construct sources of light in the
forms suggested by Moreland attach to
a lamp a sheet of sturdy cardboard with
the appropriate form cut into it. Adjust
your distance from the lamp until the
angular size of the cutout in your field of
view is right. You can use a flat lamp of
the type normally employed for view-
ing and sorting slides.

I made most of my observations on
my home computer, which has a black-
and-white monitor screen. In my first ex-
periments I had a word-processor pro-
gram in the computer’s memory. The

blinking cursor on the monitor was the
light stimulus. Since the cursor is white,
I taped a red filter over the screen. To
create a point of fixation I typed in a
period near the center of the monitor.
With the cursor positioned to the left
of the period I fixed the gaze of my
right eye by concentrating on the peri-
od. After I had determined the best dis-
tance between my head and the moni-
tor I held my head in position with
books and other objects.

For other shapes and orientations of a
stimulus light I wrote a program (in BA-
sic) that could light various parts of the
monitor. The lighted pattern turned on
and off at a rate set by FOR-NEXT loops in
the program. For example, with a state-
ment of FOR K = 1 to 500: NEXT the pat-
tern remained on the screen until the
computer counted to 500. Another loop
kept the screen dark (except for the fixa-
tion point) for as long as I wanted. (I still
operated the room lights by hand.)

Many causes have been proposed
for the blue arcs. Purkinje and others
thought they result from the scattering
of light inside the eye. Other investiga-
tors suggested bioluminescence. Their
hypothesis was that the excitation of
nerve fibers by the stimulus light leads
to the emission of ultraviolet radiation,
which in turn excites light-receptor cells
in the arc regions.

These two hypotheses have been re-
placed by the hypothesis that the excita-
tion of nerve fibers by the stimulus light
gives rise to activity in adjacent nerve
pathways. One’s interpretation of the
additional activity is the perception of
blue arcs. The regions that appear to
be covered with arcs are actually not
illuminated.

The first step in the creation of the
perception of the arcs is to have a stimu-
lus light illuminate a small section of the
retina, exciting the cone cells there. The
nerve fibers connected to the cones are
then electrically active. Apparently the
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same fibers also electrically excite adja-
cent fibers connected to rod cells else-
where on the retina. Thus the observer
receives messages from cones that are
excited by light and from the nerve fi-
bers connected to rods that are not illu-
minated. The brain is misled into think-
ing the rods are excited by light too. The
rods happen to be laid out on the retina
in the shape of an arc.

Although this explanation of the arcs
is promising, the source of the blueness
of the arcs remains unidentified. The
rods are thought to be achromatic. How
then could the illusion of their excita-
tion deceive the observer into thinking
that he is seeing blue? Moreover, the
arcs are blue only when the eye is still
partially adapted to light. As the eye ad-
justs fully to darkness the arcs fade to
a dull white.

In 1977 Carl R. Ingling, Jr.,and Bruce
A. Drum of Ohio State University pre-
sented an explanation of the color of the
arcs that appears to solve the problem.
To follow their demonstration you need
to arrange a visual field that is dark on
one side and illuminated on the other.
Adapt your eyes to total darkness for
about 10 minutes and then stare at the
field. (The illustration on the preceding
page suggests a setup that is appropri-
ate for the right eye.) After several min-
utes replace this field with one that is
totally dark except for a small, faint
point of fixation and a slowly flashing
red light needed to stimulate the arcs.
The illustration indicates one type of
arc that can be seen.

The part of the arc lying in the side
previously adapted to illumination is
blue. The part lying in the side that was
dark-adapted is dull white. The border
between the two colors can be sharp if
the eye has been kept steady on the point
of fixation.

To repeat this demonstration on my
computer I included in the BASIC pro-
gram some commands that lighted the
right half of the screen long enough for
that side of my right eye’s field of view
to become adapted. The fixation point
was in the left part of the screen. In
the next step of the program the screen
went completely dark except for a slow-
ly flashing pattern and the same fixa-
tion point. As before, 1 had taped a red
filter over the place where the stimulus
pattern appeared.

Ingling and Drum’s explanation of the
colors of the arcs is based on a previous-
ly published model of retinal response
called the silent surround. In this model
a group of retinal photoreceptors is con-
sidered to consist of central cells that
respond to light and surrounding cells
that can sometimes modify the rate
at which the center directs signals to
the brain. A silent surround means that
when the center is unexcited, excitation

of the surround does not alter its firing:
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rate. When the center is excited more
than the surround, the surround inhibits
the center’s signals to the brain.

The silent surround might apply to
the generation of Purkinje’s arcs if the
center includes cone cells that are re-
sponsible for the information on yellow
and blue sent to the brain. The surround
consists of rod cells. Rods do not re-
spond to color, and so it would be im-
possible for them to directly color the
arcs. According to the hypothesis of
Ingling and Drum, however, the rods
supply the blueness indirectly when
they inhibit yellow signals from the yel-
low-blue cones in the center.

In modern color theory the perception
of color is thought to result from two
kinds of competition among cones. The
cones are specialized in their color re-
sponse. One type of cone responds to
red, another to green and a third to blue.
Apparently the visual system sorts the
three responses into two pairs of oppo-
nent colors: red and green as one pair,
blue and yellow as the other.

Purkinje’s arcs might arise as follows.
The stimulus light illuminates a small
section of the retina, exciting cones in it.
The cones have nerve fibers running
alongside fibers from other parts of the
retina, so that the electrical excitation of
the first group of fibers excites the sec-
ond group. Presumably some of the
nerve fibers in the second group are con-
nected to rods that are among the silent-
surround cells.

When the second group of fibers is
excited, what signal do the fibers trans-
mit to the brain? First, they signal the
illusion that the retina is illuminated
wherever they are connected to rods in
the surround. Second, the fibers might
also provide an illusion of blue, depend-
ing on the state of the centers of which
they are a part. If the eye is fully adapted
to darkness, the centers are not excit-
ed and transmit no color information.
Therefore the excitation of the rod fi-
bers sends a colorless signal to the brain.
The result is that the observer sees arcs
of dull white.

If the eye is not fully adapted to dark-
ness, the cones of the centers are still
sending color information to the brain.
In particular some of them are send-
ing the signal of yellow. The excitation
of the fibers connected to the rods sur-
rounding such cones then inhibits the
yellow signal; the effect is the transmis-
sion of a blue signal to the brain. Thus
the observer is misled into thinking cer-
tain regions of the retina are illuminated
with blue light.

In my November 1983 column on wa-
ter striders I incorrectly stated the
critical speed below which a water strid-
er does not generate waves. The speed
is not .23 centimeter per second but .23
meter per second.
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rewarding career in the
unique fields of solid-state
microwave and millimeter-
waves at Hughes’ Electron
Dynamics Division in
Torrance, California.

We are the leader in
millimeter/microwave
technology. And our rapid
growth coupled with an
expanding worldwide
market, has opened
immediate opportunities in
a variety of related areas
including:

* Advanced Millimeter-
Wave Subsystems Design
& Development

* Advanced Project
Management

* Semiconductor Devices
& Materials (GaAs, Si)
Development

~ o Monolithic Microwave/

Millimeter-Wave
Integrated Circuits

¢ FET Technology

* Wide Band Amplifiers
and Receivers

® Microwave/Millimeter-Wave
Components and
Subsystems Manufacturing
Engineering

® Phase-Lock Loop &
Analog/Digital Circuit
Design

® Mechanical & Packaging
Design

* Millimeter-Wave
Instrumentation
Your related microwave

experience and/or BS, MS,

or PhD degree (AA for

research assistants) can be

the key to a great future.

We offer excellent salary

and benefits, big-company

stability, and growth

opportunity. Your creativity
and initiative will be
encouraged and rewarded
because you will play an
important role in a dedicated
independent engineering
project team — rather than
working on a small portion
of the development of large
systems. That means a
much better chance for you
to grow, personally and
professionally. Also, you’ll
enjoy a stimulating lifestyle
in our modern beach area
community, in the heart of
Southern California.

If you're ready for a
challenge that’s far beyond
the ordinary, act now.
Please send your resume to:
Marianne Renz, Hughes
Electron Dynamics, Dept.
AS-2, P.O. Box 2999,
Torrance, CA 90509.

Creating a new world with electronics

MAKING WAVES IN MILLIMETER/MICROWAVE TECHNOLOGY

HUGHES

[
1
|
|
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HUGHES AIRCRAFT COMPANY

ELECTRON DYNAMICS

Equal Opportunity Employer
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“‘Imagine where we'd
all be today if wood

didn’t burn.

“We'd all be a little colder—and a lot poorer.

“With plentiful supply, people have turned back to wood to produce
dependable inexpensive heat from woodstoves and fireplaces.

“This new demand is coming at a time when we're losing a thousand
square miles of forestland each year to urban expansion and other people
pressures. So we've got to take extra good care of the forests we have.

“Our job is growing. For information on how you can help, write...”

s Society of

OF

=% American
Foresters

5400 Grosvenor Lane
Bethesda, MD 20814

Ralph Waite for America’'s
professional foresters
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“An excellent, even extraordinary book”*

An up-to-the-minute overview of the state of
recombinant DNA genetics, this eagerly
awaited book summarizes the history of the
recombinant DNA revolution. Nobel Laureate
James Watson and his colleagues survey the re-
cent techniques in recombinant molecular
genetics, explaining both the experimental
methods now in use and their dramatic results.

Enhanced by 174 exquisitely detailed illustra-
tions, RECOMBINANT DNA: A SHORT
COURSE explores such vital topics as tumor
viruses, movable genes, the experimentally
controlled introduction of DNA into yeast
cells, and the genetic engineering of plants.
Final chapters are devoted to viral vectors,
recombinant DNA and genetic disease, and the
science used in the recombinant DNA industry.

RECOMBINANT DNA: A SHORT COURSE

Qv

Wansvast Vs

James D. Watson,
Cold Spring Harbor Laboratory

John Tooze,
Eurvpean Molecular Biology
Organization

David T. Kurtz,
Spring Harbor Laboratory

Please send me
A SHORT COURSE at

copy (copies) of RECOMBINANT DNA:
82795 (cloth: ISBN 1483-3)
$17.95 (paper: ISBN 1484-1)
[J1 enclose a check made payable to W. H. Freeman and
Company (please add $1.50 for postage and handling; New
York, California, and Utah residents include appropriate
sales tax). Charge my [[] MasterCard []VISA.

Account# Expires _/ ___

Signature - T
(Credit card orders must be signed.)

“4 masterful biend of ‘bow-to’ metbodology with
brilliant particulars and conceptual
understanding wbich bears the unmisiakabie
imprint of J. Watson and the additional
authority of Drs. Tooze and Kurtz. The tbree in-

dividual styles bave somebow managed to

become integrated so that by and large the
cript sounds as if a single autbor bad

—SHERMAN BEYCHOK, Columbia [niversity*

Freeman and Company,
260 pages, 174 Hustrations.
g 7.95 Paper: $17.95

Name _

Address—— — o - e e

fi iyl W D€ L'k J T e RSt dip

@ W.H. FREEMAN AND COMPANY
B 4419 West 1980 South, Salt Lake City, Utah 84104

w2
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BREAKTHROUGH: | :

ONE IF BY LAND.
ONE BILLION IF BY
LASER.

The use of light to send simple messages is ¢
rooted in history. A new nation’s destiny once
hung on a single gleam.

Today our challenge is to use light for

ST LT

fri 1 ) g
edriiitily

I
]

communication through satellites. The problem: =)
How to make light pulse as fast as possible and =
contain as much information as possible. =
We taught a laser beam to pulse at a rate %
we wanted, split the beam, delayed it, folded it : g;‘[
backomtselfandpolanzegluhonzomallyand =S
. r-= g

at let us put two bits of information ;

Oursyslem designed for rapid and secure
communication between satellites and with
earth, will fly in space in the 1980s. Proven
in labs and in test flights, its capable of trans-
mitting the entire contents of a 24-volume set
of encyclopedia in a single second. -\

We create breakthroughs not only in infor- '
mation handling, but also in fields such as health
care, energy and aerospace, Hem” % |

We're McDonnell Douglas. ' t

_—
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The Toyota Supra. A sleek
and powerful driving machine.
Smoldering beauty. Scorching per-
formance. An automotive legend
in just three years. How does a car
earn such a glowing reputation?
The answer begins under the
hood, the heart of every perform-
ance car. For 1984, the 5-speed
Supra has been refined, squeez-
ing 10 more horsepower out of its
already hot engine. The compres-
sion ratio was raised, the
7+, intake mani-
, i, fold enlarg-
3 /é “ed for easier
engine breath-
ing and the ex-
* haust system
streamlined. As a result, the elec-
tronically fuel injected 2.8 litre
Twin-Cam six propels Supra from
0-60 in less than 8.6 seconds.
In the handling department,

standard features like indepen-
dent rear suspension, MacPherson
struts, variable assist power rack-
and-pmmn steerlng and wide

\, 225/60 HR 14
. radial tires
. on 14"x7"
alumi-
numalloy
/= '\ wheels,
give Supra superb cornering and
precise control. A new front air dam
was added to channel the wind for
less resistance and even better
road holding,

Inside the Supra, uncompro-
mising attention has been paid to
create the ultimate high perform-
ance environment. The Supra’s
now famous 8-way adjustable sport
seat won't take a back seat to any-
body else’s. In a review of the ten
best automotive features, Car and
Driver Magazine rated the Supra

THE NEW 1984 SUPRA
CHARIOT OF FIRE.
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OH WHATA FEELING!

TOYOTA

drivers seat as the best in the busi-
ness.” The drivers seat has a wide
variety of adjustments from a
unique pneumatic lumbar adjust-
ment system to movable thigh sup-
port and side bolsters. The dash
has every button,
knob anc\.’l switch

I

LI
AL

LY |
- . 4

H

within easy reach.

The 1984 Toyota Supra. Superb
performance and stunning beauty.
The right stuff to make a car a legend.
* Car and Driver Magazine, lanuary 983

BUCKLE UP—ITS A GOOD FEELING!




