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DODGE CARAVAN.
ATRANSPORTATION
REVOLUTION.

NOT AS LONG AS A FULL-SIZE STATION WAGON,
YET IT HOLDS 40% MORE CARGO. AND IT'S ABOUT THE
SAME HEIGHT AS THE AVERAGE AMERICAN WOMAN.
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Dodge Caravan. A truly revolutionary vehicle. It can handle th
adults plus 125 cubic feet of cargo. Or five adults. Even seven with the available®
rear seat. Yet it's shorter than a full-size station wagon, so it’s easier to maneuver
and park. And since Caravan stz inds a mere 5'5!" it's easy for you to get in and
out nt And 1I-c sy to get Caravan in and out of your garage.

Caravan’s 2.2-liter engine ratesan
est. hwy. of 37 and EPA est. mpg of [24]'—
impressive mileage for a vehicle of this sort.
Caravan also has front-wheel drive to handle
slippery surfaces outside and give you more room
inside. Yet for all of this, Caravan is remarkabl§
low-priced and even backed by Dodge’s 5 yearf

50,000 mile Protection Plan on engine, powertrain
and outer body rust-through.

The totally new Dodge Caravans
You've got to see it, sit in it, and drive it to beliewe
it. All of which can happen at your Dodge dealég
—where you can buy or lease™ your very owil
= — transportation revolution. Order one now.

The New Chrysler Technology
Quality backed by 5/50 Protection.

“Use EPA est mpg for componson Your mileage may vory depending on speed. distance and weather Actua! hwy mpg ond CA ests lower  **5 years or 50,000 miles wmcmy_ir'ﬂlﬂl’ﬁ
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The painting on the cover shows the restored skulls of four species that have
played an important part in modern understanding of human evolution (see
“The Descent of Hominoids and Hominids,” by David Pilbeam, page 84). At
the top left is the African Miocene ape Proconsul africanus. At the top right is
the larger and later Miocene ape Sivapithecus, best known from fossil deposits
south of the Himalayas; this genus was probably the ancestor of the living
Asian great ape, the orangutan. At the bottom left is the Australopithecus spe-
cies uncovered in Ethiopia, A. afarensis. At the bottom right is the species
Homo habilis, first found in Kenya. Both A. afarensis and H. habilis predate
the better-known Homo erectus, a species that first appeared in Africa about
1.6 million years ago and that was the immediate predecessor of Homo sapiens.
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At a freight yard in Austria,
the yard controller draws a red
bar on a video screen and
stops a rolling 70-ton train car
on a siding.

The controller makes a
green line on the screen and
sends another car along a
clear path.

And to make sure boxcars
for Buchs don't end up in
Buchenberg, the controller sets
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switch points with a pen point.

No ordinary pen, this light-
sensing stylus is the nub of a
computer railyard switching
system developed by the
people at ITT.

With it, the Austrian Federal
Railways controls the Wolfurt
yard by “writing” routing
instructions on a video terminal.

Controlled by an ITT micro-
processor, the video display

- Howa pen
can stop a train.

1
-

system is connected to a fail-safe
keyboard which can also direct
the yard's switches.

So even if the light-pen isn't
working, the trains will be.

In time, railways will use this
[TT technology in freight depots
around the world.

And that will help make rail-
road operations easier and more
productive.

All at the touch of a pen.

The bestideas arethe
ideas thathelp people. I T T

© 1984 SCIENTIFIC AMERICAN, INC

)22

) ©-l983 ITT Cor;;orahon, 320 Park Avenue, New York, N.Y. 100

3



LETTERS

“The Uncertainties of a Preemptive
Nuclear Attack,” by Matthew Bunn
and Kosta Tsipis [SCIENTIFIC AMERICAN,
November, 1983], raises an interesting
dilemma for the scientific community.
Bunn and Tsipis maintain the U.S. need
not worry because the Russians are such
poor shots that they cannot kill even our
present missile silos at an overpressure
of 2,000 pounds per square inch and a
spacing of five miles. Other respected
scientists, however, sought to discredit
the closely-spaced-basing concept for
the MX (Peacekeeper) ICBM by con-
tending the Russians are such unerr-
ing marksmen that they could kill “su-
perhard” silos spaced close enough to
create fratricide effects far worse than
those described by Bunn and Tsipis.
Perhaps the scientific community needs
to get its act together!

The truth appears to lie between these
two extremes. The Russians are not the
technological dwarfs Bunn and Tsipis
portray because the data they cite uni-
formly understate known Russian ac-
complishments. On the other hand, their
marksmanship is not of the “10-feet
tall” variety either.

RICHARD D. DELAUER

Under Secretary of Defense
Research and Engineering
Department of Defense
Washington

Sirs:

Bunn and Tsipis’ painstaking analysis
of the uncertainties of a preemptive
nuclear attack shows quite convincing-
ly that the vulnerability of ICBM’s has
been grossly overestimated. The article
is deficient, however, it seems to me, in
two important respects.

First, before spending so much time
and effort to demonstrate that ICBM’s
are not as vulnerable as had been main-
tained, should not the authors have tak-
en the trouble to tell us why we should
be worried about ICBM vulnerability in
the first place? Does the vulnerability of
our ICBM’s significantly threaten our
ability to deter nuclear attack? The au-
thors state quite flatly that it does, but
they offer neither proof nor reasoning to
support the assertion. With 4,656 U.S.
SLBM warheads—more than 10 times
the number required to lay waste the
U.S.S.R.—lurking quite invulnerably
under 300 million square kilometers of
ocean, it is not at all obvious that it does.

Second, the whole point of the ICBM
vulnerability controversy was the MX.
The MX was to be both accurate and
invulnerable, so that it could destroy,

4

but not be destroyed by, Russian
ICBM’s. The Pentagon exaggerated the
vulnerability of its own ICBM’s in order
to sell the MX.

RALPH CHERNOFF

Poughkeepsie, N.Y.

Sirs:

Dr. DeLauer further confuses the al-
ready difficult issues surrounding the
vulnerability of various ICBM basing
modes by implying that there are identi-
cal accuracy and fratricide issues as-
sociated with attacks on “dense pack”
and Minuteman silos. As we hope he is
aware, the high accuracies necessary
to attack the Minuteman silos are not
necessary to attack the closely spaced
dense-pack silos, since an inaccurate
weapon that missed one silo would hit
another.

Similarly, the fratricide encountered
in an attack involving a small number of
large weapons each aimed several hun-
dred meters apart from one another
would not be analogous to the fratricide
encountered in attempting to target two
warheads against each of more than
1,000 separate aim points. Moreover,
most of the debate over dense pack cen-
tered on attacks that might take place in
the future rather than in the present.
Thus there is no inconsistency; the scien-
tific community can rest easy.

Dr. DeLauer believes we make the
Russians out to be ‘“technological
dwarfs,” yet of the various estimates
publicly available we used those that
imputed the highest accuracy to Russian
ICBMs. If we had used the lower accu-
racy estimates given by the Internation-
al Institute for Strategic Studies, the kill
probabilities of Russian ICBM’s against
U.S. silos would be substantially lower
than those we calculated.

Mr. Chernoff is quite correct in his
judgment that the survival of the
ICBM’s is not central to our ability to
deter nuclear attack, for the simple rea-
son that several thousand thermonu-
clear weapons based on submarines
and bombers would survive even the
most successful attack on U.S. land-
based strategic forces. The Central In-
telligence Agency, the Office of Tech-
nology Assessment, the Navy and the
Rand Corporation all agree that U.S.
strategic submarines will be invulnera-
ble into the foreseeable future.

There are those who believe, how-
ever, that ICBM vulnerability is impor-
tant in and of itself. The argument over
this point is rather arcane. To summa-
rize it, some analysts have held that if
the U.S.S.R. launched an attack limit-
ed to U.S. ICBM silos, leaving U.S. cit-
ies intact, the U.S. could not respond
against Russian cities for fear that the
Russians would then escalate their at-
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tack to destroy a corresponding num-
ber of U.S. cities. Since the ICBM’s de-
stroyed in the initial attack are the only
weapons in the U.S. arsenal that could
deliver a “mirror image” strike against
the remaining Russian ICBM’s, these
analysts contend that the U.S. would
have no alternative but to give in.

This argument would be seriously
flawed even if U.S. ICBM s were immedi-
ately vulnerable. Since such an attack on
U.S. ICBM silos alone would result in
from 20 to 40 million casualties, more
than 20 times the total American casual-
ties in all previous wars combined, it is
inconceivable that the U.S. would not
respond, using some of the thousands
of surviving warheads. Such a situation
would probably escalate into an all-out
strategic exchange, in which the attacker
would be as totally destroyed as the at-
tacked. Thus it is unlikely that the cau-
tious Russian leadership would ever se-
riously consider such an attack.

There is a wide variety of targets for
such retaliation other than cities and
ICBM silos; even with only SLBM’s sur-
viving the U.S. would have many op-
tions available, any of which would
cause a level of retaliatory destruction
that would be completely unacceptable
to any rational attacker. Indeed, a re-
taliatory strike against Russian ICBM’s
(the only military purpose of the MX)
would be among the worsr options avail-
able to the U.S. When the Russian warn-
ing systems told them that U.S. ICBM’s
were on their way to destroy Russian
ICBM silos, it is likely the U.S.S.R.
would simply launch its remaining
ICBM’s against the U.S,, rendering the
U.S. retaliation both futile and suicid-
al. Moreover, given the deployment
of Russian ICBM’s (with four major
ICBM fields directly around Moscow)
an attack on Russian ICBM’s might
seem quite similar to an attack on Soviet
cities, further increasing the probability
that the war would escalate to the total
destruction of both nations.

As Bernard Brodie once pointed out,
the statement that a scenario is conceiv-
able is proved by the mere act of saying
so; whether it is worth a second thought
is another matter entirely. This scenario,
although it may be worth a second or
third thought, is not an adequate justifi-
cation for weapon systems as destabiliz-
ing and as expensive as the MX and the
Trident II. Since the arguments against
it are complex, however, and we did not
wish to deal with them in detail, we sim-
ply stated in our article that “concerns
have arisen” over the issue, leading to
Mr. Chernoff’s complaint.

MATTHEW BUNN
Kosta Tsipis

Massachusetts Institute of Technology
Cambridge



Red Adairand his Rolex stopped at nothing
to blow out The Devils Cigarette Lighter.

Red Adair puts out
oil-well fires.

The most famous of
them was nicknamed §
The Devil’s Cigarette
Lighter.

It was in the Sahara,
at a place called Gassi
Touil.

Every day,over 15
million cubic meters of
gas roared 200 meters
into the desert sky from
this terrifying blowout.

Working under
tons of falling water
to combat the heat, Red
and his team were able to maneuver
250 kilos of special explosive to within
half a meter of the base of the flames.
They set off the blast, and the fire was
out in a split second.

In the slightly less heated atmosphere
of the Rolex factory in Geneva, craftsmen
create a watch designed to withstand
the most appalling conditions.

Every Rolex chronometer we make is

officially tested night
and day for two weeks.
| The Rolex movement
must survive 15 days
of extreme tempera-
ture changes, hanging
§! unguarded by its

& rugged Oyster case.

But who could even
guess at the sort of
treatment a Rolex can
expect to receive on
the wrist of a man like
Red Adair?

In 1977, Red and
his team returned in
triumph from the
North Sea, after taming the Bravo
blowout, a mixture of boiling oil and gas
screaming out of the well-head at
several hundred k.p.h.

The Daily Mail’s reporter observed,
“Solid gold Rolex watches were clamped
to their wrists like a company badge’”
Some company. i1
Some badge. W

ROLEX

Pictured: The Kolex Day-Date Chronometer. Available in 18kt. gold, with matching bracelit

Write for brochure. Rolex Watch, U.S.A., Inc., Dept. 452, Rolex Building, 665 Fifth Avenue, New York, NY 10022.
World headquarters in Geneva. Other offices in Canada and major countries around the world.
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

MARCH, 1934: “Ultra-short radio
waves are from 10 meters down to
about one millimeter in length. Prof.
G. Potapenko of the Moscow Mining
Academy has succeeded in obtaining
waves as short as three centimeters.
Among the many technical applications
of high-frequency oscillations and ul-
tra-short waves their use in radio trans-
mission is the best-known. Ultra-short
waves are particularly well adapted for
this purpose because they can be fo-
cused and transmitted in the form of
narrow beaims of less than one square
meter cross-section. Recently, with the
help of ultra-short waves, important re-
sults have been obtained with regard to
what physicists call the problem of the
solid state of matter. A very promising
start in this direction has been made
by Prof. Potapenko and Dr. R. Sédnger,
working together at the California In-
stitute of Technology. These investiga-
tions have thrown new light especially
on the constitution of ferromagnetic
substances, such as iron, nickel and co-
balt. Ultra-short waves are destined to
become a universal tool in the hands of
scientists and engineers.”

“We wish to draw some merited atten-
tion to that extraordinary and little-ap-
preciated sky boat, the humble ‘blimp.’
We put the word in quotation marks be-
cause it is really a nick-name, being a
contraction of the official British Air
Service designation, ‘B-Limp,” which
applied to small dirigibles that had no
interior framework to help them hold
their shape. Since 1925 the Goodyear
blimp fleet has carried, in round num-
bers, 100,000 passengers and has cov-
ered a million and a half miles round
and about the United States. Blimps
have been used (1) to rescue persons
from terrain on which no kind of air-
plane could possibly land, (2) to land
passengers on the roof of skyscrapers,
in small city parks and on the deck of
ships, (3) to set down scientific workers
and their equipment on mountain rang-
es, (4) toremain for hours aloft watching
for forest fires, with little expenditure
of fuel, (5) to operate on regular passen-
ger runs without the need for landing
fields at every stop and finally (6) to
serve as observation patrol in wartime.”

“Edison Pettit and Seth B. Nicholson
of the Mount Wilson Observatory re-

port the long series of measures of heat
radiation with the thermocouple. Stars
at lower temperatures radiate the bulk
of their energy in the infra-red, leaving
but a beggarly fraction in the visible re-
gion. Could we see heat, therefore, the
coolest stars would come up so much in
brightness as to change the familiar as-
pect of the constellations. Betelgeuse,
for example, would look as bright as Sir-
ius, and Alpha Herculis, to actual eyes a
not very conspicuous star of the third
magnitude, would rival Canopus. The
long-period variables would show still
greater changes. Mira Ceti, which to the
eye rises to the fourth magnitude at its
maximum, to the thermocouple is as
bright as Vega.”

“Correct exposure is one of the vi-
tal problems of good photography. So
many factors enter into proper exposure
that even those with long experience,
who pride themselves on their picture
results, freely admit their inability con-
sistently to judge photographic light un-
der all conditions. Now seasoned pho-
tographers need no longer rely on their
personal judgment of light values but
are able to devote all of their attention
to composition. They determine expo-
sures with the modern and positive
way—with a Weston exposure meter.
The untiring ‘electric eye’ in the expo-
sure meter never guesses. It properly
gauges the photographic light regardless
of whether exposures are made in sun-
light or in deep shade. Thus film wastage
is eliminated and disappointment over
the loss of prized pictures is a thing of
the past.”

MARCH, 1884: ‘“Malaria has been in
time past reckoned a marsh fever, and
it was commonly believed to be limited
to regions and to seasons where vegeta-
ble matters were undergoing decomposi-
tion from moisture and heat. New En-
gland was formerly free of it. It is possi-
ble that a single case may have occurred
occasionally in the extreme southwest-
ern part of Connecticut, but ague was
practically unknown there until 1860. In
that year an onward movement to the
east and the north commenced, and it
has continued unchecked till the present
time, and in its progress it has over-
turned theories at a rate as remarkable
as its own advance. Commencing on
Long Island Sound, at Southport, in
1860, it spread with an irregular front,
reaching New Haven in 1864, Hartford
in 1872 and the northeastern part of the
state not until 1882. It has maintained a
steadily epidemic condition ever since,
having swept the state so fully that not a
town is now exempt from its sway. It has
already invaded the sacred precincts of
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Boston and is in high march for Nova
Scotia and Newfoundland, for all that
we can tell.”

“Prof. Charles A. Young of Princeton
in arecent lecture asks: ‘Is there any con-
nection between the maximums of sun
spots and terrestrial disturbances of any
kind?’ The average of the occurrence of
sun spots is, from maximum to maxi-
mum, either 13.11 years or 9.11 years.
It was said that in 1870 there was a max-
imum of sun spots and an extraordi-
narily hot summer, but it was forgot-
ten that observations to be conclusive
must cover the whole of the earth’s sur-
face and not a part only. It so happened
that in 1870 at our antipodes in New
Zealand there was at the time of our hot
summer an intensely cold winter, some-
thing phenomenal for that region. But
an unmistakable connection has been
discovered between the sun-spot maxi-
mums and aberrations of the magnetic
needle. It is well established that the pe-
riod of a maximum of spots is coinci-
dent with a period of the greatest decli-
nation of the needle.”

“Within recent years it has been es-
tablished beyond doubt that there ex-
ists in the blood of mammals a third
type of corpuscle, differing morpholog-
ically from both the red and the white
corpuscle and possessing certain dis-
tinctive properties of the greatest im-
portance in coagulation. These elements
were called hematoblastes by Georges
Hayem, upon the supposition that they
are eventually transformed into red
corpuscles. As this view is by no means
established, it is better to speak of them
as blood plates, the name given to them
by Giulio Bizzozero.”

“A Mexican correspondent writes:
‘There is a considerable variety of
tongues among the messages going over
the telephone wires in Mexico. The pe-
remptory method of making telephone
calls—“Hello! Hello? Give me 1299!”
etc.—would never do in the Castilian
tongue. Courtesy of intercourse must be
preserved even between invisible com-
municants, and the unseemly vexa-
tiousness and petulance that the tele-
phone seems to provoke in Anglo-Sax-
on moods is never allowed to obtain
utterance here. The regular responses
from the central office to a telephone
call is “Mande usted!” which is equiva-
lent to “At your command!” Then pre-
liminaries are gone through something
as follows: “Very well, I thank you.
What service may I render you?” “Will
you kindly do me the favor of enabling
me to speak with Don So-and-So, No.
7777 “With much pleasure!” etc., etc.,
and when the connection is made, the
usual polite introductories are gone
through before proceeding to the busi-
ness in hand.””
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KURT GOTTFRIED, HENRY W.
KENDALL and JOHN M. LEE (“‘No
First Use’ of Nuclear Weapons”) are re-
spectively professor of physics at Cor-
nell University, professor of physics at
the Massachusetts Institute of Technol-
ogy and vice admiral (retired) in the U.S.
Navy. They collaborated on a study of
the doctrine of “no first use” done by the
Union of Concerned Scientists. Gott-
fried was born in Vienna in 1929 and
emigrated to Canada in 1939. He re-
ceived his undergraduate education at
McGill University and his doctorate at
M.LT. Thereafter he was a Junior Fel-
low at Harvard University and a Ford
Foundation Fellow at the Niels Bohr
Institute in Copenhagen. From 1960 to
1964 he was assistant professor of phys-
ics at Harvard. He has been a member
of the Cornell faculty since 1964 and
professor of physics since 1968. Ken-
dall received his undergraduate educa-
tion at Amherst College and his doctor-
ate from M.LT. Thereafter he was a
National Science Foundation Fellow at
M.LT. and a member of the faculty of
Stanford University; he has been pro-
fessor at M.I.T since 1967. Lee had 38
years of active duty in the navy, includ-
ing posts at the North Atlantic Treaty
Organization, the United Nations and
the Pentagon. He was head of the Plan-
ning Staff of the Office of the Assistant
Secretary of Defense for International
Security Affairs and assistant director
of the Arms Control and Disarmament
Agency. He directed the Union of Con-
cerned Scientists’ study of no first use.

CHARLES D. HOLLISTER, AR-
THUR R. M. NOWELL and PETER A.
JUMARS (“The Dynamic Abyss”) are
oceanographers with a common inter-
est in deep-ocean processes. Hollister is
Dean of Graduate Studies at the Woods
Hole Oceanographic Institution. He got
his B.S. at Oregon State University and
did his graduate work at the Lamont-
Doherty Geological Observatory of Co-
lumbia University, which awarded him
his Ph.D. in 1967. His dissertation was
the first to deal with the geologic effects
of bottom currents in the deep sea, a
region thought up to that time to be
tranquil. In addition to being an ocean-
ographer Hollister is a mountaineer; he
has climbed in both the Arctic and the
Antarctic, and he is past president of the
American Alpine Club. Nowell is asso-
ciate professor in the School of Ocean-
ography of the University of Wash-
ington and Visiting Investigator at the
Woods Hole Oceanographic Institu-
tion. He was an undergraduate at Trini-
ty College, Cambridge, and received his
master’s and doctor’s degrees from the
University of British Columbia. Jumars
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is professor of oceanography at the
University of Washington. Born in Ger-
many, he studied as an undergraduate
at the University of Delaware and was
granted his Ph.D. by the Scripps Insti-
tution of Oceanography. His oceano-
graphic work has a strong biological
component; he is particularly interested
in the interaction of bottom organisms
and sedimentary processes.

RICHARD H. SCHELLER and
RICHARD AXEL (“How Genes Con-
trol an Innate Behavior”) are assistant
professor of biological sciences at Stan-
ford University and professor of pathol-
ogy and biochemistry at the Columbia
University College of Physicians and
Surgeons. After Scheller’s graduation
from the University of Wisconsin at
Madison, he went to the California In-
stitute of Technology, where he got his
Ph.D. in 1980. In 1980 and 1981 he was
a postdoctoral fellow in the laboratories
of Axel and Eric Kandel at the College
of Physicians and Surgeons. Axel re-
ceived his A.B. from Columbia College
and his M.D. from the Johns Hopkins
School of Medicine. He joined the Co-
lumbia faculty in 1972. The main theme
of his work has been the development
of universal techniques for transferring
genes from virtually any cell to any oth-
er cell.

DAVID PILBEAM (“The Descent of
Hominoids and Hominids”) is professor
of anthropology at Harvard University.
He did his undergraduate work at the
University of Cambridge and continued
there as a demonstrator in anthropolo-
gy. He was awarded his Ph.D. by Yale
University in 1967 and joined the Yale
faculty the followng year. He moved to
Harvard in 1981. He remarks: “I am
drawn to human evolutionary studies
because they require one to be some-
thing of a historian and philosopher too.
I am very interested in the interplay be-
tween ‘fact’ and ‘theory,” in understand-
ing more about where many of our basic
theories come from.”

JAMES P. WOLFE and ANDRE
MYSYROWICZ (“Excitonic Matter”)
are professor of physics at the Universi-
ty of Illinois at Urbana-Champaign and
a physicist with the French National
Center for Scientific Research (CNRS).
Wolfe’s degrees (B.A. 1965 and Ph.D.
1971) are from the University of Cali-
fornia at Berkeley. From 1971 to 1981
he was on the Berkeley faculty; he went
to Illinois in 1981. There he has worked
mainly on techniques of imaging the
transport of phonons and excitons in
crystals. Mysyrowicz has studied op-
tical effects in semiconductors since
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his doctoral thesis at the University of
Strasbourg in 1968.

GERALD OSTER (“Muscle
Sounds”) is professor of biophysics at
the Mount Sinai School of Medicine
of the City University of New York.
He received his Sc.B. at Brown Univer-
sity in 1940 and his Ph.D. in physical
chemistry from Cornell University in
1943. He did postdoctoral research at
the Massachusetts Institute of Technol-
ogy and Princeton University before
he joined the Rockefeller Institute for
Medical Research in 1945. In 1949 and
1950 he was a Rockefeller Foundation
Fellow in London at Birkbeck College
and at the Royal Institution. He did re-
search at the University of Strasbourg
and at the University of Paris before
going to the Polytechnic Institute of
Brooklyn (now the Polytechnic Institute
of New York) in 1952. There he was
professor of polymer chemistry until he
moved to Mount Sinai in 1969. Oster is
also working at hisexperimental planta-
tion in the Caribbean toward scientific
solutions to problems of agriculture in
Third World countries.

F. H. BRONSON (“The Adaptabil-
ity of the House Mouse”) is professor
of zoology at the University of Texas
at Austin. He was educated at Kansas
State University (B.S. 1957 and M.S.
1958) and Pennsylvania State Universi-
ty (Ph.D. 1961). From 1961 to 1968 he
was a staff scientist at the Jackson Labo-
ratory in Bar Harbor, Me., where he first
became interested in the house mouse;
he has been at Texas since 1968. He
remarks: “I would describe myself as a
physiologist who is interested broadly
in the environmental control of mam-
malian reproduction.”

I. BERNARD COHEN (“Florence
Nightingale”) is Victor S. Thomas Pro-
fessor of the History of Science at Har-
vard University. With the exception of
three years as a fellow at the Carnegie
Institution of Washington, he has been
at Harvard since he began his under-
graduate education in 1933. He received
his B.S. in 1937 and his Ph.D. (the first
ever awarded in the history of science)
in 1947; he has been professor of the
history of science since 1959. He has
also been the editor of Isis, the quarterly
journal of the History of Science Socie-
ty, and president of that society. Over
the years he has mainly been interested
in the science of [saac Newton and Ben-
jamin Franklin; the first of his 17 arti-
cles in SCIENTIFIC AMERICAN was “In
Defense of Benjamin Franklin” (Au-
gust, 1948). He has recently finished a
historical and analytical study of revo-
lutions in science. Currently Cohen is
doing research on the historical inter-
actions of the natural and exact sciences
with the social sciences.
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COMPUTER
RECREATIONS

The cellular automaton offers a model

of the world and a world unto itself

by Brian Hayes

cules of water “know” how to frame

the elaborate symmetries of a snow-
flake. There is no architect directing the
assembly, and the molecules themselves
carry within them no template for the
crystalline form. Pattern on a large scale
emerges entirely from the short-range
interactions of many identical units.
Each molecule responds only to the in-
fluence of its nearest neighbors, but a
consistent arrangement is maintained
throughout a structure made up of per-
haps 1020 molecules.

One way to approach an understand-
ing of this process is to imagine that
each site where a molecule might be em-
placed is governed by a rudimentary
computer. As the crystal grows, each
computer surveys the surrounding sites
and, depending on its findings, deter-
mines by some fixed rule whether its
own site should be occupied or vacant.
The same calculation is made at all the
sites according to the same rule.

The computational model of snow-
flake growth is a cellular automaton: a
uniform array of many identical cells, or
sites, in which each cell has only a few
possible states and interacts only with a
few neighboring cells. The components
of the system—the cells and the rule for
calculating the next state of a cell—can
be simple indeed and nonetheless give
rise to a remarkably complex evolution.

It is due cause for wonder that mole-

he idea of the cellular automaton is
roughly as old as the electronic digi-
tal computer. The first investigations
were carried out by John von Neumann
(with an important contribution from
Stanislaw Ulam) in the early 1950’s.
Von Neumann’s primary aim was to de-
vise a simple system capable of repro-
ducing itself in the manner of a living
organism. The best-known cellular au-
tomaton, the “game of life” invented in
1970 by John Horton Conway, also has
a biological aspect, as the name sug-
gests; cells are born, live or die depend-
ing on the local population density.
In more recent work on cellular au-
tomata the emphasis has shifted some-

12

what. Arrays of locally interacting cells
are seen as potentially useful models of
physical systems, ranging from snow-
flakes to ferromagnets to galaxies. They
may also have applications to questions
in computer science, both practical
(How should one organize a network of
many interacting computers?) and theo-
retical (What is the ultimate limit to the
power of a computing machine?). Per-
haps most intriguing, the cellular au-
tomaton can be viewed as a “digital uni-
verse” worth exploring for its own sake,
quite apart from its utility as a model of
the real world.

The resurgence of interest in cellular
automata was marked by a workshop on
the subject held a year ago at the Los
Alamos National Laboratory. The pro-
ceedings (some 20 papers) have since
been published in Physica D and in book
form by the North-Holland Publishing
Company. Almost all of what is report-
ed here is based on work discussed at the
Los Alamos meeting.

Four properties characterize a cellu-
lar automaton. The first property is the
geometry of the array of cells. For a
model of snowflake growth a two-di-
mensional hexagonal array would be
appropriate, but in most contexts a rec-
tilinear lattice is chosen, one made up
of identical squares. Arrays with three
or more dimensions are readily con-
structed but are not readily visualized.
Lately surprising discoveries have been
made with the still simpler one-dimen-
sional array: a mere line of cells.

Within a given array it is necessary to
specify the neighborhood that each cell
examines in calculating its own next
state. In the two-dimensional rectilinear
array two neighborhoods have been giv-
en much attention. Von Neumann con-
fined each cell’s attention to its four
nearest neighbors, those to the north,
south, east and west; this set of cells is
now called the von Neumann neighbor-
hood. The neighborhood that includes
these four cells and the four diagonally
adjacent ones is called the Moore neigh-
borhood, after Edward F. Moore. Obvi-
ously neighborhoods overlap, and a giv-
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en cell is simultaneously included in the
neighborhoods of several adjacent cells.
In some cases the center cell—the cell
making a calculation—is considered a
member of its own neighborhood.

The third factor to be considered in
describing a cellular automaton is the
number of states per cell. Von Neumann
found a self-replicating pattern made
up of cells with 29 possible states, but
most automata are far simpler. Indeed,
there is ample scope for variation even
among the binary automata, those with
only two states per cell; the states may
be represented as 1 or 0, true or false,
on or off, living or dead.

The primary source of variety in the
universe of cellular automata is the
enormous number of possible rules for
determining the future state of a cell
based on the present configuration of
its neighborhood. If % is the number
of states per cell and » is the number
of cells incl’pded in the neighborhood,
there are k* possible rules. Thus for a
binary automaton in the von Neumann
neighborhood (where n is 4) there are
more than 65,000 possible rules; in the
Moore neighborhood (where n is 8)
there are 1077. Only a trifling fraction of
them have been examined at all.

he game of life is played with two-
state cells on a rectilinear lattice in
the Moore neighborhood, with the addi-
tional complication that the center cell
is significant. In other words, at each
step in the evolution of the system every
cell checks the state of the eight sur-
rounding cells as well as its own state.
According to the rule defined by Con-
way, if the center cell is living, it will
continue to live in the next generation if
either two or three of the eight cells in
the neighborhood are also living. If
there are three live cells in the neighbor-
hood, the center cell is alive in the next
generation regardless of its present
state. Under all other circumstances the
center cell either dies or remains dead.
The fascination of the game of lifeis
its unpredictability. Some patterns die
out entirely; many more lapse into a sta-
ble configuration or a cyclical one with
a period of a few generations. Over the
years, however, a number of more in-
teresting initial states have been dis-
covered, such as the “glider gun” that
launches an unending stream of projec-
tiles. The exploration of life’s byways
continues: Recent developments are de-
scribed by Martin Gardner in Wheels,
Life, and Other Mathematical Amuse-
ments. Here I should like to turn to other
cellular automata whose properties are
just beginning to be elucidated.
Among the multitude of possible
transition rules, many hold little intrin-
sic interest. For example, a rule stating
that a cell will be on if and only if the cell
to its left is on specifies an evolution that
is quite easy to predict: any initial pat-



A pattern of dendrites is created by a cellular automaton with an asymmetric transition rule
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The von Neumann and Moore neighborhoods

tern preserves its shape but shifts to the
right by one cell with each time step. A
subclass of rules called counting rules or
totalistic rules seems to include speci-
mens of almost all the observed varie-
ties of cellular automata. With rules of
this kind the new state of a cell depends
only on the number of neighbors in a
given state, not on their position. Many
automata based on such rules have been
investigated by members of the Infor-
mation Mechanics Group of the Lab-
oratory for Computer Science at the
Massachusetts Institute of Technology.
The group consists of Edward Fredkin,
Norman Margolus, Tommaso Toffoli
and Gérard Y. Vichniac.

One of the simplest counting rules is
the parity rule, which assigns a cell a
value of 1 if an odd number of the neigh-
boring cells are 1’s and otherwise assigns
it a value of 0. The evolution of this
system, when the rule is applied in the
von Neumann neighborhood, was de-
scribed in this space last October. Any
starting pattern is replicated four times;
the four copies are then replicated in
turn, and so on.

Another class of counting rules are
the “voting” rules, which give the center
cell a value of 1 whenever the number of
1’s in the neighborhood exceeds some
threshold. Vichniac, in a paper present-
ed at the Los Alamos meeting, points
out that rules of this type yield models
of percolation and nucleation, phenom-
ena of importance in solid-state physics
and other fields. Percolation is the term
applied to the formation of an unbroken
path across some space; for example,
when a metal is dispersed in an insulat-
ing matrix, the conductivity of the com-
posite depends on the probability of
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forming a continuous chain of metal at-
oms. Likewise the transmission of an in-
fectious disease is possible only through
an unbroken sequence of susceptible in-
dividuals. Nucleation is the process that
initiates the growth of a crystal, the boil-
ing of a liquid and similar events.

One transition rule that gives rise to
percolation makes the center cell a 1
only if there are 1’s in at least three out
of the five cells that constitute the von
Neumann neighborhood plus the cen-
ter cell. The onset of percolation is ex-
tremely sensitive to the initial concen-
tration of 1’s. If the concentration is less
than one-half, continuous chains of 1’s
spanning the array are not likely to form
in the course of the evolution. At a con-
centration of one-half or greater the
chains do appear, but the entire lattice
still does not fill with 1’s; islands of 0’s
remain in the final stable state. Nucle-
ation, in which the array does fill solidly
with 1’s, is observed when the rule is
changed to require only two out of five
1’s. The critical concentration is .0822.

he Ising model is a conceptual tool

of physics that seems superficially to
be much like a cellular automaton. The
model is a rectilinear lattice where each
site has two possible values and interacts
only with its four nearest neighbors. The
model is often employed to describe
ferromagnetic materials; each site repre-
sents an atomic spin that must point ei-
ther up or down. Below a critical tem-
perature (the Curie temperature) the
spins tend to be aligned, so that the ma-
terial is magnetized, but at higher tem-
peratures they are more or less random-
ly distributed.

In October I discussed a version of the
Ising model created with a spreadsheet
program, whose lattice of cells lends it-
self naturally to cellular-automata stud-
ies, albeit a lattice with probabilistic
rules to emulate temperature. [ observed
a curious phenomenon: at low tempera-
ture the spins did not assume a uniform
alignment in one direction; instead they
adopted a checkerboard configuration
of alternating up and down spins. With
each time step all the spins flipped. In a
ferromagnet the checkerboard pattern
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is the configuration of highest energy
and should therefore be unstable; it is
the pattern characteristic of an antifer-
romagnet.

Vichniac had already discovered the
problem and explained it. In the stan-
dard implementation of the Ising model
only one spin is allowed to change in
each iteration. It follows that when a
particular site surveys its neighborhood,
some of the spins it inspects are “old”
ones and some are “new.” Under these
conditions the oscillating antiferromag-
net cannot arise. It is only when all the
spins are recalculated simultaneously
that the high-energy antiferromagnet
is favored. There are strategies for
avoiding this “feedback catastrophe,”
but the lesson of larger significance is
that the simplest intuitive correspon-
dence between the Ising model and cel-
lular automata is misleading.

Vichniac and others in the M.LT.
group point out that cellular automata
have a status fundamentally different
from that of other physical models. The
commonest device for building a math-
ematical model of the natural world
has long been the differential equation,
which can describe the change in some
quantity as a function of position and
time. For example, Maxwell’s equations
give the variation in the value of an elec-
tromagnetic field from point to point
and from moment to moment. All the
quantities in such equations are continu-
ous: they vary smoothly. A cellular au-
tomaton, on the other hand, is a fully
discrete system. Space is not a contin-
uum but an array of cells; time too
is broken down into discrete steps, and
whereas the magnitude of a field can
vary over a continuous range, the cells
of a cellular automaton can have only
a finite number of states.

Of course, real space and time and
many physical variables are thought to
be continuous rather than discrete (at
least at the scale commonly considered).
It does not follow, however, that differ-
ential equations yield inherently superi-
or models of nature. Often it is not the
precise numerical value of a variable
that is significant but only its overall
size, as in whether a particular point in
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Evolution of a cellular automaton under the two-out-of-five voting rule

14

© 1984 SCIENTIFIC AMERICAN, INC



.-

| <—':!!!:"‘ =N

N

BENAUI.T FIIEGO The racy Renault

Fuego—descended

.W:ATCHWOB.DQ from the winningest turbos
in Formula One history. Too racy for average RACY
Idsws’ Definitely. But when you consider the

317 boost In power, the laser-calibrated coc kpit with tach-to-
turbo gauge telemetry and a seductive shape that literally
cleaves the air, Fuego Turbo just might be right for you. Fuego's
competition breeding includes a 5-speed transmission, Bosch
[.-Jetronic fuel injection and Michelin TRX radials. Plus crea-
ture comforts like AM-F'M stereo, fully adjustable reclining
bucket seats and air conditioning are standard. Renault Fuego
Turbo. The raciest $11,098* on the street. And Renaulf

Fuego, the one to vml{ |l
mm$8 695 A e
Soldbr!\mwran Moiors‘ T ONE m WATC

© 1984 SCIENTIFIC AMERICAN, INC




START

!

Read initial configuration into “old” array

' Blank “new” array

!

Set center-cell pointer to first cell

Set counter =0

I

Find next center cell in “old” array

!

[ Set neighbor pointer to first neighbor \

R

Find next neighbor cell in “old” array T

-

P

EY

-
Neighbor's No
state = 1?7

., o

""\.H

.

TYE .

Increment counter

T

e ~
No _— last
- : neighbor
cell? -~
//
| Yes
[ Look up count in transition table ]

|

l Write state of center cell in “new” array ‘

L No ,./"’.'.

_
Last
center

? -~
cell? -

o~

Yes

l Copy “new” array into “old” array

R

—

Display configuration

e

_~
Yes - Calculate anot?er\)

16

generation?
o

No

STOP

Algorithm for cellular automata based on “counting” or “totalistic” transition rules
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a growing snowflake is ice or water va-
por. Cellular automata make this dis-
creteness explicit on a digital computer.
In addition their temporal evolution can
be computed exactly; there is no need
for approximations. Furthermore, they
can make far more efficient use of the
digital computer’s resources.

program for simulating a cellular

automaton can be written for even
the smallest computer. Indeed, Per Bak
of the Brookhaven National Laborato-
ry has recently argued in Physics Today
that many simulations in physics can be
done more effectively and more cheaply
with a small personal computer than
they can be with more powerful shared
facilities. The example he chose to il-
lustrate was a simulation of the three-
dimensional Ising model, done with a
Commodore VIC-20 computer at an es-
timated cost of $4.

The most straightforward cellular-au-
tomaton program simply embodies the
method one would be likely to adopt in
carrying out the procedure by hand with
graph paper. First an array of cells is
established, with each cell being repre-
sented by a memory element in the com-
puter. For each time step the program
must attend to every cell in turn, exam-
ine its neighbors and calculate the ap-
propriate value for the cell’s next state.
The calculation itself is conveniently
done by looking up the value in a table.
If only counting rules are considered,
the table needs only one entry for each
possible number of “on” cells. When
other kinds of rules are allowed, the ta-
ble can become quite elaborate.

A few subtleties must be kept in mind
when one writes such a program. Most
important is the need to avoid altering
the content of a cell before its value has
been checked by all the other cells to
which it is a neighbor. The easiest way
of meeting this requirement is to main-
tain two copies of the array; the pro-
gram examines one copy to determine
the current state of the neighborhood
and enters the result of its calculation
in the other copy. Boundary conditions
must also be defined. Ideally the array
would be infinite, but that is clearly im-
practical. A common technique is to
effectively join the edges of an array,
so that cells on opposite edges become
neighbors. In one dimension an array of
this kind is topologically a circle and in
two dimensions it is a torus; although it
is finite, it has no boundaries.

A program of the kind described
above, running on a general-purpose
digital computer, is a sequential proce-
dure that simulates the actions of an ar-
ray of many computers running simul-
taneously. Far better would be an actual
network of multiple computers with the
structure of the cellular array. Building
such a machine is by no means out of
the question: the individual computers
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The next addition to your family could
be the bright little newcomer in the growing
family of IBM® personal computers.

Name: PGr. Weight: 12 pounds.
Heritage: more than 30 years of computer
experience.

“Junior” is a powerful tool for modern
times. Yet it’s simple enough for a child
to enjoy.

BRINGING HOME BABY

It's a big day when PG comes home.
The surprises begin the
moment you open
the carton.
Surprise #1 is
) the IBM “Freeboard—
a keyboard that doesn’t need a connecting cord.

The Freeboard frees you t‘:,//\
- »
move around and relax. | - - =

Then there’s the
Keyboard Adventure —
an instructional exercise '\
for first-time users. It’s bullt into the computer
and explained step-by-step in the Guide to
Operations. It will help anyone begin learning
as soon as PCyr is hooked up to a TV set.

In systems equipped with a diskette
drive, there’s a program that lets you explore
computer fundamentals at your own pace, with
PCr as your teacher.

And to get you off and running from the
very first day, a sample diskette with eleven
useful mini-programs (ranging from a
spreadsheet for monthly expenses to a word
game and a recipe file) is also included.

But there are still more surprises.

FAMILY COMPUTING MADE EASY

Many IBM software programs written for
other IBM personal computers will run on PGyr.
And inexpensive new ones written especially for
PCjr are being released.

An easy-to-use diskette word processing
program, for example, uses pictures as well as
words to guide you along. A comprehensive

IBM home budget program makes keeping
track of money easier. There’s also a selection of
educational programs for children at home and
at school.

And when the work is finished (or
perhaps before), the fun can begin. Just slip in
a game cartridge and stand back.

GROWING UP WITH JUNIOR
Add a printer. A diskette drive. An

internal modem for telecommunications. Increase

user memory from 64KB to 128KB.With

these and other add-it-yourself options, even

the lowest-priced PG can grow up rea/ fast.
PGr is a powerful tool for home, school

or college. With its optional carrying case, it's a

powerful tool anywhere you care to take it.

SEE JUNIOR RUN

»  Junior’s starting model includes a 64KB
# cassette/cartridge unit and Freeboard for

| about $700. A 128KB model with diskette

drive is about $1300. (Prices apply at IBM
Product Centers. Prices may vary at other stores.)

Your local authorized IBM PCjr dealer
proudly invites you to see this bright little
addition to the family. For the store nearest
you, just call 1-800-IBM-PCJR. In Alaska and
Hawaii, 1-800-447-0890.

© 1984 SCIENTIFIC AMERICAN, INC



Digital read-outs. Light-emitting diodes.
On-board diagnostics. They're elements of the
advanced electronics designed by GM scien-
tists and engineers for 747’s.

Now, after years of work, many of the,
same experts are building the same technology
into new GM cars and trucks.

In some cases, aircraft solutions were
appropriate and we adapted them. When they
weren't, we went back to the drawing board
to create new technology.

Not just to give you “gee whiz” gadgetry.

But to help your GM car run more efficient-
ly and intelligently. And to help you keep
it running.

We believe in taking the extra time, giving
the extra effort and paying attention to every
detail. That’s what it takes to provide the
quality that leads more people to
buy GM cars and trucks than any
other kind. And why GM owners
are the most loyal on the road.

That’s the GM commitment
to excellence.

Cheviolet = Pontiac « Oldsmobile « Buick » Cadillac * GMC Truck

- =

We originally designed it to
at 35,000 feet.

UNLEADED
FUEL ONLY
[ -] L
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1I together. Buckle up.

Nobody sweats the details
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would be so simple that many of them
might be fitted onto a single semicon-
ductor chip. The fact that only nearby
computers need to communicate with
one another would also reduce the com-
plexity of the device. Toffoli has esti-
mated that such a processor might oper-
ate faster than a general-purpose com-
puter by a factor of a million or even a
billion. Preliminary work on computers
of this kind is under way at the Massa-
chusetts Institute of Technology and
the Thinking Machines Corporation of
Waltham, Mass.

In lieu of a special-purpose chip, Tof-
foli has constructed a dedicated cellu-
lar-automaton machine out of standard
microelectronic components. Calcula-
tions are done serially rather than for all
the cells at once, but because the device
is finely tuned to a single kind of calcu-
lation, it is roughly 1,000 times faster
than a general-purpose computer. The
machine itself consists of a few printed-
circuit boards mounted in a frame; it
is connected to a color display and is
controlled by another small computer,
an Atari 800.

Toffoli’s cellular-automaton machine
provides an array of 256 by 256 cells,
each of which can have up to 256 states.
The state of every cell is recalculated 60
times per second. Watching a system
evolve at this rate is quite different from
watching a slower device. Instead of a
sequence of still photographs one sees a
motion picture. The game of life no
longer appears as a stately progression
of abstract patterns; it is more like a
view through the microscope of bacte-
ria and protozoa swimming, spinning,
breeding, eating and being eaten.

Aone-dimensional cellular automa-
ton is much less demanding of com-
puter resources, both spatial and tem-
poral, than a two-dimensional system.
Writing a program for the one-dimen-
sional system is also easier. The linear
array has still another advantage over
the planar one: because of the simpler
geometric structure, there is more hope
of gaining an analytic understanding of
the automaton’s evolution. In the past
two years Stephen Wolfram of the Insti-
tute for Advanced Study has undertaken
to do just that.

A single generation of a one-dimen-
sional array is merely a line of cells, but
successive generations can be plotted
next to one another. In this way a two-
dimensional pattern is formed that has
one spatial axis and one time axis, and
the entire evolution of the system can be
taken in at a glance.

Wolfram has found that all the tran-
sition rules he has investigated so far
can be put into just four classes. Class 1
consists of those rules whose evolution
leads to a stable and homogeneous state;
for example, all cells might take on a
value of 0 or of 1. Class 2 rules give rise

i gy e memm gy s o smeee - e s ess ey ——

The four classes of totalistic rules in one dimension

Successive states of a Class 4 one-dimensional automaton

Some components of a possible universal computer
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How Exxon’s advanced
the refining of

FLEXICOKING converts
99% of even the poorest
feedstocks into
high-quality fuels.

A key challenge facing the oil industry
today Is to ensure the most efficient con-
version of available crude oil supplies
into the highest value products. This is
increasingly difficult because, while de-
mand is shifting toward light, cleaner-
buming products, available crudes are
becoming heavier.

In addition, some heavy crudes con-
tain high concentrations of impuirities,
such as sulfur, nickel and vanadium, so
that key catalytic refining processes can-
not readily handle them. These contam-
inants “poison” process catalysts just

e

as lead deactivates an automobile’s
catalytic convertor. Future unconven-
tional feedstocks, such as bitumen from
tar sands and shale olil, are likely to be
even harder to process.

A Powerful New
Refining Tool

But scientists and engineers at Exxon
Research and Engineering Company
have a unique solution—an extremely
rugged process called FLEXICOKING
that converts in excess of 99 percent of
the worst possible feedstocks into high-
quality liquid and gaseous fuels.

FLEXICOKING relies on thermal
cracking rather than catalytic cracking
to convert heavy feedstocks to lighter
products. Thermal conversion is not new.
In the 50's, Exxon developed FLUID
COKING to upgrade heavy feedstocks.
FLEXICOKING further extends this

pioneer thermal process with one major
improvement.

In FLUID COKING, heavy feed is
sprayed into a large reactor containing
very hot, granular coke. The upward flow
of hydrocarbon vapors and injected
steam suspends the finely divided parti-
cles, permitting the hydrocarbons to
contact the coke on all sides. The heavy
hydrocarbon molecules fracture as they
contact the hot coke. This results in
additional gasoline and middle distillate
liquids. However, about 30 percent of the
heavy feedstock is rejected as solid
coke, which represents almost 20 per-
cent of the energy in the original feed.

Replacing Expensive
Refinery fFuel

FLEXICOKING represents a key ad-
vance by converting the coke into a
clean-buming low-BTU fuel gas (LBG) in
a separate gasification reactor. This LBG
can then become an economical re-

I’LBXH?QKL\G IN THE ¢ WI*R\J L REFINING PROCESS
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TETATrrweey

CATALYTIC
DESULFURIZATION
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technology is revolutionizing
difficult crudes.

placement for refinery fuels costing three
to four times as much, or it can be sold
to local industries. By successfully inte-
grating coking and coke gasification into
a single process, Exxon researchers
have reduced the volume of purge coke
to about one percent of the heavy feed-
stock. Metals are concentrated in this
coke purge.

The first commercial FLEXICOKING
unit went into operation in Japan in 1976.
A second unit was started in Venezuela
at the end of 1982 and a third in Califor-
nia in early 1983. Each unit has met or
exceeded all process expectations.
Other units for Europe and the U.S. are
in advanced planning and design
stages.

Research is currently under way to
further enhance the versatility and
economics of FLEXICOKING. Exxon
recently introduced a refinement, called
dual gasification FLEXICOKING, that

pal
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enables refiners to convert part of the
LBG into a nitrogen-free synthesis gas.
This gas can be used as a source of
hydrogen or as a feedstock for making
chemicals.

Exxon Research and
Engineering Company
FLEXICOKING is but one product of

the research and engineering programs
at Exxon Research and Engineering
Company. A wholly owned subsidiary of
Exxon Corporation, ER&E employs
about 2,000 scientists and engineers,
who work on petroleum products and
processes, pioneering science, syn-
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thetic fuels, and the engineering re-
quired to develop and apply new
technology in the manufacture of fuels
and other products. For more informa-
tion on FLEXICOKING or ER&E, write to
E.E.David, Jr, President, Exxon Research
&Engineering Company, Room 100,
P.O.Box 101, Florham Park, NJ 07932.
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Transition rule for a billiard-ball computer
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to simple structures that are either sta-
ble or periodic but in either case remain
isolated from one another. The rules in
Class 3 create chaotic patterns, although
not random ones. In Class 4 are the
few transition rules that generate struc-
tures of substantial spatial and tempo-
ral complexity.

Wolfram conjectures that the one-di-
mensional cellular automata may be the
simplest well-defined systems capable
of complex self-organizing behavior. In
nature many continuous dynamical sys-
tems have such a capability: beginning
in a random initial state, they evolve
a highly ordered structure. (The snow-
flake is an example.) The evolution
can be explained in terms of attractors,
which seem to draw the system toward a
subset of all the possible configurations.

A parallel has been established be-
tween the classes of cellular automata
and the kinds of attractors observed in
physical systems. A Class 1 automaton
is analogous to a continuous system
with the simplest attractor: a limit point,
which invariably brings the system to
the same final state. The evolution of a
Class 2 automaton is rather like that of a
system with a limit cycle, a set of config-
urations that is repeated indefinitely.

Class 3 automata, with their chaot-
ic patterns, can be associated with the
more interesting entities called strange
attractors, which are characteristic of
physical phenomena such as the onset of
turbulent flow. In a system governed by
a strange attractor evolution proceeds
toward a subset of all the possible con-
figurations, but the subset can have an
exceedingly intricate structure. When
the set is visualized as an array of points
in space, it is in many cases a fractal, a
geometric figure with a fractional num-
ber of dimensions.

The distinctions between the classes
of automata can be made clearer by
considering a simple experiment. Sup-
pose a cellular automaton is started in
some randomly choseninitial configura-
tion and allowed to evolve for many
time steps; the final state is then noted.
Now return to the starting configura-
tion, change the value of a single cell
and allow the system to evolve for the
same number of steps. What effect will
the small change have on the final state?
In a Class 1 automaton there is no effect
at all: a Class 1 system reaches the same
final state no matter what the initial state
is. A Class 2 automaton may show some
effect, but it is confined to a small area
near the site of the change. In a Class 3
system, however, altering a single cell
can set up a disturbance that propagates
throughout the array.

The Class 4 rules are the rarest and
the most intriguing. Some quite simple
transition functions fall into this class;
for example, in the neighborhood de-
fined to include the center cell and the
two cells on each side of it, the rule stat-

© 1984 SCIENTIFIC AMERICAN, INC

ing that the center cell is a 1 if either
two or four cells in the neighborhood
are 1’s leads to Class 4 patterns. Sensi-
tivity to small variations in the initial
conditions is even greater in Class 4
than it is in Class 3. It is conjectured
that in predicting the future state of a
Class 4 automaton there can be no gen-
eral procedure more efficient than al-
lowing the automaton itself to compute
the state.

A related conjecture has even grander
scope: it suggests that Class 4 autom-
ata may qualify as universal computers.
The Turing machine is the most famil-
iar device of this kind; if a function can
be computed at all, a Turing machine
can presumably do it. Other computers
can be proved universal by showing
that they are equivalent to a Turing ma-
chine. Several two-dimensional cellular
automata (including the game of life)
have been shown to be universal com-
puters, and a proof has also been given
for a complicated one-dimensional sys-
tem with 18 states per cell. The Class 4
automata would be the simplest univer-
sal computers known. Most of the es-
sential components have been identi-
fied. One important missing element is
a clock: a structure that issues a train
of pulses at regular intervals, like the
glider gun in the game of life.

The view of cellular automata as
computers suggests that their self-orga-
nizing behavior can be characterized
in terms of their computational capabil-
ities. Thus, for example, sets of configu-
rations generated by the evolution of a
cellular automaton can be thought of
as a formal language. Each configura-
tion is considered as a word in the lan-
guage, formed from a sequence of sym-
bols representing the cellular-automa-
ton site values according to a set of
grammatical rules. Wolfram has shown
that the configuration generated by any
cellular automaton after a finite time
can be described by a simple class of
formal languages known as regular lan-
guages. For any of these regular lan-
guages it is possible to find a simplest
grammar. That grammar gives a mini-
mal description of the cellular-automa-
ton configurations, and its size can be
taken to measure the complexity of the
configurations. For cellular automata
of Class 1 and Class 2 the complexity
tends to a finite limit at large times, so
that the structures generated by these
systems are described by regular lan-
guages. For cellular automata of Class
3 and Class 4, however, the complex-
ity usually increases rapidly with time,
and it appears that more complicated
formal languages are required to de-
scribe the large-time behavior of such
systems.

here is a special class of cellular au-
tomata that are said to be reversible,
or invertible. From any starting configu-



ration a reversible automaton can be al-
lowed to evolve for any number of time
steps, then stopped and run in reverse,
and it will return to its exact initial state.
The patterns formed by a typical revers-
ible automaton have a qualitatively dif-
ferent appearance from those character-
istic of a nonreversible automaton. In
particular, if the pattern is initially ran-
dom, it tends to remain random; no self-
organizing structures appear.

A necessary condition for reversibili-
ty is that the transition rule be determi-
nistic in both the forward and the back-
ward directions, that is, every possible
state of a neighborhood must have both
a unique successor and a unique prede-
cessor. The game of life is nonreversible
because the predecessor of a state can-
not be identified unambiguously: if a
cell is currently “dead,” for example, in
the preceding generation it could have
had any number of living neighbors oth-
er than three. A systematic way of creat-
ing reversible transition rules was in-
vented by Fredkin and has been further
investigated by Margolus. The essence
of the method is to let the next state
of a cell depend on the two previous
states of the neighborhood. The state at
time ¢+ 1 is given by any function of
the neighborhood at time ¢ minus the
state at time 7— 1. The reversal is
then straightforward: the state at time
t — 1 must be given by the state at time
¢t minus the state at time 7+ 1.

Because of the requirement of bidi-
rectional determinism, there can be no
attractors in the evolution of a revers-
ible automaton. The presence of an at-
tractor implies that many initial states
evolve along paths that merge with one
another; in the reversed evolution the
merger points would become branch
points, where determinism would fail.
Similarly, a reversible cellular automa-
ton can never enter or leave a loop, or
cycle of states, because again a branch
point arises in one direction or the oth-
er. Because attractors and the associat-
ed self-organizing patterns are excluded,
it may seem that reversible transition
rules would give rise to quite dull cellu-
lar automata, but other features of the
systems offer compensating points of
interest. Most notably, the information
content of a pattern of cells in a re-
versible automaton turns out to be a
conserved quantity (one that cannot in-
crease or decrease in the course of the
automaton’s evolution). This property
makes the reversible systems valuable
models of computation.

Margolus has constructed a cellular-
automaton computer based on an imag-
inary mechanical system first discussed
by Fredkin: the billiard-ball model of

- computation. In the model bits of infor-
mation (I’s and 0’s) are carried by ide-
alized billiard balls that move without
friction and rebound from one another
and from other obstacles with perfect

elasticity. The presence of a ball at a
designated position represents a binary
1 and the absence of a ball represents a
binary 0. Through a clever arrangement
of bumpers it is possible to create var-
ious logic gates analogous to those of
an electronic computer. In an AND gate,
for example, one billiard ball passes
through the output region (and thereby
registers a binary 1) only if two balls
approach the gate simultaneously along
specific trajectories.

Margolus’ cellular-automaton ver-
sion of the billiard-ball model is an ex-
ample of a simple but somewhat un-
usual reversible transition rule. Cells
are considered not individually but in
blocks of four; every possible pattern
within a block is transformed into a
unique product pattern. The rule is de-
signed so that a single 1 in a background
of (0’s propagates along one of the four
diagonal directions of the lattice at a
speed of one cell per time step; the iso-
lated 1 is the embodiment of a billiard
ball. A solid block of four 1’s remains
unchanged and acts as a perfect reflec-
tor. When the model is set going on Tof-
foli’s cellular-automaton machine, the
“billiard balls” streak across the display
screen in intricate interwoven patterns.
Watching this orderly (if frenetic) mo-
tion, it is hard to keep in mind that the
program has no representation of the
balls’ paths but merely applies a single
rule to all the cells.

he billiard-ball model and its cellu-
lar-automaton implementation have
an important bearing on the theory of
computation. It has been conjectured

that any computer must have compo-
nents that dissipate both energy and in-
formation; according to this argument,
there is a thermodynamic limit to the
efficiency of a computer just as there is
to the efficiency of a heat engine. The
supposedly inevitable losses of infor-
mation and energy result directly from
the irreversibility of the computation-
al process. (When a computer adds the
numbers 5 and 3 to get 8, the procedure
cannot be reversed because there are in-
finitely many numbers that could have
been added to get the same result.)

Fredkin, Toffoli and Margolus point
out that the billiard-ball model offers
a counterargument to the notion of in-
evitable dissipation. In the billiard-ball
computer no information is lost. Indeed,
the billiard balls themselves cannot be
created or destroyed, and all the infor-
mation that defines their initial pattern
is preserved as the system evolves. The
inputs to an addition operation can be
recovered simply by reversing the tra-
jectories. In principle the billiard-ball
computer could operate with no inter-
nal power consumption.

The connection between physics and
computing has been made with particu-
lar clarity by Toffoli in a statement that
could be read as a description of the
largest of all cellular automata. “In a
sense,” he writes, “nature has been con-
tinually computing the ‘next state’ of
the universe for billions of years; all
we have to do—and, actually, all we can
do—is ‘hitch a ride’ on this huge on-
going computation, and try to discover
which parts of it happen to go near to
where we want.”

The billiard-ball computer in action
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What should
from a working

Hewlett-

“At American Czlanamld’s
Medical Group, HP computer
systems will cut annual pro-
duction costs by $4.4 million.

“‘Because the HP systems deliver
more accurate analyses of test re-
sults, we're saving $250,000 in raw
materials.”

Dr. Bill Zeitz, Director of Medical
Group Information Services, says:
“American Cyanamid’s Medical
Group isreplacing mainframe use in
its manufacturing plants with six HP
3000 computers. The HP systems au-
tomate materials and production
management, factory order entry,
and quality assurance programs.

“‘Because the HP 3000s can com-
municate with each other and with
our corporate IBM mainframe, we’'ve
eliminated the need for additional
communications links, thus cutting
annual computing costs by $1 million.
And by 1985, with all HP systems up
and running, we expect torealize an
annual savings of $4.4 million.

“We needed a lot-control program
tailored to the pharmaceutical in-
dustry—one that would track and
process information by product lot
number. In just four months, an HP
task force developed a software
product that met our requirements,
and provided a lot-control solution
for the entire process industry.”
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you expect
partnership with
Packard?

‘At M/A-COM,

HP computer-based

instrument systems speed
final test 12-fold.

“By saving test time and increasing
throughput of our microwave com-
ponents, each of our 45 HP com-
puter-based systems paid for itself
in less than a year.”

M/A-COM, Inc., is a major manufac-
turer of electronic components for
commercial telecommunications
and defense markets. Dr. Alan
Carlson, Manager of the Automatic
Test Equipment Group in Bur-
lington, Mass., says: “We assemble
special-purpose systems to test
hundreds of M/A-COM products.
To automate, we needed precise
instruments plus computer power.

“HP was the only vendor to offer us
a complete solution. With 45 HP
computers driving more than 400
HP instruments, we’ve totally auto-
mated product tests.

““HP application engineers work
with us from the start to design,
develop, and implement new test
systems. Once a new system is
installed, we rely on HP’s support
teams to keep our testing networks
up and running. HP’s technical ex-
pertise continues to play a major
role in our success.”

Productivity. Not promises.

HEWLETT
PACKARD

=== . === i
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We asked these three experts to
put a price on this edition of

Dickens’ DAVID COPPERFIELD.

“The raised spine is a
giveaway. That’s qual-
ity binding.

*30. *35.

DAVID
OPPERFIE
: KEN McCORMICK,

Sr. Consuiting Editor,
Doubleday.

typography.

CHARLES
DICKENS

WRONG. WRONG. WRONG.
The price, of course, is only $12.50 for
David Copperfield and every other volume
of the new Collector’s Library of the
World’s Great Books.

Again and again, Franklin Library,
the world’s leading publisher of fine
books, has seen its remarkable new Col-
lector’s Library confound the experts.

How can these authorities be so
right in their praise and so wrong in the
price?

Let’s take a close look and see why.

Each of the fifty volumes is indivi-
dually designed; each cover is a work of
art, each binding distinct in size, grain,
color.

Distinctive endpapers,
specially designed for the
collection, and varied among
the volumes.

Hubbing—a valued
characteristic of
the traditional
bookbinder’s art.

Page edges
gilded with a
tarnish-free
finish for both
protection
and beauty.
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“The illustrations are
superb. Excellent

CLIVE BARNES,
Cultural critic, New York Post.

Superb illustrations, many
specially commissioned, including
anumber in full color.

$12.50.

“The paper is fine mill.
The end pages an
unusual design. A first-

class job. $35 ."

PHILIP LYMAN,
Gotham Book Mart.

(The effect in your room is uncanny.
Each volume different but harmonious. A
luxurious library that is a tribute to your
taste.)

Each spine is hubbed in the great tra-
dition of book binding.

Each endsheet (inside covers) is an
original design.

The page edges are gilded; the
paper, itself, is crisp, opaque, specially
milled and acid free to last for genera-
tions.

Many artists were commissioned for
the project. And the illustrations are mag-
nificent. (The color paintings by Thomas
Rowlandson in TOM JONES make us tin-
gle with pleasure.)

Each binding is individually
designed: the copper cover
dies are hand finished.

Specially milled, acid-free paper that will endure for generations.



Howdid wedo it?

The typography is classic, the print-
ing first rate, the contents immortal and
priceless.

Yet the price for each volume is only
$12.50, less, as you know, than ordinary
hardcover books.

It is a publishing conundrum with a
simple, albeit spectacular answer.
Franklin Library has made a publishing
breakthrough of which it is very proud.

Here is the genius of mankind.

Eternal classics, from Homer’s
ODYSSEY to Melville’s MOBY DICK.

The chilling tales of Edgar Allan
Poe. The romance of Emily Bronte’s
WUTHERING HEIGHTS. The earthy
humor of CANTERBURY TALES by

AND
NISHMENT

Chaucer. The transcendent dramas of
Shakespeare (illustrated by Henry
Fuseli), Ibsen, Chekhov. Great English
and American poetry.

Fifty volumes in all. A library of
genius that belongs in every home.

Here is adventure for the mind, for
yourself and for your children. Inspiration
and pleasure more abiding than televi-
sion, more memorable than movies. At a
price that makes it almost mandatory.
(And that is Franklin Library’s intention.)

Subscribe without risk.

As a subscriber, you build your col-
lection one book each month, and pay-
ment is on the same convenient basis.
The subscription price is a remarkable

FYODOR ALES (

“MYSTERY

TOEVSKY

OF
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$12.50 per volume.

A guaranteed price, if your subscrip-
tion is mailed by May 31, 1984. You
need send no payment now.

You may cancel your subscription at
any time, upon 30 days written notice, and
return any book for any reason, within 30
days.

The Collector’s
Library of the world’s
great books.

A revolution in
publishing.
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BOOKS

Volcano skres, art of the chart, nuclear

munitions, the editing of DNA, apples

by Philip Morrison

l z RAKATAU 1883: THE VOLCANIC
ERUPTION AND ITS EFFECTS, by
Tom Simkin and Richard S.

Fiske. Smithsonian Institution Press
($25). SUNSETS, TWILIGHTS, AND EVE-
NING SKIES, by Aden and Marjorie
Meinel. Cambridge University Press
($29.95). When the hush-hush techni-
cal library was deviously assembled for
wartime Los Alamos, two titles were in-
cluded by the witty librarians that might
have brushed the limits of discretion.
One was the science fiction novel Kraka-
tit, by the Czech novelist Karel Capek,
who imagined a chemist hero capable
of coaxing explosive reactions out of
almost any raw material. The title cele-
brates the chemist’s most alarming com-
pound, for which he became the cyno-
sure and pawn of governments. The oth-
er title was a matter-of-fact, although
sumptuous, 1888 volume of the Royal
Society, which carried its expert com-
mittee’s compilation of material on the
Krakatau eruption itself. There is no
doubt that the eruption, with its cata-
strophic loss of life, its physical effects
noticed worldwide and its full account-
ing by unprecedentedly prompt stories
in the press, borne everywhere by the
new cable links, caught the imagination
of a generation.

The centennial of Krakatau was last
year. Two scholarly young volcanolo-
gists have here compiled a modern ver-
sion of that 1888 tome out of London.
They offer us an exemplary treatment:
documented, comprehensive, fascinat-
ing, beautiful, even cheap. The bargain
volume consists of a useful introduction
and concise chronology, then a hundred
pages of eyewitness accounts, half in ter-
ror and half in wonder, a first translation
into English (done by E. M. and A. F.
Koster van Groos and J. A. Nelen) of
much of the monograph prepared by the
prescient leader of the official on-the-
spot investigation sent in seven weeks
afterward by the government of the
Dutch East Indies, and an anthology of
scientific papers about Krakatau.

The cited papers cover the geology,
the prodigious waves radiated the world
around through air and sea, the visual
atmospheric phenomena seen for once
in a blue moon, the plausible effect on

26

climate and the slow, steady return of
life to the wrecked and denuded island.
The papers span a century of interpreta-
tion, and they are eloquent witness to
the blend of truth and error in science at
any one epoch. The young mining en-
gineer Rogier D. M. Verbeek, who led
the official investigation, had sought the
services of a photographer. That spe-
cialist objected to a long field trip, and in
his place was sent “the sergeant-major
draughtsman P. B. Schreuders.” Schreu-
ders’ paintings, done with the aid of
the camera lucida, were reproduced for
publication by the new process of chro-
molithography; they supply vivid evo-
cations of the scenes. (The most impor-
tant single view, that of the cliffed ruin
of the half cone as seen from the sea,
was reproduced in the November 1983
issue of this magazine; here there are
many more views as well.)

Since the geology has recently been
described in Scientific American and the
strange atmospheric effects are covered
in the second book reviewed here, it
is the waves we shall cite to sample
the science reported in the first book.
Death’s chief minister was the fearful
tsunamis. On the sloping coasts in the
area the sea rose as high as 40 meters
and more, carrying one warship inland
for miles and sweeping prosperous mar-
ket towns clean of their green groves
and paddy, leaving them melancholy
featureless tidal flats. For weeks the in-
land people toiled to burn or bury the
corpses cast up here and there in heaps.
As far away as San Francisco and even
in the English Channel the tide gauges
showed Krakatau-timed trains of waves
inches high. The dynamics, however,
did not fit well: those little waves had
come too fast from the Sunda Straits,
and in some instances any sea path
seemed implausibly circuitous.

A fine paper of 20 years ago (by Frank
Press and David G. Harkrider, who
were then at the California Institute of
Technology) goes far toward a solution
of the century-old riddle. That small dis-
tant effect was not the sea wave direct
but a secondary sea disturbance driven
by the shocked atmosphere. (The sound
of “distant roars of heavy guns” was
reliably reported from an island 3,000
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miles away, after four hours of sound
transit time.) There are modes of vibra-
tion of the entire atmosphere that near-
ly match the phase velocity of the long
waves in the deepest seas. It is these air
modes that jumped over land barriers to
reexcite local sea waves one way or an-
other, with unexpected amplitude and
speed. And there is no anxiety about
the fearful substance krakatite quite
stilled: Simkin and Fiske estimate that
a surface explosion “of about 100 to
150 megatons would produce pressure
pulses equivalent to those observed
from Krakatau.”

The Meinels are an astronomical cou-
ple from Tucson, well known at many a
mountain dome around the world. To
their professional work, now centered
on the exploitation of solar energy, they
have for two decades added an open-
eyed study of sunset phenomena. They
report it all here delightfully “in the old
fashion, when science was open to every
reader,” the fascinating facts told in per-
sonal stories and as tales from friends.
Catastrophe apart, their book, aglow
with dozens of color plates of fiery sun-
sets, stilled by the purple vault of desert
nights, echoes and explains the puzzled
witness of those Krakatau-painted sun-
sets a century ago.

Their subject is vista. Narrow valleys
and lowering rainclouds are not the
places to look; long, low horizons and
clear desert air are needed. The scale is
set by the layered spheres of the earth
and its atmosphere; the quantum clarity
of the air molecules allows the effects of
dust and droplets to shine out. The book
begins with the geometry of sunset and
its physics, made plain in diagram and
graph. The green flash is given a chapter
of its own; the most agreeable novelty is
a simple sketch and account of how a
triangular shadow converges to the hori-
zon at sunset and sunrise to an observer
watching from a mountaintop. That tri-
angle does not depend on the shape of
the mountain but is the necessary con-
sequence of the set of shadow forms
converging by perspective to a single
highest point: the shadow point of the
observer. Just as we stand always at the
top of our world—the highest surface
point along our own vertical radius—so
do we stand at the tip of our mountain’s
shadow pyramid.

The most original part of this delight-
ful book is volcano watching, albeit
at a big distance. The dusts and aero-
sols from the eruptions did not stop, of
course, with old Krakatau but continue
still. Here are sunsets of recent decades
colored by Agung and El Chichén and
El Fuego and the rest, with the explana-
tion of what you see and why. Some of
the interpretation calls for rather more
gear than a keen eye and a clock, but a
good start can be made with what every
viewer sees. The brilliant crimsons of
post-Agung sunsets disappeared in half



a year, as had those of Krakatau. No one
was surprised; the dust had simply set-
tled out. But a century ago, as they did in
the late 1960’s, the enhanced sunsets un-
expectedly recurred in the fall and win-
ter for some years. The reappearances
bore the mark of high aerosol layers: a
sharp upper edge to the glow, together
with spectral details. More is going on
than a simple settling of dust.

It seems probable that the strato-
spheric aerosol is in fact droplets of
sulfuric acid (they have been found on
the windshields of the high-flying U-2’s)
generated not by dust but by sulfur diox-
ide ejected by the volcano. That reagent
slowly diffuses upward, reacting finally
with the ozone layer to form the acid
droplets. The abundance of the droplets
is under the control of the seasonal re-
sponse of ozone formation to the insola-
tion of the high atmosphere. Acid drop-
lets re-form season after season until
most of the gas is used up. Blue suns
and emerald green moons are not just
centennial memories either: in north-
ern China the effect is not infrequent,
as dust borne by winds from the distant
loess of the Gobi fills the skies to pro-
vide a complex example of angle- and
color-dependent light scattering.

The night sky draws the Meinels’ at-
tention as well. In the dark are subtler
glows: the aurora, high clouds of artifi-
cial and natural origin, effects of inter-
planetary dust in the plane of the eclip-
tic, odd visitors (such as asteroids and
comets) and city lights. All of these
are briefly introduced for the benefit of
would-be watchers of the skies. Other
worlds are not neglected; for twilight
glory, though, the earth remains the
“best of all the planets,” at least while
it enjoys a climate that allows clear
air. It seems probable that cloudy skies
were general during epochs as warm
and rainy as the Mesozoic; the swampy
earth of the coal beds was no planet for
sky watchers. The Meinels aptly chose
the psalmist to close in eloquence their
engaging and enthusiastic book: “The
dawn and the sunset shout for joy!”

HE VISUAL DISPLAY OF QUANTITA-

TIVE INFORMATION, by Edward R.
Tufte. Graphics Press, Box 430, Chesh-
ire, Conn. 06410 ($34). The old page
reproduced shows an outline map of a
part of eastern Europe, with a few towns
and river courses marked. Across the
map there is plotted an unfamiliar cur-
rent, certainly no river we know, wide in
the west, dwindling as it makes its way
eastward to Moscow. A smaller return
current, graphed in black, flows back to
reach the west again, but now wasted to
a trickle. What is plotted is the tragic
ruin of the Grande Armée, the triumph
of General Winter and his hardy Rus-
sian allies over Napoleon I in the year
1812. The width of the band is propor-
tional to the number who marched be-
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hind their emperor at each place. The
invaders crossed into Russia 422,000
strong; only 10,000 were left to cross the
Niemen a second time on the way back.
Below the map lies a graph of winter’s
tactics: the drop of the temperature
during the retreat, the curve carefully
aligned in place and time. In all its “bru-
tal eloquence” this multidimensional
classic “may well be the best statistical
graphic ever drawn.” It is an 1861 prod-
uct of a gifted French engineer, Charles
Joseph Minard.

Original, beautifully presented, sharp
and learned, this book is a work of art
history and reasoned criticism. The art
here is a cognitive art, the graphic dis-
play of relations and empirical data,
now an indispensable tool of science and
engineering. Maps were made long be-
fore graphs; the representation of spa-
tial relations may be older than writ-
ing itself. But young Edmund Halley’s
world map of winds plotted as “little
stroaks,” published in a 1686 Philosophi-
cal Transactions of the Royal Society, is
about as early an example of thematic
or data mapping as we know.

That degree of abstraction was diffi-
cult. There are rare examples of time-
series plots even before then; one is
shown here (it plots the inclinations of
planetary orbits) from a manuscript
of perhaps the 11th century. Graphs
of time series become familiar late in
the 18th century; the versatile physicist
and mathematician J. H. Lambert was
a pioneer in their thoughtful use by
1770, and a decade later the political
economist William Playfair presented
an entire atlas of economic data such
as wages and trade balances convincing-
ly graphed over time. He also invented
the familiar bar and pie charts.

Among all data graphics it is only
maps, time-series plots and bar and pie
charts (sometimes jazzed up with more
representational symbols) that to this
day reach the wide public. Professor
Tufte has made some sample surveys.
Consider relational graphics, any plot
that is neither a map nor a time series
yet links two or more variables. They
are the everyday stuff of scientific publi-
cation, amounting to 40 percent of the
graphics in a typical scientific weekly.
But of 15 widely known news publi-
cations around the world, about half
(including Time, Pravda and The Wall
Street Journal) carried no such plots at
all. The New York Times presented one
plot for each 200 graphical items. It
is probably no surprise that Asahi, Der
Spiegel and The Economist did better; the
data-loving Japanese even observe a na-
tional statistics holiday, complete with
graph-drawing contests.

Graphs can lie handsomely, of course,
but so can words. As Tufte sees it, undue
concern with the detection of deception
and the related idea that graphics were
meant mainly for the naive (“showing
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the obvious to the ignorant) stultified
the art from 1930 to about 1970. In the
second half of the book he takes the
stance of philosopher-critic, more nor-
mative now than descriptive. The basis
of his theory commands assent: above
all else show the data. On this rock he
builds firmly, with examples in rich va-
riety, from electroencephalograms with
eight aligned tracks from which noth-
ing can be erased to preposterous exam-
ples of false perspective and multicol-
or fields presenting little information.
He dubs the latter chartjunk, along with
various forms of undisciplined cross-
hatch dazzle, emphatic but information-
free grids and the crude busy labels so
easily entered on the keyboard. All these
elements are now close to high fashion
in the world of computer graphics, in-
festing advertisements, corporation re-
ports and television.

The book ends with what a keen crit-
ic often neglects: real help. Statistician
and economist, Tufte has become seized
with the visual art. His proposals for
putting to useful statistical work the re-
dundant axes of a scatter plot are prac-
tical. (What use is the origin, anyway?
The ends of the framing axes can mark
the data range, and an offset in the line
can give quartiles.) Clever little ideas
such as the white grid for scaling bar
charts and histograms should become
popular; they fit Tufte’s theory. Multi-
ple small graphs, evoking the frames of
a motion picture, are a successful re-
cent scheme for data-rich designs. Typ-
ically a fixed geographic background,
say a thumb-size map of Los Angeles
County, is presented repeatedly on the
page, each time with shifting data on
the map plotted as contours or in per-
spective peaks and valleys.

It is not the density of information
that bores and confuses; more often it is
the density of noninformation. One vap-
id bar chart displays about a sixth of
one data number per square inch; bet-
ter news comes with the Times's annual
New York weather-summary plot, with
nearly 200 numbers per square inch, and
a 1973 outline map of the communes
of France, nearly 9,000 numbers per
square inch. The current record is held
by the well-known map of the galaxy
density on the sky; its two million encod-
ed gray rectangles yield a data density of
about 110,000 numbers per square inch.

A final chapter adds technical hints,
on line weights and graph shapes, on the
right combination of words, numbers
and pictures. An epigraph from Henri
Matisse is apt: “I want to reach that state
of condensation of sensations which
constitutes a picture.” The designer of
graphics has the task of giving easy visu-
al access to the subtle and the difficult.
This volume brings together a gallery
of models, a workable theory of ap-
proaches and a cautionary display of
failures. One hopes it will find not only
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general readers who will take delight in
it but also heavy service among those
who elaborate the long codes that rule a
million screens.

NUCLEAR WEAPONS DATABOOK, VOL-
UME 1: U.S. NUCLEAR FORCES AND
CAPABILITIES, by Thomas B. Coch-
ran, William M. Arkin and Milton M.
Hoenig. Ballinger Publishing Company
($38). Enough survivors at Hiroshima
saw the slowly falling instrument-car-
rying parachutes released by a teleme-
try plane that accompanied the strike
bomber to support the widespread be-
lief the nuclear bomb itself had come
down by parachute. That unlikely and
unused tactic of 1945 is now a matter of
design. All development complete, engi-
neered for first production this year
(the total production run is expected to
be 2,500), enters the Modern Strategic
Bomb, Type B83. Neat external draw-
ings of five other nuclear bombs are here
with their dimensions, although not yet
the B83. A photograph of the prototype
dropped on its parachute from an F-111
aircraft is given. Some of these new
bombs will be placed on the B-52’s and
FB-111’s of the US. Strategic Air Com-
mand. B83 is intended as the major
gravity weapon for the forthcoming B-
1B bomber, the first squadron of which
will be operational out of Dyess Air
Force Base in Texas late in 1985. That
supersonic plane, whose production will
cost the taxpayers some $30 billion for
the 100 aircraft on order, can carry 24
of the 12-foot bombs internally and
perhaps another 14 as external load (at
some cost in speed from their inevita-
ble drag). Each B83 weighs some 2,400
pounds. The parachute, no novelty in
itself, is newly designed to retard the fall
of the bomb from the supersonic air-
craft roaring evasively past its target at
altitudes as low as 150 feet and allows
a laydown accuracy of some 600 feet.
The surface explosion is delayed long
enough by parachute and fuzing to let
the bomber escape.

The yield of the weapon is a nominal
megaton-plus, probably from a mixed
fission primary of plutonium and urani-
um, plus the thermonuclear secondary.
It is therefore suited to the hard targets,
such as missile silos and command bun-
kers, for which it has been specifically
designed. Not many witnesses are likely
to be close enough to see the parachut-
ing of B83 and survive to report it.

B83 is a clever bargain design out of
the Lawrence Livermore Laboratory. It
offers the possibility of high-speed low-
altitude delivery, together with a num-
ber of improved safety features, at a
cost reduced from the excessive price
tag of a canceled design of the late
1970’s. It will replace three or four earli-
er bombs, one of which, also used as the
warhead of the Titan missile, has an ex-
plosive yield of nine megatons. That
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model is the highest-yield weapon ever
in our arsenal and is now out of date.
Four tons in weight, 20 years old, it is
shown in a photograph from the Nation-
al Atomic Museum; its New Mexico ori-
gin is easily read from the ornamental
clasp worn instead of a necktie by one of
the engineers standing beside it.

No sharp issue arises around B83; it
simply represents the technical change
normal for nuclear weapons in the U.S.
forces for nearly 30 years, since the pi-
oneering early 1950’s. Those details of
specifications, purpose, evolution, pro-
duction, deployment and the like, how-
ever, stand as a sample of this unusual
reference work, factual and comprehen-
sive, although only modestly technical.
It has been compiled over the past few
years out of the open literature, now vo-
luminous, by two physicists and one
military analyst working in Washington.

Their numerous sources are docu-
mented by meticulous footnotes; chief
among them are the declassified hear-
ings of the main congressional commit-
tees that act on the appropriations for
the armed services and the Department
of Energy. The first three chapters are
the most interesting for the general read-
er. They present an overview, a primer
on the nature and functional features
of nuclear weapons (which wisely does
not attempt any conjecture about their
structure except in general terms) and
a remarkable warhead-by-warhead de-
scription of the current U.S. stockpile,
24 types of nuclear warhead in 40 pages
of data and photographs. These pro-
ceed from W25, the warhead of the Ge-
nie air-to-air interceptor rocket, with a
yield of one or two kilotons, first flown
in 1957, up to W80, the common war-
head to be carried by the air- and sea-
launched cruise missiles whose deploy-
ment is only now under way. W80 man-
ages its yield of 200 kilotons in a weight
of about 270 pounds. Of Los Alamos
origin, with a 20-year evolution, it is
probably a deuterium-tritium-boosted
fission device, as compact as they come.

Warheads projected for the future are
also well covered, albeit with more gaps
in the data. Some 15 planned new weap-
ons can be identified over the eight or 10
years ahead. There are many replace-
ments of older warheads (a 30-year life
cycle is about average) and a net in-
crease of about 4,000 weapons by 1990,
for a total of 30,000.

The rest of the book centers on the
delivery systems. The material on new
systems—such as Peacekeeper (MX),
Trident, Pershing, the new cruise mis-
siles and the new reentry vehicles—is
timely and important for the discus-
sions of the day. The comprehensive ap-
proach brings with it quite a few pages
on aircraft, ships, missiles and artillery
capable of delivering either convention-
al or nuclear weapons.

The most remarkable photograph
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here is one of a wildly painted tanker
aircraft refueling two Tornado fighter-
bombers at once. The strangest device is
surely W54, the special atomic demoli-
tion munition, 60 pounds in its back-
pack for a low subkiloton yield, to be
emplaced by an engineer at some bridge
or tunnel not too far. The most disturb-
ing Department of Defense projection
is that of the Trident II CDDS5 missile:
“hard target kill across full-spectrum,
higher-yield warheads,” a program un-
der acceleration for 1990. It promises
some 5,000 accurate high-yield war-
heads, with terminal-guidance option
and instant retargeting. Such powerful
new offensive strength at sea is said to
be in part a hedge against the eventual
cancellation of the MX. (CDDS5’s tar-
gets would seem to include the congres-
sional end of Pennsylvania Avenue.)
In 1980 we had 722 military units offi-
cially certified by the Defense Depart-
ment for some direct role in nuclear
warfare. (In the Air Force, for exam-
ple, such a unit would usually be a
squadron.) Those forces number more
than 100,000 specifically trained and
cleared persons in all the services, their
weapons “properly wired and inspect-
ed.” That is the force assessed over-
all by this careful book. Its deploy-
ment maps, stockpile inventories and
detailed lists of features, dates and mod-
els make visible the forms that hide
in the shadow of potential destruction.
Here is the real world, if a cockeyed one.
The ambitious authors propose seven
companion volumes over the next few
years. The second volume will cover the
production complex for nuclear weap-
ons in the U.S,, the third (now in prep-
aration) Russian weapons, the fourth
other national nuclear forces, the fifth
health and safety (sic), the sixth com-
mand and strategy, the seventh arms
control. The eighth will close the set less
technically with a review of arms con-
trol and a history of nuclear weapons.

RECOMBINANT DNA: A SHORT COURSE,
by James D. Watson, John Tooze
and David T. Kurtz. W. H. Freeman and
Company ($27.95). “There is no sub-
stance as important as DNA.” An as-
tronomer might contest the point, but let
it stand. In a swift, crisp, often aphoristic
way these three molecular biologists
and their talented illustrator George
Kelvin have set out the state of their
marvelous art in mid-1983: how the liv-
ing cell analyzes, edits and publishes the
genetic message. The level is that of Sci-
entific American at its most austere, per-
haps even more demanding because the
topic is sustained over 18 chapters. At-
tention is centered on the laboratory
and the experiments and concepts devel-
oped there (although a final chapter en-
ters the spectacular new industry, and
the hopes of therapy are not forgotten).

A sense of history and impact is con-
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veyed throughout. There is a time line of
main events and a few excellent photo-
graphs of major actors in the drama.
The material recalls a more extensive
historical publication, The DNA Sto-
ry, published by Watson and Tooze in
1981. Their new ‘“‘course” has grown out
of the scientific summary in that book.
Indeed, the organization remains broad-
ly chronological: the essential founda-
tion of the discipline was laid down over
a period of 25 years, from the recogni-
tion of the genetic transforming pow-
er of DNA through the discovery of
its double-helical form and replication
chemistry to the establishment of the
full genetic code in the late 1960’s. The
background account is thus historical in
feel. The subject has grown apace since
the 1970 discovery of the first restriction
enzyme—the editor’s scissors, so to say.
As in the rise of the large-scale silicon
chip, the tale is mainly one of a decade.

The first four chapters set out the
background, up to the studies of the con-
trol of gene expression in cells higher on
the evolutionary ladder than bacteria.
Almost everything depends on replica-
tion. For any molecule in the living cell
a sample large enough to characterize or
to reuse can be obtained once the mole-
cule is synthesized by the cell in obedi-
ence to some part of the DNA instruc-
tion tape. Ten chapters, filled with inge-
nuity and insight based on experiment
after experiment, treat the central issue:
getting cells to make what DNA you
will. The problem is soluble because
the evolution of life, particularly at the
bacterial level, has been marked by a
struggle between intruding DNA capa-
ble of exploiting a host and a host cell
determined to resist the intrusion.

Thus did bacteria evolve enzymes
able to locate foreign DNA by noting
unusual words in the text, and there
to fragment it. Those enzymes are the
scissors, the restriction enzymes repro-
ducibly cleaving the DNA text at given
phrases. Other bacteria found it useful
to maintain a set of circular minichro-
mosomes, DNA loops of no great length
but in large numbers of copies. These
could multiply rapidly, to allow when it
was necessary the quick manufacture
of enzymes to attack various antibiot-
ic molecules. The clever human editors
simply put their own little texts into the
loops by finding sticky ends that could
enter the specifically cleaved loops fre-
quently. The cells copied the new re-
combinant texts just as well as the old.
The art had begun.

There are other natural tactics for in-
troducing DN A texts where it can pros-
per even though it is unwanted. There
are bacterial viruses, miniloops in high-
er cells such as yeast, tumors in plants
and even in animals—all with mecha-
nisms:leading to the acceptance of for-
eign text by the cell’s printshop. The
newly printed foreign texts are the DNA



fragments cloned in bacterial cultures.
(It is unnecessary to continue any long-
er with the text-composition analogy,
which in fact is not found at all in this
concise book.) The largest fragments
that can now be cloned reliably run to a
length of some 50,000 pairs of nucleo-
tide bases. A single human chromosome
is a couple of hundred times longer.

By optical-mechanical sorting out of
a cell culture it was possible to obtain a
sample of human X chromosomes. That
sample was fragmented with restriction
enzymes and introduced into the bacte-
rial host by means of a virus. The result
is a large number of distinct virus colo-
nies. In each colony we can expect a
yield of many copies of one random
fragment, 1 percent or less of the human
chromosome. Most of the human DNA
input is to be found in one or another
distinct virus patch. Any means of anal-
ysis of that DNA—mapping its genes
by hybridization, even identifying its se-
quences, meaningful or merely repeti-
tive—can now be carried out.

This process, far from complete, is
cited here as only one example typical
of DNA work in the 1980’s. The DNA
fragments might be studied at some
points, at least, down to the level of sin-
gle base pairs, with the right restriction
enzymes. Classical genetics was able
to recognize under the microscope the
bands in single stained chromosomes or
to map chromosomes cytogenetically,
resolving a length of a million or so
base pairs. Write the authors: “We can
confidently look forward to medium-
resolution maps of entire human chro-
mosomes, and high-resolution maps
of interesting and medically important
segments.”

This is only a coarse account of a fine
text whose power is in its explicit detail.
It is as successful a summary of a disci-
pline in flower as one can find, a worthy
follower to the senior author’s earlier
comprehensive text on the gene. There
is an air of good fortune about this sub-
ject. The dangers have dwindled and
success has multiplied like the bacteria.
It was not expected. Several shrewd in-
vestigators “left molecular genetics to
start up new careers in neurobiology”
just at the dawn of recombinant suc-
cess. Perhaps the time of neural and
developmental understanding will yet
come, but this marvelously dexterous
science is pretty surely its prerequisite.

A’PLES: A GUIDE TO THE IDENTI-
FICATION OF INTERNATIONAL VA-
RIETIES, by John Bultitude. University
of Washington Press ($50). In 1905 the
Agricultural Experiment Station of the
Empire State published a two-volume
celebration of its orchards: The Apples
of New York, by S. A. Beach. It was a
survey of apples in all their variety, with
many photographs in color and in black
and white. This book, a cosmopolitan

modern version of Beach’s proud old
work, stems from England. Bultitude
is a world authority on apple varieties
with a lifetime of experience in the prop-
agation of apples. His field guide to ap-
ples rests on the remarkable collection
of 2,000 varieties at the National Fruit
Trials in Brogdale, where over some 10
years a colleague has made beautiful
photographs in color of 250 of the best-
known varieties, all as fruit growing on
the bough, a study in the riches of red,
green and gold. For each variety Bulti-
tude has prepared a page of description
and brief history, with photographs of
two cut sections, one polar and one
equatorial, to help in identification.

The marketplace centers on very few
varieties, through the shifting choices
of the grower and the consumer alike,
seeking size, yield, keeping quality, fla-
vor and eye appeal. In 1905 the most
popular American variety was the Bald-
win. Now Delicious and Golden Deli-
cious make up more than half of all ap-
ples grown in the U.S,; in the U.K. the
weather is not warm enough for the De-
licious to reach a popular size. There
Cox’s Orange Pippin holds more than
half of the total market. On the Conti-
nent those three leading U.S. and U.K.
varieties together add up to a market
majority. In Australia the green Granny
Smith supplies 56 percent; in New Zea-
land the Delicious and the Granny
Smith share more than half of the mar-
ket. Variety remains, but somewhat off
in the corners.

The breeding of apples by crossing
known varieties was vigorous in the
19th century. Most commercially suc-
cessful varieties, however, are sports:
mutants that arose by chance in some
orchard. The Delicious was found in
1880 as a shoot growing from a root-
stock in Iowa; the Granny Smith was
“raised from chance seed thrown out by
Mrs. Thomas Smith, Ryde, New South
Wales” before 1868. Mutants are under
steady selection from among all these
major varieties, often chosen for color.
Desired stocks are propagated by grafts
or are cloned: reared vegetatively from
a single parent plant, since apples do not
usually breed true from seed. Genetics
is beginning to make its mark, although
chance still rules.

The scientific reader will not want to
overlook one “distinctly ugly cooking
apple, [a] very shy cropper.” The dully
reddened green fruit traces back to a
tree growing in Isaac Newton’s mother’s
garden at Woolsthorpe, and it is held to
have been repropagated these three cen-
turies and more. Cortlands, MclIntoshes,
Mutsus (called Crispins in the U.K.),
Northern Spys, Red Astrachans, Jona-
thans, Gravensteins—they are all here,
and a couple of hundred more. What
the supermarket does not provide may
well be cherished in some local garden
or old orchard.
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Better Than
Jogging,
Swimming
or Cycling

Nord:c 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 toning.

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

Play the finest

HARPSICHORDS
& FORTEPIANOS

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

Three Centuries of Harpsichord Making
by Frank Hubbard (Harvard Univ. Press.
397 pgs. $25.00 postpaid)

For brochure send $1.00 to:
HUBBARD HARPSICHORDS
INCORPORATED
144-S Moody St., Waltham, MA 02154
(617) 894-3238
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Epson.

For those who need it,

simplicity

|

One computer.

Two points of view.

The Epson QX-10 personal computer.

To many, the Epson represents the
ultimate in simplicity.

Just press a single key for the func-
tion you require: word processing,
scheduling, business graphics, address
book or file management. One key-
stroke produces your program. There
are no rigamaroles to remember. No
disks to change.

The result: you start to work
immediately. And you start being pro-
ductive, immediately. With step-by-
step prompts. In plain English, not
computerese.

Simplicity itself.

Orisit?

The plain fact is that the ease of
operation the Epson offers today is
accomplished with a degree of tech-
nological sophistication most other
computers can only promise for tomor-
row— specifically, fully integrated
software, operating in an interactive
environment.

The few other computers offering
such “simplicity” cost $5,000 to $15,000
more. And most other computers can't
offer it at any price. Which makes
one wonder exactly what they do offer,
in terms of either simplicity, or
performance.

HOW MUCH CAN YOU DO
ON THE EPSON? HOW MUCH
ARE YOU READY TO DO?

The Epson’s ease of operation
may spoil you, but it certainly won't
limit you.

Case in point: every Epson comes
complete with an integrated soft-
ware system — Valdocs® —to effortlessly
provide the basic functions for which
most people buy computers. The
Epson also comes with CF/M®-80 2.2,
so you can choose from the hundreds
of programs in the CP/M library. And
only Epson offers an exciting new
collection of seven best-selling pro-
grams now specially enhanced to give
you every powerful feature, plus Epson
one-button simplicity. Included are

dBase II® Friday!™ Microplan®
Graphplan™ WordStar® SpellStar®
and MailMerge® And the Epson also
allows you to add MS™-DOS com-
patibility, so you have access to best-
sellers like Lotus® 1-2-3®

Best of all, you will run the soft-
ware of your choice on the computer
of choice. The high-performance
Epson. With 256K RAM. 128K dedi-
cated video memory. The
breathtakingly sensible

HASCI™ keyboard. e =
Dual 380K double — %
density disk g
drives. —

Graphics
capabilities unequalled in
its price range. A high resolution monitor,
640 by 400 pixels, for clarity few com-
puters in any price range can offer. Plus,
an RS-232C interface, a parallel printer
interface, and internal space for up to
five peripheral cards so you can expand
your Epson as your needs require.
One further point: all these features,
and quite a few more, are included
in the Epson’s $2,995 price. Some com-
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Epson.

For those who can handleit,
performance.

puter companies ask you to pay extra
for features like these. Most can not offer
them at any price.

That, too, is performance. The kind
of performance that can make choosing a
personal computer very simple, indeed.

EPSON QUALITY. OR, WHY

WONDER WHAT TERRIBLE

KLUDGES LURK IN WHICH
SLEEK BOXES.

If you know computers, you
know Epson.
Epson
printers set
the industry
standard
for quality,
reliability
and value.
Rest assured,

the same
can be said
for the Epson
personal
computer.
The satisfy-
ing silence of
the slim, Epson-
designed disk-
drives is one way
for you to judge or,
for an inside-out
perspective, here is an
excerpt from a review
by Jim Hanson in the
April, 1983 issue of
Microcomputing*
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“The Epson QX-10 is soundly designed
and executed. I looked hard and found
no evidence of kludging or shorting out
anything in the name of economy. All
the connectors have gold on them and are
of quality manufacture. The printed
circuit boards are heavy, with soldermarks
on both sides of double-sided boards.
The circuit boards are completely silk-
screened with component labels, and the
layout is as professional and clean as
you will find anywhere”

Isn’t this what you expect? After all,
it's an Epson.

A WORD TO THE WISE:
GET YOUR HANDS ON
THE EPSON.

Is the Epson a simple, easy-to-use
computer for beginners? Or a sophisticated
high-performance computer for the
experienced? The answer is “yes” And
when you think about it, aren’t those two
computers the one you need now.

For technical specifications, and
the complete, 3-part Microcomputing
review, along with the name of
your nearby Epson dealer, call toll-
free (800) 421-5426. California resi-
dents, call (213) 539-9140.

*Excerpt reprinted by permission of Microcomputing Magazine.
All rights reserved.

CP/M, dBase 11, Microplan, WordStar, SpellStar, MailMerge, Lotus,
1-2-3 are registered trademarks of Digital Research, Ashton-Tate,
Chang Labs, MicroPro (3), and Lotus Development (2). Valdocs,
Graphplan, MS, and HASCI are trademarks of Rising Star, Chang Labs,
Microsoft, and Rising Star, respectively.

' EPSON

STATE-OF-THE-ART...SIMPLICITY.



Ford Escort Diesel:
Better mileage

than thisleading

We didn’t believe it at
first, either.

But EPA testing figures
established it. Our new
Escort Diesel is rated
approximately four
miles per gallon higher
than a Honda 750*

Just take a look at our
numbers:

EPA And because
46 ESL ' this diesel is

MPG. an Escort,

68 EST. there’salot
HWY. hore to talk
about than great economy.
Like the fact that
Escort’s the best-selling
car in the world**

Or that it comes with
more total passenger
room and more total
cargo room than a
Honda Accord.t

More standard features
than a Toyota Tercel.t1

There’s even a fully
independent suspension
system for a smoother
ride than a Nissan Sentra.

All of which means
Ford Escort not only
gives you a big advan-
tage over that motor-
cycle pictured above.

It also beats more than
its share of cars.

THE BEST-BUILT

AMERICAN CARS.

When we say “Quality
isJob 1, we are talking
about more than a com-
mitment. We are talking
about results. A recent
survey concluded Ford
makes the best-built
American cars. The sur-
vey measured owner-
reported problems
during the first three
months of ownership of
1983 cars designed

and built in
the U.S.
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And that commitment
continues in 1984.

* For comparison. Honda 750
mileage is obtained from EPA
emissions testing and is 7ot an
official rating. FS Diesel mile-
age applicable to sedans with-
out power steering and A/C.
Available for order. Your mile-
age may vary depending on
speed, trip length, weather.
Actual highway mileage lower.
All Escort Diesel models except
the FS available in California.

** Sales estimates based on world-
wide production figures.

1 Based on EPA Interior Volume
Index.

ttEscort GL (shown) compared
to Toyota Tercel 3-door deluxe
liftback.

Get it together —
Buckle up.

Have You Driven A Ford...

Lately? @
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“No First Use” of Nuclear Weapons

The security of all nations would be enhanced if the U.S.

and 1ts allies were to adopt a military strategy that did

not rely on nuclear arms to counter a non-nuclear attack

by Kurt Gottfried, Henry W. Kendall and John M. Lee

its allies in the North Atlantic Trea-

ty Organization have based their
common defense on the declared strate-
gy of initiating nuclear warfare if their
conventional, or non-nuclear, military
forces should be threatened with defeat
in Europe or elsewhere. The doctrine
of “first use” of nuclear weapons was
formulated at a time when NATO was
faced with two options for counter-
ing the large standing army maintained
by the U.S.S.R.: either conscripting and
outfitting large numbers of men (an ob-
viously unpopular move after six years
of combat) or relying on a compara-
tively cheap and enormously destruc-
tive weapon their adversary did not pos-
sess. Little sleep was lost in making the
choice or in reconsidering it as long as
the U.S. held a significant lead in nuclear
arms over the U.S.S.R.

The era of unquestioned U.S. nuclear
superiority has long since passed, and
with its passing confidence in NATO’s
first-use policy has eroded. Doubts have
arisen partly because it has proved im-
possible to devise plans that promise to
gain a military advantage from any lim-
ited use of nuclear weapons. In addition
no method has been proposed for stop-
ping a nuclear war once it has start-
ed. Accordingly it has become clear to
many people that even the most limited
use of nuclear weapons could well lead
to the ultimate catastrophe of a glob-
al nuclear war. Nevertheless, under the
present first-use policy nuclear weapons
are integral to the training, planning and
equipping phases of all NATO military
operations. In the event of reverses in a
major conflict there would be almost ir-
resistible pressure to use them.

These concerns have led some promi-
nent observers to call for a new NATO

Since the late 1940’s the U.S. and

policy on the initiation of nuclear war-
fare. In particular, in the spring of
1982 four former high officials of the
U.S. Government (McGeorge Bundy,
George F. Kennan, Robert S. McNa-
mara and Gerard C. Smith) published
an article in Foreign Affairs advocating
that serious consideration be given by
the U.S. and its NATO allies to a pol-
icy of “no first use” of nuclear weapons.
At the same time the Union of Con-
cerned Scientists publicly explored a set
of measures to enhance international
security and reduce the risk of nucle-
ar war. One of the recommendations
that emerged from this review was that
NATO should move toward a no-first-
use policy in Europe and that the U.S,,
independently of its European allies,
should do the same everywhere else in
the world.

The scientists’ group, of which we are
members, then sponsored a more de-
tailed study of the no-first-use option,
with particular reference to the concom-
itant need to strengthen NATO’s con-
ventional forces. The study was directed
by one of us (Lee) and involved (in addi-
tion to the other two of us) Gerald Stein-
berg and Peter Trubowitz. A number of
retired senior military officers and for-
mer civilian defense officials on both
sides of the Atlantic took an active part
in the project and endorsed the final re-
port. This article is based largely on the
results of that joint effort.

Aly analysis of the no-first-use propos-
al must deal primarily with the mil-
itary situation on the central European
front, where the countries of NATO and
the Warsaw Pact confront each other
with the two most powerful military
forces ever assembled in peacetime. It is
generally agreed that NATO would re-

© 1984 SCIENTIFIC AMERICAN, INC

sort to nuclear weapons only if an offen-
sive by the Warsaw Pact appeared to be
on the verge of success. Accordingly
military casualties would already num-
ber in the thousands, and the rapidly
shifting front would run somewhere
through densely populated West Ger-
many. In the circumstances the use of
tactical, or short-range, nuclear weap-
ons could lend effective support to
troops on the battlefield only if the com-
manders were able to make rapid de-
cisions on the basis of accurate intel-
ligence and if the weapons could be
promptly released for use. Even if the
initial NATO nuclear operations were
for purposes other than direct battlefield
support (for targeting Warsaw Pact
command-and-control centers or sup-
port forces far in the rear, say), there
would be the same need for coordinat-
ing them with a rapidly changing situa-
tion on the basis of the best available
information.

Formidable obstacles would stand in
the way of such NATO operations.
The intricate system NATO relies on
for command, control, communications
and intelligence (C3I), which is shared
by its conventional and nuclear forces,
is highly vulnerable to attack and would
presumably be a prime target for the
Warsaw Pact forces from the very be-
ginning of hostilities. At present the “‘nu-
clear threshold” cannot be crossed by
NATO field commanders acting alone.
The highest political leaders of the
NATO countries are supposed to agree
on the timing, magnitude and location
of any nuclear attack, and for this rea-
son NATO has set up an elaborate pro-
cedure for reaching such decisions.

Thus NATO’s military and political
requirements are in direct conflict with
each other. From the military stand-
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point it is essential to take prompt action
while the C3I system is still able to pro-
vide reliable data and before the NATO
armies, which have been trained to de-
pend on nuclear weapons, begin to disin-
tegrate. From the political standpoint
the decision would require a consensus
capable of withstanding the unprece-
dented strains inherent in initiating and
sustaining a nuclear war. Such a con-
sensus could be bought only with time,
whereas the military situation could de-
teriorate to the point of collapse if the
political leadership delayed—or refused
to allow—the use of nuclear weapons.
War games and other military exercis-
es by the American and British defense
establishments throw further doubt on

the military utility of the present first-
use policy. They indicate that if NATO
were to introduce tactical nuclear weap-
ons into the conflict, the nuclear ex-
change that would almost certainly en-
sue would inflict more damage on
NATO than on the Warsaw Pact. The
retreat of the conventional NATO
forces would create an ideal target for
nuclear attack: a concentrated army im-
mersed in its own population. Hence the
Warsaw Pact forces could afford to be
much less discriminating in their use of
nuclear weapons than the NATO forces
would have to be. The highly central-
ized political structure of the Warsaw
Pact, dominated by the U.S.S.R., would
enable it to quickly exploit opportuni-
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MEMBERS OF TWO MILITARY ALLIANCES opposed to each other in Europe are identi-
fied on this map. The nations belonging to the North Atlantic Treaty Organization are shown
in gray. The Warsaw Pact nations are in color. France is a member of NATO but does not par-
ticipate in its military-command structure. Transatlantic NATO members are U.S. and Canada.

NATO WARSAW PACT
POPULATION 575 MILLION 375 MILLION
ARMED FORCES 4.90 MILLION

4.76 MILLION .

$5.77 TRILLION

GROSS NATIONAL PRODUCT $2.02 TRILLION

ANNUAL MILITARY EXPENDITURES

$260 BILLION $127 BILLION

AGGREGATE STATISTICS for the nations of NATO and the Warsaw Pact are compared.
The NATO totals include figures for France but not for Spain, which joined NATO in 1982.
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ties in any tactical nuclear engagement.

The destruction caused on both sides
by any such nuclear exchange could
of course be immense. Of the rough-
ly 9,000 tactical nuclear weapons de-
ployed in the European theater of oper-
ations thousands would presumably be
detonated in East Germany and West
Germany, directly exposing many ur-
ban areas to blast and fire. The resulting
radioactive fallout could contaminate
tens of thousands of square miles on
both sides of the central front [see illus-
tration on page 37].

or a nuclear war to remain limited

the two sides would have to nego-
tiate quite specific, verifiable limits on
weapons and targets. This unprecedent-
ed feat of diplomacy would have to be
achieved in a state of crisis and uncer-
tainty unknown to history, with each
side holding in reserve a nuclear arse-
nal that could carry the conflict to vir-
tually any level of destruction. It would
be reckless to assume that escalation far
beyond the battlefield could be averted
in such circumstances. It is hardly sur-
prising that many senior military offi-
cers and civilian defense officials on
both sides of the Atlantic have long held
that nuclear explosives have no utility
whatever as battlefield weapons.

The recognition that the decision to
use nuclear weapons is too grave to be
tied to the tactical imperatives of the
moment has led some strategists to es-
pouse another nuclear option for avert-
ing a conventional defeat. In this case
first use would take the form of a nucle-
ar attack on one or more military targets
far from the front that have a value suf-
ficiently high to ‘“demonstrate will” but
not so high as to provoke a much greater
counterresponse. Whether or not such
targets exist is open to question. In any
event whatever effectiveness this strat-
egy would have would depend on the
threat of escalation inherent in it, and so
it offers no escape from the dilemma
presented by the strategy of first use of
nuclear weapons on the battlefield.

In short, there is no plausible scenario
for the use of nuclear weapons in a con-
flict between the two superpowers that
does not carry with it the danger of cata-
strophic escalation. To some this con-
clusion merely emphasizes the value of
the first-use doctrine as a deterrent. Oth-
ers have come to believe NATO cannot
stake the future on a strategy that is ‘“‘ei-
ther a bluff or a suicide pact,” to quote
Field Marshal Lord Carver, former
chief of the British Defence Staff. They
argue that a no-first-use policy would
provide a sounder foundation for de-
fense. The rest of this article is devoted
to an examination of that assertion.

A no-first-use policy would relegate
nuclear weapons to a single task: retali-
ation for a nuclear attack. Such a policy



would be much more than a declara-
tion of intent; it would require substan-
tial changes in the training, planning
and equipping of NATO’s conventional
forces, so that the ultimate reliance on
nuclear weapons for military operations
would be eliminated. Once the policy
was adopted no combat commander
could expect nuclear weapons to be
used for support, just as today there is
no expectation of a first use of nerve gas
or biological weapons.

he widespread misperception that

the U.S.S.R. now has an overwhelm-
ing superiority in conventional forces
has led some critics to dismiss the no-
first-use option as utopian. As the con-
ventional balance of forces is usually
represented, it ignores the fact that
NATO’s task is to defend, not to attack.
Although it is true that the Warsaw Pact
is stronger in conventional arms than
NATO, it must be remembered that in
a conflict between armies of compara-
ble competence an attacker must hold
a substantial advantage to be confident
of success. The disparity between the
Warsaw Pact and NATO armies is not
of such proportions. Furthermore, we
believe NATO could mount an even
more formidable conventional deterrent
at or near current manpower levels
with the adoption of an improvement
program at a cost that is small com-
pared with current expenditures. Such a
program could be funded largely by re-
duced spending on nuclear weapons.

Under a no-first-use policy NATO’s
conventional forces would have to de-
ter—and ‘if necessary stop—a conven-
tional Warsaw Pact attack without re-
sorting to nuclear weapons. To that end
the composition and structure of NA-
TO’s present forces would have to be
altered, operational plans would have to
be modified and much larger stocks of
supplies would have to be on hand.

The intelligence services of the War-
saw Pact would be fully aware of these
developments. Although the Warsaw
Pact leaders may never have absolute
confidence in a NATO no-first-use dec-
laration, they would probably be won
over to a cautious belief that the new
doctrine is actually in force. Similarly,
from surveillance of Warsaw Pact mil-
itary exercises and maneuvers, among
other indicators, the NATO intelligence
services would know whether the War-
saw Pact’s recent no-first-use declara-
tion was reflected in military training
and planning.

Under the prevailing first-use policy
many people in Western Europe are
more frightened by their own defense
than they are by the potential attack.
This fear threatens the entire alliance
with political paralysis and has created
concern in military circles that NATO
may already have a de facto no-first-use
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CENTRAL EUROPEAN FRONT is considered by NATO planners to be the most likely site
of an attack by the Warsaw Pact. Four possible major invasion routes are shown: the North
German plain (4), the Géttingen corridor (B), the Fulda gap (C) and the Hof corridor (D).

policy without any of the requisite prep-
aration. A no-first-use policy that has
been deliberately prepared and agreed
onin peacetime would lead to more con-
fident and coherent decisions in a cri-
sis, a step that would in itself enhance
deterrence.

Major changes in the tactical nucle-
ar arsenal should also accompany
the declaration of a no-first-use policy.
Indeed, there is a consensus, encom-
passing many adherents of the current
first-use policy, that the vast array of
NATO tactical nuclear weapons based
near the front presents a greater threat
to NATO than it does to the Warsaw
Pact. The problem is that in the face of a
Warsaw Pact offensive there would be
enormous pressure to use such weapons
rather than to let them be overrun and
captured. Under a no-first-use policy
most of these systems would lose what-
ever reason for existence they now have.

It has been said that a no-first-use dec-
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laration would be tantamount to aban-
doning Europe and that the commit-
ment to the present first-use policy is
essential to linking the fate of the U.S. to
that of its NATO allies. This assertion
assumes that the immediate exposure to
battle of some 300,000 American troops
is a weaker link than the rather implau-
sible promise to expose the U.S. to total
devastation in the event of a Warsaw
Pact incursion into Western Europe. A
no-first-use policy would call for an en-
hanced U.S. commitment to a realistic
and credible conventional defense of
its European allies and should thereby
engender increased confidence in the
transatlantic “linkage.” The U.S. would
still continue to offer its allies a nuclear
guarantee of the most profound nature:
its ability to respond to a nuclear attack,
which protects them from the threat of
nuclear destruction.

A more concrete appraisal of the
no-first-use option can be achieved by
examining several possible scenarios.
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First, consider an all-out preemptive in-
vasion of Western Europe by the War-
saw Pact during a crisis. The very exis-
tence of vast nuclear arsenals provides
a measure of “extended deterrence”
against the first use of nuclear weapons.
Neither side, however, could be confi-
dent that large-scale nuclear war could
be averted whatever the two sides’ true
intentions were before the outbreak of
hostilities—even if nuclear escalation
makes no military or political sense.
Such an attack would therefore imply
that the Warsaw Pact accepted some
risk of the conflict’s ultimately becom-
ing nuclear.

Second, consider a limited thrust by
the U.S.S.R. reaching for one or more
lucrative prizes made more attractive
by the withdrawal of the nuclear deter-
rent against conventional attack. Such
a prize might be Hamburg; seizing it
could give the Russians a strategically
useful Atlantic port. Because it is within
artillery range of the border, Hamburg
might be vulnerable to sudden capture
even with an improved NATO defense
and with comparatively little risk of es-
calation, assuming NATO were to abide
by its no-first-use declaration. An attack
of this kind that left NATO essentially
intact would be an extremely risky ven-
ture. Such a great gamble by the War-

5,000—— —

saw Pact leaders would make sense only
if the U.S.S.R. could count on the subse-
quent disintegration of a demoralized
NATO. At least as likely an outcome
would be an era of dangerous tension,
the cessation of all East-West trade and
resumption of the conflict after the West
had rearmed itself to the teeth.

A third scenario is a 1914-style se-
quence of miscalculation and misper-
ception that leads to war against the will
and interests of the participants. This
event could come about if NATO felt
compelled to mobilize because of a mas-
sive influx of Russian troops to quell
widespread unrest in the eastern Euro-
pean countries. Many senior officers and
political leaders consider this sequence
of events to be one of the most likely
routes to conflict in Europe. A variant
of the scenario involves the spillover of
other hostilities between the U.S. and
the U.S.S.R. (starting, for example, in
the Middle East) into the European the-
ater. In either case a no-first-use declara-
tion would provide the time and relative
calm to allow negotiations to begin be-
fore the conflict reached proportions
comparable to an all-out invasion.

To summarize, a no-first-use strategy
would be of some value in the event of
a large-scale preemptive invasion by
the Warsaw Pact; it might increase the
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likelihood of reckless adventures such
as the surprise capture of a vulnerable
NATO asset, and it would be distinctly
beneficial in case of an inadvertent or
spillover war. As long as the superpow-
ers hold vast arsenals of long-range mis-
siles a massive conventional attack—out
of the blue, so to speak—appears to be
quite improbable, and it will become
progressively more improbable because
space-based and airborne surveillance
techniques will eventually provide all-
weather, night-and-day, real-time intel-
ligence over all areas relevant to the
front. Although a limited attack against
a target such as Hamburg cannot be
ruled out, it would be militarily indeci-
sive and a high-risk gamble from any
point of view. Such an action does not
conform to the pattern of great caution
that has been characteristic of the for-
eign policy of the U.S.S.R. Blunders
and misperceptions are by far the most
probable causes of war. Given the ever-
present danger of disastrous escalation,
a no-first-use policy significantly in-
creases military stability.

Athough it is beyond the scope of
this article, a similarly strong case
can be made for adopting such meas-
ures elsewhere in the world. By reduc-
ing the risk of local nuclear wars, such
measures could make escalation to glob-
al nuclear war less likely and thereby
enhance the security of all nations.

At first it might appear that all the
advantages of a declared no-first-use
policy could be achieved by keeping the
policy secret or, alternatively, by declar-
ing a policy of “no early first use,” ac-
cording to which one would plan not to
use nuclear weapons in the early stages
of a conflict. The latter policy is indistin-
guishable from the present NATO poli-
¢y, and, as we have argued, it shows little
promise of producing the concrete mili-
tary measures that would free NATO
troops of their dependence on nuclear
weapons. If the political and military
benefits of a no-first-use policy are to be
garnered, the policy must be publicly
accepted by the leadership and citizenry
of the NATO countries, otherwise the
necessary improvements in military pre-
paredness and the deterrent value of the
new policy will never be realized.

In central Europe the U.S.S.R. and
its allies are numerically superior to
NATO in both troops and weapons. The
Warsaw Pact forces are capable of
launching a formidable offensive from
their peacetime positions or progres-
sively more powerful attacks at later
stages of mobilization and deployment.
A major Warsaw Pact offensive that is
meant to be decisive would probably
move along one or more major east-
west axes: the North German Plain, the
Gottingen corridor south of the Harz
Mountains, the Fulda gap or (less prob-
ably) the Hof corridor [see illustration on



page 35]. These expected attack corri-
dors are defined by the terrain and road
system of West Germany and by the
most likely campaign objectives of the
Warsaw Pact forces.

The offensive would be designed to
rapidly achieve its initial objectives,
such as the line of the Rhine. The attack
could take the form of either a blitz-
krieg or a broad frontal offensive. In a
blitzkrieg the attacker concentrates ar-
mored forces at one or more points,
perhaps initially as narrow as three to
five miles, and suddenly drives forward
to create a breakthrough. Thereafter the
attacking forces pour through the gap
and race deep to the opponent’s rear,
avoiding set battles but destroying the
communications system and taking key
points vital to the defense.

A broad frontal attack exploits fire-
power (for example massed artillery) to
wear down and defeat the opposing
forces. In either case the Warsaw Pact
forces would presumably apply their
system of ‘“‘attack by echelons,” mean-
ing that as one major unit is worn down
it goes to the rear for regrouping and is
replaced in its entirety by a fresh one.

NATO would meet these attacks by
forcing the enemy to traverse a belt of
terrain occupied by small, mutually sup-
porting antitank units capable of hold-
ing their ground in difficult terrain and
of impeding the enemy forces in the ma-
jor attack corridors. The attack would
be met there by NATO’s main armored
and mechanized forces, taking advan-
tage of both prepared positions and in-
trinsic mobility.

A number of military and geopolitical
factors have led NATO to adopt a pol-
icy of forward defense. For one thing,
the eastern side of West Germany is the
best defensive terrain short of the Rhine.
For another, the lateral lines of commu-
nication are excellent close to the west-
ern side but limited on the east. Finally,
there is little ground to give without in-
curring losses of critical importance.

he forces that NATO and the War-

saw Pact are potentially able to
bring to bear in these engagements are
actually quite well matched numerical-
ly, given that NATO would be on the
defensive. The U.S.S.R. and its allies are
superior in number of men in combat
units, in number of divisions (although
the Warsaw Pact’s divisions are some-
what smaller than NATO’s) and in ““ar-
mored divisional equivalents,” a mea-
sure of the strength of a fighting unit
based on the number and performance
of the weapons it deploys. This margin
not only holds for peacetime deploy-
ments but also would hold during and
after mobilization. Nevertheless, de-
fending forces traditionally have an ad-
vantage over the offense. Given prompt
mobilization by NATO, the ratio of
forces in the combat theater would at all

PATTERN OF RADIOACTIVE FALLOUT resulting from a hypothetical “limited” nuclear
war confined to targets in East Germany and West Germany is represented here for the wind
and weather conditions prevailing on a typical June day in central Europe. The fallout pattern
is based on a scenario in which it is assumed that each side launches a preemptive nuclear at-
tack on military targets (missile sites, air bases, nuclear-weapons storage depots and the like)
on the other side. The attacks produce a total of 171 ground bursts of 200-kiloton nuclear ex-
plosives. The colored areas correspond to doses of radiation measured in rads (short for “radi-
ation absorbed dose”): the light-color areas are between 200 and 600 rads, the dark-color ones
more than 600 rads. Deaths from radiation sickness would begin at doses of less than 200 rads.
The illustration is based on a study by William Arkin, Frank von Hippel and Barbara G. Levi
that appeared originally in Ambio, a publication of the Royal Swedish Academy of Sciences.

stages remain below the two-to-one ra-
tio generally accepted by military plan-
ners as being necessary for a successful
attack against a competent defender in
prepared positions.

In terms of the ratio of combat-ready
troops NATO has a slight edge in peace-
time, but the Warsaw Pact, with the ad-
vantages of the initiative and shorter de-
ployments, would pull ahead and peak
below the critical two-to-one ratio brief-
ly about two weeks after the start of mo-
bilization. Thereafter NATO reinforce-
ments would predominate for several
months until the possible arrival of
some low-readiness reserve divisions
from the U.S.S.R.
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The Warsaw Pact would concentrate
its forces along the main axes of attack,
aiming at overwhelming superiority at
the breakthrough points. The strength
of the Warsaw Pact forces is adequate to
reach ratios approaching 10 to one at
such points about two weeks after mobi-
lization, if NATO fails to reinforce the
divisions under attack. By reinforcing
from available reserves or adjacent divi-
sions, however, NATO can hold the ra-
tio to three or four to one at two weeks
and at lower levels thereafter; thus the
attacker’s advantage would remain be-
low the four- or five-to-one ratio needed
locally for a breakthrough.

Similar conclusions follow from an
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assessment of the balance of air forces.
At present the Warsaw Pact outnum-
bers NATO in combat aircraft by a mar-
gin that would remain roughly constant
after mobilization. NATO aircraft typi-
cally have a longer range and larger pay-
load, however, and there are indications
American and Western European pilots
are better trained. Moreover, most War-
saw Pact aircraft are designed for a sin-
gle purpose, whereas many NATO air-
craft are multipurpose ones that can be
used for air-to-air combat, bombing or
launching air-to-ground missiles.

In assessing the overall balance of
forces several uncertain political factors
must also be considered. One of them is

MOBILIZATION DAY (M)

whether or not the NATO countries
would be able to act quickly and in uni-
son in the event of an attack. Another
uncertainty concerns the role of France.
Although France is formally a mem-
ber of the alliance, it does not partic-
ipate directly in the NATO military-
command structure. France maintains
three active divisions in West Germany,
but it is not known how soon these for-
ces could be integrated into the NATO
command. Nevertheless, it is considered
most unlikely that France would remain
neutral in the event of an attack by the
Warsaw Pact.

The questionable reliability of non-
Russian Warsaw Pact forces is a seri-

BRITAIN BELGIUM

ous problem for the U.S.S.R. that is not
measured by any assessment of numeri-
cal strength. Would Polish and Czecho-
slovak troops participate fully in com-
bat not directly linked to their own
defense? Could East German troops be
used in an invasion of West Germany?
Indeed, it is possible that the U.S.S.R.
would have to commit its troops to
guarantee the loyalty of its allies in
a war against NATO. Furthermore, the
U.S.S.R. would have to plan for the pos-
sibility that China would take advan-
tage of the hostilities in Europe, which
would limit the ability of the U.S.S.R.
to call on its strategic reserve for the
European theater.
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RATIO OF COMBAT-READY GROUND FORCES available to
NATO and to the Warsaw Pact at the central European front would
fluctuate somewhat during the 30-day period following mobilization,
but at no point would it approach the critical two-to-one advantage
generally thought to be necessary for a successful attack. The balance
of forces is presented here in two ways: bar charts (top) and graphs
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(bottom). The left side of the illustration gives the balance in terms
of combat personnel; the figures are only approximations, since the
number of troops in major combat units varies in peacetime. The
right side gives the balance in terms of “armored divisional equiva-
lents,” a standard measure of military strength developed by the U.S.
Army that stresses weapons effectiveness rather than manpower. The
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All the force ratios given above and
théir military significance are dependent
on a number of assumptions: rapid and
effective deployment on both sides,
quick NATO decision making, high
readiness of Warsaw Pact units on mo-
bilization, excellent intelligence and so
forth. Neither these factors nor others
that could be cited prove what the out-
come of amajor conflict would be. They
do establish, however, that far from
having overwhelming superiority, the
Warsaw Pact’s forces should be consid-
ered barely adequate at most for a cen-
tral European offensive.

There are a number of weaknesses
and inadequacies in NATO’s conven-

MOBILIZATION DAY (M)
NATO
WARSAW PACT

tional defenses that should be correct-
ed if NATO is to face the Warsaw Pact
confidently without the option of first
use of nuclear weapons. The steps that
should be taken fall into four catego-
ries. First, NATO must be able to make
quicker political decisions and to de-
ploy supporting forces and reinforce-
ments promptly from Europe and over-
seas. Second, a number of operational
improvements should be made, includ-
ing the construction of tank obstacles
and field fortifications and better organi-
zation of reserve forces to cover the
threat of a long war. Third, NATO
should improve its present advantage in
advanced technology. Finally, NATO’s
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ability to sustain military operations
should be strengthened.

Traditionally NATO has reached de-
cisions unanimously. Consequently
the decision to move to a high state of
readiness, to deploy forces in Europe
and to mobilize reinforcements may
not come in time. Indecision on these
points is a crucial weakness that cannot
be corrected by improvisation in a cri-
sis. NATO should improve its ability to
respond to a Warsaw Pact attack after
a short period of mobilization, even
though that is not a likely scenario for
the outbreak of war. If NATO detects
the Warsaw Pact’s preparations and
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differences between the two measurements are a rough indication of
the uncertainty in the estimates. The U.S.S.R. has about 20 low-read-
iness divisions that would take three to four months to mobilize. The
U.S. could make a comparable late addition to NATO’s forces if it
included the units now earmarked for the Rapid Deployment Forces
or the National Guard. Hence the force ratio at 30 days after mobili-

zation (M + 30) would probably persist for another two months (until
M + 90), and it could then become either slightly more or slightly less
favorable to NATO. The Warsaw Pact forces would include substan-
tial numbers of troops from East Germany, Czechoslovakia and Po-
land. The questionable reliability of these troops, not reflected in such
numerical assessments, could present a serious problem for U.S.S.R.
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mobilizes within three or four days, the
balance of forces should allow for a suc-
cessful defense. If NATO’s decision is
delayed, however, and its mobilization
is a week or more behind that of the
Warsaw Pact, the latter’s superiority in
deployed forces grows beyond the dan-
ger point and remains high.

NATO’s ability to respond promptly
and effectively would also be significant-
ly enhanced if France would clarify
what it would do if there were a Warsaw
Pact mobilization or attack. For exam-
ple, France could take tangible steps
that would give the NATO command
greater assurance that French facilities
would be available in a timely fashion,
and it could join in a publicly disclosed
decision to create a secondary line of
communications in France as a backup
to the primary NATO line.

NATO should also improve its abil-
ity to move forces in Europe promptly
from their peacetime locations to the
central front. The peacetime garrisons
of NATO’s forces in Europe are not
well positioned for rapid deployment. A
practical solution would rely on light in-
fantry, which could be quickly deployed
along the central front. Armed with
modern antitank weapons, these forces
could be garrisoned close to or within
their assigned sectors, and they could
be bolstered rapidly with local reserves
familiar with the terrain. By exploiting
the defensive value of the terrain these
troops would delay, wear down and
channel the attack while masking the
counterattack by NATO’s more heavily
equipped divisions. Unequivocally de-
fensive, the light-infantry forces would
have the additional virtue that in a cri-
sis they could be brought to full readi-
ness without exacerbating an already
tense political situation. Light-infantry
units now exist in a number of allied ar-

mies, and many more could be formed
from reserve manpower that can be
quickly mobilized.

Readiness could also be significantly
improved by completing the U.S. pom-
cus program. poMcus (Pre-Positioned
Materiel Configured to Unit Sets) de-
ploys equipment for a number of U.S.-
based divisions and support units in cen-
tral Europe so that the personnel can be
flown directly to their equipment. The
objective is currently placed at six divi-
sion sets (plus support units) in Europe.
Four sets are in the field, but two are
yet to be authorized. The full program
would provide for a prompt, powerful,
mobile reserve in each army-group sec-
tor; that would substantially improve
the balance of conventional forces at the
most critical point in the buildup proc-
ess: two weeks after the Warsaw Pact
begins mobilization.

tisremarkable that NATO has no for-

tifications on any of its fronts. This is
contrary to all previous military prac-
tice and is not justified by modern tech-
nology or the evidence of recent mili-
tary history. Indeed, fortifications play a
major role in current Russian military
practice. Yet for political reasons obsta-
cles and field fortifications have not
been constructed in West Germany.

A system of tank obstacles backed by
field fortifications would be extremely
important. Obstacles such as ditches,
minefields and concrete forms are com-
paratively cheap and simple to provide.
Fixed fortifications include prepared
emplacements for tanks and artillery,
observation posts for controlling long-
range artillery, clusters of antitank guns,
remotely controlled, precision-guided
munitions and numerous small concrete
bunkers to provide shelter and support
for light-infantry forces. The effective-

', NATO | WARSAW PACT|  RATIO

e e = Sl A | A
HEAVY TANKS 17.629 46,500 170 2.64
ARTILLERY AND ROCKET LAUNCHERS 9,829 20,300 170 2.07

| SURFACE-TO-AIR GUIDED MISSILES 1662 | 6293 | 170379

[ ANTITANK GUIDED MISSILES T 4644 1,822 255701 |

[_-ﬁ!MED HELICOPTERS | 7% 1,406 + 170177
ANTIAIRCRAFT GUNS 5,207 6486 | 17O 1.24
ANTITANK GUNS - 996 | 3,724 1 170374 |

MILITARY EQUIPMENT available on both sides for a major conventional, or non-nuclear,
conflict in Europe is listed in this table. The comparatively low numbers of most kinds of non-
nuclear weapons deployed by NATO are a reflection of the alliance’s dependence on a pol-
icy of “first use” of nuclear weapons to forestall a conventional military defeat in Europe.

S

TACTICAL AIRCRAFT (M DAY)

TACTICAL AIRCRAFT (M + 15)

NATO WARSAW PACT RATIO
Y R i

2,100 2,700 1TO 1.2

3,700 4,900 1TO 13

TACTICAL AIR FORCES of NATO and the Warsaw Pact are quite evenly matched now and
are expected to remain so after mobilization. The numerical edge of the Warsaw Pact forces is
apparently offset by the better-trained pilots and more versatile aircraft of the NATO forces.
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ness of modern artillery fire, relying on
modern reconnaissance, has made large
permanent fortifications obsolete. Nev-
ertheless, small, hardened installations
that can be camouflaged and distribut-
ed randomly could still be effective. In
some circumstances obstacles can be
created as needed by means of projecta-
ble minefields or buried explosive hose.

The NATO alliance must also contin-
ue its efforts to meet the threat of a pro-
tracted conflict. This task need not entail
costly increases in military personnel or
a return to conscription in nations that
do not have it. It can be achieved by
increasing the number of U.S. and allied
reserve divisions. Reserve forces can
provide a powerful supplement to ac-
tive-duty forces at approximately half
the cost per unit.

NATO’s present lead over the War-
saw Pact in a number of critical areas of
military technology should be preserved
and exploited. The 1973 Arab-Israeli
war and the more recent clashes be-
tween Syrian and Israeli forces in Leba-
non demonstrate the importance of in-
novative military technology. “Smart
weapons,” or precision-guided muni-
tions, are an outstanding example of
the potential of military technology. A
smart weapon is one designed to hit and
destroy its target with a probability of
50 percent or more under battle condi-
tions. The effectiveness of smart weap-
ons was demonstrated in the Falkland
Islands operations, where both sides in-
flicted serious damage by means of air-
launched, precision-guided munitions.

Smart weapons now being developed
will carry multiple target-seeking and
target-discriminating warheads. A sin-
gle such round could destroy several
tanks, artillery pieces and infantry-fight-
ing vehicles. Coupled with tank obsta-
cles and fortifications, smart weapons
can provide a powerful antidote to
tanks. The range and flexibility of these
weapons and their control systems are
such that their fire could be called in
whenever needed anywhere along the
front where advantage could be taken of
prompt intelligence.

Smart weapons would also be valu-
able in attacking targets deep in enemy
territory, where aerial bombardment is
restricted by the high concentration
and effectiveness of air and ground
defenses. Highly accurate long-range
cruise missiles, launched from the
ground, the air or the sea and armed
with conventional explosive warheads,
could cause greater damage to deep tar-
gets with less exposure and lower losses
than piloted aircraft can.

It would of course be a mistake to
overemphasize technological solutions
or torely exclusively on any one system.
In the case of precision-guided muni-
tions, for example, their overall effec-
tiveness is sensitive to the development
of countermeasures. Nevertheless, it is



important to recognize that advanced
technology will continue to play a sig-
nificant role in defense.

Major hostilities between NATO and
the Warsaw Pact would consume
combat supplies at an unprecedented
rate. A day’s supply of fuel, spare parts,
replacements and ammunition is much
larger and more expensive than it ever
was in the past. Investment in stock-
piles has had a low priority because of
the assumption that a major conflict
between NATO and the Warsaw Pact
would quickly escalate to nuclear war-
fare; as a result stockpiles of combat
supplies for the central European area
are at a low level. In war simulations
some NATO units have exhausted their
supplies in just two weeks of intensive
operations. Under a no-first-use policy it
would be essential to raise these stocks
to an interim goal of 30 days of supply
and, in the long term, to a level of not
less than 45 days. As a first step NATO
should increase the stockpiles for its
standing divisions to cover an additional
two weeks of combat.

A number of comparatively inexpen-
sive steps can be taken to enhance the
survivability of NATO’s air bases, com-
mand centers and supply depots, which
could be subject to heavy air attack by
the Warsaw Pact. The construction of
aircraft shelters on allied air bases in
central Europe is one critical example.
These facilities have not been built for
the large numbers of air-force reinforce-
ments that would arrive in the first days
of the buildup. Failure to construct this
highly effective and comparatively inex-
pensive defense for the vulnerable, cost-
ly and vital air-force reinforcements
may be the most notable false economy
in the NATO defense program.

Cost estimates have been made for
the mainimprovementssuggested above.
Taken together, they would amount to
less than $100 billion over a period of
six years. We did not estimate the cost
of additional measures, such as the cre-
ation of a light-infantry reserve force
along the central front. It is reasonably
clear, however, that these additional
measures would not cause the overall
cost of the improvements required by a
no-first-use policy to exceed spending
levels that are politically and economi-
cally feasible.

The $100 billion we project for the
high-priority improvements would en-
tail an annual increase of approximate-
ly 2 percent in real terms in NATO’s
total annual defense expenditures of
$300 billion. This increase would be be-
low the current level of 3 percent that
NATO members agreed to in 1978 and
considerably below the 4 percent recent-
ly advocated for the 1983-88 period
by General Bernard W. Rogers, the Su-
preme Allied Commander in Europe.

Funds for implementing these con-

TANK OBSTACLES, FIELD FORTIFICATIONS, AIRBASE SHELTERS ! $1 |
| INCREASED STOCKS OF COMBAT SUPPLIES (FOR 29 DIVISIONS) L 40 |
IMPROVED POMCUS PROGRAM $3
" IMPROVED U.S. SEALIFT CAPACITY sa |
| FIVE ADDITIONAL U.S. RESERVE DIVISIONS $28 ]
| THREE ADDITIONAL ALLIED RESERVE DIVISIONS $15
[Total - i s97 |

COST (BILLIONS)

ESTIMATED COSTS of improving the ability of NATO’s conventional forces to withstand
any invasion of Western Europe without resorting to nuclear weapons would add up to about
$100 billion over six years. “poMCUS” stands for Pre-Positioned Materiel Configured to Unit
Sets; under this program equipment for a number of U.S.-based divisions and support units
is pre-positioned in Europe so that the personnel can be flown directly to their equipment.

ventional improvements could come
from a restructuring of NATO’s mili-
tary priorities. In particular funds allo-
cated to nuclear-weapons procurement
could be shifted to meet the cost of
many of the higher-priority convention-
al programs. To cite just one example,
cancellation of the MX missile program
could save more than $20 billion.

It is our thesis that the adoption of a no-
first-use policy would be to NATO’s
military and political advantage, inde-
pendent of actions by the U.S.S.R. and
its allies, and that this decision is there-
fore not contingent on negotiations.
Nevertheless, there are two other crit-
ical issues that are fundamental compo-
nents of the European confrontation in
their own right and can be addressed
only by negotiations. If they could be
resolved, they would significantly in-
crease European security and diminish
the political hurdles faced by a no-first-
use policy. We refer here to the 10-year-
old Mutual and Balanced Force Reduc-
tion (MBFR) negotiations, which seek to
establish a stable conventional balance
in Europe, and to proposals for a nu-
clear-weapon-free zone straddling the
East-West border.

As currently conceived, the primary
feature of an MBFR agreement would be
the reduction of active-duty, ground-
force manpower in central Europe to a
ceiling of 700,000 men on each side, and
a ceiling of 900,000 for ground- and air-
force personnel combined. The agree-
ment would also prohibit the introduc-
tion of additional military units into the
regions affected, so that the force levels
necessary for a successful attack would
not be available. Proposals for verifying
compliance and monitoring departures
from normal patterns of military activi-
ty are under negotiation.

An MBFR treaty would reduce fears
that the strengthening of NATO’s con-
ventional forces would simply trigger a
conventional arms race. It would also
provide a considerable measure of as-
surance that neither side was prepar-
ing for a conflict. If such a treaty were
breached, that would give the NATO
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political leadership clear evidence of
hostile intent and thereby justify intensi-
fied defensive efforts, including prompt
mobilization.

The proposal for a nuclear-free zone
in Europe that hasreceived the broadest
and most influential level of internation-
al support is the one made by the Inde-
pendent Commission on Disarmament
and Security Issues, which was chaired
by Olof Palme, now prime minister of
Sweden. The Palme commission issued
a report in June, 1982, that called for a
nuclear-weapon-free zone on each side
of the central front, initially reaching al-
most to the midpoints of East Germany
and West Germany. The zone would be
extended gradually to include the entire
European front between the two alli-
ances [see “A Nuclear-Weapon-Free
Zone in Europe,” by Barry M. Blech-
man and Mark R. Moore; SCIENTIFIC
AMERICAN, April, 1983]. In view of our
earlier comments on the threat present-
ed by forward-based nuclear systems, it
is clear that the Palme commission’s
proposal would enhance the security of
NATO and would form a natural com-
plement to a no-first-use policy.

The essential requirement for com-
pletion of the MBFR negotiations is sus-
tained support from top government of-
ficials on both sides. Strong political
leadership on both the domestic and the
international front would be necessary
to turn a no-first-use declaration, an
MBFR treaty and the Palme commis-
sion’s recommendations into reality.
Such a goal, if it could be achieved,
would mark a major reduction in the
risk of war in Europe.

The adoption of a no-first-use pol-
icy would have profound consequences.
In contrast to arms-control measures,
which rarely constrain the actual use of
weapons, a no-first-use policy would
transform the conceptual foundation on
which military strategy and planning
rest. A no-first-use regime, as defined in
this article, would strengthen the cohe-
sion of the NATO alliance and make
relations with the U.S.S.R. less perilous
in times of crisis, thereby markedly low-
ering the risk of nuclear war.
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The Dynamic Abyss

Cold currents flowing toward the Equator in the deep ocean

are often agitated by powerful storms. These disturbances

transport huge volumes of sediment across the ocean bottom

by Charles D. Hollister, Arthur R. M. Nowell and Peter A. Jumars

This much-parodied opening line

from a Victorian novel accurate-
ly describes conditions 4,800 meters be-
low sea level at the base of the continen-
tal rise 450 miles off the coast of New
England in the middle of September,
1979. 1t is always dark, of course, at
depths below 1,000 meters. The instru-
ments we had moored some weeks earli-
er at the much greater depth, at the base
of the Scotian Rise, revealed the pres-
ence of a storm that lasted for about
a week. Our instruments showed that a
massive bottom current was flowing
toward the southwest at more than half
a meter per second (about one knot),
heavily scouring the ocean floor as it
passed. The forces on the moored in-
struments equaled those that above sea
level would be generated by a fresh gale
of between 34 and 40 knots.

Such an energetic event three miles
below the ocean surface came as a rev-
elation to those who grew up believing
the abyss was a region as calm as it
was dark. Recent studies have now dem-
onstrated that on the western side of
the great ocean basins, skirting the foot
of the continental rise, periodic storms
transport huge loads of fine sediment
that dramatically modify the sea floor,
scouring it in some areas and depositing
large volumes of silt and clay in others.
Much of the evidence for such bottom
flows has come from a program spon-
sored by the Office of Naval Research
and known as the High-Energy Benthic
Boundary-Layer Experiment (HEBBLE).

The general picture that has emerged
is that dynamic events in the deep sea
broadly mimic the general circulation of
the atmosphere, which gives rise to the
highly active global weather systems.
The mid-latitude eddies, often associat-
ed with strong winds and heavy precipi-
tation, have their counterpart in energet-
ic deep-sea eddies that last for from sev-
eral days up to two weeks and that move
a “blizzard” of silt and clay from one
place to another. Such storms are not
ubiquitous, however, even on the west-
ern side of the ocean basins. For exam-

“It was a dark and stormy night.”
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ple, only about 50 miles west of the HEB-
BLE site, where the wreckage of the nu-
clear submarine Thresher lies at a depth
of 2,500 meters, photographs show no
evidence of scouring around the hull
where it rests on the sea floor, and very
little silt has yet been deposited on the
hull’s surface. It seems that the storms
follow certain well-marked paths, but
their frequency at any given site is still
poorly known. As a preliminary esti-
mate, erosion-producing storms seem to
come about once every two months in
the most-studied region.

The periodic scouring of the sea bed
and the occasional deposition of thick
layers of fine material result in a com-
plex stratigraphy much different from
what would develop from the gentle
rain of sediments that has been tradi-
tionally visualized by marine geologists.
The episodic transport of sediment cre-
ates layered sequences that look much
like those found in shallow seas where
strong windstorms create what geolo-
gists call tempestites, whose simple lay-
ering of deposited material is dominated
by overlapping beds of sediment graded
into different particle sizes.

Our new findings may cause petro-
leum geologists to revise traditional
ideas about the best places to search
for unexploited deposits of oil. The dis-
covery of strong abyssal currents and
storms also has important implications
for the conduct of submarine and an-
tisubmarine operations, for the place-
ment and design of sea-floor structures
and for reliance on the deep ocean for
the disposal of wastes.

he notion of a tranquil abyss had

been so generally held that many in-
vestigators were initially reluctant to
accept the evidence for strong currents
and storms in the deep sea. The first ar-
gument for the existence of such cur-
rents came from theory. Cold water is
denser than warm water, and models
of ocean circulation showed that the
sinking of cold water near the poles
should generate strong, deep and steady
currents flowing toward the Equator.
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Subsequent observations not only con-
firmed the presence of the deep currents
but also disclosed the existence of eddies
on the western side of ocean basins that
can be some 300 times as energetic as
the mean current. Photographs of the
sea floor underlying the deep currents
also revealed extensive graded beds in-
dicative of the active transport of sedi-
ment. The final evidence for dynamic
activity at great depths came from di-
rect measurements of currents and sed-
iments in the North Atlantic carried out
in the HEBBLE program.

Before we describe the HEBBLE find-
ings in some detail let us briefly review
the sources and sinks of deep-sea sedi-
ments and the forces that activate the
global pattern of ocean circulation. The
sediments that end up on the ocean floor
are of two main types. One component
is the detritus whose source is the weath-
ering of rocks on continents and islands.
This detritus, together with decaying
vegetable matter from land plants, is
carried by rivers to the edge of the conti-
nent and out onto the continental shelf,
where it is picked up by marine currents.
Once the detritus reaches the edge of the
shelf it is carried to the base of the conti-
nental rise by gravitational processes. A
significant amount of terrestrial materi-
alis also blown out to sea in subtropical
regions by strong desert winds. Every
year some 15 billion tons of continental
material reaches the outlets of streams
and rivers. Most of it is trapped there or
on the continental shelves; only a few
billion tons escapes into the deep sea.

The second major component arriv-
ing at the sea floor consists of the shells
and skeletons of dead microscopic or-
ganisms that flourish and die in the sun-
lit waters of the top 100 meters of the
world’s oceans. Such biological material
contributes to the total inventory at the
bottom about three billion tons per year.
Rates of accumulation are governed by
rates of biological productivity, which
are controlled in part by surface cur-
rents. Where surface currents meet they
are said to converge, and where they
part they are said to diverge. Zones of



divergence of major water masses allow
nutrient-rich deeper water to “outcrop”
at the sunlit zone where photosynthesis
and the resulting fixation of organic car-
bon take place. Such belts of high pro-
ductivity and high rates of accumula-
tion are normally around the major oce-
anic fronts (such as the region around
the Antarctic) and along the edges of
major currents (such as the Gulf Stream
off New England and the Kuroshio cur-

GROOVED AND SCOURED SEA FLOOR was photographed at a
depth of 4,850 meters at the base of the continental rise some 450
miles off the New England coast. The site is being studied as part
of the High-Energy Benthic Boundary-Layer Experiment (HEBBLE),

rent off Japan). Nutrient-rich water also
outcrops in a zone along the Equator,
where there is a divergence of two ma-
jor, wind-driven gyres.

he rate of marine-life sedimentation
is also strongly influenced by the
depth of the water. The ability of a shell
to survive being dissolved after its de-
scent to the ocean floor is in large mea-
sure determined by how long it rests on

© 1984 SCIENTIFIC AMERICAN, INC

the bottom before it is covered and thus
protected from the corrosive action of
deep-sea water, which is undersaturated
in calcium carbonates. In deeper waters
deposition is generally slower, shells
have farther to fall and they fall through
waters that are increasingly corrosive.
If the upper waters were uniformly
productive and if there were no bottom
currents, there would be a more or less
even blanket of material settling onto

in which the authors are participating. The project is financed by the
Office of Naval Research. The absence of biological features on the
sea floor confirms readings from moored flow meters showing that
the bottom had been scoured by a deep-sea storm not long before.
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the originally volcanic and rugged floor
of the world’s oceans. This, however, is
not the case. As a glance at a world map
will show, the largest rivers of North
America and South America empty into
the Atlantic; that ocean therefore re-
ceives considerably more river-borne
material than the Pacific. Moreover, the

deep-ocean trenches around the Pacific
trap much of the material that reaches
the ocean’s western edge.

The Atlantic is also a smaller and
shallower ocean than the Pacific, so that
its biological product is buried more
rapidly and is therefore more likely
to survive than its Pacific counterpart.

Thus on the average the floor of the
Atlantic receives more sediment per
unit area (about a centimeter per 1,000
years) than the floor of the Pacific. In
addition the global pattern of strong
near-bottom currents creates more po-
tential for redistribution in the Atlantic
than it does in the Pacific. For all these
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ABYSSAL CURRENTS (yellow) transport cold, dense water away
from the polar regions into the world’s three great ocean basins. Al-
though both the Atlantic and the Pacific basins are connected to the
Arctic Ocean, not much deep Arctic Ocean water can flow into the
Pacific through the shallow Bering Strait. The Atlantic, however, re-
ceives strong flows of cold abyssal water from both polar regions.

SOUTH PACIFIC

The currents are guided by the topography of the ocean bottom and
are deflected westward by the Coriolis force, a consequence of the
earth’s eastward spin. The areas in shades of blue hatching represent
variations in kinetic energy associated with near-surface eddies. The
densest area corresponds to a kinetic energy (expressed in units show-
ing the fluctuation of velocity around a mean) of more than 20 centi-
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reasons the Atlantic is the ideal ocean in
which to study the geologic effects of
energetic deep circulation.

Let us now consider the nature of the
bottom currents. In the polar regions the
surface water is denser than the water at
lower latitudes because it is both cold-
er and saltier. (The salinity of surface

water flowing poleward is increased
by evaporation; it is further increased
by the exclusion of salt from ice as it
freezes.) As the water increases in densi-
ty it sinks and spreads toward the Equa-
tor. Early theory suggested this ther-
mohaline flow would take the form of
deep currents that would be deflected
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meters squared per second squared. The horizontal hatching represents values lying between
four and 10 in the same units. The cross-hatching represents values between 10 and 20. The
values of eddy kinetic energy are based partly on ship-speed observations and partly on sat-
ellite measurements of variations in ocean elevation. The eddy energy is transferred to the
sea floor, where it interacts with the abyssal currents to erode and redistribute the bottom
sediments, creating large areas (red) where the sediments lie in beds of graded particle size.
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westward as they flowed equatorward.
Such deflection is a simple consequence
of the earth’s eastward spin, which gives
rise to an apparent force: the Coriolis
force. The precise path taken by the cir-
culating water is also controlled by the
distribution of landmasses and by the
topography of the ocean bottom.

All three major oceans—the Atlantic,
the Pacific and the Indian—are connect-
ed directly to the Antarctic continent,
where they are fed by deep, cold cur-
rents. As these currents flow toward the
Equator they are deflected westward by
the Coriolis force. Thus a body of water
moving to the north in the Southern
Hemisphere is forced to the left looking
downstream. Deep currents are pressed
against the western side of all three
ocean basins and the submarine ridges
inthem. Such squeezing against the con-
tinents causes the currents to pick up
speed, just as a stream flows faster as its
channel narrows. The Indian Ocean is
unique, however, in that it is not con-
nected to the northern polar region and
therefore has only one source of cold
bottom water.

Although the Pacific and the Atlantic
are both joined to the Arctic Ocean, the
flow of deep cold water into the Pacific
is negligible because the North Pacific is
effectively blocked off from the Arctic
by the shallow Bering Strait that sepa-
rates Alaska from the U.S.S.R. In addi-
tion the water of the Pacific, being less
salty than Atlantic water because of a
smaller input of salt in rivers, is more
readily frozen by the cold subarctic
wind, and the near-surface water that
remains unfrozen is not sufficiently en-
riched in salt and so is not dense enough
to sink to the bottom.

he situation in the Atlantic is quite

different. The Atlantic has two sub-
stantial sources of salty water: the wa-
ter from the Gulf of Mexico, which is
carried north by the Gulf Stream, and
the deep flow from the Mediterranean.
These sources make the surface water of
the North Atlantic saltier than that
of the North Pacific. The water of the
North Atlantic moves northward near
the surface and enters the Norwegian
Sea, where it is cooled to about zero
degrees Celsius without freezing, gets
dense and sinks. On reaching the bottom
the cold, dense water reverses direction
and flows back into the Atlantic through
a series of narrow, deep sills in the sub-
marine ridge that connects Greenland,
Iceland and Scotland.

Constrained by topography, this large
volume of deep water moves south and
is forced to the right, looking down-
stream, against the continental margin
of eastern Canada and the U.S., forming
the Western Boundary Undercurrent.
The existence of this current was first
recognized two decades ago. It is now
estimated that the current transports 10
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QUIET AND ACTIVE SITES in the deep sea can readily be identi-
fied from photographs of the sea floor. In a quiet area (/ef?) the sur-
face is seen to be well worked by bottom-living organisms. Thin tubes
that have been built by foraminifera, tiny shelled animals, rise as
much as 10 centimeters above the sea floor. In an area with strong

bottom currents (right) the sea floor is scoured and the direction of
the flow of the current is revealed by tails of sediment deposited on
the lee side of small mounds. The photograph at the left was taken
on the continental slope at a depth of 1,000 meters, the one on the
right on the New England continental rise at a depth of 5,000 meters.

million cubic meters of water per sec-
ond along the East Coast of the U.S.
During abyssal storms the current is
able to carry about a ton of sediment
per minute.

With this background one can look
at the world oceans and try to identi-
fy where there may be current-deposit-
ed drifts of mud, possibly modified by
abyssal storms. Clearly the greatest vol-

ume of inorganic mud and the strongest
bottom currents are to be found in the
western Atlantic. The high latitudes of
the western side of both the North At-
lantic and the South Atlantic offer a high
potential for abyssal storms, and it is
here that bottom photographs reveal a
sea floor formed and shaped by strong
bottom currents. These graded beds
cover the largest drifts of sediment on

the planet: up to 200 kilometers wide,
1,000 kilometers long and two Kkilo-
meters thick. The Blake-Bahama outer
ridges off Florida are outstanding ex-
amples. It seems plausible that the en-
tire Atlantic continental rise at depths
of between three and five kilometers
off North America and South Ameri-
ca has been shaped largely by contour-
following abyssal currents. Deep-sea
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SEA-FLOOR AREA STUDIED in the HEBBLE project lies at a
depth of three miles centered 450 miles east of Boston at the base
of the continental rise. The yellow band shows how cold bottom cur-
rents originating near Greenland and in the Norwegian Sea are de-

flected westward against the North American continental slope and
rise as they flow toward the Equator. Periodic storms raise the cur-
rent velocity at the HEBBLE site from a normal value of a tenth of
a knot to one knot or more, stirring up “blizzards” of silt and mud.
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drilling has disclosed that bottom cur-
rents eroded large areas of the west-
ern Atlantic until some 20 million to 15
million years ago and that since then
current-controlled deposition has pre-
vailed, with the formation of large sed-
imentary drifts.

Elsewhere bottom currents have
shaped the distribution of fine-grained
material along the edges of Africa, Ant-
arctica, Australia, India and New Zea-
land. In this entire region the formation
of large drifts of mostly biogenic matter
is favored by the combination of high
biological productivity along the cir-
cumpolar divergence and the wind-driv-
en circumpolar current. Although many
of these drifts may not be attributable
directly to abyssal storms, there is no
doubt that truly vast areas of ocean bot-
tom are modified by material entrained
by deep currents. The major role of peri-
odic storms may be to stir up sediment,
which is subsequently picked up and
carried downstream by the less energet-
ic but more persistent bottom currents.

Instruments moored on the sea floor
have added important details to the
intuitive picture of how sediment is
eroded, transported and redeposited. It
turns out that the process is not read-
ily duplicated in the laboratory. Fun-
damentally, to be sure, moving water
exerts a stress on the bottom that is ul-
timately responsible for moving fine-
grained material and shaping graded
beds. Steady flow over a horizontal bed
adopts a characteristic structure. At the
interface between the water and the bed
a layer of water molecules adheres to
the bed and is essentially immobilized.
Directly above this interface, if the flow
is slow and the bottom is smooth, a thin
layer of water will move over the bed in
a laminar flow, in which the dominant
force is the viscosity of the water. At the
height of a centimeter or less the viscous
forces are overcome by fluid inertia, and
turbulent mixing dominates.

Within the viscous layer, when and
where it exists, the velocity of flow in-
creases linearly with height. In the bot-
tom few meters of turbulent flow, mix-
ing 1s intense and velocity increases ex-
ponentially with height. The region is
defined as the logarithmic layer because
within it a linear curve is obtained when
the mean velocity of flow is plotted
against a logarithmic scale of height
above the bottom. In this region the
mass properties of the water, such as
salinity, temperature and content of sus-
pended solids, are actively mixed.

At large vertical scales water motions
are influenced by the Coriolis force: in
the Northern Hemisphere accelerating
fluids are deflected to the west and de-
celerating fluids are deflected to the east.
As currents are frictionally retarded by
slower-moving fluid under them and
ultimately by the bottom, the current

LENS PHOTODIODE

LENS

LIGHT-EMITTING DIODE
TRANSMISSOMETER is one of several types of instrument deployed by HEBBLE investi-

gators. The amount of light reaching the photodiode at the right is closely related to the con-
centration of particles in the light path. Light source emits at a wavelength of 660 nanometers.

TRANSDUCER

BEAM PATTERN

BACKSCATTERED-
SQUND FIELD

ACOUSTIC-BACKSCATTER SYSTEM is another source of information about the concen-
tration of particles in water flowing near the ocean floor. The device emits pulses of sound and
measures the amount of energy reflected back from the particles in a given volume of water.

<——— ACOUSTIC PULSE

TRANSDUCER FLOW DIRECTION ———> TRANSDUCER

FLOW VELOCITY AND STRESS can be determined by measuring the time required for a
sound pulse to travel a known distance. HEBBLE workers call the device shown schematically
the benthic acoustic-stress sensor. If the current is flowing to the right, the time a sound pulse
takes to travel from 4 to B will be less than the time it takes to travel in the opposite direction.
The difference in time gives the velocity of the fluid. The quantity known as Reynolds stress in
the scanned body of water is calculated from two measurements at right angles to each other.
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direction veers to the east, forming a
characteristic pattern known as the Ek-
man spiral (after the pioneering Swed-
ish oceanographer V. Walfrid Ekman).
The shear between layers of fluid mov-
ing at different velocities continues to
fuel turbulent mixing.

The effects of bottom friction do not
extend more than 100 meters upward
into the water column. This region, in
which properties are well mixed by tur-
bulence, is usually called the bottom
mixed layer. Its thickness is limited by
the attenuation of turbulent mixing, a
process that extracts energy from the
flow. At some height, proportional to
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both the velocity of the overlying cur-
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hance turbulent mixing above ocean
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The top of the bottom mixed layer is
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the thickness of the mixed layer by re-
quiring more energy to achieve mixing.

Erosion can be caused only by energy
that reaches the sea floor. The rougher
the small-scale topography of the sea
bed and the faster the overlying flow, the
greater the shear stress acting on the bot-
tom sediments. Above the critical level
of shear that is just capable of initiat-
ing the erosion process the rate of ero-
sion rises exponentially with additional
shear. Once sediments are freed from
the sea bed they are acted on by oppos-
ing forces: turbulence tends to diffuse
the particles upward and gravity causes
them to settle. The greater the settling
velocity, the stronger the concentration
gradient close to the bottom. The faster
the current is and the rougher the sea
bed is, the more uniformly the concen-
tration varies with height above the bot-
tom. Deep-sea sediments typically con-
sist of clays and fine silts whose particle
size is less than 30 micrometers. Such
small particles tend to settle so slowly
that the concentrations of sediment are
nearly uniform throughout the bottom
mixed layer in the presence of moderate
currents. As a result very fine material,
once it is suspended by an intense abys-
sal storm, can be carried long distances
by comparatively weak currents.

ine sedimentary particles have a

large ratio of surface to volume, so
that they are extremely efficient at ad-
sorbing dissolved substances from the
water into which they are stirred. Natu-
ral clays, for example, have from 10
to 100 square meters of surface area
per gram of sediment. Among the sub-
stances scavenged by the bottom cur-
rents are both natural and artificial ra-
dioactive isotopes of the elements. If the
rate of input of isotopes from natural
radioactive sources and the rate of sedi-
mentation are both roughly constant, as
appears to be the case for many isotopes
in a number of deep-sea environments,
the rate of decrease of radioactivity with
depth in the sediments serves as a nat-
ural clock for estimating rates of sed-
imentation.

Provided the sediments are not mixed
after deposition, the concentration of
an adsorbed radioactive isotope will de-
crease exponentially with depth at a
rate inversely proportional to its half-
life. Natural isotopes commonly studied
in such sedimentary chronologies have
half-lives ranging from 24.1 days (for
thorium 234) to 5,730 years (for carbon
14). Also useful in providing absolute
dating of sedimentary layers are sever-
al radioactive isotopes introduced by
atomic-bomb explosions in the atmo-
sphere. These include cesium 137 (half-
life 30.1 years), plutonium 239 (24,000
years) and plutonium 240 (6,580 years).

Although the mixing of sediments
complicates the estimates of net sedi-
mentation rate, it allows other inferen-



ces to be drawn. The top 10 centime-
ters or so of most marine sediments at
all water depths are mixed more or less
continuously by the feeding and bur-
rowing activities of the organisms that
live in them. Bottom-dwelling organ-
isms are also the source of most of the
fine-scale bottom topography and of
the biological “glues” (such as mucus)
that affect both the amount of fluid
shear applied to the bottom and the ef-
fectiveness of such shear in eroding sed-
iments. Most of the animals that agitate
the bottom feed by digesting bacterial
and other organic components of sedi-
ments, as common earthworms do.

The abundance of such organisms
generally decreases with the depth of the
water and the distance from the shore,
closely following the pattern of the sedi-
mentation rate itself. The net accumu-
lation of sediment typically decreases
from a few centimeters per 1,000 years
at water depths of 1,000 meters to a few
millimeters per 1,000 years in the open
ocean. By judicious choice of radioac-
tive isotopes with appropriate half-lives
one can get estimates of both the depth
of the biologically mixed layer and the
intensity of biological mixing. Two iso-
topes with different half-lives will not as
a rule yield identically shaped profiles
under steady biological mixing.

On the time scales of the radioac-
tive isotopes employed in stratigraphy,
physical erosion and redeposition are
nearly instantaneous. A redeposited lay-
er should therefore show uniform con-
centrations of all the isotopes over its
entire thickness. It is in principle thereby
possible to estimate the depth of a de-
posit affected by abyssal storms and, by
comparing the profiles of two or more
isotopes, to distinguish pulses of phys-
ical mixing from the steadier biologi-
cal mixing.

uch interpretations are complicated,

however, by the fact that physical
redeposition often leaves graded layers
of sediment, with the coarser and faster-
settling particles having less surface
area and therefore a lower concentra-
tion of adsorbed isotopes. Because it is
also difficult to get a sample immediate-
ly after a storm, biological mixing of the
storm deposit will usually have modi-
fied the storm trace considerably. One
can infer mixing of the sediment from
the appearance of fecal mounds, feed-
ing traces and crawling tracks left by
the bottom organisms. Because such ac-
tivities rapidly destroy flow-produced
graded beds, one can conclude that a
bed form (for example a ripple) seen
in a deep-sea photograph is not an old
feature but one that has recently been
created.

At deep-sea depths observations of
any kind are difficult to make. The tools
used to observe the intense abyssal
storms must be not only strong enough
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RAPID CHANGES in temperature (black) and light transmission (color) were recorded with-
in the space of an hour at the HEBBLE site under stormy conditions. Water transparency of
course varies with the concentration of suspended solids and thus indicates changes in the
amount of sediment stirred up by the current. Profiles were recorded at 20-minute intervals.

to withstand the pressure of some 7,000
pounds per square inch at a depth of
5,000 meters but also rugged enough to
withstand the substantial drag forces
exerted by the bottom currents. In order
to characterize the abyssal storms and
their consequences investigators in the
HEBBLE program have designed sturdy
instruments capable of measuring the
following variables: the velocity and the
stresses in the fluid that act to pick up
the sediment from the bottom, the con-
centration of sediment in the water and
the temperature and salinity of the wa-
ter. The last two values enable us to cal-
culate the density of a particular mass
of water and to deduce its origin. Photo-
graphs made at intervals reveal how the
microtopography of the sea floor has
been altered by the passage of a storm.
The effect of storms on the biological
and chemical characteristics of the sedi-
ments are determined by the analysis of
material core samples.

For measuring current velocities we
rely on rotor meters similar to but much
ruggeder than the wind anemometers
seen at airports. They record internally
both the velocity and the direction of the
current averaged over selected time in-
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tervals. Usually six or seven current me-
ters are spaced at various levels on a
vertical wire moored to the bottom and
held taut by buoys. The entire assembly
can be recovered by actuating an acous-
tically controlled release mechanism.
The stresses in the fluid are obtained by
measuring changes in the time required
for a pulse of sound to travel a known
distance. In the system developed by Al-
bert J. Williams III of the Woods Hole
Oceanographic Institution the timing of
sound pulses establishes all three com-
ponents of velocity five times per sec-
ond, making it possible to resolve the
velocity fluctuations that represent tur-
bulence in the flow.

Temperature and salinity measure-
ments near the deep-sea bottom are dif-
ficult to make because the variations in
those properties are very small, typical-
ly less than 50 millidegrees Celsius in
temperature and .1 part per 1,000 in sa-
linity. Temperature is measured with
carefully calibrated thermistors and sa-
linity with sensitive probes of the wa-
ter’s electrical conductivity. The con-
centration of suspended sediment can
be measured directly by taking water
samples in bottles. For routine meas-
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urements extending over days or weeks,
however, we rely on acoustic and optical
methods. The backscatter from high-
frequency sound waves can resolve pat-
terns of clouds of sediment. Measure-
ments of light attenuation yield an accu-
rate indication of the concentrations of
sediment in the light path.

Detailed images of the sea floor are
provided by a high-resolution ster-
eo-camera system. Larger areas can be
mapped by towing a side-scan sonar
system 50 meters above the bottom.
Other instruments used to examine the
flow field and the sea bed include a la-
ser Doppler velocimeter developed at
Woods Hole by Yogesh C. Agrawal. It
measures the velocity in the bottom
50 centimeters above the sea bed in a

continuous profile by scanning optical-
ly with a laser beam and measuring
the frequency shift in the light reflect-
ed back from particles moving through
the beam.

With the aid of such instruments we
began studying deep-sea currents at the
HEBBLE site in the North Atlantic in
1979. During abyssal storms the veloc-
ity of the bottom currents can increase
from a tenth of a knot to one knot or
more. Simultaneously the concentration
of suspended sediment increases from
10 to 100 times. The elevated level of
suspended material shows variable pat-
terns in a storm, reminiscent of the vari-
able gray patches seen in an active rain
cloud. The moving cloud of suspended
sediment exhibits apparently coherent
patches with a lifetime of 20 minutes,
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corresponding to a linear dimension of
500 meters. This is about 10 times the
thickness of the mixed layer at the bot-
tom during a storm. On the basis of lab-
oratory experiments a length scale of
500 meters is about what one would pre-
dict for large-scale turbulence in the
boundary layer. During a storm the lev-
el of local mixing close to the sea bed
rises steeply, accompanied by an in-
crease in the turbulent energy through-
out the bottom boundary layer, main-
taining sediment in suspension.

Storms we have monitored usually
last for from a few days to two weeks, at
the end of which time the current veloci-
ty drops rapidly to about five centime-
ters per second (about .1 knot), with an
accompanying drop in the level of sus-
pended sediment. The rate of decrease
in the concentration of suspended sedi-
ment implies that all but the finest par-
ticles settle out faster than might be
expected from their individual settling
velocities, apparently aided by the co-
agulation of particles in the cloud. The
onset of abyssal storms is about as un-
predictable as the arrival of storms in
the atmosphere. It is surprising, in fact,
that the circulation of the deep ocean,
unlike the circulation of the atmos-
phere, does not show a strong seasonal
pattern. At present we can only say that
the abyssal storms are likely to come
every two to three months.

The turbulence the storms generate
in the boundary layer dissipates ener-
gy at a high rate. The rate at which
mechanical energy is dissipated into
heat reaches values of a hundredth of
a watt per square meter of sea bed,
values that are surpassed only in shal-
low estuaries and on the continental
shelf when strong waves and currents
interact near the bottom. Where does
all the energy come from?

There are two sources: one is the near-
ly constant force associated with the
thermohaline circulation and the other
appears to be coupled to the eddies that
are shed from the Gulf Stream at the
surface. Georges L. Weatherly of Flori-
da State University has recently gath-
ered evidence that shows a strong corre-
lation between the presence of warm-
core eddies shed from the Gulf Stream
and the presence of storms three miles
down at the HEBBLE site. If these results
can be generalized to other areas, it
should be possible to use maps showing
the distribution of surface eddies, which
can be inferred from satellite measure-
ments of variations in the height of the
ocean surface, to identify other regions
of the sea floor that are likely to be sub-
ject to active storm-driven erosion.

In the near future, in collaboration
with Nelson G. Hogg of Woods
Hole, we hope to deploy an array of
current meters over a sufficiently large
area to estimate directly the frequencies
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DURING A STORM lasting for about a week the velocity of the bot-
tom flow (/eft) increased nearly tenfold, briefly exceeding 60 centime-
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level (middle). Measurements over a short time scale (right) show
how the concentration of sediment fluctuates rapidly two meters
above the sea bed (black) and more widely half a meter above it (col-
or) as sediment is picked up and carried past the transmissometers.
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MESOSCALE EDDY is depicted schematically as it interacts with
the southward-flowing abyssal current at the base of the continental
rise 450 miles off the New England coast. The current is pressed
against the rise by the Coriolis force. Such eddies, or storms, appear
to be correlated with the presence at the sea surface of mesoscale ed-

dies shed by the Gulf Stream. The abyssal eddy takes the form of an
ellipse about 30 kilometers long and perhaps five kilometers wide;
its height has not been established. The coupling of the eddy and
the mean abyssal current scours the bottom, entraining mud that is
swept downstream and is subsequently redeposited in sediment drifts.
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and spatial dimensions of the eddies ac-
tually impinging on the bottom. For the
present some limited turbidity studies
by J.Ronald V. Zaneveld and Hasong J.
Pak of Oregon State University suggest
that the turbid patches of water stirred
up by abyssal storms extend for a dis-
tance of perhaps 30 kilometers, a rea-
sonable scale for ocean eddies. There
are no corresponding estimates of the
crosscurrent dimension of the storms.
It is likely, however, to be less than
30 kilometers, because eddies tend to
be somewhat elongated in the down-
stream dimension.

Although the passage of turbid wa-
ter is clearly evident from turbidimeter
measurements, one cannot say for any
given site whether in the short term
there is a net erosion of material, a net
deposition or a negligible change. For
example, substantial short-term erosion
might be exactly balanced by deposi-
tion. The densest suspensions of sedi-
ments yet seen in the HEBBLE experi-
ment reached 12 milligrams of solids
per liter, or about 250 times the typical
deep-ocean value. If one assumes that
the turbid layer was 60 meters thick,
the particles in suspension would have
yielded a sedimentary layer half a cen-
timeter thick if they were suddenly and
uniformly deposited. Looked at anoth-
er way, if one estimates the turbid
stream to have been five kilometers
wide, the amount of sediment trans-
ported through a cross section of the
storm path per minute would have ex-
ceeded six metric tons.

If the storm had actually dumped a
fresh layer of sediment half a centimeter
thick at the HEBBLE site, it would have
equaled the net amount normally de-
posited in 500 years, according to stud-
ies with long-lived radioactive isotopes.
Such a sedimentation rate is in line with
other estimates for deposition along the
continental rise. When the HEBBLE sedi-
ments are examined for short-lived iso-
topes, however, a rather different pic-
ture emerges. Cesium 137, created in
atmospheric atomic-bomb explosions
only 30 years ago, already has been
mixed to depths as great as 12 centime-
ters. Thorium 234, with a half-life of
only 24.1 days, can be detected as much
as seven centimeters below the surface
of the sea floor.

MOORING SYSTEM for studying bottom
currents in the HEBBLE program typically
supports an array of seven instrument pack-
ages for measuring flow velocity, tempera-
ture and light transmission (an index of sed-
iment concentration) at different distances
from the bottom: less than one meter and at
five,10,30,60,125 and 200 meters. The moor-
ings are usually about 210 meters high and
are spaced from five to 100 kilometers apart.
They can berecovered by triggering an acous-
tic mechanism near the base of the mooring.
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These studies, done by David J. De-
Master and Charles A. Nittrouer of
North Carolina State University, sug-
gest that the rates of mixing are about
100 times higher at the HEBBLE site than
they are in typical abyssal areas free
from storms. Evidently abyssal storms
and bottom-living organisms act togeth-
er to intensively mix the gradually ac-
creted sediments. The relative contribu-
tion of the two forces remains to be
worked out, but a preliminary estimate
is that the storms account for more mix-
ing than the organisms do. The organ-
isms seem to be fairly sedentary, well
adapted to collecting nutrients from the
passing flow rather than to burrowing in
search of food.

So far the HEBBLE program has been
primarily observational rather than
experimental. The provisional picture
of the relations among flow strength,
erosion and deposition must be tested by
experiment before it can be held with
any confidence or replaced with a more
accurate one. At present erosional and
depositional characteristics are known
with confidence only for shallow-water
sands. The response of deep-water mud
beds to water flowing over them is sensi-
tive to both the imposed stresses and
the effects of organisms on their mi-
crotopography and adhesiveness. Since
the phenomenon is not amenable to lab-
oratory simulation, a field experiment
is necessary. Only by in situ experimen-
tation can one establish the complex in-
terplay among flow strength, erosion
rate, erosion depth, deposition rate and
radioactive-isotope distribution.

To that end one of our colleagues at
Woods Hole, Clifford L. Winget, has de-
signed a special instrument that, low-
ered to the sea floor, can impose known
and controlled stresses on bottom sedi-
ments. The device will circulate a sam-
ple of bottom water at various constant
rates across an exposed but confined
section of sea floor. The fluid stresses
and the number of particles picked up
by the circulating fluid will be measured
by a special laser anemometer designed
torecord the Doppler shifts in light scat-
tered from suspended particles moving
with the flow. The initial operation of
the device, called SeaDuct, is scheduled
for this year.

he recognition that abyssal currents

can pick up and redistribute sedi-
ments is causing geologists to reexamine
their ideas about where to search for
new reserves of oil. It has long been un-
derstood that large concentrations of oil
are dependent on the presence of cer-
tain geologic conditions: a sedimentary
source of the oil, a porous rock to serve
as a reservoir and some kind of dam, or
confining structure. Organic carbon in
fine-grained, carbon-rich sediments gen-
erally provides the source. Porous and
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permeable sedimentary rock, such as
sandstone, often provides the reservoir.
Diverse geologic structures can serve as
dams to pool the oil.

According to the conventional view,
the main force acting on sediments is
gravity. It has long been assumed that
all sediment moves inexorably down-
hill. Although this view probably re-
mains true for coarse sand and gravel, it
now appears that finer-grained material
can be transported significant distances
by abyssal currents. Presumably most
of the organic matter capable of form-
ing oil is concentrated in fine particu-
lates that originate primarily in surface
waters. When such material settled to
the floor on the western side of ancient
ocean basins, it could well have been
transported parallel to the basin con-
tours, or at right angles to the direction
commonly assumed.

In order for organic material to be
transformed into oil at least one of two
conditions is thought to be necessary.
Either the rate of accumulation must be
so high or the oxygen in the bottom wa-
ter must be so low that the material is
not oxidized before it is buried. If petro-
leum geologists could learn where ei-
ther, or preferably both, of these con-
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ditions prevailed in ancient seas, they
might greatly facilitate their finding new
deposits of oil. Hence areas where abys-
sal storms induced high rates of accu-
mulation of sediments rich in organic
material should provide favorable sites
for the formation of oil-bearing rock.
Accordingly the geologist might look
down paleoslopes for coarse-grained
reservoir rock and down paleocurrents
for drifts bearing sediments rich in
carbon.

he new knowledge of abyssal storms

has immediate practical implica-
tions for engineers who are responsible
for the stability and security of cables
and structures emplaced on the sea
floor. Underwater photographs have
shown that currents are capable of
washing sediments out from under sub-
marine cables and leaving them sus-
pended between uneroded areas of the
sea bed. In a few instances the subse-
quent strumming of the cable in the cur-
rent has caused the cable to fail.

The existence of abyssal storms also
presents new problems for those con-
cerned with antisubmarine strategies.
The noise associated with large turbu-
lent storms can confuse the passive lis-
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determines flow velocities by measuring Doppler shifts in the light re-
flected from moving particles. A third system measures the concen-
tration of suspended sediments by recording the backscattering of
sound waves emitted at two frequencies: five megahertz and 500 kilo-
hertz. The second type of tripod (right) carries a high-resolution
stereo-camera system programmed to take pictures every 30 min-
utes. Both tripods are recalled to the surface by acoustic command.

tening arrays placed on the sea floor to
detect the passage of submarines. Con-
ceivably it might be possible to make
submarines sound like the storms them-
selves, rendering the boats extremely
difficult to detect in a high-energy region
such as the western North Atlantic.
Perhaps the most important question
raised by the existence of abyssal storms
is their potential effect on toxic wastes
that may be consigned to the sea bot-
tom. Before the ocean floor is selected as
a final dumping ground for any hazard-
ous waste it is essential to have reliable
predictions about long-term conditions
at the sea-floor site chosen. If the waste-
disposal method depends on contain-
ment, the disposal site should be a re-
gion where there is negligible trans-
port of sediment. On the other hand,
if the disposal strategy is to dilute and
disperse the waste material, it might
be better to seek out storm-prone ar-
eas. In any event one should be aware
that some toxic wastes are readily ad-
sorbed onto fine suspended particles and
might thereby gain ready entry into the
food web of bottom-feeding organisms.
These are just a few of the issues raised
by our study of abyssal currents and
storms in one corner of the world ocean.
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How Genes Control
an Innate Behavior

The techniques of recombinant DNA are exploited to define a family

of genes encoding a set of related neuropeptides whose coordinated

release governs a fixed-action pattern: egg laying in a marine snail

by Richard H. Scheller and Richard Axel

ertain stereotyped patterns of ani-
C mal behavior are innate. They are
shaped by evolution and are in-
herited by successive generations; large-
ly unmodified by experience or learning,
they are displayed by all individuals of a
species and not by other species. Etholo-
gists have described such innate, stereo-
typed behavioral arrays as “fixed-action
patterns”: patterns of behavior consist-
ing of several independent elements that
either together form a coordinated se-
quence or do not take place at all. Each
animal inherits a unique collection of
such fixed-action patterns, which char-
acterizes the behavior of its species.
How does an animal inherit such a
behavioral repertoire? What does an an-
imal inherit? It inherits DNA. The genes
of the DNA can specify stereotyped be-
havior in two ways. First of all, they can
specify a precise network of intercon-
nected nerve and muscle cells that are
put in place and “wired” together in the
course of the animal’s development. A
stereotyped behavior is elicited, how-
ever, only in particular situations or at
particular stages of an animal’s life cy-
cle, and only by the coordinated activity
of particular parts of the network of
neurons and muscle cells. In addition to
the network, then, the genes must spec-
ify control elements: substances that
excite specific preexisting connections
in a rigidly determined way to generate
a fixed-action pattern at the right time.
As molecular biologists studying the
nervous system we seek to identify such
control elements and the genes govern-
ing their synthesis. In so doing we hope
eventually to learn something about the
factors that play a role in the gener-
ation of innate behavioral repertoires,
how they evolve in different species
and how they develop in a given species.
Specific behaviors, however, unlike
such traits as eye color or the inherited
disorders of hemoglobin, are not likely
to directly reflect the state of specific
genes. The central nervous system inte-
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grates and filters the dictates of genes in
ways that for the most part are inacces-
sible to experiment. The more complex
the central nervous system, the more
elusive the relation between a set of
genes (a genotype) and observable traits
(a phenotype). It is easier to study genes
specifying behavior in an organism that
is sophisticated enough to exhibit inter-
esting behavioral repertoires but simple
enough so that the behavior can be at-
tributed to identifiable cells. We work
with such an animal: the mollusk Aply-
sia, a shell-less marine snail that can
weigh as much as five to 10 pounds.

he snail’s central nervous system
is numerically simple, consisting of
about 20,000 nerve cells collected into
four pairs of head ganglia and one ab-
dominal ganglion. This is in striking
contrast to the brain of a mammal,
which has perhaps a million times as
many neurons. Moreover, the neurons
of Aplysia can be as much as a millime-
ter in diameter, more than 1,000 times
the size of a typical human brain cell.
Most of these huge cells contain corre-
spondingly large quantities of DNA: as
much as a microgram, or several hun-
dred thousand times the DNA content
of a typical mammalian neuron. Func-
tions that would be carried out by a
large collection of related neurons in
a more complex nervous system may be
handled in Aplysia by a single large cell.
A series of investigations, notably the
elegant work of Eric R. Kandel and his
colleagues at the Columbia University
College of Physicians and Surgeons, has
related specific patterns of behavior in
the snail to the functioning of particular
cells. We and our colleagues have gone
on to examine the activity of specific
genes in a single cell and have attributed
a behavior pattern to the activity of indi-
vidual genes.
An adult Aplysia is largely occupied
with feeding and reproduction. Aspects
of the snail’s reproductive behavior are
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highly ritualistic, involving a coordinat-
ed series of stereotyped patterns that ac-
complish courtship, mating and the dep-
osition of fertilized eggs. Aplysiais a true
hermaphrodite, an individual serving
as both male and female, in most cases
simultaneously, with the snails copu-
lating in long chains of half a dozen
animals or more; sometimes the chain
is closed to form a circle. Fertilization
takes place internally, in the reproduc-
tive duct, and then the fertilized eggs are
laid to develop externally, in the sea.
The genes we study are those implicated
in the elaborate but completely stereo-
typed array of coordinated behaviors
that accomplish the egg-laying process.

The eggs are laid in long strings of
more than a million eggs. As the string
of eggs is expelled by contraction of
the reproductive-duct muscles, the snail
stops walking. It stops eating. Its heart
rate and respiratory rate increase. The
snail grasps the egg string in its mouth.
With a series of characteristic head-
waving movements it helps to extract
the string from the duct and winds the
string into an irregular mass. A small
gland in the mouth secretes a sticky mu-
coid substance that becomes attached to
the mass. Then, with one forceful wave
of the head, the animal affixes the entire
mass of eggs to a solid support such as
a rock. A number of disparate actions
have come together in a rigidly coordi-
nated sequence to serve a common func-
tion: the deposition of fertilized eggs in
a way that will afford protection during
their development.

What substances control this coordi-
nated pattern of behavior and what
genes encode these substances? First,
where are the substances synthesized?
Several years ago Kandel and Irving
Kupfermann identified two clusters of
neurons, the bag cells, at the top of the
abdominal ganglion. When an extract of
these cells was injected into live snails, it
elicited the full repertoire of behaviors
associated with egg laying even though



the animals had not mated and the eggs
were unfertilized. In subsequent studies
Stephen W. Arch of Reed College and
Felix Strumwasser of the California In-
stitute of Technology isolated one of the
active bag-cell factors and identified it
as a peptide, or small protein, consist-
ing of 36 amino acids. They found that
when the peptide was administered to
snails, it elicited some but not all of the
egg-laying behaviors, suggesting it was
one of several factors controlling the to-
tal behavioral repertoire. Strumwasser
determined the linear sequence of the
amino acids in the peptide, which was
designated egg-laying hormone (ELH).
Because there is a linear relation be-
tween the amino acid sequence of a pro-

EGG-LAYING BEHAVIOR is exhibited by Aplysia, a large marine
snail, in a laboratory aquarium. Contraction of the muscles of the
snail’s reproductive duct expels a string of egg cases (/). The animal
grasps the egg string in its mouth (2) and waves its head (3), thus help-
ing to draw the string out of the duct, and eventually it affixes a tangle

tein and the nucleotide sequence of the
gene encoding it, the identification and
sequencing of a peptide controlling be-
havior put a problem in behavioral bi-
ology well within the realm of molecu-
lar genetics.

n collaboration with Linda B. McAl-

lister, James F. Jackson, James H.
Schwartz and Kandel we set out to
isolate the gene encoding ELH from
the Aplysia genome: the total comple-
ment of DNA in the snail’s chromo-
somes. The procedure for isolating spe-
cific genes depends on the techniques of
recombinant DNA. In brief, one estab-
lishes a “library” of recombinant-DNA
molecules, each of them carrying a
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small fragment of the Aplysia genome,
and then scans the library with a probe
that will detect the ELH gene. We
cleaved the snail DNA into many thou-
sands of fragments, each fragment cal-
culated to include one gene or perhaps a
few. We “recombined” the fragments of
Aplysia DNA with the DNA of a bacte-
rial virus, phage lambda, and packaged
the recombinant DNA in the phage’s
protein coat. The hybrid phages served
as vectors for introducing the small
DNA into bacteria and cloning it. When
the phages are added to a bacterial cul-
ture, each phage infects a single bacteri-
al cell and multiplies, killing the cell; the
phage progeny keep multiplying, killing
adjacent cells and creating a plaque, or

of string to a solid substrate (4). In the instance depicted in these draw-
ings the behavior was elicited in an unmated snail by injecting the
animal with an extract of Aplysia bag cells: neurons in which a “poly-
protein” is synthesized from which an egg-laying hormone (ELH)
and other peptides associated with egg-laying behavior are cleaved.
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hole, in the culture. Each plaque is oc-
cupied by millions of phages descended
from an individual phage and therefore
contains a clone of millions of copies of
a single Aplysia DNA fragment.

In selecting a probe with which to
scan the clones and find the ELH gene

we relied on the fact that ELH is syn-
thesized in abundance in the bag cells,
which must therefore contain a large
amount of ELH messenger RNA. This
calls for some explanation. DNA is a
double-strand molecule each of whose
strands is a chain of four different nu-

cleotide subunits. Genetic information is
encoded in the sequence of nucleotides
defining a gene. Groups of three nucleo-
tides are codons, or code words, each of
which specifies a different one of the 20
amino acids that are the subunits of pro-
teins. The DNA is not translated direct-

ABDOMINAL GANGLION of Aplysia is enlarged about 40 di-
ameters in this photomicrograph. The two clusters of bag cells, where
ELH is synthesized, are visible lying athwart the large nerve bundles
at the top left and top right. Within the main body of the ganglion

one can discern a number of very large neurons, or nerve cells, many
of which have been individually identified and found to be invariant
in all members of the species. ELH and its companion peptides have
been shown to have specific effects on the firing of certain neurons.
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ly into protein, however. The coding
strand of DNA is first transcribed into a
complementary strand of the similar nu-
cleic acid messenger RNA whose se-
quence reflects that of the gene, and the
RNA is translated into protein accord-
ing to the genetic code.

Since ELH messenger RNA is pre-
dominant in the bag cells but not in
non-neural tissues, we isolated messen-
ger RNA from bag cells and from non-
neural cells. We “reverse-transcribed” it
into complementary DNA and labeled
the DNA with a radioactive isotope.
The labeled DNA was then exposed to
the library of recombinant clones under
conditions such that the ELH comple-
mentary DNA would “hybridize” with,
or bind to, stretches of cloned genes en-
coding ELH; the non-neural comple-
mentary DNA would not do so. Clones
with which the radioactive ELH probe
hybridized but with which the non-neu-
ral probe did not hybridize were re-
vealed by autoradiography.

In this way we identified a number of
clones containing ELH genes. (As we
shall explain, there turned out to be
three somewhat different genes, but they
are so similar that the bag-cell probe
hybridized with all of them.) Having
identified clones containing the ELH
gene, we grew some of them up into
large cultures, isolated their recombi-
nant DNA and exposed it to ELH mes-
senger RNA. In electron micrographs
we could detect the exact sites on the
long recombinant-DNA molecule at
which the RNA hybridized with the
complementary DNA and so could
close in on the precise stretch of DNA
constituting the ELH gene.

Having isolated the ELH gene, we se-
quenced it, that is, we determined
the order of its nucleotides. Given the
nucleotide sequence, we could “reverse-
translate” it according to the genetic
code and thereby deduce the amino acid
sequence of the protein chain encoded
by the gene. The gene’s protein product,
it turned out, must have 271 amino acid
subunits. Yet we knew that the ELH
hormone itself has only 36 amino acids,
and indeed we could see the small ELH
sequence within the longer protein se-
quence. The ELH peptide is flanked on
both sides by the same pair of amino
acids: lysine and arginine. The lysine-ar-
ginine pair is known to be a cleavage
signal. It serves as a site at which specific
enzymes cut a large precursor protein
chain to make an active smaller protein
or peptide. The most obvious expla-
nation, then, was that the 271-amino-
acid chain is a precursor molecule from
which ELH is cleaved.

It was surprising, however, that the
ELH peptide accounted for such a
small part of the ELH gene’s protein
product. Was the rest of the precursor
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RNA
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ELH PRECURSOR

271 AMINO ACIDS

36 AMINO ACIDS <———>

ELH PEPTIDE

ELH GENE is demarcated in an electron micrograph (top). Fragments of snail DNA were
recombined with the DNA of a bacterial virus and cloned. A clone containing the ELH gene
was identified, expanded and then exposed to ELH messenger RNA under conditions promot-
ing the formation of RNA-DNA hybrids. As is shown in the map, the RNA (black) hybrid-
ized with the complementary strand of the ELH gene (color), disrupting the cloned-DNA du-
plex. When the ELH gene was sequenced, it was seen to encode a precursor protein chain 271
amino acids long. The 36-amino-a<id L1 peptide was identified within the precursor protein.
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chain simply cast off unused or might it
too contain biologically active peptides?
We examined the sequence for addition-
al cleavage signals. It turned out that
there are 10 such signals in all; if each
site were recognized and cut, 11 discrete
peptides would be generated from the
single ELH precursor protein. This
raised the exciting possibility that such
peptides might be other elements con-
trolling egg-laying behavior.

Earl M. Mayeri and his colleagues
at the University of California at San
Francisco School of Medicine had been
investigating the physiological proper-
ties of neuropeptidesreleased by the bag
cells, and so we joined them in an effort
to see whether any of the peptides pre-
dicted from the ELH-gene sequence
were present in bag-cell extracts and, if
they were, whether they would prove to
be active in the nervous system. Mayeri
and Barry S. Rothman identified and
sequenced three other small peptides
in the bag-cell clusters: alpha bag-cell
factor, beta bag-cell factor and acidic
peptide. We found that each of them,
bounded by cleavage sites, is encoded
along with ELH in the gene we had iso-
lated. Electrophysiological experiments
showed that three of the four peptides
(ELH and alpha and beta bag-cell fac-
tors) interact with specific identifiable
neurons in the abdominal ganglion,
where each acts as a neurotransmitter:
a molecule that mediates the transfer
of electrical activity from one neuron
to another.

ELH acts locally as an excitatory
transmitter, augmenting the firing of the
abdominal-ganglion neuron designated
R15. In addition to acting as a neu-
rotransmitter the ELH peptide diffuses
into the circulatory system and excites
the smooth-muscle cells of the repro-
ductive duct, causing them to contract
and expel the egg string. In other words,
ELH acts not only as a neurotransmitter
but also as a hormone. (The peptide’s
effect on the duct muscle was noted be-
fore its nervous-system activity; hence
the name egg-laying hormone.) The beta
bag-cell factor is also an excitatory
transmitter. It causes the firing of two
symmetrical neurons, L1 and R1, whose
functions are not known. The third neu-
ropeptide, alpha bag-cell factor, is an
inhibitory transmitter. It inhibits the fir-
ing of a cluster of four neurons, L2,
L3, L4 and L6. In addition it appears to
have a feedback-amplification effect: it
is capable of exciting the bag cells from
which it has been released.

The association of these three individ-
ual peptides, encoded by a single gene,
with the activity of different sets of neu-
rons (and muscle cells) suggests that an
interesting mechanism may be responsi-
ble for generating the complex array of
behaviors associated with egg laying. A
single gene appears to specify a “poly-
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protein™: a protein chain that is cut into
a number of small, biologically active
peptides. Perhaps all the components of
the egg-laying behavior are mediated by
peptides encoded by this one gene. If
that is the case, there would be an all-or-
nothing effect: no one component of the
behavior would be displayed in the ab-
sence of the others. Moreover, the syn-
thesis of the single polyprotein would
rigidly coordinate the timing of a bat-
tery of related behaviors. A single gene
encoding multiple neuroactive peptides
might thus dictate a complex array of
innate behaviors: a fixed-action pattern.

If indeed peptides derived from a sin-
gle polyprotein mediate the egg-lay-
ing behaviors, what controls the release
of the peptides to initiate the behavioral
array at an appropriate time in the ani-
mal’s life? The release of ELH and the
other putative egg-laying peptides takes
place after prolonged electrical exci-
tation of the bag cells. Strumwasser’s
group has isolated and sequenced two
peptides, designated 4 and B, that are
synthesized in the atrial gland, an organ
in the snail’s reproductive system. Injec-
tion of the atrial-gland peptides into an
animal results in the excitation of the
bag-cell clusters, prompting the release
of ELH and its companion bag-cell pep-
tides. Whether the 4 and B peptides ac-
tually initiate the egg-laying process in
nature has not yet been demonstrated,
but in the laboratory they do appear to
be factors controlling the release of the
bag-cell peptides.

When we examined the amino acid
sequence of the 4 and B peptides, we
noticed that short blocks of amino acids
in our ELH precursor were homologous
to (the same as or almost the same as)
stretches of the atrial-gland peptides.
The reader will recall that in our cloning
experiments the probe made from ELH
messenger RNA had hybridized to three
somewhat different DNA’s, only one of
which encoded ELH and its companion
bag-cell peptides. It was possible that
the three DNA’s were members of a
multigene family, with one of them en-
coding ELH and the other two encoding
the 4 and B peptides.

In a series of hybridization experi-
ments we were able to show that mes-
senger RN A derived from the two genes
related to the ELH gene is indeed syn-
thesized in the atrial gland, where
Strumwasser had found the two pep-
tides. We determined the nucleotide se-
quence of the two genes and, by reverse
translation, the amino acid sequence
each of them encodes. We saw immedi-
ately that although the two genes are
closely related to the ELH gene, they do
not encode the ELH peptide that is ac-
tive in the bag cells. Instead they encode
the 4 and B peptides of the atrial gland.
The three genes are clearly members of
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a small multigene family with a com-
mon evolutionary origin, but they have
diverged to generate different—yet func-
tionally related—sets of peptides.

he similarities and the differences

are revealed when the three nucleo-
tide and amino acid sequences are com-
pared in detail [see illustrations on page
60]. Each gene encodes a precursor pro-
tein in which lysine-arginine sites (or
sometimes a single arginine or two ad-
jacent arginines) delimit the blocks of
amino acids that are cleaved to become
active peptides. All three precursors be-
gin with a characteristic signal sequence
of about 25 amino acids that governs
the processing of the protein chain. The
newly translated chain enters the lumen
of a membrane system called the rough
endoplasmic reticulum, where it begins
to be modified: the signal sequence is cut
off and sugar and phosphate molecules
are added to the protein, which proceeds
to the organelle called the Golgi appara-
tus. There the precursor is cleaved and
the component peptides are enclosed
in small vesicles, or sacs. In response
to appropriate stimuli the vesicles fuse
with the outer membrane of the se-
creting cell and release their contents
to interact with nearby cells, to diffuse
through the ganglion or to enter the
circulation.

The differences between the precur-
sors incorporating the 4 and B peptides
and the precursor incorporating ELH
begin after the signal sequence. Let us
first describe the 4 and B precursors. A
single-arginine site signals the beginning
of either the 4 or the B peptide, both of
which consist of 34 amino acids. At the
end of these peptides there is a glycine-
lysine-arginine sequence, which serves
as a signal not only for cleavage but also
for transamidation: the addition of an
amino group (NHy) at the end of the
peptide, replacing the usual hydroxyl
group (OH). Transamidation “blocks™
the end of the peptide, perhaps making
it more resistant to degradation. There
follows, in both the 4 and the B pre-
cursor, a stretch of 47 amino acids un-
related to any known peptide. Then
comes another lysine-arginine cleavage
site, followed by what looks like the be-
ginning of the ELH peptide.

ELH is not synthesized in the atrial
gland, however. Examination of the nu-
cleotide sequence of the atrial-gland
genes shows why. In the case of the 4-
peptide gene, the first 22 amino acids of
ELH are encoded correctly. Then a sin-
gle-nucleotide difference in the codon
for the amino acid at position 23 gen-
erates an arginine-arginine-arginine se-
quence and thus establishes a potential
cleavage site that could break up what
would otherwise become the ELH pep-
tide. A different kind of single-nucleo-
tide change is seen in the B-peptide gene.
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ELH PRECURSOR was found to be a polyprotein containing a num-
ber of active peptides. The precursor (top) is studded with 10 sites (ar-
rows) at which a protein chain is cleaved by enzymes called endopep-
tidases. Cleavage at all the sites would release 11 peptides (second
from top). Four of those peptides are known to be released by the bag
cells: the beta and alpha bag-cell factors, ELH and acidic peptide.

Three of them (colored peptides) have been shown to act as neuro-
transmitters, altering the activity of specific abdominal-ganglion neu-
rons (colored cells) in specific ways (bottom). The beta factor excites
cells L1 and R1. The alpha factor inhibits cells L2, L3, L4 and L6.
ELH augments the firing of cell R15. ELH also enters the circulation
and acts as a hormone, causing contraction of the reproductive duct.
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some of which undergo amidation (VHj). The three precursors have
in common a signal sequence (/ef?) and several regions of homology,
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or close similarity, that give rise in one precursor or another to the
A or the B peptide or to ELH and acidic peptide. Single-nucleotide
differences alter the 4 and B genes so that active ELH is not synthe-
sized. An 80-amino-acid insertion in the ELH gene interrupts the {-
and B-peptide sequences and gives rise to several different peptides.
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ELH HOMOLOGY REGION is very similar in all three genes, that
is, the sequence in which the four nucleotides (4, G, C and T) are ar-
rayed is almost the same, so that the three-nucleotide codons specify
the same amino acids at most positions. (Only some of the more sig-
nificant codons and amino acids are shown here.) Whereas the ELH
gene gives rise to an active ELH peptide, the other two genes do not.
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In the A-precursor gene the substitution of a G for an 4 nucleotide at
position 23 gives rise to an arginine instead of a glutamine, generat-
ing a three-arginine sequence and thus a potential cleavage site. In
the B-precursor gene a C nucleotide is deleted from the sixth codon,
changing the “reading frame” so-that a 7G4 is introduced at posi-
tion 7. TGA serves as a “stop” codon, which terminates translation.

N¢II-|2
GGC AAA AGA

ancﬁnson ~ [HEZ A

~ARRREEEEEONREE RN

[TTTTT T e

ACTIVE B PEPTIDE

NH:
v
GGC AAA AGA

precorsorBl | | 1 1T 1T VA V) 1 HERENERAREERER l
1 5 10 15 20 25 30 35
ALPHA CGC AAA AGA
PRECURSOR Kad 7 % | l 77 7/ BEERER M s h
1 5 90 95 100 105 110 115
BETA GAMMA DELTA

|]IIII§H_L]J_LMA~1L—|M~IH~IIIIIIIIIIllI

EIGHTY-AMINO-ACID INSERTION disrupts the 4- and B-pep-
tide homology region in the ELH gene. It is cleaved at lysine-arginine
sites to make three peptides: the beta, gamma and delta bag-cell fac-
tors. (Note the near-identity of beta and gamma, which presumably
arose by duplication of a short DNA sequence.) At position 105 in
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the homology region the substitution of an arginine in the ELH pre-
cursor for the methionine of the 4 and B precursors creates a cleav-
age site, giving rise to another active peptide: alpha bag-cell factor.
Apart from the insertion the three precursors are very similar. The
hatching marks sites where one of them has a different amino acid.
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Here one nucleotide in the sixth codon is
deleted. The “reading frame” of nucleo-
tide triplets is thereby changed so that a
“stop” codon is generated; translation is
terminated after only a six-amino-acid
stub of ELH has been synthesized.

Consider now the ELH precursor that
is synthesized in the bag cells. The
nucleotide sequence of its gene is very
similar to that of the gene encoding the
A and B peptides, and yet the gene does
not specify those peptides; it specifies
ELH and a number of other peptides
involved in egg laying. It begins with the
same signaling sequence seen in the A
and B precursors. Then come the first
five amino acids of the B peptide. At
this point, however, the ELH precursor
diverges dramatically from the A4 and
B precursors. The ELH gene contains
a 240-nucleotide sequence that is not
present in the 4 or the B gene, encoding
80 amino acids. The insert includes four
cleavage signals delimiting three bag-
cell factors: beta, gamma and delta. The
beta factor, as we have mentioned, is
known to have a specific effect on ab-
dominal-ganglion neurons L1 and R1.

After the insert the nucleotide se-
quence resumes, without any alteration
of the reading frame, to encode the sixth
amino acid of the B peptide, and then
it continues through a sequence that is
much like the sequence of the two atrial-
gland genes. One divergence in this re-
gion is particularly significant. A cleav-
age site is introduced, generating the
nine-amino-acid alpha bag-cell factor
that, as described above, inhibits the fir-
ing of four neurons in the abdominal
ganglion.

There follows a stretch of incomplete
homology with the 4 and B genes, after
which a cleavage site signals the begin-
ning of the 36-amino-acid ELH peptide.
The end of this peptide, as in the case of
A and B, is followed by a signal for
cleavage plus transamidation. Between
the end of the ELH peptide and the stop
codon that puts a halt to translation
there remain 27 amino acids: those of
acidic peptide, which is also released
from the bag cells along with ELH but
whose target is not yet known.

Here, then, are three genes that have
in common three regions of homolo-
gy: the A or B region, the ELH region
and the acidic-peptide region. More-
over, within each of these three peptide
regions there are near-identities of se-
quence at fixed positions. The implica-
tion is that all three peptides had their
origin in a small ancestral peptide whose
gene triplicated to generate a larger pro-
tein composed of at least three peptides.
The gene encoding that larger protein
apparently triplicated in turn, giving rise
to three independent genes that diverged
as they became specialized to satisfy
different functional requirements. Then

there may have been minor duplications
of some regions of one or another gene,
as is suggested by the fact that the ad-
jacent beta and gamma peptides are
almost identical. Such events presum-
ably allowed for the evolution of vari-
ants without significant alteration of
the original gene. The various versions
of the gene may have been transposed
to different sites in the genome, perhaps
on different chromosomes.

he availability of cloned ELH genes

enabled us, working with McAllister
and Kandel, to ask whether the genes are
expressed (transcribed into messenger
RNA that is then translated into pro-
tein) not only in the bag cells and the
atrial gland of adult snails but also in
other parts of Aplysia’s nervous system,
and to trace the development of the neu-
rons in which the gene is expressed. We
do this by means of two techniques:
in situ hybridization and immunocyto-
chemistry. The former depends on the
fact that wherever a particular gene is
expressed one finds the messenger RNA
transcribed from it. We cut a thin sec-
tion of tissue, mount it on a microscope
slide and treat it so that the RNA in its
cells is accessible to molecular hybrid-
ization. When ELH genes labeled with a
radioactive isotope are applied to the
slide, they hybridize with the comple-
mentary messenger RNA, whose loca-
tion is revealed by autoradiography. Im-
munocytochemistry, on the other hand,
reveals the presence of the peptide. An
antibody to the ELH peptide is applied
to a slide and binds to the peptide if it is
present. A second antibody, chosen to
bind to the first one and linked to a fluo-
rescent dye, is applied, and inspection
under ultraviolet illumination reveals
the cellular location of the peptide.

We have done hybridization and im-
munofluorescence studies of the snail’s
entire central nervous system. The two
techniques detect individual neurons ex-
pressing an ELH gene even in ganglia
with several thousand nonexpressing
cells. The bag cells and the atrial gland
are clearly the major sites of expression
of the ELH genes, but the experiments
show that ELH messenger RN A and the
peptide itself are also synthesized in
an extensive network of nerve cells, not
only in the abdominal ganglion but also
in three other ganglia. In similar experi-
ments Strumwasser and Arlene Y. Chiu
have also identified neurons outside the
bag-cell clusters that synthesize ELH. It
appears that ELH may have an exten-
sive role as a neurotransmitter through-
out the Aplysia nervous system.

The presence of scattered ELH-pro-
ducing cells in four of the ganglia raises
the question of how the cells arise dur-
ing development. By in situ hybridi-
zation in developing animals we have
learned when the ELH genes are first
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expressed and where the neurons ex-
pressing ELH originate. In all animals
the nervous system develops as a spe-
cialization of the ectoderm, the embry-
onic body surface. The ELH genes are
active very early in the larval stages
of the snail’s development, in a zone of
primitive cells that line the body wall
and are destined to become neurons.
Later in development these cells leave
the body wall and migrate, by crawling
along strands of connective tissue, to
their ultimate locations in the adult ner-
vous system. It may be that a single
primitive neuron divides to generate a
cluster of ELH-producing cells, which
migrate not only to the bag cells but also
to scattered sites throughout the ner-
vous system.

In Aplysia at least three genes encode a
number of neuroactive peptides that
have roles in the circuits governing
a complex but stereotyped behavioral
repertoire. In the mammalian brain too
a number of peptides have been identi-
fied that seem to mediate specific behav-
iors [see “Neuropeptides,” by Floyd E.
Bloom; SCIENTIFIC AMERICAN, Octo-
ber, 1981]. What properties of neuro-
peptides, and in particular what charac-
teristics of their mode of synthesis,
suit them to a role as mediators of be-
havior?

The behavioral potential of an organ-
ism is at least in part dictated by a rig-
id network of connecting nerve cells.
Much of the communication between
neurons is local and is mediated by a
neurotransmitter such as acetylcholine
or norepinephrine, which is released
from a neuron, crosses the narrow syn-
aptic space and makes point-to-point
contact with another neuron. Neuroac-
tive peptides too can function locally
as neurotransmitters. In addition, how-
ever, they can be secreted into the circu-
lation to serve as neurohormones that
act on several distant targets and thus
generate several discrete activities. Pep-
tides thereby make available an addi-
tional communication network that sup-
plements the hard-wired network of in-
terconnected nerve cells.

The diversity of a neuropeptide’s tar-
get sites can enable the peptide to coor-
dinate physiological events with partic-
ular behaviors. For example, the injec-
tion of the peptide angiotensin II elicits
spontaneous drinking in vertebrates by
acting on neurons of the hypothalamus
in the brain. The peptide also acts indi-
rectly on the kidney to promote the re-
absorption of sodium and water into the
bloodstream instead of their excretion.
Both of these two quite different effects
serve to rehydrate the animal. ELH pro-
vides another example. In Aplysia it acts
locally to excite specific neurons in the
ganglia that may cause such behaviors
as head waving and such physiological
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changes as an increase in heart rate. At
the same time it acts at a distance, caus-
ing the reproductive duct to contract
and expel eggs.

A number of egg-laying peptides of
Aplysia are cleaved from a single poly-
protein precursor. Some other neuro-
peptides are known to be synthesized in
the same way. The polyprotein pathway
would seem to have several advantages.
For one thing, it provides a simple
mechanism for the control of both pep-
tide synthesis and release. Different
peptides encoded by a single gene can
be synthesized simultaneously under the
control of a single regulatory agent.
Moreover, the various small peptides
of a polyprotein may, after cleavage
from the precursor, be packaged in the
same vesicle, to be released from the
synthesizing cell simultaneously by a sin-
gle stimulus.

The generation of multiple peptides
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from one precursor also provides a
solution to a number problem: the num-
ber of genes in an animal genome is sim-
ply not large enough to specify the di-
versity of behaviors exhibited by a spe-
cies. The information potential of a
single gene can be increased if the gene’s
protein product is cleaved differently in
different cells or in response to different
stimuli. An example of alternate protein
processing has been noted by Edward
Herbert of the University of Oregon
and James L. Roberts of the Columbia
College of Physicians and Surgeons and
also by Richard E. Mains and Betty A.
Eipper of the Johns Hopkins University
School of Medicine. They found that a
single precursor is processed to make
adrenocorticotrophic hormone (ACTH)
in the anterior lobe of the pituitary
gland and to make an endorphinlike
peptide in the posterior lobe. We have
observed one pattern of cleavage of the
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SITES OF ELH SYNTHESIS are revealed by in situ hybridization with the peptide’s mes-
senger RNA (top left and top right, bottom left) and the binding of antibodies to the peptide
itself (bottom right). A section of the abdominal ganglion was exposed to an ELH-gene probe
labeled with a radioactive isotope (top left). The probe hybridized with ELH messenger RNA,
whose location was revealed by autoradiography. The black dots show hybridization in the
bag cells (rounded clusters at the upper margin of the ganglion) and also in a single neuron
near the middle of the ganglion. The magnification is about 17 diameters. Magnification to
about 400 diameters shows ELH messenger RNA in the cytoplasm of bag cells and their proc-
esses (top right). ELH messenger RNA is also detected in a single cell of a different group of
neurons, the pleural ganglion (bottom left). In an immunofluorescence study (bottom right) an
antibody to ELH was applied to a section taken from the abdominal ganglion. A second anti-
body, directed against the anti-ELH one and labeled with a fluorescent dye, was applied. The
bright orange fluorescence shows ELH in two abdominal-ganglion cells and their processes.
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ELH precursor in a single cell. In princi-
ple, given the cleavage sites we have not-
ed, the protein could be cut in different
ways to generate more than 2,000 differ-
ent combinations of peptides, and each
combination could activate a different
pattern of behavior. The potential for
diversity is greater still because the ELH
genes constitute a family of genes ex-
pressed in different tissues.

he polyprotein pathway offers tem-

poral flexibility by allowing the var-
ious peptides to remain active for differ-
ent lengths of time. The stability of a
peptide can be influenced by certain
postsynthetic modifications such as
transamidation and even by size (be-
cause small peptides cannot easily fold
into compact structures and are there-
fore likely to be degraded sooner than
large ones). Both the pattern of amida-
tion and the size of the various egg-lay-
ing peptides are consistent with their
functional requirements. The peptides
(ELH and the A4 and B peptides) that
can act as hormones are consistently
amidated and are longer, and so their
active life is presumably extended. The
peptides (such as the alpha and beta
bag-cell factors) that seem to act only
locally as neurotransmitters are shorter
and are not amidated. They are presum-
ably degraded faster, like most other
neurotransmitters.

The organization of genes encoding
polyproteins provides a striking degree
of evolutionary flexibility. The .inter-
spersal of sequences encoding a set of
active peptides in a gene that also en-
codes nonfunctional protein leaves
room for the evolution of new active
peptides without alteration of the orig-
inal set. The ELH gene, for example,
has a 240-nucleotide insertion that is
not present in the homologous genes
expressed in the atrial gland. The in-
sertion encodes three peptides (two of
which appear to reflect a small internal
duplication), thus expanding the poly-
protein’s array of coordinated peptides
without affecting the synthesis of ac-
tive ELH.

Finally, the same peptide may be in-
corporated in several different precur-
sors encoded by different genes. Consid-
er head waving in Aplysia. A characteris-
tic waving of the snail’s head takes place
during feeding as well as during egg lay-
ing. The same peptide or peptides could
elicit the same behavioral component
(head waving) in two very different
contexts. To this end the head-waving
peptide (or peptides) may be encoded
in some other gene—one implicated in
feeding behavior—as well as in the ELH
gene. In this way complex behaviors
could be assembled by the combination
of simple units of behavior, each unit
mediated by one peptide or a small
number of peptides.



Strong medicine for
feverish health-care costs.

A new blood analysis system which embodies
Kodak’s expertise in chemistry, optics, physics, and

electronics is helping clinical labs control costs.
Its flexible software design is bringing new
ease and reliability to the process of blood
analysis. It can improve laboratory effi-
ciency, increase productivity, and help
to put health-care costs on the road to
recovery.

The new system incorporates numer-
ous technological inventions with such
intricate design and engineering that
it can perform a full range of routine tests
—including kinetic enzyme, as well as po-
tentiometric and colorimetric analysis—in
operator-preferred sequence. If this sounds like
quite an accomplishment, it is.

The Kodak Ektachem 700 analyzer incorpo-
rates 20 megabytes of hard-disk memory, relies
upon Kodak’s dry layer-coated Ektachem clini-
cal chemistry slides like the one shown," and
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it produces hard-copy results for physicians’ eval-

uation. In just S minutes!

But its big advantage is selective testing. At

the touch of a CRT screen, this analyzer per-

forms any combination of one to 26 assays

and has the potential to report up to 7
additional calculated results on a single
patient sample. That’s a big plus, because
it helps to eliminate wasted tests and
wasted time, and contributes to operat-
ing economy.

Surprised that were so committed to
health care? You shouldnt be. We've been

serving diagnostic medicine with radiog-
raphy products for more than 80 years.

If youd like technical papers dealing with the
technology involved in Kodak Ektachem prod-
ucts, write: Eastman Kodak Company, Dept.
GBSA-10, 343 State Street, Rochester, NY 14650.

Kodak.Where technology anticipates need.
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*With Ektachem slides, complex sequential reactions can be
carried out in ways not possible in solution chemistry. Multilayer
coatings offer domains for multiple reactions within the single-use
slide. In some layers, interfering substances can be trapped or
altered; in other layers, reactions can be run which produce
measurable signals.
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SCIENCE AND THE CITIZEN

Texts for Today

ifty-nine years after the Scopes tri-
F al, 16 years after the U.S. Supreme

Court finally invalidated on con-
stitutional grounds a state law prohibit-
ing the teaching of evolution in pub-
lic schools and colleges and two years
after a Federal judge struck down an
Arkansas law mandating the balanced
treatment of ‘“creation science” along
with “evolution science,” creationists
are successfully reducing the exposure
of American high school students to the
theory of evolution through natural se-
lection, the organizing principle of mod-
ern biology. Their current strategy is
to minimize or eliminate coverage of
evolution in textbooks, and their pri-
mary tactic is to influence the adoption
of textbooks by state and local boards
of education.

The creationists’ major success has
been in Texas, where the State Board of
Education does not simply publish a list
of acceptable books for purchase by lo-
cal boards, as is the case in many states,
but itself buys the books. The Texas
board is therefore the country’s major
purchaser of high school biology texts,
accounting for some 10 percent of the
total national market. In January the
Texas board published Textbook Proc-
lamation 60, which sets guidelines for
the content of the science and biology
books it will buy starting in 1985. The
guidelines do not require any coverage
of Charles Darwin or of evolution. That
does not mean evolution may not be
mentioned, but any discussion of the
subject is circumscribed by the state’s
“general content rules” for textbooks.
These require that books treating the
theory of evolution “shall identify it as
only one of several explanations of the
origins of humankind.” Books that treat
the subject “substantively in explaining
the historical origins of humankind shall
be edited, if necessary, to clarify that the
treatment is theoretical rather than fac-
tually verifiable,” and they must carry a
statement on an introductory page to the
effect that any material on evolution is
“presented as theory rather than fact.”

Biology teachers and others have ob-
jected to the singling out of evolutionary
theory as if it were more ‘“‘theoretical”
than any other theory. Scientists in gen-
eral have objected that the rules show a
fundamental misunderstanding of what
science is and how it works. In a letter to
the board proposing amendments to the
proclamation in behalf of People for the
American Way, a group of science ed-
ucators wrote that the board “simply
does not understand the difference be-
tween theory and fact in science.” Theo-
ries are based on facts, the letter con-
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tinued. “There is a slow progression
toward increasing certainty” as theories
are tested by newly observed facts, “but
at no point do ‘theories’ become ‘facts.’
Evolution theory has been subjected to
this kind of rigorous verification over
the last 100 years and in its broad out-
lines is as certain as anything we have in
science. We are as sure that biological
evolution has occurred, and continues
to occur, as we are that matter is com-
posed of atoms.” The educators pro-
posed changes in the proclamation to
require the inclusion in textbooks of ma-
terial on the nature of scientific inves-
tigation, on evolution and on such de-
tails of modern biology as the role
of DNA in heredity, but the proposals
were ignored.

The importance of the unitary Texas
market makes it likely that many pub-
lishers will edit their books to conform
to the Texas board’s taste. That seems to
have been happening ever since the Tex-
as content rules were first set forth in
1974, according to Barbara B. Parker
of People for the American Way and
Wayne A. Moyer, a former executive
director of the National Association
of Biology Teachers who is now a con-
sultant to the organization. They quote
one publisher’s representative as saying:
“We’ll give them [Texas] whatever they
want.” Whereas a 1968 edition of Biolo-
gy, a high school text published by Sil-
ver Burdett, devoted more than 22,000
words to topics related to evolution, the
1981 edition of the book had fewer than
4,400 words on the subject. The 1973
edition of Modern Biology, published by
Holt, Rinehart and Winston, stated that
scientists “do not doubt that organisms
living today descended from species of
previous ages,” but subsequent editions
have omitted the statement. According
to Gerald D. Skoog of Texas Tech Uni-
versity, who has studied textbook cover-
age of the subject over the years, in 1981
Laidlaw Brothers, a division of Double-
day, omitted from its Experiences in Biol-
ogy any explicit coverage of evolution
and indeed failed to mention the word.

There are some signs of a counter-
offensive. In 1982 the New York City
Board of Education turned the tables on
publishers attempting to meet the Tex-
as requirements: it rejected three text-
books, including the Laidlaw one, for
inadequate treatment of evolution. A
Texas state senator has asked the state’s
attorney general for an opinion on the
constitutionality of the textbook-con-
tent rule. Last year Governor Bruce E.
Babbitt of Arizona vetoed a bill that
would have required the origin of man
to be taught as “theory,” and creationist
bills failed to pass in the legislatures of
Connecticut, Mississippi and West Vir-
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ginia. A creationist law that was enacted
in Louisiana in 1982 is under attack in
the courts.

Better Next Time

he development of nuclear power

is proceeding more or less steadily
outside the U.S. but is now at a virtual
standstill in this country. One cause is
self-fulfilling: public opposition to nu-
clear-power plants has changed their
political and regulatory environment,
leading to delays in construction and
commissioning that increase their cost
and make them less competitive with
oil- and coal-fired plants. Even with-
out this handicap, however, the U.S. nu-
clear-power industry would have trou-
ble overcoming the escalating costs of
all construction, the slower growth in
the demand for electricity and. the diffi-
culty of financing long-term, capital-
intensive projects of any kind in a pro-
longed period of high interest rates.

Since 1975 a total of 89 new reactors
have been canceled by U.S. utilities, ac-
counting for a net loss in future generat-
ing capacity of more than 85,000 mega-
watts. Only two nuclear-power plants
ordered in the past nine years have not
subsequently been written off, and work
has yet to begin on them. The next in-
crement in nuclear generating capacity
will come entirely from plants ordered a
decade or more ago. According to a sur-
vey conducted by the Atomic Industrial
Forum, Inc., 14 such plants will be ready
to receive operating licenses in 1984;
added to the 81 plants now in operation,
they would boost the nation’s nuclear
generating capacity to a total of 81,000
megawatts. Assuming the remaining 50
or so plants now under construction or
on order are eventually completed, it is
projected that nuclear-power produc-
tion will double by 1990 and will then
account for about 20 percent of the to-
tal U.S. electrical output. That would be
a far cry from earlier projections, which
as recently as the early 1970’s set a goal
of 1,200 nuclear-power plants for the
U.S. by the end of the century.

Does that mean the nuclear option
cannot be counted on for any addition-
al contribution to generating capacity in
the U.S.? Not necessarily, in the view of
Richard Lester, a nuclear engineer on
the faculty of the Massachusetts Insti-
tute of Technology. Lester suggests that
the present interruption in the devel-
opment of nuclear power in the U.S.
may be a blessing in disguise for the
beleaguered nuclear-power industry.
He maintains that the industry’s main
problem all along has been “its inabili-
ty to construct and operate the present
generation of nuclear power plants with



THE SOENE
RAVE REVIEWS!

From the moment the FIEI“D n)"'herFerohasztsown ROAD & TRACK Sepfember 1983
-"'1 l"- brand of fresh fechnology: - Fiero prices start at just $7.999! Even
il @ space frame machined fo ot $8.499 (Fiero Sport Coupe

folerances nommally reserved  shown), Fiero takes ifs rightful place

for engines and transmis- anangmayaafoarsofﬂwwodd

Pontiac Fiero: practi-

Tt :mldwabla,eoomnw and fiat-out

frame is “milled  excifing—only from Pontiac!

N T

“Porioc Faro Spart Coupe offers an EFR ESTMPS of 26 and o hgh-

i — ij ™ . .
> N « I -, o i -
.:‘ ! L o JT_(-‘_.‘_ Tl . |
= : .

S P - ' -
© 1984 SCIENTIFIC AMERICAN, INC _"- 2






R I%ncelhmw- munications.

it'sinever

Optical hybrid circuits designed
by Rockwell International for its
lightwave communications systems
reflect the advanced technolo
that’s made Rockwell one of the
major suppliers to the telecommu-
nications industry. Rockwell’s
fiber optics research and develop-
ment is helping the industry to
benefit from the increased channel
capacity available in lightwave
communications.

Rockwell provides high tech-
nology products and systems to
three telecommunications markets:
communications transmission, com-
munications switching, and tele-
phone company special services.

Only a company with the know-
how to combine high technology
with outstanding engineering and
management skll%s can meet such
broad needs of the telecommunica-
tions industry. That know-how goes
into our electronics business and into
everything we do at Rockwell.

In aerospace: where we're
responsible for the design, integra-
tion management and production of
the U.S. Air Force’s B-1B Long
Range Combat Aircraft. Flight
testing and production are ahead

ything we

of schedule, with delivery of the
first production aircraft scheduled
for 1984.

In the automotive industry:
where our technology and reputa-
tion for dependable, quality design
for car a.ndpe ruck components have
made us a major supplier of drive-
trains for U.S. Army trucks.

In general industries: where
advancements such as electronic
press controls and total production
systems have made our Goss presses
a world leader in offset newspaper
printing.

We’re an $8 billion company
where science gets down to business
in four diverse areas. And that diver-
sity has helped us achieve eight
consecutive years of increased
earnings and impressive growth.

If you are interestecﬁn
any of our products or want to
learn more about us, write:
Rockwell International,
Department 8155-3, 600 Grant
Street, Pittsburgh, PA 15219.

‘l' Rockwell International

...where science gets down to business

Aerospace/Electronics
Automotive/General Industries
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the consistently high standards the tech-
nology requires.”

Writing in The Wall Street Journal,
Lester points to several “lessons from
abroad” that “can help the industry do
better next time.” In particular he cites
the case of Japan, “the most recent for-
mer nuclear pupil of the U.S. to reach
the front rank of civil nuclear nations.”
In contrast to the U.S., where efforts to
improve the basic design of the light-
water reactor—the mainstay of the U.S.
nuclear-power program—‘-“have almost
ground to a halt,” he says, Japan has
been pursuing “an independent tech-
nology-improvement program, while
simultaneously building a strong do-
mestic reactor industry” based on light-
water reactors originally developed in
the U.S. Moreover, in the future im-
provements in light-water reactors “will
receive an even higher priority in Ja-
pan’s nuclear strategy.”

Today’s light-water reactors, Lester
points out, “are vastly more complicat-
ed (and expensive) than those built a
decade ago, and they tax the construc-
tion and operating expertise of even the
most sophisticated utilities, let alone
their weaker brethren. The main driving
force behind this trend has been the
growing concern over reactor safety.
But the technical response has lacked a
strategic purpose.... The present hiatus
offers a chance for a fundamental re-
examination of light-water reactor de-
signs and regulations. The goal should
be to develop advanced, much simpli-
fied plants with equivalent or greater
safety at significantly lower cost.”

Assuming a continuation of present
economic trends, Lester predicts, “most
utilities henceforth will prefer to build
generating capacity in smaller incre-
ments. In such a market, there may be a
sizable niche for ‘modular’ nuclear pow-
er stations—clusters of small reactors
each with a capacity of, say, 200 electri-
cal megawatts (vs. 1,000 megawatts in
many of today’s plants).... Gas-cooled
reactors seem especially well suited to
this application.”

Finding that the time has come “to
investigate seriously the possible contri-
bution of advanced reactors—whether
improved LWR’s or more radical inno-
vations—to a revival of the U.S. nuclear-
power industry,” Lester concludes that
“the single most important requirement
is for the electric utilities themselves to
take the lead in distilling their collective
nuclear experience and specifying their
technical needs over the next few dec-
ades. The government has a key sup-
porting role—not, certainly, in picking
winners, but in conducting supporting
safety-related tests and promptly ad-
dressing important new regulatory is-
sues.” The alternative to technological
innovation is presented starkly: “A fail-
ure to improve significantly on present
light-water reactors in itself might not
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kill the U.S. nuclear option. But the sort
of thinking revealed by an unwillingness
even to try very well might.”

The Soliton Laser

Few experimental tools gained such
rapid and widespread acceptance in
the laboratory as the laser. The main
reason for the success of the laser is its
ability to deliver radiation of a sharp-
ly defined frequency at a high rate to a
small volume of material. Perhaps less
widely appreciated is that laser energy
can be pulsed, or delivered to an exper-
imental sample in short bursts. Such
pulses make it possible to manipulate
physical and chemical processes in time
as well as in the domains of space and
energy. The study of these processes on
the atomic scale calls for very sharp
pulses indeed. For example, the tempo-
ral resolution of the transfer of energy
within a molecule or the evolution of
the electronic energy states in a solid
calls for pulses as short as a picosecond
(10-12 second) or less.

Now a new laser has been built by
Linn F. Mollenauer and Roger H. Sto-
len of AT&T Bell Laboratories that has
generated pulses of infrared radiation
lasting only 210 femtoseconds. (A fem-
tosecond is a thousandth of a picosec-
ond, or 10-15 second.) The laser is called
a soliton laser because its output is con-
trolled by a soliton, or solitary wave.
The pulses emitted by the laser are
by no means the shortest anyone has
ever made; that distinction belongs to
Charles V. Shank and his colleagues,
also of Bell Laboratories, who have
generated pulses of visible light lasting
for only 30 femtoseconds. The infrared
pulses, however, have properties quite
different from those of the visible ones.
Unlike the visible pulses, they have a
shape and a duration that can be con-
trolled to a high degree of accuracy.

The idea for the soliton laser can be
traced to a chance observation of a wa-
ter wave by the British naval architect
John Scott Russell in 1844. Russell no-
ticed that an unusual wave was generat-
ed by the bow of a boat in a channel.
When the boat stopped, the bow wave
continued down the channel without ei-
ther cresting or dissipating.

The wave observed by Russell is now
known mathematically as the funda-
mental soliton; it is a wave that propa-
gates without changing its shape. Never-
theless, a soliton can have higher-order
forms as well as the fundamental. The
second-order soliton is a wave that be-
gins as a bell-shaped disturbance and
narrows as it propagates. As it narrows,
the height of the wave increases until
both the width and the height reach ex-
treme values; the wave then returns to
its original form and the process is re-
peated indefinitely. Solitons of an order
higher than two exhibit more compli-
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cated motions but their behavior is al-
ways periodic. For example, the third-
order soliton contracts to a sharp spike,
splits into two smaller peaks, contracts
back to the sharp spike and finally re-
turns to its original form before the se-
quence is repeated.

The soliton laser exploits the second-
order soliton. A pulse is initially gener-
ated in the soliton laser by a device that
can function as a laser in its own right.
The device is called a color-center laser,
and it can be tuned to emit single-fre-
quency infrared radiation across a wide
range of frequencies. When the color-
center laser operates independently, it
emits a pulse at a wavelength of 1.5 mi-
crometers that lasts for seven picosec-
onds. In the soliton laser the pulse emit-
ted by the color-center laser travels
through a beam splitter, which sends
part of the energy of the pulse to the
output of the soliton laser and the other
part to the laser cavity, where the pulse
undergoes its main transformation.

The laser cavity is a glass fiber that
confines the pulse to a core about 10
micrometers in diameter. The pulse that
enters the laser cavity propagates down
the cavity fiber, is reflected by a mirror
at the end of the fiber and returns along
the fiber to the color-center laser. Be-
cause the core of the fiber is so small, the
confinement of the pulse gives rise to a
high intensity of light within the core.
The speed of light in glass varies slightly
with the light intensity, and so the high
light intensity in the core leads to chang-
es in the speed of the light that cause a
change in the shape of the pulse.

If there were no such variation in the
speed of light with intensity, the input
pulse would disperse, or broaden, as it
propagated. Moreover, if there were no
tendency for the pulse to disperse, the
dependence of the speed of light on
intensity would have no effect on the
shape of the pulse. The effects of light
intensity, however, combined with the
effects of dispersion cause the pulse to
contract. The pulse that returns to the
color-center laser along the fiber in the
cavity is shorter than the pulse that was
sent out. The shortened pulse sweeps up
the energy stored in the color-center la-
ser and stimulates it to emit a second
pulse; in effect the color-center laser acts
as a mirror that amplifies the pulse.

The process is repeated several times,
and itresults in a cascade of increasingly
narrow pulses. There is a limit, however,
to the narrowing of the pulse. When the
pulse reaches a characteristic width, de-
termined by the length of the cavity fi-
ber, it becomes a second-order soliton.
On its way out to the mirror at the end of
the fiber the soliton pulse narrows, but it
broadens on its return; in short, when
the pulse becomes a soliton, the fiber no
longer introduces any net change in the
shape of the pulse. Although the soliton
might therefore seem to be a limitation,
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it is quite the reverse. The shape of the
soliton is well understood and is deter-
mined only by the characteristics of the
fiber. Moreover, the width of the soliton
is proportional to the square root of the
length of the fiber, and so the width of
the soliton that finally evolves in the fi-
ber can be narrowed simply by reducing
the fiber length.

The energy output of the soliton laser
can be adjusted by changing the reflec-
tive characteristics of the beam splitter.
If the output pulse is focused into a sec-
ond fiber, that pulse too can become a
high-order soliton. The order of the out-
put soliton depends on the ratio of the
energies of the two split beams. The out-
put fiber can then be cut at the length at
which the high-order output soliton is
most compressed. The scheme leads to
an additional reduction in the width of
the pulse. The 210-femtosecond pulse
was generated in 67 centimeters of cav-
ity fiber without such refinements in
the output; according to Mollenauer, it
should not be difficult to focus the
pulse in time by another factor of 10.

Silent Partner

How frequent are multiple pregnan-
cies? The answer to the question
is less straightforward than it might
seem. The twinning rate (which is taken
to include all multiple conceptions) var-
ies with race, country and even part of
the country. Estimates range from 6.4
per 1,000 maternities in Japan to 45 per
1,000 in Nigeria. In the U.S., textbooks
put the rate at around one in 90, but this
is considered an uncertain figure. One
difficulty in arriving at accurate esti-
mates of the twinning rate has been that
until the advent of ultrasonography
there was no way of detecting multiple
gestations early in pregnancy and hence
no way of knowing how many twins are
lost during that period. Over the past
decade investigators armed with ultra-
sound equipment have shown there are
many ‘“vanishing twins,” suggesting that
estimates of the twinning rate have been
far too low. Writing in Acta Geneticae
Medicae et Gemellologiae, Helain J. Lan-
dy, then at the Northwestern University
Medical School, and Louis and Donald
Keith of the Center for the Study of
Multiple Birth in Chicago summarize
the results of this research.

According to Landy and the Keiths,
the concept of a “vanishing” embryo
should not be altogether surprising.
Some workers have suggested that a
large fraction of all pregnancies end be-
fore the sixth week, before spontaneous
abortion is generally detected, and that
this is nature’s way of eliminating an
abnormal embryo. What has not been
widely recognized is that in many in-
stances one twin may be lost at an early
stage as well, with the surviving twin be-
ing misinterpreted as a single birth.
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Ultrasound (usually with frequencies
above one megahertz) is much better
than X rays at imaging soft tissue, and at
low doses it is much less likely to do
harm to the fetus or the mother. With it
diagnoses of multiple pregnancies have
been made as early as the fifth week,
well before the development of the fetal
skeleton that X rays could pick up, and
at a time when the embryo is no more
than a centimeter long. The gestational
sac, forerunner of the amniotic sac, ap-
pears as a ring-shaped image on the
cathode-ray tube of the ultrasonograph.
Landy and her colleagues report that
nine different ultrasonographic studies
have documented the disappearance of
a gestational ring after more than one
had been detected.

One of the largest studies examined a
cohort of 8,362 women, of whom 159
were diagnosed as having a multiple
pregnancy, giving a twinning rate of 19
per 1,000. For those women scanned ul-
trasonically before the 10th week (less
than half of the cohort) who were defi-
nitely diagnosed as having a multiple
pregnancy and who were followed to
delivery the investigators calculated a
twin-disappearance rate of 78 percent.
On the other hand, all the 89 women
who were diagnosed as having a multi-
ple pregnancy after the 14th week went
on to deliver multiple infants. These and
other data suggest that disappearance
tends to come either in the latter half of
the first trimester or in the early part
of the second.

Some workers question the accuracy
of the high rates, partly because exami-
nation of the placenta and fetal mem-
branes after the birth of a single infant
whose twin has supposedly vanished
rarely yields physical evidence of the
twin. This may have to do with the phys-
iological processes leading to disappear-
ance, which are still unclear. The gesta-
tional sac, containing either an embryo
or a “blighted ovum” (a fertilized egg
that never developed normally), may
be resorbed into the mother’s tissue;
resorption is known to occur in single
pregnancies.

Even with ultrasound it is hard to de-
tect a multiple pregnancy in the first tri-
mester and easy to misinterpret the im-
age in a way that could lead to overdiag-
nosis and therefore to an overestimation
of the disappearance rate. On the other
hand, it would also be easy to miss a
gestational sac that may be visible for
only one to two weeks before it disap-
pears; furthermore, obstetricians may
tend not to scan the rest of the uterus
with ultrasound after finding the first
embryo. Landy and her colleagues con-
clude that the phenomenon of the van-
ishing twin is well established but that it
is too early to specify a rate.

The only clinical complication that
seems to be associated with twin dis-
appearance is a slight vaginal bleeding
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in some cases. The bleeding is of some
significance, however, because vaginal
bleeding in the first trimester is generally
taken as a sign that spontaneous abor-
tion is going to occur. Obstetricians may
thereupon perform a dilation and curet-
tage (“D&C”) to remove from the uterus
unexpelled products of conception that
might otherwise give rise to an infection.
If they do not first scan the uterus with
ultrasound, Landy and her colleagues
remark, they may inadvertently abort a
healthy twin that has lost its partner.

Flipping Fields

he magnetic field of the earth is ba-

sically a dipole, so that the earth is
like a bar magnet with a north and a
south magnetic pole. On numerous oc-
casions in geologic history the dipole
has flipped: the north pole becomes the
south and vice versa. The flip itself is
fast; on a geologic time scale it seems
instantaneous. On the other hand, the
intervening periods when the dipole is
stable are quite variable: they have
ranged over three orders of magnitude,
from 10,000 years to more than 10 mil-
lion. The statistics of these periods show
little pattern, and so it has been assumed
that the flips come at random intervals;
at least they seem to have nothing to do
with anything happening on the earth.
A new analysis by J. G. Negi and R. K.
Tiwari of the National Geophysical Re-
search Institute in India suggests that the
flips tend instead to be correlated with
periodic phenomena in the galaxy.

Negi and Tiwari report their findings
in Geophysical Research Letters. They ar-
gue that the methods employed to ex-
amine the statistics of the flips (notably
Fourier analysis) suit the study of sig-
nals that vary sinuously, whereas the
record of the flips more nearly resem-
bles a “binary telegraph signal”: a se-
quence of positive and negative pulses
of constant amplitude, with instanta-
neous transitions from one pulse to the
next. For such a signal a different meth-
od is more appropriate. Like Fourier
analysis it yields the power spectrum of
the signal; that is, it decomposes the sig-
nal into a sum of simple waveforms.
Here, however, the simple waveforms
are square waves, not sine waves. Thus
frequency is replaced by “sequency”
(one-half the average number of cross-
ings from positive to negative or nega-
tive to positive per unit time).

Negi and Tiwari apply their method
to the flips in the earth’s magnetic field
over the past 570 million years. The flips
are known because the direction of the
earth’s magnetic field is impressed into
volcanic rock as it rises into place and
solidifies to form new ocean floor. Five
distinct spectral peaks emerge, suggest-
ing that the flips tend to come at inter-
vals of 285, 114, 64, 47 and 34 million
years. The first of these numbers marks
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people of Hyatt. We understand the
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There’s a simple reason
why some cars refuse to become
outdated, while others do it all
too willingly.

The difference lies In how a
car maker applies technology—
whether for purposes that are sub-
stantial and enduring, or simply
to bestow upon cars an annual pa-
tina of newness.

And nowhere is this dis-
tinction made more vivid than in
the BMW 528e.

It is built by a company that
developed its first independent
suspension in 1932. That began
exploring aerodynamics as early
as 1923. And that has been incor-
porating fuel injection into its cars
for over a decade.

Yo These and other indications
- of BMW's foresight are abundantly
apparent in the 528e.
Its computer-governed Eta
- power plant was engineered
- to reconcile performance and ef-
ficiency. It won't have to be re-
thought the next time the world
- convulses between energy short-
| age and energy glut.
i Its Service Indicator informs
the driver when routine serv-
ice is warranted. It will remain rel-
evant for as long as cars require
maintenance.

And its easily-readable instru-
mentation provides a wealth
of vital data, including seven dif-
ferent measures of the car's
operational readiness, as well as
accurate fuel-mileage figures.
None of it was inspired by a pass-
ing infatuation with video games,
but by the timeless need of drivers
to receive and instantly compre-
hend information.

In short, the BMW 528e has
been programmed to provide a
service that most other cars can't:

The assurance that the
future will come as a fulfilment,

instead of a shock.
C 4
and

THE ULTIMATE DRIVING MACHINE.
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the highest peak in the spectrum. It also
marks the strongest correlation: it com-
pares quite well with the time it takes
the solar system to complete one orbit
around the center of the galaxy. Each
such “cosmic year” lasts for 280 million
years. The second, third and fifth num-
bers compare fairly well with the inter-
vals at which the solar system encoun-
ters wavelike variations of density in the
plane of the galaxy. The fourth number
compares fairly well with an oscillation
of the sun above and below the plane of
its galactic orbit.

How might the changing gravitation-
al forces encountered by the solar
system in its orbit around the center of
the galaxy bring on reversals of the
earth’s magnetic field? The formulation
of a mechanism “is not possible at this
stage.” For now Negi and Tiwari note
that the sun’s orbit takes it above and
below the plane of the galaxy with a
period of 85 million years. They hope,
therefore, that better geologic data will
reveal still another correlation.

Resonances

Recent atmospheric studies indicate
that if fewer than a third of the nu-
clear bombs now in existence were deto-
nated, even in an attack without retalia-
tion, the dust and smoke that would be
injected into the atmosphere would give
rise to a catastrophic “nuclear winter.”
This discovery has had some curious
echoes. Last year was the 100th anni-
versary of the eruption of the volcano
Krakatau, whose atmospheric effects
were observed around the world, and
1982 saw the eruption of the Mexican
volcano El Chichén, which also has
had worldwide effects.

In December, Senator Edward M.
Kennedy (D., Mass.) and Senator Mark
O. Hatfield (R., Ore.) organized a forum
in the Senate Caucus Room on the ef-
fects of nuclear war. Among those who
spoke was Sergei Kapitza, a well-known
Russian physicist. Kapitza called atten-
tion to the 1815 eruption of the Indone-
sian volcano Tambora, which had the
greatest atmospheric effects on record.
Even though the eruption was in the
Southern Hemisphere, the following
year six inches of snow fell on New En-
gland in June, the summer in Europe
was the coldest of any on record before
or since and there were worldwide crop
failures [see “The Year without a Sum-
mer,” by Henry and Elizabeth Stommel;
SCIENTIFIC AMERICAN, June, 1979].

The lost summer of 1816 seems to
have depressed and disturbed many peo-
ple in ways beyond the obvious. Ka-
pitza cited a poem, “Darkness,” written
by Lord Byron in June, 1816. The
poem is known to many Russians, Ka-
pitza said, because it was translated
into Russian by the novelist Ivan Turge-
nev. “Darkness” is here given in full:

74

I had a dream, which was not all a
dream.

The bright sun was extinguish’d, and
the stars

Did wander darkling in the eternal
space,

Rayless, and pathless, and the icy earth

Swung blind and blackening in the
moonless air;

Morn came and went—and came, and
brought no day,

And men forgot their passions in the
dread

Of this their desolation; and all hearts

Were chill’d into a selfish prayer for
light.

And they did live by watch fires—and
the thrones,

The palaces of crowned kings—the huts,

The habitations of all things which
dwell,

Were burnt for beacons; cities were
consumed,

And men were gather’d round their
blazing homes

To look once more into each other’s
face.

Happy were those who dwelt within
the eye

Of the volcanos, and their mountain-
torch:

A fearful hope was all the world
contain’d;

Forests were set on fire—but hour by
hour

They fell and faded—and the crackling
trunks

Extinguish’d with a crash—and all was
black.

The brows of men by the despairing
light

Wore an unearthly aspect, as by fits

The flashes fell upon them; some lay
down

And hid their eyes and wept; and some
did rest

Their chins upon their clenchéd hands,
and smiled;

And others hurried to and fro, and fed

Their funeral piles with fuel, and
look’d up

With mad disquietude on the dull sky,

The pall of a past world; and then again

With curses cast them down upon the
dust,

And gnash’d their teeth and howl’d.
The wild birds shriek’d,

And, terrified, did flutter on the
ground,

And flap their useless wings; the wildest
brutes

Came tame and tremulous; and vipers
crawl’d

And twined themselves among the
multitude,

Hissing, but stingless—they were slain
for food.

And War, which for a moment was no
more,

Did glut himself again;—a meal was
bought

With blood, and each sate sullenly apart
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Gorging himself in gloom. No love was
left;

All earth was but one thought—and that
was death,

Immediate and inglorious; and the pang

Of famine fed upon all entrails—men

Died, and their bones were tombless as
their flesh;

The meagre by the meagre were
devour’d,

Even dogs assail’d their masters, all
save one,

And he was faithful to a corse, and kept

The birds and beasts and famish’d men
at bay,

Till hunger clung them, or the dropping
dead

Lured their lank jaws. Himself sought
out no food,

But with a piteous and perpetual moan,

And a quick desolate cry, licking the
hand

Which answer’d not with a caress—he
died.

The crowd was famish’d by degrees;
but two

Of an enormous city did survive,

And they were enemies. They met
beside

The dying embers of an altar-place,

Where had been heap’d a mass of holy
things

For an unholy usage; they raked up,

And shivering scraped with their cold
skeleton hands

The feeble ashes, and their feeble breath

Blew for a little life, and made a flame

Which was a mockery. Then they
lifted up

Their eyes as it grew lighter, and beheld

Each other’s aspects—saw, and
shriek’d, and died—

Even of their mutual hideousness they
died,

Unknowing who he was upon whose
brow

Famine had written Fiend. The world
was void,

The populous and the powerful was a
lump,

Seasonless, herbless, treeless, manless,
lifeless—

A lump of death—a chaos of hard clay.

The rivers, lakes, and ocean all stood
still,

And nothing stirr’d within their silent
depths;

Ships sailorless lay rotting on the sea,

And their masts fell down piecemeal;
as they dropp’d

They slept on the abyss without a
surge—

The waves were dead; the tides were in
their grave,

The Moon, their mistress, had expired
before;

The winds were wither’d in the stagnant
air,

And the clouds perish’d; Darkness had
no need

Of aid from them—She was the
Universe.
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In Just Four Business Units,
RCA Offers More

Government Communications

svsmms Join GCS and help create
Camden,NJ  ‘the world's most sophis-
ticated communications
systems. In our Camden facilities, a wide array of
Command, Control, Communications and
Intelligence Systems are designed, and
transferred into full production programs.

Challenging opportunities exist to develop new
communications security equipment, intelligence
systems, radios, recorders/reproducers,
transmission systems and integrated computer
network communications systems.

RCA Camden employees enjoy a panoramic view
of Philadelphia’s Society Hill and Penn’s landing.

RGA
Missile and Surface Radar
Moorestown, NJ RCA Missile and

Surface Radar ap-
plies systems engineering from conception
through manufacture and operation of major
electronic defense systems. We have set new
standards in the development of precision radar
systems ranging from hand-held radars to the
advanced AEGIS Guided Missile Cruisers which
will form the Navy’s Fleet Combat System for the
80's and 90's. We're proud of our advancementsin
VLSI technology, antenna-microwave
engineering, and in the development of digital
signal processing. Located in Moorestown, New
Jersey, a beautiful suburb just 15 miles outside of
Philadelphia, we're close to the shore and
mountains.

See For

Explore the RCA

of new frontier
elopment. For more
ite to the following address.
ure to tell us which business unit(s)
re interested in learning more about.
A Corporation, Manager, Employment &
Affirmative Action, Department DJI-S, Route 38,
Bldg. 205, Cherry Hill, NJ 08358.

Equal Opportunity Employer
U.S. Citizenship Required

Technical Challenge

RGA
Astro-Electronics

Princeton, NJ Celebrating our 25th

anniversary with 82 of
our satellites launched, we have an outstanding
record in space in communication,
meteorological, navigation, and exploration
satellites. Starting with the first radio broadcast
from space by project SCORE in 1958 to today’s all
solid-state commercial communication satellites
and the onboard computer-controlled
meteorological satellites, RCA Astro has been a
leaderthrough the innovative applicationof state-
of-the-art technology. Our future business in the
space station, planetary explorer, direct
broadcast, and meteorological satellite programs
provide exciting opportunities at Astro-
Electronics.

RGA
Advanced Technology
Laboratories

Camden, NJ Do you enjoy working on the
leading edge of new
technology development? If so, our division
would like you to join our quality staff. We cover a
broad span of disciplines, including VLSI and
submicron circuit technology, signal processing,
advanced software, artificial intelligence, image
processing and robotic vision, millimeter wave
IC’s, speech recognition and GaAs technology. We
also have significant activity in electro-optics,
optical disk systems, advanced sensors and
lasers. Join us if you're interested in pursuing
applied research and development in some of
today’s most challengingtechnicalareas.

RCA =

A Tradition OnThe Move!
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CAREERS IN ADVANCED TECHNOLOGY: 1984

s 1984 gets under way, advanced-
A technology industry is hiring

slightly greater numbers than in
the recent past. Technical-college enroll-
ment, which picked up in 1974 as the
appeal of science as a career-choice re-
vived, is growing. Firms in biotechnol-
ogy, in telecommunications, in business
and professional computer hardware
and software, in aerospace/defense, in
process control, measurement, and ana-
lysis instrumentation, and in certain en-
ergy-related fields, all are seeking more
good people. Even pure research, bene-
fiting from more intercorporate coopera-
tion permitted under a relaxed govern-
ment antitrust posture, is “staffing up.”

NO SHORTAGE, NO SURPLUS

“If we continue to go on today’s track
with the economy improving, with cur-
rent college-enrollment levels, and with
the present emphasis on defense, we'll
find few serious shortages or surpluses in
the engineering and science fields. We
do have serious trouble in some of the
biological sciences where there seems to
be an oversupply of people,” says Betty
Vetter, executive director of the Scien-
tific Manpower Commission. According
to Bureau of Labor Statistics projections
there should be balance between supply
and requirements through the 1980s.

The statistical balance between the
number of job opportunities and the
number of scientists and engineers
hasn’t made high-tech companies com-
placent. Lacking a national clearinghouse
that matches scientists and engineers to
job openings in companies or areas
where they are most needed, most high-
tech companies expect recruitment will
be more difficult in 1984 than in the past
few years. The best recruits remain the
scarcest.

“With the enormous proliferation of
opportunities in small companies as well
as large companies, a good person has a
tremendous option now to go in many
different directions,” says Scott Sharpe,
vice president of personnel at Computer
Sciences Corporation. “So we have to
compete aggressively—more aggres-
sively than we ever did before—to get
that good person.

“Companies are more sopbhisticated.
In the 70s, when companies expanded,
many would drag people in left and right.
Now more companies are planning their
needs better so they're prepared to get
those people when they’re needed,”
Sharpe adds.

“Today, technical professionals are
saying ‘'l want to make a long-term com-
mitment. | want a ten- to fifteen-year, or
longer, career here,” says Claude Kazan-
ski, manager of corporate staffing at
Prime Computer. “And they're saying,

“l want the environment to support my
creative skills, to rub shoulders with
other professionals doing creative
things.””

‘Rubbing shoulders’ leads to a range of
communication exchange. “We met 20%
of our 1983 hiring requirements from re-
ferrals from existing employees,” says a
manager at a Washington-area electron-
ics firm. “The remainder came about half
from our advertising and half from per-
sonnel-search firms.”

“Our own people are a steady source
of recruits,” says Pete Portanova, assis-
tant manager for employment at Grum-
man Aerospace. “Our engineers attend
symposia and present papers. They meet
people, and say ‘Why don’t you give me a
call, and then resumes make their way to

"

us.

" VALUE OF EXPERIENCE

Companies will be concentrating more
on attracting experienced people. Many
smaller companies look for experienced
people who can contribute to their goals
immediately. As a result, salaries and
other compensation for experienced
people may rise as high-tech companies
try to lure employees away from each
other. “Good experienced people have
always been difficult to recruit. This year
—with more companies trying to find the
same people—it’s going to be even more
competitive,” says Don Diers, corporate
manager of employment programs at
Hughes Aircraft Company.

Paul Warren of ITT Dialcom, Inc., in
Silver Spring, Maryland, says, *‘Our mar-
keting people must be able to converse
technologically, and they must be com-
fortable in the presence of important
people at large companies. These qual-
ities are rare among new graduates.
To date, we've drawn from those who
gained experience in office-automation
procedures among our competitors. And
they probably will be approaching our
people the same way.”

For established, profitable firms com-
petition for high-demand employees can
be overcome, through higher salaries,
or, in some cases, lowered standards. For
universities with generally uniform fac-
ulty compensation plans, and for govern-
ment agencies with set civil-service pay
scales, attracting qualified career people
will be more difficult, and acceptance of
lower standards more common.

Government agencies continue to ap-
peal to new graduates despite their lower
pay scales, since they are ready sources
of the on-the-job experience that indus-
try increasingly requires.

TEACHER SHORTAGE

A report recently released by the Ameri-
can Society for Engineering Education
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(ASEE) points out that between 1973 and
1981 undergraduate engineering enroll-
ment increased 111 percent while faculty
increased only 11 percent. From 1969 to
1982 the undergraduate student/faculty
ratio went from about 14 to over 21. As
a result, most colleges surveyed report-
ed an increase in teaching assistants and
part-time faculty. Many reported an ina-
bility to offer courses in certain subjects.

The ASEE study estimates slightly over
1,000 unfilled engineering faculty open-
ings nationally. (There are about 18,000
filled full-time engineering faculty posi-
tions.) To meet their needs, colleges
draw primarily from the annual crop of
about 2,800 new Ph.D.’s, of which about
350 are real candidates for college teach-
ing jobs.

Starting salaries in industry for B.S.
graduates  discourage post-graduate
work. As one dean of engineering put it,
“It costs a student over $45,000 to get a
B.S. and students understandably want a
return on that investment immediately.
Convincing students to go on for ad-
vanced degrees is our number one
problem.”

The ASEE has set up a center for ideas
and solutions from educators and indus-
try. One suggested solution: limit the
number of science/engineering stu-
dents. Another: increase salaries for en-
gineering and science professors beyond
the standard professor-level, to better
compete with industry. Yet another: look
to industry for help, since it is in indus-
try’s best interest to maintain technical-
education quality, and to ensure a steady
supply of new technical talent.

In his 1982 book Global Stakes, Ray
Stata, founder and president of Analog
Devices, writes: “’A capacity constraint is
evident in the nation’s engineering col-
leges and universities, and they are in no
position themselves to alleviate it with-
out considerable help from industry and
government.” Stata cites an example:

At (the University of Massachusetts)
during the fall of 1981, a course entitled
“Introduction to Problem Solving Using
a Computer” was attended by 500 stu-
dents. By spring of 1982, the enrollment
jumped to 1,200 despite a warning in a
student class evaluation book stating:
“Nearly all the students complained of
the large class size, poor facilities and/or
inadequate terminal access.”...a student
reported...”I had the worst time fighting
with 60 other students for the ONE termi-
nal everyone had to use.”

Analog Devices, and several other con-
cerned manufacturers, are earmarking
fixed percentages of corporate expendi-
tures for direct support of higher educa-
tion. They are urging Washington-level
support as well, through legislators in-
cluding Massachusetts Senator Paul
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Tsongas, whose ““"High-Technology Mor-
ril Act” introduced last June was partly
based on Stata’s work.

Skilled and experienced people are
wanted in advanced technology across
the board.

The Electronic Industries Association,
in Washington, has been involved in
high-tech recruiting at the technician/
operative level for years. The Associa-
tion’s membership includes consumer
electronics giants like GE, Zenith, Delco,
Panasonic, and RCA. “Our members en-
counter too many customer complaints,
too much warranty-service claim activity,
and too much undertraining among re-
pair people. There is certainly no need
for unemployment for anyone in the
electronics technician business,” states
Association director of product services
Don Hatton.

“We've shown our careers-in-elec-
tronics film more than 28,000 times,” Hat-
ton advises, “and our programs expand
year after year. And still we're behind;
some estimates call for a95% increase in
the number of computer technicians—
people who can repair the things—in the
next 10-12 years.”

COMPENSATION PLANS IMPROVE
With more companies seeking to slow
turnover, build stable technical staffs,
and attract top-calibre experienced peo-
ple, compensation plans are becoming
more attractive.

Tuition reimbursement and compre-
hensive medical and profit-sharing plans,
along with flexible work hours, have be-
come standard. Stock plans, company
cars, club memberships, bonuses, and
sabbaticals are becoming popular re-
wards as salary increases among employ-
ees on similar experience-levels have be-
come inadequate. As a way of narrowing
the gap between the technical side of
high-tech companies and the manage-
ment side, the “dual-ladder” form
of compensation has become more
common.

“If you're a strong technical company,
by definition you have to provide a career
track for technical people. When techni-
cal people see that a company is struc-
tured totally toward the management
side, they get frustrated and leave,” says
Bill Crean, vice president of personnel at
Biosciences, a subsidiary of American
Hospital Supply. “We're working very
hard—as are other high-tech companies
who are looking at the labor market real-
istically—to develop a dual career ladder
to reward top technical performers to
make sure that they have the appropriate
career step to make also.”

Another area of concern among ad-
vanced-technology companies is “salary
compression,” where inflating starting
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salaries match or exceed salaries of pro-
fessionals already on-staff. “‘It may be too
early to say that stabilized new graduate
salaries are going to completely solve the
compression problem,” says Griff Baily,
chief of personnel staffing at Martin Mar-
ietta Aerospace in Denver. “A new prob-
lem we're seeing is with hiring experi-
enced people. There’s so much competi-
tion for those good experienced people
that we're paying higher salaries than we
had expected. We're looking to bring
2000 people on board, and it's my view
that those people are already employed.
Higher salaries for experienced people
may be a new source of compression.
We've already made adjustments inter-
nally. And we’re going to be looking at it
very carefully, because compression is a
major cause of turnover attrition.”

Relocation reimbursementis one com-
pensation area from which some com-
panies are retreating. A Silicon Valley
personnel director says, “The cost of
housing has skyrocketed and so has the
cost of moving people. Unless we need
to find someone with very specialized
skills who'’s impossible to get locally, we
are not going to be relocating from an-
other part of the country. We'd rather
pay extra salary to someone already in
our area.” A challenge to companies in
the newer advanced technology centers
is convincing experienced people that
they will, if they relocate, still remain in
the mainstream of ‘““new thinking” in
their specialties.

“Obviously it's not as easy for an ex-
perienced person in this area to walk
next door and start doing the same job
with some other company as they can in
an area like Route 128, says Tim Murray,
supervisor of employment and em-
ployee relations at Hayes Microcompu-
ter Products in Atlanta. “But when we are
recruiting outside our area, we tell peo-
ple about what has happened to Atlanta
—especially in the last two years—in
high technology growth. And there are a
lot of exciting things going on here.”

The Metropolitan Atlanta Council for
Economic Development supports the ef-
forts of firms like Hayes. Says Roy Cooper,
director of economic development and
research for the Atlanta Chamber of
Commerce, “We've built a nucleus of
over 150 different manufacturing firms in
advanced technology. Governor Harris
has established an Advanced Technology
Development Center at Georgia Tech
which already has scores of companies
involved. And Tech itself is the fifth-larg-
est producer of bachelor’s-degree engi-
neers in the nation.

““Mr. Murray’s correct about the excite-
ment here.”

Grumman Aerospace is quite prepared
to underwrite relocation expenses to get
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the experienced people it needs. “We
hold ‘open house’ sessions a half-dozen
times a year here in Bethpage, Long Is-
land,” says Grumman'’s Pete Portanova.
“And we’ve had good results from ‘job
fairs’ around the country, where local
people arrange attendance, and we and
others meet interested prospective re-
cruits. The kinds of people we want are
top people, and we visit the ‘fairs’ pre-
pared to make an offer on the spot.

“There’s a unique sort of family-type
atmosphere at Grumman, which may ex-
plain why we experience only about 5%
turnover among the 6,000-odd scientists
and engineers among our 30,000 employ-
ees. But low turnover or not, we still
needed about 300 people last year for
work and research in advanced technol-
ogy,’Portanova observes.’"We got them.”

While new advanced technology cen-
ters throughout the country are giving
scientists and engineers greater choice,
overseas opportunities are becoming
fewer. Arab projects are being scaled
back. Companies with overseas opera-
tions are more inclined to recruit foreign
nationals than to export Americans for
extended stays.

“It becomes expensive to do business
overseas when you bring someone over
from the States and pay the high salaries
and allowances people expect there,”
says Computer Sciences’ Sharpe. “More
important, however, career growth may
be interrupted with a two- or three-year
stay overseas. You'd like to tell people
not to worry about their career paths
when they return. But that promise can
rarely be made.”

U.S.-based recruitment for overseas
technical jobs has changed, too. Engi-
neers are no longer as motivated as they
were by tax-free assignments with paid
vacations and free trips home. “Now we
attract them by offering opportunities to
do truly advanced work,” says a recruiter
at Boyden Associates. ‘“Water manage-
ment promises to be a major engineering
endeavor in the American southwest;
we’'ve recruited engineers for Middle
Eastern assignments on the basis that
they’ll be obtaining invaluable experi-
ence there for use, in a few years, back
here.”

"~ MANAGING (AND SELLING)
~ ADVANCED TECHNOLOGY

In a 1982 speech, Texaco chairman and
chief executive officer jJohn McKinley de-
scribed a human resource problem in-
creasingly faced in his industry: “A more
effective relationship between business-
men and technical people is necessary ...
in the future, the successful business
manager must have a broad grasp and
understanding of scientific and technical
aspects and their impact on society.”
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AT&T Bell Laboratories has

openings in the following areas

of expertise:

(J Communications planning

(J Communications protocol

[ Computer networking

gc

(0 Database management

(0 Digital services

[ Distributed signal processing
systems

(J Local area networks

(J Market definition for new
technologies

[J Measurement systems

[J Network optimization tools

(O Network planning

(J Operations automation

[J Packet switching

(J Performance measurement
and analysis

(] Software development tools

(J Subjective testing

(0 UNIX™ Operating System

[J UNIX System applications

These openings are at our facilities
in New Jersey, Illinois, Ohio,
Pennsylvania and Massachusetts.

Having an impact, doing
important work, creating something
significant —even memorable—there’s
no feeling in the world quite like it.

We offer you an excellent
opportunity to make this kind of
technical contribution...

Because of the variety and inter-
disciplinary nature of our work.

Because of the considerable
resources placed at your disposal.

Because of the caliber of the people
around you.

Because of the freedom to pursue
your own approaches to problems.

And because we are now free to
take the knowledge behind the
most extensive and sophisticated
communications network in the
world and apply it in new ways—
to new markets.

With the development of new and
expanding projects, we are seeking
people who can evaluate alternative
architectures, perform competitive
analyses, assess service viability,
define, implement and measure
systems or develop strategies to get
products to market.

If you have a Master’s or PhD in
Systems Engineering, Computer
Science, Electrical Engineering,
Mathematics, Physics, Statistics or
Operations Research with hardware
and/or software experience—or a

BS in these fields with a minimum
of 5 years highly relevant experience
—and are looking for a chance to
make a difference, please send

your resume to:

Director, Technical Employment,
AT&T Bell Laboratories,

Dept. 340/4909/84

150 Jobn E Kennedy Parkway,
Short Hills, New Jersey 07078.

An equal opportunity employer

= ATeT

Bell Laboratories
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Who will these new managers and
marketers be? Most experts agree they
will be people who were first technically-
trained. The personnel director of a large
telecommunications company says: “It's
much easier to introduce a technical per-
son into the managerial or marketing
side of the business than it is to try to
acquaint a strictly business-oriented per-
son with the nuances of technology. In
sales, for example, the buyer is often a
technical person, and it takes another
technical person to be able to talk the
same language.”

For scientist/engineers who look to
managerial and marketing opportunities,
the outlook is bright. As a result of the
increased call for technical managers and
marketers, more universities offer de-
gree programs and training sessions that
address the special challenges of techni-
cal management. From only a handful of
schools in the late ‘60s offering degree
programs that blended technical and
management courses, about 100 univer-
sities world-wide now do so. Carnegie-
Mellon University’s post-college profes-
sional education group offers a three-
week ‘“‘Program for Technical Mana-
gers;” its twentieth session is currently
under way in Pittsburgh, and a one-week
seminar, ‘“Managing Technology,” con-
venes in November.

One pioneer in technical management
education is Dr. Bernard Sarchet of the
University of Missouri-Rolla, who found-
ed the school’s Department of Engineer-
ing Management in 1967. “The failure
of the traditional technical education to
provide graduates with skills to handle
other people and to deal with personnel
matters has not changed since 1967, he
says. “On top of that, technology is
changing so rapidly that engineering
schools are reluctant to take time away
from the direct thrust of technical
training.”

Sarchet estimates that there are about
3,000 people with technical management
degrees; a typical master’s degree candi-
date has worked as a scientist or engin-
eer for about ten years. A recent survey
of UM-R graduates showed that both B.S.
and M.S. graduates of the engineering
management program doubled their sal-
aries in six years. A typical comment:
“(The curriculum) allowed me to speak
fluently the different languages of the
engineer and the general manager and to
communicate well with either group.”

Sarchet predicts that the next five to
ten years will see an explosion of man-
agement training for technical people.
“Industry is recognizing the need for
their engineers to have some tools of
management as they move up the lad-
der,” he says.
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THE CLASS OF '84:
__ OPTIMISM AND STREET-SENSE

The final hiring results won’t be in until
summer, but the mood is ‘upbeat’ among
seniors at Syracuse University’s L.C.
Smith College of Engineering.

“Some students are nervous, but not
like last year. That was the worst,” says
Mark Simmons, Syracuse senior with a
dual major in electrical engineering and
bioengineering. Simmons had one job
offer, as he started the year, from a medi-
cal instrument company where he had
interned for two summers. He feels that
work experience has given him an edge.

Linda Supon, assistant director of SU’s
placement center, agrees. “Companies
have become much more selective over
the past few years. They're looking at
work experience and communication
skills,” she says. “‘Students know this.
We've seen an increase in summer jobs,
co-op programs, more counselling and
job-search advice.”

Although technical students are taking
much less for granted in career planning,
Dr. Brad Strait, Dean of the College,
thinks they should do more. “Too many
undergraduates don’t think about em-
ployment until the second semester of
senior year and maybe April at that,” he
observes. “Companies want good peo-
ple and | worry that some student will
miss the chance of a lifetime simply be-
cause he didn’t ‘have his act together.’

“We try hard to get students to the
placement center early,” Strait adds. He
points to the College’s internship and co-
op programs, which begin at sophomore
year, and to a junior-level course on
“Engineering Ethics and Professional
Responsibility.”

“The Syracuse students I've interview-
ed this year have been practical-minded,
articulate, and very much aware of the
job-search process,” says Hollis L. Hol-
land, manager of professional recruit-
ment at Eastman Kodak Company. Hol-
land attended an “Engineering Career
Weekend” at Syracuse in October 1983;
“Dean Strait really pushes his upper-
classmen to get out and see us.”

Computer engineering major Matt
Dewey uses SU’s programs. By January
he’d had 14 interviews and several invita-
tions for follow-up meetings.

“I've got good grades and I'll have a job
before the last minute. It won’t be at one
of those $30,000 or $40,000 starting sal-
aries | used to read about. That was a
fantasy,” Dewey says. “But | didn't
go into computer engineering for the
money. | went into it because | like it. |
just hope the job | get will be interesting
and allow me to continue my education.”

Kodak’s Holland offers a word of ad-
vice to would-be recruits, experienced or
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not. “Talk to me in terms of value added
to my company,” he suggests. “Tell me
how things are going to be different and
better after you start working for us.”

~ SMALL COMPANY OR LARGE?

For many engineers and scientists the
prime question when thinking about a
career choice is not what part of the
country is most desirable or what the
overseas opportunities are, but rather
whether it is more desirable to work fora
small, early-stage advanced technology
company or a large, established one.

““To be part of a beginning is exciting.
Ten years from now it will be a nice feel-
ing to know that you were there at the
start,” says Jonnie Woodward, person-
nel manager at LS| Logic in California.
Founded in 1981 with four people, LSI
Logic is a high-tech success story. It now
has over 350 employees, and plans to
expand to nearly 1000 employees by the
end of this year.

““Even though we've already gone pub-
lic, there’s till a ‘start-up’ feeling here,”
says Ms. Woodward. ““Employees partici-
pate in the company’s profits and they
have the sense of direct responsibility for
doing the best job possible.”

The excitement of a ground-floor op-
portunity with potentially high financial
reward makes some small companies at-
tractive. Job security is a major appeal
of larger companies, together with
the possibility of more varied work-
opportunities.

“We look for people who have skills
and talents to grow over time, to change
and to make different kinds of contribu-
tions over time,” says Harry Portwood,
corporate staffing and affirmative action
manager at Hewlett-Packard.

Says ITT Dialcom’s Paul Warren, “A
year ago, when we were a small firm
making large gains in the electronic mail/
database access area, we recruited pretty
much locally. When we became a unit of
ITT, we were able to draw on the re-
sources of our parent company. And
since we've doubled in size, to 200 peo-
ple, in one year, we needed that help.”

As both small and large high-tech com-
panies increase their recruiting this year,
there will no doubt be new and creative
methods for attracting and keeping good
technical people. Successful high-tech
companies like Hewlett-Packard—which
has 53,000 U.S. employees and an attri-
tion rate of only about 5%—perhaps al-
ready know the secret.

People are our most important re-
source,” says Hewlett-Packard’s Harry
Portwood. “And that feeling is carried
throughout every level of the company.
It's what makes the company successful
both in our business and in our recruiting
of new people.”
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You are skiing. You come to a point where three slalom courses
branch off: A,B, and C.

To tell skiers whether the slopes are safe, there is a computer
there with three data banks. But you know that saboteurs have
rigged the computer so that one data bank always tells the truth,
one always lies, and one alternates between truth and falsehood.

The three data banks say:

#1: At most, 2 of the slopes are safe.

#2: Slope B is dangerous.

#3: Slope B or Slope C is dangerous.

Which slope, if any, can you take?

This puzzle is part of our continuing effort to attract problem-
solvers. We're United Technologies, a worldwide company that’s
ambitious, innovative and growing. We operate on the leading
edge of technologies — such as microelectronics, aerodynamics,
lasers, fiber optics, composite materials, and metallurgy. During
the remainder of this decade, we plan to spend an average of $1
billion annually on R&D at our Research Center, Microelectron-
ics Center and operating units to keep us out in front. Our opera-
tions include Pratt & Whitney, Otis, Carrier, Norden, Mostek,
Sikorsky, Building Systems, Lexar, Inmont, Hamilton Standard,
Essex, Elliot, and Automotive Group.

If you're an engineer or scientist interested in solving problems
and growing with us, please write to Mr. Ray Lambert, United
Technologies, Hartford, CT 06101. He'll send you more informa-
tion about United Technologies — and, if you like, he'll also let
you know whether your answer to our puzzle is correct.

. UNITED
TECHNOLOGIES
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GAN YOU FIND THE SLALOM?

An Equal Opportur



CHOOSE ANY KIND OF
COMMUNICATIONS
PROJECT IN

THE WORLD.

YOU'LL FIND IT AT CSD.

From extreme environments on earth to remote areas of space — wherever the greatest challenges of modern
communications are found, you'll find CSD. Our extensive resources, unmatched experience and total
involvement in every area of communications technology makes CSD the pacesetter of the industry. If you can
solve difficult communications problems by incorporating divergent technologies and innovations into a
complete system design, join CSD on the threshold of new discoveries.

Because of our depth, leadership and emphasis on individual achievement, we can create a position specially
suited to your interests and abilities. You'll be part of the stimulating atmosphere which sets CSD apart, where
contributions and professional goals are recognized and rewarded with unequaled opportunity. Plus you'll
enjoy the personal satisfaction of doing your best with the best in the industry. Wherever your career goals lie,
you'll find the room to accomplish them at CSD — because we have the future for you.

TRANSMISSION SYSTEMS

We're engineering integrated radio systems using
digital wide band processing. New technologies include
unique fiber optic applications and systems operating in
the VHF to EHF range.

MILSATCOM

Our emergent-technology EHF band systems involve
AJ protection, rapid configuration and interoperability
with satellite networks. Key systems elements include
EHF antennas, feeds and high performance synthesizers.

DIGITAL PROCESSING SYSTEMS

These high performance systems cover the range of
audio, ELF, VLF, LF and HF. We're developing algorithms
with critical timing and throughput requirements, as well
as applying high speed data processing in advanced
digital communications products that include digital
modems, voice and receivers, and systems controllers.

NETWORKING

We're pioneering totally integrated multinetwork
interface systems pushing the state-of-the-art. Our
extensive involvement in networking includes new
concepts in such areas as message, packet and digital
switching.

SECURE SYSTEMS

The security/intelligence community looks to us for
leadership in systems knowledge. We're providing
custom LSI/VLSI, dedicated secure communications
networks, fault tolerant computer architectures and
computer network security.

SURVIVABLE and ENDURING SYSTEMS

With our primary focus on C3| propagation and
network analysis under benign and stressed envi-
ronments, we're expanding modeling and assessment
software tools to determine vulnerability, survivability,
endurability and/or exploitation of C3I systems world-
wide.

Along with a network of project opportunities offering new growth comes a strong system of supportand rewards.
Success here is recognized within GTE and across thecommunicationsindustry. Internal advancement can take the
direction of management or development of technical knowledge. Our educational opportunities are unusually
sophisticated and include an in-house MASTERS DEGREE program in Systems Engineering and Computer
Science, and complete tuition reimbursement. Our benefits include life, health and dental insurance coverage for
dependents. And because we provide year after year of challenge, CSD has kept top quality professionals and
maintained low turnover in a fiercely competitive market for engineers. For access to the important opportunitiesin
communications, we can be the last place you’'ll ever have to look. U.S. Citizenship is required.

If you are interested in any of the above positions, send your resume, indicating areas of interest, to Aida T. Chaves,
GTE's Sylvania Systems Group, Communication Systems Division, 77 “A” Street, Needham, MA 02194. Or call us at

1-800-225-3956. An Equal Opportunity Employer M/F

IF IT'S HAPPENING IN COMMUNICATIONS, IT'S HAPPENING AT CSD.

Durham NC, Arlington VA, Colorado Springs (O, Rockville MD, Natick & Needham MA

Systems

GTE
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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

James D. Watson,

Cold Spring Harbor Laboratory
ant DRA John Tooze,

Eurupean Molecular Biology
Organization
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David T. Kurtz,
Spring Harbor Laboratory
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“A masterful blend of ‘bow-to’ metbodology with
brilliant particulars and conceptual
understanding which bears the unmistakable
imprint of J. Watson and thbe additional
authority of Drs. Tooze and Kurtz. The three in-
dividual styles bave somebow managed to
become integrated so that by and large the
manuscript sounds as if a single autbor bad
1as ' SHERMAN BEYCHOK, Columbia Universiny®

\

T
ific American Book,

' ted by
. Freeman and Company.

260 pages, 174 illustrations.

Painting by Marvin Mattelson. Cloth: $27.95 Paper: $17.95

Please send me ___ copy (copies) of RECOMBINANT DNA:

A SHORT COURSE at $27.95 (cloth: ISBN 1483-3)

$17.95 (paper: ISBN 1484-1) Name
[J1 enclose a check made payable to W. H. Freeman and
Company (please add $1.50 for postage and handling; New Address
York, California, and Utah residents include appropriate
sales tax). Charge my [JMasterCard []VISA. City State/Zip
Account # | Sl Expires __ /[ ___
Signature - M W. H. FREEMAN AND COMPANY

(Credit card orders must be signed.) - 4419 West 1980 South, Salt Lake City, Utah 84104
o112
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The Descent

of Hominoids and Hominids

Findings over the past five years have made it possible to trace

with greater assurance the divergence of the apes from the Old

World monkeys and the later divergence of humans from apes

uman understanding of human
H evolution has advanced great-

ly in the past generation and
even in the past five years. Since the
1960’s, for example, paleoanthropology
has ceased being a discipline of concern
only to physical anthropologists and a
few interested paleontologists. It has
evolved into a broad multidisciplinary
pursuit that enlists the services of his-
torical geologists, ecologists, molecular
biologists, zoologists, students of ani-
mal behavior and even chemists and
physicists.

In the Linnaean classification of living
things human beings belong to the Or-
der Primates, which also includes the
apes, the monkeys and prosimians such
as the lemurs. Within that order is the
superfamily Hominoidea, including only
humans and the apes. Within that super-
family, in turn, is the family Homini-
dae, including only humans and their
extinct relatives closer than the apes.

Let me briefly review how the evolu-
tion of hominoids and hominids was un-
derstood some five years ago by a lead-
ing physical anthropologist, Sherwood
L. Washburn of the University of Cal-
ifornia at Berkeley, and contrast that
summary of the consensus then with the
consensus now [see “The Evolution of
Man,” by Sherwood L. Washburn; Sci-
ENTIFIC AMERICAN, September, 1978].
At that time revolutionary advances in
geology and molecular biology had al-
ready challenged earlier ideasabout the
geography and timing of hominid evo-
lution and the biological relations be-
tween humans and the other higher pri-
mates. For example, data from molecu-
lar biology made the reconstruction of
primate descent a simpler task. Many
physical anthropologists were skeptical,
however, of the molecular biologists’
suggestion that African apes (chimpan-
zees and gorillas) were closely related to
humans but Asian apes (orangutans and
gibbons) were not. The biggest surprise
was the molecular biologists’ proposal
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by David Pilbeam

that humans had diverged from the Af-
rican line of apes much less than 10 mil-
lion years ago.

Washburn’s summary also suggested
that Ramapithecus, a Miocene hominoid
widely distributed in the Old World,
could have been the hominoid ancestral
to all living great apes and to human-
kind. Further, the discovery in Ethio-
pia of Australopithecus afarensis (widely
known from the partial skeleton called
“Lucy”) and in Tanzania of the fa-
mous Laetoli footprints showed that by
more than 3.5 million years ago there
had evolved in Africa primitive homi-
nids: small-brained, ground-dwelling pri-
mates that walked on two legs and had
canine teeth that were relatively small
and did not project. The discoveries in
Ethiopia and Tanzania showed bipedal-
ism was the first and most basic of homi-
nid evolutionary adaptations. By analo-
gy with chimpanzees, these early hom-
inids probably used wood and other
naturally occurring materials as tools.
Indeed, the contrast between the homi-
nids’ small canines and the projecting
canines of the chimpanzee suggested
that among the hominids the offensive
role of canines had already been taken
over by tools.

By the time another million years had
passed, in Washburn’s summary of the
consensus, hominids with larger brains
had evolved in Africa. They made stone
tools and lived alongside a robust (that
is, relatively heavy-boned and large-
toothed) species of Australopithecus that
became extinct in about another million
years. Even before then, say by 1.5 mil-
lion years ago, a more advanced homi-
nid had appeared: Homo erectus. The as-
sociation of its stone tools with animal
bones was accepted as clear evidence
that hunting behavior had become a
hominid attribute long before the homi-
nid brain expanded to its modern size.

Brain size and tool complexity in-
creased only slowly between then and
about 100,000 years ago, when a still
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more advanced hominid arose: Homo
sapiens. These increases, however, are
indirect evidence for the reorganization
of the hominid brain. With the arrival of
H. sapiens the rate of change in stone-
tool types began to accelerate. The ana-
tomical evolutionary changes are seen
mainly in the skull. Then, about 40,-
000 years ago, anatomically modern
humans appeared and spread rapidly
throughout the Old World. At the same
time the rate of behavioral change, as
attested by changes in stone tools and
other human artifacts, approached what
we now expect from ‘“normal” human
cultural behavior. Washburn closed his
discussion with the suggestion that fully
modern human language, which possi-
bly did not exist before the appearance
of anatomically modern man, catalyzed
this behavioral advance, although no
direct anatomical evidence bears on
the point.

In the five years since Washburn’s
summary important new fossil discover-
ies have been made, not all of them in
the field. Fuller descriptions of earlier
fossils have been published. Paleoan-
thropologists have become better able
to interpret their data through the work
of behavioral scientists, and they have
become increasingly aware of relevant
developments in the other natural sci-
ences. These trends have shifted the dis-
cipline toward a greater integration with
the rest of the biological community.

At the same time there is increasing
doubt about the degree to which nar-
ratives of human evolution can be
“brought to life.” Just how detailed and
reliable can such accounts be? Hard
problems arise when the hominids of the
pastare interpreted in terms of the hom-
inids of the present. The early hominids
were, after all, markedly different from
any living today. In many instances,
however, these differences have been ig-
nored and early hominids have been
made to seem too much like modern hu-
man beings: Let me review some of



these problems, starting at the beginning
with the evolution of hominoids, the
group from which the hominids sprang.

Hominoid Evolution

The earlier debate between physical
anthropologists and molecular biolo-
gists over the pattern and timing of
hominoid evolution is now basically set-
tled. Most paleontologists (and compar-

ative anatomists) agree the molecular
patterns showing the African apes are
genetically very little different from hu-
mans and the Asian apes are about twice
as different reflect the fact that the com-
mon ancestor hominids share with the
chimpanzee and the gorilla was in ex-
istence only about half as long ago
as the last common ancestor of all the
larger hominoids.

Detailed comparative anatomy shows

i

that the patterns of morphological re-
semblance among living hominoids con-
firm the molecular findings. The great
apes and the hominids do not form what
is called a monophyletic group, that is,
they did not share a last common ances-
tor after the lineage leading to humans
diverged. Instead African apes and hu-
mans are monophyletic with respect to
the Asian apes. (That had in fact been
proposed by certain earlier anatomists.)

FOUR FOSSIL SKULLS, shown in profile in this painting, exempli-
fy key stages in the branching off of hominoids from ancestral Old
World monkey stock and the later branching off of hominids from
ancestral hominoid stock. At the top left is the best-known of the
early Miocene apes, Proconsul africanus, a baboon-size primate that
is perhaps similar to the common ancestor of all apes and humans.
At the top right is the substantially larger late Miocene ape Sivapithe-
cus, first known from fossil teeth and jaw fragments found in foot-
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hills of the Himalayas in the 1900’s. It may have been ancestral to
the only living large hominoid of Asia, the orangutan. At the bottom
left is the earliest-known African Pliocene hominid, Australopithe-
cus afarensis, a species that walked erect in the period between four
and two million years ago. At the bottom right is the much larger-
brained hominid Homo habilis, which was first found in Kenya in
1972. Members of the species ranged southern and eastern Africa for
a few hundred thousand years beginning about two million years ago.
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This means features common to all
apes, such as the absence of a tail, must
either have been retained from the last
ancestor of all large hominoids or have
evolved separately in the different apes.
As a consequence of the molecular
findings morphologists are reexamin-

ing hominoid anatomical characteristics
and similarities and looking more close-
ly at the processes of embryonic devel-
opment and their genetic controls.
These *“new” molecular branching
patterns are not incompatible with the
hominoid fossil record. The time is past

PLATYRRHINI

when many paleontologists placed the
origin of the hominids in the middle
Miocene, 16 or 15 million years ago, or
when some molecular biologists held
that the entire hominoid radiation took
place within the past 10 million years,
with the hominids diverging only a brief
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BRANCHING SEQUENCE of the higher primates from 45 million
years ago to the present is shown under two major headings, the Plat-
yrrhini, or the New World monkeys, at the left and the Catarrhini, or
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ALOUATTA LAGOTHRIX

the Old World monkeys, at the right. The hominoid and hominid
branches are in color at the far right. The sequences are based on
such biochemical data as small differences in the amino acid sequence
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four million years ago. A tentative con-
sensus would now place the radiation
of all the great apes from an ancestral
stock in the middle Miocene, with the
hominids splitting from an African ape
lineage in the late Miocene, perhaps
eight or seven million years ago.

Why was the hominoid fossil record
misinterpreted, at least by dimmer pa-
leontologists such as me? There are a
number of reasons. First, far too much
attention was being paid to the fossil
record as a source of information about
evolutionary branching sequences. It is

CATARRHINI

now clear that the molecular record
can tell more about hominoid branch-
ing patterns than the fossil record does.
(The fossil record remains, however, the
only source of direct knowledge of past
evolutionary states.) Misinterpretation
also resulted from the fact that the hom-

CERCOPITHECOIDS

HOMINOIDS

(o]

15

7. PARAPAPIO (PAPIO) Fab
8. MACACA (MACACA) AT
9. MESOPITHECUS (ASIAN COLOBINAE) g
10. “VICTORIAPITHECUS” (CERCOPITHECOIDEA).
11. VICTORIAPITHECUS (CERCOPITHECOIDEA)
12. PROHYLOBATES (CERCOPITHECOIDEA)
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of the same protein in different living species. The specific dating of
the branches is based on the age of fossils and on other kinds of geo-
chronological data. The maps at left and right indicate where the ear-

liest fossil representative of the genus was found. The name to the
right of each fossil genus indicates its relation to living forms. Thus
Sivapithecus pairs with Pongo but Proconsul pairs with all hominoids.
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inoid fossil record going back before the
last four million years of hominid evolu-
tion has until recently been both frag-
mentary and poorly dated. It consisted
almost entirely of teeth and small pieces
of jaw, which are parts of the body that
are seldom very informative on ques-
tions of taxonomy. For example, the
equivalent parts of the body in living
mammals are generally not of much
help in sorting individuals into species
or clustering species into higher taxo-
nomic groups.

A third cause of misinterpretation is
the very diversity of middle and late Mi-
ocene hominoids. The living large homi-
noids are not notably diverse: only five
genera have survived. When all the
fossil evidence of past hominoids is
taken into account, what emerges is a
group that is quite heterogeneous; each
hominoid species is in many respects
unique. These factors have made it hard
to reconstruct by means of fossils the
branching sequences of living homi-
noids. It is even harder to link particular
fossil species to particular living ones.

Significant new Miocene hominoid
fossils, however, have changed the ear-
lier state of affairs. Skeletal parts—faces,

brain cases and limbs—that were mis-
identified or have only now been uncov-
ered are yielding a clearer and often
surprising picture of both evolutionary
relations and the nature of the early
hominoids. One can even catch glimp-
ses of how they may have lived and
what their ecological relations were.

At the same time newer molecular
analyses are clarifying and expanding
ideas about the pattern and timing of
hominoid evolution; an example is the
work of Charles G. Sibley and Jon
Ahlquist of Yale University, in which
DNA'’s from different primate species
are hybridized to establish the differen-
ces and similarities of their sequences
of nucleotides. Slowly paleoanthropol-
ogy is moving from the time when the
fossil record contributed nothing to an
understanding of phylogenetic patterns
to a time when it is one component of a
synthesis that renders data of all kinds
compatible: fossil, anatomical, molecu-
lar and developmental.

The Hominoid Radiation

An account of the radiation of the
hominoids that represents a consensus

PARTS OF PROCONSUL found at the time of its initial discovery by Tom Whitworth in
1951 are shown in a shade of gray in this restoration of the four-footed hominoid. The addi-
tional parts of the skeleton shown in color are those recently found in museum collections by
Alan Walker and Martin Pickford, who prepared this restoration. The parts shown in outline
only, such as the pelvis, most of the spine and parts of the skull and jaw, have not been found.
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of current opinion can be summarized
as follows. First, it is not clear when the
great apes diverged from their relatives,
the Old World monkeys. (The New
World monkeys played no part in homi-
noid evolution.) It seems almost certain,
however, that the divergence came after
middle Oligocene times (some 30 mil-
lion years ago) and before early Mio-
cene times (some 20 million years ago).
However that may be, the radiation of
the hominoids was under way in the ear-
ly or middle Miocene (20 to 15 million
years ago) and certain lineages of this
moderately successful group did not
become extinct until the late Miocene
(eight to six million years ago).

It is similarly not clear when the
small hominoids, the gibbons of Asia,
diverged from the larger ones. The
split is possibly documented by some of
the earlier Miocene primate fossils, al-
though it is a controversial point. There
is better documentation, however, for
the divergence of the large apes into
Asian and African species by middle
Miocene times, say 16 million years ago.
The orangutan is the odd and sole survi-
vor of a group of middle and later Mio-
cene Asian apes that were previously
more diverse and widespread.

Sadly, for most of the Miocene the
African hominoid branch is virtually
without fossil representation. From the
molecular record, however, one can in-
fer a late Miocene splitting of first goril-
las, then chimpanzees and hominids (be-
tween 10 and six millionyears ago), and
it is known that bipedal hominids were
present in eastern Africa by at least four
to 3.5 million years ago. Until there is a
better African fossil record (particularly
a fossil record for the African apes) one
can only guess about the timing and
precise branching sequence of these lin-
eages and about the nature of their ear-
ly members, including the very earliest
hominids.

If one goes back to Oligocene times,
the African fossil primate record is com-
paratively rich. Elwyn L. Simons of
Duke University has been hunting suc-
cessfully for primate fossils in the Fa-
yum of Egypt on and off since 1961.
Since 1977 he and his collaborators
John G. Fleagle of the State University
of New York at Stony Brook and Rich-
ard F. Kay of Duke have uncovered
some truly remarkable material. Sub-
stantial parts of the skeleton of Aegypro-
pithecus, a species hitherto known only
from a skull found earlier by Simons,
and Apidium are now in hand. Even the
very sparsely represented Parapithecus
and Propliopithecus are now relatively
well characterized.

These fossils represent a diverse
group of unspecialized tree-living pri-
mates that had attained the biologi-
cal status of monkeys at least as early
as middle Oligocene times, 30 million
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years ago. They were not, however,
primitive primates like the lemurs but
bore a general resemblance to the living
New World monkeys. They are none-
theless too primitive and too different
from the living higher primates of the
Old World for one to know whether
they are representative of a time be-
fore the divergence of the hominoids
from the Old World monkeys or a time
after the divergence.

The early Miocene of eastern Africa
is a happy exception to the fossil-poor
record for Africa as a whole. Collect-
ing over the past 50 years in Kenya and
Uganda has yielded some 1,000 fossils
of higher primates that are between 17
and 22 million years old and that almost
certainly represent hominoid lineages of
a period after their divergence from the
Old World monkeys. Mainly through
the work of Peter Andrews of the Brit-
ish Museum (Natural History) the pa-
leoecology of the period is now well
known. The landscape was a mixture
of forest, open woodland and grassland,
with the forest predominating. The for-
est and woodland were inhabited by at
least six hominoid species. One of them,
Proconsul africanus, has for some time
been the best-known Miocene ape, and
it has now become even better known.

A small animal the size of a baboon,
Proconsul has played a central role in
thinking about hominoid evolution. The
species had been represented until re-
cently only by an almost complete fore-
limb, a jaw, skull fragments and a few

foot bones, all of one individual, an al-
most complete skull of another individ-
ual and other limb fragments, teeth and
jaws. Then Alan C. Walker of Johns
Hopkins University and Martin Pick-
ford of the National Museums of Ken-
yadiscovered—in museum and laborato-
ry collections—many more pieces of the
“forelimb” individual, so that it is now
represented by much of its skeleton.
Until now Proconsul had been inter-
preted in several contradictory ways. At
one extreme was the view held by some
that its form was too specialized for it to
be the ancestor of any living hominid
and that it was possibly not even a homi-
noid. Others saw it as an unspecialized
early hominoid and still others accepted
it as being ancestral to the chimpanzee.
The addition of the new material clari-
fies the issue to some extent. Proconsul,
the consensus now holds, is a hominoid,
albeit a very unspecialized and primitive
one. It was a tree-dwelling, fruit-eating
“formative ape” in which the sexes were
distinctly different in size. In its total
pattern it was unlike any living higher
primate. Its elbow and shoulder joints
and feet are like achimpanzee’s, its wrist
is like a monkey’s and its lumbar verte-
brae are like a gibbon’s. Many of its oth-
er features are unique, as is its total con-
figuration. Proconsul provides a salutary
lesson for students of evolution: the re-
lations inferred for the animal have de-
pended on what part of the body was
being studied. When a fossil animal is
found in fragments and over a period

of time, the very order of discovery of
its various parts will affect the phylo-
genetic interpretations, particularly in
the case of a “‘mosaic” species such as
Proconsul.

Dryomorphs and Ramamorphs

The end of the early Miocene, some
17 million years ago, was marked by a
highly significant geologic evernt: conti-
nental drift linked Africa and Arabia
with mainland Eurasia, thereby allow-
ing the migration of African hominoids
(and other mammals) into the rest of the
Old World. The linkup initiated major
mountain building: the Alps rose in Eu-
rope, the Taurus Mountains in Turkey
and the Zagros Mountains in Iran. The
Tethys Sea disappeared and oceanic and
atmospheric circulation patterns shift-
ed, bringing about large-scale changes in
climate and habitats.

The Eurasian climate was seasonal in
the middle and late Miocene, from 17 to
five million years ago. The winters were
milder, however, than they are today.
Much of what is now grassland and even
desert was then woodland, and the for-
ests were more widespread. The mam-
malian faunareflected these conditions:
grassland grazers were scarce but wood-
land and forest browsers abundant.

The hominoid fossil record for this
period in Eurasia consists mainly of
jaws and teeth, so that the phylogenetic
relations are still not clear. As an ap-
proximate summary, however, the hom-
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JOINING OF AFRICA AND EURASIA followed the time 20 mil-
lion years ago when the Tethys Sea (color) separated the two land-
masses, as is shown at the left. In early Miocene times, some 17 mil-

lion years ago, the sea shrank, as is shown at the right, leaving a land
bridge that allowed animals to migrate between Africa and Eurasia.
Among migrants to Eurasia were some of the African hominoids.
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NUCLEAR WASTE DISPOSAL

Scientists have an answer

S cientists and engineers
agree that high-level waste
from nuclear-electric power
plants can be disposed of with-
out harming people or the envi-
ronment. They favor placing
the sealed-up waste deep within
natural geologic formations
that have been stable for mil-
lions of years.

In nuclear plants, the uranium fuel
pellets that are used to generate
energy accumulate a small percentage
of highly radioactive byproducts
called high-level waste.

A solid majority of scientists have
concluded that the best way to dis-
pose of this waste is sealing it in long-
lasting canisters, which are then
placed in mined repositories deep
underground.

Scientists worldwide say
disposal is practical and safe

Over 25 years of experience in man-
aging nuclear waste have led to an inter-
national scientific consensus: The many
natural and engineered barriers of a deep
geologic repository will keep high-level
waste safely isolated from our environ-
ment and our descendants. Countries
pursuing this disposal method include
West Germany, Canada, Switzerland,
and Sweden.

The respected National Academy
of Sciences and other eminent scien-
tific bodies have reaffirmed that high-
level nuclear waste can be disposed of
thousands of feet underground, in

geologic formations that have been
stable for millions of years.

America’s new law on
nuclear waste

With this scientific consensus as

background, Congress has passed and
the President has signed into law the
Nuclear Waste Policy Act of 1982.

The actual volume of bigh-level radioactive
waste from nuclear power plants is small. The
volume taken up by all the used uranium fuel
produced to date by commercial nuclear
power inthis country isthe same as the volume
of a single tennis court about 45 feet deep.
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It calls for lowering the sealed-up
waste (in a glass- or ceramic-like
form)about 2500 feet underground,
into geologic formations such as
granite, basalt, or salt.

Geologic disposal is designed to
keep the waste safely isolated from
our environment for many thousands
of years. Eventually, the waste
hazard decreases to the level of
natural uranium ore.

The clear and present benefits
of nuclear electricity

America’s factories, businesses, and
homes are relying more and more
on an assured supply of electricity.
Nuclear energy is a valuable, secure
contributor to that supply. It supple-
ments coal, replaces oil, and does not
pollute the air or water.

Waste disposal need not be an
obstacle in the use of such an impor-
tant energy source. The scientific
community has shown us that we do
havethe knowledge to handle nuclear
waste—safely and confidently.

Free booklet tells more
For a free booklet that covers nuclear
electricity in more detail, write to the
U.S. Committee for Energy Awareness,
P.O.Box 37012 ( A6 ), Washington,
D.C. 20013.

Information about energy
America can count on today
U.S. COMMITTEE FOR ENERGY AWARENESS



inoids can be divided into two broad
groups. One group can informally be
called the dryomorphs, after the various
European species of the genus Dryopi-
thecus, a primate with many primitive
hominoid characteristics. The other can
be called the ramamorphs, after Rama-
pithecus and similar genera. The rama-
morphs were mainly Asian in distribu-
tion; they differ from other Miocene
hominoids in certain characteristics that
resemble those of later hominoids.
Edward Lewis, a Yale graduate stu-
dent who was later with the U.S. Geo-
logical Survey, gave the name Ramapi-
thecus to a fossilized fragment of a pri-
mate upper jaw from India he had found
in 1932. The fossil is now known to be a
little more than seven million years old.
By the 1960’s more primate jaws and
teeth from India, Pakistan and other
parts of the Old World had been found
and assigned to the same genus. The ani-
mal was seen as being different from its
supposedly more apelike contemporar-
ies, Dryopithecus and another Indian fos-
sil find, Sivapithecus. Its various remains
showed that its jaws were robust and
its cheek teeth large, with thick enamel
caps. These features and a few others
resemble those of the later African hom-

inids of the genus Australopithecus. The
resemblances led many, including me,
to argue that Ramapithecus was in fact
an early hominid, that the hominids had
diverged from the hominoids of Africa
at least 15 million years ago and there-
fore that the divergence date of four
million years ago, based on the molecu-
lar data, was wildly incorrect.

In 1973 1 began a collaborative re-
search project with the Geological Sur-
vey of Pakistan aimed at finding addi-
tional Ramapithecus fossils. The fossil-
rich formations where we are still at
work are the product of the erosion of
the rising Himalayas; they are called the
Siwalik series. They vary in age from
one million to 17 million years and form
a thick wedge that runs along the south-
ern flank of the great mountain range
from Afghanistan to Burma. In the sec-
tion of the Siwalik formation in Paki-
stan we have been fortunate in finding
many new hominoid fossils, including
specimens of both Ramapithecus and its
relative Sivapithecus, and thousands of
other mammalian fossils.

Our large interdisciplinary team has
now built up a dated sequence of fau-
nal changes over the 16 million years of
deposition in the region and has made

considerable progress in reconstructing
its animal communities of the past. It
is clear from the new primate material
that Ramapithecus and Sivapithecus are
much more alike than I had thought;
they may even belong to the same genus.

In any event the new Sivapithecus fos-
sils, which include a partial skull and
isolated limb bones, show a number of
features, particularly of the face and
palate, that resemble those of the sole
surviving Asian great ape, the orangu-
tan (Pongo pygmaeus). They do not, as
expected, resemble features of Ausrra-
lopithecus. The jaw and tooth resem-
blances to Australopithecus remain but
their phylogenetic significance can be
dismissed; they are probably either in-
stances of parallel evolution or features
retained from the last common ancestor
of all living hominoids. At least this is
my opinion and that of my colleague
Steven Ward of Kent State University.
Some of the hominoid fossils from Paki-
stan that are at least 12 million years old
show similar features. If our interpreta-
tion is correct, the split between African
and Asian hominoids is certainly that
old and probably even older. Perhaps
the split coincided approximately with
the continental-drift linkup of Africa

EPOCH 1978 CONSENSUS 1984 CONSENSUS
LATEST
PLEISTOCENE Anatomically modern H. sapiens appears (markedly different from
Anatomically modern archaic H. sapiens both cranially and subcranially). Abundant
045+ H. sapiens appears. —+ stone and bone tools and other artifacts.
Little change
LATE from preceding
PLEISTOCENE phases
125 _|. H. sapiens appears. + New tool types and techniques; significant elaboration of behavior.
MIDDLE Gradual hominid evolutionary Stone tools somewhat more complex. Archaic H. sapiens appears
PLEISTOCENE | progression. (little different from H. erectus).
(@)
G 7+ + ire?
2 Use of fire?
1 EARLY H. erectus appears: robust
‘% PLEISTOCENE | Australopithecus extinct. Stone tools somewhat more complex:
>
L 16T T H. erectus present. First H. habilis and then A. boisei and A. robustus extinct.
o Gracile, bipedal hominids Earliest stone tools; A. africanus, A. robustus present in South
% PLIOCENE in Tanzania and Ethiopia Africa. Hominids diversify; A. boisei, H. habilis coexist.
o (including A. afarensis). Laetoli footprints. Bipedal Australopithecus present in East Africa.
d 5+ 1C
=
LATE African apes and African 7.5-4.5 million years ago: major climatic/faunal changes; African hominoids
MIOCENE protohominids diverge. diversify (inferred from molecular data).
11+ T
MIDDLE Ramapithecus established African and Asian hominoid split. Sivapithecus
MIOCENE as protohominoid. (Ramapithecus) related to Pongo?
174 -+
EARLY . I .
MIOCENE Hominoid radiation begins.
Hominoids diverge from . . .
24 | OLIGOCENE Old World monkeys. Catarrhine radiation begins.

CHANGING VIEWS on hominoid and hominid evolution appear
on this chart, which extends from Oligocene times at the bottom to
the mostrecent Pleistocene at the top. Numeralsbetween the geologic
subdivisions give the terminal dates of each subdivision in millions
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of years or fractions thereof before the present. The 1978 consensus
of scholarly opinion on the subject is given at the left in the chart,
together with items of fossil or archaeological evidence in support
of such opinion. Today’s consensus of opinion is given at the right.
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and Asia and the consequent mixing of
faunas 17 or 16 million years ago. Ten-
tatively I now place the split at about
16 million years ago.

Early Hominids

The first undoubted hominids appear
from perhaps four million to 3.75 mil-
lion years ago in Tanzania and Ethiopia.
Hominid evolution before then is ob-
scure. Changes in fauna and habitat
between 7.5 and 4.5 million years ago
reflect a number of climatic and geo-
graphic events, the most spectacular one
being the drying up of the Mediterrane-
an on several occasions about 5.5 mil-
lion years ago. The connection between
these events and the evolution of the
hominoids of Africa is not clear. Never-
theless, the footprint evidence of homi-
nids that walked on two legs, uncov-
ered by Mary Leakey and her colleagues
at Laetoli in Tanzania, is firmly dated
at 3.75 million years ago. Moreover,
the almost half-complete skeleton of
“Lucy” and other specimens of Austra-
lopithecus afarensis found by Donald Jo-
hanson and his colleagues at Hadar in
Ethiopia are dated, somewhat less cer-
tainly, at between four and three mil-
lion years ago. There is some taxonomic
dispute about Lucy and the associated
hominid remains from Hadar. Do they
represent a new single species, Australo-
pithecus afarensis? A northern subspe-
cies of A. africanus? Two or more spe-
cies? Tiptoeing past these questions, I
shall give only one version, acknowledg-
ing that the situation is not clear-cut.

A. afarensis is primitive in most of its
features. The adult males were probably
from 50 to 100 percent larger than the
females. Individuals weighed from 25 to
50 kilograms or more. Their brain was
the size of an African great ape’s, but
with such a wide range of adult weights
it is not clear whether the brain size
with respect to body weight was larg-
er or smaller. In some features of the
face and palate these early hominids re-
sembled chimpanzees. Overall, howev-
er, the skull as it has been reconstructed
looks more like a female gorilla’s: A4.
afarensis has larger teeth and is more ro-
bust than a chimpanzee.

The dentition includes a few plausibly
primitive features, although the canine
teeth of both sexes have a low crown
and have lost their apelike forward pro-
jection. The cheek teeth are relatively
large and are capped with a thick enam-
el, probably an adaptation to chewing
large quantities of fruits, seeds, pods,
roots and tubers, some of which may
have been quite tough.

It is impossible to prove that the foot-
prints in Tanzania were made by homi-
nids like those represented by the Hadar
fossils, but the morphology of the hip,
knee and ankle joints of Lucy and her



companions shows that the Hadar pop-
ulation was clearly bipedal. The foot
bones show the same adaptation to bi-
pedalism and an intriguing additional
feature: the toe bones and metatarsals
are long and curved. Compared with
members of the genus Homo the arms
of A. afarensis were long and the legs
were short. Its hands were capable of
‘powerful grasping. Judging by the pro-
portions of the hand bones and the
morphology of their joints, its manip-
ulations were probably more precise
than those of living chimpanzees.

The Hadar hominids lived in an area
of woodland and savanna, away from
the Pliocene forests, as part of a com-
munity of mammals that was structural-
ly quite like the later communities of the
Pleistocene. Such communities began to
develop in eastern Africa in the later
Miocene, and it is possible that they
included hominids still unknown to us.
By analogy with living mammals it is
unlikely that the Hadar hominids were
monogamous.

No stones that have been altered as
tools have been found associated with
the Hadar hominids. This may not, how-
ever, be entirely relevant. Suppose A.
afarensis used the same kind of tools liv-
ing chimpanzees do: stems, leaves, wood
and stones casually adapted to food
gathering, food processing and display
behavior. Suppose, moreover, they did
so more often than chimpanzees do to-
day. Such tools would be impossible to
recognize four million years later even if

some near-miracle had preserved them.

Tool use of this kind, if it may be pos-
tulated, might have been an important
component of those behaviors that stim-
ulated walking on two legs and the re-
duction of the canine teeth. Concepts
such as these are much debated. Were
the Hadar hominids protohunters and
killers, opportunistic scavengers or gen-
tle vegetarians? Did monogamy evolve
along with bipedalism? Did pair-bonded
males bring food to their female partner
at a home base? Was gathered food, ani-
mal or plant, shared or did the Hadar
and Laetoli hominids forage on an indi-
vidual basis? Each of these viewpoints,
to say nothing of others, has its adher-
ents. For the present, however, any pic-
ture of what these early hominids were
like as living, breathing animals must be
deferred until there is more agreement
on the nature of their basic adaptations.
Above all, we must resist the temptation
to see them as modern humans merely
some distance removed from us in time.

Closing in on Homo

At some point between 2.5 and two
million years ago African hominids un-
derwent a modest adaptive radiation. By
the later date at least two, probably
three and perhaps even more species of
hominids were present, although in any
one part of Africa there is no evidence
for more than three. In eastern Africa a
species of Australopithecus, A. boisei, ro-
bust and with very large teeth, lived at

the same time as a larger-brained homi-
nid whose type-fossil cranium is cata-
logued in Kenya as E.R.-1470. The spe-
cies is now most commonly known as
Homo habilis, a name that was coined in
1964 by L. S. B. Leakey, Philip V. Tobi-
as and John R. Napier, and was applied
to E.R.-1470 by its discoverers, Richard
Leakey and his colleagues. There was
probably a third hominid species, small-
toothed and small-brained, living in
eastern Africa at the same time. More-
over, in southern Africa there was an-
other species of Australopithecus, A. ro-
bustus, and possibly H. habilis as well.
By about 1.75 million years ago, how-
ever, H. habilis disappeared from Afri-
ca and was replaced by an even larger-
brained hominid: Homo erectus. A clear-
er picture of what Kinds of animals these
were is slowly emerging. The picture
cannot ever, of course, be genuinely
sharp, and one must avoid peering at it
too closely lest, like a newspaper half-
tone, it dissolve into meaningless dots.

Consider A. boisei. A larger species
than either A. afarensis or the Austra-
lopithecus species of southern Africa, it
was small-brained and the male was
markedly larger than the female. The
species appeared more than two mil-
lion years ago and survived, apparently
with little morphological change, for a
million years. A4. boisei may have dug
with sticks and hammered with stones,
but there is no evidence that it used
tools intensively.

Although A. boisei was larger than
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LATE MIOCENE EPISODE, the drying up of the Mediterranean
basin after it was sealed off from the Atlantic by mountain building,
must have had catastrophic effects on the climate and ecology of Af-
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rica. The episode took place about 5.5 million years ago. Its effects
on the mammalian fauna, hominoids included, are not clear, but it
was perhaps a million and a half years later that hominids appeared.
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other species of Australopithecus, it may
have behaved much like them. Studies
of the chewing surfaces of the teeth of
various Australopithecus species by Alan
Walker and by Frederick Grine of the
State University of New York at Stony
Brook suggest that all of them were ba-
sically rather apelike vegetarians, eat-
ing broadly similar diets that called for
much repetitive chewing. Possibly their
diet included more roots and tubers and
less fruit than the diet of forest-dwell-
ing apes.

Why did A. boisei evolve, and from
what did it evolve? Was its evolution the
result of a change in climate and habitat,
perhaps a change in the availability of
certain kinds of plant foods? Why did
A. boisei become extinct after a million
years of apparent stability? None of
these questions can yet be answered.
The fossil hunt in eastern Africa is in-
tense, however, and one may hope A.
boisei, its ancestor and the transition
between them will eventually be better
understood.

Understanding the transition to Homo
habilis from its ancestor (which might
also be the ancestor of A. boisei) is an-
other matter. The various species of
Australopithecus are difficult animals
to “imagine”—to reconstruct as though
they still lived—because nothing like
them lives today. Still, they can be per-
ceived dimly as an odd kind of ape. H.
habilis is even more difficult to imagine.
It is rather like Australopithecus in a
number of ways, for example in its face
and teeth, but it has a significantly larger
brain, averaging about 700 cubic centi-
meters. There are no clear associations
between the skulls of H. habilis and the
other bones of the species, but the limb
bones that are assumed to represent it,
unlike those of Australopithecus, resem-
ble those of later species of the genus
Homo (with the exception of modern
H. sapiens). It has been suggested that
the resemblance reflects changes in the
mode of locomotion and in the dimen-
sions of the female pelvis demanded by
the size of the newborn infant.

At about the same time that A4. boisei
and H. habilisappear in Africa so do the
first archaeological sites: concentrations
of used or altered stone, often brought
from some distance away, together with
animal remains. The consensus is that
the sites document a shift in diet to in-
clude more animal food; H. habilis rath-
er than A. boisei is generally implicat-
ed. The dietary change and the increase
in brain size are also linked causally.
Thereafter the consensus breaks down.
Was H. habilis a hunter-gatherer who
transported food to home bases to be
shared and who practiced a division of
labor that left hunting to the males and
gathering to the females? This is to ask:
Was H. habilis behaviorally “modern”
or was it still basically vegetarian, per-
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haps adding some meat to its diet mainly
by scavenging?

The archaeological record is itself
ambiguous. The same scattering of tools
and bones could be produced by oppor-
tunistic scavenging for individual con-
sumption, with little or no food trans-
port and sharing, or could represent
home bases as sites of intense social in-
teraction. In short, the picture of H. ha-
bilis remains blurred. More fossil mate-
rial and more archaeological sites are
needed, and even then the transition
from Australopithecus to Homo is likely
to be obscure. Both animals are too
different from any known today. What
happened to H. habilis? It survived for a
few hundred thousand years only to be
replaced by a much more durable spe-
cies, H. erectus. Was H. habilis the ances-
tor of H. erectus? Although it is widely
assumed to be the case, it may not be so.

Getting Around

Homo erectus is the first widely distrib-
uted hominid species. It appeared earli-
est in Africa, as far as is known, and it
may indeed have originated there some
1.6 million years ago. Whether or not
that is so, by one million years ago the
species was present in southeastern and
eastern Asia and survived in that area at
least until 300,000 years ago. In that
span of time, well over a million years,
the physical record of H. erecrus is one
of prolonged morphological stability.

H. erectus resembled later species of
Homo (modern H. sapiens excepted) in
both body size and robustness. Larger-
brained than H. habilis (more than 800
cubic centimeters), it had front teeth as
big as those of earlier hominids, but its
cheek teeth and its face were smaller.
The archaeological record suggests that
some H. erectus populations were mak-
ers of larger, symmetrically flaked stone
tools: bifaces, or “hand axes.” More-
over, some H. erectus populations may
have used fire. Some later H. erectus pop-
ulations may have commanded more
sophisticated techiques of producing
and modifying stone tools, but the over-
all impression is one of prolonged stabil-
ity, in behavior as well as in morpholo-
gy. Arthur Jelinek of the University of
Arizona has proposed that “paleocul-
tural” is the appropriate term for such
behavior, so different is it from the rap-
id changes we associate with *“‘cultural”
behavior in modern humans.

Paleoanthropologists shift gears, of-
ten without realizing it, when they talk
about human evolution over the past 1.5
million years. The problems in homi-
noid and hominid evolution I have pre-
sented up to this point concern macro-
evolutionary questions: issues of broad
adaptations, evolutionary trends and
speciation. The hominids labeled H.
erectus, “‘archaic” H. sapiens (including
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the Neanderthals) and “modern™ H. sa-
piens probably represent a continuum,
and the patterns of change within these
lineages represent in contrast microevo-
lution. Nevertheless, some of the most
interesting paleoanthropological work
concerns the last great step in human
evolution: the shift, about 45,000 or
40,000 years ago, from archaic H. sa-
piens to modern H. sapiens.

Erik Trinkaus of the University of
New Mexico has shown that the Nean-
derthals (and probably their contempo-
raries in other parts of the Old World)
were probably as unlike us behaviorally
as they were physically. The Neander-
thals’ skeletons were much more ro-
bust and the muscle attachments on
the bones indicate that they were much
stronger than we are. Their teeth were
larger and are heavily worn, probably
(by analogy with living Eskimos) from
being used for a variety of nonfeeding
activities (such as the chewing of animal
hides to soften them). The transition to
modern H. sapiens was marked by a loss
of the Neanderthal robustness in skele-
ton, face and dentition. There were also
changes in the morphology of the fe-
male pelvis. These perhaps suggest that
formerly easy births had become hard-
er or even that the time of gestation
was being reduced to our present nine
months from perhaps 11 months (a pe-
riod in line with predictions based on
general mammalian relations among
maternal body size, fetal size and length
of gestation).

Important behavioral changes are
also evident in the archaeological rec-
ord. They include a proliferation of su-
perior stone and bone tools, shifts in
hunting patterns, in the use and control
of fire, in the use of clothing, in settle-
ment patterns, in population size, in eco-
logical range, in art and other evidences
of ritual activity. All of this points to the
emergence of a species possessing mod-
ern behavioral capabilities (and poten-
tial) from an ancestral species lacking,
at least by modern standards, in some
significantly human characteristics.

No brief summary such as this one
can do justice to the richness and com-
plexity of the information available re-
garding this most recent, even if micro-
evolutionary, transition. Yet it remains
the best-documented and potentially
the most understandable of all the tran-
sitions of the past 30 million years. As
an outsider, working in a time span that
may contain no relevant fossils at all in
any particular 100,000-year period, I
am ruefully envious of those who work
with this most recent period. Viewed at
long range it is, in a very real scnse, the
icing on the cake. Yet one must remem-
ber that it is only the icing. The cake
itself—the many earlier stages of hu-
man evolution—remains for now much
harder to digest.
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Excitonic Matter

A conduction electron can combine with a positively charged “hole”

/n a semiconductor to create an exciton. Excitons in turn can form

molecules and liquids, and a new phase of matter may be attarinable

by James P. Wolfe and André Mysyrowicz

The interaction of light with solid
matter is a phenomenon of funda-
mental importance for exploring
the quantum-mechanical underpinnings
of nature. Albert Einstein’s recognition
that light energy is carried by quantized
packets of radiation, now called pho-
tons, was based on the observation of
one such interaction: the photoemis-
sion of electrons from matter. More re-
cently it has been shown that the dis-
tribution of the electrons among their
quantized energy states in a solid can
be altered in a variety of ways in re-
sponse to the energy carried by incident
photons. A detailed understanding of
these effects has significant implications
for technology as well as for science. In
particular the photoelectric properties
of semiconductor crystals, whichare now
grown synthetically to ultrahigh puri-
ties in the manufacture of electronic
components, have already been exploit-
ed to fabricate devices such as solid-
state light detectors, light-emitting di-
odes and solar cells. As the interactions
of electrons with photons in a solid be-
come better understood, new and more
efficient designs for such devices may
become possible.

One of the most fascinating questions
in the study of solids is presented by
the beautiful effects of light absorption
in a semiconductor crystal. For exam-
ple, if green laser light is shined on the
surface of a crystal of the semiconduc-
tor cuprous oxide (Cuy0), the crystal
will give off a red glow, which has a
lower frequency than green light does.
The energy of a photon is proportion-
al to its frequency, and so the energy
of each incident green photon is great-
er than the energy of each red photon
that is emitted. A problem therefore
arises: How is the energy of the green
photons converted into the energy of
the red photons?

Almost 30 years ago it was discov-
ered that the energy of incident pho-
tons can be converted inside the crystal
into short-lived neutral entities called
excitons. Simply stated, the exciton is a
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quantum of electronic excitation in the
crystal that is generated by an absorbed
photon; the red light emitted by the crys-
tal is the energy released when the elec-
tronic excitation of the crystal is re-
laxed. What makes the excited state in-
teresting is that it can be understood as a
particle. Indeed, the exciton resembles
the hydrogen atom: it is made up of two
oppositely charged carriers bound to-
gether by electrostatic attraction. In the
hydrogen atom the positive charge is a
proton, whichis surrounded by the nega-
tively charged electron. In the exciton
the positive charge has a mass 1,000
times less than the mass of the proton.

In order to appreciate the implica-
tions of the discovery of the exciton
imagine the world inside a semiconduc-
tor crystal in which the extremely light
exciton has taken over the role of the
hydrogen atom. A number of questions
arise from the analogy: Can the exciton
propagate freely through the crystal like
a free hydrogen atom in a gas? Can two
or more excitons combine to form a
molecule? Can the excitonic “atoms” or
the molecules made up of them form
liquid or solid phases? Can more exot-
ic phases of condensed excitonic mat-
ter come into being? The study of ex-
citons inside crystals yields answers to
these questions.

How are excitons created by light in
a crystal? Even more fundamen-
tally, why does the crystal absorb light
at all? To answer these questions let us
briefly examine the electrons in the crys-
tal, because they are the particles that
respond to the incident light. Instead of
having well-separated values of energy
as the electrons do in an isolated atom,
the electrons in a crystal occupy broad
bands of allowed energies. The bands
are separated from each other by inter-
vals of energy that are not accessible to
an electron. Each band is made up of
discrete states whose associated energy
levels are packed so close together that
they cannot be resolved. The number of
states in a band is roughly equal to the
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number of atoms in the crystal; for a
crystal of macroscopic size the number
is on the order of 1023. Hence within a
band it is reasonable to think of the elec-
tronic energies as being spread over a
continuum of states.

The electrons fill the allowed states
in an energy band from the bottom up-
ward, just as water fills a bottle. The dis-
tribution of the electrons among the en-
ergy bands in a solid determines wheth-
er the solid is a metal, a semiconductor
or an insulator. In a metal the highest
occupied band is only partially filled
with electrons. Electric current flows
easily in a metal because the change in
the kinetic energies of the electrons
that is required for a current can read-
ily come about through a shift in the dis-
tribution of the electrons in the partial-
ly filled band. On the other hand, in a
semiconductor or an insulator at low
temperatures the highest occupied band,
which is called the valence band, is com-
pletely filled with electrons just as a bot-
tle is filled to the cork. The next energy
band is called the conduction band, and
it is empty at low temperatures; it is
separated from the valence band by a
“forbidden” energy gap, or band gap.
There can be no net electric current as-
sociated with a completely filled band
of electronic energy states. The band
gap in a semiconductor is smaller than
it is in an insulator, and so electrical
conductivity does arise in a pure semi-
conductor as some valence electrons
are thermally excited across the band
gap. At low temperatures, however, a
semiconductor is highly insulating.

When a photon is absorbed by a semi-
conductor crystal, it promotes an elec-
tron from a filled valence band to an
empty conduction band. In this process
energy must be conserved, and energy
conservation implies that in order to be
absorbed the energy of the photon must
be equal to or greater than the energy of
the forbidden band gap. If the energy
of the photon is lower than this thresh-
old, no valence electron can absorb the
light, because to do so would be to occu-



py the forbidden gap. In the absence
of other effects a photon whose ener-
gy is less than the band-gap energy prop-
agates unattenuated through the crystal.

When an electron is removed from the
valence band by a photon, it leaves an
empty state behind, just as a bubble is
formed when a drop is removed from a

filled bottle of liquid. This empty state,
or absence of an electron in the valence
band, is called a hole. The hole can be
thought of as a region of net positive
charge in the crystal lattice, and in many
respects its properties are like those of
an ordinary particle. For example, an
electron from a neighboring region of

the lattice can move into the first region
and make it electrically neutral, but in
so doing the second region acquires the
surplus positive charge. The region of
positive charge can therefore propagate
through the lattice much as if it were a
real particle.

Once they are created in their respec-

EXCITON GAS is generated in a solid crystal of cuprous oxide
(Cu30) by an intense beam of green light emitted by an argon-ion
laser. Electrons that are associated with the atoms in the crystal are
excited by the laser energy and move freely about in the crystal. The
holes, or regions of net positive charge left behind by the excited
electrons, also propagate freely like positively charged electrons. The
crystal, which measures two millimeters on a side and is 1.5 millime-
ters thick, is immersed in a bath of liquid helium maintained at two
degrees above absolute zero. At this temperature each free electron
and hole can form a short-lived bound state called the exciton. The

red light emitted by the crystal signals the presence of excitons; it is
caused by the recombination of the electrons and holes after a few
microseconds in the bound state. At the top of the photograph a round
rod is pressed against the surface of the crystal, which reduces the en-
ergy for excitons just under the stress point. The excitons generated
on the left side of the crystal stream rapidly to the low-energy region,
which appears as a bright red spot because the excitons collect there.
The spot is reflected by the stress rod, and the reflection is seen just
above the crystal. The photograph was made by David P. Trauernicht
and the authors at the University of Illinois at Urbana-Champaign.
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NONRESONANT EXCITATION can give rise to excitons in a semiconductor when the exci-
tation energy is greater than the energy of the band gap, the difference in energy between the
most energetic electrons in the unexcited semiconductor crystal and the least energetic quan-

tum-mechanical state to which they can be promoted. I

n the diagram the motion of the parti-

cles is shown schematically at the left and the energy transitions associated with each motion

are shown at the right. The initial state of each stage in

the lifetime of the exciton is shown in

orange and gray and the final state is shown in red and black. After the initial excitation the

free electron and the hole quickly relax to an energy eq

ual to the band-gap energy by emitting

phonons, or quanta of vibrational energy, to the surrounding crystal. They can then become

bound and form an exciton in one of the discrete energy

levels allowed by quantum mechanics.

An exciton formed in an excited energy state can fall to a lower state before the electron and

the hole recombine. The relative energy of each transit
transitions are accompanied by photons of low frequen

ion is indicated by a color: low-energy
cy, shown schematically in red, where-

as higher-energy transitions are accompanied by photons of higher frequency, shown in blue
or violet. The spacing between the excitonic energy levels has been exaggerated for clarity.
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tive bands, both the electron and the
hole quickly proceed to their state of
minimum energy. The excited electron
falls to the bottom of the conduction
band, and the hole rises like a bubble in
a bottle of water to the top of the va-
lence band. The hole rises because the
electrons remaining in the valence band
displace the hole as they fall into the
lowest of the available states. Then
within a nanosecond (10-9 second) the
electron and the hole can further reduce
their total energy by binding together to
form an exciton.

It is well known that the electron and
the proton in the hydrogen atom can as-
sume one of a series of discrete energy
values. Similarly, there is a set of al-
lowed energy values for the exciton, cor-
responding to different excited states of
the bound electron-hole pair. The exci-
tonic energy levels converge toward a
high-energy limit, which is equal to the
energy of the band gap of the semicon-
ductor. The binding energy of the exci-
ton, however, is typically 100 to 1,000
times lower than the binding energy of
the hydrogen atom.

The weak bond implies that the mean
distance between the electron and the
hole can be one or two orders of mag-
nitude greater than the diameter of the
hydrogen atom. Indeed, the exciton or-
bit can range over many spacings of the
crystal lattice. For example, the bind-
ing energy of the exciton formed in
the semiconductor germanium is only
.0041 electron volt and its radius is 130
angstrom units (10-8 centimeter). (For
comparison the binding energy of the
hydrogen atom is 13.6 electron volts
and its radius is .5 angstrom; the typi-
cal spacing between atoms in a crystal
is from three to five angstroms.) At or-
dinary temperatures the thermal vibra-
tions of the lattice are violent enough to
overwhelm the weak excitonic bond. To
produce excitons in a significant quan-
tity it is usually necessary to cool the
semiconductor to within a few tens of
degrees above absolute zero.

How can one detect the excitonic en-
ergy levels? One way is to measure
the amount of light that is transmit-
ted through a semiconductor crystal for
each color of incident light. A number
of dark lines are observed in the spec-
trum of light transmitted by the crystal.
Each line is caused by the conversion of
light into excitons in a distinct energy
state. The photons that cause the tran-
sitions are absorbed by the crystal and
so the position of the dark lines in the
spectrum of the transmitted light gives
the color and hence the energy of the
absorbed light.

A classic example of an absorption
spectrum that gives the energy struc-
tures of excitons is the spectrum of cu-
prous oxide. As many as eight different
exciton absorption lines are observed,



which form a converging series similar
to the lines in the spectrum of monatom-
ic hydrogen. The absorption spectrum
gives the binding energy of the exciton
in cuprous oxide: it is .14 electron volt,
which corresponds to an exciton radius
of 10 angstroms.

Another way to extract information
about excitons is to detect the light they
emit. Once an exciton is formed it does
not live forever. The electron eventually
drops back into the hole, a photon is
emitted and the exciton vanishes. The
process is called recombination. The
probability of recombination varies a
great deal from crystal to crystal, de-
pending on detailed characteristics of
the valence band and the conduction
band. In pure crystals the exciton life-
time ranges from nanoseconds to mil-
liseconds.

By analyzing the spectrum of the lu-
minescent photons emitted in recombi-
nation one can reconstruct the energy
distribution of a collection of excitons.
Suppose, for example, a crystal of cu-
prous oxide is illuminated with green
light, whose energy exceeds the ener-
gy of the band gap. Remember that in
these circumstances the crystal emits a
characteristic red light. The emission is
caused by the recombination of excitons
in the ground state, the exciton state of
lowest energy. The light is not, however,
emitted at a single frequency; it includes
a range of frequencies whose width in-
creases as the temperature of the crystal
is raised. The range of emitted frequen-
cies corresponds to the range of exci-
ton energies present in the crystal at the
time of recombination. Since the total
energy of the exciton is determined by
the band-gap energy, the binding en-
ergy and the kinetic energy associated
with the motion of the center of the ex-
citon mass, the range of emitted fre-
quencies gives the distribution of kinet-
ic energy, and thus the distribution of
velocity, for the excitons.

The luminescence spectrum of cu-
prous oxide shows unequivocally that
the excitons must be in motion within
the crystal. The distribution of the exci-
ton velocities agrees well with the distri-
bution of the velocities of ordinary at-
oms in a low-density gas. In other words,
at low densities a group of excitons can
be viewed as a gas of particles confined
inside a solid medium!

In order to understand the motion of a
gas of excitons think first about a gas
that can be seen, such as the steam ema-
nating from the spout of a kettle about
to boil. The steam diffuses from the
spout into the surrounding air and even-
tually is dissipated. Similarly, the exci-
tons created at a crystal surface by pho-
tons migrate into the crystal and eventu-
ally recombine. The migrating excitons
carry no electric charge because they are
neutral, but they do transport energy,
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LUMINESCENCE SPECTRUM emitted as excitons re-
combine from their ground state in cuprous oxide makes
it possible to infer the distribution of the kinetic ener-
gies of the excitons just before recombination. The ener-
gy of recombination is the energy of the ground state and
the kinetic energy of the exciton. The width of the spec-
trum narrows as the crystal temperature is lowered, which
shows the distribution of kinetic energies also narrows.
Data are from Dani¢le Hulin, André Antonetti and one
of the authors (Mysyrowicz) at the University of Paris.
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and the energy is released when the elec-
tron and the hole recombine. It is worth
noting that excitons are also observed
in living matter. The migration of exci-
tons in living matter may be an im-
portant mechanism of energy transport
for photochemical reactions such as
photosynthesis.

What does the motion of an exciton
gas look like on a microscopic scale?
The exciton luminescence spectrum in-
dicates that the excitons are in thermal
equilibrium with the atoms in the crys-
tal. To achieve the equilibrium the exci-
tons must be able to exchange their ki-
netic energy with the vibrational energy
of the lattice. In other words, each exci-
ton must scatter from the thermally vi-
brating atoms, and so one might expect
it undergoes random, Brownian motion.
It can be shown that the average radial
distance traversed by such a particle in
time ¢ is proportional to the square root
of #; hence the average cross-sectional
area of a cloud of gas expanding from
a central point is proportional to the
elapsed diffusion time #. The constant
of proportionality is called the diffu-
sion constant.

How is the diffusion constant mea-
sured for a gas of excitons? The basic
experimental idea is to create the exci-
tons at a point on the surface of a crystal
with a pulse of laser light say 100 nano-
seconds long. A “snapshot” of the exci-
ton luminescence is then made at vari-
ous times during the expansion of the
gas. The effective shutter speed re-
quired for such a snapshot is about 10,-
000 times faster than the fastest shutter
speed of an ordinary camera, and the
amount of light emitted by the excitons
in that time is minuscule. Thus in order

to make the snapshot it is necessary to
count individual luminescent photons
with a photomultiplier tube.

The photon pulses are electronically
selected from 100-nanosecond intervals
centered on various times after each la-
ser pulse. The procedure is repeated
about a million times; each laser pulse
creates a new cloud of excitons that dif-
fuses and decays before the next pulse is
generated. For each pulse the number of
photons emitted from a small region of
the crystal is recorded by a computer,
and so a picture of the luminescence
from different regions of the crystal is
built up region by region.

he resulting image of the exciton lu-
minescence for a given time inter-
val after the laser pulse can be dis-
played on a television monitor. When
the cross-sectional area of the bright re-
gion of luminescence is plotted against
time, the area is found to increase in
direct proportion to the time elapsed
after the pulse. This relation shows that
the excitons diffuse like a dilute gas of
atoms. The diffusion constant for an
exciton gas, however, is much larger
than it is for an ordinary atomic gas.
In cuprous oxide, for example, the dif-
fusion constant is 1,000 square centime-
ters per second at a temperature of 1.2
degrees Kelvin (degrees Celsius above
absolute zero), whereas for nitrogen
molecules in the air at room tempera-
ture it is about .2 square centimeter per
second. The extremely fast diffusion of
the exciton is a result of its small mass
and its relatively infrequent scattering
by other particles at low temperatures.
Another informative means of charac-
terizing the motion of the exciton is to

DIFFUSION OF EXCITONS created near the surface of a crystal of cuprous oxide is shown
in two stages. As the exciton gas expands into the crystal some excitons recombine and give oft
a characteristic luminescence. The intensity of the luminescence was measured by a photomul-
tiplier for each small picture element in the two images above. At the left the expansion is
shown 200 nanoseconds (billionths of a second) after excitation by a laser beam at the left edge
of the crystal; at the right the expansion is shown after 600 nanoseconds. The diffusion con-
stant, which measures the rate at which the exciton gas expands into the crystal, can be deter-
mined from the images; because of the low exciton mass, the exciton diffusion constant is high-
er than that of any known atomic or molecular gas. The images were obtained by Trauernicht.
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measure its mobility. When a force is
applied to an exciton, Newton’s second
law of motion requires that the exciton
be accelerated through the crystal in in-
verse proportion to its effective inertial
mass. Collisions between the exciton
and the thermally vibrating atoms of the
lattice, however, constantly change the
direction of motion of the exciton. The
exciton must therefore begin accelerat-
ing again each time it is scattered. For a
given field of force it can be shown that
the exciton must attain some average
drift velocity along the field whose mag-
nitude is proportional to the strength of
the field. The mobility of a continually
scattering particle is therefore defined as
the ratio of the drift velocity of the parti-
cle to the force applied. Mobility is com-
monly measured for a charged particle
such as the electron in an electric field,
and the force on such a particle is mea-
sured in volts per centimeter. Hence mo-
bility is usually expressed in centimeters
squared per volt per second.

In order to measure the mobility of
the exciton one must determine its ve-
locity under an applied force. Obvious-
ly the force cannot be derived from an
electric field because the exciton is elec-
trically neutral. The trick is to apply
an external stress to the semiconductor
crystal. The stress lowers the band-gap
energy of the crystal and so reduces the
energy of the exciton. If a gradually
increasing stress is imposed across the
crystal, the exciton can lower its energy
by moving from a region of low stress
to one of higher stress. The energy gra-
dient, or change in the energy of the
exciton per unit distance, is the force
on the exciton.

Stress-induced energy gradients have
been applied to measure the mobility of
the exciton in silicon, germanium and
cuprous oxide. The crystal is pressed at
the center of one of its polished surfaces
by the rounded end of a rod. The stress
in the material is maximized inside the
crystal a few tenths of a millimeter un-
der the contact point. Excitons generat-
ed by light shining on an adjacent sur-
face of the crystal stream toward this
high-stress region, and a few of them
recombine along the way. The force on
the exciton can be determined by plot-
ting the shift in the frequency of the light
emitted by excitons against their posi-
tion in the crystal. The spectral shift for
a unit displacement is equivalent to a
change in the band-gap energy for that
displacement, and this ratio is the force
on the exciton.

Astriking example of exciton drift is
shown in a photograph of a silicon
crystal [see illustration on opposite page).
The crystal was cooled to about 10 de-
grees K. and then excited by a contin-
uous laser beam. A vidicon television
camera sensitive to infrared radiation



ENERGY OF THE EXCITON can be changed from region to re-
gion across a crystal by putting pressure on the surface of the crystal
with the rounded end of a stress rod. The resulting energy gradient,
or change in the energy of the exciton per unit distance in the crystal,
is a force that tends to drive the exciton to the regions of lower energy.
In the photograph at the left, which was made by Paul L. Gourley
and one of the authors (Wolfe) at Illinois, the stress rod presses down
on the center of the top surface of a crystal of silicon. The potential
well, or region of lowest potential energy for the exciton, lies just un-
der the stress point, as it does in cuprous oxide; the luminescence that
signals the flow and pooling of the excitons, however, is in the infra-

STRESS ROD

red region of the spectrum, and so it was recorded by a television cam-
era sensitive to infrared radiation and then converted to a visible im-
age on the screen of a cathode-ray tube. The recombination frequen-
cy of the excitons is reduced as they move to regions of lower energy.
The diagram at the right shows contours of constant potential energy
that were calculated by Robert S. Markiewicz at the University of
California at Berkeley. Regions of decreasing exciton potential en-
ergy for the crystal in the photograph are shown from violet through
blue, green, orange and progressively darker shades of red, which
represent the decreasing frequency of the infrared radiation emit-
ted when pairs of electrons and holes recombine in these regions.

recorded the exciton luminescence at a
wavelength of 1.2 micrometers, which
corresponds to a photon energy about
half that of yellow light. The path of the
exciton drift is clearly observable be-
cause the strain gradient, or change in
the stress per unit distance, can be quite
steep in silicon. In order to make the
photograph a force corresponding to
about 100 kilograms was applied to the
silicon crystal over an area of a square
millimeter; such a pressure would crush
many other semiconductor crystals in
which excitons can be generated, such as
cuprous oxide.

The drift velocity of the excitons is
determined by pulsing the laser excita-
tion light and then observing the peak of
the exciton distribution at various times
as it drifts into the crystal. The drift ve-
locities of excitons in highly purified
crystals maintained at 1.5 degrees K.
vary from 100 to 1,000 meters per sec-
ond, and so the calculated mobilities are
on the order of 106 to 107 centimeters
squared per volt per second. For com-
parison the drift velocity of the elec-
trons that make up an electric current of
one ampere in a copper wire one milli-
meter in diameter is less than .1 millime-
ter per second. In other words, if the
electrons in the wire could drift at the

same velocity as the excitons drift in a
crystal, the current in the wire would
be nearly 10 million amperes. At room
temperature the mobility of the elec-
trons in the wire is about 40 centimeters
squared per volt per second, which is
about five orders of magnitude less than
the mobility of the exciton.

In all semiconductors studied so far
the mobility of the excitons in a crystal
increases dramatically as the tempera-
ture of the crystal is lowered. Such a
relation between mobility and tempera-
ture is additional confirmation that the
excitons are scattering from the crys-
tal lattice: as the crystal temperature
is lowered the amplitude of the lat-
tice vibrations is reduced, and so the
time interval between scattering events
should increase. Drift measurements
can therefore yield microscopic infor-
mation about the motion of excitons. For
example, the exciton in cuprous oxide
at 1.5 degrees K. must travel about 30
micrometers between each scattering
event, an enormous distance on the
atomic scale. The exciton is clearly an
extremely mobile particle.

l ] ow do excitonsreact to the presence

of other excitons? The probability
of interactions among excitons can be
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increased by turning up the power of the
incident laser, thereby increasing the
density of the exciton gas. In this context
it is again fruitful to pursue the analogy
between the exciton and the hydrogen
atom. Even though the hydrogen atom
is electrically neutral, the atoms in a gas
have a strong tendency to combine and
form molecular hydrogen (H,). Each
atom acts like an electric dipole, and
two electric dipoles attract each other
just as two magnetic dipoles do. Because
of this attraction, the energy of the hy-
drogen molecule is lower than that of
two separated atoms.

The energy of two excitons can simi-
larly be reduced if they form an exciton-
ic molecule, or biexciton. Because the
biexciton is made up of four particles of
similar mass, the molecule was original-
ly predicted to be only marginally sta-
ble. Nevertheless, biexcitons have been
detected in such crystals as silicon, ger-
manium, copper chloride, silver bro-
mide and cadmium sulfide.

A common method of creating biexci-
tons is to generate excitons in such copi-
ous quantities that they bind together.
The presence of biexcitons is often sig-
naled by a new luminescence line. The
energy of the photons that give rise to
the new line islower than that associated
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BIEXCITON, or excitonic molecule, is created when two laser beams that have the same fre-
quency converge in a thin crystalline film. Each beam by itself would pass relatively unattenu-
ated through the crystal, but the interaction of the two beams with the crystal can lead to ab-
sorption at a frequency equal to the sum of the frequencies of the beams. The absorption takes
place when the frequency of each beam is adjusted to correspond to half of the total energy of
the biexciton. The biexciton is a bound state of two electrons and two holes that forms because
its energy is lower than that of two free excitons. It decays when one electron-hole pair recom-
bine and the second pair form an ordinary exciton. The second pair recombine shortly there-
after. The diagrams follow the same conventions as the ones in the illustration on page 100.
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with the recombination of a single exci-
ton. Hence the line could arise when an
electron-hole pair in a biexciton recom-
bine and leave a free exciton behind.
Moreover, in silicon and germanium the
intensity of the new luminescence line
increases as the square of the intensity
of the exciton luminescence. This in-
crease is precisely what is expected for
biexcitons, because the probability of
creating a biexciton increases as the
square of the exciton density.

Although biexcitons are often gener-
ated simply by increasing the density of
excitons, they can also be produced by
direct optical excitation. One method
requires the simultaneous absorption of
two photons, each one adjusted to pre-
cisely half the energy of the biexciton.
Since the biexciton is made up of two
bound electron-hole pairs, the total en-
ergy of the two photons must be equal to
the energy of two free excitons, less the
binding energy of the biexciton [see illus-
tration at leff]. When this resonant con-
dition is met by adjusting the laser
frequency, a strong absorption line is
observed. The line is quite special: it ap-
pears only when the intensity of the inci-
dent light is high. In a crystal of copper
chloride one micrometer thick a laser
beam with a power of one megawatt is
needed to cause 10 percent of the pho-
tons to be absorbed. Compared with
other processes in solids that involve the
absorption of two photons this optical
effect is quite strong.

What about other phases of exciton-
ic matter, analogous to the liquid
and solid forms of molecular hydrogen
found at low temperatures? So far nei-
ther a molecular liquid nor any solid
phase of excitonic matter has been ob-
served. On the other hand, a new phase,
not observed in hydrogen, has been
found in a number of crystals. As the
temperature of such a crystal is reduced
to a few degrees above absolute zero a
broad range of luminescent frequencies
is emitted; neither exciton nor biexci-
ton recombination can account for the
range of frequencies or for the frequen-
cy of the most intense light within the
range. Moreover, it has been found that
the density of the particles that give rise
to the emission is much higher than it is
in an exciton gas.

An elegant way to demonstrate the in-
crease in density experimentally is based
on a method similar to the one applied
to measure exciton drift. Remember
that as a crystal is stressed by the round-
ed end of a rod a region of maximum
shear stress is set up inside the crystal. A
similar effect is well known to those who
design ball bearings: a ball bearing un-
der extreme stress fractures from the in-
side because the point of highest stress is
inside the ball. Since the band-gap ener-
gy decreases with increasing stress, a



“potential well,” or region of minimum
potential energy for the exciton, is
formed in the crystal. The potential well
traps the excitonic matter and confines
it. In experiments with silicon it has been
found that the appearance of the new
luminescence peak emitted from the po-
tential well is accompanied by an abrupt
decline in the volume of the emitting
region of the well. In other words, the
density of the particles confined by the
potential well is increased.

Why are the energies of particles in
the condensed phase distributed over
such a large range? To understand this
phenomenon the statistical properties of
excitons must be examined more close-
ly. Atafundamental level all particles in
nature can be classified into two major
groups according to their spin. The spin
of a particle is like the spin of a ball,
except that in quantum mechanics spin
is defined only for discrete values. A
particle whose spin is an integer is called
a boson, and a particle whose spin is an
integer plus 1/2 is called a fermion.

Both the electron and the hole have
spin 1/2, and so they are fermions. An
exciton, which is made up of two spin-
1/2 particles, has integral spin, and so it
is a boson. At high densities a collection
of fermions has quantum-mechanical
properties quite different from those of
a collection of bosons. According to the
exclusion principle, first formulated by
Wolfgang Pauli, only one fermion can
occupy aquantum-mechanical state ata
time. On the other hand, there is no limit
to the number of bosons that can occupy
a given state.

he distinction between fermions and

bosons is particularly important at
low temperatures, where the particles
tend to occupy the lowest energy states
available. If the temperature is reduced
for a collection of fermions, the states of
lowest energy fill up without multiple
occupancy. Hence even at absolute zero
a collection of fermions must have a
broad range of energies; the occupied
state with the highest energy depends on
the density of the fermions.

It is this fermionic property of elec-
trons and holes that accounts for the
broad range of low-temperature lumi-
nescence in silicon. The width of the
spectral range narrows only slightly as
the temperature is reduced, which indi-
cates that the excitons have dissociated
into electrons and holes that fill all the
available states according to the exclu-
sion principle. The measured width of
the spectral range gives the density of
the particles in the condensed phase; for
electrons and holes confined at the bot-
tom of a potential well in silicon the den-
sity is 3 X 1017 particles per cubic centi-
meter, or one-millionth of the atomic
density of the crystal. This fluid of fer-
mions is called the electron-hole liquid.
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BIEXCITON GAS AND A LIQUID PHASE made up of electrons and holes can be detected
from the luminescence spectrum of excitonic matter confined to a potential well in a crystal of
silicon. The potential well is the stress-induced region of lowest energy in the crystal shown in
the illustration on page 103. At the highest temperature for which the spectrum is plotted ex-
citons predominate in the potential well. As the temperature is lowered a distinct peak of lu-
minescence from biexcitons is observed, shifted from the energy of the excitons by an amount
equal to the binding energy of the biexciton. At the lowest temperatures a broad peak appears,
which signals the condensation of the excitons and biexcitons into the liquid phase. The open
circles indicate theoretical values of the intensity. Data were collected by Gourley and Wolfe.

In germanium a single large droplet of
pure electron-hole liquid up to a mil-
limeter in diameter has been observed
and studied by various means. Because
the liquid is made up of free charge car-
riers, it has an electrical conductivity
comparable to that of copper wire.

In crystals without external stress the
electron-hole liquid collects into much
smaller droplets. The size of the drop-
lets has been estimated in germanium
by measuring their scattering of infra-
red laser radiation. They are about five
micrometers across, which corresponds
to 100 million electron-hole pairs per
droplet. Typically the droplets form a
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cloud surrounding the excitation point
on the surface of the crystal and inside
the exciton gas.

The cloud of droplets is like a fog of
liquid particles, but it does not remain
at rest. The droplets nucleate like water
droplets in the atmosphere; they have a
weak but finite surface tension equal to
about a millionth of the surface tension
of water. Moreover, they can be pushed
through the crystal by a “wind” of pho-
nons: the particlelike quanta of vibra-
tional energy in the atomic lattice. For
example, a nonuniform wind of pho-
nons propagates through the crystal
from the laser-excitation point, and the
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wind blows the cloud of electron-hole
droplets farther in some directions than
in others. The study of interactions of
the phonons with the droplets has led
to a better understanding of phonon
propagation at low temperatures.

Not all excitons in semiconductors
can condense into electron-hole
liquids. The excitons in cuprous oxide,
for example, are predicted to remain in
the gas phase even at high densities, and
neither biexcitons nor an electron-hole
liquid has been observed. In copper
chloride biexcitons can form, but no lig-
uid has been observed. If the excitons in
these crystals remain in the gas phase,
the width of the spectral range that sig-
nals exciton recombination should nar-
row as the temperature is decreased,
because the excitons are bosons and bo-
sons tend to fill up the states of lowest
energy. Indeed, if the concentration of a
gas of bosons exceeds a critical value,
which depends on the temperature and
the mass of the boson, all particles add-
ed to the gas are predicted to condense
into a nearly motionless state of mini-
mum energy. The effect, which is based
on a theory formulated for massless
photons in 1924 by the Indian physicist
S. N. Bose and subsequently generalized
by Einstein for particles with mass, is
called Bose-Einstein condensation.

It is not yet possible to state without
reservation that Bose-Einstein conden-
sation has been observed. Many people

believe the condensation can account
for the sudden drop in viscosity and for
the other properties of a superfluid: the
state entered into by liquid ‘helium at
a temperature near absolute zero. Be-
cause of the strong interactions among
the particles in a liquid, however, it is
difficult to describe theoretically how
Bose-Einstein condensation takes place
in helium 4, the isotope of helium that
becomes superfluid at 2.17 degrees K.
Many investigators have sought instead
to observe the effect in a dilute gas, for
which the theoretical model is much
more straightforward.

A Bose-Einstein condensate, if it ex-
ists, represents an entirely new state of
matter, and so its properties may be ex-
otic. For example, it is quite different
from the spatially condensed states of
matter, the solid and the liquid phase;
indeed, the term condensation refers
only to the aggregation of the bosons in
low-energy states. The behavior of the
particles is coherent over macroscopic
distances, much like the coherent mo-
tions of the pairs of electrons that carry
electric current without resistance in a
superconducting metal.

For a given density in a gas the small-
er the mass of the particle, the higher the
critical temperature for Bose-Einstein
condensation. The critical temperature
for atomic hydrogen, the lightest ele-
ment in the periodic table, is slightly less
than .1 degree K. for a gas density of
1019 atoms per cubic centimeter. At that
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VOLUME OF THE LIGHT-EMITTING REGION of the potential well associated with each
peak in the luminescence spectra shown in the illustration on the preceding page confirms the
presence of the biexciton gas and the electron-hole liquid. The graphs show that exciton lu-
minescence is emitted from the greatest volume. Because the mass of the biexciton is twice the
mass of the exciton, it is predicted that the luminescence from biexciton decay (open circles in
color) should be emitted from a region whose diameter is /272, or about .7, times the diam-
eter of the region associated with exciton decay (open circles in black). The graphs show the
data are in accord with the prediction. The volume of the region that emits luminescence char-
acteristic of the electron-hole liquid is even smaller (broken curve), which indicates conden-
sation from the gas to the dense, liquid phase. The data were collected by Gourley and Wolfe.
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density Bose-Einstein condensation is
generally precluded for hydrogen be-
cause the hydrogen atoms readily com-
bine to form diatomic molecules. Nev-
ertheless, promising efforts are being
made to generate a high-density gas of
atomic hydrogen by aligning the spins of
the atoms magnetically. Nearly all other
elements solidify before reaching the
extreme conditions of temperature and
density necessary for Bose-Einstein con-
densation. Because of the small mass
of the exciton, however, Bose-Einstein
condensation of an exciton gas whose
density is 1019 particles per cubic centi-
meter is expected to take place at ap-
proximately 100 degrees K., a much
higher temperature than that expected
for any atomic system.

here are now several sources of evi-

dence for the Bose-Einstein conden-
sation of an exciton or biexciton gas. If
the density of excitons in cuprous oxide
at two degrees K. is gradually increased,
the luminescence spectrum begins to de-
part from the spectrum predicted by the
classical distribution of the particle ve-
locities. In contrast the velocity distribu-
tion obtained by assuming the excitons
are on the threshold of Bose-Einstein
condensation fits the data quite well.
Workers in the U.S.S.R. also report that
the range of emitted photon energies sig-
naling exciton recombination in germa-
nium narrows as the exciton density is
increased. The finding is consistent with
predictions for the behavior of a gas of
bosons near the threshold of Bose-Ein-
stein condensation.

Finally, at high densities a gas of biex-
citons in copper chloride shows anoma-
lies in its luminescence spectrum. Biex-
citons are created directly in a low-ener-
gy state by resonant-light excitation. At
temperatures below 30 degrees K. and
densities above 1018 particles per cubic
centimeter a sharp recombination line
appears in the spectrum, which indicates
that most of the biexcitons are decaying
from a low-energy state. If this system
is probed by adding biexcitons to it
through nonresonant excitation, the bi-
excitons are drawn into the occupied
low-energy state. On the other hand, if
there are no resonant biexcitons already
present in the system, the probe biexci-
tons acquire a non-quantum-mechani-
cal velocity distribution.

Although this result strongly suggests
a Bose-Einstein condensate is present in
the crystal, it can still be argued that the
effects are observed only because the
initial resonant excitation forces all
the biexcitons into the same low-energy
state. What one would like to see, and
what has not yet been observed, is the
Bose-Einstein condensation of a gas
that is initially in thermal equilibrium.
It would not be surprising, however, if
an exciton gas became the first physi-



cal system to exhibit the condensation
unequivocally.

he study of exciton interactions ex-
plores domains of temperature,
pressure, light intensity and time scale
that are currently at the limits of experi-

ment. Moreover, excitons are observed
in a wide variety of materials: in addi-
tion to the semiconductors and the bio-
logical systems we have mentioned they
are found in insulators, in organic crys-
tals and in the manmade periodic struc-
tures called superlattices. Newly devel-

oping tools such as lasers capable of
generating pulses as brief as a fraction
of a picosecond will enable workers to
probe the dynamics of excitons with
even better resolution in time. In such
domains new phenomena are almost
sure to be found.
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INDISTINGUISHABILITY OF ELEMENTARY PARTICLES ac-
counts for the difference between the quantum-mechanical and the
semiclassical, or non-quantum-mechanical, distributions of particles
among available energy states. In the semiclassical distribution each
particle must occupy one of several quantized energy states, but be-
cause the particles are distinguishable, they can be distributed among
the energy states in more ways than they can in the quantum distribu-
tions. For example, if two distinguishable particles can both fit in any
one of three states, there are nine ways they can be arranged. If only
one particle can fit in a state, there are six ways to arrange the parti-
cles (/eft). In quantum distributions all particles of a given kind are in-
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BOSE-EINSTEIN CONDENSATION may account for the anoma-
lous shape of the two luminescence spectra shown here. The conden-
sation is predicted from the quantum-mechanical distribution of ex-
citons and biexcitons, which are both classified as bosons, among the
energy states available to them at low temperatures. At the left is the
luminescence spectrum for a dense gas of excitons in cuprous oxide.
The distribution of the particle velocities that can be inferred from
the spectrum (color) closely matches the distribution predicted by
Bose-Einstein statistics (open circles). The semiclassical distributions
shown for two possible temperatures (black) can fit portions of the
observed spectrum, but the overall match is not as precise as it is if
Bose-Einstein statistics is assumed. The data were collected by Hulin,

distinguishable. For bosons, which can occupy the same energy state,
three out of the six possible arrangements of the particles are made
up of multiply occupied states, a higher proportion than three out of
nine (fop right). At low temperatures, for which the number of parti-
cles is comparable to the number of available energy states, this prop-
erty of the quantum distribution of bosons effectively confines a high-
er proportion of the particles in the states of lowest energy than the
proportion predicted by the semiclassical distribution. For fermions,
no two of which can occupy the same energy state, there are only
three ways to arrange particles among the three energy states, instead
of the six predicted by the semiclassical distribution (bottom right).

INTENSITY OF LUMINESCENCE —>

0 5 10
BIEXCITON KINETIC ENERGY (MILLIELECTRON VOLTS)

Claude Benoit a la Guillaume and Mysyrowicz at Paris. At the right
is the luminescence spectrum for a biexciton gas in copper chloride
(CuCl). The black curve is the spectrum obtained from a relatively
rarefied gas of biexcitons generated by a laser at low power, and it
agrees well with the velocity distribution of the biexcitons that is cal-
culated from a semiclassical distribution (open circles). The colored
curve is the spectrum obtained at higher laser power; it shows a large
increase in the biexciton luminescence at low energy. The spectral
peak is sharp, which indicates all the biexcitons have nearly the same
kinetic energy. Such a spectrum is expected from a Bose-Einstein
condensate. The data were collected at Indiana University by Lloyd
L. Chase,Nasser Peyghambarian, Gilbert Grynberg and Mysyrowicz.
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Muscle Sounds

Contracting muscle generates distinct sounds that are not heard only

because the human ear is insensitive to low frequencies. Such sounds

are now studied for their possible usefulness in science and medicine

cles of the body are continually con-

tracting and relaxing. Strange as it
may seem, as they do so they generate
sound. Since this sound is not heard
under ordinary conditions, you may be
skeptical. If you are, put both thumbs
gently in your ears and make a fist. You
will hear a low rumble. The tighter you
make the fist, the louder the sound will
be. What you are hearing is the sound
made by the muscles of the forearm as
they contract.

Muscle sounds are normally inaudi-
ble because the human ear is insensitive
to low-frequency sound. The main fre-
quency of muscle sounds is 25 hertz (cy-
cles per second), which is near the lower
limit of hearing. Although the existence
of such sounds has been known for cen-
turies, physiologists and physicians have
for the most part considered them a nui-
sance. Recent developments in comput-
er science and medical instrumentation,
however, have made it possible to in-
vestigate muscle sounds in detail. The
results are most interesting. Work I
have been doing with the new methods
suggests the sound is generated by the
muscle fibers as the muscle contracts. It
could well be that such effects will yield
a better understanding of muscle physi-
ology, of muscle pathologies (including
those of the heart) and even of certain
kinds of animal communication.

The first account of hearing muscle
sounds through the thumbs in the ears
was written by Francesco Maria Gri-
maldi, an Italian Jesuit, in his book Phy-
sicomatheis de lumine. That work, pub-
lished two years after Grimaldi’s death
in 1663, is a treatise on light. Grimal-
di is best known for having discovered
the diffraction of light, but he was also
interested in acoustics. He attributed
the rumbling muscle sound to “the hur-
ried motions of animal spirits.” Ever
since the time of Galen, the second-
century Greek physician, it had been
generally agreed that voluntary move-
ments were governed by a fluid—animal
spirits—emanating from the brain. After
Grimaldi’s death the subject of muscle

In an awake human being the mus-
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by Gerald Oster

sounds was largely ignored for a centu-
ry and a half.

It was taken up again by the British
physicist, chemist and physician Wil-
liam Hyde Wollaston. In the Croonian
Lecture to the Royal Society of London
in 1810 Wollaston compared the sound
in Grimaldi’s demonstration to the dis-
tant rumble of carriages moving over
the cobblestone streets of London early
in the morning. Wollaston exploited the
comparison in a remarkably literal man-
ner in order to determine the frequency
of the muscle sound. He had his carriage
driven through the streets at various
speeds until the noise matched the rum-
bling he heard through his thumbs.
When the carriage was moving at eight
miles per hour, it gave off a sound that
closely resembled the one coming from
the forearm muscles.

he regular design of the London

streets helped Wollaston considera-
bly. In 1810 the cobblestones of London
were a uniform six inches across. Eight
miles per hour is 11.7 feet per second,
and so the carriage wheels were hitting
a little more than 23 cobblestones per
second. Wollaston concluded that the
frequency of the muscle sound is about
23 hertz.

With a simple stethoscope consisting
of a wood stick attached to a small pil-
low against which he put his ear Wollas-
ton made two additional observations.
He noted that all the muscles of the
body emit the same rumbling sound
regardless of their size. In addition he
found the sound did not change with
the force exerted unless the force was
very large. With such a force the sound
emitted by the muscle seemed to be of
a slightly higher pitch.

After 1810 muscle sounds were again
ignored for more than 150 years, except
for occasional references in scientific
publications to their presence as noise
that interfered with listening to other
sounds in the body. My interest in mus-
cle sounds was aroused in the course of
investigating congenital heart defects in
infant rats whose mothers had been ex-

© 1984 SCIENTIFIC AMERICAN, INC

posed to certain chemicals while they
were pregnant. To listen to the sounds of
the rat heart it was convenient to use an
electronic stethoscope.

The electronic stethoscope amplifies
low-frequency sounds. The rats were
lightly tranquilized to make them man-
ageable, but their legs occasionally
twitched. When they did, the muscle
contractions were accompanied by a
loud rumble in the earpieces of the
instrument.

At first I supposed muscle sounds
must be widely known. After study-
ing the scientific and medical literature
and finding they had been largely over-
looked, I decided to study them with
modern instrumentation. I enlisted as a
collaborator Joshua S. Jaffe, then a stu-
dent trainee at the Mount Sinai School
of Medicine in New York.

It is not surprising that physicians
have paid little attention to muscle
sounds. The mechanical stethoscope,
the device most widely employed to lis-
ten to sounds in the body, is useless for
working on muscle sounds. It is valuable
for detecting sounds with a frequency of
from 75 to 200 hertz, such as heart mur-
murs or lungrales. Because of its design,
however, it filters out most of the sound
with a frequency of less than 50 hertz.

Moreover, the small amount of low-
frequency sound that does pass through
the mechanical stethoscope is almost in-
audible because human hearing is not
sensitive to low-frequency tones. For
example, human beings are only about
a ten-thousandth as sensitive to a 25-
hertz tone as they are to a 250-hertz one.
Most audiologists consider 20 hertz to
be the lower limit of human hearing;
below about 30 hertz sound loses its
tonal quality and can be described by
the listener only as a deep rumble.

The electronic stethoscope is an excel-
lent means of overcoming such difficul-
ties. Its key component is a microphone
that acts as a transducer to convert pres-
sure waves, such as the waves that car-
ry sounds to the ear, into electric sig-
nals. The microphones in most electron-
ic stethoscopes rely on a piezoelectric



e, FAST-FOURIER-TRANSFORM DEVICE

.'/
|
]
\
._\‘
”
f
II
/
120
100 /T\
£ 80 ]' il |
w
Zz
@ |
._
= 60
w
>
o 40 \___ -
o
20 _ '\\\\-
0 l [ .
0 25 50 75 100 125 150

FREQUENCY (CYCLES PER SECOND)

ELECTRONIC STETHOSCOPE was employed by the author to de-
tect low-frequency sounds from contracting muscles. The upper pan-
el in this illustration shows the setup in a typical muscle-sound ex-
periment. The subject (right) holds a weight in his hand and the mi-
crophone of the electronic stethoscope is taped to his biceps. The
observer (/eft) listens to the amplified muscle sounds in the earpieces
of the stethoscope. The electric signal from the stethoscope is proc-

essed by the computer program known as the fast Fourier transform.
The transform yields the spectrum of the muscle sound: the power
density as a function of frequency. The spectrum is recorded on pa-
per. The lower panel in the illustration shows the spectrum of two
muscle sounds, one made with a five-kilogram weight held in the
the hand (t0p) and the other with a two-kilogram weight (bottom).
The sound has a maximum intensity at 25 hertz (cycles per second).
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ELECTRIC SIGNAL from the electronic stethoscope changes dramatically when the mus-
cles of the arm contract. The illustration shows a record of the signal received from a micro-
phone attached to the flexor carpi radialis muscle, which is in the forearm. At the beginning
of the trace (/eft) the arm was relaxed. When the hand was made into a fist and the muscle
contracted (arrow), the amplitude of the signal, measured in millivolts, increased sharply.

crystal, which can convert pressure im-
pulses directly into electricity.

A well-designed electronic transducer
can respond uniformly to all frequen-
cies up to about 1,000 hertz. The signal
from the crystal is modified by solid-
state circuits to amplify tones with the
desired frequencies. In the work on
muscle sounds all tones from 15 hertz
to 100 hertz were so amplified. The re-
sulting signal can be converted back
into sound in an earpiece or can be
processed to yield a visual image like
the one on an oscilloscope.

Ithough the electronic stethoscope
clearly has advantages over the me-
chanical stethoscope, it does have one
disadvantage. It is that the device ampli-
fies not only the sounds from the mus-
cles but also background noises made
by air conditioners, automobile traffic
and even footsteps. Such low-frequency
background noises are not easy to fil-
ter out. The frequency of sound waves
is inversely proportional to the wave-
length, and the size of the filter neces-
sary to block the sound increases with
the wavelength. Sounds with a high
frequency, such as speech, jet-airplane
noise or a police siren, have a short
wavelength and are readily absorbed by
building materials. Sounds with a fre-
quency of less than 100 hertz are much
harder to eliminate. For example, tones
with a frequency of 20 hertz have a
wavelength of 50 feet, and preventing
them fromreachingthe electronic stetho-
scope would require a filter as large as a
building.
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Since such extraneous low-frequency
sounds cannot be kept away from the
microphone, the output of the stetho-
scope includes a random component—
noise—in addition to the muscle sound.
Hence a method is needed to separate
the useful information from the noise.
I turned to the mathematical method
known as autocorrelation. The autocor-
relation of random vibrations is a meth-
od formulated by G. I. Taylor of the
University of Cambridge for analyzing
turbulence in fluids. The mathematical
details of the method are not relevant
here, but in essence it consists in com-
paring a signal with the same signal dis-
placed in time. The useful information
in the signal has a regular form that is
repeated over time, as is the form of
the pressure waves of the muscle sound.
The background sounds, however, gen-
erally show no such regularity. As a re-
sult when the signal is displaced and
compared with itself, the useful infor-
mation is augmented and the noninfor-
mation is canceled.

It is the autocorrelation procedure
that shows the dominant frequency of
the muscle sound is 25 hertz. It also
shows the muscle sound does not consist
of a single pure tone: it includes a range
of frequencies. The spectrum of a sound
that includes several frequencies can be
defined as the density of power as a
function of frequency. The approximate
spectrum of the muscle sound reaches a
maximum at 25 hertz plus or minus 2.5
hertz. The muscle sound is equivalent to
random noise passing through a filter
that blocks all sound with a frequency
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of less than 22.5 hertz or more than
27.5 hertz.

The question naturally arises of why
the spectrum of the muscle sound was
determined by means of the autocorre-
lation procedure rather than being de-
termined directly from the data gath-
ered with the electronic stethoscope.
The reason is that the calculation of the
spectrum from vibrational data such as
those arising from muscle contractions
would until recently have been prohib-
itively time-consuming and expensive
even with the fastest digital computers.

The calculation of such a spectrum
has now been much simplified by a
computer program written by James W.
Cooley of the IBM Thomas J. Watson
Research Center and John W. Tukey of
Bell Laboratories and Princeton Uni-
versity. The algorithm on which the pro-
gram is based is called the fast Fourier
transform. With it a million calculations
can be replaced by 5,000, a 200-fold sav-
ing in calculation time.

he fast Fourier transform has had a

dramatic effect on work in many sci-
entific disciplines. In the study of muscle
sounds the availability of such a pro-
gram means the exact spectrum of the
muscle sound can be obtained, doing
away with the need to rely on the ap-
proximate spectrum given by autocorre-
lation. In our experiments a machine
capable of doing the fast Fourier trans-
form was connected to the electronic
stethoscope. The machine computed the
spectrum of muscle sound almost simul-
taneously with the muscle contraction.

In a typical experiment the subject
(usually Jaffe) supports a lead weight in
his hand with his palm turned up. The
microphone can be attached to the bi-
ceps. When the weight is held steady to
maintain a constant contraction, the am-
plitude of the muscle sound is directly
proportional to the weight.

The fact that the amplitude of the
sound is proportional to the load implies
that the measurement of muscle sounds
can be utilized to determine how hard
a particular muscle is working. With a
weight supported in the hand the least
sound comes from the biceps when the
angle between the forearm and the up-
per arm is 115 degrees. Weight lifters
have long known this is the angle at
which the arm can support the great-
est weight.

When the body is in the prone posi-
tion, the gastrocnemius, the largest calf
muscle, yields almost no sound. When
the body is in the standing position, the
sound from the gastrocnemius is fairly
loud, and when the weight of the body
is supported on the toes, the sound is
intense. When Jaffe stood on tiptoe,
the intensity of the sound from his gas-
trocnemius was equal to the intensity
of the sound from his forearm support-
ing 15 pounds, which was the max-



imum weight he could hold steadily in
his hand.

When we measured sound from the
muscles of a professional ballerina,
we found she could not hold as much
weight in her hand as Jaffe could. When
she was supporting her weight on her
toes, however, the sound coming from
the gastrocnemius was much intenser
than it was when Jaffe was standing on
his toes. The dancer’s training in stand-
ing on point had apparently led her to
adopt a stance different from the one
Jaffe took up. This suggests that the
measurement of muscle sound can re-
veal which muscles are operating in a
particular physical maneuver.

The soleus is a lower-leg muscle near
the gastrocnemius. I probed it with a
miniature microphone that had a mem-
brane diameter of only half a centime-
ter. When the body was in a normal
standing position, the sound from the
soleus was nearly 10 times as intense as
that from the gastrocnemius. The inten-
sity of sound from the soleus is related
to its physiology and also to its role in
locomotion. The soleus is responsible
for maintaining the angle between the
leg and the foot and therefore makes a
major contribution to the upright hu-
man posture.

In standing, walking or running the
soleus contracts many times over a long
period without fatigue. The other skel-
etal muscles are more easily fatigued,
and it is apparent that the rate of ener-
gy transformation in the soleus is con-
siderably less than the rate in the other
muscles. The endurance of the soleus
results from the fact that it is richly
supplied with mitochondria, the energy-
transducing organelles of the cell. In
the mitochondria oxidative enzymes
produce adenosine triphosphate (ATP),
the universal cellular fuel.

Muscle fibers that have many mi-
tochondria are known as slow-
twitch fibers; fibers with fewer mito-
chondria that can contract rapidly are
known as fast-twitch fibers. It is obvious
slow-twitch fibers are important. in ac-
tivities calling for endurance and fast-
twitch fibers are important in activities
calling for speed. The soleus, which has
a preponderance of slow-twitch fibers,
is more highly developed in champion
marathon runners than it is in sprinters
because sprinting does not call for the
sustained contraction of the soleus. It is
possible that a daily measurement of the
intensity of sound from the soleus com-
pared with the intensity from, say, the
gastrocnemius could serve as a means
of evaluating the training progress of a
marathon runner.

Muscle sounds could be of interest to
students of animal behavior. The sounds
can readily be heard under water. If the
head is under water and a fist is made
near the ear, the muscle sound is faintly

audible. The reason sound can be heard
better in water than in air is that air is
1,000 times less dense than human tis-
sue. Because of the difference in density,
sound is transmitted poorly from one
medium to the other. Since water is
much denser than air, the muscle sound
is transmitted more efficiently.

One of the few fishes that can be heard
above the surface of the water is the
purring gourami (Trichopsis vittatus).
Several other species of fish generate
sound by vibrating their swim bladder,
the inflatable organ that helps to main-
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tain buoyancy. Gouramis emit sound
only when they are making violent and
rapid motions associated with mating.
The sounds do not appear to come from
the swim bladder or from water turbu-
lence, so that it is quite possible their
source is muscular-contraction.

Some sharks are attracted to low-fre-
quency sounds. In 1963 Donald R.
Nelson and Samuel H. Gruber of the
Scripps Institution of Oceanography
showed that lemon sharks move toward
the source of a sound if the sound has
a frequency of from 20 to 50 hertz. If
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ANATOMY OF THE HUMAN LEG is shown in rear and side view. The two main calf mus-
cles are the soleus and the gastrocnemius. In the normal standing position the sound emitted by
the soleus is nearly 10 times as intense as the sound emitted by the gastrocnemius. The soleus
is the muscle responsible for maintaining the angle between the leg and the foot. It consists
mainly of what are called slow-twitch fibers, which can contract many times without fatigue.
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the frequency is outside this range, the
sharks are not attracted.

Nelson, who is now at California
State University at Long Beach, has
gone on to show that intermittent low-
frequency sounds from an underwater
loudspeaker have considerable attrac-
tion for the gray sharks that inhabit
the reefs of the Pacific. The sharks also
move toward the loudspeaker when it
plays a recording of a fish on a hook or
one of a fish in the mouth of a shark. It
seems likely that the sharks are attract-
ed to the intense muscle sounds emitted
by the struggling fish.

Muscle sounds can serve as a channel
of communication even among embry-
os. Margaret A. Vince of the Agricultur-
al Research Council in Britain detected
low-frequency sounds coming from the
eggs of Japanese quail. Working with a
transducer designed specifically for lis-
tening to egg sounds, Vince noted that
the sound begins about four days before
hatching. In order to see the embryo she
made an opening in the shell and cov-
ered it with transparent plastic. Through
the window she observed muscle move-
ments when the rumbling sounds were
emitted. Other evidence suggests the

muscle sounds of one embryo can stim-
ulate other embryos to start their effort
to get out of the shell. Vince has pro-
posed that muscle sounds explain the
fact that eggs in contact with another
egg usually hatch earlier than eggs that
are not in contact.

hat is the source of the muscle

sounds? It appears that the rum-
bling sound originates in the action of
single muscle fibers, in particular the
fast-twitch fibers. For experimental pur-
posesindividual fast-twitch fibers can be
mounted between mechanical supports.
When the fibers are stretched over a
fixed distance and then electrically stim-
ulated, the individual fiber exerts a force
on the supports. The fiber cannot be-
come shorter, but a measurement of the
force exerted on the supports provides
a way of examining its response. Un-
der such conditions fast-twitch fibers
respond in about 40 milliseconds, or a
25th of a second. This is roughly the
time required for the turnover—the uti-
lization and regeneration—of ATP. The
turnover of ATP is thought to control
the chemical reactions underlying the
contraction of muscle. It is notable that

a 25th of a second is the period neces-
sary for one complete cycle of the 25-
hertz muscle tone.

Several workers have shown that
muscle fibers vibrate when the load on
the muscle is changed slightly. Clara
Franzini-Armstrong, Andrew F. Huxley
and F. J. Julian of University College
London worked with individual fibers
from frog muscle. The fibers were under
tension and the load could be varied
with considerable precision. The investi-
gators showed that when the load is in-
creased or decreased, the fibers vibrate
along their long axis at a frequency of
25 hertz. The change in length is only
about 1 percent of the length of the fi-
ber and therefore can be detected only
with sensitive instruments.

G. Goldspink, R. E. Larson and R. E.
Davies of the University of Pennsylva-
nia worked with the anterior latissimus
dorsi, a back muscle, from 24-day-old
chicks. The anterior latissimus dorsi is a
fast-twitch muscle, as are all the muscles
in the white meat of the chicken. (The
dark meat consists of slow-twitch mus-
cles.) Employing a technique quite dif-
ferent from that of the London workers,
these investigators found there is a vi-
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PACIFIC REEF SHARKS are attracted to recordings of low-fre-
quency sounds played over an underwater loudspeaker. The panels
of the illustration are based on frames of motion-picture film made
by Donald R. Nelson and Richard H. Johnson of California State
University at Long Beach. The film was shot at Eniwetok Atoll in
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the Marshall Islands with the loudspeaker 50 feet below the surface.
When the recording began to play, there were no sharks in the area (a).
Within 30 seconds a few sharks had gathered (b, ¢). After two min-
utes more than 20 sharks were circling the loudspeaker (d). Low-
frequency muscle sounds could alert sharks to the presence of prey.
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bration with a frequency of about 25
hertz in the fibers of the anterior latissi-
mus dorsi when the tension is changed.

Such experiments strongly suggest it
is the vibrations of the fast-twitch fibers
that generate the muscle sound. There
is another type of vibration in muscles,
however, that might be thought to influ-
ence the production of sound. It is
the vibration known as physiological
tremor. Such tremor can be observed
by pointing a finger at a word on this
page. As a result of complex neurologi-
cal feedback phenomena the finger will
show a barely discernible oscillation of
10 hertz.

Jaffe and I decided to find out whether
or not physiological tremor contributes
to muscle sound. Measurements were
made of the sound from an arm support-
ing a weight in a tub of ice water and
also from an arm in which the blood
flow had been greatly reduced by an in-
flatable cuff. Such measures eliminate
or greatly diminish tremor. They had
no effect on the muscle sound.

Aly contribution from physiological
tremor must therefore be excluded.
Itis logical to conclude the 25-hertz tone
comes from the fast-twitch fibers alone.
The many fibers in the bundle that con-
stitutes a muscle can be thought of as a
collection of oscillators. All the oscilla-
tors have the same frequency of oscil-
lation but they are not necessarily in
phase. In a particular muscle some fibers
could be in phase with one another, oth-
er fibers could be completely out of
phase with those fibers and still other
fibers could be somewhere in between.
The tensing of the muscle causes the
bundle to shorten and increase in width,
which sets up vibrations in the individ-
ual fibers. The motion in turn gives rise
to the pressure waves that carry the 25-
hertz tone.

When the muscle contracts, the con-
tinuous rumbling tone does not always
begin immediately. If the muscle is ex-
erted only slightly, what is sometimes
heard is clicks, or sharp bursts of tone.
As the force increases, the interval be-
tween clicks decreases until they merge
into the low muscle rumble.

The clicks arise from the action of
the muscle subunits called motor units.
Each motor unit is made up of the group
of fibers activated by a single nerve. The
size of the motor unit and its mode of
action can vary considerably depending
on the function of the muscle.

In the gastrocnemius muscle each mo-
tor unit consists of some 2,000 fibers.
In walking or running the units do not
actsimultaneously. The force exerted by
the muscle increases slowly as new mo-
tor units are recruited. At the same time
fatigued units stop functioning in or-
der to recuperate. The alternating pat-
tern continues as long as the muscle is
contracting.
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HUMAN HEART emits several sounds in each complete pumping cycle. The first heart
sound marks the beginning of the systolic (contracting) phase of the heartbeat. It has been sug-
gested that the first sound is caused by the closing of the mitral valve or by the abrupt change in
pressure in the left ventricle, the more powerful of the two pumping chambers. It could be,
however, that the first sound is the muscle sound emitted by the left ventricle as it contracts.

In the orbicularis oculi, which is the
eyelid muscle, each motor unit consists
of only some 20 fibers. In blinking the
eyelid responds in about 50 millisec-
onds, or a 20th of a second. The re-
sponse is an all-or-nothing one, with
all the motor units firing together. The
speed and precision of the operation re-
quire that the motor units be small.

The clicks that precede the rumbling
sound were noted first in the orbicularis
oculi; the observation was reported in
1948 by G. F. Gordon and A. H. S.
Holbourn of the University of Oxford,
who used a small microphone to study
the action of the eyelid. The action of
the motor units in the eyelid is so distinct
that each motor unit can actually be felt
independently of the others. If the mid-
dle finger is lightly applied to the eyelid,
an occasional throb is felt. This is the
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contraction of one motor unit. It is this
pulse that makes the clicking sound in
the air column of the microphone.

Delbert D. Thiessen of the University
of Texas at Austin has proposed that
gerbils communicate by means of the
clicking from the eyelid motor units. If
gerbils are kept in separate cages, the
animals often begin to groom them-
selves simultaneously. The grooming is
preceded by a rapid fluttering of the eye-
lids. Several potential signaling mecha-
nisms, including odor, have been ruled
out. It appears possible the signaling is
accomplished by bursts of sound from
the orbicularis oculi.

The connection between the activa-
tion of the motor unit and the click-
ing sound has been confirmed by elec-
tromyography. In this technique small
electrodes in the form of a needle are
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MUSCLE SOUND
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BURST OF MUSCLE SOUND—a click—results from a small nerve
stimulus. The upper trace is a record of sound from the vastus medi-
alis, a large muscle in the thigh. The lower trace shows the electric
potential in the same muscle. The subject was asked to think about
contracting his thigh muscles but not to actually move. The result is

inserted into a muscle near a particular
motor unit. By means of the electrodes
the action potential that accompanies
the contraction of the fibers can be de-
tected. The action potential is a brief
increase in electric potential of about
a hundredth of a volt.

Gordon and Holbourn observed that
in the eyelid there are fast peaks in
the electromyogram that are coincident
with the clicking sounds. They were not
able to show limb muscles also emit
clicks. Recently, however, D. T. Barry
and S. R. Geiringer of the University
of Michigan have recorded clicks from
leg muscles. They found clicks com-
ing from a thigh muscle of a person in
a relatively quiet state. As in Gordon
and Holbourn’s observations the clicks
came at the same time as the peaks in the
electromyogram.

he study of sounds from the muscles

of the heart might yield important
practical benefits. The pumping action
of the heart gives rise to several sounds.
The two main ones are referred to as the
first heart sound and the second heart
sound. The first sound marks the begin-
ning of the systolic (contracting) phase
of the heartbeat; the second, the begin-
ning of the diastolic (relaxing) phase. I
found that the spectrum of the first
sound has a maximum at about 22 hertz;
the second sound has a somewhat higher
overall pitch.

The origin of heart sounds is a con-
troversial subject, but two of the most
widely accepted conceptions of the first
sound are the valve-snap hypothesis
and the water-hammer hypothesis. The
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valve-snap hypothesis was proposed in
1830 by Pierre Rouanet, a New Orleans
physician. He attributed the first sound
to reverberations from the abrupt clos-
ing of the mitral valve between the left
atrium and the left ventricle. Ultrasonic
studies have shown, however, that the
first heart sound actually begins just be-
fore the valve closes.

The water-hammer hypothesis, put
forward by Robert F. Rushmer of the
University of Washington, is that the
first heart sound results from a mecha-
nism like the one making a loud bang in
a pipe of a badly designed plumbing sys-
tem when a faucet is closed too fast. (In
a well-designed system there is an air
chamber that prevents the water ham-
mer.) When the mitral valve closes,
the blood pressure quickly rises. This
stretches the left ventricle, causing a
sharp reverberation that could yield the
first sound.

In such hypotheses the heart muscle
itself is relegated to a minor role. The
heart sound is loudest, however, when
the force of contraction is greatest, sug-
gesting the first heart sound is due to the
contraction of the heart muscle without
much contribution from the dynamics
of the mitral valve or the left ventricle.

This hypothesis is supported by ex-
periments with frogs. I put a miniature
microphone in direct contact with the
ventricle of a beating frog heart. In spite
of the large difference in mass between
the frog heart and the human heart, the
muscle sounds from the two are quite
similar. The water-hammer hypothesis
would predict a much higher frequen-
cy for the frog-heart muscle sounds
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a series of small, brief nerve impulses that appear as peaks in the low-
er trace. Each peak is accompanied by a click in the upper trace. The
click is the sound made by the fibers of a single motor unit. A mo-
tor unit is the group of fibers activated by a single nerve. Between
clicks the upper trace shows the rumble with a frequency of 25 hertz.

because when a small ventricle is
stretched, the reverberation should gen-
erate a higher-pitched sound than the
reverberation of a large ventricle does.
The water-hammer hypothesis is further
weakened by the observation that when
the blood supply to the frog heart is
clamped off, the heart sound is not af-
fected. It would therefore seem that the
chief source of the first heart sound is
muscle contraction.

Since more than a third of all deaths in
the U.S. are caused by degeneration of
the heart muscle, heart-muscle sounds
could become a valuable diagnostic
tool. The analysis of the detailed spec-
trum of the sound from the muscle
could reveal the state of the tissue and
thereby diagnose a myocardial infarc-
tion: heart tissue that has died because
of an interruption in its blood supply.
Even in the mechanical stethoscope the
first heart sound has an abnormally low
pitch in people with an advanced infarc-
tion; to obtain a more objective record
a fast Fourier transform of the heart
sound should be made.

Apart from such clinical possibilities,
the study of muscle sounds might well
make a contribution to the understand-
ing of the basic mechanism of muscle
contraction. For example, F. V. Brozo-
vich and Gerald H. Pollack of the Uni-
versity of Washington have found frog
muscle emits sounds in a sequence of
bursts. This suggests that when a muscle
contracts, it does so in small, discrete
steps. If this is the case, it is at variance
with the current picture that muscle
contraction is a continuous process op-
erating at the molecular level.
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The Adaptability
of the House Mouse

The reproductive abilities of this small mammal are remarkably

flexible. It 1s for this reason that the species flourishes in a great

diversity of habitats, notably those it shares with human beings

The house mouse is an opportunis-
tic commensal of human beings
that has a spectacular history of
global colonization. A commensal lives
and feeds in close association with an-
other species without either benefiting it
or harming it directly. Mus domesticus
began its coexistence with humans per-
haps 8,000 to 10,000 years ago on the
steppes of Asia. Since then, in large part
through transportation unwittingly pro-
vided by people, it has established itself
on every major landmass and most of
the minor ones. It infests homes, com-
mercial establishments, granaries and
other outbuildings from the Equator to
the subpolar regions. It can live in man-
made climates as different as central-
heating ducts and frozen-food lockers.

Yet the house mouse is not a strict
commensal. In many places it has re-
verted to a wild existence, where it lives
in total independence of humans. In this
feral pattern it can be found in a surpris-
ing diversity of habitats: coral atolls,
grasslands, deserts, freshwater marshes,
seashore dunes and alpine valleys.

The outstanding success of the spe-
cies in colonizing new environments has
made it a subject of great interest to re-
productive physiologists. To be intro-
duced into a radically new environment
is one thing; to be able to reproduce
there and so to establish a new popula-
tion is quite another. The planetwide
spread of the house mouse in both man-
made and natural habitats suggests
an extreme reproductive adaptability,
probably the most extreme among the
mammals. Here I shall mainly discuss
the uniquely flexible set of reproductive
adaptations that make up the core of
the house mouse’simmensely successful
colonization strategy. At an entirely dif-
ferent level, however, I shall be discuss-
ing how experiments in the laboratory
can complement observations in the
field and vice versa. Neither approach
by itself has proved adequate in achiev-
ing an understanding of the reproduc-
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tive flexibility of the house mouse.

As a background for perceiving the
uniqueness of the reproductive proces-
ses of the house mouse it is useful to
compare the rules governing reproduc-
tion in this species with those operating
generally among mammals. Reproduc-
tion by a mammal must always proceed
in harmony with three interrelated sets
of environmental factors: the dietary,
the physical and the social. Diet is
the core environmental constraint on a
mammal’s reproduction. Probably the
most fundamental dietary factor of all
is simply the number of calories availa-
ble for reproduction.

In other words, all mammals must eat.
They must extract energy from their
food and then they must partition the
assimilated energy to serve a variety of
competing needs, only one of which is
reproduction. Specific nutrients such as
vitamins and amino acids also must be
partitioned between reproductive and
nonreproductive needs.

Closely related to these dietary fac-
tors are two aspects of the physical envi-
ronment. First, since energy must be ex-
pended in order to regulate the body
temperature of a mammal, the ambient
temperature can exert an important in-
fluence on the energy-partitioning proc-
ess. Second, the daily photoperiod (the
length of the daylight phase of the 24-
hour cycle) can enable a mammal to
predict (or sense) the approach of a sea-
son when breeding will be possible. Spe-
cific substances associated with young
green vegetation can serve the same pur-
pose for some mammals. The alterna-
tion of day and night also entrains the
24-hour cycle that pervades the repro-
ductive activities of most mammals. Fi-
nally, a mammal’s social environment
often provides cues that can act either
specifically to time events such as ovula-
tion or nonspecifically to promote aver-
sive emotional states that interfere with
reproduction.
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Set against this background, the first
aspect of the house mouse’s reproduc-
tive flexibility appears in relation to
the phenomenon of seasonal breeding.
Most mammals live in habitats char-
acterized by seasonal variation in the
availability of food, and as a result most
of them are seasonal breeders. Most
mammals also rely on a predictor such
as photoperiod to increase their season-
al efficiency. The house mouse appar-
ently does not rely on a predictor of any
kind, and so it is not an obligatory sea-
sonal breeder.

The conclusion that the house mouse
does not react to variations in, say, pho-
toperiod rests on observations made in
both the field and the laboratory. Field
biologists have found that the species
breeds either seasonally or continuously
throughout the year depending entirely
on its habitat. In manmade structures
in the Tropics and the Temperate Zone
regions it breeds continuously, but in
natural habitats it is usually found to
breed seasonally.

In one sense this observation is not
surprising. Human barns and granaries
obviously should buffer the mice to a
certain extent against extremes of cli-
mate and diet. On the other hand, the
observation certainly suggests either
that the species as a whole is not photo-
periodic or that only house mice living
in natural habitats are susceptible to
such regulation. Experiments in the
laboratory support the first hypothesis.
Several wild stocks of house mice, in-
cluding some from natural habitats,
have now been examined, and all of
them have been found to breed equally
well whether the day is short or long.

It is interesting that at least some of
the wild stocks studied in the laboratory
breed at maximum efficiency even when
they are maintained for months in con-
stant and total darkness. R. C. Stoddart
of the University of Glasgow first dem-
onstrated this fact with a wild stock
from Scotland. In my laboratory at the



University of Texas at Austin we have
confirmed it with two North American
stocks, one from Alberta and one from
Texas. These results correlate well with
incidental observations of house mice
colonizing coal mines to depths of 1,800
feet, where the light supplied by the
mine operator can be constant, unpre-
dictably intermittent or totally absent.

Ithough a lack of dependence on
photoperiod reveals why the house
mouse is not an obligatory seasonal
breeder, this fact in itself is not sufficient
to explain what inhibits the mouse’s
breeding during some seasons in wild
habitats, nor does it explain the animal’s
ability to breed successfully in such a
wide variety of places. Understanding
these phenomena requires an explora-
tion of the potential dietary and climatic
inhibitors. Unfortunately it is impossi-
ble to separate the relative importance
of calories, nutrients and temperature
variation under natural conditions be-
cause they all vary simultaneously with
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both location and change of season.
Hence the need for controlled experi-
ments in the laboratory arises again.

The factors that normally limit the
breeding of house mice have been a con-
cern of my laboratory for some time.
One line of research—the one dealing
with the bioenergetic partitioning I have
already mentioned—has been particu-
larly revealing with regard to the coloni-
zation strategy of the species.

My colleagues and I view the physio-
logical partitioning of energy in the
form of an equation where the number
of calories assimilated from food must
equal the number partitioned among
several competing demands: body main-
tenance, growth, reproduction, thermo-
regulation, storage in the form of fat and
the locomotor costs of obtaining the
food in the first place. Anincrease in any
of these demands can be satisfied only at
the expense of one or all of the others or
by increasing the intake of food.

Our objective has been to study the
mouse’s ability to reproduce while we

manipulate the equation in ecologically
meaningful ways. The amount of food
available to an animal can be varied, the
animal can be made to forage for a long-
er or shorter time for its food, or the
temperature at which it forages can be
varied. The competitive partitioning of
energy can then be examined with a
view to determining the potential limits
on the species’ reproduction.

With this approach we have now es-
tablished several fundamental princi-
ples concerning reproductive success in
house mice. First, failures to repro-
duce, whether they are attributable
to the season or to the locality, proba-
bly often reflect simple imbalances in
the bioenergetic equation. Second, the
imbalances seem to affect reproduc-
tion adversely only in females. Finally,
house mice of both sexes exhibit some
surprisingly broad tolerances in certain
components of the equation.

The conclusion that the female plays
the critical role stems from simple ex-
periments on the availability of food.

ELECTRONIC
_CONTROLS

S

PELLET DISPENSER

TEST APPARATUS provided a means of examining the energetics
of reproductive development in the house mouse. The purpose of the
apparatus was to simulate conditions the mouse would encounter in
natural habitats and to isolate the variables that might be relevant. In
this cage the animal can live in a thermally buftered burrow (the insu-
lated can at the left) but must enter the open area and run a predeter-
mined number of revolutions on the running wheel in order to obtain
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a 45-milligram pellet of food from the dispenser at the right. A chart
recorder (top) keeps track of the number of revolutions of the wheel
and the number of food pellets dispensed. The box at the upper right
contains electronic controls for regulating the apparatus. The equip-
ment made it possible to examine the relations among temperature,
foraging, growth, fat deposition and reproductive development. The
test apparatus was designed by the author and Glenn H. Perrigo.
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Whenever the amount of food given to
a weanling female is restricted, her re-
productive development suffers. If her
growth is inhibited to any degree, she
either fails entirely to develop sexually
or she does so with abnormal slowness.
Males, in contrast, show absolutely
normal reproductive development even
when their food is restricted to the point
where their growth is completely inhib-
ited. Indeed, young males can even be
made to lose weight and many of them
will still mature reproductively.

In terms of the bioenergetic equation,
then, growth has a higher competitive
priority than reproductive development
in females but the reverse is true in
males. The result is a situation in which
a scarcity of food controls the reproduc-
tion of a species by acting only on one
sex: the female.

ood-restriction studies of this kind

are of only limited value in research
with broad objectives such as ours. A
wild animal seldom faces a food short-
age in the absence of climatic change,
particularly a change in the ambient
temperature, and the animal never faces
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ENVIRONMENTAL FACTORS regulating reproduction in a typ-
ical mammal are summarized. The environmental factors are the
day-night cycle, the food intake, the social cues and the ambient tem-
perature. The interacting functions they regulate make up the rest of
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a food shortage without the ability to
forage longer or harder to get more
food. In pondering how to duplicate
such complex conditions better in the
laboratory, Glenn H. Perrigo and I de-
veloped a unique caging system. Besides
giving us the first significant simulation
of the energetic challenges faced by a
small mammal in the wild, the caging
system has enabled us to dissect the cru-
cial bioenergetic equation that controls
reproduction in the female. Hence it
has enabled us to uncover what is prob-
ably the most fundamental environmen-
tal determinant of reproductive success
operating in the house mouse: the re-
lation between the availability of food
(and hence the time required to forage
for a maintenance diet) and the ambient
temperature in the female’s foraging
environment.

The first key to understanding the im-
portance of this relation lies in a simple
acknowledgement of the small size of
the house mouse. As has been recog-
nized for some time, a small mammal
has a large surface area with respect to
its body mass, and so it loses heat rapid-
ly when it is exposed to low tempera-

tures. The second key is the realization
the house mouse can build a nest that
offers a high degree of thermal buffer-
ing, and therefore it has to expose itself
to outside temperatures only during its
daily foraging expeditions.

When food is scarce, the mouse must
spend more time foraging. Whether or
not this is an energetically profitable
venture depends entirely on the temper-
ature at which the animal must forage.
Obviously there will be a set of thresh-
old conditions, determined either sea-
sonally or geographically, where food
scarcity and low temperature combine
in such a way that successful foraging,
and hence life, are made impossible for
the mouse. As the environmental condi-
tions approach this threshold the bioen-
ergetic equation becomes progressively
dominated by the need for thermoreg-
ulation, and the first of the competing
demands to suffer is the female’s repro-
ductive capacity.

The overwhelming importance of this
relation (availability of food, duration
of foraging and ambient temperature)
for reproduction emerged dramatically
from one of Perrigo’s first experiments
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the diagram. A central concern of the author’s experiments was the
partitioning of energy among competing functions, including growth,
reproduction, thermoregulation (the control of body temperature),
the storage of fat and the animal’s locomotor costs in getting food.



BREAKTHROUGH:

COMPUTER GRAPHICS
THAT CREATE MODEL
PATIENTS FOR SURGEONS.

We're using computers 1o give reconstructive
surgeons a startling new perspective on their
work—three-dimensional images that depict the
patient’s face and skull from any angle, inside
or oul.

These 3D images show key relationships
between bone and soft tissue. They help sur-
geons predetermine precisely how bone and
skin grafts should be placed to achieve the de-
sired results. They can be used to create physical
models that let a surgeon perform a trial proce-
dure or envision the results of his work before
surgery begins.

Our breakthrough in computer modeling
helps surgeons correct birth defects and undo
the damage of disfiguring accidents.

We're creating breakthroughs not only
in health care and information handling but also
in communications and equipment leasing.

We're McDonnell Douglas.
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The end of
wartingin line
for aline.

Ever tried waiting in line for a phone? When there are 5000
people ahead of you? For years, that's been the problem with conven-
tional mobile phone service: a limitation of 2.4 channels per coverage
area, resulting in a maximum of about a dozen simultaneous conversa-
tions and only 700 customers for a city the size of New York.

But twelve years ago, AT&T
Bell Laboratories developed the cellular
radio concept. R S5

And today; that concept 45 | y o -
has been developed into 9 TR
the WESTERN ELECTRIC® \/ \
AUTOPLEX " system. It allows telephone companies and others to
give almost anyone access to high-quality mobile phone service.

In fact, the AUTOPLEX system is switching calls right now in
Chicaﬁo. The first commercial operation in the country:

Advanced computer hardware and software make AT&T cellular
technology possible. They allow the company offering mobile or por-
table phone service to divide a city into a honeycomb of cells. Each
cell has a low-powered transmitter and receiver tied into the local
phone network. Because the cells are small, radio frequencies used in
one of them can be used again and again in others, making more
channels available.

As you move actoss the city; AT& T electronic control equipment
will pass your call from cell to cell. Without missing a syllable. And
with AT&T cellular telephones transmission quality is as good as at
home or in the office.

Meanwhile, AT&T Bell Laboratories is continuing to pave
the way for entirely new forms of portable telecommunications.

AT&T Applying the technologies of microelectronics, lightwave
and software to make the dream of the Information Age a reality:

©1984 AT&T Technologies, Inc.
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CENSORSHIP IN A FREE SOCIETY.
IT'S A BAD MATCH.

Censorship is the greatest tragedy in The attacks of these self-appointed censors
American literature. It constricts the mind, are endorsed by our silence.
teaches fear and leaves only ignorance The freedom to read is one of our most
and ashes. precious rights. Do something to protect it.

Today, all over the country, books are )
being banned, burned and censored Il
' . . : People For The American Way, P.O. Box 19900
Teachers, students, librarians, and book and Washington, D.C. 20036 or call 202/822-9450.
magazine publishers are being harassed.

/BericanWay
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with our new caging system. Weanling
females were adapted gradually to a
moderately low temperature (10 degrees
Celsius rather than the laboratory nor-
mal temperature of 23 degrees, or 50
degrees Fahrenheit rather than 73) and
then were given excess food or were re-
quired to run either 100 or 200 revolu-
tions on the running wheel for each pel-
let of food they received. These condi-
tions mimic what mice in many natural
habitats face normally with each change
of season. Winter is a time of food short-
age, and the mouse must forage long-
er and harder (and at lower tempera-
tures) to get the same amount of food it
could get easily and more comfortably
in the summer.

A house mouse living at 10 degrees C.
needs about 50 percent more food than
it does at 23 degrees if it is to gain weight
normally. This is the extra cost of ther-
moregulation that must be inserted into
the bioenergetic equation of the female.
Since the factors in the equation are
competitive, the result is an increase in
the time required to reach puberty. At
10 degrees our females take several
more weeks to attain their first ovula-
tion, even when excess food is available
(a fact previously explored much more
extensively by S. A. Barnett of the Aus-
tralian National University).

A long as our young females are able
to get their food without foraging
for long periods of time, living at 10
degrees C. does not alter the rate at
which they deposit fat, nor does it per-
manently impair them reproductively.
If they are made to forage intensively,
however, without enough opportunity
to retreat periodically to their temper-
ature-buffered burrows, the result is
a total imbalance of the bioenergetic
equation toward thermoregulation and
away from body growth, fat deposition
and reproductive development. Indeed,
when our young mice are subjected to
these conditions, they absolutely refuse
to stay out of their burrows long enough
to obtain the extra food required by the
cooler temperatures, even though they
are giving up any vestige of growth and
of reproductive development.

This experiment was particularly re-
warding in that our mice told us precise-
ly what was and was not important for
their reproductive development. One of
the surprises to emerge from the experi-
ment was the relative unimportance of
the locomotor costs associated with an
increased demand for foraging.

Even mice given an unlimited supply
of food ran from 20,000 to 30,000 revo-
lutions per night at 23 degrees C. This
effort translates as from six to nine miles
of spontaneous activity, an immense
distance for a mammal less than four
inches long (not counting its tail). A 150-
pound man would have to run from
20,000 to 30,000 miles a day to equal the
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EFFECT OF HABITAT on the breeding of house mice is evident in a comparison of mice liv-
ing in houses and human outbuildings in Oxford, England (color), with mice living in a salt
marsh near San Francisco Bay (gray). As was shown by the ecologists who collected the data,
the commensal house mice breed all year but the seasons affect the breeding of the marsh mice.

relative distance a 20-gram mouse nor-
mally moves its mass in the same period
of time. Clearly the house mouse is well
adapted for almost unlimited locomotor
costs, and greatly increasing its activi-
ty, as would be necessary when food is
scarce, costs the animal nothing in terms
of growth and reproductive develop-
ment. The temperature at which the
increased foraging must be done, how-
ever, 1s crucial.

This experiment and others like it
have strengthened our conclusion that a
critical environmental feature limiting
breeding in this species, both seasonally
and geographically, is the amount of
time the mouse must spend foraging at
low temperatures. The size of the ani-
mal and its inability to store much en-
ergy in the form of fat leave it always
in a precarious position energetically,
even at temperatures that are mild by
human standards.

If the core environmental regulator of
reproduction in the house mouse is the
relation involving food availability, for-
aging time and ambient temperature,
what adaptations have enabled the ani-
mal to achieve such widespread success
as a colonizer? Two weapons in the
house mouse’s continuing battle with
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the vagaries of food supply and ambi-
ent temperature have been discovered
so far. One weapon is that the house
mouse, unlike most small mammals, is
not strictly nocturnal. The animal can
and often does forage during the day,
when the temperature is higher than it is
at night. The other is that once full body
size and puberty have been attained the
house mouse is actually quite resistant
to low temperatures, provided ample
food is near at hand. We find that if
adult mice are slowly adapted to low
temperatures and then housed in dry
bedding with excess cotton available for
nesting, and if excess food is placed only
inches away, most of them can repro-
duce well at temperatures as low as — 6
degrees C. Most of our mice are also
able to breed at 34 degrees, only three
degrees below body temperature. This
is a truly amazing range of tempera-
tures over which a small mammal can
breed efficiently.

Alother clue to the successful coloni-
zation efforts of the house mouse
becomes evident when one examines the
animal’s social environment. The im-
portance of social cues emerged entire-
ly from laboratory studies; it had not
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been suspected by field biologists. What
emerges is that the house mouse has
evolved a highly sophisticated system
for timing its ovulation. One result is
that pregnancy can be delayed until ma-
jor migratory movements have ended,
rather than beginning before or during
such movements.

Like many other mammals, the house
mouse depends heavily on olfactory
cues for communication. One source of

such cues is urine. As has been shown by
my colleague Claude Desjardins, wher-
ever the house mouse (the male in par-
ticular) explores or forages it deposits
urine marks on the ground. The marks
contain a variety of substances that can
be detected by other mice. In this way a
mouse can determine the species, the sex
and the state of sexual readiness of an-
other mouse even long after the other
mouse has left.
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DAILY ACTIVITY of a house mouse and a deer mouse was recorded for 27 days while the
mice were (separately) in the test apparatus. In the apparatus every turn of the running wheel
and every discharge from the pellet dispenser actuated a pen on the constantly moving chartre-
corder. Each 24-hour record was put one below another to show what the mouse, which was a
female, did over the entire 27-day period. The top line of each record reveals the mouse’s run-
ning activity during the first day; the second line is her pellet-discharge record for the same
day, and then the record for each succeeding day is presented similarly. For the first few days
the mice were given excess food (ad /ib); then they were placed on a steadily increasing forag-
ing requirement that ended with a requirement of 400 revolutions for a pellet of food. The
mouse would face a similar situation as the seasons changed from summer to winter. The deer
mouse, a more typical small mammal, is strictly nocturnal whereas the house mouse is not.
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Some of the urinary substances can
act as priming pheromones, that is, they
can hormonally prime another animal
for reproductive activity (or conversely
they can block such activity). As was
first shown in the laboratory of John G.
Vandenbergh of North Carolina State
University, the time when the pubertal
ovulation occurs in mice is profoundly
flexible. The presence of an adult male
accelerates a young female’s ovulation,
whereas the presence of other females
decelerates it. Early in the female’s life
the accelerating effect of a male is com-
pletely blocked if other females are
around; later the male’s accelerating ac-
tion easily overrides the presence of oth-
er females. All such effects can be dupli-
cated in the laboratory by periodic ex-
posure of the animals to a droplet of
urine from the appropriate sex, even
though these pheromonal cues normally
act in conjunction with tactile stimuli.

The adaptive significance of the
mouse’s system for regulating the pu-
bertal ovulation socially seems to reside
in its relation to dispersal. After they
have been weaned young house mice of-
ten disperse from the area where they
were born, sometimes traveling long dis-
tances to find a new home. It is an ardu-
ous journey; indeed, the probability of
survival is low. The insemination of the
young female by her father is prevented
before dispersal by the presence of her
sisters and mother. In this way the dis-
tance the young female can disperse is
greatly increased.

Dispersing females surely must often
encounter the urine markings of a male
as they travel. Such chance encounters
probably exert only slight effects on
a young female’s sexual development,
however, because of the absence of the
male’s synergistically acting tactile cues.
It is only when the female finds a new
home, cohabits with a male and is stimu-
lated by him both pheromonally and
tactilely that she attains her rapidest rate
of sexual development.

The reproductive flexibility that aris-
es from the house mouse’s particular
reactions to dietary, physical and so-
cial controls is probably unparalleled
among mammals. When this flexibility
is coupled with some of the animal’s
other characteristics, particularly its
capability of living commensally with
man, the result is a blueprint for an op-
portunistic way of life and, on a grander
scale, for global colonization.

One can visualize the temporal di-
mension of this blueprint by start-
ing with a commensal population. Giv-
en the buffered dietary and climatic con-
ditions of most manmade structures,
house mice will reproduce rapidly
throughout the year until they reach the
structure’s carrying capacity. Thereaf-
ter the young animals must disperse.
Dispersing mice are sometimes car-
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SOCIAL CUES affecting the reproductive development of the fe-
male house mouse are present in the urine of both sexes. The practice
i of marking the ground with urine was examined in the apparatus por-
| trayed at the left. It is a cage with filter paper as the floor covering
| and an inner fenced-in area (shaped like the biological symbol for a
male). Above that illustration is a photograph of a piece of the filter
paper. The photograph was made in ultraviolet radiation, which
causes the urine deposited by a mouse to fluoresce. The pattern of
fluorescence in the photograph represents the urine deposited by a
male house mouse that was inside the inner enclosure for 30 minutes
while a female was outside. The other photograph shows the marks
= of a female that was inside the enclosure when a male was outside.

ried long distances by man. A key adap-
tation here is seen in the water metabo-
lism of the house mouse, which is like
that of a desert rodent. Because of this
trait the mouse can exist in one of the
driest environments on the earth: the
homes, granaries and vehicles of man.

A second important adaptation is the
species’ wide nutritional limits. House
mice can survive and breed on a vast
array of foodstuffs. Wheat seeds are a
particularly good breeding diet, even
at low temperatures. Thus house mice
have been carried around the world, of-
ten following the spread of wheat but
always taking advantage of man’s food
and shelter to reproduce and start new
colonies wherever they find themselves.

When the house mouse reinvades a

natural habitat, the character of its en-
vironmental challenges changes drasti-
cally. Seasonal reproduction usually is
dictated there because of the energetic
imbalances afflicting the female. The
house mouse becomes quite nomadic
under these conditions, much more so
than most other small mammals. In
many natural locales it shifts about
more or less constantly in its attempt to
find a reproductively acceptable rela-
tion between temperature and the avail-
ability of food. The pheromonal cuing
system is probably of great importance
in enabling these nomadic adults to
time their reproduction with respect to
such movements.

Underlying all the animal’s success as
a colonizer is its naturally high fecundi-

© 1984 SCIENTIFIC AMERICAN, INC

ty. Given the right combination of en-
vironmental conditions, populations of
house mice can reproduce rapidly to
plague proportions. (More than 30 mil-
lion mice were trapped at one location
in Australia over a four-month period in
1917.) All the species’ offspring are po-
tential dispersers, and it is through this
agency that the species continuously
“tries out” new habitats. Most such at-
tempts end in failure, but because of the
species’ unique array of reproductive
advantages, a few animals succeed in
starting new colonies. Thus has arisen
the worldwide distribution of the spe-
cies and the remarkable diversity of
habitats in which it can be found.
Good biological stories never quite
end. They often seem to raise new ques-
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tions while dealing with old ones. Our ural selection then channels its repro-
research has turned up several new ductive controls to fit the unique envi-
questions. ronmental demands of those particular

One question is how the house mouse  conditions. The typical small mammal
retains its reproductive flexibility in the evolves so that there is a limited temper-
face of natural selection for efficiency ature range within which it can breed,
under local conditions. The more typi- and its reproduction becomes depen-
cal mammal remains in one geographic  dent on a limited diet. Usually the an-
region and one type of habitat, and nat- imal becomes photoperiodic; if it is a
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small mammal, it also usually becomes
strictly nocturnal. In contrast, success
for a colonizer requires that the animal
retain its reproductive flexibility in or-
der to be able to exploit new habitats.

Does the house mouse in some way
avoid channeling of its reproduc-
tive controls by selection? Perhaps yes,
perhaps no. Certainly, as R. J. Berry of
University College London has shown,
many of this species’ nonreproductive
traits are susceptible to geographic se-
lection. With regard to its reproductive
controls, however, maybe the successful
colonizers always originate from envi-
ronmentally buffered buildings, never
from natural populations, and therefore
the world’s commensal populations act
as a continuing source of genetically
“average” animals. Perhaps so, but in
most cases commensal and noncom-
mensal mice are genetically similar; in-
deed, they are often the same nomadic
individuals. Hence there may actually
be a genetic basis for maintaining re-
productive flexibility in the face of lo-
cal selection.

Another question raised by this re-
search has to do with the uncoupling of
reproductive capacity from dietary con-
trols in the male house mouse. Does
anything other than the male’s social
interactions with other males control
its reproductive success? There are no
“free lunches” in evolution, and so a re-
lated question is: What has the male giv-
en up in promoting his fitness that the
more resource-oriented female has not?

On a larger scale the mouse’s amazing
reproductive flexibility likewise must be
paid for by giving up something else.
Put another way, if the house mouse’s
opportunistic way of life is so success-
ful, why have other species not adopted
it? What the house mouse has given up
in order to retain its reproductive flexi-
bility remains unknown.

One final result of our work merits
comment. In the course of this effort we
have become increasingly aware that
relatively little is known generally about
the environmental control of reproduc-
tion in mammals. Indeed, one of the ma-
jor problems in our work has been to
find a comparable blend of ecological
and physiological information about
another mammal.

All mammals are subject to environ-
mental regulation; even human beings
confront dietary and emotional con-
trols. Yet modern reproductive biology
has tended to direct its attention almost
exclusively to the molecular and tissue-
level aspects of reproduction, relying on
only a few domestic mammals as model
systems. Perhaps research on the wild
house mouse can lead the way to a re-
newed concern with the role of environ-
mental regulation and, ultimately, to a
broader view of mammalian reproduc-
tion generally.
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TEMPERATURE AND FORAGING are closely related. When a house mouse is required
to run 100 revolutions at a temperature of 23 degrees Celsius for a pellet of food, it devotes
only a small fraction of its daily activity to foraging (lower gray area). When the mouse runs
200 revolutions per pellet at the same temperature (upper gray area) or 100 revolutions at nine
degrees C. (lower colored area), it has less time for nonforaging activity. When it is required to
run 200 revolutions at nine degrees (upper colored area), it reduces its total activity (not shown)
and devotes all its activity to foraging. Over the first two weeks of the experiment reflected
here the animals were being slowly adapted to temperature; most were developing rapidly.
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FIRST OVULATION (CUMULATIVE PERCENTAGE)
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VARIATION IN ONSET OF PUBERTY among female house mice is seen in certain condi-
tions of housing. The conditions were a single female paired with a male (dark color), females
living in a group with a single male (/ight color), isolated females (black) and females in a group
without a male (gray). Young females cohabiting at weaning with a male mature rapidly and
achieve their first ovulation early, whereas in the presence of other females the first ovulation
is delayed. The phenomenon represents one of the components of the house mouse’s reproduc-
tive adaptability. Young mice usually disperse, and the delay in first ovulation caused by the
presence of other females prevents pregnancy before or during dispersal. Only when the fe-
male has found a new home and cohabited with a male does she attain sexual maturity rapidly.
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Florence Nightingale

She saved the lives of thousands of soldiers in the Crimea and was

one of the founders of modern medical care. She was also a proneer

in the uses of social statistics and in their graphical representation

as a pioneer of nursing and a re-
former of hospitals. She herself
saw her mission in larger terms: to serve
humanity through the prevention of
needless illness and death. For much of
her long life (1820-1910) she pursued
this mission with a fierce determination
that gave everything she did a singular
coherence. Her greatest contributions
were undoubtedly her efforts to reform
the British military health-care sys-
tem and her establishment, through the
founding of training programs and the
definition of sound professional stan-
dards, of nursing as a respected profes-
sion. Much of what now seems basic in
modern health care can be traced to
pitched battles fought by Nightingale in
the 19th century. Less well known, be-
cause it has been neglected by her biog-
raphers, is her equally pioneering use of
the new advanced techniques of statisti-
cal analysis in those battles.
Nightingale learned at first hand as
chief nurse during the Crimean War
(1854-56) that improved sanitary condi-
tions in military hospitals and barracks
could sharply cut the death rate and
save thousands of lives. Her battle was
to convince skeptical men in power. At
a time when the collection and analy-
sis of social statistics was still uncom-
mon Nightingale recognized that relia-
ble data on the incidence of preventable
deaths in the military made compelling
arguments for reform. Thus in addition
to advancing the cause of medical re-
form itself she helped to pioneer the rev-
olutionary notion that social phenome-
na could be objectively measured and
subjected to mathematical analysis.
Nightingale’s achievements are all
the more impressive when they are
gauged against the background of so-
cial restraints on women in Victorian

Florence Nightingale is remembered

England. Her father, William Edward

Nightingale, was an extremely wealthy
landowner, and the family moved in the
highest circles of English society. In
those days women of Nightingale’s class
did not attend universities and did not
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by I. Bernard Cohen

pursue professional careers; their pur-
pose in life was to marry and bear chil-
dren. Nightingale was fortunate: her fa-
ther believed women should be educat-
ed, and he personally taught her Italian,
Latin, Greek, philosophy, history and—
most unusual of all for women of the
time—writing and mathematics. When
in her early twenties Nightingale ex-
pressed an interest in nursing, her father
took that interest seriously enough to
consult with physicians about the suit-
ability of such a career.

If pursuing any career was a radical
step for a woman of Nightingale’s so-
cial class, however, taking up nursing
seemed out of the question even in her
enlightened family. It was not “the phys-
ically revolting part of a hospital” that
offended William Nightingale so much
as what seemed to be overwhelming ev-
idence of the dissolute habits of nurses.
Nurses in those days lacked training;
they were almost always coarse and
ignorant women, given to promiscuity
and drunkenness. Nightingale herself
later told her father she had been in-
formed by the head nurse in a London
hospital that she “had never known a
nurse who was not drunken” and that
most of the nurses engaged in “immoral
conduct” with the patients in the wards.
Not surprisingly, her parents hoped
their daughter would give up her unusu-
al ambition, marry and settle down.

By all accounts Florence Nightingale
wasan attractive young woman, and
it was not for lack of opportunity that
she rejected marriage. Indeed, she once
was tempted to accept a suitor, but af-
ter a long courtship she reluctantly con-
cluded that she could never satisfy her
“moral” and ““active” nature “by spend-
ing a life with him in making society
and arranging domestic things.” Con-
ventional marriage, she wrote in her di-
ary, meant “to be nailed to a continua-
tion and exaggeration” of her “present
life,” a prospect that seemed to her
“like suicide.” God, she decided, had en-
visioned for her a different fate. She
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was one of those whom he “had clearly
marked out...to be single women.”

When her parents forbade her to take
up nursing, Nightingale turned for com-
fort to religion. It was to remain a driv-
ing force in her life. Her religious feel-
ings, however, centered on the convic-
tion that the best way to serve God was
through service to mankind. Thus in the
difficult years of her twenties she did not
give up her ambition to pursue a career;
she read voraciously on medicine and
health care, spent some time inspecting
hospitals in London and worked pri-
vately with children of the slums, whom
she called her “little thieves at Westmin-
ster.” Still, she was frustrated.

Finally in 1851 Nightingale was able
to break away from home, spending
three months near Diisseldorf in Ger-
many at a hospital and orphanage run
by a Protestant order of “deaconesses.”
Later, in spite of the protests of her fam-
ily, she served an apprenticeship at an-
other hospital, this one operated by the
Sisters of Mercy in St. Germain, near
Paris. At the age of 33 she was at last
starting out in her chosen profession.

Returning to London in 1853, Night-
ingale soon got her first “situation” (an
unpaid one) as superintendent of a Lon-
don “establishment for gentlewomen
during illness.” Her job was to supervise
the nurses and the functioning of the
physical plant and to guarantee the puri-
ty of the medicines. Although she suc-
ceeded in creating a model institution
by the standards of the day, one that
was open to patients of all classes and
religions, she was disappointed that she
could not accomplish what even then
she had come to consider her primary
aim: the establishment of a formal train-
ing school for nurses.

Nightingale stayed only a year at her
first job, because greater opportunities
awaited her. In September, 1854, British
and French troops invaded the Crimea,
on the north coast of the Black Sea, in
support of Turkey in its dispute with
Russia. (Russia had long had territorial
ambitions in Turkey, particularly with
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POLAR-AREA DIAGRAM was invented by Florence Nightingale
to dramatize the extent of needless deaths in British military hospi-
tals during the Crimean War (1854-56). She called such diagrams
“coxcombs.” The area of each colored wedge, measured from the cen-
ter, is proportional to the statistic being represented. Blue wedges rep-
resent deaths from “preventable or mitigable zymotic” diseases (con-
tagious diseases such as cholera and typhus), pink wedges deaths from
wounds and gray wedges deaths from all other causes. Mortality in
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the British hospitals peaked in January, 1855, when 2,761 soldiers
died of contagious diseases, 83 of wounds and 324 of other causes,
for a total of 3,168. Based on the army’s average strength of 32,393
in the Crimea that month, Nightingale computed an annual mortali-
ty rate of 1,174 per 1,000. The diagram is taken from Nightingale’s
book Notes on Matters Affecting the Health, Efficiency and Hospital
Administration of the British Army (1858); half of the diagram, repre-
senting the period from April, 1855, to March, 1856, does not appear.
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regard to Constantinople, the Orthodox
holy city; one of the proximate causes of
the Crimean War was the Russian de-
mand that it be given a protectorate over
the Orthodox subjects of the Turkish
sultan.) The allied forces scored a quick
victory at the Battle of the Alma River
on September 20, and then began a siege
of the Russian naval base at Sevastopol.

FLORENCE NIGHTINGALE is pictured in a photograph taken in
later life. Beginning soon after her return from the Crimea in 1856
until her death in 1910 at the age of 90, she lived as an invalid, large-
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Public jubilation in Britain soon turned
to dismay when the Crimean corre-
spondent of The Times, William Howard
Russell, reported that sick and wound-
ed British soldiers were being left to
die without medical attention. Not only
were there too few surgeons and ‘“not
even linen to make bandages” but also
there was not a single qualified nurse in
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the British military hospital at Scutari
(near Constantinople). The French, on
the other hand, had sent 50 Sisters of
Mercy to the Crimea.

It was a golden opportunity for the am-
bitious Nightingale. She immediately
wrote to a longtime friend, Sidney Her-
bert, the “Secretary at War,” to volun-

ly confined to her bedroom. Her illness may not have been organic,
but it did not prevent her from exercising her influence by receiving
frequent visitors and by maintaining an extensive correspondence.



teer her services. As it happened, a letter
from Herbert was already on its way to
her, asking her to recruit a corps of
trained nurses and lead them to Scuta-
ri. When Nightingale left for Turkey on
October 21, 1854, accompanied by 38
nurses, she had the official backing of
the government (although not of the
army) and, perhaps more important, the
private financial support of a special
fund raised by The Times. Besides mak-
ing her an international heroine, her
work in the Crimea and the conditions
she saw there were to determine her mis-
sion for the rest of her life.

The conditions Nightingale and her
party found when they arrived at Scuta-
ri on November 5, the day of the major
Battle of Inkerman, were appalling. The
hospital barracks was infested with fleas
and rats. Under the buildings, as a com-
mission of inquiry later reported, “were
sewers...loaded with filth...through
which the wind blew sewer air up the
pipes of numerous open privies into the
corridors and wards where the sick were
lying” on straw mats, in a state of over-
crowding that got even worse after Ink-
erman. The canvas sheets, according to
Nightingale, were ‘“so coarse that the
wounded men begged to be left in their
blankets”; moreover, the laundry was
done in cold water, with the result that
many linens returned as clean were so
“verminous” that they had to be de-
stroyed. Essential surgical and medical
supplies were lacking, or their distribu-
tion was blocked by military red tape.

These were the conditions that await-
ed patients arriving at Scutari after a
slow sea voyage across the Black Sea
and through the Bosporus, weak and
emaciated, suffering from frostbite and
dysentery as well as from their wounds.
In fact, the resulting epidemics of chol-
era and typhus, and not the injuries
themselves, caused the greatest loss of
life at Scutari. In February, 1855, the
mortality rate at the hospital was 42.7
percent of the cases treated.

In her efforts to establish an effective
hospital in Turkey, Nightingale showed
real skill as an administrator. At every
step, however, she was hampered by the
military authorities, who resisted any
change that might seem to be a conces-
sion of their own errors or incompe-
tence. The military men resented the
fact that Nightingale’s authority was in-
dependent of the armed services, that
she was a civilian and—far worse—that
she was a woman. Hostility to her mis-
sion ran so high that at first her nurses
were not allowed on the wards. Even
after she had achieved greater accept-
ance she had to struggle against petty
officials, such as a supply officer who
refused to distribute badly needed shirts
from his store until the entire shipment
of 27,000 could be inspected by an offi-
cial of the Board of Survey.

In the face of such impediments it

MORTALITY RATE at Scutari, the main British hospital in the Crimean War, declined sharp-
ly after sanitary improvements were made under Nightingale’s influence. In the winter of 1854—
55 the British army besieging the Russian fortress at Sevastopol was ravaged by malnutrition,
exposure and disease: dysentery, cholera, typhus and scurvy. The death rate at Scutari, calcu-
lated here by Nightingale on an annual basis as a fraction of the patient population, reached
415 percent in February. Sanitary reforms began in March. This diagram is taken from the re-
port of a Royal Commission set up after the war to investigate sanitary conditions in the army.

was Nightingale’s independence from
the military and, above all, her private
source of funds that enabled her to ac-
complish so much at Scutari. She estab-
lished her own laundry, including boil-
ers to heat the water; she installed extra
kitchens in the hospital; she became, fi-
nally, the supplier of the entire hospital,
“a kind of General Dealer in socks,
shirts, knives and forks, wooden spoons,
tin baths, tables and forms, cabbage and
carrots, operating tables, towels and
soap, small tooth combs, precipitate for
destroying lice, scissors, bed pans and
stump pillows.” The money for these
supplies and for the staff she recruit-
ed came not only from The Times fund
but also from other philanthropists and
from her own private funds.

hile Nightingale was carrying out

her administrative duties she still
found time to attend to the sick her-
self, late at night, on endless rounds that
gave rise to the legend of the “minister-
ing angel” of the Crimea. At night she
banned all other women from the wards
(she had been obliged to send some of
her nurses home for delinquent behav-
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ior) and made her way, according to
the commissioner of The Times fund,
“alone, with a little lamp in her hand,”
through “those miles of prostrate sick.”
Longfellow immortalized this “lady
with a lamp” image in his poem of 1857
(“Lo! in that house of misery / A lady
with a lamp I see”). There is, however,
a more significant measure of Nightin-
gale’s accomplishment, one that she her-
self stressed: by the spring of 1855, half
a year after she arrived at Scutari, mor-
tality in the hospital had dropped from
42.7 percent to 2.2 percent.
Nightingale returned to England in
July, 1856, four months after the end
of the war. By that time, at the age of
36, she was a world-famous and revered
figure. She nonetheless shunned all at-
tempts to honor her publicly, deciding
instead that the most appropriate recog-
nition for her services would be the es-
tablishment of a commission to investi-
gate military medical care. In the Cri-
mea, she wrote, some 9,000 soldiers
were lying “in their forgotten graves,”
dead “from causes which might have
been prevented.” The tragedy of need-
less death was continuing in every army
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barracks and hospital, even in peace-
time. It could be ended only by institut-
ing throughout the Army Medical Serv-
ice the same sanitary reforms that had
saved so many lives at Scutari. This was
the task Nightingale set herself.

How could she convince people of the
need for reform? Nightingale saw that
the most compelling argument would
be statistical. The idea of using statistics
for such a purpose—to analyze social

conditions and the effectiveness of pub-
lic policy—is commonplace today, but
at that time it was not. The science of
social statistics was in its infancy, and in
promoting the cause of medical reform
Nightingale became a promoter of the
new tool as well.

Seen simply as the collection of nu-
merical data, statistics have a long histo-
ry (going back at least to the Book of
Numbers of the Old Testament), but the

analysis of such data is only as old as the
scientific revolution of the 17th century.
Early attempts to analyze data on social
phenomena were hampered by inade-
quacies both in the data themselves and
in the mathematical tools of analysis.
According to the historian of statistics
Helen M. Walker, the rise of modern
statistics in the 19th century had three
roots: the development of the mathe-
matical theory of probability, the emer-
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LINE DIAGRAMS from the Royal Commission’s report compare
conditions in the army to those in civilian life. Mortality in the peace-
time army in Britain was nearly twice as high as it was among civil-
ians (fop). In the Crimean War “zymotic” diseases were the main
causes of death and were far more prevalent than they were in En-
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gland (bottom). Figures in the top diagram are percentages; those in
the bottom one are per 1,000. The report led to the adoption of a san-
itary code for the army and to a series of physical improvements in
military buildings. Like other diagrams in report, these are examples
of Nightingale’s innovative approach to representation of statistics.
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Adding new color to the
future of visual displays

LCDs should be colorful, not just flat

Panel-type televisions that hang on the
wall, portable computers with ultra-thin
color-graphic screens, high-resolution
stadium scoreboards and electronic road
maps— turning such dreams as these into
commonplace reality requires a new
approach to visual display. That's why so
much attention is being focused on liquid
crystal displays (LCDs), which allow low
power consumption, flat panel construc-
tion, compact designs and economical
production. The only major problem is
that standard LCDs provide insufficient
color contrast for such demanding
applications.

Darkening crystals at the molecular level

Dye molecules used in LCDs function like
tiny swinging doors, allowing light to pass
through when turned “ON” and filtering
light when turned “OFF.” Thus dyes give
color to the liquid crystals in the “OFF”
state. But to produce high contrast, LCDs
need hues as distinct as printer’s ink and
pure black liquid crystals that let no light
escape over the entire visible spectrum.

Hitachi takes a new angle on color display

To achieve this goal, Hitachi engineers
developed new types of dichroic dyes

that exhibit light or dark tones depending
on the angle the molecules are turned,
rather like the different tones created by
brushing suede. LCDs using such dyes
yield 30 to 50 percent better color contrast
than those using conventional types. And
thanks to these new dichroic dyes—
absorbing light evenly at wavelengths
from 400 to almost 700 nm—red, green
and blue filters can be mounted on
black-crystal LCDs to produce full-color
displays. Even now, Hitachi is marketing
dichroic-dye LCDs in brilliant red, green,
yellow and other customized colors, for
use in automobile dashboards, portable
measuring devices and other equipment
requiring numeric displays.
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Hitachi products

The development of high-contrast color
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Hitachi’'s technological strength. You'll
find other examples in all of Hitachi’'s
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of high-quality electronic appliances. Our
comprehensive technological expertise is
your guarantee of convenience, ease of
operation and high reliability in every
product that bears the Hitachi brand.
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gence of the modern state with its agen-
cies for collecting information on its cit-
izens and their activities, and the theo-
retical interest of political economists in
finding causes for human social behav-
iors. These “three movements,” Walk-
er wrote, were pulled together in the
career of the mid-19th-century Bel-
gian astronomer-statistician Lambert-
Adolphe-Jacques Quételet, widely re-
garded as the founder of modern social
statistics. In 1841 Quételet organized
Belgium’s central statistical bureau,
which became a model for similar agen-
cies in other countries, and his interna-
tional leadership in statistical research
continued until his death in 1874.

Nineteenth-century scholars trying to
make a science out of the study of
human behavior faced a dilemma: the
model science of those days was classi-
cal physics, with its deterministic laws
describing natural phenomena, but hu-
man behavior seemed individual and
indeterminate. Quételet’s resolution of
the problem bypassed the question of
the individual with the concept of an
“average man.” He showed that where-
as there are no laws determining individ-
ual behavior, there are regularities in the
attributes and behavior of groups, and
that these regularities could be char-
acterized mathematically by the laws
of probability. Quételet was convinced
that even mental and moral traits, if
only they could be measured accurate-
ly, would also follow regular laws of
statistical distribution.

Quételet’s most original and most
startling work was his analysis of the
influence of such factors as sex, age,
education, climate and season on the
French crime rate (1831). The data did
not allow a prediction of who would
commit what crime, but according to
Quételet they did display regularities
that would enable a scientist to “enu-
merate in advance how many individu-
als will stain their hands in the blood of
their fellows, how many will be forgers,
how many will be poisoners.” The dis-
covery of these regularities led Quételet
to the radical conclusion that “it is soci-
ety which, in some way, prepares these
crimes, and the criminal is only the in-
strument that executes them.”

Although Quételet’s work was high-
ly regarded by many scholars, it was
abhorred by others. The determinism of
his “social physics” was an anathema to
people committed to the prevailing doc-
trines of free will and individual respon-
sibility. John Stuart Mill, for example,
wrote at length against probability in
general and its application to social sci-
ence in particular. Another vocal oppo-
nent of the statistical view of man and
society was Charles Dickens. His novel
Hard Times was meant to satirize those
people, Dickens later said, who could
see nothing but “figures and averages,”

those “addled heads” who would use the
yearly average temperature in the Cri-
mea “as a reason for clothing a soldier
in nankeens [silks] on a night when he
would be frozen to death in fur.” Dick-
ens disliked the statistical view because
he thought it was dehumanizing, and in
Hard Timeshe portrayed the regularities
found by statisticians in the rate of in-
sanity, crime, suicide and prostitution as
a “deadly statistical clock.”

Nightingale, on the other hand, was
an ardent admirer of Quételet’s work,
and she early displayed a predilection
for collecting and analyzing data. At
Scutari, apart from the all-important
sanitary reforms she instituted, she also
systematized the chaotic record-keep-
ing practices; until then even the num-
ber of deaths was not known with accu-
racy. When she returned to England in
1856, she met William Farr, a physi-
cian and professional statistician. Under
Farr’s guidance Nightingale soon rec-
ognized the potential of the statistics
she had gathered at Scutari, and of med-
ical statistics in general, as a tool for
improving medical care in military and
civilian hospitals.

hroughout military history until the
20th century the main cause of death
in war was disease rather than wounds
sustained in battle, and the Crimean
War was no exception. Nightingale’s
numbers still speak eloquently. During
the first months of the Crimean cam-
paign there was ‘“a mortality among the
troops at the rate of 60 percent per an-
num from disease alone,” a rate exceed-
ing that of the Great Plague of 1665 in
London and higher also “than the mor-
tality in cholera to the attacks” (that is,
the mortality among those who had con-
tracted the disease). In January, 1855,
the mortality in all British hospitals in
Turkey and the Crimea, measured in re-
lation to the entire army in the Crimea
but not including men killed in action,
peaked at an annual rate of 1,174 per
1,000. Of this number 1,023 deaths per
1,000 were attributable to “zymotic”
disease (a category introduced by Farr
including epidemic, endemic and conta-
gious disease). This means that if mor-
tality had persisted for a full year at
the rate that applied in January, and if
the dead soldiers had not been replaced,
disease alone would have wiped out the
entire British army in the Crimea.
Nightingale’s various methods of cal-
culating mortality dramatized both the
impact of disease and the effects of im-
proved sanitary conditions. Calculated
on an annual basis as a percentage of
the patient population, the death rate at
the Scutari hospital reached an incred-
ible 415 percent in February, 1855. In
March, however, Nightingale’s sanitary
reforms began to be implemented and
mortality among the patients declined
precipitously. By the end of the war,
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according to Nightingale, the death
rate among sick British soldiers in Tur-
key was “not much more” than it was
among healthy soldiers in England; even
more remarkable, the mortality among
all British troops in the Crimea was
“two-thirds only of what it [was] among
our troops at home.”

The comparison suggested that the
soldiersat home were living in their bar-
racks under unhealthy conditions. After
Farr had made Nightingale aware of the
significance of mortality tables, she at
once thought of comparing the mortali-
ty among civilians to that among sol-
diers. She found that in peacetime sol-
diers in England between the ages of 20
and 35 had a mortality rate nearly twice
that of civilians. It is just as criminal, she
wrote in 1857, “to have a mortality of
17, 19, and 20 per thousand in the Line,
Artillery and Guards in England, when
that of Civil life is only 11 per 1,000, as
it would be to take 1,100 men per an-
num out upon Salisbury Plain and shoot
them.” (The 1,100 represented 20 per
1,000 of an enlisted force of 55,000.)
Clearly the need for sanitary improve-
ments in the military was not limited
to hospitals in the field. By pressing
her case with these statistics Nightin-
gale eventually gained the attention of
Queen Victoria and Prince Albert, as
well as of the prime minister, Lord
Palmerston. In spite of the passive resis-
tance of the War Office, Nightingale’s
wish for a formal investigation of mili-
tary health care was granted in May,
1857, with the establishment of a Royal
Commission on the Health of the Army.

It would not have been possible at that
time for a woman to serve on such a
board. Nightingale nonetheless strongly
influenced the commission’s work, both
because some of its members were her
friends (including Sidney Herbert, the
minister who sent her to the Crimea)
and because she provided it with much
of its information. As a statement of her
own views she wrote and had privately
printed an 800-page book titled Nores
on Matters Affecting the Health, Efficiency
and Hospital Administration of the British
Army, which included a section of statis-
tics accompanied by diagrams. Farr
called it “the best [thing] that ever was
written” either on statistical “Diagrams
or on the Army.”

Nightingale was a true pioneer in the
graphical representation of statistics:
she invented polar-area charts, in which
the statistic being represented is propor-
tional to the area of a wedge in a circu-
lar diagram. Nightingale used these dia-
grams, which she called her “coxcombs”
because of their vivid colors, to drama-
tize the extent to which deaths in the
Crimea campaign had been preventa-
ble. Farr was impressed with Notes, and
much of Nightingale’s work found its
way into the statistical charts and dia-
grams he prepared for the final report of
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training manual, a pep talk from
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error.

Well, not any more. When
you look at the kind of equip-
ment on the factory floor today,
a good training program is about
the best insurance you can ask
for. And now, thanks to a company
called Wicat, the technology
of training has finally come into
its own.
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At Wicat, we use the power of
computers to make training an
intense, individualized experience.
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trainee gets the computers
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outdated manuals, they work with
up-to-the-minute information.
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trained workers, you can also
look forward to some very impres-
sive cost savings. In fact, some
of the worlds largest corporations
put Wicat learning stations in
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time. For less than half the cost.
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MANUALS AND
VIDEOTAPES.

Since theres nothing like realism
to make training stick, Wicat was
the first to incorporate the extra-
ordinary graphics, sound, and simu-
lation capability of the laserdisc
into computer-based training.

Just imagine, for example, a
trainee flipping through a manual
on sophisticated shop floor equip-
ment. Now imagine the same
employee going through a one-
on-one laserdisc session that shows
how the equipment works, then
leads him through a practice
session. Since it's only a simulation,
even a colossal mistake is a positive
learning experience. Instead of
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COMPUTERIZE
COURSES WITHOUT
PROGRAMMING.

Until now, computer-based train-
ing systems demanded sophisti-
cated programming skills. Wicat
doesn't.

For example, with most
other systems, it takes a skilled
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computerize one course. To com-
puterize the same course on
Wicat equipment, it takes a non-
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SOLUTION.

At Wicat, we design and manu-
facture our own hardware. In
fact, we spent four years in devel-
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possible.
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the Royal Commission. As part of her
“flank march” against the forces of re-
sistance to medical reform, Nightingale
had the statistical section of the report
printed as a pamphlet and distributed
widely in Parliament, the government
and the army. She even had a few copies
of the diagrams framed for presentation
to officials in the War Office and in the
Army Medical Department.

Nightingale’s efforts were not in vain.
Four subcommissions were established
to carry out the reforms recommended
in the report of the Royal Commission.
The first presided over physical alter-
ations to military barracks and hospi-
tals: improvements in ventilation, heat-
ing, sewage disposal, water supply and
kitchens. Other subcommissions draft-
ed a sanitary code for the army, estab-
lished a military medical school and re-
organized the army’s procedures for
gathering medical statistics.

Nightingale next turned her attention
to the health of soldiers in India.
She and Farr began to study the sickness
and mortality records of the India Of-
fice, and she sent inquiry forms to the
various British stations in India for in-
formation on sanitary conditions there.
In 1858 and 1859 she lobbied success-
fully for the establishment of another
Royal Commission to look into the Indi-
an question. Two years later she submit-
ted to the commission a report, based on
the inquiries sent to the stations in In-
dia, on the conditions that were causing
among the troops in India a death rate
six times higher than the rate among ci-
vilians in England: defective sewage sys-
tems, overcrowding in the barracks, lack
of exercise and inadequate hospitals,
among other things. The commission
completed its own study in 1863. Af-
ter 10 years of sanitary reform, in 1873
Nightingale reported that mortality
among the soldiers in India had de-
clined from 69 to 18 per 1,000.
Statistics, as Nightingale so effective-
ly demonstrated, provide an organized
way of learning from experience, and
medical statistics can teach far more
than the simple fact that unsanitary con-
ditions kill. Uniform and accurate hos-
pital statistics, she wrote, would “enable
the value of particular methods of treat-
ment and of special operations to be
brought to statistical proof”; in short,
statistics would lead to improvement in
medical and surgical practice. The prob-
lem was that the statistics kept by hos-
pitals in Nightingale’s day were neither
uniform nor consistently accurate. To
remedy this she developed, with the aid
of Farr and other physicians, a Model
Hospital Statistical Form. The form was
approved at the International Congress
of Statistics, held in London in the sum-

| mer of 1860.

The new scheme set out the basic cate-
gories of data that hospitals should col-

© 1984 SCIENTIFIC AMERICAN, INC

lect: the number of patients in a hospital
at the beginning and end of a year and
the number of patients admitted during
the year, the number of patients who
had recovered or who had been either
discharged as incurable or dismissed at
their request, the number of patients
who had died and the mean duration of
hospital stays. Yet although the ideal of
gathering uniformhospital statistics was
clearly a good one, and far ahead of its
time, the new scheme was never put into
general practice. The proposed form it-
self was overly complex, and it includ-
ed an idiosyncratic system for the clas-
sification of diseases devised by Farr
with which many pathologists strongly
disagreed. In medical science, unfortu-
nately, Nightingale did not display the
same understanding that led her to rec-
ognize the value of medical statistics;
for instance, she showed no interest in
the new germ theory of disease and its
implications for the treatment of con-
tagious diseases.

Nightingale’s commitment to statis-
tics transcended her interest in health-
care reform, and it was closely tied to
her religious convictions. To her, laws
governing social phenomena, “the laws
of our moral progress,” were God’s
laws, to be revealed by statistics. Quéte-
let’s science, she taught, was “essential to
all Political & Social Administration,”
yet political leaders were for the most
part completely untrained in the inter-
pretation of statistics. The result of such
ignorance, in Nightingale’s view, was
legislation that was ‘“not progressive
but see-saw-y,” written by officials who
“legislate without knowing what [they]
are doing.” That is why she experiment-
ed with graphical representations, which
everyone could understand, and why
she struggled to get the study of statis-
tics introduced into higher education, al-
though her dream of a university chair
in statistics did not become a reality un-
til after her death. Even today society
has not come around fully to Nightin-
gale’s point of view, as is clear from the
fact that statistics has yet to become a
mandatory part of public education.

Something of the religious fervor
Nightingale felt for statistics is evident
from her annotation of her copy of Qué-
telet’s book Physique Sociale. On the ti-
tle page she incorporated the title into
a statement of her own creed:

The sense of infinite power

The assurances of solid certainty

The endless vista of improvement
from the principles of
PHYSIQUE SOCIALE

if only found possible to apply on
occasions
when it is so much wanted

To Nightingale, Quételet was the
founder of “the most important science
in the whole world,” because “upon it



depends the practical application of
every other [science].”” Judging from
their correspondence, the respect seems
to have been mutual.

Although statistics were important to
Nightingale, during her later years
of being “an influential” she by her own
account yearned to return to nursing,
her chosen profession, her first “call
from God.” She could not, however, be-
cause she lived a good part of her life
after her return from the Crimea as an
invalid, practically bedridden.

Although Nightingale’s poor health
may have been related to a fever she
contracted while she was in the Crimea,
some have suggested that she did not
have an organic illness at all, that her
invalidism was neurotic or even inten-
tional. In any event confinement to her
bedroom, where she received a steady
stream of visitors, did not diminish her
influence or keep her from establishing
the professional status of modern nurs-
ing. With money from the Nightingale
Fund (almost 50,000 pounds, raised by
public subscription to honor ‘“the Pop-
ular Heroine”) she was able to realize
an early goal, founding the Nightingale
Training School for Nurses in 1860. She
could not, as she had hoped, superintend
the school, but it followed her princi-
ples: “(1) That nurses should have their
technical training in hospitals specially
organized for that purpose; (2) That
they should live in a home fit to form
their moral life and discipline.”

Both principles were radical in their
time. That they are accepted as com-
monplace today is testimony to Flor-
ence Nightingale’s service to nursing,
which did as much as any scientific ad-
vance to improve the general quality of
medical care. In view of her other pas-
sion, it is appropriate that another tell-
ing indicator of that service is statistical:
in 1861 the British census found 27,618
nurses in Britain, and it listed that figure
in the tables of occupations under the
heading “Domestics”’; by 1901 the num-
ber had increased to 64,214, and it was
listed under “Medicine.”

LOSS OF MANPOWER in the British army
due to excess mortality and invaliding is il-
lustrated by diagrams from the report of the
Royal Commission. Both graphs assume that
10,000 20-year-old recruits are added to the
force annually and that a healthy soldier’s ca-
reer lasts for 20 years. Each small rectangle
represents 1,000 men. Under the existing
unhealthy conditions (bottom) death (brown)
and invaliding (ye/low) reduce the strength of
the army (beige) to 141,764 from its maxi-
mum size of 200,000, a loss of 29 percent. If
mortality were as low as it was in the civilian
population and the relation between mortal-
ity and the invaliding rate stayed the same, the
report concluded, the strength of the army
would increase significantly, to 166,910 (top).
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THE AMATEUR
SCIENTIST

What is a fish’s view of a fisherman

and the fly he has cast on the water?

by Jearl Walker

fly fisherman who sees a fish in the
water confronts the problem of
where to cast the fly. The re-
ceived wisdom is that the best place is
just above the fish. Does the cast have to
be that accurate? If it misses by a few
centimeters, will the fish still see it as
a fly? Robert Harmon and John Cline,
who are patent attorneys in Chicago,
have been looking into the optics of fly
fishing. They believe the cast does have
to be fairly accurate, otherwise the im-
age seen by the fish might be too dis-
torted by the refraction of the light rays
at the surface of the water.
Light in a vacuum travels at only
one speed (3 X 108 meters per second).

Through any transparent medium, how-
ever, its speed is lower because the light
interacts with the molecules of the medi-
um. Each interaction can be considered
as a brief absorption of the light.

The easiest way to describe the net
delay in the passage of the light through
the medium is to say the light is moving
slower. For this purpose every transpar-
ent medium is assigned an index of re-
fraction. The effective speed of light
through the medium is equal to the
speed of light in a vacuum divided by
the index of refraction. The index of re-
fraction of water isapproximately 1.331
and of air slightly more than 1. Hence
the effective speed of light through air is
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almost the same as it is through a vacu-
um, whereas through water the speed is
considerably lower.

When a light ray passes through the
surface of water, it is refracted (changes
its direction) because of the change in its
effective speed. By convention the orien-
tation of a ray is measured with respect
to a line perpendicular to the surface
crossed by the ray. Suppose the ray is
incident on the water surface at an angle
of 42 degrees with respect to the verti-
cal. Part of the light is reflected from the
surface at the same angle from the verti-
cal. The rest of the light refracts into the
water as aray 30 degrees off the vertical.

Other angles of incidence yield other
angles of refraction. The relation is set
out in the rule named for Willebrord
Snell, who proposed it in 1621. Accord-
ing to Snell’srule, the sine of the angle of
refraction in the water is equal to a frac-
tion of the sine of the incident angle in
the air. The fraction is the ratio of the
respective indexes (air : water). In every
case except one the angle of refraction is
smaller than the angle of incidence. The
exception is when the ray is incident
along the vertical line; then it goes into
the water with no change in direction.

Consider a ray that comes to a fish
from an object a short distance above
the surface of the water. If the fish can
assign a position to the origin of the ray
(as a human being can), it interprets the
object as lying somewhere along the ray.
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The object therefore appears to be at an
angle in the sky higher than the true an-
gle. The error is small if the angle of the
incident ray is small and large if the an-
gle is large.

The ray refracted the most comes
from near the horizon; it is incident on
the water at an angle of slightly less than
90 degrees. The angle of refraction is
approximately 48.7 degrees. (The exact
angle depends on the index of refraction
of the water.) No ray from above the
water can reach the fish at a larger angle
of refraction. Hence all the rays reach-
ing the fish from above the water fall
within an imaginary cone with its apex
centered on the fish’s eye and with its
sides 48.7 degrees off the vertical.

Harmon and Cline call the intersec-
tion of this cone with the surface of the
water the “window” through which the
fish sees objects above the water. A ray
from the horizon passes through the
edge of the window and then down the
side of the cone. The size of the window
varies with the fish’s depth in the water.
When the fish is at a depth of 10 centi-
meters, the radius of the window is 11.3
centimeters. A greater depth gives a
wider window but cannot alter the angu-
lar size of the cone. That size is set by the
refraction of the rays from the horizon.

The view of the external world that
arrives at the fish is anamorphic: the
magnification differs in each of two per-
pendicular directions. Refraction warps
and repositions objects in the fish’s view.
Perhaps a fish can interpret the anamor-
phic view, realizing that the objects ap-
pearing in the window lie at some dis-
tance above the surface of the water.
Perhaps instead the fish regards the ob-
jects as being on the surface. In either
case what does the fisherman look like
to the fish?

I investigated the question by com-
puter, calculating what the refraction
would be from each of four vertical
sticks at several distances from a fish.
I programmed my home computer to
make the calculation on the basis that
each stick extends one meter above
the water and 20 centimeters below it,
which is about right to simulate a fish-
erman standing in shallow water. The
fish is assumed to be 10 centimeters be-
low the surface, which is a reasonable
depth for a feeding fish.

I first considered a stick two meters
from the fish horizontally. A ray from
the submerged part of the stick is not
refracted and is perceived (if the fish can
see that far) in its proper place. A ray
from just above the waterline on the
stick passes through the edge of the win-
dow and travels along the side of the
imaginary cone that marks the limit of
the raysreaching the fish from above the
water. The fish might interpret this ray
as originating somewhere back along a
line making the same angle with the ver-
tical. If it does, the waterline of the stick

would seem to lie along a line 48.7 de-
grees from the vertical.

A ray from the top of the stick passes
slightly closer to the center of the win-
dow. Its angle of refraction is about 42
degrees. The fish might see the ray as
originating along a line that is a rear-
ward extrapolation of the refracted ray.
If the fish does, the top of the stick would
seem to lie on a line 42 degrees off the
vertical. Hence if the fish has depth
perception, the stick would seem to lie
somewhere in the air between 42 and
48.7 degrees off the vertical.

The situation is represented in the bot-
tom illustration on the next page. The
image of the stick curves between those
angles. In order to leave room for the
other components of the illustration
the image is shown as being separated
from the window by about as much as
the stick actually is.

Do not take the drawing literally. I do
not know if the fish can mentally extrap-
olate light rays. I also do not know if
it can even recognize a stick for what
it is. Surely a fish cannot conclude that
the seemingly warped object is a verti-
cal, rigid stick. Much of a human be-
ing’s ability to assign depth and shape
to objects comes from experience with
those objects.

With my computer I calculated angu-
lar positions for three other sticks. In all
four cases the fish sees two images of
the stick. The part above the surface of
the water is seen through the window.
The submerged part is seen in its true
position and is well separated from the
image of the part above the surface.
As I move a stick closer to the window
the images of the two parts get closer
to each other, finally merging when the
stick reaches the edge of the window.

The illustration on the opposite page
offers a flat view of the sticks as they are
seen through the refraction of the win-
dow. A fish without depth perception or
any understanding of what it is seeing
probably depends on such a flat picture
of the external world. To keep the sticks
from overlapping in the illustration I
have repositioned them so that they lie
in a circle around the fish. The sizes of
the sticks and the distances from them to
the fish are the same as before. The sub-
merged parts are not shown because
they are too far away to fit into the illus-
tration. Marks on the sticks indicate sev-
eral heights above the waterline.

In the illustration the bottom of the
part of a stick above the surface appears
at the edge of the window and the top
appears along a radial line and closer to
the center of the window. A stick two
meters from the fish is compressed into a
small area. The bottom of the part of the
stick above the surface is compressed
more than the top because of the strong
refraction of the rays from the bottom.
The image of the stick takes up less
than 2.5 centimeters along a radius of
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the window. Since many other objects
around a body of water would show up
along the edge of the window, the stick
might be lost in the clutter.

Less compression is apparent in the
sticks 1.5 meters and one meter from
the fish. Since they extend more toward
the center of the window, however, they
are noticeably tapered. The stick 50
centimeters from the fish is even more
tapered and distorted. The full image
of the part above the surface takes up
about 70 percent of a radial line in the

window and therefore must be quite no-
ticeable to a fish.

My stick is equivalent to a short fish-
erman. Such a fisherman two meters or
more from the fish is compressed into
a miniature that occupies only a small
part of the window and may be lost in
the clutter at the edge. As the fisherman
moves closer to the fish he takes up more
angle in the fish’s field of view and oc-
cupies more of the window. The sub-
merged part of the fisherman also gets
larger in the fish’s field of view.

At some point the motion of one of
these images warns the fish of possible
danger. The motion of the part of the
fisherman above the water shows up as
an image that starts at the edge of the
window and grows radially toward the
center. Perhaps the fish watches for mo-
tion that looks as though it might cast a
full image from the edge to the center.

Similar optics applies to the appear-
ance of a fly cast near a fish. Some pos-
sibilities are represented on the left side
of the illustration on page 138. For the
sake of convenience I have considered
a narrow rectangular fly extending 2.5
centimeters above the surface and .2
centimeter below it. (The height is about
the same as that of a size 4 dry fly. The
width of the fly along the surface is

not important.) Although a rectangular
fly is not likely to be inviting to a fish,
it serves to demonstrate the distortion
caused by refraction.

I programmed my computer to find
the image the fly makes in the window.
If the waterline of the fly is five centime-
ters from the center of the window, the
part of the fly above the surface of the
water lies across only 1.3 centimeters
of a radial line in the window. The part
below the surface, which is compressed,
merges into the image of the part above
the surface.

As the fly moves closer to the edge its
image stretches. For example, when the
fly’s waterline is 10 centimeters from
the center of the window, the image of
the part of the fly above the surface
takes up three centimeters along a ra-
dial line. That is more than the true
height of the fly. The image of the
part below the surface, still attached to
that of the part above the surface, is
also stretched slightly, which should
make the fly more noticeable to the fish.

When the fly moves past the edge of
the window, the image of the part above
the surface begins to contract and that
of the part below the surface separates
from it. The illustration shows the situa-
tion when the fly is 15 centimeters from
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the center of the window. The top of the
part below the surface is seen at its prop-
er distance from the center. The bottom
of the part above the surface appears
at the edge. The top of the fly, which is
actually 2.5 centimeters above the wa-
terline, shows up only 1.9 centimeters
from the edge of the window. The fly is
no longer easy to see.

When the fly is moved to 20 centime-
ters from the center of the window, the
apparent contraction of the part above
the surface is greater. The bottom of
that part still lies at the edge of the win-
dow and the top now appears at about .8
centimeter from the edge. This contrac-
tion of the image of the part above the
surface gives the fish a highly distorted
view of the fly. Moreover, the image of
the part above the surface may be lost in
the clutter at the edge of the window.
Recognizing the fly is now more diffi-
cult. In addition the image of the part
below the surface is well removed from
the image in the window. Even if both
images are still perceptible, a fish is like-
ly to see two objects, both of them small.

Harmon and Cline say that if you are
fishing with a fly and can see the fish,
cast the fly as close to it as you can. If
you can put the fly within the fish’s win-
dow, it may be recognizable as a fly. At
least the images of the part of the fly
above the water and of the part below
the water are merged. If the fly lies in-
side the window near the edge, the im-
age of the part above the water is magni-
fied in the sense that its length along a
radial line of the window is larger than
the true height of the fly.

If yourcastis off by a few centimeters,
the fly may be outside the fish’s window.
The separation of the images of the part
below the surface and of the part above
makes the fly look less like a fly. The
compression of the image of the part
above the surface may even make that
part so small that it is lost in the clutter
at the edge of the window.

The problem is. particularly difficult
if the fisherman is in the same direction
from the fish as the fly is; his image adds
to the clutter. In this situation his only
chance of attracting the fish is with the
image of the part of the fly below the
surface, which the fish will see without
distortion by refraction. Harmon and
Cline suggest it would be well if that
part of the fly were brightly colored.

So far I have assumed that the index
of refraction of water has a single val-
ue. In reality it differs at different wave-
lengths of light. Red light, at the long-
wavelength end of the visible range, has
an index of about 1.331. Blue light, at
the short-wavelength end, has an index
of about 1.343. Suppose a ray of white
light, consisting of all the colors, passes
into water. Refraction spreads the col-
ors through a small range of angles. The
ray with the smallest angle of refraction
is blue; the one with the largest angle of
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refraction is red. The colors at interme-
diate wavelengths have intermediate an-
gles of refraction. This separation of
colors is called dispersion.

Harmon and Cline point out that dis-
persion plays a minor role in the image
a fish sees in its window. To investi-
gate dispersion I considered the rays of
white light extending from the top of
my imaginary rectangular fly. One ray
refracts at the water surface to send a
red ray to the fish. Another ray refracts
slightly closer to the center of the win-
dow to send a blue ray. The fish sees
a colored image where the rays cross
through the window. Although the blue
image is slightly closer to the center
of the window, the dispersion of the
colored image is weak unless the fly is
well outside the window. Even then the
spread amounts to no more than about
a millimeter in the window.

What the fish sees on the surface of
the water outside the window is largely a
reflection of rays that have scattered off
the bottom. Although any refraction of
light through the surface and into the air
must obey Snell’s rule, for some rays
refraction is impossible. Whether or not
a ray refracts depends on the angle
of incidence. If the angle is less than
48.7 degrees, part of the light refracts

through the surface and the rest reflects
downward. According to Snell’s rule,
the angle of refraction (now in the air)
must be larger than the angle of inci-
dence. The angle of refraction can be as
much as 90 degrees, however, which it
is when the refracted ray barely skims
over the surface of the water.

If the incident angle is larger than 48.7
degrees, refraction is impossible. The
light can only reflect, a situation that is
called total internal reflection since the
light is unable to escape from the water.
Any light that reflects to the fish from
the underside of the window must have
an angle of incidence smaller than 48.7
degrees. There part of the light also re-
fracts into the air. A ray that reflects just
at the window’s edge has an angle of
incidence of 48.7 degrees, sending a re-
fracted component along the surface of
the water. Any light that reflects to the
fish from the rest of the surface must
have an angle of incidence larger than
48.7 degrees. All this light is internal-
ly reflected. The reflections from the
window region are likely to be lost in
the glare of light from the sky, but the
reflections elsewhere might be bright
enough to give the fish a mirrorlike pic-
ture of the bottom.

The optics I have been discussing ap-
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plies to a situation in which a fish looks
out through the sides of an aquarium.
Here, of course, the window is in a verti-
cal plane. The anamorphic distortion re-
sulting from refraction would change
the geometry of objects outside the
aquarium. For example, an object that
is in fact square would have the shape
of a pincushion.

The human eye open in water does
not see any of these optical distortions
because it is adapted for vision in air.
About two-thirds of the refraction nec-
essary for focusing normally takes place
at the surface of the eye. Since the eye
has almost the same index of refraction
as water, a submerged eye loses that re-
fraction. It cannot focus on objects im-
aged in the window. You can regain fo-
cus if you wear a face mask to trap air
next to your eye. Is there a window then?
There is none if the plane of the mask is
parallel to the surface of the water.
When the rays pass from the water into
the air in the mask, the refraction rein-
states their original directions of travel.
The cone limiting the rays is eliminated
and therefore so is the window. You
might want to investigate other orienta-
tions of the face mask.

I have briefly considered another re-
fraction problem common to fishing.
Can you see a fish in its true location?
The problem is crucial if you fish, as a
few people do, with a bow and arrow.
Should you aim the arrow directly at the
fish as you see it? The answer is no. Un-
less the fish is just below the surface, you
should aim lower in your field of view.
The rays reaching you from the fish re-
fract according to Snell’s rule, ending up
with larger angles with respect to the
vertical than they had initially. When
you receive one of the rays, you mental-
ly extrapolate back along it to find the
source, being misled into thinking that
the fish is in that direction.

Lawrence E. Kinsler analyzed similar
problems about the refraction of rays
from a submerged object. He pointed
out that the depth of an object is mis-
judged even when your view is from di-
rectly above it. Much of your decision
about the distance to the object derives
from the angle through which each eye
must turn so that the eyes together can
converge their lines of sight on the ob-
ject. Since the rays of light are refracted
before they reach the eyes, the point of
convergence lies above the object, leav-
ing you with the illusion that the object
is not as deep as it actually is.

Observations from other angles also
involve such an error in the assignment
of depth. Kinsler’s results (for a fish) are
summarized in the lower illustration on
the opposite page. One ray is included
to represent the light that travels from
the fish to the observer. Actually each
eye receives a ray from a slightly differ-
ent direction. The observer believes the
fish lies along a rearward extrapolation
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of the rays. In the illustration the extrap-
olation is indicated for the single repre-
sentative ray. The convergence of the
lines of sight from the eyes determines
where along the extrapolation the fish
appears to be. The result is that the fish
seems to be higher on a vertical line run-
ning through its true location.

Such is the illusion for a normal view
of a fish. Suppose the observer lies on a
dock with his eyes directed downward in
avertical plane. As before the fish seems
to be on a rearward extrapolation of the
rays reaching the eyes. This time they
seem to come from a place higher and
closer to the observer.

You can check these illusions with a
simple demonstration. Fill a tub with
water. Look at a coin on the bottom.
When your line of sight is well off the
vertical, the apparent depth of the coin
is obviously inconsistent with the depth
of the tub. When you then move your
head so that your eyes are in a verti-
cal plane, the apparent position of the
coin immediately shifts so that the coin
seems to be higher and closer to you.
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