SCIENTIFIC
AMERICAN

MICROELECTRONIC PACKAGING $2.50

© 1983 SCIENTIFIC AMERICAN, INC



An IBM 3081: subatomic physics at Stanford

Finding the pieces
in one billionth
of a second.

© 1983 SCIENTIFIC AMERICAN, INC

Trying to see how a watch works
by slamming two together and
examining the pieces is a popular
analogy with physicists. It explains
how they examine the innermost se-
crets of subatomic particles.

The watches represent matter
and antimatter—electrons and posi-
trons that whirl in opposite direc-
tions through a 1.3 -mile ring at the
Stanford Linear Accelerator Center
(SLAC). Approaching the speed of
light, they collide and generate
bursts of subatomic shards that last
for only a tiny sliver of time.

An IBM 3081 processor at SLAC
has proved a smashing success in
finding meaning in millions of bits
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of data from these experiments,
which may run for weeks or months.

As Charles Dickens, director of
SLAC computing services, says,
“Our 3081 moves data in and out of
its central processor fast enough to
provide the scores of physicists with

Original
Pl

Struck proton (p+) 1

A significant event at SLAC. Positive pion
(m*) strikes proton (p*) creating two new
pions, one negative and one positive. Four
other pions pass through with no contact.
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immediate access to experimental
results”

They can think about the prob-
lem, and not worry about the com-
puter, with microcode-assisted
VM/CMS. With this flexible IBM
software and the 3081’s reliability,
physicists can, with confidence,
steal a look for a significant event
during the experiment.

Dickens explains, “Before, peo-
ple might say, ‘If I'd only known
what was happening, I'd have done
things differently. Now they see the
results as they happen?”

The 3081 supports 450 termi-
nals for interactive computing un-
der VM/CMS. It performs well in
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online environments because a new
dyadic design allows its two separate
processors to work concurrently on
awiderange of applications. Its high
reliability is due, in part, to an ad-
vanced thermal conduction module
(TCM).

IBM offers engineering and
scientific users extensive support:
consultants, education and access to
professionals. Tap into our many
years of experience.

For an informative brochure,
write Dr. Jack W. Hugus, IBM Engi-
neering and Scientific Marketing.
1133 Westchester
Avenue, White
Plains, NY 10604.
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“When your traveling companion is worth $2.5 million
.. 'you better be sure about |

In the celebrated world of
quarter horses, the value of
a stallion often runs into the
millions. So it's no wonder
that Bob Norris, former
President of the American
Quarter Horse Association,
and so many other distin-

guished figures in equestrian
circles, trust the safe trans-
port of their valued cargos to
a Jeep, Wagoneer Limited.
There’s a special feeling of

Jeep 7l Wagoneer Limited. The Ultimate Wagon.

FROM JEEP CORPORATION

.\’ 4

confidence behind the wheel
of a Jeep Wagoneer. There's
authority in its power, security
in its traction and prestige in
its appearance.

With its remarkable Selec-
Trac 2-wheel/4-wheel drive
system, the Wagoneer art-
fully masters most any terrain,
even under adverse condi-
tions...from summer down-
pours to winter snowstorms.

Yet, for all its impressive
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your transportation’’

HOB NORRIS. AMERICAN-QUARTER HORSE ASSOCIATION

strength and dependability,
classic comforts are stan-
dard in a Wagoneer Limited.
From its plush interior fabrics
and leathers to its premium
stereo sound system, quality
is never compromised.

And because it does so
many things without compro-
mise, the Jeep Wagoneer
Limited makes perfect horse
sense, no matter who your
traveling companion is.
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THE COVER

The columns rising above a mosaic floor in the painting on the cover represent
part of a cooling module that houses more than 100 silicon chips in the central
processing unit of a large digital computer. The chips are mounted face down
on a ceramic substrate that supplies some 12,000 terminals for power and sig-
nals. The columns, or pistons, are pressed against the back of the chips to carry
off heat. In many computers the technology of interconnecting and cooling mi-
croelectronic devices is the major factor limiting the performance of the cen-
tral processor (see ‘“Microelectronic Packaging,” by Albert J. Blodgett, Jr., page
86). The module is made by the International Business Machines Corporation.
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ELECTRON BEAM
DRILLS HOLES
TO GIVE AIRLINES
A SPECIALLIFT.

When air flows over an airplane wing, it creates
turbulence and performance-killing drag. We've
found a way to reduce drag dramatically and
_ save the airlines millions of dollars in fuel costs.
3 . AN 1 3T RN Anele‘cnropbeam,lmnnerthanahumm
""" A 1Y VRS hair, was used to drill millions of holes in the
"iad ' & i titanium skin of the wing. (The ordinary paper
clip shows how tiny they are.) During flight,
a thin layer of air passing over the wing is sucked
through the holes to stop turbulence before
‘it develops.
This breakthrough could reduce fuel
consumption by as much as 20% on long flights.
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LETTERS

“Hidden Visual Processes,” by Jer-
emy M. Wolfe [SCIENTIFIC AMERICAN,
February], is a provocative challenge to
traditional theories of visual perception
and a refreshing alternative to common-
place conceptions of human perceptual
abilities. The article also raises episte-
mological issues that deserve further at-
tention. In his effort to show that the
human visual system is composed of a
number of specialized subsystems act-
ing coordinately to effect our awareness
of the world, he argues that “no amount
of introspection can make us aware of
the subsystems themselves.”

Wolfe’s experiments are ingenious.
His conclusions regarding their cogni-
tive significance are questionable. In his
discussion of one typical procedure, that
involving “accommodation” (the ability
to control the muscles focusing the eye
on objects at various distances by chang-
ing the shape of the lens) he concludes
that since this aoility is notably indepen-
dent of color perception, its discovery is
“a finding that no amount of introspec-
tion could have suggested about vision.”
His detailed account of the experimen-
tal procedures, however, contains nu-
merous (and unavoidable) references to
what the subject saw or thought he saw.
For example: “Thus our subjects could
readily tell that the isoluminant stimu-
lus was an edge between red and green,
but it was impossible for them to bring
the edge into focus.” How are we to sup-
pose this information was obtained if
not by asking the subjects to report their
occurrent visual experiences, that is, to
“introspect”? These references do not in
any way undermine. the empirical sig-
nificance of Wolfe’s research, but they
do underscore the inconsistency. of his
methodical repudiation of introspection
and his repeated appeal to what are es-
sentially introspective reports of visual
experiences under experimentally direct-
ed conditions. The fact that some percep-
tual processes may be undetectable un-
der normal or unrestricted conditions is
neither evidence nor argument for the
assumption that their detection requires
a bypass of introspective awareness. On
the contrary, the detection of such proc-
esses is both psychologically and logi-
cally dependent on the ability to pro-
duce just such anomalous experiences as
Wolfe’s experiments elicit. Introspec-
tion has not been eliminated; it has
merely been redirected.

Methodologically, Wolfe’s research
exemplifies commitments that are com-
mon enough, even orthodox in experi-
mental psychology. It is all the more
ironic, then, that this discipline, which
has been systematically intent on. ex-
cluding appeal to anything as “subjec-

6

tive” and unquantifiable as introspec-
tion, should rely so consistently, if cov-
ertly, on the introspective judgments of
subjects whose reports are regarded as
neutrally objective data when they are
produced under the controlled condi-
tions prescribed by the investigators.

ALAN TORMEY

University of Maryland
Baltimore County
Catonsville

Sirs:

I was impressed by the experiments
Jeremy M. Wolfe described. I do not,
however, agree with his conclusions. At
the beginning of his article he is refer-
ring to our work on residual vision in
brain-injured patients (Ernst C. Péppel,
Richard Held and Douglas Frost in Na-
ture, Vol. 243, No. 5405, pages 295~
296; June 1, 1973). He writes that we
“have found that when people who are
perceptually blind because of an injury
to the cerebral cortex are asked to di-
rect their eyes toward a spot of light,
they do surprisingly well. The subjects
report that they cannot see the spot,
and so they think they are guessing, but
they look in roughly the right direction
more often than chance would allow.
“Brain-injured people thus show evi-
dence of multiple visual processes: some
that are damaged, and hidden ones that
remain functional.” Although the de-
scription of our experimental evidence
is correct. I cannot accept Wolfe’s con-
clusion on “multiple visual processes,”
in the light of his final remark that the
visual sense is actually many senses and
“that the full range of human visual sen-
ses remains to be discovered.”

I still believe that there is only one
visual sense and that what Wolfe is talk-
ing about—also in the case where he is
referring to our results—are not differ-
ent visual senses but operations within
the one sense that enable the visual sys-
tem to do the one thing it has been devel-
oped for: to recognize objects in the vis-
ual world.... A theory of object rec-
ognition putting service operations on
a lower level is quite different from a
theory that defines vision as activity of
many visual senses.

ERNST POPPEL

Ludwig-Maximilians-Universitit
Munich

Sirs:

Alan Tormey raises a common but, I
think, incorrect objection to the idea of
“hidden” visual processes. He notes that
the data are obtained by asking the sub-
ject what he or she sees and concludes
that since the subject can answer, the

© 1983 SCIENTIFIC AMERICAN, INC

processes under study are accessible to
conscious visual perception. What the
subject “sees” in these experiments and
what the experimenter “infers” are two
very different things, however. Consid-
er the accommodation experiment. The
subject reports on the alignment of two
line segments. We, of course, are not in-
terested in the ability to perceive align-
ment. We use the information to mea-
sure the response of the accommodative
system, how well the subject was fo-
cusing. If we asked directly, “At what
distance are you focused?” the subject
could not give us a meaningful answer
in this experiment.

Our situation is similar to that of the
physician. If you have an abdominal
pain, the doctor does not ask you which
of your various internal organs is caus-
ing the problem. Instead you are asked
where it hurts, and from this informa-
tion the doctor can try to diagnose the
underiying cause. The apparent locus of
the pain may be some distance from the
site of the problem..No matter; the doc-
tor is not interested. in.your experience
of pain but.only in what it can reveal
about the state of your health.

In the experiments described in my
article we used two different line-align-
ment tasks and a measure of apparent
self-motion. From this we inferred that
the accommodative system is colorblind
and that there are at least three different
binocular processes in human vision.
The specific tasks we used were irrel-
evant to our conclusions. The conclu-
sions cannot be derived from conscious
experience either in or out of the exper-
iment. This is so even though the con-
clusions are based on interpretations of
what our subjects report seeing.

Ernst Poppel is, I think, correct when
he makes object recognition the “pri-
mary task” of the visual system. As he
says, under normal circumstances func-
tions such as accommodation serve to
make the task easier. Nevertheless, the
subservient process may still be treated
as separate, self-contained and “hidden”
when it is studied in the laboratory. The
accommodative process is responsive to
certain stimuli and gives rise to certain
responses. In the laboratory it can be
studied in the way we would study the
vision of an animal. We present stimuli
and make inferences on the basis of a
motor output. I would not question.Dr.
Poppel’s main point, that.there is a uni-
fied visual sense. I would suggest that
the unity of vision may be like the unity
of an army. At one level it moves with a
single purpose. On more detailed exami-
nation it is composed of a number of
autonomous parts acting together.

JEREMY M. WOLFE
Department of Psychology

Massachusetts Institute of Technology
Cambridge
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A carat or more—one in a million.
Every diamond is rare.

But of all diamonds found, a solitaire of

a carat or more is only one in a million.
And, like love, becomes more precious

with time.
A miracle among miracles.

Born from the earth. Reborn on a woman.
The extraordinary diamond

of a carat or more.
Show the world you couldn't have made

it without her,

A diamond is forever. De Beers
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Victor. How a tirst name
_ canmaket big
in the business world.

What does it take these days to be successful?

First, speak several languages. Have a large and infallible memory. Adapt
at lightning speed. Stay accessible 24 hours a day. Be practical. And, above all,
remain simple and inexpensive.

That's exactly why Victor®is a leader. The leading 16-bit microcomputer
in Europe.

Start with the fact that Victor speaks virtually all Western languages.
Fluently. And, you can adapt Victor’s keyboards to either language or business
specific applications.

Then, Victor has a large and useful memory. That's vital.

And Victor is highly flexible and adaptable. With appropriate software,
Victor can perform thousands of jobs at electronic speed. In fact, Victor’s ex-
tensive software library allows you to put Victor to work in your office, depart-
ment or plant immediately. Productively.

»5‘? ' Finally, Victor is cost-conscious. When it comes to price and performance,
" you can’t buy more computer for less.

A success in the business world? Absolutely. To find out how a first name
can make it big in your business, contact Victor at the address or phone num-
ber below.
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We don' care
which computer you buy.

We'll help you
get the most out of it.

CompuServe puts a wi

service designed for the personal
computer user and managed by the com-
munications professionals who provide
business information services to over one
fourth of the FORTUNE 500 companies.
Subscribers get a wealth of useful,

profitable, or just plain interesting infor-
mation like national news wires, electronic
banking and shop at home services, and

=

CompuServe is the easy to usevfdeolex-

sophisﬁcated ﬁnanﬁal data. Pius a
communications network for electronic
mail, a bulletin board for selling, swap-
ping, and personal notices and a multi-
channel CB simulator.

You get games on CompuServe, too.
Classic puzzlers, educational, sports and
adventure games and fantastic space
games featuring MegaWars, the “ultimate
computer conflict”

© 1983 SCIENTIFIC AMERICAN, INC

inment at your fingertips.

To leam more about CompuServe, call
toll-free, 800-848-8199, for an illustrated
guide to the CompuServe Information
Service. The videotex service for you, no
matter which computer you buy.

CompuServe

Consumer Information Service
2180 Wilson Rd , Columbus, Ohio 43228

800-848-8199 in onio Call 614-457-8650

An H&R Block Company




50 AND 100
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JULY, 1933: “Professor R. A. Milli-
kan’s suggestive theory of the origin of
cosmic rays is based on the assumption
that the rays are electromagnetic radia-
tions, or photons, similar in type to X
rays and gamma rays but of shorter
wavelength. About five years ago two
German physicists, Walter Bothe and
Werner Kolhorster, did an experiment
with counting tubes that convinced
them the cosmic rays are electrically
charged particles. If this conclusion is
correct, it means there should be a dif-
ference in the intensity of the rays over
different parts of the globe. The earth
acts as a huge magnet, which should
deflect the electrified particles as they
shoot toward it. The effect should be
least near the magnetic poles and great-
est near the Equator, resulting in an in-
creasing intensity from the Equator
toward the poles. A group led by Arthur
H. Compton of the University of Chica-
go has organized nine different expedi-
tions over the past 18 months, going to
different parts of the globe to measure
cosmic rays. When the results of these
expeditions are brought together, it is
found that the cosmic-ray intensity near
the poles is about 15 per cent greater
than that near the Equator. These re-
sults show that a considerable part, at
least, of the cosmic rays consists of elec-
trified particles.”

“Invisible ‘black light’ was described
by Samuel G. Hibben of the West-
inghouse Electric and Manufacturing
Company at a recent meeting of the Illu-
minating Engineering Society in New
York City. ‘The “black light,”’ said Mr.
Hibben, ‘is ultra-violet radiation, and it
is 99 per cent free of visible light. It is
produced by two new black-bulb lamps,
one consuming two amperes, the other
five. They are made of a special cobalt
glass. The bulbs of these lamps absorb
99 per cent of the visible light and trans-
mit 80 to 85 per cent of the ultra-violet
wanted. The radiations are relatively
long in wavelength, in the range of 3,200
to 4,000 angstrom units. This long-wave
ultra-violet lends itself to many photo-
graphic and fluorescent effects.””

“From the time the Graf Zeppelin was
first placed in service in 1928 until the
end of last year the airship made 290
voyages, including 33 ocean crossings,
traveling 330,000 miles in 5,370 hours,

atan average speed of 61 miles per hour,
and carrying almost 17,000 passengers,
35,000 pounds. of mail and 80,000
pounds of freight, without accident or
mishap, a remarkable demonstration of
safety and dependability. A number of
improvements are incorporated in a new
leviathan of the air that is now nearing
completion in. Germany and that is to
supplement the South American service
of the Graf Zeppelin. The airship and the
airplane differ in that the airplane is pri-
marily a fast, comparatively short-radi-
us craft, whereas the airship is slower
and reaches full efficiency only on long
voyages, particularly across oceans. In
the aviation of the future there is every
reason to believe that the airplane will
find its place as the carrier for relatively
short distances—even making contact
with the dirigible, as has already been
successfully accomplished during the
regular Germany-Brazil service of the
Graf Zeppelin—and that the dirigible will
be the vehicle of transcontinental and
intercontinental travel.”

“Former industrial workers, store-
keepers, barbers, clerks, electricians,
miners—these and other unemployed
men from many other walks of life are
the direct beneficiaries of the new Fed-
eral reforestation program. A quarter of
a million men will be paid for their re-
forestation work, will be assured their
subsistence for the next few months and
will get the healthy, outdoor work that
will help to make them physically fit and
restore their mental equilibrium weak-
ened by privation and despair. No less
direct will be the benefit to the entire
American people.”

JULY, 1883: “Nearly all the petro-
leum that goes into the world’s com-
merce is produced in a district about 150
miles long, with a varying breadth of
from one mile to 20 miles, lying mainly
in the state of Pennsylvania but lapping
over a little on its northern edge into the
state of New York. This region yielded,
in 1882, 31,398,750 barrels. A little pe-
troleum is obtained in West Virginia,
a little at isolated points in Ohio and a
little in the Canadian province of Ontar-
io. There is also a small field in Germa-
ny, a larger one, scantily developed, in
southern Russia and one still larger, per-
haps, in India. The total production of
all the fields, outside of the region here
described, is but a small fraction in the
general account. Furthermore, the oil of
these minor fields, whether in America
or the Old World, is of inferior quality.”

“The Westinghouse brake is fitted
upon the engine, tender and each vehicle
of the train. Air compressed by a pump
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on the locomotive to, say, 70 1b. or 80 1b.
to the square inch fills the main reservoir
on the engine, and flowing through the
driver’s brake valve and main pipe it
also charges the supplementary reser-
voirs throughout the train. When the
train is running, uniform air pressure ex-
ists throughout its length, that is to say,
the main reservoir on the engine, the
pipe from one end of the train to the
other, the valves and supplementary res-
ervoirs on each vehicle are all charged
ready for work, the brake cylinders be-
ing empty and the brakes off. The essen-
tial principle of the system is that main-
taining the pressure keeps the brakes off,
but letting the air escape from the brake
pipe, on purpose or by accident, instant-
ly applies them. It follows, therefore,
that the brake may be applied by the
driver or any of the guards, or if neces-
sary by a passenger, by the separation of
a coupling, or the failure of or injury to
a vital part of the apparatus; since the
brake on each vehicle is complete in it-
self and independent, should the appa-
ratus on any one car be torn off, the
brakes will nevertheless remain applied
for almost any length of time in the rest
of the train.”

“It is an old and probably a true say-
ing that every element could be detected
everywhere had we sufficiently delicate
tests for it. Early observations had pre-
pared William Crookes, F.R.S., for the
wide distribution of yttrium, and no
sooner had Mr. Crookes developed his
method of radiant-matter spectroscopy
than the exquisite sensitiveness of this
spectrum test forced itself on his notice
when he sought for yttrium in various
minerals. Pink coral contains one part of
yttrium in 200 parts; strontianite, one
part of yttrium in 500 parts; chondrodite
from Mount Somma, one part in 4,000;
calcite, one part in 10,000; ox bone, one
part in 10,000; an earthy meteorite (Al-
fianello), one part in 100,000, and to-
bacco ash, one part in 1,000,000.”

“Should women ride like men? Al-
though it may not appear to be the case,
the seat a woman enjoys on a side-saddle
is fully as secure, and not nearly as irk-
some, as that which a man has to main-
tain, unless he simply balances himself
and does not gripe the sides of his horse
with either the knee or the side of the leg.
It is curious to note the different ways in
which the legs of men who pass much
time in the saddle are affected. Riding
with a straight leg and a long stirrup
almost invariably produces what are
popularly called knocked knees. On the
other hand, riding with a short stirrup
produces bowed legs. No deformity nec-
essarily follows the use of the side-sad-
dle if the precaution is taken with grow-
ing girls to change sides on alternate
days, riding on the left side one day and
on the right the next.”
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THE AUTHORS

LARRY LONG and DIANA
DEARE (“The Slowing of Urbanization
in the U.S.”) are members of the staff of
the U.S. Bureau of the Census. They are
utilizing the results of the census of
1980, among other data, to study the
distribution of population and econom-
ic activity in the U.S. Long is at the bu-
reau’s Center for Demographic Studies.
He received his undergraduate educa-
tion at the University of Texas at Aus-
tin, going on to obtain his Ph.D. in soci-
ology there in 1969. He did postdoctoral
work at the University of Pennsylvania
before moving to the Census Bureau
while the results of the census of 1970
were being tabulated. DeAre is with the
bureau’s Population Division. She got
her B.A. in 1971 at DePaul University.
Her M.A. (1973) and Ph.D. in geogra-
phy (1976) are from the University of
Texas at Austin. She joined the bureau
in 1975.

VINCENT COURTILLOT and
GREGORY E. VINK (“How Conti-
nents Break Up”’) are geophysicists who
did independent work on the subject
of their article before collaborating on
writing it. Courtillot is professor of geo-
physics and chairman of the department
of earth sciences at the University of
Paris. He attended the Paris School of
Mines as an undergraduate. He came
to the U.S. to pursue his studies, earn-
ing his M.S. in geophysics at Stanford
University in 1972 before returning to
France; his Ph.D. in geophysics was
awarded in 1977 by the University of
Paris. Courtillot was a member of the re-
cent French-Chinese geological expedi-
tion to Tibet. Vink is a graduate stu-
dent at Princeton University. He re-
ceived his B.A. in 1979 from Colgate
University. He is writing a dissertation
on the plate-tectonic evolution of the
Norwegian-Greenland Sea and the Arc-
tic Ocean.

LAUREN R. DONALDSON and
TIMOTHY JOYNER (“The Salmonid
Fishes as a Natural Livestock™) are ex-
perts in fisheries. Donaldson is professor
emeritus of fisheries at the University of
Washington. He got his B.S. from Inter-
mountain Union College. He obtained
his M.S. and Ph.D. from the University
of Washington before joining the facul-
ty of the College of Ocean and Fishery
Sciences there in 1932. He has made
a significant contribution to the large
fisheries program at Washington. He
developed a brood stock of rainbow
trout with rates of growth, survival and
egg production more than 20 times
those of previous trout stock. He direct-
ed the work that established runs of sal-
mon and steelhead trout to the univer-
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sity’s holding ponds. Donaldson served
for many years as director of the Labo-
ratory of Radiation Biology at Wash-
ington, which evaluates the biological
effects of radioactivity. Joyner earned
his Ph.D. in fisheries in 1962, partly for
work done at the Laboratory of Radia-
tion Biology. He went to Brown Univer-
sity as an undergraduate before serving
in the Marine Corps in the Pacific in
World War II. After getting his doctor-
ate he went to work for the National
Marine Fisheries Service (then the Bu-
reau of Commercial Fisheries). He re-
tired in 1975 and is now a writer and
consultant on fisheries. Joyner writes
that he is “following with great interest
a project I helped to start while I was
with the National Marine Fisheries Ser-
vice: rearing selected stocks of Atlantic
salmon in saltwater pens in Puget Sound
to help provide eggs for the restocking
of rivers in New England.”

DANIEL L. ALKON (“Learning in a
Marine Snail”) is research medical offi-
cer and chief of the section on neural
systems at the National Institute of Neu-
rologic and Communicative Disorders
and Stroke. He is also on the staff of
the Marine Biological Laboratory in
Woods Hole, Mass,; his laboratory is at
Woods Hole. His B.S. (1965) is from the
University of Pennsylvania. His M.D.
(1969) is from the Cornell University
Medical College. After completing his
internship he went to the National Insti-
tutes of Health. Alkon’s research inter-
ests include neuropharmacology, senso-
ry physiology and animal behavior.

ALBERT J. BLODGETT, JR. (“Mi-
croelectronic Packaging”), ismanager of
the manufacturing research laboratory
at the Thomas J. Watson Research Cen-
ter of the International Business Ma-
chines Corporation. He was graduated
from Yale University with a B.E. in
electrical engineering in 1960. In the
same year he moved to the product-
development laboratory at IBM. Two
years later he left for Stanford Universi-
ty on an IBM resident fellowship; at
Stanford he earned his M.S. and Ph.D.
degrees in electrical engineering before
returning to IBM in 1966. Among other
projects, Blodgett was responsible for
the design of the solid-logic-technology
modules that are the basic logic devices
in the S/360 data processor and the de-
velopment of the multilayered ceramic
modules utilized in the 43X X and 308X
data-processor units.

DONALD R. KAPLAN (“The De-
velopment of Palm Leaves”) is profes-
sor of botany at the University of Cali-
fornia at Berkeley. He got his A.B. in



1960 at Northwestern University. His
Ph.D. in botany, granted in 1965, is
from Berkeley. In 1965 he served as a
National Science Foundation fellow at
the Royal Botanical Garden at Kew in
England. He returned to the U.S. to take
up a job in the department of organismic
biology at the University of California
at Irvine. He went to Berkeley in 1968.
In addition to Kaplan’s botanical inter-
ests he is a free-lance writer on (and pho-
tographer of) railroad trains.

NARIMAN B. MISTRY, RONALD
A. POLING and EDWARD H.
THORNDIKE (“Particles with Naked
Beauty”) are members of a group of 75
physicists from seven universities who
are investigating the physics of beau-
ty-flavored mesons with the detector
named cLEo at the Cornell Electron
Storage Ring (CESR). Mistry is senior
physicist at the Newman Laboratory of
Nuclear Studies at Cornell University.
A native of India, he received his under-
graduate education at St. Xavier’s Col-
lege in Bombay. He came to the U.S. in
1958 to continue his training in physics;
Columbia University awarded him a
Ph.D. in 1963. He has been at Cornell
since then. Poling is research associate
in physics and astronomy at the Uni-
versity of Rochester. His B.S. (1976) is
from the State University of New York
at Buffalo and his Ph.D. (1981) is from
Rochester. Thorndike is professor of
physics at Rochester. He was graduated
from Wesleyan University in 1956 with
an A.B. and went on to earn his M.S. at
Stanford University in 1957. His Ph.D.
in physics (1960) is from Harvard Uni-
versity. He has served as spokesman of
the cLEO collaboration since 1981.

DEREK BICKERTON (“Creole Lan-
guages”) writes: “I acquired my B.A.
from the University of Cambridge in
1949 but did not start my academic ca-
reer until 1964, when I taught English
literature at the University College of
Cape Coast in Ghana. In 1966 and 1967
I studied linguistics at the University of
Leeds before becoming senior lecturer
in the English language at the University
of Guyana, where I remained for four
years. I taught briefly at the University
of Lancaster in England and joined the
University of Hawaii at Manoa in the
fall of 1972. In the British systerm it isn’t
necessary to have a doctorate but in the
American it is, and so I took advantage
of a regulation that enables graduates of
Cambridge to submit published work
instead of a regular dissertation. The
work I submitted was Dynamics of a Cre-
ole System (Cambridge University Press,
1975). I obtained my doctorate in 1976.
I have held the rank of full professor at
Hawaii since the same year. I have also
written several novels, the most recent
of which was King of the Sea (Random
House, 1980).”
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METAMAGICAL
THEMAS

Parquet deformations: patterns of tiles

that shift gradually in one dimension

by Douglas R. Hofstadter

hat is the difference between
music and visual art? If some-
one asked me this question; I

would have no hesitation in responding.
To me the major difference is temporali-
ty. Works of music intrinsically involve
time; works of visual art do not. More
precisely, pieces of music consist of
sounds intended to be played and heard
in a specific order and at a specific speed.
Music is therefore fundamentally one-
dimensional; it is tied to the rhythms of
our existence. Works of visual art, in
contrast, are generally two- or three-di-
mensional. Paintings and sculpture sel-
dom have any intrinsic “scanning order”
built into them that the eye must follow.
Mobiles and other pieces of Kinetic art
may change over time, but often with-
out any specific initial state or final state
or intermediate states. You are free to
come and go as you please.

There are, of course, exceptions to
this generalization. European art has
grand friezes and historic cycloramas,
and Oriental art has intricate pastoral
scrolls up to hundreds of feet long.
These types of visual art impose a tem-
poral order and speed on the scanning
eye. There is a starting point and a final
point. Usually, as in stories, these points
represent states of relative calm, par-
ticularly at the end. In between, vari-
ous types of tension are built up and
resolved in an idiosyncratic but pleas-
ing visual rhythm. The calmer end states
are usually orderly and visually simple,
whereas the tenser intermediate states
are usually more chaotic and visually
confusing. If you replace ‘“visual” by
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“aural,” virtually the same can be said
of music.

I have been fascinated for many years
by the idea of trying to capture the es-
sence of the musical experience in visual
form. I have my own ideas about how
this can be done; in fact, I spent several
years working out a form of visual mu-
sic. By no means, however, do I think
there is a unique or best way to carry out
this task of “translation,” and indeed I
have often wondered how others might
attempt to do it. I have seen a few such
attempts, but most of them struck me as
being unsuccessful. One striking coun-
terexample is the set of “parquet defor-
mations” meta-composed by William
S. Huff, professor of architectural de-
sign at the State University of New
York at Buffalo.

I say “meta-composed” for good rea-
son. Huff himself has never executed
a single parquet deformation. He has
elicited hundreds of them, however,
from his students, and in so doing he has
brought this form of art to a high degree
of refinement. He might be likened to
the conductor of a fine orchestra. Al-
though the conductor makes no sound
in the course of a performance, we give
much credit to the person doing the job
for the quality of the sound. We can
only guess athow much preparation and
coaching went into the performance.
So it is with William Huff. For 20
years his students in Buffalo and also at
Carnegie-Mellon University have been
prodded into flights of artistic inspira-
tion, and it is thanks to Huff’s vision of

A parquet deformation titled “Fylfot Flipflop”
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what constitutes quality that some beau-
tiful results have emerged. Not only
has he elicited outstanding work from
students; he has also carefully selected
what he thinks are the best pieces. These
he is keeping in archives. For these rea-
sons I shall be referring to “Huff’s crea-
tions” but always in this more indirect
sense of meta-creations.

Not to take credit from the students
who executed the individual piecces,
there is a larger sense of the term “cred-
it” that goes exclusively to Huff, the per-
son who has shaped this entire art form
himself. Let me use an analogy. Ga-
zelles are marvelous beasts, yet it is not
they themselves but the selective pres-
sures of evolution that are responsible
for their species’ unique and wondrous
qualities. Huff’s judgments and com-
ments have here played the role of those
impersonal evolutionary selective pres-
sures, and out of them has been molded
a living and dynamic tradition, a “spe-
cies” of art exemplified and extended
by each new instance.

All that remains to be said by way of
introduction is the meaning of “parquet
deformation.” Actually it is nearly self-
explanatory. Traditionally a parquet is a
regular mosaic made out of inlaid wood
on the floor of an elegant room, and
a deformation is a deformation. Huff’s
parquets are more abstract: they are
regular tessellations (or tilings) of the
plane, ideally drawn with zero-thickness
line segments and curves. The deforma-
tions are not arbitrary but must satisfy
two basic requirements: (1) there must
be change only in one dimension, so that
it is possible to see a temporal progres-
sion in which one tessellation gradually
becomes another, and (2) at each stage
the pattern must constitute a regular tes-
sellation of the plane, that is, there must
be a unit cell that could combine with
itself so that it could cover an infinite
plane exactly.

From this very simple idea emerge
some stunningly beautiful creations.
Huff explains that he was originally in-
spired, back in 1960, by the M. C.
Escher woodcut “Day and Night.” In
that work forms of birds tiling the plane
are gradually distorted (as the eye scans
downward) until they become diamond-
shaped, looking like the checkerboard
pattern of cultivated fields seen from the
air. Escher of course became famous for



his tessellations, both pure and distort-
ed, as well as for the other haunting
games he played with art and reality.

Whereas Escher’s tessellations are al-
most always based on animal forms,
Huff decided to limit his scope to purely
geometric forms. In a way that is like a
decision by a composer to follow aus-
tere musical patterns and to totally es-
chew anything that might conjure up a
“program” (that is, some kind of image
or story behind the sounds). An effect of
this decision is that the beauty and visu-
al interest must come entirely from the
complexity and subtlety of the interplay
of abstract forms. There is nothing to
“charm” the eye, as there is with pic-
tures of animals. There is only the un-
embellished perceptual experience.

Because of the linearity of this form
of art, Huff has likened it to visual mu-
sic. He writes: “Although I am spectacu-
larly ignorant of music, tone-deaf and
hated those piano lessons (yet can be
enthralled by Bach, Vivaldi or Debus-
sy), I have the students ‘read’ their de-
signs as I suppose a musician might scan
a work: the themes, the events, the inter-
vals, the number of steps from one event
to another, the rhythms, the repetitions
(which can be destructive, if not total-
ly controlled, as well as reinforcing).
These are principally temporal, not spa-
tial, compositions (although all predom-
inantly temporal compositions have, of
necessity, an element of the spatial and
vice versa—e.g., the single-frame pic-
ture is the basic element of the moving
picture).”

hat are the basic elements of a par-

quet deformation? First there is
the class of allowed parquets. On this
Huff writes: “We play a different (or
rather, tighter) game from Escher’s. We
work with only A tiles (i.e., congruent
tiles of the same handedness). We do not
use, as he does, 4 and A4’ tiles (i.e., con-
gruent tiles of both handednesses), al-
though an exception to this rule is the
example called Dual. Finally, we don’t
use 4 and B tiles (i.e., two different in-
terlocking tiles), since two such tiles
can always be seen as subdivisions of a
single larger tile.”

The other basic element is the reperto-
ry of standard deforming devices. Typi-
cal devices include lengthening or short-
ening a line; rotating a line; introducing
a “hinge” somewhere inside a line seg-
ment so that it can “flex”; introducing a
“bump” or “pimple” or “tooth” (a small
intrusion or extrusion having a simple
shape) in the middle of a line or at a
vertex; shifting, rotating, expanding or
contracting a group of lines that form a
natural subunit, and variations on these
themes. To understand these descrip-
tions you must realize that a reference to
“aline” or “a vertex” is actually a refer-
ence to a line or a vertex inside a unit
cell, and therefore when one such line or

vertex is altered, all the corresponding
lines or vertexes that play the same role
in the copies of that cell undergo the
same change. Since some of those cop-
ies may be at 90 degrees (or other an-
gles) with respect to the master cell,
one locally innocent-looking change
may induce changes at corresponding

spots, resulting in unexpected interac-
tions whose visual consequences can be
quite exciting.

Without further ado, let us proceed
to examine some specific pieces.
Look at the one titled “Fylfot Flipflop”
[opposite page]. 1t is an early one, exe-
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cuted by Fred Watts at Carnegie-Mel-
lon in 1963. If you simply let your eye
skim across the top line, you will get
the distinct sensation of scanning a tiny
mountain range. At each edge you be-
gin with a perfectly flat plain and then
move into gently rolling hills, which be-
come taller and steeper, eventually turn-
ing into jagged peaks; past the center

point these start to soften into lower
foothills, which gradually tail off into
the plain again. This much is obvious
even at a casual glance. Subtler to see is
the line just below, whose zigging and
zagging is 180 degrees out of phase
with the top line. Notice that in the very
center that line is completely at rest:
a perfectly horizontal stretch flanked

“Oddity out of Old Oriental Ornament”
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on each side by increasingly toothy re-
gions. Below it there are seven more
horizontal lines. Thus if one complete-
ly filtered out the vertical lines, one
would see nine horizontal lines stacked
above one another, the odd-numbered
ones jagged in the center, the even-num-
bered ones smooth in the center.

What about the vertical lines? Both
the left-hand and the right-hand bor-
derlines are perfectly straight vertical
lines. Their immediate neighbors, how-
ever, are as jagged as possible, consist-
ing of repeated 90-degree bends, back
and forth. The next vertical line nearer
the center is practically straight up and
down again. Then there is a wavy line
again, and so on. As you move across
the picture you see that the jagged lines
gradually get less jagged and the straight
ones get increasingly jagged, until in
the middle the roles are completely re-
versed. The process then continues, so
that by the time you have reached the
other side the lines are back to normal.
If you could filter out the horizontal
lines, you would see a simple pattern of
quite jagged lines alternating with less
jagged ones.

When these two extremely simple,
independent patterns—the horizontal
and the vertical—are superposed, what
emerges is an unexpectedly rich percep-
tual feast. At the far left and right the
eye picks out fylfots—that is, swasti-
kas—of either handedness contained in-
side perfect squares. In the center the
eye immediately sees that the central
fylfots are all gone, replaced by perfect
crosses inside pinwheels.

And then a queer perceptual reversal
takes place. If you just shift your focus
of attention diagonally by half a pin-
wheel, you will notice that there is a fyl-
fot right there before your eyes! In fact,
suddenly fylfots appear all over the cen-
tral section where before you had been
seeing only crosses inside pinwheels.
And conversely, of course, now when
you look at either end, you will see pin-
wheels everywhere with crosses inside
them. No fylfots! It is an astonishing-
ly simple design, yet the effect catches
nearly everyone off guard.

This is a simple example of the ubiq-
uitous visual phenomenon called ‘re-
grouping,” in which the boundary line
of the unit cell shifts so that structures
jump out at the eye that before were
completely submerged and invisible,
whereas conversely, of course, struc-
tures that a moment ago were com-
pletely obvious are now invisible, hav-
ing been split into separate conceptual
pieces by the act of regrouping, or shift
of perceptual boundaries. It is both a
perceptual and a conceptual phenome-
non, a delight to the subtle combination
of eye and mind that is most sensitive
to pattern.

For another example of regrouping
take a look at “Crossover,” executed



by Richard Lane, also at Carnegie-Mel-
lon in 1963 [page /5]. Something really
amazing happens in the middle, but I
won't tell you what. Just find it yourself
by careful looking.

By the way, there are still features left
to be explained in “Fylfot Flipflop.” At
first it appears to be mirror-symmetri-
cal. For instance, all the fylfots at the
left end are spinning counterclockwise,
while all the ones at the right end are
spinning clockwise. So far. so symmetri-
cal. In the middle, however, all the fyl-
fots go counterclockwise. This surely vi-
olates the symmetry. Furthermore, the
one-quarter-way and three-quarter-way
stages of the deformation, which ought
to be mirror images of each other, bear
no resemblance at all to each other.
Can you figure out the logic behind this
subtle asymmetry between the left and
right sides?

This piece also illustrates yet anoth-
er way parquet deformations resemble
music. A unit cell—or rather, a vertical
cross section consisting of a stack of
unit cells—is analogous to a measure in
music. The regular pulse of a piece of
music is given by the repetition of unit
cells across the page. And the flow of
a melodic line across measure bound-
aries is modeled by the flow of a vis-
ual line—such as the mountain-range
lines—across many unit cells.

Bach’s music is always called up in dis-
cussions of the relation between
mathematical patterns and music, and
this occasion is no exception. I am re-
minded particularly of some of Bach’s
texturally more uniform pieces, such as
certain preludes from *“The Well-tem-
pered Clavier,” where in each measure
there is a certain pattern executed once
or twice and possibly more times. From
measure to measure this pattern under-
goes a slow metamorphosis, meander-

“Arabesque™

“Razor Blades”

ing in the course of many measures
from one region of harmonic space to
far-distant regions and then slowly re-
turning by some circuitous route. For
specific examples you might listen to
(or look at the scores of) Book I, No. 1
and No. 2, and Book II, No. 3 and No.
15. Many of the other preludes have
this feature in places, although not for
their entirety.

Bach seldom deliberately set out to
play with the perceptual systems of his
listeners. Artists of his century, although
they occasionally played perceptual
games, were considerably less sophisti-
cated about, and less fascinated by, is-
sues we now deem part of perceptual
psychology. Such phenomena as re-
grouping would have intrigued Bach,
and I sometimes wish he had known of
certain effects and had been able to try
them out, but then I remind myself that
whatever time Bach might have spent
playing with newfangled ideas would
have had to be subtracted from his
time for producing the masterpieces we
know and love, and so why tamper with
something that precious?

On the other hand, I do not find this
argument 100 percent compelling. Who
says that if you are going to imagine
playing with the past, you have to hold
the lifetimes of famous people constant
in length? If we can imagine telling Bach
about perceptual psychology, why can’t
we also imagine adding a few extra
years to his lifetime to let him explore it?
After all, the only divinely imposed (that
is, absolutely unslippable) constraint on
Bach’s years is that they and Mozart’s
years add up to 100, no? Hence if we
give Bach five extra years, then we mere-
ly take five away from Mozart. It is pain-
ful, to be sure, but not all rhar bad. We
could even let Bach live to 100! (Mozart
would never have existed.)

Although it is difficult to imagine and
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impossible to know what Bach’s music
would have been like if he had lived
in the 20th century, it is certainly not
impossible to know what Steve Reich’s
music would have been like if se had
lived in this century. In fact, | am listen-
ing to a record of it right now. Now,
Reich’s music really is conscious of
perceptual psychology. All the way
through he plays with perceptual shifts
and ambiguities, pivoting from one
rhythm to another, from one harmonic
origin to another, constantly keeping the
listener on edge and tingling with ner-
vous energy. Imagine a piece resembling
Ravel’s “Boléro,” only with a much finer
grain size, so that instead of its having
roughly a one-minute unit cell it has a
three-second unit cell. Its changes are so
tiny that sometimes you can barely tell it
is changing at all, whereas at other times
the changes jump out at you. What
Reich piece am I listening to? Well, it
hardly matters, since most of his music
satisfies this characterization, but for the
sake of specificity you might try *“*Music
for a Large Ensemble,” “Octet” or “Vi-
olin Phase.”

Et us now return to parquet defor-
mations. “Dizzy Bee,” executed by
Richard Mesnik at Carnegie-Mellon in
1964 [page 15], involves perceptual
tricks of another kind. The left side
looks like a perfect honeycomb or,
somewhat less poetically, a perfect
bathroom floor. When we move to the
right, its perfection seems in doubt as
the rigidity of the lattice gives way to
shapes that seem rounder. Then we no-
tice that three of them have combined to
form one larger shape: a superhexagon
made up of three somewhat squashed
pentagons. The curious thing is that if
we now sweep our eyes from right to left
back to the beginning, we can no long-
er see the left side in quite the way we
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saw it before. The small hexagons now
are constantly grouping themselves into
threes, although the grouping changes
quickly. In our mind we experience
“flickering clusters” where groups form
for an instant and then disband, their
components immediately regrouping in
new combinations. The poetic term
“flickering clusters” comes from a fa-
mous theory of how water molecules
behave, in which the bonds are hydro-
gen bonds rather than mental ones.

Evenmore dizzying, perhaps, is “Con-
sternation,” executed by Scott Grady
at SUNY at Buffalo in 1977 [page 15].
This is another parquet deformation in
which hexagons and cubes vie for per-
ceptual supremacy. It is so complex and
agitated in appearance that I scarcely
dare to attempt an analysis of it. In its
intermediate regions I find the same ex-
citing kind of visual pseudochaos as
exists in Escher’s best deformations.

Perhaps irrelevantly, but I suspect
not, the names of many of these studies
remind me of pieces by Zez Confrey, a
composer best known in the 1920’s for
his novelty piano pieces such as “Diz-
zy Fingers” and “Kitten on the Keys”
and—my favorite—‘“Flutter By, Butter-
fly.” Confrey specialized in pushing rag
music to its limits without losing musi-
cal charm, and some of the results seem
to me to have a saucy, dazzling appeal
not unlike the jazzy appearance of this
parquet deformation.

The next parquet deformation, “Odd-
ity out of Old Oriental Ornament,” exe-
cuted by Francis O’Donnell at Car-
negie-Mellon in 1966 [page 16], is based
on an extremely simple principle: the in-
sertion of a “hinge” in one single line
segment and the subsequent flexing of
the segment at that hinge. The reason
for the stunningly rich results is that the
unit cell giving rise to the tessellation
occurs both vertically and horizontal-
ly, so that flexing it one way induces a
crosswise flexing as well, and the two
flexings combine to yield this curious
and unexpected pattern.

Another deformation that shows the
amazing results of an extremely sim-
ple but carefully chosen transformation
principle is “Y Knot,” executed by Le-
land Chen at SUNY at Buffalo in 1977
[page 16]. If youlook at it with full atten-
tion, you will see that its unit cell isin the
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shape of a three-bladed propeller and
that the unit cell never changes in shape.
All that does change is the Y lodged
tightly inside the unit cell. And the only
way the Y changes is by very slowly ro-
tating clockwise. Admittedly in the final
stages of rotation this forces some pre-
viously constant line segments to ex-
tend themselves a bit, but that does not
change the outline of the unit cell in any
way. It is remarkable what well-chosen
simplicity can do.

hree of my favorites are “Crazy
Cogs” (Arne Larson, Carnegie-Mel-
lon, 1963), “Trifoliolate” (Glen Paris,
Carnegie-Mellon, 1966) and “Ara-
besque” (Joel Napach, SUNY at Buf-
falo, 1979) [pages 16 and 17]. They all
share the feature of getting increasingly
intricate as you move to the right. Most
of the preceding deformations do not
have this extreme quality of irreversibil-
ity, that is, the ratcheted quality signal-
ing that an evolutionary process is tak-
ing place. I can’t help wondering if the
designers did not think they had painted
themselves into a corner, particularly in
the case of “Arabesque.” Is there any
way you can back out of that supertan-
gle except by retrograde motion, namely
by retracing your steps? I suspect there
is, but I wouldn’t care to try to find it.
As a contrast consider “Razor
Blades,” an extended study in relative
calmness [preceding page]. It is unsigned
but was executed at Carnegie-Mellon
in 1966. Like “Fylfot Flipflop,” the first
piece I described, this one can be broken
up into long, wavy horizontal lines and
vertical structures crossing them. It is a
little easier to see them if you start at the
right side. For instance, you can see that
just below the top there is a long snaky
line with numerous little nicks in it, un-
dulating its way to the left and in so
doing shedding some of those nicks, so
that at the very edge it has degenerated
into a perfect square wave, as such a
periodic waveform is called in Fourier
analysis. Complementing this horizon-
tal structure is a similar vertical struc-
ture that is harder to describe. The
thought that comes to my mind is that
of two ornate, rather rectangular hour-
glasses with ringed necks, one on top of
the other. You can see for yourself.
As with “Fylfot Flipflop,” each of
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these patterns by itself is intriguing, but
of course the real excitement comes
from the daring act of superposing
them. Incidentally, I know of no piece
of visual art that better captures the feel-
ing of beauty and intricacy in a Steve
Reich piece, created by slow “adiabat-
ic” changes floating on top of the chaos
and dynamism of the lower-level fren-
zy. Looking back, I see I began by de-
scribing this parquet deformation as
“calm.” Well, what do you know? Per-
haps I would be a good candidate for
one of The New Yorker’s occasional
notes titled “Our Forgetful Authors.”

More setiously, there is a reason for
this inconsistency. One’s emotional re-
sponse to a given work of art, whether
the work is visual or musical, is not stat-
ic and unchanging. There is no way of
knowing how you will respond the next
time you hear or see one of your favorite
pieces. It may leave you unmoved or it
may thrill you to the bone. It depends on
your mood, on what has recently hap-
pened, on what happens to strike you
and on many other subtle intangibles.
One’s reaction can even change in the
course of a few minutes. And so I won’t
apologize for this seeming lapse.

Let us now look at “Cucaracha,” ex-
ecuted by Jorge Gutierrez at SUNY at
Buffalo in 1977 [above]. It moves from
the utmost geometricity—a lattice of
perfect diamonds—through a sequence
of gradually more arbitrary modifica-
tions until it reaches some kind of near-
freedom, a dance of strange, angular,
quasi-organic forms. This fascinates me.
Is entropy increasing or decreasing in
this rightward flow toward freedom?

A gracefully spiky deformation is the
one wittily titled “Beecombing Blos-
soms,” executed by Laird Pylkas at
SUNY at Buffalo this year [opposite
page]. Huff told me Pylkas struggled
for weeks with it and at the end, when
she had resolved her difficulties, she
mused: “Why is it that the obvious ideas
always take so long to discover?”

R our last study let us take “Clearing

the Thicket,” executed by Vincent
Marlowe at SUNY at Buffalo in 1979,
which mixes straight lines and curves,
right angles and cusps, explicit squarish
swastikoids and implicit circular holes
[page 20]. Rather than demonstrating



my inability to analyze the ferocious
complexity of the'design, I should like to
use it as the jumping-off point for a brief
discussion of computers and creativity.

Some totally new things are going on
in this particular parquet deformation,
things that have not appeared in any
previous one. Notice the hollow circles
at the left that shrink as you move to
the right; notice also that at the right
there are hollow *“‘anticircles” (concave
shapes made from four circular arcs
turned inside out) that shrink as you
move to the' left. Now, according to
Huff, such an idea had not appeared
in any previously created deformations.
This means that something unusual
happened here: something genuinely
creative, something unexpected, unpre-
dictable, surprising, intriguing and, not
least, inspiring to future creators.

Thus the question naturally arises:
Would a computer have been able to
invent this parquet deformation? Well,
put this way it is a naive and ill-posed
question, but we can try to make some
sense of it. The first thing to remind our-

- selves of is that the term ‘“‘computer”
refers to nothing more than an inert
hunk of metal and semiconductors. To
go along with this bare computer, this
hardware, we need software and energy.
The former is a specific pattern inserted
into the hardware, binding it with con-
straints and yet imbuing it with goals;
the latter is what breathes “life” into it,
making it act according to those con-
straints and goals.

The next point is that the software is
what really controls what the machine
does; the hardware simply obeys the
software’s dictates, step by step. And yet
the software could exist in a number of
different “instantiations’ realizations in
different computer languages. What re-
ally counts about the software is not its
literal aspect but a more abstract, gener-
al, overall *“‘architecture,” which is best
described in a nonformal language such
as English. We might say that the plan,
the sketch, the central idea of a program

is what we are talking about here, not its
final realization in some specific formal
language or dialect. That is something
we can leave to apprentices to carry out
after we have presented them with our
informal sketch.

Hence the question actually becomes
less mundane and more theoretical and
philosophical: Isthere an architecture to
creativity? Is there a plan, a scheme, a
set of principles that, if it were eluci-
dated clearly, could account for all the
creativity: embodied in the collection
of all parquet deformations, past, pres-
ent and future?

Note that we are asking about the
collection of parquet deformations,
not about some specific work. It is a tru-
ism that any specific work of art can be
re-created, even re-created in various
slightly novel ways, by a programmed
computer.

For example, Piet Mondrian evolved
a highly idiosyncratic, somewhat cryp-
tic style of painting over a period of
many years. You can see, if you trace his
development over time, exactly where
he came from and where he was headed.
If you focus on a single Mondrian work,
however, you cannot sense this stylistic
momentum, this quality of dynamic,
evolving style that any great artist has.
Looking at one work in isolation is like
taking a snapshot of something in mo-
tion: you capture its instantaneous posi-
tion but not its momentum. Of course,
the snapshot might be blurred some-
how, in which case you would get a
sense of the momentum but would lose
information about the position. When
you are looking at just a single work of
art, however, there is no mental blurring
of its style with that of recent -works or
soon-to-come works; you have exact po-
sition information (*“What is the style
now?”’) but no momentum information
(“Where was the style and where 1is it
going?”).

Some years ago A. Michael Noll,
a mathematician and computer artist,

“Beecombing Blossoms’"
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took a single Mondrian painting—an ab-
stract, geometric study with seemingly
random elements—and from it extract-
ed some statistics on the patterns. Given
these statistics, he programmed a com-
puter to generate numerous pseudo-
Mondrian paintings having the same or
different values of these randomness-
governing parameters. Then he showed
the results to viewers who had no fore-
knowledge of what he was up to.' The
reactions were interesting: more people
preferred one of the pseudo-Mondrians
than preferred the genuine Mondrian!

This is quite amusing, even provoca-
tive, but it also is a warning. It proves
that a computer can certainly be pro-
grammed, after the fact, to imitate—and
imitate well—mathematically captura-
ble stylistic aspects of a given work.
It also warns us, however: ‘Beware of
cheap imitations!

Consider parquet deformations. Un-
doubtedly a computer could be pro-
grammed to do any specific parquet
deformation or minor variations on it
without too much trouble. There sim-
ply are not ‘that many parameters to
any given deformation. The essence of
any artistic act lies not, however, in se-
lecting particular values for certain pa-
rameters but far deeper: in the balancing
of myriad intangible and mostly uncon-
scious mental forces, a judgmental act
that results in many conceptual choices
eventually adding up to a tangible, per-
ceptible, measurable work of art.

Once the finished work exists scholars
looking at it may seize on certain quali-
ties of it that lend themselves to being
easily parametrized. Anyone can do sta-
tistics on a work of art once the work is
there for the scrutiny, but the ease of
doing so can obscure the fact that no one
could have said a priori what kinds of
mathematical observables would turn
out to be relevant to the capturing of,
stylistic aspects of the as-yet-unseen
work of art.

Huff’s own view on this question of
mechanizing the art of parquet de-
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formations closely parallels mine. He
believes some basic principles could
be formulated at the present time that
would enable a computer to generate
relatively stereotyped yet novel crea-
tions of its own. He stresses, however,
that his students occasionally come up
with rule-breaking ideas that cnchant
the eye for reasons deeper than any he
has been able to verbalize. In this way
the set of explicit rules gets gradually
enlarged.

Comparing the creativity that goes
into parquet deformations with the
creativity of a great musician, Huff
writes: “I don’t know about the consist-
ency of the genius of Bach, but I did
work with the great American architect
Louis Kahn (1901-1974) and suppose
it must have been somewhat the same
with Bach. That is, Kahn, out of moral,
spiritual and philosophical considera-
tions, formulated ways he would and
ways he would not do a thing in archi-
tecture. Students came to know many of
his ways, and some of the best could
imitate him rather well (although not
perfectly). But as Kahn himself devel-
oped he constantly brought in new prin-
ciples that brought new transformations
to his work, and he even occasional-
ly discarded an old rule. Consequently
he was always several steps ahead of
his imitators who knew what was but
couldn’t imagine what wil// be. And so
it is that computer-generated ‘original’
Bach is an interesting exercise. But it
isn’t Bach—that unwritten work that
Bach never got to, the day after he died.”

The real question is: What kind of ar-
chitecture is responsible for al/l/ these
ideas? Or is there any one architecture
that could come up with them all? I
would say that the ability to design good
parquet deformations is probably de-
ceptive in the same way as the ability to
play good chess is: it seems more mathe-
matical than it actually is.

A brilliant chess move, once the game
is over and can be viewed in retrospect,
can be seen as logical, as *“‘the correct
thing to do in that situation.” But bril-
liant moves do not originate from the
kind of logical analysis that occurs after
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the game; there is no time during the
game to check out all the logical conse-
quences of a move. Good chess moves
spring from the organization of a good
chess mind: a set of perceptions ar-
ranged in such a way that certain kinds
of ideas leap to mind when subtle pat-
terns or cues are present. The way per-
ceptions have of triggering old and bur-
ied memories underlies skill in any type
of human activity, not only chess. It is
just that in chess the skill is particularly
deceptive, because after the fact it can
all be justified by a logical analysis, a
fact that seems to hint the original idea
came from logic.

Writing lovely melodies is another
one of those deceptive arts. To the math-
ematically inclined, notes seem like
numbers and melodies like number pat-
terns. Therefore all the beauty of a mel-
ody seems as if it ought to be describable
in some simple mathematical way. So
far, however, no formula has produced
even a single good melody. Of course,
you can look back at any melody and
write a formula that will produce it and
variations on it. But this is retrospective,
not prospective. Lovely chess moves
and lovely melodies (and lovely theo-
rems in mathematics) have this in com-
mon: every one has idiosyncratic nuan-
ces that seem logical a posteriori but
are not easy to anticipate. To the mathe-
matical mind chess-playing skill and
melody-writing skill and theorem-writ-
ing skill seem obviously formalizable,
but the truth turns out to be more tanta-
lizingly complex than that. Too many
subtle balances arc involved.

So it is with parquet deformation, I
reckon. Each one taken alone is in some
sense mathematical. Taken as a class,
however, they are not mathematical.
This is what is tricky about them. Don’t
let the apparently mathematical nature
of an individual deformation fool you;
the architecture of a program that could
create all these parquet deformations
and more good ones would have to in-
corporate computerized versions of con-
cepts and judgments, and those are much
more elusive and complex than mere
numbers.

At this point many critics of comput-
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ers and artificial intelligence, eager to
find something ‘“‘computers can’t do”
(and never will be able to do), often go
too far: they jump to the conclusion that
art and, more generally, creativity are
fundamentally uncomputerizable. This
is hardly the implied conclusion! The
implied conclusion is that if computers
are to be enabled to act human, we shall
have to wait until we have good comput-
er models of such human properties as
perception, memory, mental categories,
learning and so on. We are a long way
from that. There is no reason to assume,
however, that those goals are in princi-
ple unattainable, even if they remain far
off for a long time.

In this column I have been playing with
the double meaning of the term *“ar-
chitecture™ it means both the design of
a habitat and the abstract essence of a
grand structure of any kind. The former
has to do with hardware and the latter
with software. In a certain sense, Wil-
liam Huff is a professor of both brands
of architecture. Obviously his profes-
sional training is in the design of *“hard-
ware,” namely genuine habitats for hu-
man beings, and he works in a school
where that is what they do. He is also,
however, in the business of forming in
the minds of his students a softer kind
of architecture: the mental architecture
that underlies the skill to create beauty.
Fortunately for him he can take for
granted the complexity of a human
brain as the starting point on which to
build this architecture.

When 1 first met Huff and saw how
abstract and seemingly impractical were
the marvelous works produced in his de-
sign studio—ranging from parquet de-
formations to strange ways of slicing a
cube to gestalt studies using thousands
of dots to eye-boggling color patterns—I
at first wondered why this man was a
professor of architecture. But after talk-
ing with him and his colleagues my hori-
zons were extended about the nature of
their discipline.

The architect Louis Kahn had great
respect for the work of William Huff,
and it is with his words that I should like
to conclude:

“What Huff teaches is not mcrely
what he has learned from someone elsc
but what is drawn from his natural gifts
and belief in their truth and value. In my
belief what he teaches is the introduc-
tion to discipline underlying shapes and
rhythms, which touches the arts of sight,
the arts of sound and the arts of struc-
ture. It teaches students of drawing to
search for the abstract and not the repre-
sentational. This is good as a reminder
of order for the instructors/architectur-
al sketchers (like me), and good espe-
cially for the student sketchers without
background. It is the introduction to
exactitudes of the kind that instill the
religion of the ordered path.”
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Cholera, whales, statistical snapshots

of the U.S., rare wonders of the Incas

by Philip Morrison

( :HOLERA: THE AMERICAN SCIEN-
TIFIC EXPERIENCE; 1947-1980, by
W. E. van Heyningen and John

R. Seal. Westview Press, Boulder, Colo.

($27.50). A thousand miles of the lee-

ward southern slopes of the Himalayas

receive the fierce monsoon rains, to
drain into the sea through the many
mouths of the broad Ganges. That intri-
cate delta is the heart of Bengal, popu-
lous and fertile, 200 miles across be-
tween its two capitals east and west,
Dacca and Calcutta. For a long time the
dwellers in those wetlands have endured
an endemic bacterial disease, cholera,
that nearly every year takes a high toll in
human life. It is an abrupt and terrifying
affliction, “the bowels turning to water’’;
the patient—chilled, thirsty, vomiting as
he passes a clear, watery stool by the
pint every hour or two, yet alert—soon
develops an “intense fear of impending

death.” That fear is justified within a

few days, for as many as two cases out

of three.

Two centuries ago, perhaps following
some genetic change in the cell strain,
cholera learned to travel. Six pandemics
followed; the calamity became a catch-
word and a curse throughout the West.
Americans counted  their dead from
cholera by the hundred thousand as re-
cently as the years after the Civil War.
During the worst visitation of Britain, in
the 1850’s, the queen’s “incomparable”
physician, John Snow, demonstrated be-
yond doubt that the infection was car-
ried in water contaminated by sewage.
He did not even need to know that its
cause was a comma-shaped bacillus,
found swarming in the intestinal con-
tents of victims in the same years by
Filippo Pacini. In capital-rich countries
the spread of Vibrio cholerae has for
most of a century been avoided by the
scrupulous separation of piped drinking
water from sewage, although it took a
generation before Snow’s proof led to
public action. But the world’s resources
are so ill-shared that most tropical coun-
tries cannot yet afford such prevention
for the million villages at risk.

This engrossing and varied volume, as
much at home in the laboratory politics
of medical expatriates and their capri-
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cious institutional patrons as it is in cy-
clase biochemistry, brings the story up
to date. Cholera is expensive to prevent,
although the developed world has man-
aged it. Over the past decade, however,
it has become cheaply curable, through
insight. Two authors, the first an Ox-
ford biochemist, the second an Ameri-
can medical-research administrator, are
veterans of the campaign. A 30-year
war against the vibrio has been waged
across the world by a shifting interna-
tional team of men and women, largely
Americans who knew little of cholera
but much of physiology and biochemis-
try, allied with the experienced doctors
of the cholera countries.

Deadly cholera is a superficial dis-
ease, only skin-deep. The thin layer of
cells affected is the epithelial lining of
the small intestine, an area measuring
200 square meters, a broad living carpet
“fit for the Palace of Versailles,” all
cunningly folded into the 10-foot tube
of the small intestine packed within each
human abdomen. Only a single layer of
cells is affected by the microbes, which
secrete a specific protein toxin. The tox-
in quickly enters and raises the level of
the messenger substance (cyclic adeno-
sine monophosphate) in .the cells, in
analogy to cell response to hormones.
This intricate piece of biochemistry is
quite well understood, although just
how the message changes the cell is not
yet known.

The result is a shift in the balance be-
tween the absorption and the secretion
of water and its dissolved ions by that
cell layer. Each hour the normal intesti-
nal wall passes four or five liters of wa-
ter; ordinarily the balance inward and
outward is elegantly struck. Only a few
minutes’ flow is needed to replace the
normal net loss over a day. A photo-
graph shows a slight, cheerful man, a
newly recovered cholera patient, “sur-
rounded by 96 litre bottles” that had
held the intravenous fluid that pulled
him through a few days’ illness. A loss
of 30 quarts of water a day is not un-
typical. The disease affects only that
thin cell layer; the toxin never enters
the bloodstream.

Those cells are in any case sloughed
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off steadily from the gut; in normal cir-
cumstances they live and die in less than
a week. The toxin, however, poisons
them at once; they simply remain with-
out adequate function for a few days,
until they are duly replaced by unaffect-
ed new cells in the usual sequence. The
disease is therefore quickly self-limit-
ing, less systemic than a common cold.
The patient dies, but not from the tox-
in, which has only induced an invisi-
ble biochemical lesion in.that single lay-
er of short-lived cells. Death is from
intense dehydration and demineraliza-
tion, the lifeblood turned dark and
thick. Early workers tried to relieve the
symptoms by giving the patient a lot of
water to drink, but their efforts worked
only transiently; an hour or two later
the shadow of death was back. Enough
water just would not go in.

It was in the fall of 1947, during a
rogue outbreak of cholera along the
Nile, that the nature of death from
cholera was grasped. An epidemiolog-
ical team concluded from its surprise
encounter with the acute disease that
“the diarrhoea...constitutes the entire
pathologic aspect of the disease.” That
team was a new U.S. Navy group, its
head a Rockefeller Institute physiol-
ogist, Comdr. Robert Allan Phillips,
M.C., U.S.N. Phillips had come to war-
time Cairo as a naval medical officer to
join the U.S. Typhus Commission, set
up there in 1942 to unite American,
British and Egyptian efforts to deal with
typhus, feared in North Africa both dur-
ing and after the war.

Phillips had a taste for the role, and so
once the war ended and his Cairo labo-
ratory was about to be disbanded he
“rushed back to Washington and made
his pitch for support to every likely
agency.” Only the Navy, with its long
tradition of concern for tropical disease
and a flexible and enthusiastic postwar
view of research, acted. Cholera at-
tacked almost at once; the unit's im-
provised but brilliant defense marked
the beginning of the modern American
campaign against cholera, led over the
years by a shifting set of delicate alli-
ances among ‘“‘the Navy, the Army, the
Department of State, the Department of
Health, Education, and Welfare, and the
academic world.”

This chronicle is as diverse as the
story of any modern war. The politics
of the committee room late at night in
some Atlantic City hotel can fix or move
forces halfway across the world; foreign
policy opens and closes research. Field
leaders are removed or promoted as at
home their friends and critics clash or
concur. In the field changing ideas and
rapid actions count, yet chance shapes
results. Directors matter, but so does the
talent of Mr. Razzack, the mechanic. He
kept at work the 37 motor launches
whose river ambulance patrols in the
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cholera season along the waterways a
couple of hours out of Dacca by boat
were the chief means of the field trial of
cholera vaccine there in 1964. So does
the courage of the Baltimore volunteers
who earlier tested the vaccine.

The battles and the medical units are
too many to list here. The first decade
and more were spent in learning how to
save cholera patients by the prodigal in-
travenous injection of sterile, isotonic,
pyrogen-free saline water under know-
ing control. In Thailand, in the Philip-
pines, in South Vietnam, wherever the
teams were at work, cholera took less
than 1 percent of those who came un-
der the painstaking care required for
injecting floods of intravenous saline.
But few cholera patients could come
under such care, which demanded at
least a large corps of trained medical

aides, if not doctors and hospitals. The
defeat of vaccines—both those using
cells and those using the newly crystal-
lized toxin—has been disappointing, al-
though not unexpected in a disease that
injures so quickly and so superficially.
The cheap antibiotic tetracycline kills
the vibrios, but only after their thin-
layer damage is already done.

The simple cure, almost if not quite a
final victory, came in about 1968, pre-
saged by an unhappy but revealing trial
under Phillips in Manila in 1962 and by
various laboratory results even earlier.
The Dacca and Calcutta centers both
confirmed about then that adding glu-
cose to drinking water enabled the pa-
tient to absorb enough water; the ration-
ale appears to be that the passage of a
triple complex of sodium ion, glucose
molecule and water molecule through

the decisive membrane is not at all in-
hibited by the cholera toxin. Field trials
were forced by history on the Calcutta
laboratory run by Johns Hopkins in the
monsoon months of 1971, when six mil-
lion refugees fled westward from the
civil war in East Pakistan. Triumph!
Nearly 4,000 patients were treated, with
an overall fatality rate under 4 percent.
The treatment was oral fluids made up
of local materials packaged on the spot
in the laboratory’s library, enough for
all the patients at a total cost of $750.
The victory is not quite total; it may
be that some people will always need
intravenous rehydration and not just
those cheap cupfuls of sugared and salt-
ed drinking water. But it looks as though
the toxin of cholera, as deadly as that of
tetanus or botulinus but specific to epi-
thelial cells instead of to the deep-lying
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nerve endings of the central or motor
system, has been routed. The defeat is
not by medical prevention—unless the
piped water and adequate nutrition of
the well-to-do can be called medical—
but by cure, a simple cure by drinking
water in the right way.

There is a new center now in Dacca,
internationally supported and adminis-
tered but at home there, dedicated by
the president of Bangladesh in 1979. It
has high hopes and a wide brief: no less
than global attack on all the diarrheal
diseases, together accounting for 500
million cases each year, a chief cause of
death in children particularly. In 1978
The Lancet wrote: “The discovery that
sodium transport and glucose transport
are coupled in the small intestine, so that
glucose accelerates absorption of solute
and water, was potentially the most im-

portant medical advance this century.”
The total dollar cost to U.S. taxpayers
of their generation-long contribution
to the war against cholera was about
the cost of one of today’s air-superior-
ity fighter planes.

MOBY-DICK; ORr, THE WHALE, by
Herman Melville. Illustrated with
100 woodcuts by Barry Moser. Uni-
versity of California Press ($25). THE
ECcoLOGY OF WHALES AND DOLPHINS, by
D. E. Gaskin. Heinemann Educational
Books, Inc. Exeter, N.H. ($45). Does the
whale’s magnitude diminish? Will he
perish? In Chapter 105 of his ocean of
a book Melville asks those questions
and then answers them: “And as upon
the invasion of their valleys, the frosty
Swiss have retreated to their moun-
tains; so, hunted from the savannahs and

glades of the middle seas, the whale-
bone whales can at last resort to their
polar citadels...and bid defiance to all
pursuit from man.... Wherefore we ac-
count the whale immortal in his spe-
cies.” Melville wrote of three-masted
ships, before Svend Foyn and his can-
non with its grenade-tipped harpoon,
before the powered catcher boat and the
big floating factories. This is no place to
appraise Melville’s own prose leviathan;
we only note here a typographically
beautiful edition of the work, decorated
with striking woodcuts that avoid visual
interpretation of character or event, to
present only the tools, the prey, the ships
and the ports. The handsome folio was
hand-set in Goudy Modern and hand-
printed by Andrew Hoyem in 1979 in a
few hundred copies; this edition is a re-
duced facsimile of that collector’s plea-
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sure, down in page area by a factor of
about two and in price by one of 40.

D. E. Gaskin addresses the very ques-
tion Melville set. He is a marine biolo-
gist at the University of Guelph in On-
tario. He counts 20 years in the study of
whales and their kin, with field experi-
ence from the circumpolar Southern
Ocean to the Newfoundland banks. His
volume is a critical technical review of
what is known—and not known—about
the main species of cetaceans, looked at
from the viewpoint of populations over
time and space, with only the indispens-
able minimum of material on the indi-
vidual animals and their adaptations. As
Melville’s whale was metaphysical, so
is our whale today political, “a semi-
mythological beast.”

A summary of such a thorough re-
view of an exponentially growing schol-
arly literature is perforce schematic. In
the first third of the book whales are
presented as seasonably migratory ani-
mals (several species are discussed in de-
tail) that find distinct requirements for
breeding and for the taking of food;
their distribution is a long-evolved com-
promise between these two needs. Their
travels are empathetic: winter in the
sun, summer in the cool. It is the prey
that leads the whale; sperm whales take
mostly squid in the open sea, mostly fish
closer to shore. Sperm migrations—re-
call the white whale—are diffuse, ill-
defined. (Although the big males are lo-
cally overexploited, this wide-ranging
species numbers some 600,000 world-
wide: “asatisfactory condition.”) But the
decimated plankton-feeding giants, the
blues, move and group regularly from
Tropic to pole with the sun because their
polar food, the krill, are particularly
seasonal, patchy and discontinuous.

How whales navigate and even how
they hunt we do not really know; echo-
location, star sights, even shore land-
marks may play a part for one species
or another. A recent experiment with a
single humpback, temporarily captive,
found that the blindfolded animal could
not run a simple maze of obstacles. It is
such doubt, raised by experience, of the
easy and attractive assumptions that fol-
low from our modest insight into the
animals that sets the tone of Professor
Gaskin’s cool book.

The metabolism of whales is of course
a key for any fundamental ecological
study. In one very interesting chapter it
is made clear that whales and porpoises
probably do not much differ from oth-
er mammals in their energy needs, the
weight taken into account. An estimate
for a 50-ton male cachalot, such as
Moby-Dick, suggests an intake of squid
at 3 percent of the whale’s body weight
per day; the female sperm whale, small-
er by a factor of four or so, has a narrow
margin of nutrition, particularly in view
of the demands-of lactation. This spe-

cies lives usually segregated by sex; per-
haps—it is a conjecture—that is because
the energy demands of the two sexes are
so different.

The big blues are biggest in the Ant-
arctic; there the single-species patches
of krill abound for only four months.
In the Northern Hemisphere the fewer,
smaller blues take more species of the
zooplankton over a six-month season.
The large size of the blue may be an
adaptation to the short feeding season;
the energetic issue is between staying on
in a marginal feeding ground or cruis-
ing off to warmer waters. The matter is
more complex still, because it appears
(there is some doubt) that the big ror-
quals are too dense to float.and must
spend power just to stay near the surface
to breathe. The management question
hidden in all the careful budgets for pro-
pulsion, heat loss by conduction and ra-
diation, and the like, is the retrospective
calculation of how much krill the blues
ate when they' were numerous. The
guesses suggest that the standing crop of
krill was 10 or 20 times the total annual
catch of all the world’s fisheries. If the
little krill live for a few years, as studies
show, the future commercial krill take
might be indefinitely sustainable at a
level comparable to all the fishing the
world now does for all species. Maybe.

Whales are gregarious to a degree.
This text is rather skeptical about social
implications, finding that simple groups
and mutual finds of food are as likely
as more integrated and complex behav-
ior. It seems clear that groups of sperm
whales keep in close acoustic-ranging
contact as they forage in the depths. The
animals disperse on diving but signal
their identity frequently; each knows
where the others are. They can return to
the surface in a tight school; the calves,
unable to dive as deep, may be protected
by this stratagem from sharks.

A quite technical and uncertain third
of the book seeks to understand the ev-
olution and speciation of the order of
whales and porpoises. Recent results on
chromosome structure support the idea
that all the cetaceans, small and large
alike, came from a single line in the Pa-
leocene, a view not popular until now.

Finally the author takes up the analy-
sis and management of whale popula-
tions, the core of Melville’s concern and
our own. It is not easy to count whales:
they are not randomly scattered, mark-
ers are hard to plant and to recover, age
determination and recognition of indi-
viduals by their natural patterns are less
than reliable. In 1980 a finback whale
was for the first time fitted with a ra-
dio transmitter that survived; the ani-
mal was followed for 1,000 miles. These
years we are passing a phase in animal
ecology “largely as a result of intense
love affairs with high-speed computing”
that has plenty of models and rather less
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input data. Paper whales are simulated
well with silicon chips, real ones and
their hunters much less so.

Models of single species, like the
lumped quotas and regulations dear to
international agreements, are abstrac-
tions that may prove dangerously mis-
leading. The chapter on the sorry his-
tory of postwar pelagic whaling is a
gloomy one; Gaskin inclines to the view
that mere short-run economics has been
used to justify the near-extinction of
species. The profitable idea is to match
the lifetime of the gear to that of the
fishery! The fishery declines sadly; years
later there is a new big crop and new
fishing investment: call it pulse fishing.
Twenty years of pure research would
not be a bad international plan for the
present. Even though our analysis is
poor, it remains true that the major fail-
ures have been ethical ones. The regime
of local 200-mile limits, the lure of the
krill, climatic effects on grain crops—all
suggest that the diminished whales may
not rest safe even in their lonely citadel.

/S: A STATISTICAL PORTRAIT OF THE

AMERICAN PEOPLE, edited by An-
drew Hacker, with the assistance of
Lorrie Millman. The Viking Press and
Penguin Books ($25). STATISTICAL AB-
STRACT OF THE UNITED STATES: NATION-
AL DATA BOOK AND GUIDE TO SOURCES,
103rD EDITION, 1982-1983, U.S. Depart-
ment of Commerce, U.S. Bureau of the
Census. Superintendent of Documents,
U.S. Government Printing Office ($15).
The map is clear: since 1790 the point
that marks the decennially reckoned
centroid of the population of the U.S.
has moved westward from the shores of
Chesapeake Bay to vault the broad Mis-
sissippi for the first time in 1980. Ever
since 1910 it has drifted in a straight line
with a southerly trend, pulled by that
distant southwestern desert sun.

The constitutional head count fixed
the number of men, women and chil-
dren resident in these United States on
April 1, 1980, at just 226,545,805. This
angelic accuracy is a fiction; the Bu-
reau of the Census reckoned before the
fact that it would be about 222 million
people. The bureau received in the end
about 2.2 percent more official name
forms than that, a result seeming to
mean that the undercounting by 2.5 per-
cent the bureau itself had corrected for
in 1970 had ceased. By 1982, however,
the bureau, under suit in the courts, re-
versed its views. Black Americans were
still undercounted, the bureau conced-
ed, by nearly 5 percent. The report re-
mains officially unchanged, although a
figure near 228 million might be held
a better approximation.

The decennial count is not the only
source of these data today. Each month,
mainly seeking the unemployment rate,
the bureau questions a careful sample of
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about 71,000 households in 1,100 coun-
ties to get a Current Population Report,
which it can use for projections. On that
basis the population of the U.S., aug-
mented by the Armed Forces overseas,
will be some 234 million, pius or minus
about .8 million, on July 1, 1983. This
figure is up about 1 percent per year
from 1980, the net result of a birth rate
of about 1.6 percent, a death rate of .85
percent and a net immigration rate of
.2 percent. The projection for the year
2000 is 268 million, give or take 12 or
15 million.

To count is human, and by no means
easy. The small book by the sociologist
Andrew Hacker and his colleague is a
critical presentation of the results of the
census and of many other continuing
statistical series, offered both as a book
to read through and as a useful refer-
ence. Much of the material is tabular,
but the tables are set into a running com-
ment and comparison that is quite read-
able. The focus is demographic: how
many of us there are, where we live, the
vital events of birth and death, health,
households, marriage and divorce. Like
the census itself, however, U/S treats
jobs and incomes, taxes and govern-
ment, crime, education, housing and
travel. Major questions are included in
full, such as income distribution by fam-
ily, by sex and race, by occupation and
source, and much more.

A little cheerful numerical gossip also
enters, for example the compensation of
top corporate executives in 1981. Half a
dozen tycoons collected more than $1
million, like top professional outfield-
ers, even though one or two of the com-
panies they headed were far from Easy
Street. (Mobil and Union Oil could af-
ford it.) In sum, the book offers a skep-
tical yet smoothed entry into what re-
mains a rather austere assessment of
American life, and it deserves both read-
ers and browsers. It has an excellent in-
dex and a careful list of sources.

The second volume reviewed here is
another matter: the annual official com-
pendium of some 1,600 tables and quite
a few graphs in 1,000 close-set pages. It
was commented on in this column in the
edition of 1972, after the preceding cen-
sus. This time around it is still a big bar-
gain, and its print and paper are decid-
edly better. It presents the unadorned
tables of its sources without comment,
although it carefully describes, perhaps
too formally, the samples and their pit-
falls. The Census Bureau undertakes to
compile statistics from a wide variety
of Government and non-Government
sources, from the United Nations to the
Federal Bureau of Investigation and
from the Corporation for Public Broad-
casting to Jane's Fighting Ships. It is
plain that data are viewed as power;
every bureau and industrial association
tends to count the items in its own



A celebratio
of the achievements
of a science

BIOCHEMISTRY

SECOND EDITION

LUBERT
STRYER

Stanford University

949 pages
983 illustrations
$32.95

.-
[
W. H. Freeman and Company

41 Madison Avenue
New York, N.Y. 10010

Lubert Stryer’s Biochemistry has become the standard against which all
other biochemistry books should be measured. It has shaped and
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First published eight years ago, Biochemistry immediately set new
standards in the teaching and presentation of biochemistry. Emphasiz-
ing the process of discovery, Stryer aimed “to provide an introduction to
the principles of biochemistry that gives the reader a command of its
concepts and language.” Reviewers commented that it was “doubtful
whether there will be another text which will appeal to the student as
strongly as this one does” (Nature).

The Second Edition, “bigger and even more splendid,” is “a most
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universe, from mobile homes to violent
assaults.

They are all here. It is the catholicity
of the tables that wins the count-intoxi-
cated reader. The catch of menhaden
remains the biggest. fishery in point of
weight landed, as it has been for dec-
ades, although its value as a source of
fish meal is only a few cents per pound.
The sunflower has risen to the second
most valued crop in the state of North
Dakota; it is a monopoly of that state, at
least as a major crop. The Federal agen-
cy with the largest budget for space was
the National Aeronauticsand Space Ad-
ministration only from 1961 to 1981;
before and since that 20-year period
the Department of Defense led. In 1981
more musical works were registered
for copyright than any other category
of work, including serials and mono-
graphs, if the Library of Congress is
right. Nearly 60 million people either
hunted or fished legally for sport in
1980. Total food consumption per head
remained the same (to an accuracy of 1
percent!) from 1970 to 1980. The most
conspicuous changes in the diet appear
to be the rise of chicken, the decline of
eggs, fluid milk and cream, an increase
in cheese and in fresh fruit and a surpris-
ing fall in refined sugar (more than com=
pensated, however, by a rise in corn
sweetener).

Crimes went steadily up from 1970 to
a peak in 1980, with a small decrease
since then. The gross death rate has been
flat for 20 years and more, the rising life
expectancy about keeping pace with the
aging population. Newspaper circula-
tion has been flat since 1970, and so has
television viewing (except that the tele-
vision has gone from black and white
to color). The number of overseas tele-
phone calls has risen by a factor of
about eight. Per capita mail volume
has gone up by about 15 percent over
the decade; most of that rise (as the
reader may have noted) is in third-class
items. Union ‘membership has grown
very slowly:in the past 10 years, much
more slowly than the labor force. Wom-
en have found work as barbers, lawyers
and computer specialists, to cite the few
occupations in which there have been
sizable increases.in the employment of
women. For minority employees office
management and aircraft maintenance
show a similar record. Serious and trivi-
al together, these pages exemplify what
it is fashionable to call a data base.
Some base!

There is one disappointment. Last
time one could pore over the economic
and demographic parameters of a cou-
ple of hundred urban centers, to com-
pare them easily. Alas, although the new
list of urban centers is complete with
populations, all the other comparative
data are displaced into a supplementa-
ry volume: State and Metropolitan Area
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Data Book. 1t is not easy to characterize
urban centers; they are complex. If one
examines the pages carefully, it appears
that great New York, with 16 million
souls from New Brunswick to Montauk,
is at the top of a list of 11 leading centers
and Cleveland-Akron-Lorain, with just
under three million, is at the bottom.

As before, the volume is not paro-
chial; it includes a fine set of compara-
tive international statistics, most of the
economic data from UN sources. On a
long list of countries Saudi Arabia leads
in the relative economic importance of
construction and is last in that of agri-
culture. Such a fact is not really surpris-
ing, but it expresses what one might
surmise with an economy that is all
but poetic.

ONUMENTS. OF THE INCAS, text by .

John Hemming, photographs by
Edward Ranney. A New York Graphic
Society Book. Little; Brown and Com-
pany ($45). The joint effort of an Ameri-
can photographer and an English au-
thor, this extremely attractive volume
transcends the merely showy to offer an
honestly comprehensive if elegant pho-
tographic documentation of Tawantin-
suyu, the empire built by the Incas with-
in less than a century. What is left of its
monuments lies beautiful and enigmatic
before the lens, against the snowy peaks
of the Andes along a sweeping arc from
broad Lake Titicaca north to equatorial
Quito. There are plenty of books about
that empire conquered near its zenith,
and images of its remains are com-
monplace, but. Ranney has done more
than any other photographer to show
the works of the Incas as they are set
into the numinous mountain landscapes
that somehow called forth those superb
forms in stone.

The first.chapter of 15 sketches Inca
history and:presents an overview of Inca
architecture, drawing explicitly on the
admirable recent monograph of Grazi-
ano Gasparini and Luise Margolies, re-
viewed here (in translation) in March,
1981. Then the chapters treat, one after
another, the famous localities more or
less as they might be visited .by-a lucky
traveler heading north from the Island
of the Sun all the way to Ingapirca, the
only surviving Inca ruin in Ecuador.
About two-thirds of the book is devoted
to the central region around Cuzco, that
mountain capital planned in the form of
a puma, here studied from Raqchi north
to Vilcabamba. The illustrations are
evocative and knowing, no less for a key
carved detail than for a vista of meadow
and peak. The text is sensitive and well
documented; telling citations from the
old chroniclers jostle the archaeologi-
cal reports and the travelers’ traditions.
Hemming makes good use of the indis-
pensable work of contemporary Peru-
vian scholarship; the footnotes are full
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and the bibliography is a find for seri-
ous beginners.

An armchair reader, envious of the
fortunate who will visit the sites with
this book behind them as a kind of
hyperguide, found on page after page
remarks and particularly scenes that
escape notice in many a worthwhile
book on the Inca world. The snow-cov-
ered peaks grandly tower over the roll-
ing meadows of Soccllacasa pass, “near
the rock shrines of Saihuite.” There two
rocks lie alone in the high open range-
land, about 100 miles toward the sea
from Cuzco. The principal stone of the
pair “looks from a distance like a bro-
ken flint.” It lies where it has lain for
a very long time, a boulder of 200 or
300 tons, never much moved by human
hands. But that broken surface 15 feet
across has been fashioned into “an intri-
cate mass of carving.” Small figures, pu-
mas and hunters, lizards, frogs, snakes,
vicufias and more, have been released
there, all set into a labyrinth of tiny
stairs, altars and platforms, through
which a network of grooves once led
liquid down from.the highest point in
some unknown ‘“ceremony of divina:
tion.” Iconoclasts have defaced the fig-
ures, save for one brooding puma. The
two photographs of this monument are
extraordinary; it is a statement as time-
less as it is contemporary. A microcosm
was somehow carved out by the Inca’s
craftsmen; the 19th-century travelers.
who saw an Andean topographic map in
that carving were not far wrong.

The vista of the real. city of Machu
Picchu from the southernrise of its sad-
dle in the mountains, a familiar and
beautiful shot, given us by Ranney also,
seems now at a glance only one more
Saihuite rock. Notches in the stone rim
offer evidence that the face of the Sai-
huite boulder once had a eopper or gild-
ed-copper cladding, probably:worked at
a level of detail the relief carving in
stone can never transmit to us. Perhaps
the golden cities of the tall tales were
real after all, even if they were only
models. The strange gnamonlike plat-
forms called inti-huatanas are called
“hitching posts of the sun.” Several are-
shown as they stand now in the Cuz-
coregion. They are not, however, work-
ing gnomons or zenith markers as far
as anyone can now make out; it seems
a reasonable conjecture that here too
what we now see is only a carefully
carved stone base, its surfaces rounded
and bland, never itself an astronomi-
cal instrument but only a kind of arma-
ture for a more intricate and controlled
metal cladding. Together were they not
working solar instruments?

The photographs and their excellent
reproduction in duotone are so beauti-
ful that they satisfy entirely; the work is
a black-and-white prize and an archaeo-
logical introduction of real merit.
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Introducing the new
Osborne Executive Series.

We listened when you told us you wanted a
personal business computer.

We delivered the Osborne 1.

And in the two years since its introduction, the
Osborne 1 has become the largest selling portable
business computer on earth.

We listened harder.

The result is the new Osborne Executive
Series. Consider these new advantages:

O A big, 80-column, eye-easy amber display
lets you see more of the infor-
mation you're using, with less
effort. O Memory is expanded,
for larger spreadsheets. O The
new Executive Series now in-
cludes a database system—

Personal Pearl™ (That's in addi-
tion to an already formidable
list of standard Osborne
software, including word
processing and electronic
spreadsheets.) O Terminal
Trademarks: Osborme 1, Executive, Executive 2: Osborne Computer

Corporation. Personal Pearl: Relational Software. IBM Personal
Computer: International Business Machines.

Emulation provides access to information stored
on other computers. O IBM Personal Computer™
compatibility (on the Executive 2) lets you use soft-
ware packages designed for the IBM system.

And there’s much more.

Add up the value of all the hardware features
and software systems included with either the
Executive or Executive 2 and you will see that the
sticker price is one of the incredible bargains avail-
able in personal computing.

Visit your local authorized
Osborne dealer. Once again,
Osborne has set the standard for
portable business computers.

For the name of your
nearest Osborne dealer, dial
(800) 772-3545 ext. 905 (in
California); (800) 227-1617
ext. 905 (outside California).
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THE WORLD'’S FASTEST
BAGGAGE HANDLER?

[f there’s a station wagon in the world thats faster than
the Turbo Wagon from Volvo, its a very well-kept secret.

The Turbo Wagon can take you from a standing start
to the legal speed limit in 9.2 seconds. As Motor Trend
puts it:“You keep hoping for a stray Saab 900 Turbo or even
a BMW you can sniff out and then send scrambling to the
roadside while you blow its doors in.”

We assure you, a test drive in the Turbo Wagon will be
very revealing.

Especially if you thought the only time a station wagon
could haul was when it had something in the back.

THE TURBO WAGON

By Volvo.
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The Slowing of Urbanization

in the U.S.

The rural population 1s growing as fast as the urban population for

the first time. The geographic expansion and coalescence of urban

areas, however, has led to the appearance of massive “supercities”

ne of the most fundamental fea-
O tures of a modern society is the
demographic predominance of
the cities over the countryside. Urbani-
zation, along with the industrial growth
that has generally accompanied it, has
historically distinguished the developed
countries from the developing ones. In a
country that is undergoing economic de-
velopment two tendencies usually con-
tribute to the increasing dominance of
the urban areas. First, the population
of established cities grows faster than
the population of the nation as a whole.
Second, in some rural areas population
growth is rapid enough for the areas to
become urban. In the U.S. both of these
basic forms of urbanization have been
operating almost continuously at least
since the decennial census was initiated
in 1790.

The detailed results of the census of
1980, however, show that urbanization
in this traditional twofold form was
strongly modified in the U.S. between
1970 and 1980. The first form of urbani-
zation ceased during the decade: the
population of rural areas grew as fast as
that of urban areas. Only the second
kind of urbanization is still in progress:
between 1970 and 1980 the population
of many rural areas grew enough for
them to be reclassified as urban. If it had
not been for growth in areas that were
considered rural in 1970, the fraction of
the U.S. population living in urban areas
would have decreased for the first time.
As the growth of cities was largely at-
tributable to economic factors, so too
the decline appears to have economic
causes. The available data suggest that
the rural areas’ attractiveness for indus-

by Larry Long and Diana DeAre

try is responsible for much of their pop-
ulation growth.

Although the deceleration of urban
growth is widespread, it is by no means
geographically uniform. In the North-
east both kinds of urbanization have
ended. In the South and West both kinds
are still in progress, but the overall rate
of urbanization is lower than it was in
the past. Moreover, the current trends
have quite different effects on the vari-
ous geographic components of a city. In
the 1950’s and 1960’s a common pattern
was for the city proper to lose popula-
tion while the suburbs gained. In many
instances the city itself continued to lose
people in the 1970’s and the area sub-
ject to population loss expanded to in-
clude the inner suburbs. The outer sub-
urbs, however, continued to grow both
in population and in area. As a result
the urban areas of the U.S. have be-
come larger and less densely populated.

Urban areas that are expanding in
area can ultimately run into one
another. The coalescence of neighbor-
ing cities in the 1970’s led to an increase
in the number of “supercities”: continu-
ously built-up urban areas with a popu-
lation of a million or more. The growth
of the supercities shows that the cur-
rent trends do not necessarily mean the
end of large urban centers. Recent de-
velopments do suggest, however, that
the economic advantages of locating
industry in cities may have been re-
duced. As a result new and less con-
centrated forms of human settlement
may be in prospect.

Measuring the number of people who
live in urban areas requires a definition

© 1983 SCIENTIFIC AMERICAN, INC

of what is urban, which would appear to
be a straightforward matter. One could,
for example, simply count the people
who live within the boundaries of cities
of a certain size. Such a definition, how-
ever, would omit many of the residents
of the suburbs, who are certainly part
of the urban population. Moreover, the
question would naturally arise of how
many residents a city must have before
it is included in the count.

Because of such ambiguities there are
many possible methods of distinguish-
ing the urban population from the rural.
The Bureau of the Census has several
ways of identifying the urban part of the
U.S. The oldest definition includes all
incorporated places with a population
of 2,500 or more. Such a broad category
almost inevitably includes some areas
that do not correspond to the ordinary
notion of what is urban.

The Census Bureau also employs a
narrower category that more closely ap-
proximates the usual notion. The second
category defines an urbanized area as a
city with a population of 50,000 or more
together with all the contiguous built-up
land that has a population density of at
least 1,000 per square mile. The large
city included in the urbanized area is
termed the central city. In this article we
refer to the suburbs that share a bounda-
ry line with the city as the inner suburbs;
all other parts of the urbanized area are
referred to as the outer suburbs.

The concept of the urbanized area
was introduced in analyzing the results
of the census of 1950. The motivation
for its introduction was the rapid growth
of the suburbs in the years after World
War II. The urbanized area provides a
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good measure of the demographic lim-
its of a city as opposed to its administra-
tive boundaries, which often do not co-
incide with the extent of urbanization.

If the urbanized areas are removed
from the broad category of all urban
places, what remains is the group of
nonsurburban cities and towns with a
population of more than 2,500 but less
than 50,000. In the terminology of the
Census Bureau such areas are referred
to as “other urban” places; here we shall
call them the small cities and towns.
Territory that is outside both the urban-
ized areas and the small cities and towns
is considered rural.

We have employed the returns from
the census of 1980 to analyze recent
trends in the growth of the urban and
rural populations. We have examined
developments in both the urbanized ar-
eas and the small cities and towns, and
we shall describe some of the trends in
the territory that is urban in the broad
sense. We shall concentrate, however,
on the urbanized areas. The reason is
that included among the small cities and

towns are places that in an important
sense are more rural than urban. Fur-
thermore, many small cities and towns
outgrow that classification to become
urbanized areas and others are absorbed
in the expansion of the large cities.

The definitions of what is urban em-
ployed by the Census Bureau have un-
dergone technical changes since 1970.
We have adjusted the data from the cen-
sus of 1980 to make them comparable
with the data from the three preceding
censuses. The adjustment has enabled
us to make consistent comparisons of
trends in population, geographic area
and population density in the U.S. from
1950 to 1980.

he most general and significant con-

clusion that emerges from our work
is that the level of urbanization stopped
increasing for the first time in the 1970’s.
The population of the urbanized areas is
still growing, but at a rate lower than
that of the rural areas. As a result the
fraction of the nation’s population in ur-
banized areas is no longer increasing. In

1950, 46 percent of the U.S. popula-
tion lived in an urbanized area; in 1960,
53 percent did so; in 1970, 58 percent.
In 1980 the fraction was still 58 per-
cent. In some parts of the country the
fraction is decreasing.

If the urbanized areas are classified
according to when they became large
enough to be designated as such, the de-
celeration of the urbanizing process ap-
pears even more dramatic. The oldest
urbanized areas are the ones designated
in 1950. In the 1950’s and 1960’s these
older cities grew substantially faster
than the population of the nation. By the
1970’s, however, the older urbanized
areas, with an average annual popula-
tion growth rate of .8 percent, were
growing slower than the national popu-
lation, which had a rate of 1.1 percent.
If it had not been for the faster-than-
average growth of the newer urbanized
areas, the fraction of the population in
the large cities would have declined.

These data imply that one of the two
fundamental forms of urbanization—
the growth of preexisting urban cen-

THERMAL ISLAND is shown on a map of the area around Los An-
geles and Long Beach in California. The map indicates the daytime
surface temperatures. The data were collected by a satellite operat-
ed by the National Aeronautics and Space Administration and were
plotted by a computer. White corresponds to the highest temperature;
dark green, light green and red correspond to intermediate tempera-
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tures; blue corresponds to the lowest temperature. A thermal island
is an area of elevated temperature resulting from the high density of
manmade structures. The hottest part of the region is an industrial
park (white area at upper right). Los Angeles and Long Beach make
up an urbanized area: a city with 50,000 people or more and all the
contiguous territory with a density of at least 1,000 per square mile.
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ters—stopped in the U.S. in the 1970’s.
The slowing of the growth of the older
cities was very rapid. In the 1950’s the
rate of population growth in the older
urbanized areas and those added in 1960
was 23 times the rate of areas outside
them. In the 1960’s the rate of growth in
the older urbanized areas and those that
had been added by 1970 was 16 times
the rate of the rest of the country. In the
1970’s the rate of growth in the urban-
ized areas was only marginally greater
than the rate in other places, and it was
higher only because of rapid growth in
areas that had been considered rural
in 1970. This development is unprece-
dented in U.S. demographic history.

If the broad concept of what is urban
is employed, the level of urbanization
did not merely stop increasing in the
1970’s but actually declined. If those
who live in small cities and towns are
included, the fraction of the U.S. popu-
lation in urban areas was 64 percent in
1950. It increased to 70 percent in 1960
and to 73.5 percent in 1970 before de-
creasing to 73.3 percent in 1980.

A decline of less than one percentage
point is not substantial; its significance is
not in its size but in the fact that it comes
after a long period of uninterrupted
growth. An advantage of the more in-
clusive definition of urban territory is
that it can be applied to census records
extending far into the past. The level
of urbanization in the broad sense de-
clined only once before: between 1810
and 1820. That decline was the result
of population growth in several rural
states of the Middle West that had been
added by the Louisiana Purchase.

The slowing of the growth of the ur-
ban population may be a temporary
phenomenon that could be reversed by
changes in economic factors such as
the price of fuel. It is more probable,
however, that we are witnessing a basic
demographic reversal. The immediate
cause of the reversal is not a decrease in
the absolute size of the urban popula-
tion but a rapid increase in the rate of
population growth in rural areas. The
rural population declined slightly in the
1950’s and 1960’s. In the 1970’s, how-

LOS ANGELES

e

LOS ANGELES COUNTY

ever, the rural population increased by
12 percent, a rate of growth about
equal to that of the urbanized areas and
greater than that of the small cities
and towns, which increased by 9 per-
cent. Thus the demographic growth
outside the large cities took place in
the open countryside rather than in the
small towns.

he rate of urbanization decreased in
the U.S. as a whole in the 1970’s. The
national trends, however, conceal signif-
icant differences among the regions of
the country. For the purposes of the cen-
sus the U.S. is divided into four major
regions. The Northeast region includes
the New England states as well as New
Jersey, New York and Pennsylvania.
The North Central region includes the
Great Lakes states and Iowa, Kansas,
Missouri, Nebraska, North Dakota and
South Dakota. The South and West re-
gions consist of the remaining states,
with Texas being the westernmost state
in the South region.
In the Northeast in the 1970’s there

SAN BERNARDINO COUNTY ‘

RIVERSIDE COUNTY

SOUTHERN CALIFORNIA SUPERCITY is made up of the Los
Angeles, Long Beach, San Bernardino and Riverside urbanized areas.
As the urbanized areas expanded geographically in the 1970’s they
ultimately encountered the boundaries of other urban places. When
this happened, they merged into supercities: continuously built-up
urban masses with a population of a million or more. The map shows

ORANGE
¥ COUNTY

1

the boundaries of the urbanized areas of southern California as deter-
mined by the censuses of 1950 (lightest color), 1960 (light color), 1970
(dark color) and 1980 (darkest color). By 1980 the Los Angeles—Long
Beach area and the San Bernardino—Riverside area had merged into
a massive supercity. Such expansion has generally been accompa-
nied by a decrease in the population density of the urbanized areas.
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was a decrease in the population of the
urbanized areas from 34.8 million to
34.4 million. The fraction of the total
population of the region in urbanized
areas declined from 71 to 70 percent.
Furthermore, no new urbanized areas
came into being in the region during the
decade. The Northeast is therefore a
highly urbanized, demographically ma-
ture region that has become less urban-
ized because both basic forms of urbani-
zation have ended.

In the North Central region there
was a slight increase in the popula-
tion of the urbanized areas: from 31.5
to 31.9 million. The population outside
the urbanized areas, however, grew at a
much higher rate and as aresult the frac-
tion of the population in the urbanized
areas declined from 56 to 54 percent.
The newer urban centers in the North
Central region (those designated in 1960
or 1970), on the other hand, grew faster
than the regional average. In addition a
number of places grew rapidly enough
to be newly classified as urbanized ar-
eas. Hence in the North Central region
the decrease in the level of urbanization

was solely the result of population de-
creases in the older urban centers.

In the South and West the degree of
urbanization increased according to the
twofold traditional pattern. Intriguing-
ly, although the West is often thought of
as a region of “wide open spaces,” it is
in reality almost as urban as the North-
east, which is much more readily imag-
ined as a highly urban region. Between
1970 and 1980 the fraction of the popu-
lation of the West in an urbanized area
increased to 69 percent; as we have in-
dicated, the fraction in the Northeast
decreased to 70 percent. This startling
comparison emphasizes the difference
between the demographic and the geo-
graphic measures of urbanization, a dis-
tinction that is quite important in an-
alyzing current trends in urbanization.
Although most of the land in the West is
not devoted to urban uses, most of the
region’s inhabitants live in urban places.

It is probable that the level of ur-
banization in the West will for some
time remain higher than the level in the
North Central and South regions. In the
South the population of urbanized areas
increased from 29 to 36 million; in 1980
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this represented 48 percent of the total
population. In both the West and the
South the relative increase in the popu-
lation of the urbanized areas was small-
er in the 1970’s than it had been in the
two preceding decades.

When we examined census results for
individual states, we found that “rurali-
zation,” the increase in the fraction of
the population in rural areas, was wide-
spread and that it occurred in states
with quite different levels of urban con-
centration. Ruralization occurred in
18 states in the 1970’s, a substantial in-
crease over the 1960’s, when it occurred
in only four. The 18 states include some
where the population is growing rapidly,
such as Texas and Oklahoma, and some
where the total population is decreasing,
such as New York. The process could be
detected in both highly urban and high-
ly rural states. Indeed, the reversal was
so complete that there were only three
states where the absolute size of the ru-
ral population decreased. Twenty-nine
states had such losses in the 1960’s, and
most of the 29 had also lost rural popu-
lation in the 1950’s.

A vivid example of the pervasiveness

1960 1970 1980

LEVEL OF URBANIZATION, or the fraction of the population in the urbanized areas, has
almost stopped increasing. If the population of a small town grows enough, the town becomes
an urbanized area. The subdivisions of the bars correspond to urbanized areas added after the
censuses of 1950, 1960, 1970 and 1980. Between 1970 and 1980 the total population of the
urbanized areas continued to grow (/eft). Because of renewed population growth in the rural
areas, however, the fraction of the population in the urbanized areas increased little (right). The
fraction would have decreased except for rapid growth in the urbanized areas added in 1980.
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of rural demographic growth in the
1970’s is provided by the section of
the Eastern Seaboard often referred to
as Megalopolis. The term Megalopolis
was coined by Jean Gottmann of the
University of Oxford in a book of the
same name published in 1961. Gott-
mann defined the region as extend-
ing from southern New Hampshire to
northern Virginia and including Boston,
New York, Philadelphia, Baltimore,
Washington and the smaller metropoli-
tan areas in between. The area Gott-
mann specified also includes the rural
areas on the fringes of the urban centers.

In 1960, 37 million people, a fifth of the
nation’s population, lived within the
boundaries of Megalopolis. Surprising-
ly, between 1970 and 1980 Megalopolis
stopped becoming more urban. Its rural
population grew 10 times as fast as its
urban population and the urban popula-
tion decreased from 87 to 86 percent of
the total. Demographic growth on the
fringe of the urban settlements contin-
ued, but the central cities lost popula-
tion. Population growth in the rural ar-
eas accelerated moderately, enough for
it to surpass the overall urban rate.

It should not be assumed that the re-
newed demographic vitality of rural ar-
eas is due to an increase in the number
of people who live and work on farms.
On the contrary, the number of people
who live on farms continued its long-
standing decline in the 1970’s. Unlike
the count of population, data for em-
ployment are not generally tabulated
according to urban and rural catego-
ries. The Census Bureau does, however,
compile annual data on the number of
jobs in each county. The information is
collected from the reports employers
file with the Social Security Administra-
tion and the Internal Revenue Service.

We classified each county according
to whether it had an urban settlement
in it. A county was considered rural if
it included no settlement with a popu-
lation of 2,500 or more. A county was
considered metropolitan if it included a
city with a population of 50,000 or part
of the suburbs of such a city. Between
the two extreme categories of metropol-
itan and rural counties are many coun-
ties whose largest settlement is one of
the “other urban” areas. When the coun-
ties had been classified, we counted the
new jobs brought into being in each one
by the renewed economic activity that
followed the recession of 1974-75.

Our analysis suggests that one of the
major factors in the deconcentration of
the U.S. population is the fact that new
jobs are being added as rapidly in rural
areas as they are in urban areas. Overall
the rate of increase of employment was
greater in the rural counties. Further-
more, the rural rate was greater in many
kinds of businesses, including manufac-
turing companies. In some regions and
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1960 1970 1980

GEOGRAPHIC COMPONENTS of urban territory have been affected quite differently by
recent population trends. Central cities (dark color) are the major cities included in the urban-
ized areas. The suburban fringe (intermediate color) makes up the remainder of an urbanized
area. Small cities and towns (/light color) are those with a population of from 2,500 to 50,000.
From 1960 to 1980 the total urban population increased by 33 percent (/ef?). The total urban
land area increased by 84 percent in the 20-year period (right). The result was a sharp decrease
in the population density of urban territory. The population and land area of the suburbs in-
creased as a proportion of the total. The population and land area of the other types of urban ter-
ritory (the central cities and the small cities and towns) decreased as a proportion of the total.

in some industries the rate of growth in
jobs was far greater in the rural counties
than it was in the metropolitan counties.
Thus economic forces could be re-
sponsible for much of the deceleration
of the growth of the urban population.
Although population growth in the ur-
banized areas has slowed, the areas have
continued to expand rapidly in a geo-
graphic sense. The disjunction between
demographic and geographic growth
has led to significant changes in patterns
of land use and population density.
Employing the broad definition of
what is urban, about 14,400 square
miles were converted from rural to ur-
ban uses in the 1960’s; in the 1970’s
about 18,700 square miles were convert-
ed. Some 74,000 square miles, or 2 per-
cent of all land in the U.S,, is now cov-
ered by cities, suburbs and small towns.
It is readily apparent that the increase in
urban land area has been much faster
than the increase in urban population.
From 1960 to 1980 the area of urban
settlement increased by 84 percent while
the urban population increased by only
33 percent. What is more, the dispar-
ity between the demographic and the
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geographic rates is increasing. In the
1960’s the rate of spatial expansion was
not quite twice the rate of population
growth; in the 1970’s the spatial rate was
three times the demographic one.

If the area of urban settlement is in-
creasing faster than the urban popula-
tion, it follows that the density of the
urban population is decreasing. Before
turning to the effect of such a trend on
the components of the urbanized areas,
we shall briefly consider the relation
between population and geographic
area at the state level. Analyzing urban
growth in terms of both land use and
population can provide a necessary cor-
rective to an exclusively demographic
approach. For example, the state with
the greatest fraction of its population in
urban areas is California. The West is
highly urbanized, but California is ex-
ceptional even in the region: 91 per-
cent of its population is in urban areas,
broadly defined. Geographically, how-
ever, California is rural: 96 percent of
its land is outside the urban areas.

New Jersey presents a contrasting pic-
ture. The fraction of the state’s popula-
tion that is urban is about the same as it
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RURALIZATION, or an increase in the fraction of the population in rural areas, occurred in
18 states in the 1970’s (fop). This was a substantial increase from the 1960’s, when only four
states became more rural. The 18 were in all four census regions; they included both highly
urban and highly rural states. Geographic and demographic measures of urbanization yield
quite different pictures of the states. The demographic measure is the fraction of the state pop-
ulation in cities and towns (middle). By this measure California is the most urban state. The
geographic measure is the fraction of the state’s land area covered by cities or towns (bottom).
By this measure California is much less urban than New Jersey, the most urban of the states.
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is in California (89 percent) but a small-
er fraction of land is rural (71 percent).
Hence New Jersey is the most densely
populated state. Its residential density of
986 people per square mile is greater
than that of Belgium, one of the most
densely populated nations in Europe.

When one considers a typical New
Jersey landscape, it might seem that
much more than 29 percent of the state’s
land is urban. The definition of what
is urban, however, refers to residential
density and therefore excludes certain
areas that might be counted as urban
by other standards, such as land given
over to factories, oil refineries, storage
facilities, industrial parks and highways
that lie outside urbanized areas and the
corporate boundaries of towns or cities
with more than 2,500 inhabitants. The
land under such facilities is rarely con-
sidered rural, but it is not urban in the
demographer’s sense because it provides
homes for very few people.

As we observed at the beginning, ur-
ban growth and industrial development
have historically been closely connect-
ed. In the traditional pattern of industri-
al development factories were built in
or at least near urban centers. The fac-
tors that affect where industrial plants
are constructed have apparently been
changing in recent years. The result has
been the rapid growth of industry in ru-
ral settings. The people who moved to
the rural areas to take up the new jobs
there, however, do not conform to the
ordinary image of the rural popula-
tion. Rather than being farm workers,
they are in many instances either work-
ers with the kind of technical training
required in modern industry or pro-
fessionals. The new rural demograph-
ic concentrations appear to represent
small centers of urban culture trans-
planted to the countryside and enabled
to survive by recent advances in com-
munications, transportation and meth-
ods of industrial production.

There has been a substantial decline
in the average population density of the
urbanareas. The density of urban places
in the broad sense decreased from 3,200
people per square mile in 1960 to 2,300
in 1980. The decline was faster in the
1970’s than it was in the 1960’s. Since
1950 the average density of urbanized
areas has been reduced by almost half.

The reduction in density has two caus-
es. First, existing urban places have be-
come less densely populated. In addition
new urban areas generally have a lower
density than older ones. The reduction
in urban population density together
with the growth of the rural population
has led to a slight narrowing of the dif-
ferential in density between the urban
and the rural populations. The rural
population, however, with a density of
17 people per square mile, is still much
sparser than the urban population.

Declines in urban population density



were widespread in both the 1960’s and
the 1970’s. In the 1960’s 81 percent of
all urbanized areas became less densely
populated; in the 1970’s: the fraction
was 87 percent. The exceptions were
for the most part cities where geograph-
ic circumstances prevented further ex-
pansion. For example, the population
density of Honolulu increased because
territorial growth is made difficult by
mountains and the seacoast. The den-
sity of the urbanized area that includes
Miami, Fort Lauderdale and West Palm
Beach increased because the three com-
munities have merged and population
increases must be accommodated by the
filling in of vacant suburban land.

he coalescence of the three Florida

cities has resulted in the formation
of an urban mass with a population of
more than three million covering more
than 800 square miles. The formation
of this mass exemplifies a process that
continued in the 1970’s. As the urban-
ized areas have expanded geographical-
ly they have in many instances reached
the boundaries of adjacent cities. The
contiguous urban areas then join to
form amorphous urban regions cover-
ing large amounts of land.

Unlike Megalopolis, which includes a
substantial rural periphery, these super-
cities represent continuously built-up
urban territory. There are now 29 urban
centers in the U.S. with a population of
a million or more. About half of them
were created by the fusion of two or
more preexisting cities. The supercities
are not recognized as legal or politi-
cal entities, although they are interde-
pendent in planning for the provision
of such services as public transporta-
tion, sewage and water.

The supercities represent a demo-
graphically vital part of urban territory.
Even as the rate of urbanization de-
creased, the proportion of the popula-
tion living in the supercities increased.
In 1970 there were 24 supercities with a
population of 76 million, or 37 percent
of the U.S. population. In 1980 the pop-
ulation of the 29 supercities was 89
million, or 39 percent of the total. The
supercities have expanded by incremen-
tal growth at their suburban fringes, by

SUPERCITIES, the urban masses with a pop-
ulation of a million or more, include both in-
corporated areas and built-up suburban terri-
tory. In many cases they have been brought
into being by the merging of two or more large
cities. In 1970 there were 24 supercities; by
1980 there were the 29 shown here. The devel-
opment of the supercities shows that the peak-
ing of urbanization need not halt the develop-
ment of very large urban centers. All the super-
cities increased in area during the 1970’s, but
several lost population (bold type). Although
some cities within the boundaries of large ur-
ban complexes have been losing population
for decades, not until the 1970’s did any of
the large merged urban masses lose residents.

LAND

POPULATION

AREA DENSITY
SUPERCITY 1980 POPULATION (SQUARE | (PEOPLE PER
MILES)  |SQUARE MILE)
NEW YORK CITY/ ] T
| NORTHEASTERN NEW JERSEY/ 17,606,680 | 3,656 4816
| SOUTHERN CONNECTICUT
[ 1 |
LOS ANGELES/LONG BEACH/
| SAN BERNARDINO/RIVERSIDE | | 10,386,511 18] 4657
P = — = s
| CHICAGO/NORTHWEST INDIANA/
AURORA/ELGIN/JOLIET 7,212,778 1,675 ‘ 4,306
i |
PHILADELPHIA/ |
WILMINGTON/TRENTON : 4,779,796 1,270 1 3,764
R | |
SAN FRANCISCO/SAN JOSE 4,434,650 1,122 3,952
t - — — _— + —
DETROIT I:, 3,809,327 1,044 3,649
| S 1 |
- f
BOSTON/BROCKTON/LOWELL/ -
LAWRENCE/HAVERHILL I:l SR | 1,084 2,975
, _ r . |
MIAMI/FORT LAUDERDALE/
HOLLYWOOD/WEST PALM BEACH 3,103,729 CICH o
I B - S— |
WASHINGTON, D.C. D 2,763,105 807 3424 |
N— + t+ |
HOUSTON/
TEXAS CITY/LAMARQUE 2,521,857 1,169 2,157
i _ e |
CLEVELAND/AKRON/
T A D 2,493,475 : 989 2,521
= S— — 4 —_— |
DALLAS/FORT WORTH ; 2,451,390 1,280 1,915
| | } il
ST LOUIS D 1,848,590 597 3,006
1 1
PITTSBURGH D 1,810,038 713 2,539
[ seaTTLE/ |
A T ACOMA D 1,793,612 672 2,669
MINNEAPOLIS/ST. PAUL D 1,787,564 980 1,824
| BALTIMORE D 1,755,477 523 3,357
- I |
SAN DIEGO D 1,704,352 611 2,789
|
| ATLANTA D 1,613,357 905 1,783
| PHOENIX D 1,409,279 641 2,199
TAMPA/ST. PETERSBURG D 1,354,249 527 2,570
i =’ - 3 —1
DENVER D 1,352,070 439 3,080
_— ! — _
|
CINCINNATI/HAMILTON D 1,228,438 465 2,642
f —— { — — -
|
MILWAUKEE D 1,207,008 496 2433 |
| = " S — — -
| NEWPORT NEWS/HAMPTON/
| NORFOLK/PORTSMOUTH D 1,099,360 614 1,790
KANSAS CITY D 1,097,793 589 1,864
| - S — p—
‘ NEW ORLEANS D 1,078,299 230 4,688 '
[N B weme ? |
PORTLAND D 1,026,144 349 2,940 |
le—— —— S (W — = 1 —
|
'LBUFFALO D 1,002,285 266 ‘ 3,768 |
1
1 | J

© 1983 SCIENTIFIC AMERICAN, INC



absorbing smaller cities and by fusion
with cities of equal size. The process
by which such places have developed
indicates that the slowing of urbaniza-
tion need not entail the disappearance
of large urban centers.

Examining the continuously built-up
urbanized areas helps to overcome the
difficulties inherent in taking as the unit
of analysis the city proper, cities whose
boundaries can be changed only with
difficulty. The very large urbanized area
in New York, northern New Jersey and
southern Connecticut that includes New
York City is still the nation’s largest su-
percity. Its population in 1980 was 17.6
million, and although it lost people dur-
ing the decade, it continued to expand
geographically. The importance of the
distinction between a city and an urban-
ized area can be shown by comparing
Chicago with Los Angeles. Chicago it-
self has more residents than the city of
Los Angeles, but the urbanized area
around Los Angeles surpassed the one
around Chicago in population during
the 1950’s. By 1980 urban development
had joined Los Angeles, Long Beach,
San Bernardino, Riverside and many
smaller places. The result is an area that
is geographically as well as demographi-
cally larger than the urban nexus that
includes Chicago, Aurora, Elgin and Jo-
liet in Illinois and Gary in Indiana.

One tends to think of southern Cali-
fornia as a more or less suburban area
with a low population density. The Los

Angeles supercity, however, has a pop-
ulation of about 10 million on 2,000
square miles of land. Its density of 4,700
people per square mile is greater than
the densities of the supercities around
Chicago, Philadelphia, Boston and sev-
eral other older urban areas.

Density is high in California because
the population is growing and spatial ex-
pansion is limited by the coastline, the
mountains and the large areas that are
already taken up by dense settlement
and highways. An observer may be less
conscious of the density of population in
southern California than he is of that in
the other regions because the steep gra-
dients of population density that distin-
guish cities in the Northeast or the Mid-
dle West from their suburbs do not exist
on the West Coast. Nevertheless, the ur-
banized part of southern California is
more densely populated on the average
than many major urban centers in the
Northeast and the Middle West are.

he changes in density and geograph-

ic area in the 1970’s have affected
all parts of the urbanized areas from
the central cities to the outer suburbs.
The changes, however, have not affect-
ed the components in the same way: a
disproportionate amount of growth in
both population and area has taken
place in the suburbs. In 1960, 30 per-
cent of the total urban population lived
in the suburbs, which occupied 36 per-
cent of urban land. By 1980, 41 percent

of urban residents lived in the suburbs,
which occupied 42 percent of urban
land. In the same period the fraction of
the urban population living in the cen-
tral cities decreased, and so did the frac-
tion living in small cities and towns.

The increase in the suburban share
of the urban population has been even
more rapid in the older cities than the
national data suggest. In 1950 about 30
percent of the population of the urban-
ized areas lived in the suburbs; in 1980
more than 50 percent did. The increase
has been slower in the newer urbanized
areas, partly because in many instances
a new city can annex surrounding terri-
tory. Many older cities are surrounded
by incorporated areas that can resist an-
nexation; hence geographic expansion
of the central city is limited.

Because the suburbs were areas of rel-
atively rapid demographic growth in
the 1970’s, their population density de-
creased less than that of other places.
The average density of the suburbs de-
creased by 15 percent, that of the cen-
tral cities by 17 percent and that of the
small cities and towns by 18 percent.
The changes were too small to affect
the overall ratio of population density
between the cities and the suburbs,
which was 1.7 in both 1970 and 1980.

The fact that the ratio of population
density in the cities and suburbs did not
change conceals some significant demo-
graphic trends. In many urbanized areas
the central city has been losing popula-
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tion for decades. In general the urban-
ized area as a whole has gained popula-
tion because the growth in the suburbs
has compensated for the losses in the
central city. The 1980 census has shown,
however, that in many cases an entire
urbanized area is now losing popula-
tion. One reason is that the rate of pop-
ulation loss in the central city has in-
creased. A second reason is that the
suburbs closest to the central city have
begun losing population.

The urbanized area that includes St.
Louis provides a good example of the
process. The city of St. Louis lost popu-
lation in both the 1960’s and the 1970’s;
the rate of loss was higher in the 1970’s.
The losses have been so great and so
sustained that the city now has roughly
the same number of residents it had in
1890. Like most other cities in the Mid-
dle West and Northeast, St. Louis has
long been surrounded by incorporated
areas. These inner suburbs began to lose
people in the 1960’s, and their popula-
tion declined by about 15 percent in the
1970’s. Beyond the ring of inner suburbs
population is still growing, but at a
sharply diminishing rate. St. Louis’ out-
er suburbs grew by 103 percent in the
1950’s, by 55 percent in the 1960’s and
by 17 percent in the 1970’s. Other Mid-
dle Western and Northeastern cities
show a similar pattern.

The image of a doughnut is often em-
ployed to describe an urbanized area
with an older central city whose popula-
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tion is decreasing. The image is not new;
such population losses have been going
on for decades. What is new is the ex-
pansion of the region of population loss
(the “hole” in the doughnut) to include
the inner suburbs. The hole has grown
largest in the urbanized areas where the
doughnut pattern has prevailed longest.

oreover, although the doughnut
has long been a familiar image in
the industrial centers of the Northeast,
in the 1970’s it spread for the first time
to much of the rest of the U.S. About
half of all urbanized areas show the pat-
tern, including a fourth of the cities in
the South. The city of Atlanta, after
growing in the 1950’s and 1960’s, lost
population in the 1970’s at a rate great-
er than that for Newark, N.J.
Population losses in the central cities
and inner suburbs have become so great
that an increasing number of urban-
ized areas are losing population. In the
1950’s only one area in 20 lost residents;
in the 1970’s one in six did. Most such
urban population declines are invisible
to the casual observer. Indeed, in the
light of “gentrification” (the movement
of young professionals into inner-city
neighborhoods) and new housing con-
struction in the outer suburbs many
people will find it hard to believe the
population of the entire urbanized area
around St. Louis declined by 2 percent
in the 1970’s.
In spite of the fact that they are losing

OUTER SUBURBS
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ST.LOUIS URBANIZED AREA shows a pattern that prevails in many older cities. The bound-
aries of the city proper (orange), the inner suburbs (purple) and the outer suburbs (blue) are
shown on the map at the left. The rate of population growth in each area is shown in the chart
above. The city of St. Louis has been losing residents for decades and now has the same popula-
tion it had in 1890. Many people who left the city moved to the surrounding suburbs. Such a
pattern is often described as a doughnut. In the 1970’s the area of population loss (the “hole”
in the doughnut) spread outward: the inner suburbs lost a substantial fraction of their residents
for the first time. The outer suburbs are still gaining population, but at a rapidly decreasing rate.
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population, many older cities and ur-
banized areas are gaining households.
The number of households in the St.
Louis urbanized area increased by 12
percent in the 1970’s. What makes such
apparently contradictory developments
possible is the fact that the average num-
ber of members of a household is de-
clining. The fertility of married women
has decreased, and changes in living ar-
rangements have been brought about by
divorce, separation and the virtual dis-
appearance of the extended family liv-
ing in one dwelling. All these factors
have contributed to a decrease in the
size of the average household.

For this reason some of the most sig-
nificant demographic trends of the past
three decades in urban areas have been
largely invisible. A count on a large
scale, such as the census, is needed to
measure them precisely. Our purpose in
this article has been to analyze such
trends by employing definitions that can
be applied consistently over the entire
period. The definitions themselves, how-
ever, do not remain static. Based on
the results of the 1980 census, demogra-
phers at the Census Bureau have already
begun to redefine the urbanized area.
Urban areas are no longer limited to the
territory around cities with a population
of 50,000 or more. As of 1980 an urban-
ized area is any group of 50,000 people
with an average density of 1,000 per
square mile, regardless of the size of the
largest city. Thus many people who live
in or near a small town have become
part of the urbanized-area population.

The change is not particularly surpris-
ing. Almost every redefinition of what is
urban has expanded the number of peo-
ple in the category. Indeed, as urbaniza-
tion reaches its historical peak some un-
certainty about who is an urban dweller
is almost inevitable. The inability of de-
mographers to agree on what is urban
territory may be taken as a sign that ur-
banization has peaked at a high level.

The uncertainty undoubtedly extends
even further than we have proposed
here. For some time almost the entire
population of the U.S. has been urban in
the sense of having access to the ameni-
ties of urban life whether or not they live
in cities. Perhaps the best model of the
population is a continuum in which one
end represents the most nearly urban
part and the other represents the most
nearly rural part. In the 1970’s there was
an unexpected increase in the demo-
graphic growth of the most nearly ru-
ral parts of the nation; at the same time
the rate of loss increased in the most
nearly urban parts. The fundamental
cause of the reversal appears to be ec-
onomic: population has followed jobs.
The future distribution of population
in the U.S. could well be determined
by which regions are able to compete
for new jobs both within the U.S. and
in international markets.
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How Continents Break Up

They rift apart over millions of years, and in the process

they deform. A study of the rifting is beginning to reveal

the properties of the plates that compose the earth’s crust

by Vincent Courtillot and Gregory E. Vink

he theory of plate tectonics holds

that the crust of the earth consists

of plates some 100 kilometers
thick that are moving with respect to
one another. It accounts for a wealth of
facts. The distribution of earthquakes
and volcanoes around the world is large-
ly explained by the motions of the
plates: their creation at midocean ridges;
their destruction by collision or at sub-
duction zones, where they plunge down-
ward into the earth’s mantle; their fric-
tion as they slide past each other along
what are called transform faults. More-
over, the similarity in shape between the
edges of two continents that today are
separated by thousands of kilometers
(for example the eastern edge of South
America and the western edge of Afri-
ca) shows that they rifted apart. In other
words, they were once on a single plate.
Corroborating evidence is supplied by
the distribution of plant and animal fos-
sils on the continents.

If it is assumed that plates do not de-
form as they move, their relative mo-
tions can be calculated by means of
mathematical theorems describing the
motion of a rigid body on a sphere. In-
deed, the motions of most of the earth’s
large plates over the past 150 to 200
million years have been worked out with
considerable precision. On the other
hand, the motions of plates that are as-
sumed to be rigid cannot yield more
than an understanding of their kinemat-
ics. The assumption that plates are rig-
id means it must also be assumed that
their boundaries have a fixed geometry,
and this latter assumption makes it im-

possible to propose a realistic model of
how continental crust breaks up. For ex-
ample, the breakup that created South
America and Africa must be taken to
have happened instantaneously along a
line, a most unlikely event.

Actually there is ample evidence that
continental crust does deform. Moun-
tain ranges, which often result from the
collision of plates, are the most obvious
evidence. In addition the distribution of
earthquakes at plate boundaries sug-
gests that the boundaries are not nar-
row, and the occurrence of earthquakes
well away from plate boundaries sug-
gests the release of stress, and thus the
occurrence of deformation, in the mid-
dle of a plate. The work we shall de-
scribe in this article suggests that the
breakup of continental crust must be
seen as a process taking millions of years
along a zone several hundreds of kilo-
meters wide. It suggests, moreover, that
the crust at such a zone is unlikely to
behave like anything rigid.

he key evidence supporting the theo-

ry of plate tectonics is found on the
ocean floor in the form of magnetic
anomalies. Fundamentally the volcan-
ic material that rises into place to be-
come new oceanic crust at the axis of a
midocean ridge is hot enough for the mi-
nute magnetic domains in it to become
aligned with the magnetic field of the
earth. As the material cools, locking the
alignment-into place, it spreads away
from the ridge axis. Behind it along the
axis newer crust is rising into place.
Now, the magnetic field of the earth var-

AFAR DEPRESSION in northeastern Africa is one of two places on the earth (the other is
Iceland) where a midocean ridge comes up onto dry land. The axis of each such ridge is a rift
where two great plates diverge and new oceanic crust rises into place. The positions of the rifts
at Afar are controversial. According to the authors, one rift courses westward from the Gulf of
Aden into the Gulf of Tadjurah, the beak-shaped body of water extending into the image from
the right. Its tip, currently at Lake Asal just west of the Gulf of Tadjurah, is propagating into
the depression and will ultimately join with a rift whose tip is moving southward in the Red Sea.
(The mouth of the Red Sea is at the upper right.) The rifting will then have given rise to a new
ocean basin. The image is a mosaic of six frames made in false colors by the Landsat satellites.
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ies in an irregular pattern, and its polar-
ity reverses approximately five times
every million years. Therefore as the
new oceanic crust spreads away from
the ridge axis two divergent magnetic
“tapes” record the pattern of reversals.
This makes it possible to measure the
age of the ocean floor and also deter-
mine the velocity at which plates have
diverged. That velocity proves to vary
from less than a centimeter per year to
more than 15 centimeters. Moreover,
when the ridge axis is offset by a series of
transform faults, the magnetic pattern
in the oceanic crust should reproduce
the offset.

There are instances, however, where
the magnetic pattern fails to match the
offset. These mismatches were initially
explained in terms of sudden jumps of
the ridge to a new location. The problem
is that some of the jumps are so numer-
ous and so closely spaced in time that
the process is best seen as the continuous
evolution of the boundary of a plate.
Consider the peculiar V-shaped magnet-
ic patterns found in the Pacific, first near
the Gal4pagos Islands and then on the
Juan de Fuca Ridge off the Pacific Coast
of North America. A study of those pat-
terns led Richard N. Hey, who was then
working at the Hawaii Institute of Geo-
physics, and his colleagues (particularly
Frederick K. Duennebier of the Hawaii
Institute, W. Jason Morgan of Princeton
University and Peter R. Vogt of the U.S.
Naval Research Laboratory) to develop
a model in which a rift propagates con-
tinuously through the oceanic crust at a
rate comparable to the rate at which
plates spread apart at the rift.

As Hey and Tanya M. Atwater of the
University of California at Santa Barba-
ra explain it, the process occurs where
two rifts are offset by a transform fault.
If the process is modeled in steps, each
step is a sudden jump in which the tip of
the rift propagates forward, establishing
a new fault and moving oceanic crust
from one side of the rift (that is, from
one plate) to the other [see illustrations on
next page]. The result is a V-shaped
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wake consisting in part of small pieces
of crust bounded by abandoned faults.
If the process is taken to be continu-
ous, as it in fact is in the crust of the
earth, the wake is a V-shaped disconti-
nuity in the pattern of magnetic anom-
alies. Hey pointed out that the disconti-
nuity can mistakenly be attributed to a
fracture. (The attribution is mistaken
because no slippage between plates ever
occurred along the discontinuity.) He
called each limb of the V' a pseudofault.

he breakup of continental crust must
also involve the propagation of rifts,
yet the details of the process have been
elusive. In the early 1970’s J. Tuzo Wil-
son of the University of Toronto and

1 2 3

Kevin C. Burke and John F. Dewey
of the State University of New York at
Albany suggested that there might be
a link between “hot spots,” triple junc-
tions and continental breakup. They
suggested that if a continent becomes
stationary with respect to the underlying
mantle, thermal anomalies (hot spots) in
the mantle might make the continent
dome upward and rupture in a three-
branched pattern of rifts. (Doming and
rupture often seem to give rise to a
three-branched pattern. They do it, for
example, in the crust of a pie baking in
the oven.) The three rifts might then de-
velop into two active rifts and an abort-
ed one. (Burke and Dewey thought they
could see examples along the rifted mar-

MAGNETIC ANOMALIES on the ocean floor are the strongest evidence that new oceanic
crust spreads away from each midocean rift. The rift itself (1) is offset by a transform fault
(black). New crust arises continuously. At first it is hot; thus its intrinsic magnetization becomes
aligned with that of the earth. As it cools and solidifies, the magnetization is locked into place;
hence at each side of the rift a band of magnetized crust diverges (2). The earth’s field occa-
sionally reverses its polarity. Each such reversal entails two new magnetic anomalies (3, 4).

DISRUPTED PATTERN of magnetic anomalies is evidence that rifts propagate. In the top
row a model proposed by Richard N. Hey of the University of California at San Diego and his
colleagues is shown in steps. Two rifts at an angle to each other are offset by a transform fault
(I). New oceanic crust rises into place and spreads; then the tip of the southern rift propa-
gates northward, transferring a block of the new oceanic crust from east to west of the rift, that
is, from one plate to another (2). Successive episodes of sea-floor spreading and rift propaga-
gation (3, 4) produce a V-shaped zone of magnetic discontinuity. In the bottom row of the il-
lustration the process is continuous; thus the sea floor spreads while the rift is propagating.
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gins of the Atlantic.) The active rifts
propagating away from a number of
junctions could eventually join up and
thereby fragment the continent.

More recently two other proposals
have been made. First, Morgan has pro-
posed that rifting often occurs along a
hot-spot track. Here the motion of a
continent over a thermal anomaly in the
underlying mantle gives rise to a line of
volcanoes at the surface. Under the sur-
face, meanwhile, the thermal anoma-
ly thins and weakens the crust, making
it prone to rift. Second, Hey and Vogt
have suggested that a process resem-
bling the model of a rift propagating
through oceanic crust might account for
some of the rifting on the continents. On
the ocean floor, however, the model re-
quires that one rift recede while anoth-
er one advances. Thus the model can
only modify the geometry of preexist-
ing plate boundaries. It cannot apply to
the breakup of a continent, a process
in which a new plate boundary arises.

At this point magnetic anomalies are
again important evidence. In 1977 one
of us (Courtillot), working with Jean-
Louis Le Mouél and Armand Galdeano
of the University of Paris, made a mag-
netic map of part of the western Gulf
of Aden and part of the adjacent land
mass, the Afar depression in Djibouti
and Ethiopia. Afar is a natural labo-
ratory where sea-floor spreading can
be studied without the hindrance of
thousands of meters of overlying water.
Like Iceland, it is an exposed part of
the worldwide midocean-ridge system.
Many investigators believe much can be
learned about the fundamental process
of rifting in these dry-land settings. As
early as 1938 the French paleontolo-
gist and philosopher Pierre Teilhard de
Chardin was convinced that Afar was
the place where Alfred Wegener’s theo-
ry of continental drift should be test-
ed. More recently the investigators who
dived in research submarines to the
mid-Atlantic ridge at 37 degrees north
latitude as part of the French-Ameri-
can Mid-Ocean Underwater Survey (FA-
Mous) were struck by the resemblance
of the rift at Afar to what they had seen
under almost three kilometers of water.

The clearest clues to what has hap-
pened at Afar are the magnetic maps
[see top illustration on opposite page).
The maps reveal that two types of crust
are juxtaposed. In one type the magnet-
ic anomalies are intense and form par-
allel bands. The pattern is typical of the
one that results from sea-floor spread-
ing. The bands can be correlated with
the periods between reversals of the
earth’s magnetic field, and so they can
be dated. In the other type of crust the
magnetic anomalies are wider, rounder
and less intense. They describe’ a mag-
netic quiet zone, or MQZ.

The MQZ forms a huge reclining V



MAP OF MAGNETIC ANOMALIES at Afar and on the floor of and particularly toward the northeast, the anomalies are subdued.
the Gulf of Aden reveals that different types of crust are juxtaposed. They mark out a funnel-shaped region called the magnetic quiet
In the gulf the anomalies (shown in alternating blue and red) are in- zone, or MQZ (gray). The MQZ may represent continental crust de-
tense and elongated, in a pattern typical of oceanic crust. Elsewhere, formed by the propagation of the rift along the floor of the gulf.
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VIEW DOWN THE AXIS of the rift at the Gulf of Aden is afforded side by faults running parallel to the rift that produce a set of escarp-
to the east from a point on the western shore of Lake Asal, 155 me- ments. The pattern is much like the one observed at midocean ridges
ters below sea level. The rift is at the center. It is flanked on each from research submarines under almost three kilometers of water.
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RECONSTRUCTIONS OF THE GULF OF ADEN as it looked 10 million years ago (fop)
and seven million years ago (middle) are made by taking the present-day map of magnetic anoma-
lies on the floor of the gulf (borfom) and removing the anomalies that are younger than those
ages. The direction of rift propagation (east to west) is plain. Overlaps between Arabia and Af-
rica (dark gray) show that the plates stretched as they rifted. In the present-day map a number
of active volcanic ranges (solid color) indicate deformation ahead of the tip of the rift. The Red
Sea rift is at the upper left of the present-day map. It too is flanked by magnetic anomalies.
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that abruptly interrupts the oceanic pat-
tern. It therefore interrupts the bands
of magnetic anomalies that mark sea-
floor spreading; hence the edges of the
MQZ can be dated rather precisely. Be-
tween 45 and 46 degrees east longi-
tude in the Gulf of Aden the edges are
about 10 million years old; they inter-
sect the magnetic anomaly represent-
ing ocean floor of that age. Toward
the west the edges become progressive-
ly younger. Near Lake Asal in Afar
they are very young indeed. A num-
ber of earthquakes and the birth of a
volcano near Lake Asal in November,
1978, confirm that the vicinity of the
lake is a site of tectonic activity today.

The simplest interpretation of these
various observations is that a rift is
propagating wesiward into preexisting
oceanic and continental crust. The edges
of the MQZ were created by past prop-
agation, which formed new oceanic
crust in its wake. The Gulf of Aden is
the result. The opening angle of the V
formed by the edges is about 30 degrees.
It arises by simple trigonometry from
the rate of the sea-floor spreading that
has opened the Gulf of Aden (1.5 centi-
meters per year) and the rate at which
the tip of the rift has moved westward
(three centimeters per year).

Support for this interpretation has
come from a study of seismic activity in
the region undertaken by Jean-Claude
Ruegg and Jean-Claude Lépine of the
University of Paris. They observe that
the foci of most earthquakes under the-
Gulf of Aden cluster in a band approxi-
mately 10 kilometers wide that closely
follows the rift. (The position of the rift
is deduced from a mapping of the bot-
tom of the gulf and from the position of
the youngest magnetic anomaly.) The
band of earthquake foci extends from
the Gulf of Aden into the Gulf of Tadju-
rah, a beak-shaped westward extension
of the Gulf of Aden. After that the band
coincides with the Ghoubbet-Asal Rift,
which runs from the Gulf of Tadjurah
to Lake Asal. Apparently it ends near
Lake Asal, where, we suggest, the tip of
the propagating rift is currently situated.
West of Lake Asal the seismicity be-
comes diffuse, suggesting that there the
crust is deforming over a wider area.

Further evidence comes from the age
and the chemical composition of the ba-
salts at Afar, as they have been deter-
mined by Michel Treuil of the Universi-
ty of Paris, Jacques Varet of the Bureau
de Recherches Géologiques et Miniéres
and Olivier Richard of the University of
Paris at Orsay. Basalts are the volcanic
rock that composes oceanic crust. The
basalts found on the edges of the Gulf of
Tadjurah have a tholeiitic composition:
they are poor in the mineral olivine
but contain the mineral orthopyroxene.
Such basalts are formed by the large-
scale partial melting of the mantle under
a midocean ridge. Closer to Lake Asal



and the tip of the rift the basalts are
more alkaline, that is, they are richer in
sodium and potassium. This indicates
a lesser degree of partial 'melting than
tholeiites undergo. The age of the ba-
salts at each location closely matches
the age deduced for the oceanic crust at
that location from the measured mag-
netic anomalies.

In sum, the principal sign of a propa-
gating rift at Afar is a distinctly oce-
anic pattern of magnetic anomalies that
is disrupted by the intersection of the
pattern with the rifted edge of a conti-
nent. The magnetic quiet zone at Afar is
therefore best taken to be continental
crust that has deformed in the course of
the propagation.

Signs that rifts have propagated else-
where in the world, so that continents
deformed, emerge from reconstruc-
tions: the efforts made by earth scientists
to determine how continental fragments
fitted together before they rifted apart.
The usual method is to try to match up
theiredges. Thuseach fragment is rotat-
ed about an axis passing through the
center of the earth until magnetic anom-
alies of the same age are made to coin-
cide. If the edge of each fragment arose
at a single instant in time, so that the
edge is precisely parallel to the oldest
magnetic anomalies on the ocean floor
that has arisen between the fragments,
the reconstruction will succeed: it will
match the fragments precisely and at the
same time yield the age of the rifting. If,
however, the rift has propagated, the re-
construction will not quite succeed: the
edge of each fragment will not have aris-
en all at once, and so the edge will cut
across magnetic anomalies.

In such instances bringing together
the edges of two continents will not re-
produce the configuration they had be-
fore they rifted apart. A more accurate
reconstruction will match the points
where rifting began. The continents will
then overlap in places, but that is quite
appropriate. The overlaps represent the
stretching of the continental crust that
took place as the crust was broken apart
by propagating rifts.

This appears to be what happened
in the Gulf of Aden. If, for example,
an attempt is made to reconstruct the
relative positions of the African plate
and the Arabian plate 10 million years
ago (the age of what is called magnet-
ic anomaly 95), it is found that the gulf
closes up. Moreover, it is found that the
plates begin to overlap at 43 degree
30 minutes east longitude. Ten million
years ago the tip of the rift was there.
This explains the observation, made by
A. S. Laughton and his colleagues at the
National Institute of Oceanography in
England in 1970 and confirmed recently
by James R. Cochran of the Lamont-
Doherty Geological Observatory, that
anomaly 5 and anomalies older than
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SPEED OF PROPAGATION of the rift in the floor of the Gulf of Aden is deduced from the
reconstructions. Each point plots the westernmost limit of a magnetic anomaly (horizontal axis)
and the age of the anomaly (vertical axis). The slope of the line connecting the points implies
a velocity of three centimeters per year. The end of the line at an age of zero and a longi-
tude of about 42 degrees 30 minutes demonstrates that the tip of the rift is now at Lake Asal.

anomaly 5 cannot be found west of 43
degrees 30 minutes east longitude.
Overlaps also emerge in reconstruc-
tions of the North Atlantic made by
one of us (Vink). Specifically overlaps
between northern Greenland and Spits-
bergen suggest that the edge of each
of these bodies of land stretched by as
much as 100 kilometers. Still another
example emerges from the fit of South
America and Africa. The classic recon-
struction was done by Sir Edward Bul-
lard of the University of Cambridge.
Bullard used the 1,000-meter-depth
contour lines in the Atlantic to represent
the edge of each continent. He rotated

the lines together. A computer program

found the fit that minimized gaps and
overlaps. Even so, there remained a gap
of 250 kilometers between the southern
tip of Africa and the edge of an undersea
plateau that includes the Falkland Is-
lands. The Deep-Sea Drilling Project of
the Scripps Institution of Oceanography
has since shown that the Falkland pla-
teau is continental crust. It is a sub-
merged part of South America. The gap
cannot have existed. When it is closed in
a reconstruction, there are overlaps be-
tween South America and Africa.

In any case magnetic surveys of the
South Atlantic show that the oldest
magnetic anomalies on the ocean floor
do not parallel the edges of South Amer-
ica and Africa. The surveys confirm that
propagating rifts created the South At-
lantic. The oldest magnetic anomalies
(one with an age of 135 million years
near the edge of Africa and one with an
age of 127 million years near the edge of
South America) are found only in the
southernmost part of the Atlantic. The
floor of the Atlantic was therefore
spreading in the south at a time when
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Africa and South America were still
joined in the north. The rift had not yet
propagated that far.

The available evidence suggests the
following picture of how a rift propa-
gates to break up a continent and form
a new ocean basin. First a system of
fractures develops in a plate, possibly
along a preexisting weak zone such as an
old suture zone (the locus of an earlier
collision between continents), a large
strike-slip fault system (a fault system
where the slippage is horizontal) or, as
Morgan has suggested, a hot-spot track.
Let us assume for the sake of simplicity
that the fractures lie in a linear zone, and
let the average width of the zone be 200
kilometers, as it is in the Rift Valley
of East Africa. As the fractures devel-
op, the continental crust is stretched
and thinned. Nevertheless, the relative
motion of the plates that will emerge
from the process is negligible: the total
stretching is limited to a few tens of kilo-
meters and occurs over periods of a few
tens of millions of years.

As the stretching progresses, increas-
ing lengths of the future plate boundary
have decreasing strength. The mechan-
ics of the process are unlikely, however,
to be uniform. Thus the plates remain
attached at a number of “locked zones.”
These zones cannot prevent the failure
of the crust that lies between them.
Hence basaltic oceanic crust begins to
rise into place. In short, rifting begins.
Each rift elongates rapidly through the
thinned crust. Then the tips of the rifts
enter the remaining locked zones and
begin to break them apart.

"Let us now consider a single locked
zone. As in Hey’s model of sea-floor
spreading, a sequence of discrete steps is
easier to explain than the actual contin-
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FOCI OF EARTHQUAKES at Afar were recorded between 1974

and 1980 by investigators from the Institut

uous process. In the first step the tip of a
rift has reached a locked zone from each
side [see illustration on opposite page).
Along the length of each rift new ocean-
ic crust is being created. It fills the space
freed as the two plates move apart. In-
side the locked zone, however, no new
crust develops. Therefore the locked
zone must stretch.

In the next step the tips of the rifts
penetrate an incremental distance
into the locked zone. In this incre-
ment the crust of the locked zone stops
stretching; the creation of oceanic crust
takes over. Hence an increment of the
locked zone is carried away by each
plate. The part of the locked zone not
yet invaded by the rifts continues to
stretch. The process goes on until the
rifts meet and the two plates separate
completely. What remains of the locked
zone is a deformation in the edge of
each newly formed continent. The de-
formation is maximal at the point where
the continents last touched.
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The model can be refined so that the
process is continuous. It then emerg-
es, naturally enough, that if parameters
such as the rate at which the rifts propa-
gate change with time, the deformation
of the edge of the continent produces
various shapes. For instance, the shape
of certain overlaps that arise in attempts
to match the edges of continents that
broke apart suggests that the propagat-
ing rifts may slow down as they first cut
through a locked zone and then may ac-
celerate in the final phase of the rupture.
(The result in such a case is a deformed
zone with a flattened tip.) More general-
ly the model predicts that the strain in a
continental plate that breaks up occurs
in a band some 100 kilometers wide at
the margin of each newly formed plate
and also in the locked zones, which
stretch dramatically. The disruption of
the crust in a locked zone may be re-
sponsible for the lack of intense magnet-
ic anomalies in the magnetic quiet zone
at Afar.

Yet if Afar is to be viewed as a locked
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in Paris. They confirm the position o6f the rift. Scattered foci west
of the tip of the rift suggest that the crust there is now deforming.

zone in the act of deforming, a second
propagating rift in addition to the one
that opened the Gulf of Aden must be
identified. The East African Rift Val-
ley, which has a long history of very
small motion, may be an aborting rift
and is not a good candidate. The young-
er and more active southern Red Sea is
more promising. Ron W. Girdler and
Peter Styles, who were then working at
the University of Newcastle upon Tyne,
have attempted to identify magnetic
anomalies in the Red Sea so that the sea-
floor spreading there can be related to
the spreading in the Gulf of Aden. The
effort has been complicated by the intri-
cate faulted structure of the floor of the
Red Sea and by the slow rate at which
it is opening. So far Girdler and Styles
have been able to recognize two proba-
ble phases of spreading, one between 30
and 15 million years ago and then a
recent one beginning five million years
ago that is continuing today. Magnetic
mapping by Hans A. Roeser of the Fed-
eral Institute for Geosciences and Natu-



ral Resources in Hanover reveals at the
Red Sea a V-shaped zone of oceanic
anomalies quite like the one in the Gulf
of Aden. The magnetic quiet zone at the
Red Sea appears to correspond to the
older phase of spreading.

The tip of the putative rift that is
opening the Red Sea is now between 15
and 16 degrees north latitude. Its dis-
tance from the tip of the Asal-Aden rift
is 300 kilometers. Presumably that is the
length of the Afar locked zone remain-
ing to be broken apart. A comparison of
Afar with the model described above
suggests that the locked zone was origi-
nally 750 kilometers long and 150 kil-
ometers wide. Each of the propagating
rifts has therefore torn through 200 kil-
ometers of the zone. An extrapolation
of the current rates of propagation sug-
gests that the locked zone will break up
completely in less than 10 million years.
The zone will by then have undergone
a mean deformation that will have
stretched it by 80 percent of its origi-
nal width. The last part of the zone to
rupture will have stretched twice that
amount.

How do the findings at Afar bear on
the suggestion by Wilson, Burke and
Dewey that rifting is related to the dom-
ing and rupturing of the continental
crust above a hot spot in the mantle?
Afar has repeatedly been considered
one of the clearest cases of a triple junc-
tion caused by a hot spot. The junction
is that of the Red Sea rift, the Gulf of
Aden ridge and the Ethiopian rift (the
northernmost part of the East African
rift). Our evidence, however, indicates
that the rifts at Afar are propagating
toward, not away from, an eventual
junction. One of us (Courtillot) has sug-
gested that a first phase of tectonic activ-
ity at Afar may have generated a knee-
shaped rift that opened the Red Sea and
left the East African Rift Valley. Pre-
existing zones of weakness and hetero-
geneity in the composition of the crust
might be responsible for the “knee.” A
second phase of activity, still in progress
today, may then have opened the Gulf
of Aden and produced the Red Sea’s sec-
ond episode of spreading. Again a knee-
shaped rift appeared, but since the Afar
locked zone is not yet cut through, the
rifting is not complete. The Afar junc-
tion would thus be the superposition of
two knee-shaped rifts.

Rifts that are propagating through a
continent and are breaking it apart
will doubtless be found in places oth-
er than Afar. The Gulf of California is
a likely candidate, even though its rel-
atively small scale and its great dis-
ruption by transform faults make the
magnetic data difficult to interpret. The
process of rift propagation is well worth
understanding. For one thing, the rifting
of continental margins and the subse-
quent deposition of sediments above

them govern the evolution of oil-bear-
ing formations. In addition the study of
rifting may yield insight into the me-
chanical properties of continental crust.
The pattern of rifting that separated
South America and Africa, for example,
suggests the locked zones typically have
a length of 400 kilometers, a width of
150 kilometers and are spaced at a mean
interval of 700 kilometers. The pattern
further suggests that sea-floor spreading
begins (that is, oceanic crust begins to
rise into place at a rift) when about 65
percent of the length of the future plate
boundary has lost its strength to resist
the breakup.

In attempting to understand how a
plate breaks up over a length of thou-
sands of kilometers, we have dealt with
temporal scales of no more than a mil-
lion years and spatial scales of hundreds
of kilometers. On such scales we find the
continental crust deforming. Among the
tools that facilitate the study of how the
deformation proceeds two are crucial:
the detailed examination of magnetic
anomalies and the detailed examina-
tion of the edges of the continents. To
the extent that the work goes beyond
the assumption that plates are rigid it
should provide a better view of how a
plate evolves.
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RIFTING OF A CONTINENT into two separate plates is shown in steps according to a mod-
el developed by one of the authors (Courtillot). The process begins along a preexisting zone
of weakness. The crust, however, is heterogeneous and so a number of areas resist. One such
“locked zone” is shown; it prevents two rifts from meeting (a). Along the length of each rift
new oceanic crust rises into place; the new crust fills the space freed as the incipient plates
move apart. The locked zone, in contrast, must stretch (b). The tips of the rifts then begin to in-
vade the zone (c). Still more oceanic crust is created. Meanwhile what remains of the locked
zone stretches again (d). The tips of the rifts move closer together (¢). Ultimately the rifts meet
and the plates separate (f). The locked zone has become a deformation in the edge of each new
continent. The model can be made into a continuous one in which the size of the locked zone
and the velocity of tips of the rifts change with time. Deformations with various shapes result.
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The Salmonid Fishes
as a Natural Livestock

The remarkable genetic adaptability of this family, which includes

salmon and trout, is making it possible to replenish depleted stocks,

to establish new ones and to adapt the fishes for “ranching’’ operations

by Lauren R. Donaldson and Timothy Joyner

housands of years ago the salmo-

nid fishes, a group including salm-

on and trout, flourished through-
out the Northern Hemisphere in cool
lakes, streams and rivers and in the open
sea. In historic times the hand of man
has changed this picture through habi-
tat-destroying activities and heavy fish-
ing, with the result that the salmonids
have disappeared from many bodies
of water and in others their numbers
have greatly diminished. Several recent
developments, however, offer excellent
opportunities for stemming or even re-
versing the downward trend. The de-
velopments rest on the remarkable ge-
netic adaptability of the salmonids and
the ability of fish breeders to turn that
adaptability to advantage.

The 60-odd species of the salmonid
family include thousands of races. Each
race is adapted to a unique environment.
This diversity can provide fish breeders
with an enormous pool of genetic mate-
rial from which desirable traits can be
selected. They include size and shape;
rate of growth; the color, taste and tex-
ture of the flesh; tolerance of fresh or
salt water, and the timing and patterns
of migration.

Drawing on these properties, breed-
ers so far have achieved several signifi-
cant results. Among them are: (1) Sal-
monids can be induced to “home,” or
return to spawn after a period at sea, in
any cool body of water where they were

released as fingerlings, which means
that they can be established or reestab-
lished in bodies of water that do not
now have them; (2) some salmonid spe-
cies will adapt to year-round life in
fresh water even though they would
normally spend part of their lives at sea,
and (3) some species can be successful-
ly “farmed” or “ranched” by techniques
of aquaculture.

Ranched salmon are homing in large
numbers to release sites in North Amer-
ica, Japan and Siberia. Salmon have
been successfully transplanted to Chile.
The fjords and sounds of the Chilean
archipelago have abundant stocks of
plankton on which the newly transplant-
ed salmon can feed. In the future care-
fully selected stocks of salmon planted
at the southern tip of South America
may be able to migrate to the edge of the
Antarctic to feed on the summertime
concentrations of krill and deliver that
resource back to the release sites splen-
didly packaged as bright red salmon
flesh. Salmon introduced into the Great
Lakes have adjusted to that freshwater
habitat in a way many people thought
would be impossible. Along the rocky
coasts of Scotland and Norway fish
farmers are raising salmon and rainbow
trout to large size in blocked-off sea
lochs, fjords and floating pens.

The natural distribution of the salmo-
nids before human beings began to af-
fect it has been fairly well established. In

HOMING SALMON clogging the Tazimina River in Alaska appear in the photograph on the
opposite page. They are sockeye, or red, salmon (Oncorhynchus nerka), returning to the place
where they hatched. They left the river at from two to four years of age, lived for from one to
three years at sea and are returning to spawn, finding their way back by the unique chemical
“smell” of their native stream. The fish in ranks at the edges of the stream are resting before
continuing upstream. The rank formation arises because they orient themselves upstream;
they are side by side owing to their numbers. The other fish are making nests in the gravel. The
photograph was made by Thomas C. Kline, Jr., of the University of Washington as part of an
annual survey designed to forecast for commercial fishermen and conservation authorities
how many sockeyes can be expected when the fish hatched from the eggs eventually return.
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the genus Sa/mo Atlantic salmon (S. sa-
lar) and European trout species were
found around the margins of the North
Atlantic and in adjacent parts of the
Arctic Ocean. The rainbow-steelhead
and cutthroat species of trout were
found around the margins of the North
Pacific. The chars, members of the ge-
nus Salvelinus, lived around the mar-
gins of both the North Atlantic and the
North Pacific basins and in the waters
draining into the Arctic Ocean. The six
species of Pacific salmon (genus Onco-
rhynchus) were originally limited to the
margins of the North Pacific from Tai-
wan to California, including the Bering
and Okhotsk seas and the adjacent parts
of the Arctic Ocean.

11 salmonids hatch in fresh water and
spend at least their first weeks there.
Some members of all three genera are
anadromous: they migrate to the sea, of-
ten for great distances, before returning
to their native streams to spawn. Atlan-
tic salmon return to spawn year after
year; Pacific salmon return once and
die after spawning. Some species of sal-
monids remain in fresh water all their
lives. Several species of Pacific salmon
can adjust readily to living permanent-
ly in fresh water. Relict populations of
cherry and sockeye salmon survive in
lakes that have been landlocked for
thousands of years.

The homing ability of migratory sal-
monids is legendary. They swim up-
stream for many miles, leaping in the
air to climb waterfalls and fish ladders,
and unerringly make every turn needed
to get back to their native stream. Some
years ago Arthur D. Hasler and James
A. Larsen of the University of Wis-
consin at Madison established that the
fish home by smell, distinguishing the
unique chemical signature of their na-
tive stream in concentrations as dilute as
parts per billion. The signature is de-
rived from the rocks, the soil and the or-
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ganic matter associated with the water.

Attempts at artificially rearing the sal-
monids started in Germany before any-
thing was known about homing except
that the fish did it with great success. In
1763 it was observed that the eggs could
be squeezed out of the females, fertil-
ized with sperm from the males and
incubated in cool, flowing water until
they hatched. The early investigators
worked with the brown trout (Salmo trut-
ta) and the Atlantic salmon (S. salar). In
the U.S. the effort to culture the salmo-
nids began in 1804 with the artificial
spawning and incubation of the eastern
char (Salvelinus fontinalis).

The first hatchery for Pacific salmon
was built on the McCloud River in Cal-
ifornia in 1870. As in all previous ef-
forts to propagate these fish, the river
was robbed of its wild stock by seining
the spawning fish from their ancestral
spawning grounds to provide the “seed”
for the hatchery. The same practice was
followed in all the hatcheries estab-
lished later along the entire Pacific coast
from California to Japan. The hatcher-
ies concentrated solely on the incuba-
tion of eggs, giving no thought to the
problems of feeding and rearing the
fry, which were released unready for the
challenges of a hostile environment. As
a result the early efforts contributed lit-
tle to the salmon runs and in fact often
impaired them.

In 1895 the state of Washington built
a hatchery on the Kalama River, a tribu-
tary of the Columbia River. This station
concentrated on the chinook (Oncorhyn-
chus tshawytscha), the largest of the Pa-
cific salmon. At the station procedures
were developed for spawning, hatching,
rearing, releasing and recapturing the
fish to be spawned to provide eggs for
the next generation: a spectrum of ac-
tions that made it possible to recharge
the salmon runs. As the system devel-
oped it began to yield surplus spawn
that could be transferred to other sta-
tions to start new runs.

In 1901 a salmon hatchery was built on
the Green River, a small river that
enters Puget Sound in the Seattle har-
bor. Chinook eggs from the Kalama
hatchery were brought in to start a new
run. After a period of adjustment these
chinooks began homing on the Green
River hatchery in such numbers that a
surplus was soon available. The Green
River hatchery became a source of chi-

nook eggs for many other hatcheries
in the Puget Sound area, including (in
1949) the experimental hatchery on the
campus of the University of Washing-
ton. These chinooks, along with the
stocks of rainbow and cutthroat trout
and coho salmon already established
there, provided the university with its
own “herds” of salmonids and also pro-
vided the basis for a number of experi-
mental projects.

Experimenters elsewhere had for
some time been concocting specific rec-
ipes of chemicals to be put in the wa-
ter where the young salmonids were re-
leased in order to ensure that they would
return there. At the University of Wash-
ington we soon learned that such a step
is unnecessary; the natural chemical sig-
nature of the water is sufficient. A major
project entailed selective breeding to in-
crease the proportion of chinook salm-
on that return to the university pond af-
ter two or three years at sea inrelation to
the number returning after four or five
years. This project has been highly suc-
cessful. So has a project for accelerating
the growth of juvenile coho salmon by
giving them special diets and control-
ling the water temperature. Under this
regime our coho are able to smolt and
go to sea after only six or seven months,
compared with the normal period of
from 18 to 30 months. These stocks and
the techniques employed to rear them
are now becoming the basis for com-
mercial salmon ranching and farming in
the U.S., Canada, Chile and France.

The chinook salmon brought to the
university had to adjust to an environ-
ment far different from the environ-
ments commonly frequented by this
species. Instead of coming back to big,
deep rivers such as the Sacramento, the
Columbia, the Fraser and the Yukon, to
which many of their relatives are accus-
tomed, chinooks returning from the sea
to their “home” at the university must
enter Puget Sound, turn left, enter the
Lake Washington ship canal and pass
through the locks either with the ship
traffic or by way of the fish ladder along
the south bank. Then, after a three-and-
a-half-mile trip through the congested
industrial area along the shores of Lake
Union, they must turn left again, climb a
small ladder and enter a collecting pond
on the campus.

The attraction water that guides the
fish into this last step of their journey is
pumped from the ship canal into the col-

FIVE SPECIES of salmonid fishes, a family that includes the salmon and the trout, are por-
trayed on the opposite page at a common scale. All are males; at the right they are shown at
spawning age and at the left as young parr, still in the freshwater stream where they hatched.
Not long after the parr stage the fishes become smolts, that is, they go through the physiologi-
cal changes that make it possible for them to migrate to sea and live in salt water. The top three
species are Pacific salmon, which return to their native stream to spawn only once and then
die. The Atlantic salmon and the steelhead trout return to spawn every year for many years.
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lecting pond, from which it flows by
gravity back into the canal. This tiny
flow has served as the home stream for
many generations of salmon and sea-
run trout bred at the university. The
university’s chinook salmon have ad-
justed to this unusual environment so
well that each fall the return to the cam-
pus, even after the chinooks have run
the gauntlet of heavy sport and com-
mercial fishing in the ocean, the Juan
de Fuca Strait and Puget Sound, yields
from 10 to 20 times the number of eggs
needed to perpetuate the run.

The surplus eggs have served to build
many other salmon runs. From 1967
to 1970 several hundred thousand eyed
eggs (eggs in which the developing eyes
can be seen, the earliest stage at which
eggs can be handled carefully without
damage) were sent to Michigan as seed
for stocks that have become the basis for
the lively new sport fishery for chinooks
that has developed in Lake Michigan.
In 1970 eggs were shipped to the New
York State Department of Environmen-
tal Conservation for seeding Lake Erie
and Lake Ontario with chinooks.

In 1980 eyed eggs from the university’s

stock of chinooks were sent to Chile.
The young fish reared from those eggs
were released into waters leading to the
Southern Channels zone of that elongat-
ed country; there an abundance of crab-
like and shrimplike plankton is an ideal
food source for foraging salmon. Two
years later the Chilean and U.S. spon-
sors of the project were delighted by a
return of adult chinooks that far exceed-
ed their modest expectations. These fish
are now providing a source of eggs for
an expanded planting program that will
soon include releases into the Strait of
Magellan. Salmon venturing out to sea
from those waters should have access to
the enormous stocks of krill that con-
gregate in the summer in the region of
the Antarctic Convergence, where wa-
ters flowing outward from the Antarc-
tic meet warmer waters from the ocean
basins to the north. The fish should also
be able to forage in the plankton-rich
waters of the Patagonian Shelf, which
might be more hospitable for them dur-
ing the winter.

Chinooks are not the only salmonids
whose numbers have been increased by
these techniques. Programs also have
been applied with success to the coho
salmon (Oncorhynchus kisutch), the pink
salmon (O. gorbuscha), the chum salmon
(O. keta), the Atlantic salmon (Salmo sa-
lar) and the rainbow trout (S. gairdnerii).

Coho salmon were historically dis-
tributed from the Arctic to central Cali-
fornia. Since they tend to spawn and
rear their young in small streams, their
homing journeys scattered them, and
unique stocks or races of cohos evolved
in each of thousands of spawning areas
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in streams and tributaries with access to
the North Pacific.

The adult cohos return to their home
streams from their feeding areas in the
ocean late in the fall, when the season-
al rains increase the flow and reduce the
temperature of the water. In the long
winter months the eggs lie covered with
protective layers of gravel. They hatch
between March and June. During the
summer the young cohos feed on aquat-
ic insects in the small streams where
they were hatched. In the fall, when the

adults return to spawn, the young from
the previous spring feed on the food or-
ganisms dislodged by the spawning fish
as they dig nests. The young also eat any
eggs that are not immediately covered
with gravel.

During the second winter the young
cohos remain in the stream, virtually
dormant. In their second spring the
young in the southern part of the coho
range become smolts: they go through
the physiological changes that enable
them to migrate to sea. (Without these

SPAWNING ADULT

SIX STAGES in the life of the coho salmon (Oncorhynchus kisutch)
are depicted at a common scale. They are: the eggs; the alevin, to
which the yolk sac is still attached; the parr, a spotted juvenile still

complex changes the salmon, which
have a salt content of about 12 parts
per 1,000 in their blood, would dehy-
drate on entering seawater, which has a
salt content of from 30 to 32 parts per
1,000.) Cohos stay at sea for a year and
a half, returning at the age of three to
start the cycle anew. In the colder parts
of the range cohos usually need two and
a half years to reach the smolt stage;
after a year and a half in the ocean they
return as four-year-old adults.

Coho salmon have been the “bread

=3
ALEVIN
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living in fresh water; the smolt, a silvery fingerling ready to migrate
to sea; the mature adult ready to return from the sea, and the ma-
ture adult coho after it has returned to its native stream to spawn.

HYBRIDIZATION OF TROUT was carried out at the University
of Washington. Sperm from steelheads, which are anadromous (mi-
gratory) rainbow trout, served to fertilize eggs from a select stock of
nonmigratory rainbows that had been developed at the university.
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Here the male steelhead is at the top left. The resulting hybrid grows
faster than the steelheads but slower than the nonmigratory rain-
bows. It also migrates, and on its return it displays the rainbow’s
trait of biting at a lure, which makes it a good fish for sport fishermen.



and butter” fish for salmon hatcheries
on the West Coast of the U.S. The mil-
lions of coho smolts turned out each
year by Federal, state, Indian and pri-
vate hatcheries now constitute the larg-
est single source of salmon for the com-
mercial and sport fisheries in California,
Oregon and Washington. In 1967 one
of us (Donaldson) organized a small
research project at the University
of Washington aimed at determining
whether the growth rate of coho salmon
could be accelerated with improved
diets and warmed water so that fully
smolted fingerlings would be ready to
migrate in six or seven months instead
of 18. We found that the objective was
indeed attainable. Most of the cohos re-
leased as accelerated smolts returned to
the university pond after 18 months at
sea, that is, when they were two years
old. By selecting brood stock from this
group we were able to increase the rate
of returning adults from 1.25 percent in
1969 to 6.42 percent six years later.

hat improvement resulted from our

application of recent research find-
ings on the nutrition of the salmonids
by developing diets with appropriate
amounts of digestible protein, fats, min-
erals and vitamins. Fish meal has been
the major source of the protein, but the
quality of the product from Peru has
been poor and supplies from the North-
ern Hemisphere are becoming both ex-
pensive and scarce. Yeast, vegetable
protein and bacterial protein have been
substituted in various amounts with var-
ious degrees of success. Fish-processing
wastes preserved by acidification hold
much promise.

Heat as a by-product of the gener-
ation of electricity or other industrial
processes can be employed to hold the
temperature of hatchery water in the op-
timal range for the growth of salmonids
(usually from 8 to 12 degrees Celsius, or
from 46 to 54 degrees Fahrenheit). Sev-
eral advantages are gained by control-
ling the water temperature to accelerate
the rearing of hatchery smolts: harmful
extremes of temperature in the summer
and winter can be avoided; smolts can
be released before water levels get dan-
gerously low in the summer; exposure to
disease is reduced by the shorter resi-
dence time of the fish in the crowded
conditions of hatchery ponds; less food
is needed with shorter rearing times, and
the time to harvest is reduced.

Many of the natural spawning and
nursery areas for salmon have been de-
stroyed in the developed nations of the
Northern Hemisphere by the cutting
down of forests, by farming and by the
spread of urban-industrial complexes.
Several countries have turned to artifi-
cial production to replace the salmon
lost by the destruction of habitats. Over
the past 20 years the Japanese have had
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NEW OCEAN RANGE has been opened to Pacific
EOLD CRRRENTS salmon as a result of the transplantation of fertilized
————>  WARM CURRENTS eggs to Chile from North America and Japan. The

most successful transplant was made in 1980 from
géz%wEﬂ§ AL SHELF the University of Washington’s stock of chinooks. Re-

turns from the stock are providing a source of eggs
YEAR-ROUND RANGE for an expanded planting program that will release
SUMMER RANGE salmon into the Strait of Magellan. The map shows
prospective ranges for salmon in the sub-Antarctic.

remarkable success in producing chum
salmon at hatcheries. Nearly all the
chums now harvested in Japanese terri-
torial waters are of hatchery origin.
Although a much greater variety of
methods for artificially rearing many
species of salmon and trout in hatcher-
ies have been developed in North Amer-
ica and Europe, none of the methods has
been applied with the single-minded in-
tensity that has characterized the Japa-
nese application of a system imported
from New England in the 18th century,
nor have the results been as spectacular.
Nevertheless, out of all these efforts a
new concept of ocean ranching of sal-
monids has begun to emerge. It differs
from earlier hatchery techniques in that
the young fish are carefully nurtured un-
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til their prospects for survival in the
ocean are optimized. Only then are they
released to migrate to the sea, where
they can feed and mature on the open
range until they return to their native
coasts and rivers to be harvested. Ocean
ranching will have a profound effect on
the evolution and survival of salmon
and sea-run trout. If it is managed well,
the effect will be beneficial; if it is man-
aged badly (so that, say, inappropriately
selected stocks are put into a coastal
ecosystem where they usurp habitats of
other valuable stocks), the effect could
be detrimental to both the ecosystem
and the rational management of the sal-
monid fisheries.

In Oregon, where the ocean ranching
of coho, chinook and chum salmon is
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LONG MIGRATION of chum salmon (O. keta) reared artificially in Japan and the U.S.S.R.
takes them to the Gulf of Alaska. The Asian chums are represented by the colored area, the
North American chums by the gray area, and the region where they mingle by a mixture of
color and gray. On their annual return to Asia the chums yield a harvest of 200 million pounds.

legal under close supervision by the
state, a subsidiary of the Weyerhaeuser
forest-products company has built a
large hatchery near Springfield. There
the heated discharge from a paper mill
warms the icy water of the McKenzie
River in the winter to a temperature of
11 degrees C. (52 degrees F.) for incu-
bating coho eggs and rearing the fry.
When the fry reach the smolt stage in the
late spring, they are trucked to the coast
at Newport and put in ponds that re-
ceive salt water pumped from the ocean.
After from 10 to 14 days in the ponds
the fish become adapted to full-strength
ocean water. After a final feeding they
are released into the ocean. In about 18
months they home on the artificial salt-
water river that flows out of the ponds
from which they were released, deliver-
ing themselves in prime condition for
the harvest. Boats and nets are not need-
ed. Itis not even necessary for the ranch-
ers to round up their animals and herd
them into a corral; the fish go into the
ponds on their own.

In the wild the pink salmon and the
chum are usually in the more northerly
parts of the salmon range. Ordinarily
they spawn close to the sea; some races
even spawn on tide flats, where fresh
water seeps into the sea. After incubat-
ing in the gravel during the cold winter
months the young fry pop out of the nest
in the spring and go almost immediately
into the sea. Unlike the other salmonids,
the pink and the chum salmon can smolt
as soon as the yolk sac is absorbed.

Most students of salmon biology have
believed the chum and particularly the
pink salmon could not live in fresh wa-
ter but had to go to sea to survive. It
was therefore surprising to find that a
small release of pinks into Lake Superi-
or showed up as adults three years later.
This odd-year return is unknown in sea-
going pinks, which normally return after
two years. Undoubtedly a fishery will
develop in the Great Lakes to exploit
this new stock.

56

In the years after World War II huge
hatchery programs were built up in
northern Japan and on the island of Sa-
khalin in the U.S.S.R. to enhance the
production of pink and chum salmon.
Nearly all the returning salmon are
caught live in traps or set nets rather
than from boats as they are in most of
the North American salmon fisheries.
They are therefore unmarked and in
prime condition when they are delivered
to market.

The well-coordinated Japanese pro-
gram has expanded so that more than
a billion chum fry are being released
each spring. The young smolts leave
the coasts of Japan for ocean feeding
grounds south of the Aleutian Islands
and in the Gulf of Alaska. After from
three to five years in the ocean they re-
turn to the Japanese rivers from which
they migrated to sea. In the fall of 1982
the harvested return was well over 20
million salmon, compared with annu-
al catches of from two to three mil-
lion soon after the turn of the century,
when the fishery was based on natural-
ly spawning populations.

The Russians are releasing millions
of pink and chum fry from hatcheries
into the small streams of Sakhalin. They
plan to increase the number by 100 mil-
lion per year until the total reaches three
billion in the year 2000. Like the Japa-
nese, the Russians favor terminal har-
vesting. The spawners swim up collect-
ing troughs along the riverbanks. The
fishermen standing along the banks can
pick them up and drop them directly
into the processing lines. Terminal har-
vesting is by far the most economical
and efficient way to harvest such a re-
source. It also makes possible accurate
counts and thereby encourages precise
and effective management.

he Atlantic salmon has been consid-
ered by some experts to be an endan-
gered species, but a brighter future is
beginning to emerge. National policy in
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Iceland has succeeded in maintaining
and even increasing the number of salm-
on returning to Icelandic streams. The
policy aims at protecting the resource
rather than accommodating the com-
mercial fishing industry as unfortunate-
ly many governments in Europe and
North America do.

The salmon returning to Iceland be-
long to the farmers who own the land
along the rivers. Only in the lower
reaches of four of the 250 rivers and at
three locations along the coast, how-
ever, are the farmers allowed to follow
the ancient practice of netting salmon.
This net fishery brings in about 40 per-
cent of the annual catch. The rest is har-
vested by sport fishermen using rod and
line. Both commercial and sport fishing
rights must be leased from the farmers
who own the land. The management of
the salmon fisheries is strictly controlled
by the government, which sees to it that
an ample number of fish are allowed to
proceed to the spawning grounds.

That program has been supplemented
by artificial rearing and by the opening
of rivers formerly impassable to salm-
on. At the government’s experimental
fish farm in Kollafjérdur much progress
has been made in the use of geother-
mally heated water for the accelerated
rearing of Atlantic-salmon smolts, in
controlling the length of time the fry
are exposed to light each day to pro-
mote feeding and growth, in develop-
ing brood stocks for seeding in streams
newly made accessible to salmon and
in mixing salt water in rearing ponds to
trigger the smolting process. Streams
formerly impassable to salmon have
been opened by building fish-passage fa-
cilities. The government also promotes
and aids the development of commer-
cial salmon ranching.

In western Europe the runs of salmon
have been greatly reduced from the lev-
el of preindustrial times, not only by the
unintentional impairment of habitats
but also by interceptions at sea in which
the drift nets of one country take salmon
that originated in another country. In
Scotland, Ireland, Norway and Canada
entrepreneurs are taking steps to ensure
the supply of Atlantic salmon for their
markets by rearing the fish to matu-
rity in sea ponds and floating cages. Nor-
way, with its long coastline of pro-
tected fjords, is the leader in this new
type of sea farming. In 1981 Norway
marketed 8,000 tons of farmed Atlan-
tic salmon; the output is expected to
triple over the next three years.

Of all the salmonids the rainbow trout
exhibit the greatest genetic diversity.
From their original range along the
margin of the eastern Pacific they have
spread or been spread to almost every
part of the globe. They thrive even in the
Tropics at higher elevations.

In addition to providing valuable



sport fisheries the rainbow trout are the
basis of big commercial enterprises. It-
aly alone produces 21,000 tons of rain-
bow trout per year for marketing; Den-
mark, Finland, France, Norway and the
U.K. all have major commercial opera-
tions. In southern Idaho, in the valley of
the Snake River, trout farms yield about
13,000 tons of rainbow trout per year.

In the wild state rainbow trout spawn
only in the spring. Now selectively bred
stocks are available that spawn in nearly
every month, providing a sound basis
for commercial trout farming.

A program of selective breeding of
rainbow trout has been in operation at

“HOME STREAM? for the chinook and coho salmon reared arti-
ficially at the University of Washington is a manmade pond at the
edge of the campus. To reach it the 5,000 to 6,000 salmon that return

the College of Ocean and Fishery Sci-
ences of the University of Washington
since 1932. The objective has been to
turn out large numbers of healthy, ac-
climated fish for lake- and stream-
management programs and for commer-
cial farms. In the early years the trout
reached maturity in their fourth year,
weighing on the average 680 grams (1.5
pounds). Females yielded from 400 to
500 eggs in the first spawning. Some
males of our select stock now reach 680
grams in their first year. The females,
which mature in their second year at
an average weight of 4,500 grams (10
pounds), yield about 10,000 eggs each.
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Although the rate of increase in the av-
erage length of the fish selected as brood
stock has slowed, the average weight of
the fish continues to increase. The result
is a deep-bodied fish with better flesh.
We like to think our results compare
with the poultrymen’s development of
the broad-breasted turkey.

The university’s strain of rainbow
trout has been cut off from the sea for
many generations. Nevertheless, and
somewhat to our surprise, smolts from
eggs of this strain adapted well when
they were introduced to floating sea
cages in Norway. They grew to a large
size (from five to 15 pounds) in what
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to the pond from the sea each fall have to make several turns and
pass through a ship canal. The water that attracts them is pumped
from the canal to the pond and flows back to the canal by gravity.

57




we thought would be a quite stressful
environment.

The rearing of rainbow trout in sea
cages has become a profitable business
in Norway. Some 4,000 tons were mar-
keted in 1981, mostly in Europe. The
market is expanding to the U.S., where
large, fresh, pen-reared rainbows from
Norway now appear in Seattle, the salm-
on capital of the world.

he crossbreeding of closely relat-
ed stocks or races of plants and
animals often results in “hybrid vigor.”
This tendency can be observed among
the salmonids. Interracial crosses be-
tween steelheads (anadromous rainbow

FISH FARMING of Atlantic salmon and rainbow trout is carried
out by Norwegian entrepreneurs in floating cages of the kind shown
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trout) and the select nonmigratory rain-
bows developed at the University of
Washington result in hybrids that grow
faster than the steelheads but slower
than the nonmigratory rainbows. It ap-
pears that the dominant growth factor
in the university stock has been trans-
mitted, at least in part, to the steelheads.
Moreover, the hybrids seem to retain
the steelhead characteristic of migrat-
ing to the sea, where they grow rapidly.
When they return at maturity, they pro-
vide exciting sport for recreational fish-
ermen because they have the rainbow’s
trait of biting at a lure.

The selective breeding of salmonids
can in a relatively short time affect their

form, size, behavior, taste and food val-
ue as profoundly as 1,500 years of stock
breeding have affected dairy and beef
cattle. The future evolution of salmonid
species now lies chiefly in the hands of
the people who are beginning to breed
them on a large scale. The task embod-
ies challenges. One challenge is to main-
tain genetic diversity by providing ap-
propriate sanctuaries to ensure the sur-
vival of wild stocks. Another is to utilize
the enormous adaptability of these re-
markable animals by selectively breed-
ing stocks that will take hold both in new
environments and in places where na-
tive stocks have been displaced by hu-
man activities.
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here. In 1981 Norway marketed more than 8,000 tons of farmed At-
lantic salmon (Salmo salar). The output is expected to triple by 1986.




1700 pounds
of optical periection.

Perfection is nota term we use lightly. Or
frequently. We've been taught for genera-
tions that perfection, in lens-optics terms,
means ' wavelength. Weve bettered this
tolerance in the manufacture of an “egg
crate” mirror, one-fifth the weight of a
solid mirror. Manufactured for the Space
Telescope Program, every point on its
nearly 8-foot-diameter aspheric surface is
within Y1 wavelength of perfection. So
while we're not 100% perfect, we're within
several millionths of an inch of that goal.
We put all our experience into play in
the manufacture of this massive optical
element 97%: inches in diameter and 1700
pounds in weight. And our challenges
were many. Since this lens is intended to
perform in orbit, where
the pull of gravity

has been neutralized, we had to solve a
gravity-distortion problem during the
manufacturing cycle. We solved the prob-
lem with an air cushion, a membrane that
inflates for testing to provide a uniform
support and thus eliminate gravity-
induced strain. The support deflates for
polishing operations.

An aspheric mirror to gather informa-
tion from the universe is an example of
our large-optics capability. (Optics of this
kind are ground, polished, and tested in
our own lab with its vibration-isolated, six-
story-high interferometric test towers.) But
we're big in small things, too. Like lenses
for cameras and copiers. We meet custom-
ers’ needs with pride, precision, and
stringent quality control.

In addition to massive, sophisticated
equipment, a century of optical progress,
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and systems utilizing our ability to the full-
est, we offer customers a tradition of real-
ism when predicting costs and delivery.

That's important. Whether you seek to
get a clearer picture of your neighbor or of
celestial objects.

For more information about Kodak’s con-
tribution to the Space Telescope Program,
write for the booklet Mirror for the Worlds
Most Power ful Telescope. Send your request
to: Richard M. Price, Research and Engi-
neering, Kodak Apparatus Division, 901
Elmgrove Road, Rochester, NY 14650.
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SCIENCE AND THE CITIZEN

Out to Launch

or more than two decades it has
F been the official policy of the U.S.

to structure the nation’s strategic
nuclear forces in such a way as to ensure
their ability to “ride out” a full-scale at-
tack by the U.S.S.R. before the order is
given to launch a retaliatory attack. The
delayed-response strategy is intended to
minimize the chance of starting a nucle-
ar war by accident, on the basis of an
electronic false alarm, say, or perhaps a
human error. At the same time U.S. mil-
itary and political leaders have been
careful to avoid ruling out in public
the possibility that a retaliatory second
strike might be launched sooner, either
on receiving early warning that a Rus-
sian first strike was on the way or just
after it was learned that the incoming
warheads had begun to reach their tar-
gets. The rationale offered for leaving
open such a “launch on warning” or
“launch under attack” option is that it
adds to the uncertainty of military plan-
ners in the U.S.S.R. and hence reinforces
the credibility of the U.S. deterrent.

Recent statements by members of the
Reagan Administration have tended to
draw increased attention to the early-
launching option. The issue has been
raised in the context of efforts by the
Administration to get congressional ap-
proval of its plan to deploy 100 MX
missiles in existing Minuteman missile
silos. Advocates of the MX program
had previously argued that the same si-
los were in danger of being destroyed by
increasingly accurate Russian missiles;
indeed, the vulnerability of the Minute-
man system was advanced as one of the
main justifications for proceeding with
the MX program. Opponents of the Ad-
ministration’s newest basing scheme for
the MX have pointed out that in spite of
plans to “superharden” the existing si-
los, M X missiles based in them would be
no more likely to survive a Russian
“counterforce” attack than the Minute-
man missiles they were designed to re-
place. Indeed, because the huge, 10-war-
head MX missiles would constitute a
more attractive target than the smaller
three-warhead Minuteman missiles, the
end result of this part of the Adminis-
tration’s “strategic modernization” pro-
gram could well be a less survivable
land-based missile force.

In testifying before the Senate Appro-
priations Committee in April, Secretary
of Defense Caspar W. Weinberger and
Chairman of the Joint Chiefs of Staff
General John W. Vessey, Jr., acknowl-
edged the theoretical vulnerability of
MX missiles deployed in Minuteman si-
los. According to General Vessey, no
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more than 30 percent of the missiles
could be expected to survive a Russian
counterforce attack “if we ride out the
attack.” He added, however, that the
Russians “have no assurance that we
will ride out the attack.” When the ques-
tion was raised of whether the Adminis-
tration was therefore moving in the di-
rection of a strategy of launching under
attack, Secretary Weinberger refused to
discuss the matter further in public.

Although the statements of officials
such as Secretary Weinberger and Gen-
eral Vessey on the release of nuclear
weapons do not differ fundamentally
from those of their counterparts in pre-
vious administrations, they do seem to
reflect growing pressures on the leaders
of both the U.S. and the U.S.S.R. to re-
sort to the early-launching option in
formulating their nuclear-war plans.
Another indication of the concerns en-
gendered by the advent of a new genera-
tion of “counterforce-capable” weapons
in the arsenals of the two superpow-
ers is the renewed attention being paid
to command, control and communica-
tions (C3) systems, which are generally
thought to be the most vulnerable part
of any deterrent force. The comparative
“softness” of C3 targets means they are
vulnerable in theory not only to high-
ly accurate long-range intercontinen-
tal ballistic missiles (ICBM’s), which
would take about 30 minutes to reach
their targets, but also to shorter-range
submarine-based and “theater” nuclear
weapons, which have flight times of 15
minutes or less. Future discussions of
arms-control issues are likely to focus
increasingly on the dangers inherent in
the seemingly inexorable technological
trend toward reduced decision-making
time and on the prospects for improv-
ing the reliability of systems designed
to prevent the outbreak of an acciden-
tal nuclear war in the emerging ‘“hair
trigger” environment.

Reactor Power

iX countries now generate more than
25 percent of their electricity with
nuclear power. (The U.S. has 72 com-
mercial reactors in operation, far more
than any other nation, but because of
the country’s size they account for only
13 percent of the power.) In France 32
operating reactors produce more than
40 percent of the power; France intends
to have 85 percent of its installed capac-
ity nuclear by the end of the century,
with essentially only peak loads sup-
plied by other sources. Nuclear reactors
are generating power for the electric
grid in 23 nations besides the U.S., and
17 more nations have firm programs for
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nuclear power. By the end of last year 9
percent of the world’s electricity was be-
ing generated by nuclear reactors, up
from 8 percent in 1981.

The data on the 40 nations other than
the U.S. with nuclear-power programs
were assembled by the Atomic Indus-
trial Forum, Inc. In terms of reliance
on nuclear energy the survey found the
leaders other than France to be Sweden
(36 percent), Finland (35.8), Switzerland
(28.1) and Belgium (25.4). In terms of
number of operating reactors the lead-
ers were the U.S.S.R. (37, with no fig-
ure available for how much of the coun-
try’s electricity they generate), France
and the U.K. (32 each), Japan (25),
West Germany (15) and Canada (12).

The survey tallied 207 operable reac-
tors outside the U.S., eight more than
there were at the end of 1981. In oth-
er categories there were 163 reactors un-
der construction, 13 on order and 172
planned. The total capacity of the oper-
ating plants is 105,823 net megawatts,
up 9 percent over the figure for 1981.

The survey took note of four “striking
developments overseas” in 1982. One
was the first order for commercial nu-
clear reactors from the People’s Repub-
lic of China; it calls for two 300-mega-
watt pressurized-water reactors to be
built near Shanghai by 1988. Another
was the entry of Brazil into the ranks of
the countries with operating commer-
cial reactors. The third was “the start
of full commercial operation by both
India and Japan of spent-fuel reproc-
essing plants, signaling a major move
toward nuclear self-sufficiency for both
nations.” The fourth was that South Ko-
rea became the eighth country to have a
program for fast-breeder reactors.

Four in Every Ten

Forty percent of the world’s people
live in India and China. Therefore
government policies bearing on popula-
tion growth in the two countries have
a significant relevance to the size and
well-being of the human population as a
whole. The recent demographic histo-
ries of India and China offer an instruc-
tive comparison, in particular because
of the notable similarities between the
two countries. Both are relatively poor,
heavily agricultural nations. Both had a
largely colonial status until after World
War II, when they gained economic in-
dependence through powerful revolu-
tionary movements. Reducing the birth
rate has been a goal held strongly by
government officials in both countries.
There is, of course, a striking political
and economic difference between India
and China. Whereas the economy of In-



dia is largely a market one, the economy
of China is almost entirely state-con-
trolled. In a recent issue of Proceedings
of the National Academy of Sciences An-
sley J. Coale of Princeton University
summarizes the significant demograph-
ic disparities that have resulted partly
from the political differences between
the two countries.

The current population of China is
one billion. The population of India is
700 million. Between 1951 and 1981 the
Chinese population increased by about
80 percent and the Indian population by
about 90 percent. In China, however,
there was a substantial reduction in the
overall rate of population growth in the
1970’s. There was no corresponding re-
duction in India. The overall rate of
population growth is determined by the
birth rate and the death rate. In both
countries the death rate after World
War II was high. In China in the 1950’s
there were 18 deaths per 1,000 people
per year. By the 1970’s the rate had been
reduced to seven per 1,000, roughly
equal to the rate in many developed
countries. In India, on the other hand,
the death rate in the 1950’s was 26 per
1,000 and by the 1970’s it had decreased
only to 17 per 1,000.

According to Coale, the greater im-
provement in mortality in China is due
largely to the fact that the system of
medical care there is better and more
egalitarian than the one in India. China
has a higher ratio of physicians to pop-
ulation than India. The Chinese phys-
icians are distributed more equitably
than they are in India, where the doctor-
patient ratio is eight times higher in the
cities than it is in the countryside. More-
over, China has an extensive govern-
ment-sponsored system of paramedical
personnel, many of whom practice in
rural areas. In both India and China
more than 80 percent of the people live
in the countryside. The better health
care received by the rural majority in
China appears to account for much of
the difference in mortality rates.

In China fertility has decreased along
with mortality. The birth rate in the
1960’s was 36 per 1,000 of population.
In the 1970’s the rate was 23. The de-
cline was due mainly to a vigorous of-
ficial family-planning program. The
intense coordination of all social and
political activity in China contributed
much to the effectiveness of the pro-
gram. Such all-embracing social coordi-
nation raises the possibility that coer-
cion is practiced in family planning. Chi-
nese couples must obtain a “planned-
birth certificate” before the wife be-
comes pregnant. Coale notes that there
have been reports of forced abortions in
instances where a woman was pregnant
without a permit.

Coercion has also been a significant
issue in India, where official family-plan-
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ning efforts have been much less suc-
cessful. The birth rate in India in the
1970’s was 39 per 1,000 people per year,
only very slightly less than the rate in
the 1960’s. According to Coale, “despite
official support (for 30 years) of family
planning, the government of India has
not been able to organize a birth-con-
trol program that regularly provides
adequately staffed services for most of
the population.” Partly out of frustra-
tion at past failures, the government of
Prime Minister Indira Gandhi instituted
a draconian sterilization program under
the Emergency Act of 1975. Charges
that Indian villagers had been sterilized
against their will were soon widespread.
Coale notes that “coercion was denied
by the government but was almost inev-
itable, whether or not intended, because,
for example, local officials set quotas for
villages and for the number of motivat-
ed couples a schoolteacher was to round
up.” Resentment of the sterilization pro-
gram contributed to the defeat of the
Gandhi government in the 1977 elec-
tions. Thereafter family planning disap-
peared from the national agenda, to re-
turn only with Mrs. Gandhi’s reelection.

Clearly both the Chinese and the In-
dian government are committed to re-
ducing the rate of population growth. In
explaining the much greater success of
the Chinese in actually doing so, Coale
cites their form of government and also
the Chinese culture, which could be
more conducive to the use of contracep-
tives and to the idea of limiting family
size than Indian culture is. In spite of the
past successes of the state birth-control
program, however, the Chinese popula-
tion will continue to increase for several
decades because of the large number
of young people who are now reaching
childbearing age. Coale estimates that
the population could cease to grow in
2020, when there will be some 1.2 bil-
lion Chinese. The smaller Indian popu-
lation has a much higher rate of growth.
Coale estimates that if fertility in India
begins to fall soon, the ultimate stable
size of the Indian population could also
be about 1.2 billion. He concludes that
in both countries “a lower birth rate now
is desirable, but the ideal rate is not zero.
There are social and political costs of
excessive emphasis on the immediate
achievement of very small families; the
rights and sensibilities of the current
population and the disequilibrating ef-
fects of drastic changes in age composi-
tion must enter the calculation of desir-
able population policies.”

Still at Large

Recent experimental successes in ele-
mentary-particle physics have been
confined largely to detecting particles
that can exist only in the extreme en-
vironment of the high-energy accelera-
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tor. Two of the three intermediate vec-
tor bosons, the W+ and the W-, are
inferred from the products of five ener-
getic collisions seen earlier this year by
two groups of investigators at the Euro-
pean Organization for Nuclear Research
(CERN). As of this writing four more
events have been recorded, bringing the
total to nine. The third intermediate
vector boson, the Z9, may have been
detected as well; a single pair of elec-
trons, each with an energy of about 50
GeV (50 billion electron volts), were
observed moving in opposite directions
from the site of a collision between a
proton and an antiproton. Such an event
is widely regarded as a good signature
for the presence of the Z0.

A preliminary account of an analysis
of the intermediate-vector-boson data,
done by theorists at CERN, also sug-
gested that the long-sought ¢ or top,
quark has been found; more careful
analysis must be carried out, however,
before the existence of either the Z°
boson or the ¢ quark can be confirmed.
Mesons that show naked beauty, or
have a quark composition for which the
property b, or beauty, does not cancel,
have been observed following high-
energy collisions between electrons and
positrons (see “Particles with Naked
Beauty,” by Nariman B. Mistry, Ronald
A. Poling and Edward H. Thorndike,
page 106). The detection of all these ex-
otic particles is important for the confir-
mation of theory, but in other respects
the particles are ephemeral: they may
not exist anywhere in the universe out-
side the instruments of physicists.

There are several phenomena, how-
ever, that remain undetected but should
theoretically be found in ordinary mat-
ter. They are among the most sought-af-
ter and most elusive prizes in physics.
Three fundamental questions have been
raised: Is there a magnetic monopole?
Does the neutrino have mass? Does the
proton decay? Not only would affirma-
tive answers to such questions be spec-
tacular confirmation of theoretical pre-
dictions but also any definitive answer
would have profound implications for
efforts to forecast the long-range future
of the universe. Nevertheless, in spite
of years of work, no definitive answers
have emerged; experimental physicists
have only continued to narrow the lim-
its within which the phenomena can be
detected.

The monopole has attracted attention
because its existence is predicted by the
grand-unification theories, which link
the strong, the weak and the electromag-
netic force, three of the four fundamen-
tal forces of nature. (The fourth is gravi-
ty.) According to such theories, isolated
magnetic poles having a mass of about
1016 times the mass of the proton should
have been created within the first 10-35
second of the big bang. Such particles



are many orders of magnitude more
massive than the most massive particles
that can be generated in accelerators;
nevertheless, if they were created at
the beginning of the big bang, most of
them should still exist, perhaps as dense
matter collected at the core of the earth
or as micrometeoroids gravitationally
bound to our galaxy or to the solar sys-
tem [see “Superheavy Magnetic Mono-
poles,” by Richard A. Carrigan, Jr., and
W. Peter Trower; SCIENTIFIC AMERICAN,
April, 1982].

The monopoles of cosmic origin
should be the easiest to detect. Blas
Cabrera of Stanford University recent-
ly devised an instrument in which three
coils of superconducting niobium wire
are mounted along three mutually per-
pendicular axes. If a monopole were to

pass through the coils or through a°

shield that is mounted outside the coils,
a small but measurable current would
be induced in at least one of them. Ca-
brera found evidence for a single mono-
pole last year by detecting the change
in current in a smaller, less elaborate
coil, but it now appears likely that the
signal was spurious. With the new de-
vice Cabrera has seen nothing; if the
mass of the monopole is indeed 1016
times that of the proton, his data now
indicate there can be no more than one
monopole for every 1017 protons in the
universe.

Cabrera’s superconducting coils can
detect monopoles moving at any veloci-
ty, but the sampling rate is low because
the coils must be relatively small. A
scintillation counter can sample matter
more rapidly, but slow-moving mono-
poles may evade its detection. Investi-
gators from Stanford and from the Uni-
versity of Utah have attempted to find
monopoles with a scintillation counter.
They report that no monopoles are ob-
served having velocities between 1.4 X
10-4 and 3 X 10-2 times the speed of
light. The intensity of monopole radia-
tion in the vicinity of the earth is prob-
ably less than 5 X 10-12 per square cen-
timeter per steradian per second.

If supermassive magnetic monopoles
are found, they could make up a signifi-
cant part of the total mass of the uni-
verse. The attempt to detect a nonzero
mass for the neutrino is also partly moti-
vated by cosmology: if neutrinos have
mass, the sum of it may be sufficient for
gravity to arrest the expansion of the
universe and drag all matter and energy
back into the primordial singular point
from which it began.

One mass-detection strategy takes ad-
vantage of the fact that there are three
kinds of neutrino; if neutrinos have
mass, quantum mechanics implies the
three kinds of neutrino should oscillate,
or freely exchange their identities. In-
vestigators from the California Institute
of Technology, the Technical Universi-
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ty of Munich and the Swiss Institute for
Nuclear Research are measuring the
flux of neutrinos outside a nuclear pow-
er reactor at Gosgen in Switzerland. The
apparatus is sensitive to the presence of
the electron neutrino; if electron neutri-
nos change into muon neutrinos or tau
neutrinos as they leave the reactor, the
population of electron neutrinos should
decrease with distance from the reactor.
Felix H. Boehm of Cal Tech reports that
no such variations are observed. There-
fore neutrino oscillations, if they exist,
are quite small.

The oscillation experiments do not
give direct upper limits on the mass of
the neutrino; they only make it possible
to estimate the square of the difference
between the masses of two kinds of neu-
trino. An experiment done three years
ago by Russian investigators estimated
the neutrino mass directly by measuring
the decay rate of tritium, the radioactive
isotope of hydrogen. They concluded
from their results that the neutrino has a
small but finite mass, between 14 and 46
electron volts. Reanalysis of the Russian
data by J. J. Simpson of the University
of Guelph, however, suggests that the
data are consistent with a zero mass for
the neutrino. Boehm’s group has recent-
ly set an upper limit for the neutrino
mass of 10 to 20 electron volts; the
group measured the rate of the decay
process called double beta decay in the
isotope germanium 76. A larger-scale
experiment is now planned at Cal Tech,
where double-beta-decay rates will be
measured in 3,000 liters of xenon 136.

Perhaps the most sobering experi-
mental resuit for grand-unification the-
ories is a new lower bound on the life-
time of the proton. In the simplest form
of grand-unification theory the proton
should decay in less than 102° years,
with the large possible error of plus or
minus 2 in the exponent. Such infre-
quent events can be detected by search-
ing for the proton decay in a large mass
of ordinary matter. Investigators from
the University of California at Irvine,
the University of Michigan and the
Brookhaven National Laboratory are
monitoring 8,000 tons of water, or
about 1033 protons, in a salt mine near
Cleveland, but to date no event that re-
sembles a proton decay has been ob-
served. The findings imply the lifetime
of the proton is greater than 6.5 X 103!
years, which is too long for the predic-
tion derived from the simple form of
grand-unification theory even if the po-
tential error in the prediction is taken
into account.

There still remains some comfort for
the theorists. Two other experiments
have reported evidence that the pro-
ton decays. In the mines at Kolar Gold
Fields in southern India three candi-
date decay events have been report-
ed. Investigators at CERN, monitoring
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plates of iron suspended in the Mont
Blanc Tunnel between France and Italy,
have announced one candidate event.
The jury remains out on whether or not
these results are real proton decays, and
if they are, how such results can be
reconciled with the null result in Cleve-
land. In any case, according to Maurice
Goldhaber of Brookhaven, “the idea
of grand unification will live forever.”
There are many more complex ver-
sions of the attempt to unify the forces
of nature that may also get their day
in court.

Hot Potato

he cultivated potato plant, Solanum

tuberosum, is susceptible to a variety
of insect pests. The wild potato Solanum
berthaultii is not. Its resistance seems to
be associated with two kinds of tiny
glandular hairs that cover its stems and
leaves; aphids in particular have been
thought to be trapped physically by the
hairs and their sticky exudates. The an-
tiaphid strategy of S. berthaultii turns
out to be more sophisticated than that.
Investigators at the Rothamsted Experi-
mental Station in England have found
that one type of hair releases a hydro-
carbon that is the main component of
an aphid pheromone. A pheromone is a
hormonelike substance that is secreted
by an animal and influences the behav-
ior of other individuals of the same
species, and this particular pheromone
serves as an alarm signal among aphids.
In effect the plant masquerades chemi-
cally as an aphid warning its fellow
aphids to keep away.

R. W. Gibson and J. A. Pickett report
in Nature how they found the bogus
pheromone by extracting S. berthaultii
leaves with alcohol and analyzing the
extract by gas chromatography and
mass spectrometry. Of several hydro-
carbons present in the extract but not
in a similar extract of cultivated-potato
leaves, one was shown to be (E)-beta-
farnesene, the aphid pheromone. Its
source was found to be a sticky droplet
at the tip of the type-B hairs. To dem-
onstrate that the substance is volatile
enough to affect approaching aphids,
Gibson and Pickett collected air from
above intact leaves, passed the air
through a solvent, pentane, and mea-
sured the amount of farnesene that had
been dissolved in the pentane. Some 50
billionths of a gram of the pheromone
was thus extracted from 20 milliliters of
air, a concentration high enough to gen-
erate an alarm response.

The Rothamsted workers went on to
demonstrate such a response directly. S.
berthaultii leaves were put in a syringe
and air was expelled from the syringe
toward a colony of wingless aphids (My-
zus persicae) about a centimeter away.
The aphids dispersed, showing the same



behavior as aphids exposed to authen-
ticated samples of the pheromone; air
from an empty syringe or one loaded
with leaves of the cultivated potato had
no such effect. Then aphids were placed
a centimeter away from a potato-plant
leaf, facing toward the leaf. Most of the
aphids walked right onto the leaf of a
cultivated potato plant. Only six of 48
aphids tested did so in the case of a wild-
potato leaf; the others either turned
away at a distance of from one millime-
ter to three millimeters or walked paral-
lel to the edge of the leaf, maintaining a
similar distance. Again the behavior is
like that of aphids faced with a plant
treated with (E)-beta-farnesene.

It is not hard to cross S. berthaultii
with the cultivated potato, Gibson and
Pickett point out. Some hybrid plants
have the type-B hairs in quantity. If the
ability to secrete the pheromone could
be widely introduced into S. tuberosum,
it should protect potato crops against
the sapsucking damage done by aphids
and also against viruses spread by the
insects, a still more important threat.

Ice Hole

Few places on the surface of the earth
embody the subtle, complex inter-
actions that command the attention
of earth scientists better than the ones
where ice, air and water meet, and at
these places of meeting few things exem-
plify the complexity better than polyn-
yas: regions in frozen seas that stay
anomalously free of ice. The word is the
Russian for open place in the ice.

Two groups of investigators have con-
tributed papers on polynyas to an issue
of Journal of Geophysical Research devot-
ed entirely to “marginal ice zones.” J. D.
Schumacher and C. H. Pease of the Na-
tional Oceanic and Atmospheric Ad-
ministration in Seattle and K. Aagaard
and R. B. Tripp of the University of
Washington investigated the polynya in
the Bering Sea off the southern coast
of St. Lawrence Island. There currents
flowing north toward the Arctic Ocean
meet winds blowing south. Ice forms
continuously but the winds drive it off.
At locations near the polynya the work-
ers measured ocean currents, tempera-
ture and salinity and also wind velocity
from November, 1980, through June,
1981. About two-thirds of the signifi-
cant fluctuations in the currents detect-
ed that winter could be accounted for by
variability in the large-scale pattern of
oceanic circulation or by “direct wind
forcing.” Eleven times, however, some-
thing more complex happened. The
ocean current reversed, and the water
temperature decreased, so that it re-
mained near the freezing point of the
salt-laden sea. Evidently ‘“brine rejec-
tion” (the expulsion of salt from freez-
ing ocean water) increased the density of
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_ The world’s densest computer
is now the heart of the world’s most
32-bit computer.

Our 32-bit CPU.

From time to time, miracles of
. technology come along to make
previously impossible tasks not only
possible, but easy. That tiny 450,000-
transistor integrated circuit is one of
those technological miracles.
Hewlett-Packard didn't develop it
just to break the record for most tran-
sistors on a chip, but to put on an
engineer’s or scientist’s desk a com-
puter so powerful that it can do the
work of mainframes costing four
times as much.

32-bit computers for
32-bit applications.

The new HP 9000 computer based on
this and four other ‘superchips’ can
handle formidable engineering and
scientific problems. The scientist solv-
ing complex systems of equations, the
mechanical engineer doing finite ele-
ment analysis or three-dimensional
modeling, the electrical engineer ana-
lyzing complex circuits or designing
very large-scale integrated circuits —
these are the kinds of technical people
and problems the HP 9000 family is
designed for.

It comes in three versions. The inte-
grated workstation is complete with
keyboard, color or monochromatic
graphics display, fixed and flexible
disc drives, and printer. For systems
manufacturers, there’s a rack-mount-
able box. And for a variety of single-
user and multi-user applications, the
minicabinet version works
with many differ-

As a minicabinet, it can handle multiple users

A rack-mountable version is available, too.

ent displays and L7 peripherals.
All are true 32- bit computers,
with 32-bit CPUs, memories,and data
paths. And the multi-CPU architec-
ture lets you nearly double or triple
your processing power at any time by
adding one or two CPU boards. With-
out increasing the computer’s size.

Two operating
systems are better than one.

The integrated workstation is avail-
able with a choice of operating sys-
tems. One is HP’s highly evolved,
high-performance Enhanced BASIC,
augmented with 3-D graphics and a
software innovation called a run-time
compiler. This substantially increases
program execution speed, while re-
taining an interactive development
environment.

The other operating system, called
HP-UX, is a fully supported, extended
version of the popular UNIX® HP-UX,
available on all HP 9000s, adds vir-
tual memory, graphics, data base
management, data communications,
and enhanced file capability to the
basic UNIX ‘shell’ High-level pro-
gramming languages available
with HP-UX are FORTRAN 77,
Pascal and C.

Software, and plenty of it.

Much of the vast range of existing
software written in HP BASIC,

FORTRAN 77, Pascal anii/ >

The 32-bit CPU L
chip is bonded to the
finstrate which doubles as a
signal carrier and heat sink.

Up to three CPU boards and three
Input/Output Processors can fitinto a sin-
gle HP 9000.
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C is transportable to the HP 9000.
HP will also be offering proprietary
software packages emphasizing com-
puter-aided design and engineering.
These will tie the HP 9000 into HP’s
Manufacturer’s Productivity Net-
work (MPN). Third-party software
suppliers will be providing many of
the most widely used CAE packages
for 32-bit computer systems. And
both HP 9000 operating




chip
affordable

systems offer extensive program de-
velopment tools.

You also get a choice of communi-
cation tools. The HP 9000 is currently
compatible with Ethernet;' and with
HP’s Shared Resource Manager
(SRM) which lets clusters of HP 9000
and 16-bit desktop computers share
data and use common peripherals.

Links to central computers

are also available. And in late 1983,
HP will offer local area networks
based on the IEEE-802 standard.

New technology
from the silicon up.

The five superchips that make the HP
9000 possible are the 32-bit CPU,
which can execute a million instruc-
tions per second; an eight-channel
Input/Output processor (IOP); a ran-
dom-access memory chip
capable of storing 128K
bits of data; a memory
controller that ‘heals’ up
to 32 bad memory loca-
tions; and an 18-mega-
hertz clock.
Hewlett-Packard’s
advanced NMOS-III
process makes it pos-
sible to put 450,000
transistors on a chip
only 0.4 centimeters
square. This tremen-
dous density of elec-
tronic components
could have required an
expensive and elabo-
rate cooling system.

Instead, HP engineers developed a
new mounting structure called a fin-
strate, a copper-cored circuit board,
which acts as both cooling fin and
substrate. The finstrates containing
the CPU, IOP, memory, and clock chips
are housed in a lunchpail-sized module.

One user, one mainframe.

Clearly the trend in engineering and
scientific computation is away from
large machines shared by multiple
users and towards networks of pow-
erful personal workstations, sharing
peripherals and data bases. The
reason is compelling. An engineer or
scientist in personal control of an HP
9000 can solve so many more prob-
lems more easily that the increased
productivity alone makes the cost of
individual computers easy to justify.

For complete information about
this powerful breakthrough in 32-bit
computing, contact the local HP sales
office listed in your telephone direc-
tory. Ask a Technical Computer
Specialist for a demonstration. Or
write to Pete Hamilton, Dept. 41151,
Hewlett-Packard, 3404 East Har-
mony Road, Fort Collins, CO 80525.

Full-color or monochromatic display. 3-D
graphics are available.

Eight soft keys play animportantrolein the
menu-driven operation.

Built-in thermal printer produces graphics
and alphanumeric hard copy.

Flexible disc drive.
Optional 10-Mbyte Winchester disc.

HEWLETT
PACKARD
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UNIX is a trademark of Bell Laboratories. Ethernet is a trademark of Xerox Corporation.
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What sort of people need to learn a .
foreign language as quickly and effec-
tively as possible? Foreign service .
personnel, that's who.

Now you can learn to speak German .
with the same materials used by the
U.S. State Department — the Foreign
Service Institute’s Programmed Intro- .
duction to German.

The FSI spent thousands of dollars l
and many vyears developing these .
materials for use by members of the .
United States diplomatic corps. Today
people in all walks of life who need to
learn to speak a foreign language are .
turningto this outstanding audio program.

The FSI's German Course is by far the .
most effective way to learn German at .
. your own convenience and pace. It con- .

sists of a series of cassettes, recorded by

native German speakers, and accom-
panying textbook. You simply follow the
spoken and written instructions, lis-

. tening and learning. By the end of the l

course you’ll find yourself learning and l
. speaking entirely in German! .

This course turns your cassette player
into a “teaching machine.” With itsunique
“programmed” learning method, you set .
your own pace —testing yourself, correct-
ing errors, reinforcing accurate responses.

This Programmed Course comes intwo [}
volumes, each shipped in a handsome .
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text, $125.

O Volume Il. Basic Course Continued, 8.
cassettes (8 hr.), and 179-p. text, $1 10..

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

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

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

The Foreign Service Institute’s
German course is unconditionally guar-
anteed. Try it for three weeks. If you're
not convinced it's the fastest, easiest,
most painless way to learn German,
return it and we’'ll refund every penny .
you paid. Order Today!
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the underlying sea, giving rise to “an off-
shore pressure gradient which, in con-
cert with offshore wind stress, reversed
the mean flow.”

The other group, consisting of D. R.
Topham and R. G. Perkin of the Insti-
tute of Ocean Sciences in British Colum-
bia, S. D. Smith and R. J. Anderson of
the Bedford Institute of Oceanography
in Nova Scotia and G. den Hartog of
the Atmospheric Environment Service
in Ontario, investigated the polynya in
Baffin Bay between Devon Island and
Dundas Island. The area is notable for
strong tides and currents; in addition
the narrowest part of Pioneer Channel,
which runs between the islands, proves
to be bridged “by a shallow sill at a
depth of approximately 40 meters.” The
workers measured ocean currents, tem-
perature and salinity in March and
April, 1980. The temperature varied
with the tides by as much as .2 degree
Celsius, resulting in “pulses” of ocean
water. The colder pulses were “close to
the local freezing point.” They “proba-
bly originate in shallow nearshore re-
gions.” The warmer pulses rose to the
surface at the south side of the chan-
nel. They appear to have derived from
“strong tidal flows across [the] shallow
sill.” Their slightly higher temperature
is sufficient to establish the polynya.

Help!

A many a tale of adventure fiction has
it, the best way for a hunter to at-
tract a tiger to his blind is to tether a
young goat nearby. The bleating kid,
frightened by restraint and darkness, is
irresistible tiger bait. Goats are by no
means the only mammals that scream
with fright; so do, among others, rabbits,
lambs, horses and human beings. The
fear scream, however, is particularly
common among birds; in many species
cries of fright by young birds quickly
attract a parent.

What is the adaptive value of such
screams? The question was framed and
answered recently by Goéran Hogstedt
of the University of Lund. Writing in
The American Naturalist, Hogstedt dis-
misses one interpretation: that the vic-
tim’s shrieks serve to warn others of its
kind that a predator is present, so that its
behavior can be classed as a form of
altruism. Observations show that most
birds actually ignore the fear screams
of their own kind. Is screaming juvenile
behavior, as with a threatened nestling,
that has somehow persisted in the adult?
Probably not. Frogs and toads that grow
up without interacting with their par-
ents show the same fear-scream behav-
ior. Does screaming startle the predator,
giving the prey a chance to escape? This
is a speculation along the right line,
Hogstedt notes, but one that does not go
far enough. What the scream actually
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achieves is the attraction of other preda-
tor species to the site of an attack in the
hope of an easy meal: the prey, the origi-
nal predator or both.

To test his proposal Hogstedt record-
ed fear screams of the European starling
and played them in the field when poten-
tial second predators happened to ap-
proach within 100 to 250 meters of his
concealed loudspeaker. The most nu-
merous predators he saw were common
buzzards. Of the 32 individuals of the
species that came into range, 14 quickly
approached the source of the recorded
screams. So did one out of three rough-
legged buzzards that came within range,
two out of four sparrowhawks, four out
of 10 hen harriers and a single goshawk.
The only predatory birds that failed to
respond to the screams at all were sev-
en kestrels. Adult kestrels weigh only
200 grams, compared with a goshawk’s
1,300 grams; they may have been avoid-
ing approaching larger predatory birds.
The starling screams also attracted two
predatory mammalian species: all of the
four foxes that came within range and
two of the three feral cats.

The field test left no doubt that fear
screams attracted diverse predators.
Predatory birds, however, hunt more by
eye than by ear. In open terrain they
would probably spot a predator attack-
ing prey well before the prey’s screams
could be heard. This being so, the adap-
tive advantage of the prey’s summoning
a second predator should be manifested
to a greater extent among birds that ha-
bitually live out of sight in dense cov-
er and to a lesser extent among birds
that live primarily on the wing or on
open ground.

Hogstedt tested this prediction by
determining the proportion of fear-
screamers among six species of aerial
and open-ground birds and among six
species of dense-cover birds. Of the six
species in the first category (swifts, sand
martins, swallows, house martins, tawny
pipits and white wagtails) two did not
scream at all, and on the average only
5 percent of the individuals of the re-
maining four species proved to be fear-
screamers. Of the six species in the sec-
ond category (wrens, thrush nightin-
gales, marsh warblers, reed warblers,
icterine warblers and garden warblers)
more than 80 percent of the individuals
of two species were fear-screamers, and
none of the other four species showed
less than 32 percent fear-screamers.

Hogstedt concludes that fear-scream-
ing is not an altruistic adaptation but
a selfish one, a “cry for help” directed
at any animal capable of interfering
with the primary predator. The value
of the adaptation is the possibility—
slight, but better than none—that a clash
between a primary predator and a “pi-
rate” one will facilitate the escape of
the screaming prey.
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Learning in a Marine Snail

Hermissenda can be conditioned, or trained to associate two stimuli.

Neural mechanisms underlying associative learning have been defined

in the snail, and they may not be very different in the human brain

( :an sophisticated mental functions
in higher animals ever be ac-
counted for in terms of the elec-

trical activity of particular nerve cells

and the chemical events that generate
the activity? Neurobiologists can indeed
describe some simple, stereotyped be-
haviors at that rigorously physical level.
For example, the reflexive withdrawal
of alimb in response to a harmful stimu-
lus can be accounted for in terms of the
electric impulses of a few identifiable
cell types; many of the electrophysiolog-
ical and biochemical mechanisms un-
derlying the firing of those impulses are
known. There is an immense gulf be-
tween a reflex action and, say, human
memory and learning. Yet there is at
least a chance that one can begin to
bridge the gulf through the analysis of
simple forms of learning in animals with

a simple nervous system.

Pigeons, dogs and human beings can
be conditioned, that is, they can be
trained to associate one stimulus with
another temporally related stimulus.
The dog learns—and remembers—that
the sound of a bell precedes and pre-
sages the smell of meat, and so it sali-
vates at the sound of the bell. The verte-
brate brain is far too complex to allow
an analysis of such associative learn-
ing at the level of individual cells with
present-day technology. For several
decades, however, neurobiologists have
been studying, in invertebrate animals,
small networks of nerve cells that are
responsible for integrating sensory in-
formation; in the past 20 years some
have gone on to study the neural circuit-
ry underlying simple reflexive behav-
iors. Some 12 years ago my colleagues
and I at the Marine Biological Labora-
tory in Woods Hole, Mass.,, wondered
whether such animals, with many or-
ders of magnitude fewer neurons (nerve
cells) than the trillion or so cells in
the human brain, might be susceptible
to conditioning. If we could train such
an animal to associate two stimuli, we
would try to identify the neural path-
ways activated by those stimuli and find
out how the pathways converge, provid-
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ing the physical basis for the learned
association. By studying the activity of
neurons in the pathways we would then
try to identify specific changes effect-
ed by the conditioning and so begin to
define “learning” in electrical and mo-
lecular terms.

Training

We chose to work with a gastropod
mollusk, the shell-less marine snail Her-
missenda crassicornis. In its natural envi-
ronment Hermissenda exhibits positive
phototaxis during the daylight portion
of its light-dark cycle, that is, it moves
toward light. The adaptive value of this
behavior is clear: hydroids, the microor-
ganisms on which the sea snail feeds, are
concentrated in well-lighted water near
the surface. When the ocean becomes
turbulent, as in the course of a storm,
Hermissenda responds by decreasing its
overall velocity of movement and in-
creasing the surface area of its muscu-
lar “foot.” These responses enable it to
cling to hard surfaces deeper in the wa-
ter. Again the survival value is clear. An
animal approaching the surface during
a storm is shaken vigorously. It can sur-
vive for many weeks without feeding,
but it cannot survive structural damage
wrought by a turbulent sea.

Perhaps the experience of encounter-
ing turbulence in association with light
at the surface causes the snail to “learn”
to associate the light with the turbu-
lence. The light would come to presage
the onset of turbulence, and the learned
association would tend to retard the ani-
mal’s movement toward maximal light
and thus into an area of maximal tur-
bulence. We set out to reproduce the
effects of light and turbulence in the
laboratory.

We trained the snails in glass tubes
filled with artificial seawater and ar-
ranged radially on a turntable. First we
measured the average time untrained
animals took to move to an illuminated
area at the center of the turntable. Then
we rotated the turntable at various
speeds, subjecting the animals to a cen-
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trifugal force simulating the effects of
turbulence. The conditions varied. For
some animals light and rotation were
precisely and repeatedly paired; five
control groups were subjected to neither
light nor rotation, to one or the other or
to different combinations and temporal
associations of the two stimuli.

After training we retimed the animals’
movement toward light and calculated
the effect of the training. For animals
subjected to paired light and rotation
(and only for those animals) the velocity
of movement toward light was less than
a third of the pretraining velocity. They
had learned to associate light (which in
this case served as the conditioned stim-
ulus) with rotation (the unconditioned
stimulus). The effect of the conditioning
was to make the response to light more
like the response to rotation.

Conditioning

Our various control procedures in-
dicated that the change of light-elicited
behavior after training truly reflected
associative learning. Exposure to light
alone did not change the subsequent
response to light, ruling out a nonasso-
ciative behavioral change known as ha-
bituation: a progressive decrease in re-
sponsiveness resulting from the repeat-
ed presentation of a stimulus. Exposure
to rotation alone did not change the
subsequent response to rotation, ruling
out the possibility of sensitization: an in-
crease in responsiveness resulting from
the repeated presentation of a strong
motivational stimulus. (Both habitua-
tion and sensitization can confuse a find-
ing that associative behavorial change
has taken place; such effects have not
been completely ruled out in the case of
certain behavioral changes reported to
follow associative training in other snail
species.) Moreover, Hermissenda was
not conditioned when light and rotation
were alternated during training or when
the stimuli were presented at random.
Terry J. Crow and I found the two stim-
uli had to be presented together. (More
specifically, the onset of light preceded



MARINE SNAIL Hermissenda crassicornis, pictured in a seawater
aquarium in this photograph made by Pierre A. Henkart of the Na-
tional Cancer Institute, is about an inch and a half long. The two
large oral tentacles are tactile and chemosensory organs; the smaller

CENTRAL NERVOUS SYSTEM of Hermissenda is enlarged some
50 diameters in a photomicrograph made by Alan M. Kuzirian of the
author’s laboratory. The methylene-blue stain picks out the globular
ganglia, or clusters of related nerve cells, and a number of nerves radi-
ating over the buccal crest. The eyes (black) and the primitive vestib-
ular organs called statocysts (white dots) are between the two pedal
ganglia (lower left and right) and the more medial pleural ganglia.

dorsal tentacles called rhinophores are thought to sense water move-
ment. The animal’s central nervous system is on the buccal crest
just behind the rhinophores. The plumelike appendages covering the
snail’s back, the cerata, may serve, like gills, as gas-exchange organs.

EYE AND STATOCYST are enlarged about 300 diameters in a mi-
crograph made by Kuzirian. The light-sensitive membranes of five
photoreceptor cells extend up through the black pigment to abut on
the underside of the lens. The roughly spherical statocyst wall is made
up of 13 hair cells. Their motile cilia (not visible here) keep a cluster
of crystals, called statoconia, centered; changes in the direction of
gravitational force move the crystals, exciting particular hair cells.
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SNAILS ARE TRAINED AND TESTED in glass tubes on a turntable. First each snail’s pho-
totactic response to light before training is measured: the time the snail takes to reach a spot of
light (color) is recorded automatically when the animal reaches a photoelectric cell. Then the
snails are trained by being rotated while confined to the outer end of the tube and thus subject-
ed to a centrifugal force that is sensed by the statocysts. For one group the rotation is precisely
paired with a 30-second period of light; various control groups either are not trained or are
subjected to light or rotation alone or to the two stimuli alternately or at random. Finally the
snails’ velocity of movement toward light is timed again to determine the effect of training.
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CONDITIONING IS DEMONSTRATED by these data. The “response ratio” measures the
suppression of the phototactic response. A ratio of .5 means in effect that there has been no
change in the velocity of movement toward light; a lower ratio signifies a reduction in the veloc-
ity. Animals subjected to paired light and rotation (colored dots) are conditioned after three
days of training: they move more slowly toward light. They “forget” that behavior slowly but
reacquire it after one day of retraining. Control animals show no significant change in behavior
(black). Yet they too can be conditioned (colored circles) when subjected to paired stimuli.
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the onset of maximum rotation by about
a second.) It was the fixed temporal re-
lation between stimuli that the animal
learned and remembered.

The behavioral change showed other
characteristics of classical conditioning.
It showed “acquisition” (the amount of
change increased with practice), it could
last for many weeks (close to a gener-
ation for this snail) and it did not af-
fect the animal’s response to stimuli
other than the two being manipulated.
William Richards and Joseph Farley
of Princeton University showed that the
learning was subject to extinction: after
training was complete the animals “for-
got” the learned association more quick-
ly the more often light was presented
without rotation. Crow showed, more-
over, that after extinction the animals
relearned the association with less train-
ing than they had the first time; the ac-
celerated relearning is known as savings.
Finally, Farley showed that Hermissen-
da learned more slowly when extra, un-
paired stimuli (light or rotation) were
interposed during conditioning. This
degradation of learning by unassociated
stimuli demonstrated contingency: the
animals were learning that rotation is
contingent on light, and when it was not,
the learning process was impaired.

The behavioral changes I have de-
scribed were observed in snails taken
from their natural environment on the
coast of California. Such animals dis-
played a wide range of responses to
light before training, presumably re-
flecting individual differences in experi-
ence as well as in genetic background.
June F. Harrigan therefore developed a
laboratory strain of Hermissenda whose
pretraining responses were much less
variable, as were the behavioral changes
observed in the course of training. We
have also been able to raise animals with
a defect in the organ that senses rotation
and so obtain further evidence for asso-
ciative learning. Such snails respond to
lightnormally but cannot associate light
with rotation.

All in all, these results suggested that
Hermissenda's ability to learn associa-
tively could not be readily distinguished
from the ability of a dog (or a whale or a
human being, for that matter). This be-
ing the case, it seemed to us the un-
derlying processes responsible for such
learning might transcend differences
among species. The first step toward un-
derstanding such processes was to trace
the pathways mediating the association
between light and rotation in the snail.

The Neural Pathways

We began by mapping a wiring dia-
gram of Hermissenda'’s nervous system,
with particular attention to two sensory
pathways, one of them responsive to the
conditioned stimulus (light) and the oth-
er to the unconditioned stimulus (rota-



TYPE B PHOTORECEPTOR is mapped in micrographs made by
Leona Masukawa. The dye Procion yellow was injected into a Type
B cell and was transported along its axon to the axon terminals. In
the first micrograph the dye fills the cell body (near the white lens)

and the beginning of the axon. In successive thin sections of tissue
the axon is seen (sectioned obliquely) entering the pleural ganglion
and, in the last micrograph, ending in a spray of fine branches. The
terminals of the branches form synapses (junctions) with other cells.

tion). Light generates electrical signals
in two Type A photoreceptor cells and
in three Type B photoreceptor cells in
each of the animal’s eyes; these signals
are transmitted sequentially to interneu-
rons, motor neurons and groups of mus-
cles. Rotation is transduced into electri-
cal signals by 13 hair cells (named for
the hairlike cilia that line their inner sur-
face) in each of two primitive vestibular
organs analogous to the mammalian in-
ner ear: the statocysts. These signals too
are transmitted successively to interneu-
rons, motor neurons and muscle groups.
Some terminals of hair-cell axons (an

axon is the long main process that car-
ries the nerve impulse from one neuron
to others) have synapses (junctions) with
the axons of visual receptor cells. These
and other, indirect interconnections be-
tween the visual and the vestibular path-
ways are the loci of convergence be-
tween the two sensory modalities.

We mapped the two pathways both
by electrophysiological methods and by
making micrographs of stained prepa-
rations. The electrical responses of cells
to light or rotation (or to the injection
of microcurrents simulating the natural
stimuli) were recorded with microelec-

trodes. By stimulating and recording
from pairs of cells in thousands of ani-
mals we learned when and how specif-
ic receptor cells respond to particular
stimuli by firing nerve impulses along
the length of their axon; we learned to
which postsynaptic neurons the signal is
transmitted and whether it excites or in-
hibits such neurons. Repeating the proc-
ess for successively connected cells en-
abled us to work out the pathways from
the receptors that sense light and rota-
tion to the muscles that impel Hermis-
senda through the water. The electro-
physiological data were supplemented
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INTRACELLULAR RECORDINGS show the effect of light (/efr)
and of a currentinjection (righf) on Type B photoreceptors and hence
on an optic-ganglion cell they inhibit. In response to a brief flash
of light (white strip) two B cells become depolarized, or more positive-
ly charged (colored arrows). Nerve impulses are triggered. These sig-
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nals generate inhibitory postsynaptic potentials in the optic-gangli-
on cell, making it more negatively charged (black arrow); fewer im-
pulses are triggered. Injection of a positive current (horizontal arrow)
into either of two B cells simulates the effect of light, eliciting im-
pulses that inhibit both the other B cell and the optic-ganglion cell.
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HEMISPHERE OF STATOCYST is enlarged some 2,000 diameters in a scanning electron mi-
crograph made by Eliahu Heldman. One sees the inner surface of the hair cells and a number
of the statoconia (dispersed here because they are not kept clustered by the motion of the cilia).
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RESPONSE OF A HAIR CELL was recorded as an isolated nervous system was being rotated
at various speeds. Centrifugal force (indicated as a gravitational force, g) drove the statoconia
against the cilia, making the hair cel’s membrane potential more positive and giving rise to
impulses. The cell’s axon had been cut in order to eliminate any synaptic effects on the cell.
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by information from photomicrographs
and electron micrographs. A dye inject-
ed into a cell body moves along the axon
to its farthest terminals, and the stained
fiber can be traced in successive thin tis-
sue sections; when two communicating
neurons are stained, the synaptic junc-
tion between them can be visualized.

By these means we built up a wiring
diagram: an interconnected network of
chains of linked neurons [see illustration
on page 76]. The diagram was essen-
tially the same in every adult Hermis-
senda we studied. Clearly it is specified
genetically; it is the invariant substrate
for whatever changes are brought about
by a learning process. How does its ac-
tivity change with conditioning? Our in-
vestigation of the changes was made at
three successively more localized and
specific levels.

The first level was neuroanatomical.
We measured the changes, during and
after conditioning, in the signals that
arise within individual neurons and are
transmitted to other cells. Then we pin-
pointed the neurons in which the sig-
nals change first and those in which the
signals remain changed, thereby identi-
fying the events that actually cause the
acquisition and the retention of the con-
ditioned behavior. At a second, bio-
physical level we dealt with the cell
membrane of the neurons in which the
critical changes take place. We found
differences in the currents passing
across those membranes—in the flux of
specific ions, or electrically charged
atoms—that account for the changed
signals. Finally, at the biochemical lev-
el, we identified chemical reactions that
control the altered flow of ions.

The Excitable B Cells

In essence our neuroanatomical study
revealed a circuit of neurons whose ac-
tivity is modified depending on the pat-
tern of stimuli to which it is exposed.
The potential for this redesigning is im-
plicit in the wiring of the visual and ves-
tibular pathways and their interconnec-
tions. When light is paired with rotation
during training, the net response of the
system is to excite the three B photore-
ceptor cells in each eye more than usual
and to render them more easily excited.
That is, the excitation of the Type Bcells
that normally results from stimulation
by light is enhanced and prolonged af-
ter training.

This is not a direct effect but a result
of the integrated response of the system
to the pairing of light and rotation. Nor-
mally the hair cells that respond most
strongly to rotation fire even in the ab-
sence of excitation. This “tonic” activity
sends inhibitory signals to the Type B
cells. When the hair cells are stimulated
by rotation alone, their activity is in-
creased and they inhibit the B cells more
strongly. When rotation stops, however,



“Microsoft Multiplan'allows me to explore
more alternativesinlesstime. | think it
leadsto better management decisions.’

Edward R. Schwinn, Jr.
President, Schwinn Bicycle Company

“Multiplan software helps me make better business decisions.
It's as simple as that. With Multiplan on my microcomputer,
| can explore a number of alternatives faster. That's really
important to me in planning and tracking my totally hand-
crafted Schwinn Paramount Bicycle. As with anything
handmade, cost control and product planning are major
considerations. For instance, Multiplan lets me study the
effect of the learning
curve on overall pro-
ductivity. And
although we have
a mainframe
computer, | find
that Multiplan is
a tool that allows
me to personally
examine my busl-
ness options—
without spinning
my wheels”’

© 1983 SCIENTIFIC AMERICAN, INC

A tool for decision makers.
Microsoft Multiplan is a micro-
computer software program
that can help you too. In many
ways. You can analyze cash
flow. Plan budgets. Forecast
income. Manage production.
Multiplan allows you to set

up an electronic worksheet

for whatever your need may
be. And, it lets you explore
alternatives faster because
when you make one change
you immediately see the results
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hair-cell activity is reduced even below
the unstimulated, tonic level and the B
cells are released from inhibition. When
rotation is paired with light, there are
additional effects. Currents that flow
when the B cells transduce light reduce
the electrical resistance of the photore-
ceptors’ membrane, “shunting” the in-
hibitory signals from the hair cells and
thereby lessening the effect of rotation-
induced inhibition. Moreover, excitato-
ry signals from second-order visual cells
(the E cells of the optic ganglion) to the
Type B cells increase in frequency im-
mediately after rotation and light are
paired. The effects of enhanced excita-
tion accumulate in the course of training
and the B cells become tonically more

excitable: their response to light is pro-
gressively enhanced and prolonged.

Now, a salient effect of B-cell activity,
as Yasumasa Goh showed in our labora-
tory, is to inhibit a chain of neurons that
begins with the medial Type A4 cell and
is responsible for motor-neuron impul-
ses driving the muscle contractions that
move the animal toward light. An en-
hanced and prolonged B-cell response
has the effect of increasing the inhibi-
tion and thereby reducing the move-
ment toward light.

Causality

A number of experimental findings
demonstrated that the modification of

the Type B cell’s response is not mere-
ly correlated with the learning behavior
but is at least in part responsible for
causing the behavior. These confirming
experiments were “blind,” that is, the
investigators did not know which train-
ing procedure particular animals had
undergone. In one study we measured
the activity of motor neurons mediating
the turn toward light. As predicted, the
motor neurons of conditioned animals
(in whom the inhibitory input originat-
ing with the Type B cells would be ex-
pected to be enhanced) indeed showed
reduced activity when the animals were
exposed to light.

In another experiment on conditioned
and control-group animals during the
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WIRING DIAGRAM of Hermissenda’s nervous system is summa-
rized schematically. Representative cells (and their axons) of the vis-
ual (red) and vestibular (b/ue) pathways are shown, as are some axons
of the tactile-chemosensory pathways (green) and some interneurons,
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motor neurons and muscles (black). Excitatory synaptic interactions
are indicated by open triangles, inhibitory ones by solid triangles.
Each interaction has been shown to be reliably present by repeated
simultaneous recordings of presynaptic and postsynaptic potentials.
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SITES OF CONVERGENCE between the visual and the vestibular pathways are indicated in
this diagram of representative cells responsive to light and rotation. They include a “silent”
optic-ganglion cell (S) whose effects are transmitted by way of a cell (E) to which it is coupled
electrically. The caudal hair cells exhibitsteady (‘“tonic”) activity tending to inhibit Type B photo-
receptors. Paired presentation of light and rotation is followed by reduced hair-cell inhibition
of the Type B cell and by increased synaptic excitation of it by the E cell (positive feedback).

period of retention, the axon of Type
B cells was cut close to the cell body,
which was thus isolated physically and
electrically from the rest of the nervous
system. The excitability of the isolated
cells in response to light or to the injec-
tion of a positive current was assessed.
Several different indexes of excitability
were increased in the Type B cells of the
animals that had been exposed to paired
light and rotation. The conditioning-in-
duced increase in B-cell excitability, in
other words, is intrinsic to (and is stored
in) the cell bodys; it is not a passive reflec-
tion of changes elsewhere in the system.

Farley and I also demonstrated caus-
ality by manipulating the snail’s neu-
ral circuits artificially. By injecting mi-
crocurrents into individual cells of the
two converging pathways we caused the
cells to send the same signals they send
in response to the natural stimuli. In one
experiment we worked with the nervous
system isolated from the snail’s body,
injecting currents into a hair cell and
a second-order visual cell of the optic
ganglion. Repeated current injections,
paired with light, gave rise to increased
B-cell excitability; unpaired with light,
the same injections (which now simu-
lated one of our control procedures in
training) had no such effect. In another
experiment we achieved the behavioral
effect of conditioning simply by pairing
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light with repeated injections, into a sin-
gle Type B cell exposed in living ani-
mals, of a current calculated to simulate
the synaptic effects on a B cell when
hair cells are stimulated by rotation. We
found that B-cell excitability was duly
increased. On days following the injec-
tion, after the animals had recovered
from the procedure, the velocity of their
movement toward a light source was re-
duced, just as it was in the case of condi-
tioned animals. Control animals that re-
ceived the current injections unpaired
with light displayed no such change.

A final demonstration of the causal
role of the increased excitability of Type
B cells came from confirmation of a
behavioral prediction. The connections
among visual and vestibular cells are
such that rotating the animal with its
head toward the center of rotation stim-
ulates what are called the caudal hair
cells, with the result that the Type Bcells
are eventually made more excitable, as
described above. Training the animal
with its head in the opposite direction
instead stimulates what are called the
cephalad hair cells and so results in in-
creased inhibition of the Type B cells;
the phototactic response, we reasoned,
should be enhanced. We tried it and the
prediction was borne out: the Type B
cells became less excitable and the ani-
mals moved more quickly toward light.

© 1983 SCIENTIFIC AMERICAN, INC

(Shaking without restriction in orienta-
tion, as in a turbulent sea, has_the net
effect of exciting the Type B cells be-
cause the caudal hair cells have more
direct and more effective synaptic con-
nections with the photoreceptors than
the cephalad cells do.)

Membrane Changes

Our neuroanatomic results constitut-
ed the first evidence for any animal, ver-
tebrate or invertebrate, that lasting as-
sociative learning is a direct result of
a change in the excitability of particu-
lar, identified neurons. Excitability is a
property of the nerve-cell membrane,
and so the obvious question became:
What happens to the Type B cell’s mem-
brane in the course of conditioning? Be-
fore discussing our findings I need to
explain briefly how changes in the neu-
ronal membrane generate electrical sig-
nals. Atrest a neuron—the cell body and
its processes—is polarized: the inside of
the cell is about 70 millivolts negative
with respect to the outside. The poten-
tial difference is maintained by the con-
centration of ions within and outside the
cell; the concentration is regulated by
the selective permeability of the cell’s
membrane, which is studded with gat-
ed protein channels that are specific for
each of several different ions. The major
factors in establishing the membrane
potential are positive potassium and so-
dium ions. There is a much higher con-
centration of potassium inside the cell
and a much higher concentration of so-
dium outside. The membrane is normal-
ly much more permeable to potassium
than it is to sodium, and so the potas-
sium ions tend to leak out, leaving the
interior of the resting cell negative.

Ionic channels in the cell membrane
can open in response to a sensory stim-
ulus (in the case of a receptor cell), to
the effect of a chemical transmitter on
the postsynaptic membrane or to a shift
of membrane potential. When sodium
channels open, sodium ions (and in the
Type B cell also positive calcium ions)
flow in, depolarizing the cell (making
the inside more positive). Almost imme-
diately this depolarization causes po-
tassium channels to open, and the out-
flow of potassium acts to restore a nega-
tive resting potential. These changes of
membrane potential can spread locally
along the membrane and in some cases
give rise to a much larger depolarization
that can propagate regeneratively along
the entire length of the axon; this is the
action potential, or nerve impulse.

We found that the outflow of potas-
sium ions (through what are called A4
channels and probably through other
potassium channels too) during a depo-
larization induced by a current injection
in the absence of light is reduced on days
after conditioning; the inflow of calcium
ions (through other channels) follow-
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ing light-induced excitation is increased.
Both of these changes cause the Type B
cell to depolarize more in response to
cxcitation by light or a current: it is more
cxcitable. (It may be, although it is not
yet established, that the increased calci-
um flux is simply the result of the in-

creased excitability arising from the re-
duced flow of potassium.) John A. Con-
nor of Bell Laboratories and I found,
moreover, that calcium ions tend to ac-
cumulate within the Type B cell dur-
ing the acquisition of the conditioned
behavior. Prolonged elevation of intra-

cellular calcium reduces the number
of open A potassium channels. The re-
duced outflow of potassium makes the
membrane more excitable. In the pres-
ence of light it depolarizes more readily;
more calcium channels open, enhancing
the flow of calcium and thereby further

a

MAXIMAL ROTATION
@100 | O
5
o
2
- |
=
2 50 — i
-
< |
= - '
E _—— = ——— —_——— == . —
o
a o-
3 — S—
MAXIMAL ROTATION

1 | | | 1 | J

60 80

TIME (SECONDS)

TYPE B CELL’S RESPONSE to light alternating with rotation (a),
light alone (b) or light paired with rotation (c) is shown. In each case
the second of two successive periods of light is shown (white area);
the first had ended 40 seconds before these traces begin. The cell’s

initial resting voltage is indicated by the broken line; the amplitude
of the long-lasting depolarization that follows the second exposure to
light is emphasized by the dark color. The paired stimuli can be seen
to cause the most long-lasting depolarization of the Type B cells (¢).
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CHANGE IN EXCITABILITY is shown by these recordings to be a
property of the Type B cell itself. The voltage of three B cells (whose
axons had been cut to isolate them from all other neurons) was mea-
sured. The cells came from an untrained animal (a) and, on days after
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training, from an animal that had been subjected to light and rota-
tion at random () and from one that had been conditioned by paired
light and rotation (c). The long-lasting depolarization (dark color)
following exposure to light is largest in the conditioned animal (¢).
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SCIENCE. “SCOPE

Vacuum-tube computers spanning half an acre of floor space will be replaced by
modern computers the size of two vending machines when North America's new air
defense system goes into operation late this year. Hughes Aircraft Company's
Joint Surveillance System will replace aging SAGE (Semi-Automatic Ground
Environment) and BUIC (Back-Up Interceptor Control) systems. It will link U.S.
Air Force surveillance radars, civil air traffic control radars, and Canadian
radars into a shared system. Seven regional control centers -- each equipped
with the smaller computers -- will monitor skies 200 miles beyond North American
borders. An eighth center will monitor skies surrounding Hawaii.

The U.S. Army will save over $200 million by using simulators to train troops to
use and repair Firefinder weapon-locating radars. The Firefinder detects and
tracks enemy artillery and mortar fire with a pencil-thin electronic beam. It
instantly backplots their trajectories so counterfire can be directed with
pinpoint accuracy. The Firefinder trainer simulates battlefield conditions so
troops can learn to operate the radar without using live artillery fire and
without taking a radar out of deployment for instruction. Also, where only one
student could operate an actual radar, six students can train at once under the
control of one instructor. Hughes builds the Firefinder radars and trainers.

Mexico will inaugurate a national communications satellite system in 1985 with
the launch of two Hughes spacecraft from NASA's space shuttle. The satellites
will carry advanced telecommunications services for the entire country. Plans
include educational and commercial TV programs, telephone and facsimile services,
and data and business transmissions. Mexico now leases communications capacity
on two other Hughes spacecraft -- an Intelsat IV from the International Telecom-
munications Satellite Organization and a Westar from Western Union. There are
157 satellite receiving stations operating throughout Mexico.

Paperless planning is making its debut to guide assemblers with step-by-step
instructions for manufacturing electro-optical hardware. Color video monitors
having twice the quality of home TV sets are replacing thick planning books at
Hughes. The monitors are used in conjunction with video discs that hold up to
50,000 full-size color pictures, each equivalent to one sheet of planning. The
discs store three-dimensional computer graphics or standard video. Assemblers
can review still images or sequences showing how a product is to be built.
Paperless planning is faster, more accurate, and less costly than conventional
methods. It will also reduce manufacturing errors.

Hughes Missile Systems Group in Tucson, Arizona, has built a reputation for the
development and manufacture of sophisticated electronics. We have enhanced our
leadership in this field with these missiles: the electro-optical/laser/
infrared-guided Maverick, the radar-quided Phoenix, the wire-quided TOW, and now
the radar-quided AMRAAM. We have openings for microwave specialists, circuit
designers, hybrid microelectronic engineers, and production support test engi-
neers. Send your resume to Professional Employment, Dept. SE, Hughes Missile
Systems Group, P.0. Box 11337, Tucson, AZ 85734. Equal opportunity employer.

Creating a new world with electronics
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For more information please write:
PO. Box 11803, Los Angeles, CA 90291
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ANIMAL’S RESPONSE TO LIGHT is changed by the effects of
conditioning on the neural system. The basic wiring diagram is invari-
ant: the Type B photoreceptor inhibits the medial Type A4 photore-
ceptor, whose stimulation by light causes excitation of the interneu-
ron, motor neuron and muscles in turn. During a burst of hair-cell
impulses the B cell is inhibited (directly and by way of the second-
order E cell). Following a burst the hair cell becomes quiescent and
the E cell more active; the B cell is consequently excited. This is the
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situation in the untrained animal (@); the synaptic effects are enhanced
when light and rotation are paired even once. Repeated pairing of
light with rotation, with the snail oriented to excite caudal hair cells
(negative conditioning), results in a long-lasting increase in the ex-
citability of the B cell, increasing its inhibition of the Type 4 cell dur-
ing and after exposure to light and thus slowing movement toward
light (). Positive conditioning (with the animal in the opposite orien-
tation) excites cephalad hair cells and has the opposite effect (c).
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tor, the one inhibited by Type B cells, is

increasing intracellular calcium, which
further reduces the number of open po-
tassium channels, and so on in a posi-
tive-feedback cycle.

The cycle is reinforced during learn-
ing. With successive repetitions of stim-
ulus pairings at sufficiently brief inter-
vals, there is a progressively larger resid-

ual increase of Type B depolarization,
which in turn seems to amplify the in-
teraction of the calcium and potassium
channels. It is possible too that the chan-
nels undergo complementary changes
in synaptically linked neurons. We have
preliminary evidence that the mem-
brane of the medial Type A4 photorecep-

less excitable after conditioning—the in-
verse of the situation in the Type Bcells.

Biochemical Mechanisms

If the calcium level in Type B cells
rises during conditioning and the rise
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POTASSIUM OUTFLOW is reduced in the Type B cells of a con-
ditioned animal on days after training. A change of potential (a 50-
millivolt increase) was imposed on a B cell (colored trace) and the
resulting current equivalent to the outflow of potassium ions was
measured (black traces). The flow is larger in a cell from an animal
exposed to light and rotation at random (a) than it is in a cell from
an animal conditioned by paired light and rotation (5); the difference
is greater for the second of the two successive changes in voltage.

INTRACELLULAR CALCIUM LEVEL is increased following a
light stimulus. A Type B cell was injected with a dye that combines
with calcium to form a complex absorbing light at a specific wave-
length; the absorbance is recorded to serve as a measure of the cal-
cium concentration in the cell. In response to a flash of light (white
strip) the interior of the cell becomes more positive (colored trace).
The calcium level (black trace) increases, and it remains elevated as
long as the photoreceptor’s membrane potential remains elevated.
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is accompanied by changes in the flow
of ions through membrane channels, we
hypothesized, perhaps the calcium af-
fects the channels by initiating or stim-
ulating certain biochemical reactions.
Calcium is implicated in many regulato-
ry mechanisms, notably the activation
of enzymes responsible for attaching
phosphate groups to proteins; the phos-
phorylation in turn often changes the
character of the protein. It seemed pos-
sible that elevated intracellular calcium
activates enzymes that attach phosphate
groups to membrane proteins control-
ling the opening and closing of A4 potas-
siurn channels and calcium channels.
A number of observations support the
hypothesis. First Joseph T. Neary mea-
sured the incorporation of phosphate
groups (labeled with a radioactive iso-
tope) into certain proteins that appear
to constitute or to be associated with
potassium and calcium channels in the
membrane. The net number of phos-
phate groups incorporated in one of
those proteins is different in conditioned
animals from what it is in control ani-
mals. Paul Greengard of the Yale Uni-
versity School of Medicine had found
earlier that the phosphorylation of cer-
tain membrane proteins in several verte-
brate species is mediated by calcium.
Recently Leonard K. Kaczmareck and
Susan A. DeRiemer of Yale, collaborat-
ing with Greengard and us, were able to
link Neary’s finding with Greengard’s.
They showed that in Hermissenda the

phosphorylation of several nervous-sys- |

tem proteins, including the one Neary
had found to change with conditioning,
depends on the calcium concentration.

We tested calcium’s primary role in
increasing excitability by injecting the

ion into Type B cells. The injection |

caused a prolonged reduction of potas-
sium flow through the 4 channel, just as
conditioning does. Finally, following a
suggestion made by Howard Rasmus-
sen of Yale, we injected into B cells a
calcium-dependent protein kinase, an
enzyme that catalyzes calcium-mediat-
ed phosphorylation. The injection en-
hanced the effect of calcium on the A4
channels. It simulated the effect of con-
ditioning, giving rise to the same in-
creased excitability due to a reduced
flow of potassium ions and an increased
flow of calcium ions.

In summary, our biochemical studies
suggest that during acquisition the in-
tracellular calcium level is progressive-
ly elevated. The ion activates calcium-
dependent enzymes that facilitate the
phosphorylation of membrane proteins
regulating the flow of calcium and po-
tassium ions. After training ends, intra-
cellular calcium subsides to a normal
level, but throughout the period of re-
tention of learned behavior the phos-
phorylation of proteins persists. (As
Rasmussen has pointed out, calcium-
mediated phosphorylation can be a fair-
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ly irreversible process.) The high level
of intracellular calcium during training
could cause a long-lasting activation,
through phosphorylation, of protein ki-
nases. The activated enzymes could then
be responsible for the persistent mem-
brane changes that maintain increased
excitability.

Our findings demonstrate, for the first
time for any nervous system, that asso-
ciative learning lasting for several days
involves changes in the long-term bio-
chemical regulation of ion flow across
the cell membrane. The changes we find
are at cell bodies and along axons, not at
synapses. It may turn out that synaptic
changes are indeed implicated in asso-
ciative learning, but we have not found
evidence for such changes. Alterations
of nonsynaptic membrane permeability
can account for the learned behavior we
have studied in Hermissenda.

Learning in Vertebrates

Marine organisms serve as marvel-
ous models, revealing basic facts about
many aspects of nervous function that
have consistently proved to be generally
applicable in higher animals. We have
begun to test the applicability to the ver-
tebrate brain of what we have learned
about the biochemical basis of asso-
ciative learning in Hermissenda. Recent-

0}

ly Charles D. Woody of the School of
Medicine of the University of Califor-
nia at Los Angeles, Bruce A. Haye and I
injected the protein kinase I mentioned
above (the enzyme whose injection into
Type B cells simulated the effects of
conditioning) into certain neurons in the
brain of the cat. The activity of these
neurons has been correlated with learn-
ing. The enzyme injection gave rise to
changes in the excitability of the cat-
neuron membrane that are similar to
those generated in the Type B cell.

Such persistence through evolution
of a common biochemical mechanism
does not, to be sure, imply identity of
function. Even if one considers only as-
sociative learning, the gulf between the
nervous function of a snail and that of a
human being is wide, as I said at the
outset. To begin with, there is a vast dif-
ference in capacity to resolve sensory
information and to associate stimuli.
Lower species can learn to associate
only a narrow range of stimuli; human
beings can associate whatever they per-
ceive. Human consciousness makes pos-
sible willful forgetting or repression; it
places perceptions in a rich emotional
context, with gradations of positive and
negative feelings that invest associations
with value and meaning.

For all of that, much of the biophysics
and biochemistry of learning may be
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POSITIVE-FEEDBACK LOOP accounts for the increased excitability of the Type B cell’s
membrane. At the biophysical level (black boxes) increased depolarization during condition-
ing increases the calcium flux; the increase in intracellular calcium reduces the flux of potas-
sium, further depolarizing the membrane. Two biochemical regulatory steps are shown (colored
cycle). The high calcium concentration activates a calcium-dependent protein kinase; the en-
zyme phosphorylates proteins that regulate the membrane channels, reducing potassium flux.
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quite similar in snails and in human be-
ings. It may be the neural circuitry that
makes the difference. Recall that in Her-
missenda the Type B photoreceptors
become more excitable in the course
of conditioning because fewer potassi-
um channels and more calcium chan-
nels open in response to a stimulus—
because, in turn, of the increased activa-
tion of an enzyme by calcium ions. The
Type A photoreceptors have the same
kind of channels, however, and the same
potential for undergoing changes in ex-
citability. It is the wiring diagram of
the visual and vestibular pathways that
makes the Type B cells receive more
excitation and so become more excit-
able when the snail is trained with its
head toward the center of rotation. The
same wiring diagram determines that
the Type A receptors, not the Type B
cells, become more excitable when the
animal is trained in the opposite orienta-
tion. It is the impact of a particular com-
bination of stimuli, with a particular
temporal relation, on a particular genet-
ically programmed wiring diagram that
excites one set of cells and inhibits an-
other set.

Consider that billions of neurons in
the human brain may have the same po-
tential as the Hermissenda cells to be-
come more excitable or more inhibited.
It is not an unreasonable assumption;
similar potassium and calcium channels
have been characterized ininvertebrates
and in higher vertebrates. Consider also
that the relative amount of excitation
received by each neuron in a subpopula-
tion of human brain cells must depend
on a preexisting wiring diagram and on
the nature and timing of sensory stimuli.
Just as the relative excitability of photo-
receptors is altered when Hermissenda
learns, so the relative excitability of neu-
rons in the human brain may undergo
long-lasting shifts determined by con-
scious experiences. The fundamental
biophysical and biochemical changes
responsible for storing learned informa-
tion need not be very different in human
beings from the mechanisms now being
revealed for Hermissenda.

On the other hand, just what can be
learned by an animal, and how much,
is structured and limited by the wiring
diagram of its neural system. The enor-
mous number of neurons in the human
brain and the complexity of its circuitry
may provide the potential for recording
subtle differences among stimuli, for as-
sociating stimuli and for associating the
associations, that is, for learning by pro-
gressive abstraction. The difference be-
tween what people can learn and what a
snail can learn may result from the dif-
ference in wiring diagrams rather than
from any special properties of the cell
membrane or any special biochemical
control mechanisms that uniquely dis-
tinguish human neurons from those of
a snail.
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Microelectronic Packaging

Methods of housing, cooling and interconnecting the silicon chips

in a digital computer have an important bearing on the machine’s

performance. The aim 1s to fit the most chips in the least volume

he packaging of the microelec-

tronic silicon chips in a high-speed

digital computer might seem only
incidental to the machine’s design. One
could argue that the actual processing of
information is done entirely by the cir-
cuitry on the chips themselves; the func-
tions of the packaging are simply to in-
terconnect the chips and other devices,
to distribute electric power and to pro-
vide a suitable operating environment.
Clearly, every computer needs packag-
ing of some kind, but the nature of the
packaging would not appear to have
much influence on the functioning of
the machine. The facts are otherwise. In
many high-speed data-processing units
packaging technology is the factor that
determines or limits performance, cost
and reliability.

One reason packaging has become so
important is the imperative to make the
central elements of a computing system
exceedingly compact. Improvements in
the design and fabrication of microelec-
tronic devices have greatly increased
the number of logic functions that can
be put on a chip as well as the speed
at which arithmetic operations are per-
formed. As a result a major source of
delay in the central processing unit of
many computers now is the time needed
for a signal to pass from one chip to
another. In order to reduce the delay the
chips must be put closer together. Fit-
ting many chips, each with many ter-
minals, into a small volume challenges
packaging technology in several ways.
First, there is little space available for
the thousands of conductors needed to
distribute electric power and informa-
tion-bearing signals among the chips.
Furthermore, the electrical properties
of this network of conductors must be
designed to minimize the distortion of
signals, which becomes more difficult as
switching speeds are increased and di-
mensions are reduced. Finally, a dense
array of chips gives off a fair amount
of heat, which must somehow be re-
moved if the circuits are to operate
properly. In many instances the thermal
problem is the most challenging one.
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The designers of high-performance
digital computers have devised a num-
ber of ingenious and quite varied solu-
tions to these problems. Here I shall dis-
cuss some general considerations that
go into the design of any packaging tech-
nology. I shall also describe in some
detail the system developed for one
high-performance system, the model
3081 processor of the International
Business Machines Corporation. It is
large “mainframe” computers of this
kind that make the severest demands
on packaging methods and materials.
The technology I shall describe is capa-
ble of interconnecting more than 100
chips—which might incorporate circuit-
ry equivalent to the entire central proc-
essing unit of an earlier computer—in a
module that can be held in one hand.

For more than a decade the hierarchy
of packages in a typical mainframe
computer has had three levels. Each
chip is permanently mounted on an indi-
vidual chip carrier, a plastic or ceram-
ic housing with a dozen or more metal
leads. A number of chip carriers, along
with a few discrete components such as
resistors and capacitors, are mounted on
a card made of fiberglass impregnated
with an epoxy resin. Metal conduction
paths are printed on the surface of the
card, and in some cases the card is a
laminate with multiple layers of print-
ed wiring. Several cards are mounted
through connectors along one edge to a
larger board whose printed circuitry es-

tablishes connections between the cards.
The entire assembly of chip carriers,
cards and main board is tied to the rest
of the system (including other assem-
blies of the same kind) by multiconduc-
tor cables.

The three-level hierarchy of packages
is still the standard in many computers,
most notably the ones called minicom-
puters. In both the lowest- and the high-
est-speed systems, however, technologi-
cal advances have made it possible to
dispense with one level in the hierarchy.
In the low-performance realm of the mi-
crocomputer each chip is still housed in
a separate carrier; owing to the dramatic
increase in the number of circuits per
chip, however, the number of chips has
been reduced to the point where they all
fit on one board. In some of the latest
large mainframe computers another ap-
proach has been taken: many chips are
bonded to a single substrate, forming
a multichip module that plugs directly
into a large board. Thus in both cases
the card level is eliminated.

The evolution of microelectronic de-
vices and that of packaging technology
are strongly interdependent. For ex-
ample, putting more circuits on a sin-
gle chip generally requires adding more
electrical contacts, but that is feasible
only if the package can accommodate
additional connections and signal paths.
Similarly, chips with more circuits as a
rule consume more power; they can be
incorporated into a system only if the
package can safely remove the addition-

LACEWORK OF CONDUCTORS interconnects 100 silicon chips in the central processing
unit of a “mainframe” computer. Each of the patterns on the opposite page forms one layer of
a ceramic substrate that can have as many as 33 layers. At the upper left is the top layer, to
which the chips are bonded, establishing electrical connections through a dense array of con-
tact pads in the middle of each chip site. At the upper right is one of five redistribution layers,
which carry signals from the chip contact pads to engineering-change pads that surround the
chip site. The two layers in the middle are signal planes that provide for communication be-
tween chips; on a given plane all the conductors are oriented parallel to either the x or the y
axis. A complete substrate has 16 signal planes. Between each pair of signal planes is a voltage-
reference plane, such as the one at the lower left, that helps to define the electrical properties
of the signal lines. The layer at the lower right is one of three that distribute power to the
chips. In the finished substrate the layers are stacked, laminated and fired, so that they fuse
into a tilelike ceramic. The patterns are shown at their approximate actual size after firing.
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al heat. Because of these relations the
constraints that apply to packaging de-
sign today can be fully understood only
by first considering the nature of the
chips that go into the packages.

The crucial event in the evolution
of semiconductor technology was the
introduction of the integrated circuit,
which combines a number of transistors
and other basic circuit elements on a sin-
gle piece of silicon. The first integrat-
ed circuits, in the early 1960’s, included
only from six to eight transistors, diodes
and resistors, enough to implement a
“gate,” or simple logic function. A typ-
ical gate receives two or three input
signals and issues a single output; the
pattern of the input signals determines
whether the output is on or off. Sev-
eral hundred gates might be needed to
build a functional unit of a computer
such as an adder.

The early integrated circuits were
built on a silicon chip with a surface
area of a few square millimeters, and the
smallest features in the pattern that de-
fined the circuitry were from 10 to 20
micrometers across. The chip communi-
cated with the rest of the system through
eight or 10 terminals. The switching de-
lay, which represents the time from the
arrival of an input signal to the produc-
tion of an output signal, was generally
between 20 and 40 nanoseconds, or bil-
lionths of a second.

Advances in the art of semiconductor
manufacture over the past 20 years have
been dramatic. The maximum available
surface area on a chip has increased by

CHIP~_

CHIP
CARRIER

more than 10 times (to about 50 square
millimeters), and the minimum feature
size has decreased by a similar factor
(to less than 1.5 micrometers). High-
speed logic chips have been built with
more than 40,000 transistors and other
circuit elements, organized into 5,000
gates that switch in about two nanosec-
onds. A chip of this kind can have 200
electrical contacts.

The integrated circuits employed in a
high-performance mainframe computer
are built out of basic circuit elements
called bipolar transistors. Chips based
on another kind of transistor, the field-
effect transistor, can fit many more cir-
cuit elements in a given area. For exam-
ple, microprocessors and related devices
have been built on a single chip with
more than 100,000 field-effect transis-
tors. Why, then, do mainframe comput-
ers employ bipolar transistors? The rea-
son is that they are faster: as a rule they
have a shorter switching delay.

The chips with the highest transistor
count are random-access memory ar-
rays, whose function is to store infor-
mation. Early semiconductor memory
devices, introduced in 1971, had 128
cells; each cell was capable of holding
one bit (binary digit) of information.
Today memory chips with a capacity
of 256,000 bits are in production.

For the packaging designer the logic
chips of the central processor present a
greater challenge than memory chips. In
general logic chips dissipate more pow-
er and hence give off more heat; they
also require more electrical contacts for

CARD

HIERARCHY OF PACKAGES in a large digital computer has traditionally had three levels.
Each chip is housed in an individual carrier; a number of carriers and other components are
attached to a printed-circuit card; several cards are in turn mounted on a larger printed-circuit
board. The assembly is connected to the rest of the system by cables. With the recent introduc-
tion of a module capable of holding more than 100 chips it has been possible to eliminate the
card level and thereby to reduce the number of interconnections and the total wiring length.
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signal communication. Similarly, a chip
based on bipolar transistors consumes
more power than a chip with equivalent
functions made with field-effect transis-
tors. It follows that packaging design is
most critical in the central processor of
a high-speed mainframe computer.

Packaging begins where the chip ends:
at the metallic pads on the surface of
the chip where contact is made with the
external wiring. The length of that wir-
ing is among the packaging designer’s
primary concerns.

In the analysis of many electrical cir-
cuits it is reasonable to assume that a
voltage applied at one end of a wire ap-
pears simultaneously at all points along
the length of the wire. Actually the
speed of a voltage signal along a wire
is finite; it is determined by a property
of the insulator surrounding the wire,
namely its relative dielectric constant. If
the insulator is air (or a vacuum), the
relative dielectric constant is 1 and the
signal travels with the speed of light in
free space, which in units appropriate
to this discussion is about 30 centime-
ters per nanosecond. In other insulators
the dielectric constant is larger and the
speed is reduced by a factor propor-
tional to the square root of the dielec-
tric constant.

For a fiberglass printed-circuit board
the dielectric constant is approximately
4, and so the propagation speed is re-
duced by a factor of two; in other words,
signals travel through the conductors in
the board at about 15 centimeters per
nanosecond. Because a signal may have
to go appreciably farther than 15 centi-
meters to get from one chip to another,
propagation delays can exceed a nano-
second. In slower digital devices a delay
of this magnitude is insignificant be-
cause the switching delays of the logic
gates are tens or hundreds of nanosec-
onds. In a computer built out of devices
that switch in a nanosecond, however,
propagation delays clearly have a major
influence on the overall speed of opera-
tions. It is for this reason that minimiz-
ing wire lengths and maximizing circuit
density are of critical importance in the
design of packaging.

When propagation delays are impor-
tant, the wire that carries a signal cannot
be considered a simple conductor but
instead must be treated as a transmis-
sion line. The signal is represented as a
wave propagating along the transmis-
sion line, and the voltage at any point
along the conductor depends on both
distance from the source and time since
the signal was emitted.

In a transmission line the electrical re-
sistance of the conductor is not the only
property that affects the propagation of
a signal. It is also important to know
the inductance, which determines the
amount of energy stored in the magnetic
field set up by a passing current, and the



capacitance, which determines the en-
ergy stored in the corresponding elec-
tric field. The inductance and the capac-
itance depend on the geometry of the
transmission line and on electrical and
magnetic properties of the materials it is
made from; together they define the im-
pedance of the line. For a low-resistance
transmission line the impedance is equal
to the square root of the ratio of the
inductance per unit length to the capaci-
tance per unit length. It is measured in
ohms, the same unit employed for resis-
tance, but its effects on a propagating
signal are more complicated than the ef-
fect of resistance on a steady current.

One characteristic of all waves is that
they can be reflected. Similarly, a digital
signal can be partially reflected from a
discontinuity in the transmission line or
from the end of the line. The reflection
coefficient, which gives the fraction of
the signal reflected, is determined by the
impedance and by the load resistance
that terminates the line. Suppose a given
transmission line has an impedance of
100 ohms. If the load resistance is also
100 ohms, the signal is totally absorbed
by the load and none of it is reflected
back into the line; this is the ideal situa-
tion. If the load resistance is 200 ohms,
however, a third of the signal is reflected
and adds to the initial signal on the line.
A load resistance of 50 ohms also yields
a reflection coefficient of one-third, but
the reflected signal is subtracted from
the initial one. It is clear that such re-
flections must be controlled to prevent
switching errors.

Reﬁections are only one of several
ways the electrical design of a pack-
age can modify a signal or inject “noise”
into a circuit. For example, two adjacent
conductors can be coupled through their
mutual inductance and capacitance, so
that a signal sent down one line may also
appear on the other. Such “crosstalk”
must be avoided if the behavior of the
system is to be predictable.

In a high-performance package the
basic method of controlling the charac-
teristics of the transmission lines is to
separate layers of signal wires with con-
ductive sheets called voltage-reference
planes. The reference planes can also
provide a path for return currents. Each
plane is at a uniform electric potential,
either zero volts (ground voltage) or one
of the supply voltages needed by the
chips and other components. (Hence the
planes can also be employed to distrib-
ute power.) A signal line encased in an
insulating medium and sandwiched be-
tween two such planes makes a trans-
mission line whose properties can be
calculated. The planes give the line a
uniform and well-defined impedance
and also inhibit crosstalk between lines
in adjacent layers.

The design of a transmission line be-
gins with the specification of its direct-
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SIGNAL DELAY in a digital computer limits the maximum speed of operation. The delay
has three components: the rise time of a voltage applied to a logic gate, the switching time of
the gate itself and the transmission time needed for the signal to reach the next gate. When
the signal must pass from one chip to another, the transmission delay, which is determined by the
packaging technology, is often the longest of the three. Here the rise time and the switching
time are each about a nanosecond, but transmitting the signal over a distance of roughly a
meter takes six nanoseconds. The signal propagates as an electromagnetic wave in a transmis-
sion line; the wave is represented by a graph of voltage as a function of time and distance.

current resistance. The resistance must
be small compared with the load resis-
tance or the input voltage will be se-
riously attenuated when it reaches the
output of the line. The resistance per
unit length is determined by the resistiv-
ity of the material and the cross-section-
al area of the conductor; once the mate-
rial is chosen only the latter property
can be altered by the designer. For print-
ed circuits and conductive traces fab-

ricated by similar techniques the cross
section is a flattened rectangle.

Given the dimensions of the conduc-
tor, the line impedance is determined
by two additional factors: the dielectric
constant of the insulating medium and
the distance between the voltage-refer-
ence planes. For a particular insulating
material the distance between reference
planes is adjusted to achieve the desired
impedance. The design value depends

PSS AL IS s
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VOLTAGE-REFERENCE PLANE

VBLTAGE-REFERB&CE PLANE

TRANSMISSION LINE consists of a conductor embedded in an insulator and sandwiched
between two conductive planes. The electrical characteristics of the line depend on the di-
mensions and the physical properties of the component parts. For example, the speed of a
wave propagating through the line is determined by the dielectric constant of the insulator.
The parallel conductive planes reduce coupling, or crosstalk, between lines in adjacent layers.
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“FOOTPRINT” OF A CHIP CARRIER, or the area it occupies on a card or board, depends
on the spacing and arrangement of the terminals. The dual in-line package, with two rows of
pins .1 inch apart, is efficient for a chip with 16 leads but not for one with 64. A square package
with leads at the perimeter saves no space if the distance between terminals remains .1 inch,
but it covers only one-fourth the area when the leads are on .05-inch centers. The most effi-
cient practical configuration for a chip carrier is a full grid of terminals. Indeed, a square carri-
er with 64 leads on a .05-inch grid takes up less space than a 16-pin dual in-line package does.
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on many factors, including the electrical
properties of the chips in the system, the
dimensions and other specifications of
the package and the amount of power
available to drive the transmission lines.
Typically the impedance is in the range
from 50 to 100 ohms.

A conductor between two reference
planes can only approximate an actual
transmission line. In practice a signal
line connecting two chips may follow a
tortuous route, threading from one layer
of wiring to another. At transitions be-
tween packaging levels—such as those
from the chip to the carrier or from the
card to the board—the electrical proper-
ties of the wiring depart significantly
from the ideal. As noted above, such
discontinuities can cause reflections.
They also introduce additional delays,
proportional to their capacitance and in-
ductance. The extra delays must be add-
ed to the basic propagation delay of the
circuit to determine the total delay in-
troduced by the packaging system.

single transmission line extending

between two isolated terminals
could be given precisely defined char-
acteristics. The actual task of the pack-
aging designer, however, is to create a
network of intermeshed pathways to
interconnect thousands of device ter-
minals. The topological complexity of
the network is formidable.

The number of signal terminals need-
ed to establish connections at any giv-
en level in the packaging hierarchy can
be estimated from an empirical relation
called Rent’s rule, developed in 1960 by
E. F. Rent of the International Business
Machines Corporation. The rule, which
can be applied to chips, multichip mod-
ules, cards or boards, gives the approxi-
mate number of terminals as a function
of the number of logic circuits, C. A
form of the rule based on data obtained
by analyzing large data-processing sys-
tems indicates that the average number
of terminals is equal to 2.5C61, Thus the
number of terminals needed to support
100 circuits is about 40 and the number
needed for 1,000 circuits is almost 170.

There are certain limitations to the
scope of Rent’s rule. First, it can be
applied only to the logic elements of
a processing system; arrays of memory
cells need far fewer terminals. Second,
each cluster of circuits must be a small,
“random” subset of the entire logic
complex. If a cluster constitutes a com-
plete functional unit of the comput-
er, then again fewer terminals suffice.
Third, it is assumed that information
passed between packages is not specially
encoded for serial transfer, a technique
that can reduce the number of termi-
nals, although only at the cost of slower
operation. The clusters of logic circuits
for the mainframe computers being con-
sidered here meet these conditions.

Consider the packaging of a function-



al unit with 10,000 logic circuits, built
up out of chips that have a maximum of
25 circuits each. The chips are housed in
carriers with 14 signal pins and mounted
on boards with 100 signal terminals. At
first it might seem that a 10,000-circuit
unit could be assembled out of 400 of
the 25-circuit chips. Rent’s rule shows,
however, that a package with 14 sig-
nal pins can support an average of only
17 circuits; hence the actual number of
chips needed is 10,000 divided by 17,
or 588. (Almost a third of the capacity
of the chips remains idle, suggesting
that a chip carrier with more than 14
signal pins would be more efficient.)

A second application of Rent’s rule
indicates that the 100 signal terminals
on each board provide enough commu-
nications capacity for 424 circuits. The
number of boards needed is therefore
10,000 divided by 424, or 24, and each
board can hold an average of about 25
chip carriers.

Rent’s rule estimates only the number
of packages needed at a given level in
the hierarchy; the actual size of a card
or board must be determined from the
details of the physical design. Much
depends on the lowest-level package,
which is generally the single-chip carri-
er. The factors that need to be consid-
ered in card design include the configu-
ration of the terminals on the carrier, the
maximum density of the signal paths,
the electrical performance required, the
power requirements of the chips and
the cooling capacity of the overall pack-
aging design.

Achip carrier in its simplest form is
a space transformer. It serves as a
bridge between the small and closely
spaced contact pads on the surface of
the chip and the larger wiring network
on the card or board. One of the com-
monest chip carriers is the dual in-line
package, a rectangular enclosure of
plastic or ceramic with a row of leads
along each of its two longer sides. The
leads are arranged on .l-inch centers
and are inserted into holes in the print-
ed-circuit board. The dual in-line pack-
age makes fairly efficient use of space on
the card for chips that have compara-
tively few terminals (say from 10 to 20),
but it becomes unwieldy as the number
of leads increases. For a 64-pin chip not
only is the package greatly lengthened
but also its width must be increased to
allow space inside the package for con-
nections between the leads and the chip
contact pads.

The industry standard is now shift-
ing from the dual in-line package to a
square chip carrier with leads, or con-
tacts, on all four sides. The leads are on
.05-inch centers and are soldered to cor-
responding pads on the surface of the
printed-circuit card. The design signifi-
cantly reduces space requirements. A
square chip carrier with 64 perimeter

MULTICHIP CARRIER can greatly reduce the average distance between chips and hence
the average transmission delay. Here a single chip is shown mounted face down on a multi-
layer ceramic substrate that can accommodate about 100 chips. Both power and signals pass
through conductors buried within the substrate. The double row of pads surrounding the chip
gives access to the signals, so that the assembly can be tested and connections can be altered.

leads on .05-inch centers occupies only a
fourth the area taken up by a 64-pin
dual in-line package.

The densest terminal configuration
for a chip carrier is a full array of pins
or contact pads. Sixty-four terminals in
an eight-by-eight array on .05-inch cen-
ters take up less than a fourth the space
needed for the same number of leads in
a square perimeter arrangement at the
same spacing. The advantage of the ar-
ray format becomes even greater as the
number of terminals increases. Making
connections to the denser array of pins
or contacts, however, requires a printed-
circuit board that is more complex and
hence more expensive.

As the number of terminals per chip
and the number of chips per unit area
increase, the major limiting factor be-
comes the capability of the board or
multichip module to provide intercon-
nections. The simplest printed-circuit
boards have only one layer of signal
lines, and so the wiring must be laid out
with carefulattentionto an obviouscon-
straint: no two conductors can be al-
lowed to cross. Multiple layers of wiring
can eliminate this problem, particularly
if all the conductors in a given layer are
oriented along one major axis, either x
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or y. On the other hand, with a multilay-
er board space is needed for vias, or ver-
tical pathways, that connect the layers.
A signal crossing the board diagonally
would be directed through a via to an x
plane, where a signal line would take it
along one edge of the board, through
another via to a y plane, with a signal
line perpendicular to the first one, and
finally through a third via to the surface
of the board at the destination.

The layout of a multilayer board is
governed by design rules that specify the
dimensions of the conductors and where
they can be placed. For example, the
vias are generally arranged in a grid; not
every intersection of the grid lines neces-
sarily has a via, but vias can be installed
only at the grid points. The signal lines
must run between the rows of vias. In-
serting multiple conductors between ad-
jacent vias can increase the overall wir-
ing density, but it also complicates the
design of the board since a conductor
may be blocked from a particular via by
another conductor.

The design rules establish the maxi-
mum wiring capacity of a packaging
technology. The maximum length of
wiring per unit area of board surface is
equal to the number of signal layers
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multiplied by the number of signal lines
between adjacent vias and divided by
the grid spacing of the vias. For ex-
ample, a board with two signal planes,
two wires between vias and vias on .1-
inch centers has a wiring capacity of 40
inches per square inch. Both the wir-
ing capacity and the efficiency with
which it can be put to use are strongly
influenced by the via size and the avail-
ability of vias for communication be-
tween signal planes.

technology that packs many chips

into a small volume is futile if the
heat generated by the chips cannot be
safely carried off. The property that
determines the cooling capacity of a
chip carrier or module is its thermal
resistance, which is closely analogous
to electrical resistance. According to
Ohm’s law, the resistance between two
points in an electrical circuit is equal
to the voltage difference between the
points divided by the current flowing be-
tween them. Similarly, the thermal resis-
tance of a package is the temperature
difference between the heat source (the
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chip) and the ultimate heat sink (the am-
bient air) divided by the heat flux pass-
ing through the package. When the sys-
tem is in a steady state, the heat flux
must be equal to the power being dissi-
pated by the chip. The thermal resis-
tance can be expressed in units of de-
grees Celsius per watt.

The thermal path from the chip to the
air can be considered in two parts. First,
heat is conveyed, usually by conduction,
from the semiconductor junctions—the
areas within the structure of a chip
where most of the heat is generated—
to the surface of the package. The ther-
mal resistance of this part of the path
is called the internal resistance and de-
pends mainly on the geometry of the
chip carrier and the thermal conductivi-
ty of the materials. Second, heat is re-
moved from the package itself, in most
cases by moving air; the mechanism of
heat transfer is either forced or natural
convection. The external thermal resis-
tance is a complicated function of many
factors, including the area and thermal
emissivity of the module and the ve-
locity and turbulence of the airstream.

The overall thermal resistance of a
typical plastic dual in-line package in
moving air is about 50 degrees C. per
watt. Thus a chip dissipating .5 watt
would undergo a 25-degree rise in tem-
perature. The internal resistance can be
reduced by replacing the plastic package
with a ceramic one, which has a higher
thermal conductivity, or by enlarging
the area over which the chip is bonded
to the carrier. Such measures can reduce
the thermal resistance by half and there-
by double the power capacity. The ex-
ternal resistance can also be reduced,
for example by adding a heat sink to in-
crease the effective area of the package
or by increasing the velocity of the air,
but it is very difficult to reduce the over-
all resistance by more than another fac-
tor of two.

For a package with a given thermal
resistance the maximum power dissipa-
tion depends on the temperature dif-
ference available for cooling. Although
some silicon devices can operate at a
junction temperature exceeding 150 de-
grees C. the maximum operating tem-
perature of digital circuits is usually
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MULTILAYER CERAMIC SUBSTRATE can accommodate 320
centimeters of wiring per square centimeter of surface area. Here a
small region of the substrate is shown in a schematic and greatly mag-
nified cross section. A typical signal path proceeds from a chip down
a “via” that passes between the layers of the structure. A conductor
on one of five redistribution layers carries the signal to another via
that returns to the surface at an engineering-change pad. The signal
then passes through a metallic link along the surface and into a third
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via, which takes it to a signal plane deep within the substrate. A con-
ductor oriented along the x axis leads to still another via and a y-orient-
ed conductor; a final via returns to the surface at another chip site to
complete the signal path. Some signal paths go to pins on the bottom
of the substrate, where connections are made to other multichip mod-
ules. Power is distributed by three planes at the bottom of the sub-
strate. The pattern of connections can be modified by cutting the
link at an engineering-change pad and bonding a new wire to the pad.



limited to between 75 and 85 degrees
to ensure reliability and uniformity of
electrical properties from chip to chip.
The inlet temperature of the cooling air-
stream can be as high as 30 degrees, and
the air heats up (by as much as 10 to 15
degrees) as it passes through the pack-
age. Hence the maximum available tem-
perature difference is less than 50 de-
grees. These calculations imply that the
power-handling capacity of a ceramic
dual in-line package is less than two
watts. In general the maximum heat flux
with air cooling is about two watts per
square centimeter at the chip level and
about .5 watt per square centimeter at
the module level. (The values can be in-
creased by using special heat sinks and
high-velocity chilled air.) These limits
represent important constraints on cir-
cuit power and circuit density and there-
fore on performance.

Some designers of high-speed comput-

ing systems have explored a number
of alternatives to packaging technolo-
gy based on the air-cooled chip carrier.
Here I shall describe one high-perform-
ance technology, which I believe has ex-
tended the state of the art. It was de-
veloped for a new series of mainframe
computers by scientists and engineers at
the IBM facilities in East Fishkill, Endi-
cott and Poughkeepsie, N.Y ., and in Sin-
delfingen, West Germany. Two funda-
mental design objectives were to reduce
the number of interconnections between
packaging levels and to reduce the total
wiring length. These goals offered three
potential benefits: higher speed, lower
cost and improved reliability. The pack-
age that resulted from these efforts has
two main components: a multilayer ce-
ramic substrate on which the chips are
mounted and through which all inter-
connections are made, and a module as-
sembly that provides a direct thermal
path from the back of the chips to a
water-cooled heat sink.

The ceramic substrate compresses a
wiring network of extraordinary com-
plexity into a square, tilelike object 90
millimeters on a side and roughly five
millimeters thick. On the top surface
are sites for between 100 and 133 high-
speed chips, with a total of more than
12,000 chip contact pads. On the bottom
surface of the substrate are 1,800 pins
that supply power to the chips and route
signals to and from the next level in the
packaging hierarchy. Both the chip ter-
minals and the module terminals are
organized as two-dimensional arrays to
minimize the space required. The sub-
strate itself has 33 layers of conductors,
which are interconnected by more than
350,000 vias.

Sixteen of the layers in the substrate
are x or y planes of signal wiring. The
design rules for these layers allow vias
to be placed on grid points with a spac-
ing of .5 millimeter. Just one signal line
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THERMAL-CONDUCTION MODULE houses the multilayer substrate and cools the 100
or more chips mounted on its surface. The substrate is clamped between a baseplate and a “hat”
equipped with spring-loaded metal pistons. Each piston presses against the back of a chip, con-
ducting heat to a cold plate bolted on top of the hat. The cold plate in turn gives up the heat to
chilled water that is pumped through channels in the plate. The module’s ability to dissipate
heat is enhanced by filling the internal volume with helium, which has a higher heat conductivi-
ty than air. The rated power-handling capacity of the thermal-conduction module is 300 watts.

is allowed between adjacent vias, elimi-
nating the possibility of conflict for ac-
cess to a via. Thus the 16 signal lay-
ers have a maximum wiring capacity of
320 centimeters per square centimeter
of substrate. A typical substrate has 130
meters of wires on these planes. A volt-
age-reference plane is inserted between
each pair of x and y layers to control the
impedance of the signal lines. The char-
acteristic impedance is 55 ohms.

The top five layers of the substrate
have the most vias. Here the vias are on
a .25-millimeter grid to match the area
array of 120 contact pads on each chip.
These layers are employed to redistri-
bute the signal lines (96 per chip site)
from the chip pads to a set of contact
pads that surround each site. From there
the signal lines return to the interior of
the substrate. The surface pads allow
the module to be tested with the chips in
place. Furthermore, if changes in wiring
are needed, a small link on the surface
can be severed to isolate any signal line
from the internal wiring of the substrate.
A new connection can then be made by
bonding a fine wire to the metal pad and
laying it in the channels between the
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chips. The ability to make such engi-
neering changes is particularly impor-
tant during the development of a new
product. There are also methods for re-
placing an individual chip because of
either a design change or the failure of
a component.

Power is distributed by three planes at
the bottom of the substrate; two of the
planes carry the voltages required by the
chips and the third is at ground poten-
tial. The planes themselves are supplied
in parallel by an array of pins distribut-
ed uniformly across the bottom surface;
500 of the 1,800 available pins are used
for this purpose. From the power planes
the current flows directly to the chip
power pads through parallel vertical
stacks of vias. The substrate is designed
to supply up to four watts to each chip
site, although not all the chips draw
the maximum current. The module as a
whole is limited to a total of 300 watts,
or an average of about three watts per
chip. The power-supply voltage loss due
to resistance in the package is less than
15 millivolts.

As might be expected, some compro-
mises had to be made in matching the
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design to the materials for such a com-
plex packaging technology. The princi-
pal component of the substrate is alu-
mina, or aluminum oxide, a ceramic
that was chosen because of its superior
mechanical properties and its ability
to withstand the various chemical and
thermal processes employed in manu-
facturing the substrate and module. The
principle drawback of alumina is its rel-
atively high dielectric constant of 9.4.
As a result the propagation speed of sig-
nals in the module is lower than it would
be in a fiberglass printed-circuit board;
since chips can be mounted directly on
the ceramic substrate, however, the av-
erage distance between chips is much
smaller than it would be with card-on-
board technology, and so the total prop-
agation delay is significantly less. An-
other compromise was made in choos-
ing the material of the conducting paths
inside the substrate. Because the ceram-
ic must be fired at 1,500 degrees C., the
conductors must be made out of a re-
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THERMAL RESISTANCE of the module
determines the maximum temperature rise
of a chip with a given power dissipation. The
resistance of the heat path from the chip
through the piston (and the helium atmos-
phere) to the hat is defined as internal; the
resistance from the cold plate to the flowing
water is external. The total resistance of the
package is some 11 degrees Celsius per watt
per chip site. Therefore a chip that dissipates
four watts undergoes a rise in temperature
of 44 degrees above the water temperature.
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fractory metal; other metals have higher
electrical conductivity, but their melt-
ing point is too low. (Copper, for exam-
ple, melts at 1,083 degrees C.) The met-
al chosen is molybdenum, whose bulk
resistivity is approximately three times
that of copper. This constraint is com-
pensated for by the high density of vias
in the design; large currents are supplied
directly to the chips by stacks of vias.

he fabrication of the multilayer ce-

ramic substrate begins with the cast-
ing of the individual layers. Ceramic
and glass powders are mixed with an
organic binder and solvent to form a
slurry, which has the consistency of
paint. The slurry is deposited on a mov-
ing plastic belt and passes under a blade
that sets the thickness of the layer. A
long drying oven drives off the solvent,
leaving a cohesive but still flexible mate-
rial that looks rather like thick paper.
Square blanks called green sheets are
then cut from the web. (“Green” is the
ceramist’s term for unfired material; the
sheets are actually white)) Alignment
holes are punched in the corners of each
sheet to aid in subsequent operations.

The next step is the punching of via
holes. It is done under computer control
by a high-speed multiple-punch-and-die
machine. In the top layer of a 100-chip
module, for example, every chip site has
an identical array of holes. One hundred
punches are therefore mounted in a grid
with a spacing equal to the spacing of
the chip sites. Each operation of the tool
punches a single hole at the same rela-
tive position in each chip site; the entire
sheet is then moved slightly and the next
set of 100 holes is punched.

The metal patterns are laid down on
the green sheets by a process similar
to stenciling or silk-screen printing. A
paste of molybdenum in a binder and
solvent is extruded through a metal
mask that has the pattern of the wiring
cut into it. (The pattern itself is generat-
ed automatically by data from the com-
puter-aided-design system.) The paste
is applied under pressure so that the
punched via holes are also filled. The
metallized sheets are then dried and in-
spected. The detection of flaws in indi-
vidual sheets before they are combined
with other sheets to form a complete
substrate is important to maintaining
the overall yield of the manufactur-
ing process.

The sheets that pass the inspection are
stacked in the appropriate sequence and
laminated under high pressure at 75
degrees C. Because vias only 120 mi-
crometers in diameter must be contin-
uous from one layer to the next, control
of dimensions and alignment is critical.
The green laminate is trimmed to size
and subjected to a long firing cycle in
which the peak temperature of more
than 1,500 degrees is reached in a hy-
drogen atmosphere. At lower tempera-
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tures the organic material decomposes
and becomes volatile, and at the.higher
temperatures the ceramic and the met-
al sinter into a monolithic structure.

The rate of heating must be careful-
ly controlled; if the temperature were
to rise too quickly, the organic binder
would volatilize faster than it could
diffuse to the surface, causing the sub-
strate to delaminate. During the sinter-
ing process the substrate shrinks by ap-
proximately 17 percent in each dimen-
sion, for a total volume reduction of
about 40 percent. Given the tight di-
mensional tolerances of the final assem-
bly, it is clear that the amount of shrink-
age must be known precisely when the
patterns are first inscribed on the green
sheets. After firing, the substrate has the
size, shape and characteristic hardness
of a ceramic tile; if it is struck, it rings.

The exposed metal areas on both sur-
faces of the completed substrate are
plated with nickel and then with gold.
An extensive electrical test is done by an
automated tester that again utilizes data
from the computer-aided-design system
to verify the correct pattern of intercon-
nections. The machine must confirm
that each pad is connected to other pads
as specified by the design; in addition the
machine must make certain there are no
extra, improper connections. When the
testing is completed, the 1,800 pins are
brazed to the bottom surface; a metal
flange is attached, also by brazing, in the
same operation.

The integrated circuits are attached to
the substrate by a method developed at
IBM for an earlier generation of com-
puters. First a tin-lead solder is evapo-
rated through a metal mask onto the
contact pads on the surface of the chip.
The chip is then heated in an inert atmo-
sphere to melt the solder, which, under
the influence of surface tension, forms a
spherical droplet on each terminal. The
solder is allowed to harden again, and
the chip is inverted over the substrate
with the contact pads aligned. When all
the chips are in place, the assembly is
once more heated to the melting point of
the solder; each solder pad assumes the
shape of a truncated sphere, connecting
the chip and the substrate terminals
electrically but still holding the chip
above the surface. The mounted chips
can be tested through the surrounding
engineering-change pads. Any surface
wires needed are then attached by ultra-
sonic bonding.

he multilayer ceramic substrate,

with its flange and pins, forms the
base of the thermal-conduction module,
which has two other major components,
called the hat assembly and the cold
plate. The hat is clamped to the sub-
strate flange; compressing a pliable ring
with a C-shaped cross section and there-
by sealing the internal volume. The cold
plate is bolted on top of the hat. Within



the hat is an array of spring-loaded alu-
minum pistons with the same pattern as
that of the chips on the substrate. Each
piston presses against the back of a chip,
conducting the heat upward to the cold
plate. The cold plate in turn is cooled by
water chilled to 24 degrees C. flowing
through internal channels at a rate of
40 cubic centimeters per second. The
thermal properties of the module are
enhanced further by filling the sealed
volume with helium, which at room
temperature has a much higher ther-
mal conductivity than air. The helium
reduces the internal thermal resistance
by more than half.

The assembled module has an inter-
nal thermal resistance (measuring from
the chip up to the cold plate) of nine
degrees per watt per chip site and an
external resistance of two degrees per
watt per chip site. The module is conser-
vatively specified for use at a maximum
of four watts per chip and a total of 300
watts. From the thermal resistance it
can be calculated that a chip dissipating
four watts should reach a temperature
of 68 degrees, which is well below the
maximum operating temperature of the
circuits. The heat flux is about 20 watts
per square centimeter at the chip level
and four watts per square centimeter at
the module level, an order of magnitude
greater than the heat flux in a typical air-
cooled package.

The thermal-conduction module rep-
resents only one level out of three levels
in anadvanced-technology central proc-
essing unit. The first level is that of the
chips themselves, which were developed
at the IBM laboratory in East Fishkill.
The logic chips all have the same under-
lying structure of 704 basic logic cells;
over this structure, however, there are
three levels of metallic conductors that
are customized to create various config-
urations of gates and other devices. The
metal layers also supply power to the
circuits and distribute signals between
the cells and the contact pads. The bi-
polar logic circuits on the chips have a
switching delay of 1.1 nanoseconds.

he third component of the system,
which represents another major ad-
vance in packaging technology, is the
large printed-circuit board that inter-
connects up to nine thermal-conduc-
tion modules. The board, developed at
IBM’s Endicott facility, has 20 layers,
including six impedance-controlled sig-
nal planes. A nine-module board mea-
sures 60 by 70 centimeters and provides
connections between the 16,200 pins
of the modules and more than 2,000
additional terminals for cables leading
to other subassemblies. The board also
supplies up to 600 amperes of current to
the modules.
The thermal-conduction module and
the associated technologies were intro-
duced in 1981 in the IBM 3081 high-

BED OF NAILS on the underside of the thermal-conduction module is made up of 1,800
connecting pins. Five hundred of them supply power to the module; the rest are available
for communication with other modules and with other components of the computing system.

performance data processor, developed
at the Poughkeepsie laboratory. In a
typical module in the 3081, 52 of the
chip sites are occupied by logic chips.
There are also 34 array chips, a form
of high-speed semiconductor memory
employed for data and instructions
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that must be immediately available to
the central processing unit, and five ter-
minator chips, which are arrays of re-
sistors used to match the impedance
of long, off-chip transmission lines. A
module with this complement of chips
holds more than 25,000 logic circuits,

WIRING LENGTH

2,500
¥
2,000 [N
SR AR
. .. e,
1,500(—
&) z.'\l o
4
fu—
w 2
s
1,000
CARRIER
5001~ | anD CARD | BOARD
| MODULE
7L /
,CHIP ! CHIP
0= 3033 3081
EQUIVALENT

EFFECT OF PACKAGING on performance and reliability is suggested by a comparison of
the packaging technologies employed in two mainframe computers made by the International
Business Machines Corporation. The IBM 3033 is built with individual chip carriers, cards
and boards; the 3081 employs the thermal-conduction module. Here the comparison is made
between a single thermal-conduction module and a set of 3033 components with the same
number of logic circuits. The number of connections between packaging levels in the thermal-
conduction module is smaller by a factor of 10; furthermore, most of the remaining connec-
tions are solder joints between the chip and the substrate, which are more reliable than mechan-
ical connections. The signal wiring length in the thermal-conduction module is one-eighth
that in the 3033 equivalent, leading to a commensurate reduction in signal-transmission time.
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65,000 array bits and almost 500 termi-
nating resistors.

It is instructive to compare the pack-
aging technology of the 3081 with that
of another high-performance IBM com-
puter, the 3033, which is built with a
more conventional packaging technolo-
gy. In the 3033 each chip has an average
of 12 logic circuits and is housed in an
individual chip carrier. The carriers in
turn are mounted with terminating resis-
tors and other components on printed
circuit cards, which connect along one
edge to larger circuit boards. If the func-
tions of the typical thermal-conduction
module described above were imple-
mented in the 3033 technology, 1,880
chip carriers would be needed for the
logic circuits, another 80 chip carriers

PRINTED-CIRCUIT BOARD mounted on a massive steel frame
represents the next level (after the thermal-conduction module) in
the packaging hierarchy of the 3081 computer. The board accepts
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for the memory arrays and additional
components for the line terminators. To
mount and interconnect all these com-
ponents would take 52 printed-circuit
cards, four larger boards and the ca-
bling required for connections between
the boards. Note that these components
would be needed to reproduce the func-
tions of a single module; a full-featured
3081 system has 26 modules.

Three effects of the packaging tech-
nology based on the thermal-conduc-
tion module are particularly notewor-
thy. First, the large reduction in packag-
ing hardware results in a significantly
lower cost. Second, the system has im-
provedreliability. The main sites of fail-
ure in electronic assemblies are the con-
nections between package levels. The
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thermal-conduction module has elimi-
nated one level of packaging. entirely
and hasreduced the number of logic sig-
nal connections between levels by a fac-
tor of almost 10. Furthermore, most of
the remaining connections are the chip-
to-module solder joints, which are in-
herently more reliable than mechanical
connections at higher packaging levels.

The third effect is improved perform-
ance. The total length of logic wiring in
the 3081 processor is roughly one-eighth
what it would be in equivalent 3033
technology. The result is a fourfold re-
duction in the total packaging delay of
the central processing unit, including the
modules, the boards and the cables; this
in turn allows a twofold decrease in
processor cycle time.

nine modules. Here eight modules have been installed and connect-
ed to the water-cooling system; the ninth position is left vacant, ex-
posing the connectors that receive the 1,800 pins on each module.
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The Development of Palm Leaves

The compound leaves of plants usually arise either from differential

growth or from selective cell death. Palm leaves, however, follow

a developmental pathway that combines both of these processes

ne of the central questions of

modern biology is: How does a

mature plant or animal devel-
op from the fertilized egg and then
from the embryo? Pioneer biologists
described the stages of development in
many organisms and tissues in great de-
tail, but the investigation of the underly-
ing processes that control development
had to await the rise of molecular biol-
ogy. Moreover, even describing the sub-
tle stages of development in many tis-
sues had to await the rise of methods
such as electron microscopy. Clearly
the underlying processes in the stages
of development of a tissue would be dif-
ficult to identify without identifying the
stages themselves.

A prime example of where a complex
developmental pattern has had to be
clarified before its control could be in-
vestigated is the leaf of one family of
flowering plants: the palms (Palmae).
All flowering plants have three main
structures: roots, stems and leaves. Of
these structures leaves are the most di-
verse. For example, a leaf, in addition
to its principal role as an organ of pho-
tosynthesis, may be modified into a pro-
tective seal over a new bud, into a
climbing organ, into the reproductive
organs of a flower or even into an in-
sect trap. An unmodified leaf is charac-
terized by a broad, flat green expanse,
the part of the leaf that has the great-
est concentration of chlorophyll, inter-
cepts sunlight and acts as an organ of
gas exchange. This, however, is only
one of a leaf’s three component parts.
It is known formally as the lamina
(from the Latin for “plate”) and less for-
mally as the blade.

What supports the blade is the second
component of the leaf: the petiole (an-
other borrowing from the Latin, this
time by the great Linnaeus, that means
“little foot”). The petiole serves largely
as a conduit, carrying the nutrient prod-
ucts of photosynthesis from the leaf
blade to the third leaf component. That
component is the leaf base, which joins
the other parts of the leaf to the plant
stem. As well as providing mechanical
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support for those parts and conveying
nutrients from the petiole to the stem
(and thus to the plant as a whole) the
base surrounds and protects the rest of
the leaf in its younger and more embry-
onic form, when a leaf-to-be exists only
as part of a terminal bud on a shoot.

Exactly how does a leaf develop from
the bud? Although I shall be discussing
the process primarily in terms of repre-
sentatives of the palms, it will be useful
to include representatives of a not very
distantly related family: the arums (Ara-
ceae). The palms and the arums grow
leaves from the embryonic state to ma-
turity by means of distinctly different
pathways that were not fully understood
until recently.

Plant development is quite unlike an-
imal development. With most animals
the formation of new organs is con-
fined to the earliest phases of embry-
onic growth. With plants the process is a
continuous one. New organs arise from
perpetually embryonic growth centers:
undifferentiated tissues consisting of
cells capable of transformation into a
variety of plant organs. The growth
centers, at the extremities of the plant,
are embryonic tissue at the apex of the
root and shoot. Such tissue is termed
the apical meristem.

In a typical shoot system the meristem
initiates new increments of stem
growth, together with leaves along the
stem, in a precise geometric pattern.
Since new stem increments and leaves
arise over a prolonged period, it might
seem that a plant shoot would be a set of
structurally identical units, like the seg-
ments of an earthworm. For example,
those who study leaf development have
taken for granted that if the leaves be-
low the terminal bud of a shoot were
arranged in order of increasing age, the
sequence would illustrate the stages a
leaf at a given position on the stem
would go through if its development
were followed over some length of time.

Actually such an assumption is val-
id only if the plant exhibits growth of
the “steady state” kind, where succes-
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sive leaf and stem units can be shown
to be identical. Numerous examples
are known, however, where leaf and
stem structures change markedly as the
shoot grows. To compile a record of
leaf growth under such circumstances
it is necessary first to specify a certain
leaf position along the shoot and then to
concentrate on the development of that
particular leaf.

When a leaf originates, in the form of
an outgrowth from the periphery of the
shoot apex, it typically takes the form of
a flattened pad that shows no signs of
differentiation. As its growth continues,
the first two parts to be defined, in out-
ward order, are the leaf base and the
blade. The petiole, if one develops at all,
arises later as an insert between the base
and the blade.

The leaves of flowering plants of
course have a large variety of shapes
and sizes. One of the commoner variants
in shape is the dissected, or compound,
leaf. The blades of these leaves are cut
into segments or leaflets, known to bot-
anists as pinnae (from the Latin for
“feathers”). In terms of comparative de-
velopment dissected leaves are of par-
ticular interest because they so clear-
ly illustrate how different paths of de-
velopment can lead to leaves that are
closely similar in appearance. The giant
fronds of palm trees are the largest and
most complex of all dissected leaves. At
the same time the genera of the tropi-
cal arums, a family famous for its di-
versity of leaf forms, provide a classi-
cal example of two sharply contrasting
modes of leaf dissection. Let us take up
the arums first.

The mature leaves of the arum species
Zamioculcas zamiifolia have a pinnately
compound blade: four to five pairs of
blade segments appear as appendages
on each side of an elongated stalk, or
rachis (a Latinized borrowing from the
Greek for “rib”). When the terminal bud
of a Z. zamiifolia shoot is dissected by
removing successively younger leaves,
a tiny dome-shaped structure, 100 mi-
crometers in diameter, is at last re-



vealed. This is the apical meristem of
the shoot; from it arise the youngest
primordia, or embryonic leaves, each
successively forming a small hood that
arches over the shoot apex. As each new
leaf primordium grows upward it com-
pletely enshrouds the apical dome and
the two free edges of its hood are
pressed closely together.

The growth of different tissues at dif-
ferent rates soon gives the leaf’s future
leaflets the appearance of bumplike pro-
tuberances along the leaf’s two free edg-
es. The older and slightly larger bumps
appear toward the tip of the leaf; the
younger and smaller ones arise progres-

\

COCONUT PALM, probably the most numerous of all the culti-
vated members of the palm family, displays an abundance of com-

sively nearer the leaf base. Once a com-
plement of four or five leaflet pairs has
appeared, enlargement continues and
the bumps soon assume the shape of
mature leaflets.

This mode of leaflet initiation from
the free margins of a leaf is the com-
monest mechanism of development
among higher plants with dissected
leaves, whether they are simple vascular
plants such as ferns, gymnosperms such
as cycads or the higher flowering plants.
Through progressive degrees of elabo-
ration it is possible for compound leaves
to be twice, three times or even many
times dissected. Indeed, in principle
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there is no limit to the degree of elabora-
tion that can be found in a dissected leaf.

The arum that shows a sharply differ-
ent mode of leaf dissection is popularly
known as the split-leaf philodendron,
one of the climbing genus Monstera.
These plants are noted for the distinc-
tive holes in the blades of their leaves
and are widely grown as ornamental
plants for that reason. The size and
shape of the holes vary in different parts
of the blade because different parts of
the blade have different rates of growth.
For example, the first holes to appear lie
close to the edge of the blade; at maturi-
ty they are large and elliptical in outline

pound leaves and clusters of commercially valuable nuts. The indi-
vidual frond leaflets take form in a complex process of development.
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because that part of the blade undergoes
the greatest amount of lateral expan-
sion. The holes that develop later are
found closer to the leaf midrib. They
tend to be smaller and to retain their
original rounder outline because the tis-
sue surrounding them does not undergo
as much lateral growth.

It has been known for more than a
century that the holes in philodendron
leaves originate as localized areas of
cell death. The scanning electron micro-
scope now makes it possible to observe
the process in considerable detail. The
earliest sign of the impending event is
the appearance of a slightly indented
circular area on the surface of the leaf
blade. The indentation reflects the di-
minished turgor (fluid content) of the
affected cells. When these cells finally
die, the part of the leaf composed of
them simply dries up and falls away,
leaving behind a perforation.

In many species of the genus Monstera
the marginal strip of blade tissue adja-
cent to the most peripheral hole will not
grow in width at a rate that matches the
growth of the rest of the blade. As a
result this thin bridge of marginal tis-
sue usually breaks, converting what had
been a perforated blade surface into a
marginally lobed one. Indeed, in some
species (for example M. subpinnata, M.
tenuis and M. dilacerata) the leaf blade
forms only a single set of broadly el-

DISSECTED LEAVES of two tropical arums look much the same
at maturity although they followed entirely different developmental
pathways. At the left is the leaf of Zamioculcas zamiifolia; its five
paired leaflets began as bumplike protuberances along the edge of
the embryonic leaf blade (see micrographs on opposite page). At the
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liptical perforations near the blade
edge. When these perforations lose their
bridges, the result is a pinnately lobed
leaf blade that bears a striking resem-
blance to the pinnate leaves of Zamio-
culcas zamiifolia. If one did not know
that the dissected Monstera leaf had
been formed by the process of cell death
and the dissected Zamioculcas leaf by
the process of lobing, the fact that each
was the result of a markedly different
developmental program would be im-
possible to guess.

Like the arums, the palms make up a
large family of tropical plants that is
worldwide in distribution. Not only are
their fronds, or leaves, large and com-
plex but also one species of the palm
genus Raffia grows the largest leaves in
the entire plant kingdom. Its leaflets can
be 60 feet long. The palms produce a
dissected leaf-blade surface in a way
that is distinctly different from either of
the arums’ modes of leaf production.
In some respects, however, the process
represents a combination of the one
arum’s lobing and the other’s cell death.
Because of the greater complexity of
the palm’s mode of leaf production and
many unresolved aspects of the process,
my colleagues and I at the University
of California at Berkeley have recently
reinvestigated palm-leaf development
in order to define the fundamentals of
the process.
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All palm leaves have three standard
components: an elongated blade and
petiole, and a leaf base that is character-
istically tubular and completely encir-
cles the stem. Among palms the leaf
base plays a particularly significant role.
Not only does it support the enormous
and heavy photosynthetic organs of the
blade and petiole; it is also a source of
support for the shoot in the younger
regions of the palm’s stem (or trunk),
where the internodes (or individual stem
units) are still elongating. That is why all
the bases of all palm leaves incorpo-
rate an elaborate network of fibrous tu-
bular bundles; these provide the leaf
base both with mechanical reinforce-
ment and with flexibility.

Palm—leaf blades typically show one
or the other of two major configura-
tions that reflect differences in the distri-
bution of growth during the course of
dissection. One of the two is character-
ized as pinnate because of its feathery
appearance. The other is characterized
as palmate because it is fanlike, rather
like a hand with its fingers spread. Pin-
nate fronds tend to have short petioles;
palmate fronds have long ones.

What makes the developmental mode
of palm leaves distinctive is that at first
their blade surfaces are thrown into a
series of pleats known as plications. A
process of tissue separation along cer-

=

right is the leaf of Monstera subpinnata, popularly known as the split-
leaf philodendron. Its 12 leaflets originally formed a single leaf blade
before the development of areas of localized cell death dissected the
blade into separate leaflets (see micrographs on page 102). Evidence
of the separate developmental pathways is not apparent at maturity.



tain of these pleats then cleaves the
pleated surface into a series of leaflets. It
is easy to see, in looking at a fully devel-
oped leaf of the palmate kind, that the
segmented nature of the leaf originates
from the pleating of the leaf blade. In-
deed, as with a Japanese fan, the leaf can
be closed by pressing the pleats together.
Since each leaflet is V-shaped in cross
section, it appears to have been cut out
of a pleated surface.

The development of a palm leaf of the
pinnate kind in general involves the
same process. It is, however, subtler and
more complicated, and it can best be
understood by tracing the development
of the leaf of the “feather” palm from
inception to maturity. The lateral leaf-
lets of the feather palm are dispersed
along the leaf’s rib axis; they are formed
while the rib axis is elongating.

The primordium of a young feather-
palm leaf arises as an outgrowth from
the shoot apex. It resembles a helmet
fitted over the apical dome. The part of
the primordium that projects above and
away from the shoot apex is the future
leaf blade. The future leaf base in turn
appears as a collarlike growth initiat-
ed around the periphery of the shoot
apex; the shape of this early base struc-
ture foreshadows the subsequent com-
plete encirclement of the stem by the
leaf base.

The young primordium soon looks
more like a hood than a helmet. Its more
readily observable outer surface corre-
sponds to the lower surface of the future
leaf blade; its narrower inner surface
will become the future blade’s upper
surface. The margins, or free edges, of
the primordium represent the bound-
ary between the two surfaces of the fu-
ture blade.

Where in the lobe-growing arum Za-
mioculcas the initiation- of leaflets in-
volves lobing along this leaf-blade edge,
the feather palm’s future leaflets first ap-
pear as a series of ripples or ridges with-
in the surface of the blade some distance
from the edge of the blade. The folds
are not only particularly evident on the
readily observable lower blade surface-
to-be but also have their counterparts on
the upper surface. A section made at a
right angle to one of the blade margins
cuts across these ridges and reveals that
the lower and upper ridges actually
make up a single set of pleats running
the entire length of the blade in a com-
pressed zigzag.

What makes these pleats unique in
leaf development is their spatial restric-
tion. For example, they never extend to
the blade margins, with the result that
the growing leaf carries a narrow un-
folded strip of tissue around the entire
periphery of the blade. Similarly, on the
back side of the leaf the pleats extend
only a short distance toward the axis of
the thickened leaf rib.

As the leaf continues to grow, new

EMBRYONIC LEAF of Z. zamiifolia is seen at an early stage in the photomicrograph at the left
and at a slightly later stage in the photomicrograph at the right. The specimens are 1.7 and
three millimeters long. Bumps on the free margins of the younger leaf are more recognizable
as emerging leaflets on the older one; they are starting to approximate their mature shape.

pleats appear. Most of them are added
toward the base of the leaf blade but a
few may appear toward the tip of the
blade as well. The total number of pleats
typically corresponds to the number of
leaflets found in the mature leaf, and so
the development of additional pleats is
terminated when that number has been
attained. At this stage the pleats remain
tightly pressed together, like the folds of
a camera bellows.

he next and most intricate steps in

the development of the feather-palm
leaf take place after the pleats have un-
dergone further growth in depth. The
steps are two: separation of the pleats
into individual leaflets and disposal of
the peripheral leaf-blade tissue that still
binds the leaflets together at their tips. In
the firststep the adjacent pleats separate
from each other. Although the cellu-
lar features of the process are not yet
known in detail, it is assumed that sepa-
ration is effected by a breakdown of the
intercellular cementing substance along
the line of the separation. It is certain
that selective cell death is not involved:
there is no evidence of cell damage
along the separation.
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Before proceeding to the second step
in leaflet formation some general fea-
tures of palm-leaf development in the
first step should be mentioned. One of
them is that in the majority of pin-
nate-leaved palm species the separation
process takes place along the ridges of
the outer, or lower, leaf-surface-to-be.
The process gives rise to individual
V-shaped leaflets. Observation of the
process by scanning electron microsco-
py shows that an indentation develops
along the top of the ridge. As tissue sep-
aration takes place the ridge indentation
is transformed into a distinct slit.

Returning to the second step, even
though the leaflets have been separated
from one another over most of their
length, their tips remain attached to the
strip of leaf-edge tissue. The condition
does not prevail for long, although even
after the breakup of the tissue begins,
strips of the nearly separated margin
may still remain attached to the tips
of individual leaflets. Because of their
resemblance to parts of a horse’s bri-
dle, these dangling strips are called the
“reins” of the leaf.

The mode of origin of palm-leaf
pleating has been a subject of contro-
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LEAF PERFORATIONS that will eventually dissect the blade of a Monstera leaf into indi-
vidual leaflets can be seen in this scanning electron micrograph, which magnifies a developing
leaf 35 times. In the younger part of the leaf, at the right, the perforation-to-be appears as
an indentation on the surface of the leaf blade. In the older part, at the left, some of the dy-
ing tissue has broken away from the surrounding edge of still healthily turgid leaf-blade cells.

s

LATER STAGE OF LEAF PERFORATION is shown in a scanning electron micrograph of
a Monstera leaf blade. The dead tissue has fallen away. As the leaf blade continues to grow, the
tissue at the bottom, between the lower edge of the perforation and the blade margin, will tear
apart, turning the two sides of the perforation into the lower edge of one leaflet and the upper
edge of the adjacent one. This Monstera specimen, 17 millimeters long, is magnified 35 times.
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versy in botanical circles for a centu-
ry and a half. Each of two separate de-
velopmental hypotheses, representing
radically different morphogenetic alter-
natives, has had until recently its own
rank of supporters. The simplest and
most direct of the two hypotheses pro-
poses that pleating results from an ini-
tial folding produced by differential
growth within the young leaf blade.

The second hypothesis proposes that
pleating begins with an initial process of
tissue separation, which is then followed -
by differential growth. According to this
hypothesis, alternating clefts develop
along both the upper and the lower sur-
faces of the blade because progressive
cell separation begins on the blade sur-
face and forms a furrow that extends to
the interior of the leaf. As the cells sepa-
rate from one another this interior pene-
tration deepens until the resulting zigzag
outline of the blade is difficult to distin-
guish from an outline produced by fold-
ing, particularly after the folds have be-
come compressed.

What makes the second hypothesis
so much more complex than the
first is that it calls for some remarkable
feats of cell differentiation. For exam-
ple, consider the layer of cells on the
surface of the leaf blade: the leaf epider-
mis. According to the hypothesis, the
development of furrows would divide
the leaf epidermis into isolated surface
patches. If, as is observed, the sides of
the furrows are also covered by a layer
of epidermal cells, then some of the cells
must have regenerated from cells deep
in the interior of the leaf. These interi-
or cells, however, would not normally
have been destined to become epider-
mal cells. Is such a regeneration possi-
ble? If it is, it would represent a mecha-
nism unique among higher plants.

The question was sufficiently intrigu-
ing to enlist Nancy and Ronald Dengler
of the University of Toronto as addi-
tional allies in my investigation. Al-
though what I shall hereafter refer to as
the “tissue splitting” hypothesis lacked
unequivocal evidence in its favor, there
remained several reasons such a mech-
anism might in fact be operating in
palms. The first was that some kind of
tissue separation was clearly involved in
the cleavage of palm-leaf pleats into in-
dividual leaflets. This being so, could
not the same process be responsible for
the origin of the pleats in the first place?
William of Occam would surely have
approved of a single developmental pro-
gram rather than two different ones.

A second datum in favor of tissue
splitting was an observation made as
young palm leaves were being examined
by scanning electron microscopy: the
initial pleat furrows looked very much
like narrow slits cut into the leaf surface.
This fact, together with the observation
that in some palm species the pleats ap-



pear to be block-shaped and are separat-
ed by narrow slits, further biased us in
favor of the tissue-splitting hypothesis.

A survey of the scientific literature
showed that one reason the two hypoth-
eses had remained unresolved for so
long was that earlier investigators, lack-
ing more powerful instrumentation, had
necessarily accepted as definitive data
the superficial appearances of pleating
shapes. They took these indications as
proof of how the process occurred rath-
er than relying on more fundamental
measurements that were independent of
surface appearances.

We set as our goal the study of the
cellular and anatomical bases of
pleating origins in the leaves of several
different palm .species, utilizing scan-
ning electron microscopy in addition to
light microscopy in order to pay partic-
ular attention to the three-dimensional
aspects of leaf-blade development. We
also studied thin.sections of plant.tissue
(1.3 micrometers thick), prepared.by the
same techniques applied in transmission
electron microscopy. (In transmission
electron microscopy, unlike scanning
electron microscopy, the electrons must
pass through the specimen.) The use of
these thin sections gave us light-micro-
scope images of superior resolution,
enabling us to eliminate many of .the
light-microscope. artifacts, or mislead=
ing false elements, that had plagued ear-
lier investigators.

Now, according to both .the tissue-
splitting and the differential-growth hy-
potheses on the origin of leaf pleats, the
furrows that separate the pleat ridges
must deepen as growth continues. In the
tissue-splitting model the furrows them-
selves would deepen. In the differential-
growth model the increase. in- depth
would be caused by growth of the ridges
upward from the base of the furrow.
Thus it should be possible to determine
unequivocally which of the two models
was operative by simply counting the
number of cells that remained in contact
in the lower and upper pleat ridges, ei-
ther below or above the respective fur-
row lines.

For example, we predicted that if tis-
sue splitting was the process in action,
then the number of cells remaining in
contact opposite the base of a furrow
should decrease over time because cells
were being pulled apart by the same
forces of tell separation that were deep-
ening the furrow. We also predicted that
if the increased depth of the furrow were
the result of ridge upgrowth, in accord
with the differential-growth model, then
the number of cells in contact along the
furrow line should either increase (if the
growth of the adjacent ridges involved
both cell division and cell enlargement)
or remain the same (if. the growth in-
volved cell enlargement alone).

Our. counts of cells proved that the
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MATURE PALM LEAVES generally show either a fanlike form (a), with a long petiole sep-
arating the leaf blade from the leaf base, or a featherlike form (c), with a short petiole and
leaflets on each side of a long central rib. Before either array of leaflets can unfold (b) it must
shed its “reins” (color): the thin strips of leaf-blade margin connecting the tips of the leaflets.
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PALM-LEAF PLEATING had been thought to be due to one of two mutually exclusive pat-
terns of development. The first pattern, shown in three stages at the left in this diagram, would
initiate (a) as “tissue splitting” (cell separation) on the upper and lower surfaces of the leaf
blade, a process that would divide the epidermal layer of the blade (gray) into unconnected
units (). As leaf-blade growth continued (c) the zones of mesophyll tissue connecting the up-
per and lower surfaces would expand substantially (color) and somehow regenerate as epider-
mal cells. The alternative pattern of development, at the right, visualizes pleating as the result
of “differential growth” (a;, b;), whereby the pleats would first arise from crowding during
growth and thereafter be extended by upward and downward processes of growth within the
leaf blade, maintaining an unbroken layer of epidermal tissue (color) throughout the process
(c1). The author and his colleagues, studying scanning electron micrographs and thin sections
of different palm leaves, concluded that the tissue-splitting hypothesis could not be support-
ed because no cell separation was visible, whereas cell growth and enlargement could be seen.
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deepening of the furrow lines was the
result not of cell separation® but of
ridge upgrowth. Although the process
was not identical for the lower and up-
per pleatridges, no decrease in cell num-
bers (indicative of splitting) was evi-
dent in either. In the upper ridges cell
numbers initially increase; in the low-
er ridges the numbers remain about the
same. Further observations gave addi-
tional support to the differential-growth
hypothesis. For example, we found that
the pleats had a continuous epidermal
layer over their folded surfaces at all
stages of development. By the same to-
ken there was no evidence at any stage
of a splitting and redifferentiation of the
epidermal layer.

Our studies included both palmate
and pinnate palm species and gave virtu-
ally identical results regardless of the
species’ blade morphology. Therefore
we suggest that our findings are proba-
bly valid for members of the palm fami-
ly in general. One other issue, however,
still remained unresolved. Why did the
primordial folds in the leaves of some
palm species assume a shape superficial-
ly suggestive of tissue splitting? Having
been misled ourselves, we were anxious
to find out, once the pleats were initiat-
ed, what forces might be influencing
their shape.

t had been suggested in the 19th cen-

tury that space limitations within
the terminal bud were responsible for
the initial pleating of palm-leaf primor-
dia. The proposal was almost certainly
inspired by the sight of tightly folded
young leaves in the crown of palms.
Could this proposed relation between
pleating and space restrictions, obvious
in the later stages of leaf development,
apply to the stage where the leaf pri-
mordia were virtually microscopic in
size and crowding seemed unlikely? Cir-
cumstantial evidence suggests not. For
example, if pleating were simply a re-
sponse to space limitations, one might
logically expect the entire leaf-blade
surface to be folded. Yet the margins of
the leaf blade are never folded. What is
more, when one analyzes the relation
between the space within the sheath of

-the next-older leaf and the shape and

distribution of pleats on the blade of the
next-younger leaf, one finds no correla-
tion between the space available for ex-
pansion and the orientation and extent
of the pleats.

This is not to say that space limita-
tions in the bud do not have an effect on
the shape of the pleats. For example, in
palms that have the bud leaves tightly
packed together the outer leaf surface
appears flat and the pleat furrows re-
semble slits cut into the leaf blade. In
palms that have less tightly compacted
bud leaves, however, the pleats bulge
quite conspicuously, giving the impres-
sion that they arise as a result of blade



folding rather than of tissue splitting.

An acid test of the possible role of
crowding in leaf-blade pleating would
be the growth of isolated leaf primor-
dia in a nutrient medium to allow ob-
servation of their development in an
uncrowded environment. Pilot experi-
ments have established the possibili-
ty of rearing such primordia in vitro
from an early stage, when they are less
than a millimeter in length. We have
not yet, however, undertaken a rigor-
ous analysis of their development to
see how it may compare with the situa-
tion in vivo.

Our studies of palm-leaf development
were inspired by the suggestion that the
leaf blade’s dissection into leaflets in-
volved a process unique in the plant
kingdom: tissue splitting. The investiga-
tion established, however, that whereas
a process of tissue separation is indeed
sometimes responsible for cleavage of
the leaf blade’s initial folds into distinct
segments, the development of a pleated
leaf blade involves a process no more
complicated than differential growth.

In essence, then, the morphogenetic
process responsible for palm-leaf dis-
section is really much the same process
responsible for the more typical devel-
opment of leaflets in the arum Zamiocul-
cas. The two processes differ only in the
site where the differential growth takes
place. In the arum this site is at the free
edge of the leaf blade, whereas in the
palm the growth takes place within the
surface of the blade at some distance
from the blade edge. Indeed, one can
argue that all the complexity character-
istic of palm-leaf development, from
pleating and tissue separation along se-
lected pleats down to the final abscis-
sion of the reins, is a consequence of
leaflet initiation within the blade rather
than at its edge. Viewed in this light
the many idiosyncrasies of palm-leaf
development seem far less aberrant.

In the long run, of course, the inter-
ests of botany will be poorly served by
any mere cataloguing of developmental
pathways in plants. Instead the bota-
nist’s ultimate goal must be the coupling
of such developmental information with
the rich data from the molecular levels
of biological organization. For example,
most molecular biologists assume that
the systems of control they have dili-
gently traced in plants are to be found in
all the higher plants. This may not be
true. Perhaps the different kinds of de-
velopment described here are indicative
of greater differences among molecu-
lar control systems than seem apparent
now. It may well be that future studies
of morphogenesis will play a significant
role in investigators’ thinking about the
mechanisms of plant growth and devel-
opment only if they effectively integrate
information available from the other
fields of biological research.

"

PLEATING FOLDS in the maturing leaf blade of a pinnate palm of the genus Chamaedorea
are seen in this scanning electron micrograph. The specimen, three millimeters long, is magni-
fied 45 times. The inner ridges at the right, like those partly visible just to the left, will become
the midribs of each of the leaflets-to-be. Some outer leaflet ridges, visible only to the left, show
developing central axial depressions. Tissue cleavage will continue along these depressions un-
til each of the leaflets is separated from the next (see the further advanced specimen below).

LEFT OUTER RIDGES of the same pinnate leaf blade are seen in a scanning electron micro-
graph at the same magnification. The tissue splitting of the outer ridges has progressed and the
relation between the leaflet halves-to-be and their respective midribs is more readily evident.
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Particles with Naked Beauty

The fifth quark, embodying the “flavor’ known as beauty, has now

been seen in combination with.an antiquark not of its own favor.

The beauty of the new composite particles is accordingly exposed

by Nariman B. Mistry, Ronald A. Poling and Edward H. Thorndike

he ultimate building blocks of

matter are currently thought to

be the small set of indivisible par-
ticles called leptons and quarks. The
world we normally experience is com-
posed almost entirely of one. kind of
lepton, the electron, .and two Kkinds
of quark, arbitrarily. 1abeled “up” and
“down” (or simply u and“#d). The frac-
tionally charged quarks, which are dis-
tinguished from one another by the
quantum properties known as flavors,
are bound together in different combi-
nations to constitute the particles of the
atomic nucleus: the proton (which has
the composite structure represented by
the letters uud) and the neutron (udd).

A complete description of all the
known subatomic particles, including
those observed only fleetingly in high-
energy particle accelerators, requires
more of these fundamental constituents.
Six kinds of lepton are recognized, fall-
ing naturally into three doublets, or
pairs. Until recently four kinds of quark
were also well established, forming two
similar doublets. In addition to the z and
d quarks of ordinary matter a second
pair of quarks is needed to embody the
special flavors termed strangeness (s)
and charm (c¢). This article summarizes
the experimental evidence for a fifth
kind of quark: the bottom, or b, quark,
which embodies the flavor referred to
as beauty.

The first indication of the existence of
quarks endowed with beauty came six
years ago as the result of experiments in
which a beam of high-energy protons
was directed against a stationary target.
Among the products of: the bombard-
ment were a number of massive two-
quark particles that appeared to consist
of a new quark, the b quark, bound to
its own antiparticle, the b quark. In
such a particle the opposite flavors can-
cel and the particle is said to be flavor-
less; in other words, the observed parti-
cles were judged to have hidden, or
concealed, beauty.

For the past few years our group at
Cornell University has taken another

106

approach to the search for particles with
beauty. In our experiments oppositely
directed beams of high-energy electrons
and positrons are brought into collision;
the colliding particles of matter and
antimatter annihilate each other in a
flash of electromagnetic radiation from
which new particles can materialize.
With this method we have succeeded in
creating particles in which the b quark is
apparently bound to an antiquark of a
different flavor. In these particles the
beauty is no longer hidden; indeed, it is
said to be naked. The observation of
particles with naked beauty is expected
to yield new information on the rela-
tions among the fundamental particles.
It is also expected to focus renewed at-
tention on the search for yet another
quark to complete the third quark dou-
blet. The predicted but so far unob-
served sixth quark is labeled the top, or ¢,
quark, and its flavor is referred to as
truth. Before telling the story of the dis-
covery of the beauty quark we shall re-
view in somewhat greater detail the evo-
lution of the lepton/quark description
of matter.

The three lepton doublets consist of
the electron (e—) and its uncharged
partner, the electron neutrino (v,), the
muon (u ) and its neutrino (v,) and the
tau (7-) and its neutrino (v,). For each
lepton there is an antilepton, and so the
full membership of the class also in-
cludes the positron (e+) and its antineu-
trino (v,), the positive muon (u*) and its
antineutrino (v,) and the positive tau
(7+) and its antineutrino (v,). The lep-
tons are very small, no more than 10-15
centimeter in diameter, and are proba-
bly pointlike. Although the charged lep-
tons behave alike, their masses are quite
different. The muon is 206 times as mas-
sive as the electron, and the tauis almost
3,500 times as massive as the electron.
The neutrinos are very light and may
actually be massless.

Each of the three quark doublets (u
and d, s and ¢, b and ¢) is made up of
one quark with charge 2/3 and another
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with charge —1/3. Like the leptons, the
quarks seem very small and are usually
thought of as point objects. Similarly,
for each quark there is an antiquark,
with opposite charge and opposite fla-
vor. For example, since the b quark has
charge —1/3 and —1 unit of beauty, its
antiquark, the b, has charge +2/3 and
+1 unit of beauty.

With 24 building blocks (leptons, an-
tileptons, quarks and antiquarks) it is
quite remarkable that under most cir-
cumstances matter can be accounted for
with only one lepton doublet (e, v,) and
one quark doublet (u, d). In addition to
the three fundamental particles already
mentioned as the main constituents of
ordinary matter the fourth member of
these first two doublets, the electron
neutrino, is emitted by matter as a by-
product of natural radioactivity.

Quarks are bound in other combi-
nations to make up many particles be-
sides protons and neutrons. Two possi-
ble combinations exist: groups of three
quarks, called baryons, and quark-anti-
quark pairs, called mesons. Together
the two classes of particles built from
quarks are called hadrons. Hadrons, al-
though they are small, are not pointlike.
Their diameter of about 10-13 centime-
ter reflects their composite structure.
Because of the strength of the force that
binds quarks together, quarks are not
detected in isolation. Physicists learn
about quarks by studying hadrons.
More than 100 different hadrons are
known; most of them, however, are seen
only in high-energy collisions produced
by particle accelerators.

Of the four forces of nature three—the
strong force, the electromagnetic force
and the weak force—play important
roles in the interactions of leptons and
quarks. The fourth force, gravity, which
is important in the macroscopic world,
is negligible on the scale of quarks and
leptons. In the modern view of the
forces two particles interact by exchang-
ing entities called gauge bosons. The ex-
changed objects behave somewhat like
particles, but they do not have well-de-



BEAUTY-FLAVORED MESONS (that is, particles made of two
quarks, only one of which is endowed with the property called beau-
ty) are responsible for the pattern of particle tracks represented in
white in this computer-generated display. The origin of the tracks
was a head-on collision between an electron and a positron. The col-
liding particles of matter and antimatter had been accelerated in op-
posite directions within the circular vacuum chamber of the Cornell
Electron Storage Ring (CESR). The collision took place inside the
CLEO detector, one of two large particle-identification systems set
up at the interaction points where the counterrotating beams cross.
(A plan view of the accelerator and a three-dimensional view of the
CLEO detector appear on page 111.) The mutual annihilation of the
electron and the positron resulted in a flash of electromagnetic radia-
tion, from which there promptly materialized a massive unstable mes-
on called the upsilon (Y''’), consisting of a beauty quark () loosely
bound to its own antiquark (). In the subsequent decay of the Y'"

two beauty-flavored mesons, designated B and B, were formed, and
they in turn decayed into an assortment of other particles. The pas-
sage of the electrically charged decay products through various parts
of the detector was recorded as a pattern of “hits” (white crosses). By
fitting tracks to the hits an automatic pattern-recognizing computer
program determined the direction and momentum of each particle
and in some cases identified the type of particle. For example, the
track at the six-o’clock position was attributed to an extremely pene-
trating muon because of the string of hits registered in a special set of
detection chambers arrayed around the outside of the detector. The
track at 12 o’clock was identified as a probable electron on the ba-
sis of information recorded about the rate at which it deposited ener--
gy in an inner set of chambers, together with the telltale “shower” pat-
tern it left in the electromagnetic-shower chamber at the top of the
detector. A complete analysis of such collision events relies on data
from all the detector’s components, including some not shown here.
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fined masses and they exist very briefly.

The strong force acts only among
quarks; it is transmitted by the gauge
bosons called gluons, which are so
named because they are the “glue” that
binds quarks together into hadrons. The
electromagnetic force acts between any
pair of charged particles; it is transmit-
ted by the photon, which is the massless
quantum of electromagnetic radiation.
The weak force affects both quarks and
leptons; it is transmitted by the gauge
bosonsdesignated W+, W- and Z9 (also
known as intermediate vector bosons).
Since the strong force is the strongest of
the three forces, it plays the dominant
role in quark and hadron processes,
unless it is inhibited for some reason.
In contrast, the weakness of the weak
force, in the range of energies currently
being examined, ensures that it is sig-
nificant only when the strong and elec-
tromagnetic forces are suppressed. As
the available energy increases, the weak
force becomes stronger, until it eventu-
ally becomes comparable in strength to
the other forces.

he gauge bosons associated with the

respective forces act as the agents
in all processes in which those forces
are involved. The strong bonding of a d
and a # quark to form a negative pion,
or 7~ meson, for example, is attributa-
ble to the exchange of gluons between
the two quarks. Similarly, the electro-
magnetic force between two electrons is
mediated by the exchange of photons.
Another kind of electromagnetic inter-

action is observed when an electron and
a positron collide and annihilate each
other to form a photon, which prompt-
ly materializes into a positive muon
and a negative muon. The weak interac-
tion is responsible for processes such as
the decay of a tau lepton, in which the
tau is transformed into a tau neutrino
by emitting a W~ boson. The W~ in
turn decays into a negative muon and a
muon antineutrino.

The heavier quarks and leptons are
unstable and decay into lighter quarks
and leptons. The quark decays entail a
change in flavor. Gluons and photons
are insensitive to flavor and cannot
cause such changes; hence the quark and
lepton decays are classified as weak in-
teractions. In the decay of the s quark,
for example, the s quark becomes a u
quark when it emits a W-. The W~ in
turn can materialize into several possi-
ble pairs of particles, such as an electron
and an electron antineutrino. One might
also expect to observe the decay of an s
quark into a d quark with the s quark
emitting a Z9 (the neutral counterpart
of the W+ and W-), which could then
decay into an electron and a positron.
Careful searches have shown that such
processes involving the Z0 do not occur.

The need to incorporate this experi-
mental fact into the theory led to the
hypothesis that the s quark is the charge
—1/3 member of a doublet with a
charge 2/3 quark of a new flavor, la-
beled charm. With two quark doublets
the interplay of the quarks is such that
the probability of the decay of an s

CHARGE LEPTON DOUBLETS ANTILEPTON DOUBLETS CHARGE
0 ELECTRON NEUTRINO | v, | #, | ELECTRON ANTINEUTRINO 0
-1 ELECTRON | e-| e*| POSITRON +1
0 MUON NEUTRINO | v, | 5, | MUON ANTINEUTRINO 0
-1 NEGATIVE MUON | p~| p*| POSITIVE MUON +1
0 TAU NEUTRINO | v, | ©, | TAU ANTINEUTRINO 0
-1 NEGATIVE TAU | = | =+ | POSITIVE TAU +1
CHARGE QUARK DOUBLETS ANTIQUARK DOUBLETS CHARGE
+2 UP | u | @ | ANTIUP -2
- DOWN | d | d | ANTIDOWN +s
+24 CHARMED | ¢ | ¢ ' ANTICHARMED -2
) STRANGE | s | § I ANTISTRANGE +¥
+2 TOP (TRUTH) | t | T | ANTITOP (ANTITRUTH) -2
] BOTTOM (BEAUTY) | b b | ANTIBOTTOM (ANTIBEAUTY) +3

LEPTONS AND QUARKS, the two classes of indivisible, pointlike particles currently as-
sumed to be the ultimate building blocks of matter, fall naturally into pairs called doublets.
The leptons, which have integer charges (—1, +1 or 0), are observed routinely in the laboratory.
The fractionally charged quarks are not observed in isolation; they apparently exist only as the
constituents of the composite particles known as hadrons. For each lepton or quark there is a
corresponding antilepton or antiquark with the same mass but with opposite charge and flavor.
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quark into a nonstrange quark by the
emission of a Z% vanishes. The existence
of the ¢ quark was predicted on this basis
almost 20 years ago, 10 years before the
dramatic discovery of psi () particles,
which are mesons composed of a ¢
quark and a ¢ antiquark [see “Electron-
Positron Annihilation and the New Par-
ticles,” by Sidney D. Drell; SCIENTIFIC
AMERICAN, June, 1975]. This mecha-
nism for suppressing certain strange-
ness-changing processes can be general-
ized to other flavors. In particular, if the
b quark shares a doublet with a 7 quark,
beauty-changing processes involving a
Z0 are forbidden. If there is no 7 quark,
however, such processes must happen.

Ater the charmed quark was discov-
ered in 1974 the lepton/quark de-
scription of matter seemed to be on a
sound footing. The two lepton doublets
and the two quark doublets recognized
by that time accounted nicely for all the
known particles. There was no compel-
ling reason to expect any other leptons
or quarks. The discovery of the tau lep-
ton in 1975, however, suggested that
there might be more quarks too [see
“Heavy Leptons,” by Martin L. Perl and
William T. Kirk; SCIENTIFIC AMERICAN,
March, 1978]. Evidence for a fifth quark
was not long in coming. Indeed, there
are many parallels between the discov-
ery of the ¢ quark and that of the b.

The first piece of evidence resulted
from a 1977 experiment by a group of
physicists at the Fermi National Accel-
erator Laboratory. The experimenters,
led by Leon M. Lederman, then of Co-
lumbia University, bombarded a copper
target with a beam of protons at an ener-
gy of 400 billion electron volts (GeV)
and searched for muons produced in the
collisions. When they observed a pair of
oppositely charged muons, they consid-
ered the possibility that a new particle
had been created and had subsequently
decayed into the .~ ~ pair. By measur-
ing the momentum and the direction of
each of the muons the experimenters
were able to determine the mass of the
new particle. The mass distribution that
was obtained showed a broad peak at 10
GeV, indicating the presence of the new
particle, which was named the upsilon
(Y). Lederman and his colleagues inter-
preted the shape of their peak as show-
ing that they were in fact seeing two
or more narrow peaks (probably three),
smeared together by the limited exper-
imental resolution [see “The Upsilon
Particle,” by Leon M. Lederman; SCIEN-
TIFIC AMERICAN, October, 1978].

The decay of the new particle into a
Ktu - pair is an electromagnetic proc-
ess. If the upsilon were to decay by the
strong force acting at full strength, the
electromagnetic decays would be insig-
nificant in comparison and the pu+u — de-
cay would not have been detected. Its
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THREE FORCES important in the interaction of subatomic parti-
cles operate by the exchange of intermediary particles called gauge
bosons. In these schematic diagrams showing how such forces work
time goes from left to right. The gluon, the gauge boson of the strong
force, is responsible for binding the quarks together into hadrons; in
this case the d quark and the # quark that constitute a negative pion,
or 7 meson, are tightly bound by the periodic exchange of a gluon
(diagram at upper left). The photon, the massless quantum of electro-
magnetic radiation, serves as the carrier of the electromagnetic force;
for example, when two electrons approach each other, they interact
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electromagnetically by exchanging a photon (diagram at lower left).
In another kind of electromagnetic interaction an electron and a posi-
tron collide and annihilate each other to form a photon, which can
then materialize into new particles, such as a muon-antimuon pair
(diagram at upper right). Leptons and quarks decay through the weak
interaction. Thus when a negative tau lepton decays, it is transformed
into a tau neutrino by the emission of the intermediate vector boson
labeled W—; the W , one of three such carriers of the weak force, de-
cays into one of several possible combinations of particles, such as
a negative muon and a muon antineutrino (diagram at lower right).

observation suggested that the strong
decay of the upsilon is somewhat inhib-
ited. It was recognized that if the upsilon
were a meson composed of a new quark
and its antiquark (bb), such a suppres-
sion could be readily explained. With
enough energy the » and b quarks in
the meson could separate, creating a
new quark-antiquark pair and yielding
“beauty-flavored” mesons, for example
bii and bu.

The latter decay is a strong-interac-
tion process that would not be sup-
pressed if it were energetically allowed.
The observed suppression suggests that
there is too little energy available for
this process; in other words, the mass
of the upsilon is less than the sum of
the masses of two beauty-flavored mes-
ons. The only alternative strong-decay
mechanism is for the b and b quarks to
annihilate each other and produce had-
rons. This type of annihilation, although
it is mediated by the strong interaction,
is known to be suppressed. Indeed, it is
because of the suppression that the elec-
tromagnetic decay is important. In the
electromagnetic process the b and b
quarks annihilate each other to form a
photon, which then materializes into a

ptu pair.

he suppression of the strong decay is
expected to result in a lifetime for
the upsilon that is considerably longer

thanthe 10-23-second lifetime of a typi-
cal strongly decaying hadron. Time in-
tervals on this order are still too brief to
be measured directly, but they can be
determined from a relation between the
lifetime of a particle and the precision to
which its mass can be measured. If a
particle lives forever, its mass can be
determined with perfect accuracy. If its
lifetime is very brief, measurements of
its mass will give a distribution with a
width related to the value of the life-
time; for a normal strongly decaying
hadron the width of the mass distribu-
tion would be equivalent to an energy
range of about .15 GeV. Lederman’s ex-
periment did not have sufficient resolu-
tion to measure the width of the upsi-
lon’s mass-distribution peaks; this deter-
mination awaited the arrival of a dif-
ferent technique.

The collision technique by which the
upsilon family was discovered was not
well suited to the detailed study of these
particles. Upsilons are rarely created
in proton-nucleus collisions, and when
they are, they are usually accompanied
by many other particles, making it diffi-
cult to follow the process. A far better
technique for studying the upsilon fami-
ly, and the b quark in general, is one in
which beams of electrons and positrons
are made to collide with each other.
Sometimes an electron and a positron
will annihilate each other to form a pho-
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ton, which can materialize into a quark-
antiquark pair, such as bb. When the en-
ergy of the electron and that of the posi-
tron add up to the mass of an upsilon
particle, there is an enhanced probabili-
ty of the formation of a bb pair, which
can bind to form an upsilon. Since upsi-
lons decay primarily into hadrons, the
experimental technique is to vary the en-
ergy of the colliding electron-positron
beams and to measure the rate of forma-
tion of hadrons. This technique was pre-
viously exploited at the electron-posi-
tron storage ring SPEAR, a facility of
the Stanford Linear Accelerator Center
(SLAC), in the discovery of the psi meson.

An experiment to search for the upsi-
lons was carried out in 1978 with the
electron-positron storage ring DORIS at
the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg. Plots of the rate of
hadron formation as a function of ener-
gy showed two sharp spikes at about 10
GeV, confirming the earlier indications
that there were two or more distinct up-
silon states. The DORIS machine had
been strained to its limit in order to
reach the energy of the second upsilon
state, however, and it could go no high-
er. For this reason the third possible up-
silon state was out of reach and, of
greater importance, so were all bb sys-
tems in whichthe b and b were not tight-
ly bound.

It was now crucial to see whether
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there is indeed a third bound state of bb
and, at a slightly higher energy, another
“resonance” where the b and b are only
loosely bound and are produced with
enough energy to separate and appear as
beauty-flavored particles. Theorists had
already predicted the energy levels of
the bound bb system based on evidence
obtained from the study of the cc¢ sys-
tem of the psi mesons. It was now up
to the experimentalists to confirm or re-
fute that picture and to study the behav-

ior of the b quark through its decays and
interactions.

At the time there was a growing sense
of excitement among the physicists
working on the preparation of the Cor-
nell Electron Storage Ring (CESR). This
machine, built under the direction of
Boyce D. McDaniel and Maury Tigner,
was designed in 1975 before the exis-
tence of the upsilon was known. It was a
stroke of good fortune that the upsilon
system lay right in the middle of the en-
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BEAUTY QUARKS ARE CREATED in electron-positron collisions when the photon result-
ing from the annihilation of the two colliding particles materializes into a bb pair. If there is
enough energy, an additional quark-antiquark pair can be created and the b and b quarks can
appear in combination with the other quarks as beauty-flavored mesons (top diagram). At cer-
tain lower energies, where it is impossible to produce the two mesons, the bb pair is created as a
bound system: the upsilon meson. Since the quarks cannot separate, they annihilate each other
in one of two ways. The first type of annihilation is by the strong interaction with the emission
of gluons; the gluons in turn give rise, by a poorly understood process, to hadrons, which are ob-
served in the aftermath of the decay (middle diagram). This type of decay, although it is a
strong-interaction process, is inhibited, with the result that electromagnetic decays of the upsi-
lon become significant in comparison. In the latter type of decay the b) pair annihilates into
a photon, which can then form, among other things, a muon-antimuon pair (bottom diagram).
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ergy range planned for the CEsR. Since
the CESR was first turned on in April,
1979, it has been the site of most of the
detailed work done on the b quark.

A the CEsR a “bunch” of more than
1011 electrons and another bunch of
roughly the same number of positrons
travel in opposite directions in a ring
with a circumference of 768 meters. The
bunches circulate within a toroidal vac-
uum chamber maintained at a pressure
of 10-8 torr (101! times less than at-
mospheric pressure). Bending magnets
and focusing magnets confine the par-
ticles to a circular path within the vac-
uum chamber and maintain the size and
shape of the bunches. A constant supply
of power to the beams compensates for
the energy that is radiated away. Be-
cause of the comparatively low density
of the electrons and the positrons in the
bunches, there are very few head-on col-
lisions at each crossing of the bunches.
The high rate of crossings (400,000 per
second) ensures, however, that there is
an adequate rate of electron-positron
annihilations. In the argot of particle
physicists these collisions are “events.”
Hadronic events, those in which the col-
lision products include hadrons, are ob-
served a few times per minute.

The detailed study of the production
and decay of b quarks requires the ob-
servation and study of hundreds of thou-
sands of hadronic events. The rate at
which these events happen is low, and
so it is up to the experimenters to make
sur¢ their detectors are capable of re-
cording every interesting collision. Fur-
thermore, the detector must not miss
many particles created in the events, be-
cause such particles may be crucial to
understanding what happened in the
production and decay of new particles.

A great deal of effort has been invest-
ed in the design and construction of
systems for detecting and studying the
products of such interactions. The chal-
lenges are formidable. Events may pro-
duce many particles, both charged and
neutral, that can project in all directions.
Furthermore, the rarity of interesting
events makes high efficiency essential.
The detectors must measure and record
particles that pass through the detec-
tion zone in a few billionths of a second.
At the CEsSR the electron and positron
beams cross at two diametrically op-
posite intersection regions. The detec-
tors surrounding the respective crossing
points reflect two different approaches
to the design of detection systems for
such colliding-beam experiments.

The cLEO detector, which occupies
the south interaction region at the CESR,
is a general-purpose detector built and
operated by a group of 75 physicists (in-
cluding the three of us) from seven insti-
tutions: Cornell University, Harvard
University, Ohio State University, the
University of Rochester, Rutgers Uni-



versity, Syracuse University and Van-
derbilt University. It was designed to
provide as much information as possi-
ble about each event. That includes de-
tecting charged particles and measuring
their momentum, measuring the energy
and direction of photons and identifying
specific kinds of particles, such as pi-
ons, kaons (s-flavored mesons), protons,
electrons and muons. Because particles
can emerge in any direction, it was nec-

essary to surround the interaction point -

as completely as possible with detector
components. As a result CLEO is a very
large device, occupying a space six me-
ters long, eight meters wide and nine
meters high, and weighing almost 1.5
million kilograms (1,500 metric tons).
Careful computer analysis of the thou-
sands of measurements done by individ-
ual components makes it possible to de-
velop a clear understanding of what
happens in specific annihilation events.

A the heart of CLEO is a superconduct-
ing solenoid magnet one meter in
radius and three meters long. Inside the
magnet is a cylindrical detector, called a
drift chamber, that tracks charged parti-
cles as they emerge from the collision.
As many as 17 separate measurements
of the position of a charged particle are
recorded, enabling the experimeters to
trace the particle’s trajectory. By mea-
suring the curvature of the path in the
magnetic field the momentum of the
particle can be determined. The process
of track detection and reconstruction is
a crucial element for almost all work
with CLEoO.

Outside the coil of the solenoid mag-
net are components that serve to iden-
tify different kinds of charged parti-
cles. There is a set of plastic scintilla-
tion: counters; which emit a brief flash
of light when a charged particle passes
through them. A precise measurement

SITE OF THE DISCOVERY of beauty-fla-
vored mesons is depicted at two scales in this
pair of drawings. The plan view at the top
shows the overall layout of the CESR facility.
Electrons and positrons are accelerated first
in a linear accelerator and then in a synchro-
tron ring before being injected into the stor-
age ring. The particles are confined to sepa-
rate “bunches,” which circulate in opposite
directions and cross at two diametrically op-
posed interaction points, where detectors have
been installed to study the products of the
electron-positron annihilaticns. The three-
dimensional view at the bottom shows the
detailed structure of the CLEO detector. A
superconducting solenoid magnet sets up a
strong magnetic field in the central cylindri-
cal chamber, where the momentum of each
charged particle is determined from the cur-
vature of its trajectory. Other sensing devic-
es are mounted in eight identical modules sur-
rounding -the central magnetic field region
and in several outlying pieces of equipment.
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of the time of the flash, combined with
accurate knowledge of the time at which
the beams cross, makes it possible to cal-
culate the time needed for a particle to
travel from the collision to the counter.
From this interval the speed of the par-
ticle can be determined. The measure-
ment of the speed combined with the
momentum measured with the central
drift chamber leads to the determination
of the particle’s mass. On this basis it is
possible to differentiate pions, kaons
and protons.

In the original configuration of the
cLEO detector the speed of a particle was
also measured by a set of Cerenkov
counters, which detected the light emit-
ted when a particle passing through
them exceeded the velocity of light in
the gas with which the counters are
filled. (The particle in this case acts
somewhat like an airplane breaking the
sound barrier.) The Cerenkov counters
were useful for identifying electrons.
They have now been replaced by gas-
filled detectors that measure the rate of
energy loss of each charged particle as it
travels through the gas. The information
can be combined with the measured mo-
mentum of the particle to yield the par-
ticle’s velocity and hence its mass. In this
way protons, pions, kaons and electrons
can be independently identified.

Electrons have their identity con-
firmed in yet another part of the detec-
tor. When an electron passes through
matter, it loses energy by producing
what is called an electromagnetic show-
er. The process begins when a fast elec-
tron is deflected by a nucleus and emits
an energetic photon. When the photon
passes close to another nucleus, it gives
rise to an electron-positron pair. The
electron and the positron in turn emit
photons, and the process continues with
the production of a shower of secondary
electrons, positrons and photons until

all the energy is absorbed. The cLEO
electromagnetic-shower detector is con-
structed of alternate layers of lead (to
provide a medium for the production of
showers) and charged-particle detectors
(to sample the energy and extent of the
shower as it develops). The shape and
the energy of the showers associated
with tracks coming from the collision
point are analyzed to identify electrons.
Showersthatare not associated with any
track are recognized as photons.

The detection of muons is based on
their ability to penetrate large thick-
nesses of material. A hadron pass-
ing through matter is likely to interact
strongly, and an electron will generate
a shower; a muon, however, loses ener-
gy very slowly and can travel through
much material without stopping. To ex-
ploit this property CLEO is surrounded
by a steel absorber about a meter thick.
Covering the outside of the steel are flat
drift chambers that detect all charged
particles emerging fromthe absorber. A
charged particle that is observed to pen-
etrate the steel is identified as a muon.

The cusB detector in the north inter-
section region of the CESR was designed
with a specific purpose in mind. It was
built primarily as a high-resolution pho-
ton detector by a group of physicists
from Columbia University, Louisiana
State University, the Max Planck Insti-
tute for Physics and Astrophysics at
Munich and the State University of New
York at Stony Brook. Its main compo-
nent is a set of shower detectors consist-
ing of sodium iodide crystals. With these
detectors it is possible to make precise
measurements of the energy of photons.
CcusB is particularly well suited to the
measurement of photon energies in the
range that is expected to be character-
istic of transitions among the upsilon
states. The cusB photon detectors also
serve to identify electron showers. Close
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UPSILON FAMILY OF RESONANCES, representing several discrete energy states of the
bb meson, are responsible for the peaks in this plot of the overall rate of hadron production as a
function of the energy of the colliding electron-positron beams recorded in the CLEO detector.
The Y, Y’ and Y'' peaks are quite narrow, indicating that they correspond to tightly bound
bb states created at energies below the threshold for the production of beauty-flavored mes-
ons. The Y''' peak is wider than the other three peaks, indicating that the bb system at the
higher energy state must be decaying to yield a BB pair (see illustration on opposite page).
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to the collision point cusB has tracking
chambers to detect charged paiticles.
Parts of the detector are surrounded by
steel absorbers and also by counters for
detecting muons.

he study of b-quark physics at the

CESR began in late 1979. The upsi-
lon-particle resonances Y, Y’ and Y"
were quickly found at both cLEO and
CcUsB by measuring the rate of hadron
production as a function of energy. The
three resonances appeared as narrow
peaks at the respective energies of 9.46,
10.02 and 10.35 GeV. This was the first
time the Y’ was clearly observed as a
separate resonance, an event that was
announced to the world of high-energy
physics in a Christmas card. Since then
the resonances have been carefully stud-
ied through the observation of several
hundred thousand events. Some tran-
sitions among the energy states have
been observed, and as rarer transitions
are identified it should be possible to
map out the complete spectroscopy of
the upsilon system.

Since the upsilon resonances Y, Y’
and Y" are hadrons with both beauty
and antibeauty, the flavors cancel and
the hadrons are flavorless. Accordingly
these hadrons are said to have hidden
beauty. When such a hadron decays, it
does so by the mutual annihilation of
the b and b quarks, and in that case the
decays of the b quarks themselves can-
not be examined. At electron-positron
energies greater than the equivalent
mass of the upsilon states bb pairscan be
produced with enough energy for the
two quarks not to be bound, allowing
them to move away from each other. As
they separate, the strong force between
the quarks causes a light quark-anti-
quark pair (ui or dd) to be created. The
quarks group together to form a B mes-
on and a Bmeson (biz and bu, or bd and
bd). In the B meson the beauty is no
longer hidden. It is this particle that is
said to display naked beauty (or bare
bottom). In contrast to hidden beauty,
naked beauty must decay by the weak
interaction. Therefore by studying the
beauty-flavored B mesons one can study
the weak interactions of the b quark.

The upsilon resonances were origi-
nally interpreted as being three differ-
ent energy states of the bound bb sys-
tem. It seemed reasonable to expect that
other resonances would exist above
the threshold for decay into beauty-fla-
vored hadrons. A bump-hunting expedi-
tion in the energy region above the Y’
early in 1980 yielded the expected reso-
nance, at 10.58 GeV. Unlike the first
three upsilon resonances, which were all
extremely narrow, the fourth resonance,
the Y'", was quite wide, indicating that
it was decaying by the unsuppressed
route into B and B;in other words, it was
a source of beauty-flavored particles.



To establish clearly that this interpre-
tation was the correct one it was neces-
sary to find evidence for particles carry-
ing the beauty flavor in Y'” decays. As
we have seen, quarks of one flavor can
decay into those of another flavor only
through the weak interaction. One class
of unmistakable weak decays consists of
“semileptonic” decays in which a meson
decays into a muon or an electron, to-
gether with a neutrino and one or more
hadrons. cLEO was well equipped for
identifying both muons and electrons,
and the photon detectors of cusB were
also suited to the identification of elec-
trons; accordingly both groups of inves-
tigators set about.measuring the rate
of single-lepton production in Y’ de-
cays in order to confirm the presence
of the weak decays of beauty-flavored
particles.

ecause of the difficulty of detecting
leptons and the low rate at which
Y'" events were accumulated, it was
some time before a definitive conclusion
could be drawn from the lepton yields.
Through the first half of 1980, however,
it gradually became clear that the rate of
lepton production for events at the Y’
energy is significantly greater than it is
for events at neighboring energies. Be-
fore accepting the conclusion that we
were seeing beauty-flavored hadrons,
however, we had to consider the possi-
bility that the leptons are produced by
some mechanism other than the weak
decay of B mesons. The observed distri-
bution of lepton momenta is qualitative-
ly what one would expect from the de-
cay of a heavy meson such as the B and
not from the decay of a lighter charmed
meson. Since the leptons are produced
singly and not in oppositely charged
pairs, they cannot be the product of an
electromagnetic process. When all alter-
native explanations were ruled out, the
conclusion became clear: we were see-
ing naked beauty.

Although the lepton yields demon-
strated the presence of naked beauty in
Y '’ decays, we knew little about the B
meson. Since the Y’ is below the thresh-
old for BB decay and the Y '” is above it,
the mass of the B meson must lie be-
tween half of the mass of the Y’ and
half of the mass of the Y'"’, or in the
range from 5.18 to 5.29 GeV. To dem-
onstrate that the B meson is a real object
and to measure its mass, it is necessary
to reconstruct one from the debris of an
Y ' event. To do so calls for taking the
tracks of an event in various combina-
tions and determining whether any par-
ticular combination can be demonstrat-
ed to be the decay products of a B mes-
on. The procedure is difficult because a
B meson often decays into a large num-
ber of particles, some of which are neu-
tral and can escape detection. Others
emerge along the beam pipe and are not
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COLLISION ENERGY (BILLIONS OF ELECTRON VOLTS)

CLEARER INDICATION that beauty-flavored particles are produced in Y''’' decays is giv-
en by these plots of the rate of lepton production in electron-positron collisions as a function
of the collision energy. The sharp increases in the production rate of electrons (gray) and mu-
ons (color) appear at an energy equivalent to the mass of the Y’’’ resonance. The Y'" evi-
dently decays into some combination of products that in turn decay into a lepton and other par-
ticles. Such “semileptonic” decays are a telltale sign of a weak-interaction process and confirm
that the Y''’ resonance decays to yield a BB pair. Symbols give range of experimental error.

seen for that reason. What is more, each
event has botha Band a Bmeson, and so
the number of incorrect combinations
can be extremely large.

By concentrating on decay modes of
the B that involve only a few particles
the cLEO group has recently succeeded
in reconstructing B mesons. To do so a
sample of 150,000 events collected over
a nine-month period was searched for
the charmed particles known as neutral
D mesons that decayed to form a kaon-
pion pair. In some cases the DO was
produced directly in the decay of a B
meson. In others the B decayed into a
charged excited state of the charmed
meson, which in turn decayed into a D°
and a charged pion. The reconstruct-
ed B’s had all decayed into a D9 or a
charged excited state and one or two
charged pions, giving a total of from
three to five charged particles and no
neutral ones. This is in marked contrast
to the typical B, which decays into nine
particles, three of which are neutral. The
masses of the 18 B candidates cluster
around 5.274 GeV.

Our mass measurement for the B
demonstrates that the Y', at 10.58
GeV, is only .03 GeV above the thresh-
old for BB production (twice the B mass,
or 10.55 GeV). When the Y'" resonance
decays into BB, there is just enough en-
ergy to make up the mass of the two
mesons; as a result they are produced
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virtually at rest and withno accompany-
ing particles to confuse the experiment-
er. ThustheY'” is an ideal “factory” for
making beauty-flavored particles: it is
both an abundant source of B mesons
and an uncluttered place to observe and
study the decays of b quarks. There are
many features of these decays we should
like to explore. For instance, it is impor-
tant to learn how quickly the b quark
decays and what it decays into. If his-
tory is any guide, these experiments will
lead to an improved understanding of
the relations among the different fla-
vors of quarks.

Athough the b quark is expected to
decay slowly on the time scale of
elementary-particle processes, the de-
cay seems very fast on a macroscopic
time scale. The lifetime of the b is pre-
dicted to be between 1013 and 1014
second. In that brief interval a B meson
traveling at a speed of 10 percent of the
speed of light will move only .0002 cen-
timeter. This distance is too small to be
measured with the cLEO detector. So far
the best that can be said from the cLEO
data is that the lifetime is less than 10 - 10
second. A similar study done at the elec-
tron-positron storage ring named PETRA
at DESY had the advantage of higher-en-
ergy (and therefore faster-moving) B's.
In spite of an extremely low rate of B
production, that experiment gave an up-
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per limit on the B lifetime of 5 X 10-12
second.

What are the products of the decay of
the b quark? The possibilities can be
grouped into three classes. The standard
view is that the b emits a W~ and is
transformed into a ¢ or a u. An alterna-
tive is for the b to emit a Z9, transform-
ing the b into an sor ad. This is a beauty-
changing process involving a Z9 and is
forbidden if the b is part of a doublet
with 7. Finally, it is possible that the b
decays in some entirely new and unex-
pected way, not involving the emission
of either a W~ or a Z°. Let us consider
each of these possibilities in turn.

In the standard view, with'the b decay-
ing into a W~ and a u or a‘c, the end
products of b decay must include the
particles into which the W- itself de-
cays. The optionsare e~ v,, n~v,, 7-v,,
ud and ¢s. In general the quark options
are three times likelier than the lepton
options. By counting the possible out-

7 —

NUMBER OF EVENTS PER 5-MEV INTERVAL

0l : =
5.20 5.22

comes and allowing for some necessary
theoretical adjustments one can predict
that the end products of b decay will
include an electron about 13 percent of
the time and a muon the same percent-
age of the time. The prediction agrees
quite well with experimental measure-
ments from cLEO and cusB, lending sup-
port to the standard view of b decay.
This theoretical picture makes no pre-
diction about whether the b quark de-
caysmoreoftento cor to u. Accordingly
that is one of the most important things
one can hope to learn about the b quark.
The recent direct observations of DO
mesons in B-meson decay demonstrates
that the b quark does in fact decay to c at
least some of the time. There are two
procedures by which the decay prefer-
ence of the b quark has been measured.
The well-known dominance of the de-
cay of ¢ into s suggests the most obvious
approach: one would expect B decays to
produce more strange particles (kaons)
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MASS OF DECAY PRODUCTS (BILLIONS OF ELECTRON VOLTS)

RECONSTRUCTION OF BEAUTY-FLAVORED MESONS was
accomplished by the CLEO group by examining the charged-parti-
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cle tracks from the decay of the Y’’’ resonance and tabulating them
in various combinations according to four different models of the

subsequent decay of a beauty-flavored meson (key at left). The result-
ing bar chart shows a peak in the vicinity of 5.274 billion electron

D B> D® + 7wt + 7~

volts. The specific decay modes considered are unusual in that the B
meson decays into a small number of charged particles and no un-

charged particles (other than the extremely short-lived D9, or neutral

D B"HD1+7T;

charmed meson). The rarity of these decays and the difficulty of fil-
tering them from other Y''' decay processes is reflected in the fact

that the small number of entries shown is the result of nine months
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of data collection, totaling 150,000 collision events. The abbrevia-
tion MeV in the vertical scale stands for millions of electron volts.
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if the b quark decays predominantly into
¢ than if ‘b decays into u. CLEO can de-
tect both charged and neutral kaons. A
careful study of kaon production shows
there is a definite enhancement in the
rate of kaon production in Y''' events
compared with nonresonance events,
which translates to a combined rate for
charged and neutral kaon production of
about 1.4 particles per B decay. Theo-
retically one would expect about .8 kaon
for each Bdecay if b always decays into
u and 1.6 if b always decays into ¢. The
measurement suggests that the decay of
b into ¢ is dominant.

A better way to examine the question
is to analyze the momentum distribu-
tion of the leptons from semileptonic B
decays. Among the:products of one of
these decays there must be a lepton, a
neutrino and one or more hadrons. If b
decays into ¢, a charmed particle must
be created. The lightest charmed parti-
cle is the D meson, with a mass of 1.87
GeV. Since this mass is quite large, it
limits the amount of energy that can be
carried-away by the lepton as momen-
tum. In contrast, if 4 decays into u, it is
not necessary to create such a massive
hadron, and it is possible for the lepton
to have more momentum. By examining
the production of high-momentum lep-
tons and-comparing these observations
with what would be expected if b decays
into ¢ (or if b decays into u) it has been
possible to demonstrate again that b de-
cays primarily into c. In fact, it appears
from this evidence that b decays into u
no more than 5 percent of the time.

he standard view of the decay of the
b quark, which has been the frame-
work for the foregoing discussion, de-
mands that the b quark share a doublet
with the ¢ quark. The discovery of the ¢
quark is crucial to the confirmation of
this model. The 7 quark has been sought
in experiments at the electron-positron
storage rings PEP (at SLAC) and PETRA
(at DESY). The failure to find the r may
simply mean that the maximum energy
of these searches (37 GeV) is too low
to allow the production of bound 7
states. The alternative is that the stan-
dard theory is incorrect and another
theoretical description must be found.
If the standard theory is wrong and
the b quark does not have a partner, one
must consider the possibility that it de-
cays by emitting a Z0 . (Remember, this
process is not allowed in the standard
theory.) Independent of whether the b
turns into a d or an s, the decay products
of the Z% must be present among the
end products of b decay. The Z0 can
produce ete~ ,utu -, 77, vV, uil, dd.
ssor cc. Here the ete~ and p+u -~ op-
tions are very attractive because they
yield clear signals. A search for indica-
tions of two routes of b decay, b—u* +
p— + hadrons and b—e+ + ¢~ + had-
rons, has yielded no evidence of such



decays, leading to the conclusion that
the Z0 1is not a major contributor to
b decay.

Finally, there is the possibility that the
b decays neither by W~ emission nor by
Z0 emission but in some entirely new
way. Within the limits of rather general
theoretical considerations only two ad-
ditional kinds of decay are possible. The
first is for the b to decay into a quark and
two leptons from different doublets. The
second is for the b to decay into a lepton
and two antiquarks. If the b quark de-
cays by the first of these exotic proces-
ses, with two leptons per decay, one
would expect events with many muons,
electrons, taus and neutrinos in various
combinations. The taus in turn would
decay, releasing part of their energy to
neutrinos, which would be undetectable.
If this kind of decay were significant,
one would expect to observe frequent
electron and muon production and con-
siderable missing energy in B-decay
events. By simultaneously measuring
the yield of muons and electrons and the
detectable energy in each Y'' event
CLEO has shown that this kind of decay is
not dominant.

In the second class of exotic b decays
three more antiquarks than quarks are
created (one that was originally bound
to the b quark and two that were created
in its decay). The presence of the three
antiquarks results in the creation of one
antibaryon per B-meson decay. Similar-
ly, the excess of quarks in b decay results
in one baryon per B decay. Although
there are many kinds of baryons (and
antibaryons) that can be produced, all
eventually decay into protons or neu-
trons (or into antiprotons or antineu-
trons). In CLEO protons and antiprotons
can be identified, but neutrons and anti-
neutrons escape undetected. If the b de-
cays into a lepton and two antiquarks,
one would expect B-decay events to
yield, say, a muon, an electron, an anti-
proton or a large amount of missing en-
ergy. By simultaneously measuring the
yields of muons, electrons and antipro-
tons, along with the detected energy
per event, the CLEO experimenters have
shown that this second kind of exotic
decay is not dominant either.

In sum, all the evidence supports the
view that the b quark decays by emitting
a W-. Furthermore, there are indica-
tions that most of the time it turns into a
¢ quark rather than a u quark.

Athough an understanding of the b
quark and its interactions is de-
veloping, a number of open questions
remain. What is the lifetime of the
b quark? At present only upper lim-
its have been established; they are far
above the expected lifetime, however,
and therefore provide no new informa-
tion for evaluating the theory. What
fraction of the time does b decay into u
rather than into ¢? Data from CLEO and
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SEVERAL POSSIBILITIES for the decay of the b quark were investigated by the CLEO
group. In the standard theoretical model, based on the assumption of three quark doublets, the
b quark decays into either a ¢ quark or a # quark by emitting a W~ boson (top diagram). The
W= can then decay into five possible final states, two of which (e-¥, and u-v,) are the
semileptonic modes that were observed in the discovery of naked beauty. If the ¢ quark, the
quark’s hypothetical partner, does not exist, there must be a second mechanism for » decay,
namely one in which the b quark decays into a d quark or an s quark by emitting a Z (middle
diagram). Again there is a range of possible final states, two of which (ete- and p+u-)
have been shown by the CLEO group to occur rarely, if at all. Exotic decay processes, not in-
volving the usual gauge bosons, have been suggested by some theorists engaged in exploring
alternatives to the standard model. One example is the decay of the b quark into a d quark or an
s quark by the emission of 4% an exotic neutral boson (bottom diagram). The a® (for which
there is no experimental evidence) need not obey the rules that apply to conventional gauge
bosons and so can decay into two leptons of different types, such as a negative muon and a posi-
tron. Experiments with CLEO have shown that such exotic decay processes also are uncommon.

cusB show that the fraction of b decays
into u is small, but how small is it? Does
the 7 quark exist? By showing that beau-
ty-changing processesinvolvinga Z° oc-
cur infrequently (if at all) and by show-
ing that the unexpected processes that
involve neither W~ nor Z0 are alsorare
(if not absent) the CLEO experiments
have ruled out almost all theories that
can avoid having a ¢ quark. Perhaps the ¢
quark has not been found yet because it
is too massive, and searches with higher-
energy colliding-beam machines will
find it. If the ¢ does not exist, the theory
of quark decays is in deep trouble.
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Even if it is assumed that the ¢ quark
will ultimately be found, there remain
some profound questions about the
quark and lepton doublets. A perfectly
satisfactory world can evidently be built
of one lepton doublet (e- , v,) and one
quark doublet (i, d). Yet at least three
doublets of each type are thought to ex-
ist, and more may still be discovered.
Why does nature behave in such an un-
economical way? How are the various
doubletsrelated and how do they differ?
What does “flavor” really mean? Fur-
ther study of the & quark may help to
answer some of these questions.
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Creole Languages

These widely scattered languages show striking similarities.

The development of Creole in Hawair suggests children learn

a language by first constructing an abstract form of a creole

he ancient Greek historian Herod-
I otus records the story of Psamtik
I, pharaoh of Egypt in the seventh
century B.C., wno set out to discover the
original language of humanity. On roy-
al decree two infants were taken away
from their parents and put in the care of
a mute shepherd. who was instructed to
raise the children in isolation from oth-
er people. The shepherd was to take
note of the first word uttered by the
children; “uncorrupted” by the language
of their forefathers, Psamtik reasoned,
they would begin to speak in the pure
tongue from which all other languages
were derived. The first intelligible
sound the children made was *“‘bekos,”
which meant bread in the ancient lan-
guage Phrygian. Therefore, Psamtik
maintained, the original language of hu-
manity is Phrygian.

The story has amused generations of
linguistics students. Most linguists, who
have taken it for granted that no such
experiment should ever be carried out,
have dismissed the Psamtik experiment
as being defective in design and unlikely
to yield any useful result. Indeed, the
assumption that an “original” vocabu-
lary can be recovered is overoptimistic,
and linguistic isolation of the individual,
which has been documented in a few
cases of severe child abuse, usually re-
sults in the absence of language. Never-
theless, a modified form of the experi-
ment has been repeated many times
over the past 500 years among the chil-
dren of slaves and laborers who were
pressed into service by the European co-
lonial powers.

These laborers, who were shipped
from many parts of the world to tend
and harvest crops in Africa, the Indian
Ocean region, the Orient, the Caribbean
and Hawaii, were obliged to communi-
cate within their polyglot community by
means of the rudimentary speech sys-
tem called pidgin. Pidgin speech is ex-
tremely impoverished in syntax and
vocabulary, but for the children born
into the colonial community it was the
only common language available. From
these modest beginnings new native lan-
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guages evolved among the children,
which are generically called creole lan-
guages. It can be shown that they exhibit
the complexity, nuance and expressive
power universally found in the more
established languages of the world.
Taken at face value, the development
of many different creole languages sug-
gests that the search for a single, original
language i1s misguided. For many years,
however, scholars have noted a remark-
able similarity of structure among all
the creole languages. It can now be dem-
onstrated, by considering the origin of
creole language in Hawaii, that similari-
ties among creoles cannot be accounted
for by contact with other languages, ei-
ther indigenous or imported. The find-
ing suggests that what is common to cre-
ole languages may indeed form the basis
of the acquisition of language by chil-
dren everywhere. There is now an im-
pressive body of evidence to support
this hypothesis: between the ages of two
and four the child born into a commu-
nity of linguistically competent adults
speaks a variety of language whose
structure bears a deep resemblance to
the structure of creole languages.
Hence, by an ironic stroke of justice, the
surviving linguistic remnants of coloni-
alism may offer indispensable keys to
the study of our own linguistic heritage.

he historical conditions that favored
the development of creole languages
are well known. Between 1500 and 1900
England, France, the Netherlands, Por-
tugal and Spain established numerous
labor-intensive, agricultural economies
on isolated littorals and underpopulated
tropical islands throughout the world.
The colonies were engaged primarily in
monoculture, usually sugar, and their
economic viability depended on an
abundance of cheap labor imported
from distant regions under conditions
of chattel slavery. Workers were drawn
first from West Africa and later from
East Africa, India and the Orient, and
they spoke a variety of mutually incom-
prehensible languages.
Under more salutary conditions of
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immigration the workers or their chil-
dren would eventually have learned the
language of the local colonial power,
but two factors combined to keep them
from doing so. First, the number of
speakers of the colonial languages rare-
ly exceeded 20 percent of the total popu-
lation, and it was often less than 10 per-
cent. In other words, there were relative-
ly few people from whom the dominant
language could have been learned. Sec-
ond, the colonial societies were small,
autocratic and rigidly stratified. There
were few chances for prolonged linguis-
tic contact between field laborers and
speakers of the dominant language.

Except in Hawaii, there is little reli-
able documentary evidence concerning
the early linguistic history of the colo-
nial societies. It has generally been as-
sumed that pidgin developed as a con-
tact language solely to allow communi-
cation between masters and workers and
among workers from various immigrant
groups. Creole languages then arose
among the children of the workers
through the “‘expansion’ of pidgin; there
was little occasion for the children to
use the ancestral languages of their par-
ents, and they still lacked access to the
language of the dominant culture. What
is meant by the term “expansion” has
remained obscure until my colleagues
and I began our studies in Hawaii.

The unique advantage for the study of
creole language in Hawaii is that the de-
tails of its formation can be reconstruct-
ed at least in part from the speech of
people still living. Although Hawaiian
contact with Europeans goes back to
1778, it was not until 1876 that a revi-
sion in the U.S. tariff laws, allowing the
free importation of Hawaiian sugar. en-
abled Hawaiian sugar plantations to in-
crease their output by several hundred
percent. A polyglot force of indentured
laborers, made up of Chinese, Filipinos,
Japanese, Koreans, Portuguese, Puerto
Ricans and others, began to be assem-
bled, and by 1900 it outnumbered the
other groups in Hawaii, both native
and European, by a ratio of two to one.

A pidgin based on the Polynesian lan-



guage Hawaiian initially served as a
means of communication between im-
migrants and the locally born, but the
annexation of Hawaii by the U.S. in
1898 eventually led to the replacement
of Hawaiian by English. After 1900 the
Hawaiian language declined, and pidgin
Hawaiian was replaced as a lingua fran-
ca by a pidgin based on English. By
the time we began our intensive study
of language variation in Hawaii in the
early 1970’s there were still many sur-
vivors, both immigrant and locally born,
from the years 1900 until 1920.

Our recordings of locally born people
make it clear that the process of
creolization was under way by 1900 and
was certainly complete by 1920. Most
of the linguistic features that character-
ize Hawaiian Creole English are present
in the speech of working-class people
born in Hawaii since 1905; before that
date the proportion of Creole speakers
to the rest of the population falls off
rapidly. On the other hand, the speech of
immigrants is always some form of pid-

gin, although just what form it takes de-
pends on the date of the immigrant’s
arrival in Hawaii as well as the immi-
grant’s language background. The pid-
gin spoken by the earliest immigrants
among our subjects is much more rudi-
mentary than that spoken by the later
ones, probably because the latter were
exposed to Creole as well as pidgin.
Nevertheless, the distinction between
pidgin and Creole remains fundamen-
tal: anyone familiar with Hawaii can
quickly identify the ethnic origins of any
immigrant on the basis of speech pat-
terns alone. Without a conversational
topic or a person’s physical appearance
as a guide, however, no one can reliably
identify the ethnic origins of any locally
born speaker solely on the basis of the
speaker’s pronunciation or the gram-
matical structure of the utterances.
One of the main characteristics of
pidgin, therefore, is its variability from
speaker to speaker. Each immigrant
seems to have gone about the task of
inventing a makeshift language in some
individual way. For example, pidgin

speakers of Japanese ancestry generally
place the verb at the end of a sentence,
as in “The poor people all potato eat”
(“All that the poor people ate were pota-
toes”). Filipino pidgin, however, places
the verb before the subject: “Work hard
these people” (“These people work
hard”). More often word order follows
no fixed principle except the pragmatic
one that old, shared information is stat-
ed near the beginning of a sentence and
new information near the end.

It is probably the case that anything
expressible in Creole, or in English for
that matter, can also be expressed in pid-
gin. Nevertheless, the pidgin speaker is
at a great disadvantage, because pidgin
lacks many of the building blocks pos-
sessed by all native languages. Such
everyday necessities of language as ar-
ticles, prepositions and auxiliary verbs
are either absent or appear sporadically
in a quite unpredictable fashion. Pidgin
sentences have no subordinate clauses,
and single-clause utterances frequently
lack verbs.

The first of the following examples

INDENTURED SUGARCANE WORKERS, who spoke a rudi-
mentary language called pidgin, are shown in a photograph made in
Hawaii by the late Ray Jerome Baker in 1924. Thousands of such
workers from many countries were brought to Hawaii in the late 19th
and early 20th centuries to meet the labor demands of large sugar-
cane and pineapple plantations. Pidgin language developed out of
the need for communication among the various language groups with-
in this polyglot labor force; the workers in the photograph, for ex-
ample, although primarily from the Philippines, originally spoke a
variety of mutually incomprehensible languages such as Visayan, Ilo-
cano and Tagalog. The children of pidgin-speaking parents remained
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largely isolated from speakers of Hawaiian or English, and they in-
herited no consistent linguistic model from the previous generation
that could meet their needs. There arose among these children a lan-
guage much more sophisticated than pidgin called Hawaiian Creole
English, whose vocabulary is primarily English but whose structure,
or grammar, is quite distinct from that of English or any other nion-
creole language. Socioeconomic circumstances similar to those in Ha-
waii frequently gave rise to pidgin languages throughout the world;
these languages were later developed into creole languages by the
children of immigrant laborers. The original photograph is in the col-
lection of Ray Jerome Baker and Robert E. Van Dyke in Honolulu.

117



was recorded from a pidgin-speaking
Korean; omitted words are bracketed in
the translation: “And a too much chil-
dren, small children, house money pay”
(“And [I had] too many children, small
children, [I had] to pay the rent”). The
second example was recorded from a
Japanese speaker: “Before mill no more
Filipino no nothing” (“Before the mill
[was built, there were] no Filipinos here
at all”). The third example, recorded

/
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from the speech of a retired bus driver,
illustrates the heroic measures needed to
say anything out of the ordinary in pid-
gin: “Sometime good road get, some-
time, all same bend get, enguru [angle]
get, no? Any kind same. All same hu-
man life, all same” (‘“Sometimes there’s
a good road, sometimes there’s, like,
bends, corners, right? Everything’s like
that. Human life’s just like that”).

The language-learning task confront-
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ed by the child born into a communi-
ty of such speakers is far different from
the task imposed on the child who is
surrounded by linguistically competent
adults. The children of English or Chi-
nese parents, for example, are present-
ed with accurate models to follow. Al-
though their mistakes are seldom overt-
ly corrected, they can almost constant-
ly check their own utterances against
those of older speakers and adapt them
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WORLDWIDE DISTRIBUTION of creole languages reflects the
historical circumstances of their development. Almost all creoles
arose on isolated tropical littorals or islands, where colonial powers
had established agricultural economies based on cheap immigrant la-
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bor. The geographic dispersion of the colonies suggests that creole
languages developed independently of one another. The letters in pa-
rentheses after the name of each language indicate the colonial lan-
guage from which most of the vocabulary of the creole is borrowed.
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where necessary. When they have mas-
tered the simpler structures of their
language, more complex structures are
readily available.

For the Hawaiian-born child of immi-
grant parents, however, there was no
consistent linguistic model for the basic
word order of simple sentences and of-
ten no model at all for the more compli-
cated structures of language. Many such
children were born of interethnic or in-
terracial marriages, and so even at home
there was little occasion to speak the na-
tive language of either parent. More-
over, even among the children not born
of linguistically mixed parents there
was considerable incentive to abandon
the parents’ native language and adopt
some version of pidgin in the compa-
ny of peers and neighboring adults.
Like first-generation immigrant chil-
dren elsewhere, the children of Hawai-
ian immigrants often became bilingual
or even trilingual, and they adopted the
common language of their peers as a
native language in spite of considerable
efforts by their parents to maintain the
ancestral tongue.

he historical evidence is consistent

with the view that the structure
of Creole arose without significant bor-
rowing from other languages. Bilingual
or trilingual children of school age
need not (and usually do not) mix up
the structural features of the languages
they speak, and there is no reason to
suppose such crossovers were common
in Hawaii. The most compelling argu-
ment for the autonomous emergence
of Creole, however, is its observed uni-
formity. How, within a single genera-
tion, did such a consistent and uniform
language develop out of the linguistic
free-for-all that was pidgin in Hawaii?
Even if all the children of various immi-
grant groups had begun by learning the
languages of their parents, and even
if the differences among the various
pidgins had been smoothed by interac-
tion and contact among the children,
the homogeneity of the language that
developed remains in need of explana-
tion. Fifty years of contact among pid-
gin-speaking adults were not enough to
erase the differences among the national
language groups; the homogeneity must
have resulted from the differences be-
tween children and adulits.

One might still suppose the structural
uniformity of Creole is derived from
certain structures of one of the ances-
tral languages or perhaps from certain
structures of English, the language of
the plantation owners. There are numer-
ous differences, however, between the
structure of Creole and the structure of
any of the languages with which Creole
speakers might have been in contact. In
English, for example, it is possible to
refer to an object or a group of objects in
a nonspecific way, but English grammar

forces the speaker to state in advance
whether the number of unspecified ob-
jects is one or many, singular or plural.
One must say either “I am going to the
store to buy a shirt” or “I am going to
the store to buy shirts,” even though one
may not want to commit oneself in ad-
vance to buying any particular number
of shirts.

In Creole a grammatically neutral
marker for number can be employed on

the noun “shirt” in order to avoid speci-
fying number: “I stay go da store for buy
shirt” (“I am going to the store to buy
shirt”). Moreover, in Creole the addi-
tion of a definite or an indefinite article
to “shirt” changes the meaning of the
sentence. In saying “I stay go da store
for buy one shirt” the Creole speaker
asserts the shirt is a specific one; in the
sentence “I stay go da store for buy da
shirt” the speaker further presupposes

PIDGIN

HAWAIIAN CREOLE ENGLISH

Building— high place —wall part—time —now-
time —and then —now ternperature every
time give you.

Now days, ah, house, ah, inside, washi
clothes machine get, no? Before time, ah, no
more, see? "And then pipe no more, water
pipe no more.

No, the men, ah—pau [finished] work —they
go, make garden. Plant this, ah, cabbage,
like that. Plant potato, like that. And then—ali
that one —all right, sit down. Make lilly bit
story.

Good, this one. Kaukau [food] any kind this
one. Pilipin island no good. No more money.

Get one [There is an] electric sign high up
on da wall of da building show you what time
an’ temperature get [it is] right now.

Those days bin get [there were] no more
washing machine, no more pipe water like
get [there is] inside house nowadays, ah?

When work pau [is finished] da guys they
stay go make [are going to make] garden for
plant potato an’ cabbage an’ after little while
they go sit down talk story [“shoot the
breeze"].

Hawaii more better than Philippines, over
here get [there is] plenty kaukau [food], over
there no can, bra [brother], you no more
money for buy kaukau [food], 'a'swhy [that's |
why].

PIDGIN AND CREOLE versions of identical sentences illustrate the structural differences
between pidgin and Creole in Hawaii. Pidgin, which is spoken only by immigrants, varies wide-
ly from speaker to speaker. Although one can probably say anything in pidgin that can be said
in English or Creole, the structure of pidgin is extremely rudimentary. Pidgin sentences are lit-
tle more than strings of nouns, verbs and adjectives, often arranged to place old, shared infor-
mation first and new information later in the sentence. Creole arose in Hawaii only among
the children of immigrants, and it is much richer in grammatical structure than pidgin. More-
over, the rules of Creole grammar are uniform from speaker to speaker, and they resemble the
structural rules of other creoles. English versions of words and phrases are given in brackets.

ENGLISH

HAWAIIAN CREOLE ENGLISH

The two of us had a hard time raising dogs.

Us two bin get hard time raising dog.

John and his friends are stealing the food.

He doesn’t want to play because he's lazy.

John-them stay cockroach the kaukau.

He lazy, ‘a’swhy he no like play.

How do you expect to finish your house?

It would have been better if I'd gone
to Honolulu to buy it.

The one who falls first is the loser.

How you expect for make pau you house?

More better | bin go Honolulu for buy om.

Who go down first is loser.

The man who was going to lay the vinyl
had quoted me a price.

There was a wr™an who had three daughters.

The guy gon’ lay the vinyl bin quote me price.

Bin get one wahine she get threa daughter.

She can’t go because she hasn't any money.

She no can go, she no more money, 'a’'swhy.

STRUCTURAL DIFFERENCES between sentences in Hawaiian Creole and their English
equivalents show that the grammar of Creole did not originate as a grammar borrowed from
English. For example, the past perfect tense of a verb in Creole is expressed by the particles
“bin” or “wen,” which precede the main verb, instead of by the suffix “-ed.” Nonpunctual, or
progressive, aspect is expressed by the word “stay” instead of by the suffix “-ing.” In the En-
glish sentence “The two of us had a hard time raising dogs” the rules of grammar oblige the
speaker to indicate that the noun “dog” is either singular or plural. In the Creole version of the
sentence, however, neither singular nor plural is implied. There are also relatively insignificant
lexical differences between the two languages: “cockroach” is picturesquely employed as a
verb, and “kaukau,” which may be derived from the Chinese pidgin term “chowchow,” is a
common word for “food.” Equally striking structural differences are found between Hawaiian
Creole and other languages, such as Chinese, Hawaiian, Japanese, Korean, Portuguese, Spanish
or the Philippine languages, with which speakers of Hawaiian Creole might have been in contact.
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that the listener is already familiar with
the shirt the speaker is going to buy.

There are many other features of Cre-
ole that distinguish it from English.
Whereas in English there is a past tense,
which is usually marked with the suffix
“-ed,” in Creole there is a tense called
the anterior tense, which is marked with
“bin” for older speakers and with “wen”
for younger speakers. The anterior tense
is somewhat like the English past per-
fect: “had walked” in English is “bin
walk” in Creole, and ‘“walked” in En-
glish is simply “walk” in Creole. In or-
der to distinguish irreal, or possible, ac-
tions or processes from actual ones, En-
glish employs the conditional or the
future tense. In Creole all such irreal
circumstances are expressed by the par-
ticle “go,” which is placed before the
main verb and marks what linguists call
modality. For example, the sentence
“IfThad acar,Iwoulddrive home”isren-
dered in Creole as “If I bin get car,
I go drive home.”

There is also a Creole auxiliary verb
that marks what linguists call aspect; it
too is placed before the main verb and
indicates that the action expressed by
the verb is nonpunctual, or in other
words repeated, habitual, continuing or
incomplete. In order to say “Irun in Ka-
piolani Park every evening” in Creole
one must say “I stay run in Kapiolani
Park every evening.” If the particle
“stay” is omitted by the Creole speaker,
the action is understood to be complet-
ed or nonrepetitive.

In English there is no straightforward
way to distinguish purposes that
have been accomplished from those that
have not. The sentence “John went to
Honolulu to see Mary” does not spec-
ify whether or not John actually saw
Mary. In Creole grammar the ambigu-
ity must be resolved. If John saw Mary
and the Creole speaker knows that
John saw Mary, the speaker must say,
“John bin go Honolulu go see Mary.” If
John did not see Mary or if the speaker
does not know whether or not John saw
Mary, the speaker must say, “John bin
go Honolulu for see Mary.”

Similar distinctions could be drawn
between the grammatical structure of
Creole and the structure of other con-
tact languages, such as Hawaiian, Iloca-
no (the language spoken in the north of
the Philippine island of Luzon) and Jap-
anese. There are also resemblances, but
most of them are confined to idiomatic
expressions. For example, the Creole ex-
pression “O the pretty,” which means
“How pretty he [she/it] is,” is a liter-
al translation of the Hawaiian-language
idiom “O ka nani.” In the main, how-
ever, our investigations strongly suggest
that the basic structures of Creole dif-
fer from those of other languages. Al-
though it might seem that some children
of immigrants could transfer the struc-
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tures of their parents’ native languages
onto the evolving Creole language, they
did not do so. The structural linguistic
input that was available to the children
was apparently not used in the develop-
ment of Creole.

Even if it could be demonstrated that
all the grammatical structures of Cre-
ole were borrowed, cafeteria-style, from
one contact language or another, the
uniformity of Creole would present a
difficult question: How did the speakers
who invented Creole come to agree on
which structure to borrow from which
language? Without such agreement Cre-
ole could not be as uniform asitis. Yet it
seems highly implausible that the agree-
ment could have been reached so quick-
ly. If there had been massive borrowing
from ancestral languages, differences in
the version of Creole spoken by various
groups would have persisted at least one
generation beyond the first generation
of speakers.

There is another dimension to the
problem of the uniformity of Hawai-
ian Creole. It turns out that creole lan-
guages throughout the world exhibit
the same uniformity and even the same
grammatical structures that are ob-
served in Hawaii. The finding is all the
more remarkable when it is compared
with the rather poor correspondence in
structure I have noted between Hawai-
ian Creole and other contact languages
in Hawaii. For example, the distinction
made in Hawaiian Creole between sin-
gular, plural and neutral number is also
made in all other creole languages. Simi-
larly, in all other creole languages there
are three invariant particles that act as
auxiliary verbs and play the roles that
“bin,” “go” and “stay” play in Hawai-
ian Creole.

In Haitian Creole, for example, the
word “té” marks the anterior tense of
the verb, the word ‘“av(a)” marks irreal
modality and the word “ap” marks the
aspect of the verb as nonpunctual. Thus
in Haitian Creole the phrase “I have
been walking” is rendered “m [I] t’ap
[té + ap] maché.” Similarly, in Sranan,
an English-based creole found in Su-
rinam (formerly Netherlands Guiana),
the anterior tense marker is “ben,” the
irreal modality marker is “sa” and the
nonpunctual aspect marker is “e.” The
phrase “He would have been walking” is
rendered “A [he] ben sa e waka.” Most
important, there is a strict order that
must be followed in all creole languages
when more than one of these markers is
present in a sentence. The particle for
tense precedes the particle for modality,
and the particle for modality precedes
the particle for aspect.

Finally, consider the grammatical dis-
tinction I have noted between purposes
accomplished and unaccomplished. The
same distinction, absent in English, is
found in all creoles. In Mauritian Cre-
ole, a creole based on the French vocab-
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ulary that is used on the island of Mau-
ritius, a sentence such as “He decided
to eat meat” can be expressed in two
ways. If the subject of the sentence car-
ried out his decision, the sentence is
rendered “Li ti desid al méz lavian,”
which literally means “He decided go
eat meat.” If the decision was not car-
ried out, the sentence is rendered as “Li
ti desid pu méz lavian,” or literally “He
decided for eat meat.” In Jamaican
Creole the sentence “He went to wash”
must be rendered either as “Im gaan fi
bied” (“He went with the intention of
washing”) or as “Im gaan go bied” (“He
went to wash and completed the task”).

These examples only suggest the ex-
tent of the structural similarities among
creole languages. The similarities seem
unaffected by the wide geographic dis-
persion of the creoles and the variation
among the languages such as Dutch, En-
glish and French from which they draw
the greatest part of their vocabulary.
Scholars such as Hugo Schuchardt be-
gan to point out the resemblance in the
19th century, and in the 1960’s many
examples were explored in detail by
Douglas Taylor, by Robert Wallace
Thompson of the University of the West
Indies and by Keith Whinnom of the
University of Exeter. Thus even before
the development of Hawaiian Creole
was reasonably well understood the
grammatical similarities among the cre-
ole languages of the world were recog-
nized as an important finding that re-
quired explanation.

he linguist’s first reaction to such a
finding is to look for a common an-
cestor of the similar languages. For ex-

| VERB FORM
BASE FORM

| (*HE WALKED"; “HE LOVES”)
ANTERIOR

(“HE HAD WALKED”; “HE LOVED”)
IRREAL

(“HE WILL/WOULD WALK”; “HE WILL/WOULD LO\

NONPUNCTUAL
| (“HE IS/WAS WALKING")

ANTERIOR + IRREAL (*“HE WOULD HAVE WALKEI

“HE WOULD HAVE LOVED”)

ANTERIOR + NONPUNCTUAL
(“HE WAS/HAD BEEN WALKING”)

IRREAL + NONPUNCTUAL
| ("HE WILL/WOULD BE WALKING")

[ ANTERIOR + IRREAL + NONPUNCTUAL
(“HE WOULD HAVE BEEN WALKING”)

CONJUGATION OF THE VERB is similar
in all creole languages, in spite of superficial
lexical differences. Moreover, the creole sys-
tem is quite distinct from the one encountered
in English and in most other languages. The
table gives conjugations in Hawaiian Creole,
Haitian Creole and Sranan (an English-based
creole spoken in Surinam, the former Nether-



ample, it has been conjectured that the
linguistic ancestor was a contact lan-
guage that grew out of Portuguese and
certain West African languages in the
course of the first Portuguese explora-
tions of Africa in the 15th and 16th
centuries. According to the hypothesis,
this contact language was subsequently
spread around the world by Portuguese
sailors, changing its vocabulary but not
its syntax or semantics as it entered the
sphere of influence of another colonial
power. Superficially such an explana-
tion might seem to be consistent with the
development of Creole in Hawaii, be-
cause Portuguese laborers were brought
to the islands in large numbers during
the late 19th and early 20th centuries.
There are several serious flaws in the
account. First, Hawaiian Creole bears
scant resemblance to any of the contact
languages, including Portuguese. Sec-
ond, the claims of linguistic similarity
between creoles and Portuguese or be-
tween creoles and West African lan-
guages are grossly exaggerated. Most
important, our study of hundreds of Ha-
waiian speakers has made it clear that
Hawaiian Creole almost certainly origi-
nated in Hawaii. We found no surviving
immigrant who speaks anything approx-
imating a creole language; instead ev-
ery immigrant we surveyed speaks some
variety of pidgin. If Hawaiian Creole
was primarily an imported language, it
would have been carried by immi-
grants, and presumably it would have
been learned by others among the im-
migrant population. One must there-
fore conclude that Hawaiian Creole
arose among the children of immigrants,
where it is now found. Moreover, if a

creole language could develop in Ha-
waii without ancestry, it can arise any-
where else in a similar way.

The implications of these findings are
far-reaching. Because the grammatical
structures of creole languages are more
similar to one another than they are to
the structures of any other language, it is
reasonable to suppose most if not all
creoles were invented by the children of
pidgin-speaking immigrants. Moreover,
since creoles must have been invented in
isolation, it is likely that some general
ability, common to all people, is respon-
sible for the linguistic similarities.

The suggestion that people are biolog-
ically predisposed to use language is not
a new one: for more than two decades
Noam Chomsky of the Massachusetts
Institute of Technology has argued that
there is an innate universal grammar un-
derlying all human languages. The uni-
versal grammar is postulated largely on
the grounds that only by its means could
children acquire a system as enormous-
ly complex as a human language in
the short time they do. Studies by the
late Eric H. Lenneberg tend to confirm
Chomsky’s hypothesis. The acquisition
of language resembles the acquisition of
other complex and flexible aspects of
the child’s behavior, such as walking,
which are undoubtedly controlled to
some degree by neurophysiological de-
velopment. The universal grammar con-
jectured by Chomsky is a computing de-
vice, somehow realized neurologically,
that makes a wide range of grammatical
models available to the child. According
to Chomsky, the child must then “se-
lect” which of the available grammati-
cal models matches the grammar of the

language into which the child is born.

The evidence from creole languages
suggests that first-language acquisition
is mediated by an innate device of a
rather different kind. Instead of making
a range of grammatical models avail-
able, the device provides the child with a
single and fairly specific grammatical
model. It was only in pidgin-speaking
communities, where there was no gram-
matical model that could compete with
the child’s innate grammar, that the in-
nate grammatical model was not even-
tually suppressed. The innate grammar
was then clothed in whatever vocabu-
lary was locally available and gave rise
to the creole languages heard today.

he implications of this hypothesis
call into question an idea that most
linguists, including Chomsky, have tac-
itly accepted for many years, namely
that no one of the world’s languages is
easier or harder for the child to acquire
than any other. If there is a creole gram-
mar somehow imprinted in the mind,
creole languages should be easier to
acquire than other languages. How is
it, then, that not all children grow up
speaking a creole language? The answer
is they do their best to do just that. Peo-
ple around them, however, persist in
speaking English or French or some oth-
er language, and so the child must modi-
fy the grammar of the native creole until
it conforms to that of the local language.
Two kinds of linguistic evidence are
relevant for testing the hypothesis. First,
if some grammatical structure of creole
is at variance with the corresponding
grammatical structure of the local lan-
guage, one should find that children

NONSTATIVE VERBS STAT_IVE VERBS
HAWAIIAN CREOLE HAITIAN CREOLE SRANAN HAWAIIAN CREOLE HAITIAN CREOLE SRANAN
E WALK LI MACHE A WAKA HE LOVE LI REME A LOBI
E BIN WALK LI TE MACHE A BEN WAKA HE BIN LOVE LI TE REME A BEN LOBI
E GO WALK L'AV(A) MACHE A SA WAKA HE GO LOVE L'AV(A) REME A SA LOBI
E STAY WALK L'AP MACHE A E WAKA == — i —
E BIN GO WALK LI TAV(A) MACHE A BEN SA WAKA l HE BIN GO LOVE [ LI TAV(A) REME A BEN SA LOBI
. i
E BIN STAY WALK LI TAP MACHE ‘ A BEN E WAKA | = ' — —
1 |

E GO STAY WALK LAV AP MACHE

E BIN GO STAY WALK| LI TAV AP MACHE

| A SA E WAKA —

A BEN SA E WAKA —

lands Guiana) for stative and nonstative verbs. Stative verbs are verbs
such as “like,” “want” and “love,” which cannot form the nonpunc-
tual aspect; in English, for example, one cannot add “-ing” to a fi-
nite stative verb. The base form of the verb refers to the present for
stative verbs and to the past for nonstative verbs. The anterior tense
is roughly equivalent to the English past tense for stative verbs and to
the English past perfect tense for nonstative verbs. The irreal mode
includes the English future, conditional and subjunctive. In all the
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creole languages the anterior particle precedes the irreal particle, and
the irreal particle precedes the nonpunctual particle. In Hawaiian
Creole, however, “He bin go walk” has come to mean “He walked”
instead of “He would have walked,” and the forms “He bin stay walk,”
“He go stay walk” and “He bin go stay walk,” although they were
widespread before World War II, are now almost extinct because of
the growing influence of English in Hawaii. The bracketed English
translations are provided only as a rough guide to the meaning.
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CHILD LANGUAGE

ENGLISH CREOLES

Where | can put it?
__Daddy throw the n;ther rocI
| go full Angela bucket.
Lookit a boy play ball.
Nobody don't like me.
| n-o_like do t;at.

Johnny big more than me.

Let Daddy get pen write it.

| more better than Johnny.

Where | can put om? (Hawaii)

Daddy t'row one neda rock’tone. (Jamaica)

I go full Angela bucket. (Guyana)

Luku one boy a play ball. (Jamaica)

Nobody no like me. (Guyana)

I no like do that. (Hawaii)

Johnny big more than me. (Jamaica)

Make Daddy get pen write am. (Guyana)

| more better than Johnny. (Hawaii)

SENTENCES SPOKEN BY CHILDREN between two and four years old, all born of English-
speaking parents, are strikingly similar to sentences in English-based creole languages. The
similarities among creole languages and the likelihood that the languages arose independently
of one another suggest that creoles develop among children whenever there is no adequate
native language to serve as a model. The author conjectures that if children were removed from
their native English-language community at the age of about two, they would grow up speaking
a language whose vocabulary would be primarily English but whose grammar would be a creole.

make systematic errors with respect to
the structure of the local language. On
the other hand, if the two grammatical
structures tend to agree, one should find
extremely early, rapid and errorless ac-
quisition of the local-language structure.

Consider the systematic error ob-
served by David McNeill of the Univer-
sity of Michigan in the speech of a
four-year-old boy. In one of McNeill’s
observing sessions the boy complained,
“Nobody don’t like me,” and the boy’s
mother responded by correcting the sen-
tence: “Nobody likes me.” The boy then
repeated his sentence and the mother re-
peated her correction no fewer than
eight times. Finally, the child altered his
sentence and shouted in exasperation,
“Nobody don’t likes me.”

The error is found in many English-
speaking children between three and a
half and four years old, including chil-
dren who are not exposed to dialects
of English that employ double nega-
tives. There are many languages, such
as French and Spanish, that also employ
double negatives, but the only languages
that allow negative subjects with nega-
tive verbs are creoles. For example, in
Papia Kristang, the Portuguese-based
creole language of the Malay Peninsu-
la, one can say, “Angkosa nte mersi-
mentu,” or literally, “Nothing not-have
value.” In Guyanese Creole, which is
based on English and found in Guy-
ana (formerly British Guiana), one can
say, “Non dag na bait non kyat,” or liter-
ally, “No dog did not bite no cat.”

A second instance of systematic error
is found in the formation of children’s
questions. Children learning English of-
ten indicate questions only by their in-
tonation; the subject and the auxiliary
verb are almost never reversed. For ex-
ample, children repeatedly say things
such as “You can fix this?” even though
they have heard countless questions
such as “Can you fix this?” Similarly, no

122

creole language distinguishes questions
and statements on the basis of word or-
der; the difference is marked by intona-
tion alone.

onsider the sentence “A gon’ full

Angela bucket.” Although such a
sentence is unacceptable in English, it
is perfectly acceptable in Hawaiian Cre-
ole, Guyanese Creole or any of several
other creoles related to English. It is syn-
onymous with the sentence “I’'m going
to fill Angela’s bucket,” but it differs
from the structure of the English sen-
tence in the following ways. First, the
first-person pronoun “I”” is reduced to
“A”; second, the auxiliary verb ‘“am”
is omitted; third, the forms ‘“go” or
“gon” are used to mark the future tense;
fourth, the word “to” in the infinitive is
omitted; fifth, the adjective “full” is em-
ployed as if it were a transitive verb,
and sixth, the possessive marker “-’s” is
omitted. All these features are charac-
teristics of creoles, but this sentence was
not uttered by a creole speaker. It was
spoken by the three-year-old daughter
of an English-speaking linguist.

When a feature of the local language
matches the structure of creole, chil-
dren avoid making errors that would
otherwise seem quite natural. For exam-
ple, children learning English acquire
the suffix “-ing,” which expresses dura-
tion, at a very early age. Even before the
age of two many children say things
such as “I sitting high chair,” where the
verb expresses a continuing action. One
would expect that as soon as the suffix
was acquired it would be applied to ev-
ery possible verb, just as the suffix “-s”
that marks the English plural is fre-
quently overgeneralized to nouns such
as “foot” and “sheep.”

One would therefore expect children
to utter ungrammatical sentences such
as “I liking Mommy” and “I wanting
candy.” Remarkably, such errors are
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almost never heard. Children seem to
know implicitly that English verbs such
as “like” and “want,” which are called
stative verbs, cannot be marked by the
suffix “-ing” to indicate duration. The
distinction between stative and nonsta-
tive verbs is fundamental to creole lan-
guages, however, and no marker of con-
tinuing action can be employed with a
stative verb in creoles either.

The distinction between specific and
nonspecific reference, which I have al-
ready discussed, is an important feature
of creole languages. In English the dis-
tinction can be subtle, but young chil-
dren nonetheless acquire it with ease.
Michael P. Maratsos of the University
of Minnesota constructed a series of
sentences for children to complete, for
which the completions depended on the
distinction between specific and non-
specific reference. For example, the sen-
tence ‘“John has never read a book,”
which makes nonspecific reference to
the noun “book,” can be completed
by the phrase “and he never will read
a book”; it cannot be completed by
the phrase “and he never will read the
book.” Similarly, the sentence ‘“John
read a book yesterday,” in which a spe-
cific book: is presupposed, can be com-
pleted by the phrase ‘“and he enjoyed the
book™; it cannot be completed by the
phrase “and he enjoyed a book.” Chil-
dren as young as three years were able to
make such distinctions correctly about
90 percent of the time.

Many more studies of language ac-
quisition will have to be carried out be-
fore the structure of creole languages
can be firmly accepted as the basis of
first-language acquisition. Daniel Isaac
Slobin of the University of California
at Berkeley has suggested that there is a
set of processes children apply to any
language they hear, which he calls ba-
sic child grammar. Slobin’s most recent
work, which is not yet published, cites
evidence from several languages for the
hypothesis, and it now appears that ba-
sic child grammar and creole languages
may have much in common.

If creole languages represent the man-
ifestation of a neurologically deter-
mined program of child development,
then Psamtik was by no means the fool
he has been taken for. It may be possible
to discover, at least in general outline,
the structure of human language in the
early stages of its development. More-
over, in attempting to reconstruct such
a language linguists may be able to an-
swer questions the pharaoh did not even
ask: How did human language origi-
nate? What are the minimum prerequi-
sites for such a thing as language to arise
in a species? If such questions can be
answered or even formulated in a pre-
cise and coherent way, we shall be much
closer to understanding what makes the
human species different from others.
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THE AMATEUR
SCIENTIST

The physics of the follow, the draw

and the massé (in brlliards and pool)

by Jearl Walker

illiards and pool have the feel of
physics. Balls collide with each

other and the rails of the table like
gas molecules in some two-dimension-
al tank. Actually the physics of billiards
and pool is subtler. For example, a
skilled player can impart spin to the ball,
achieving such effects as the follow, the
draw and the massé. Indeed, the interac-
tion of the cue and the ball may be the
most challenging application of classi-
cal mechanics. To master the forces and
trajectories of both billiards and pool
one must play the game often and ana-
lytically. A helpful step toward that ob-
jective is an understanding of the phys-
ics of the games.

Recently Todd King of Temple City,
Calif., sent me his analysis of some of
the classic shots in pool. Until a few
years ago almost the only study con-
cerning the dynamics of billiards was
in lecture notes by Arnold Sommerfeld,
who is better known for his work on ear-
ly quantum mechanics. Last year David
F. Griffing of Miami University devot-

ed a chapter to pool and billiards as part
of his book The Dynamics of Sports:
Why That's the Way the Ball Bounces.
These three sources inform the follow-
ing discussion of the physics of bil-
liards and pool. After describing some
simple relations I shall take up a few of
the famous trick shots outlined in
Byrne’s Treasury of Trick Shots in Pool
and Billiards, by Robert Byrne.

When the cue strikes the cue ball, both
horizontal and rotational motions are
imparted. For simplicity assume that
the cue stick is horizontal and deliv-
ers only a horizontal force. Although
the force can be applied anywhere on
the ball’s surface facing the player, the
shock sets the ball in horizontal motion
just as if the force were applied at the
center of mass.

Now assume that the stroke by the cue
is in the vertical plane passing through
the ball’s center of mass, namely on an
imaginary vertical line running through
the center of the face toward the player.
The location of the blow along this line

The “just showin’ o,
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has no direct bearing on either the ball’s
initial velocity or its momentum (the
product of mass and velocity). They are
set by two other factors in the collision.
One factor, over which the player has
virtually no control, is the duration of
the collision. The second factor, easily
controlled by the player, is the force on
the ball. A “hard” shot generates more
velocity and momentum than a ‘“‘soft”
shot because the force in the collision
is greater.

In addition to horizontal motion the
cue also generates a torque that makes a
ball rotate about its center of mass. The
magnitude of the torque is equal to
the product of the force and a lever arm
that represents the vertical distance be-
tween the middle of the ball and the
point where the cue strikes. The torque
increases as the distance of the blow
from the middle of the ball increases.

The torque determines the initial rate
at which the ball spins about the center
of mass. The spin is proportional to the
torque divided by the ball’s moment of
inertia (a number that takes into account
not only the mass of an object but also
the distribution of the mass around the
axis of rotation). For a cue ball rotating
about an axis through its center of mass
the moment of inertia is two-fifths of the
mass multiplied by the square of the
radius. The factor of 2/5, which arises
from the shape of the ball, plays a role
in a player’s decision about where to
stroke the ball in certain shots.

If the player wants an initially non-
spinning ball, he should strike it at the
height of its center of mass. The lever
arm for such a stroke is zero, and so the
torque and spin are zero. With a higher
blow the collision has a lever arm and
hence a measurable torque. The ball
moves forward because of the force of
the collision, and it spins about its center
of mass because of the torque. The ball
has topspin: the top of the ball moves
away from the player faster than it oth-
erwise would. Striking the ball below the
center results in backspin.

The player’s stroke therefore controls
three features of the motion. The force
determines the velocity of the ball over
the table. The lever arm of the force
determines the direction of spin. The
product of the force and the lever arm
determines the rate of spin.

Without friction from the surface of
the table the cue ball would continue
moving until it hit a rail or another ball.
Even a surface worn smooth from play
can provide significant friction, how-
ever, if the ball slips on the cloth. The
friction can be high enough to alter both
the horizontal and the rotational mo-
tion of the ball and thereby significant-
ly change the shot. If the ball rolls over
the table without slipping, the friction
is low and affects little more than the
maximum distance of roll.



The friction on a slipping ball depends
on the weight of the ball and on the sur-
face texture of the cloth and the ball, but
it is independent of the rate at which the
ball slips. The direction of the force de-
pends entirely on the direction of slip.
Suppose the player delivers a large top-
spin to the cue ball; the bottom surface
then slides toward him and the center
of mass moves away. At the point of
contact the friction force is opposite to
the sliding. (The force is away from the
player.) Since the friction opposes the
sliding, it begins to decrease the spin of
the ball about its center of mass. And
since the friction force is away from the
player, it continues to propel the ball
forward and away from the player. A
ball given a large topspin can run for
a long time because of this additional
propulsion.

Suppose the player imparts backspin.
The force sends the ball away and the
torque sets it into a spin that makes the
bottom slide over the cloth in the same
direction. The friction force on the bot-
tom on the ball is thus toward the play-
er. Again the friction tends to slow the
spin, but this time its effect on the center
of mass is rearward. As the ball slides,
its forward motion and spin are slowed.
Eventually the backspin is eliminated
and the ball begins to roll without slid-
ing. A ball hit with backspin runs only a
short distance because the friction op-
poses the motion of the center of mass.

A ball with topspin will slip unless the
speed of its center of mass is equal
to the spin multiplied by the radius.
Then the ball’s forward motion is ex-
actly matched by the motion of the bot-
tom surface through the point of con-
tact with the table. To achieve this
match instantly the player must stroke
the ball at a point that is exactly above
the middle by a distance equal to two-
fifths of the radius. This relation is es-
tablished by the fact that the 2/5 in the
formula for the moment of inertia must
be canceled by the 2/5 in the formula
for the lever arm of the torque.

If the cue ball is struck higher than at
this special point, the spin rate is at first
too large for a match to be achieved,
but friction tends to force the ball into
the matched state. The friction (direct-
ed forward) reduces the spin and in-
creases the speed of the center of mass.
If the ball does not run into anything,
the match of speeds is eventually made
and the ball begins to roll smoothly.

If the ball is struck between the mid-
dle and the special point, its spin is in the
right direction for smooth rolling but is
too small. At the point of contact with
the cloth the ball’s surface has a small
rearward motion owing to the spin and
a larger forward motion owing to the
speed of the center of mass. The net slip-
ping motion there is forward, creating a
rearward friction force that tends to in-
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crease the spin and decrease the motion
of the center of mass until the match
that causes a smooth roll is achieved.

If the ball is struck below the middle,
the spin is in the wrong direction for
smooth rolling. This time the friction in-
duced by slipping reduces both the spin
and the speed of the center of mass.
Eventually the spin stops and the ball
begins to roll smoothly.

A skilled player can impart a long or
shortrun to a ball by striking it at a point
relative to the special point for smooth
rolling. If he wants the ball to reach the
far side of the table quickly, he must
strike it above the special point so that
the friction propels the ball.

The player is more likely to be con-
cerned with how the ball is rotating
when it strikes another ball. (The other
balls are called the object balls.) A col-
lision between a cue ball and an object
ball transfers momentum from the cue
ball. In a head-on collision the transfer
is complete, leaving the cue ball with a
motionless center of mass. In a glancing
collision the cue ball loses only part of
its momentum and continues to travel.
In any collision virtually none of the cue
ball’s rotation is transferred because the
friction between the surfaces of the col-
liding balls is minute and the collision
is brief. Only with significant friction
could the cue ball transfer spin to an
object ball.

The absence of transferred spin leads
to two interesting shots. Suppose the cue
ball is hit with topspin and collides head
on with an object ball while it is still
sliding. Just after the collision the cue
ball’s center of mass is motionless but
the ball continues to spin. The forward-
directed friction generated by the spin
slows the spin and begins to propel the
center of mass. Soon the cue ball begins
to roll again, following the object ball.
This is a follow shot. A cue ball with
topspin is often said to have “follow” or
“follow English.”

If the cue ball is given backspin, it will
return to the player after hitting an ob-
ject ball head on. The collision leaves
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the cue ball with a motionless center of
mass but with the same amount of spin.
The friction generated by the sliding sur-
face is toward the player. As the fric-
tion slows the spin and propels the
center of mass, the ball begins to roll
smoothly toward the player. This is a
draw shot. A ball with backspin is often
said to have “draw” or ‘“draw English.”

A follow shot is depicted in the mid-
dle illustration on the next page. A play-
er who wants to pocket the four ball
and the seven ball with a single shot
strikes the cue ball with follow, thus
causing the four ball to ricochet off the
seven ball and into the pocket. The col-
lision of the cue ball with the four
ball leaves the cue ball momentarily

‘spinning in place, but sliding friction

soon propels it toward the pocket again.
In the meantime the seven ball has
bounced off the rail near the pocket
and come into line between the cue ball
and the pocket. The cue ball then pock-
ets the seven ball and comes to a stop.

So far I have written only of stroking
the cue ball along a vertical line through
the center. The result is topspin or back-
spin about a horizontal axis. If the ball is
stroked elsewhere, the axis of spin still
passes through the center of mass but
is no longer horizontal. A stroke on the
left side of the ball is said to give left
English, on the right side right English.
From overhead left English is a clock-
wise spin about the vertical. As before,
the rate of spin depends on the lever arm
associated with the force. The farther
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off center the ball is struck, the larger
the lever arm is and the faster the spin
around the vertical is. The friction of the
ball with the table serves only to dimin-
ish the spin.

If the cue strikes the ball high or low
on the side, the ball spins about an axis
that is between the horizontal and the
vertical. A stroke below the middle and
to the left of centerresultsin a draw with
left English. The center of mass is given
momentum in the usual way and the ball
spins about an axis tilted out of the ver-
tical toward the player’s left. One can
view this rotation as being two simulta-
neous spins, one that is clockwise about
the vertical and another that is backspin
about the horizontal. The primary fric-
tion force on the ball is imparted by
the backspin.

A cue ball with side English travels in
astraightline like a ball with no English,
but the angle at which it rebounds from
a rail is remarkably different. When the
ball has no initial English, its angle of
rebound is the same as its angle of ap-
proach to the rail. If the approach to the
rail is perpendicular, as is shown in the
bottom illustration at the left, the ball
must retrace its path after rebounding.
If it has left English, however, it returns
along a path on the player’s left because
of friction during contact with the rail.
From an overhead view the ball with
left English turns clockwise. When it
slides along the rail, the friction force
is to the left. When the ball rebounds, it
has not only its velocity perpendicular
to the rail but also this leftward compo-
nent. The ball returns along a straight
path resulting from the combination of
the two motions.

A left-English ball approaching the
rail at any other angle is similarly redi-
rected. The opposite effects arise with a
right-English ball. A simple way to re-
member the difference is to associate the
direction of English with the rotation of
the rebound path: left English results
in a clockwise rotation of the path and
right English results in a counterclock-
wise rotation.

If a ball approaches the rail with no
English and at some angle other than 90
degrees, friction from the rail gives it
English. Consider the ball’s approach to
be a combination of one motion perpen-
dicular to the rail and another parallel
to it. Once contact is made the paral-
lel component generates friction on the
ball. The resulting torque spins the ball
about the vertical, imparting English.
Suppose a ball is sent into the rail from
the player’s right. If it initially had no
spin, it leaves the rail with left English.

All these rotations of spin are about
an axis in a plane perpendicular to the
direction of travel of the ball. The massé
shot supplies spin about an axis out of
that plane. With the cue almost vertical
the player strikes downward on the side



of the cue ball. The horizontal part of
the stroke determines the initial path
of the ball, but the spin given to the ball
generates a friction from the table that
ends up curving the path.

Suppose the player strikes sharply the
left side of the ball. Since the blow is
hard and the lever arm is large, the spin
imparted to the ball is large. The spin is
about an axis that is approximately in a
horizontal plane but is not perpendicu-
lar to the initial path of the ball. To sim-
plify the spin one can regard it as con-
sisting of\two simultaneous spins about
different axes. One is parallel to the ini-
tial path and the other is perpendicular
to it. The spin about the axis perpendic-
ular to the initial path is similar to that
of a simple draw shot. The spin about
the other axis forces the ball to slip per-
pendicular to the initial path, thereby
generating a friction force that is also
perpendicular to the path. This sideways
force curves the path of the ball.

The massé is commonly employed to
send the cue ball around an obstacle
to reach a hidden ball. A more complex
massé shot is shown in the lower illus-
tration at the right. The idea is to sink
the 15 ball and the eight ball with a sin-
gle shot and to have the eight ball en-
ter the pocket last. The cue ball is giv-
en a massé shot, knocks in the 15 ball,
misses the eight ball and heads toward
the rail in a curved path because of side-
ways friction. After rebounding from
the rail the ball stops and then reverses
its horizontal motion, heading back to
pocket the eight ball.

The initial stroking of the cue ball
gives it both backspin for a friction force
like the one in the standard draw shot
and sideways spin for a sideways fric-
tion to curve the path into the rail. The
rebound off the rail is little affected by
the backspin, but the sideways friction
keeps the ball near the rail. After the
rebound the backspin finally stops the
horizontal motion of the ball’s center of
mass. Since the ball still spins, that fric-
tion force then brings it back toward the
player. The remaining sideways friction
continues to drive the ball toward the
rail. Hence after the reversal of path
resulting from the drawlike component
of the shot the ball comes back near
the rail to knock the eight.ball into the
corner pocket.

When a cue ball collides with an ob-
ject ball, part of the momentum and ki-
netic energy of the center of mass of the
cue ball is transferred. The transfers are
almost total if the collision is head on. In
a glancing collision the transfers cause
the two balls to separate along approx-
imately perpendicular paths. (In prac-
tice a small amount of energy is lost
by the balls in the collision, and the
angle between their paths is a bit less
than 90 degrees. I shall disregard this
complication.)
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You can easily predict where the cue
ball and the object ball will travel after
a collision. Imagine the instant the two
balls touch and mentally draw a line be-
tween their centers. At that instant the
object ball acquires two forces from the
cue ball. At the contact point and per-
pendicular to the line between the cen-
ters is a small friction force. It is almost
always small enough to be ignored. Par-
allel to the line is a larger force that
pushes the object ball off along a path
that is also parallel to the line. The direc-
tion given to the object ball.depends al-
most entirely on the orientation of the
line between the centers of the balls at
the instant of contact. Through experi-
ence the skilled player can direct the cue
ball so that it makes contact in just the
way necessary to send an object ball into
a pocket. The player can be certain the
cue ball will travel perpendicularly to
that path.

If the cue ball is given follow or draw
and still has the associated sliding when
it reaches the object ball, the collision
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changes somewhat in that the cue ball
leaves the collision site on a curved path.
Suppose the cue ball has been given a
large follow. The collision transfers part
of the kinetic energy and momentum of
the center of mass. If one can disregard
entirely the friction between the collid-
ing balls, none of the spin of the cue ball
is transferred to the object ball. The cue
ball begins to move away from the colli-
sion site along a path perpendicular to
the path taken by the object ball. The
cue ball still has topspin. The curious
feature is that the ball no longer slides
parallel to its path. The component of
the sliding “perpendicular to the path
provides a sideways friction force that
pushes the ball into a curved path.
Therefore when the cue ball is given fol-
low, it tends to curve back toward its
original direction after a collision. A cue
ball with draw tends to curve away from
the original direction.

Normally the friction between two
colliding balls is negligible. It can be
greatly increased if the surfaces are cov-
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ered with chalk. My favorite example
comes from Byrne’s book. The illustra-
tion below depicts the setup: the player
must get the five ball into the pocket at
the right. Can the shot be made without
contact between the cue ball and the
spotted ball? Normally the shot is im-
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possible. The five ball can travel to the
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chalks the left side of the five ball and
then sends the cue ball into the side with
a little right English. With chalk on the
collision area the friction between the
balls is no longer negligible. The five
ball is subjected to two forces during
the collision, one force parallel to the
line connecting the centers and the oth-
er force (friction) perpendicular to that
line. The five ball heads off in the direc-
tion of the net force, which by design is
toward the corner pocket.

Chalking a ball is certain to get you
thrown out of a pool game, but a similar
application of friction between balls can
be achieved more acceptably. When a
cue ball strikes an object ball that is al-
ready touching another object ball (the
two object balls are said to be frozen),
the collision creates a friction between
the object balls that can significantly
alter the path of one of them. Consider
the situation in the illustration at the top
right on this page. The cue ball is sent
directly into the five ball, which is frozen
to the eight ball.

It is best to analyze the collision in
two steps. First the cue ball transfers en-
ergy and momentum to 'the: five ball,
which then collides with the eight ball.
The five and the eight should sepa-
rate along perpendicular paths, but the
eight ends up traveling more in the for-
ward direction because of friction be-
tween the object balls.

During the collision between the five
ball and the eight ball the five begins to
move perpendicular to the line between
the centers. The eight ball should move
parallel to that line because of the force
of collision from the five. Since the balls
are initially frozen, however, the motion
of the five ball rubs the surface of the
eight ball, generating a friction force
that briefly pushes the eight ball perpen-
dicular to the anticipated path. The ac-
tual path is then set by the combination
of these two forces on the eight ball dur-
ing the collision; the path is more in the
forward direction than it would be if the
balls were not initially frozen.

My last example, the “just showin’
off ” shot, has become famous because
Steve Mizerak, a master of pool, per-
formed it in a television commercial.
Five balls are clustered around a side
pocket. The six ball lies at the mouth
of a corner pocket. Can all six of the
balls be pocketed with a single shot?
I certainly cannot make the shot, but
Mizerak is said to be successful three
times out of four.

The cue ball is sent into the two ball
with follow and left English. Imagine
the position of the balls and the forces
between them at the instant the cue ball
reaches the two ball. The two ball has
three forces on it. One force is parallel to
the line connecting its center with the
center of the cue ball. Another is along
the line connecting the centers of the



two ball and the three ball. Because |

those balls were initially frozen, the two
ball also has a rightward friction force
on it at the point of contact when it
slides off the three ball. The net force
sends the two ball over to the five ball,
where it ricochets into the side pocket.

Meanwhile the three ball has been
moving. When the cue ball hit the two
ball, the three ball received two forces
from the two ball. A force parallel to the
line connecting their centers knocked
the three ball hard into the rail. The sec-
ond force was leftward friction generat-
ed by the rubbing of the balls when the
two ball departed toward the left. (This
friction arises because the two ball and
the three ball were initially frozen.) The
rail pushes back on the three ball, di-
recting it straight across the table. The

ball also travels somewhat to the left |

because of its brief friction with the
two ball. The three ball ends up in the
pocket on the far side.

The five ball was initially frozen to the
one ball and the four ball. When the
two ball hits it, the five ball is subjected
to several forces. One force is along the
line connecting its center and the cen-
ter of the two ball. Two more forces lie
along lines connecting the center of the
five ball with the centers of the one and
the four. In addition the five ball has
friction forces from being frozen to the
other balls. The net force on the five ball
is neatly toward the pocket in the left
corner. The net force on the one ball is
toward the nearby side pocket. The net
force on the four ball is toward the far
left pocket. Five balls are down.

After this cluster of balls has spread
the cue ball returns to the area. It had
been launched with follow (for a long
run) and with left English. Its collision
with the two ball left it traveling to-
ward the far rail with most of its initial
spin. The spin, however, is now some-
what sideways to the path. The cue ball
curves to the left, rebounding closer to
the corner pocket than it would without
the sideways force. Its bounce from the
rail removes most of the spin. Thereaf-
ter it travels in straight lines, bouncing
twice more from rails. It finally reaches
the six ball at the other end of the table
and pockets it.

I have of course been describing only
a limited selection of shots. Thousands
of interesting shots remain to be ana-
lyzed. You might be particularly inter-
ested in figuring out the physics of shots
into large clusters of frozen balls. Byrne
has several curious examples devised by
19th-century masters of pool and bil-
liards. You might also be-interested in
jump shots, in which the cue ball is sent
hopping over the table or even between
two tables. Be careful. Proprietors of
pool halls rarely tolerate such shenani-
gans, even in the interest of scientific in-
vestigation.
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10 pages, 300 illustrations.)
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optics, eyepiece design, ray tracing (made easy).

(646 pages, 320 illustrations.)
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he golden age of California

I Chardonnay is upon us.
Though this grape is a nagive
of the Burgundy region of Francd
Chardonnay is now firmly rooted"
the re

Here

il of the Sonoma Valley.
roduces a white wine of
iss quality and reputation.

we have picked the grapes
aum maturity and cold-

ed the wine to dryness,

Anay is then elevated to

85 by the judicious use of oak
wging.

| Nevers oak barrels to lend

d character and
complexity to our 1981 Proprietor’s
Reserye Chardonnay. The wine is
made in a style that wmpk‘:msms
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are iu]lmwd by rich \.mu.tl IT.uurs
carefully balanced to the oak. The
finish is classic Chardonnay, full
and spicy.

FOOD

The full flavor of Chardonnay
makes it an ideal complement to
seafood, veal, turkey and chicken,
Also, my wife Vicki and I enjoy our
Chardonnay as an aperituf wine,
served with sliced cheeses and fruit.
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food is the mosEgracetul expression
of our art formyVicki creates many
recipes to enhafiee the unique
character of ougwines. One of my
favorites is Grilled Fish Steaks,
Sonoma Style.

asoned with an

0, patsley,
watercress and garlie, the light and
spicy flavors of ghis dish are a perfect
match for Chardonnay.

If you wouldlike to sample some
of our Chardefinay recipes, and
learn more abaut wine, please write
to the address below for your free
brochure, * erlc and Food:
Chatdonnay." We would enjoy
sharing them with you.

Discover Sebastiani Vineyards, |
a family winery in the Sonoma
Valley.
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Sam J. Sebastiani
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at if you chose
as a technical

“At Union Carbide,
an HP computer network
automates production
management and has
paid for itself in less than
two years.”

Union Carbide’s Linde Division

in Tonawanda, N.Y., manufactures
custom production equipment.
Factory systems manager Doyce
Coffman says, ““When production
demand fluctuates, it complicates
our scheduling, product costing,
and long range planning.

““To solve these problems we auto-
mated production and materials
management with a network of HP
1000 and 3000 computers and 43
data capture terminals.

‘Because these systems continu-
ously monitor operations and re-
spond in real time, we canidentify
and eliminate production bottle-
necks on line. The payback? Im-
proved efficiency factory-wide and
adollar savings that covered the
cost of our entire HP network in
less than two years.”
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What should you expect
from a computer partner?

Quality—from researching cus-
tomer needs to product develop-
ment, manufacturing, marketing,
after-sales service, and support!

Quality, by HP’s definition, encom-
passes more than the product.

This high quality recently was

recognized by the Union of Japa-
nese Scientists & Engineers, who
awarded a coveted Deming Prize to
Yokogawa-Hewlett-Packard, HP’s
joint venture company in Japan.

YHP offers the entire spectrum of
HP products and in 1981 accounted
for Japanese sales of more than $200
million. Nearly 60 percent of the
products YHP sells are imported
from HP manufacturing operations

© 1983 SCIENTIFIC AMERICAN, INC

The Deming Prize: for outstanding
merit in the control of quality.



Hewlett-Packard
computer partner?

“At Amdahl, an HP
computer network helps
control testing. And it’s
paid for itself in two

Amdahl manufactures large-scale
general purpose computers. In
Sunnyvale, Calif., Bob Henderson,
Manager of Test Systems Software,
says: ‘“We use a network of HP 1000
computers to control various tests
on our Model 580 computers. With
the HP systems, we can achieve the
advanced testing and stringent
quality control our high-speed,
high-density products demand.

“‘Replacing batch systems with an
HP computer network saved us
nearly $100,000 in equipment costs.
And by using HP 1000’s we're
obtaining test data ten times faster
than before.

““Our test network helps streamline
manufacturing processes and has
paid foritself in just 2 years. In
addition, the network saves us up
to $34,000 a year by reducmg pa-
perwork and test cycle time.”
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n the US and abroad. Conversely,  You should consider a proach to meeting your long-term
YHP manufactures and exports working partnership with computer and ipformatioq needs,
various products to HP customers HP. N write to A.P. Oliverio, Senior Vice
- INOwW. President, Marketing, Dept. 207,
throughout the world.
For a free copy of our brochureex- ~ Hewlett-Packard Company, P.O.

plaining HP’s practical, provenap-  Box 10301, Palo Alto, CA 94303.
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T'he total quality control approach

for which YHP was awarded the

Deming Prize is a point of pride

throughout HP. Customers in every

part of the world should expect When p erformance must
juality as a fundamental element in

. computer partnership with HP. be measured by results

HEWLETT
PACKARD
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INTRODUCING
THE PERFORMANCE

SEDAN WITH A
GENETIC ADVANTAGE.

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

Nine years later, big was out and the

| future was conceded to the tiny econ-
omy car. BMW introduced the 320i. A
performance car.

Today the auto industrt))/ has ézm- !

—— | | == e Draced perfor-

= - mance as the
GE u--a r-‘- | wave of the

___— = present. And

o= = BMW has intro-
an_i d - duced the 318i. A

system, larger disc brakes, and such
technological innovations as an elec-

tronic system that actually calculates
when routine servicing is needed.

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

“THE FINEST
QUALITY CAR AVAILABLE"

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

It is roomier than its predecessors

performance car——but one with animpor-| and well equipped with noise- and

tant difference.
Itarrives with a heritage, as opposed
to a history of recurring identity crises.
WHY A CAR'S PAST IS ITS FUTURE
All cars, especially those aspiring to
high performance, are products of
engineering, technology—and genealogy.

The BMW 318i enjoys a substantial |,

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

Its gearbox has been re-

. fined to match the greater

| torque, while retaining the char
actenstic precision that has
inspired comparison to the link-
age of fine timepieces.

Its new independent sus-
pension is a virtual syllabus of
lessons learned on race-
COurses, dr*ll\.renng handling
and road holding Car and
| Driver judged “magnificent.”

It offers a new grad-
uated power-assist steernng

vibration-dampening measures. It also

| offers orthopedically-designed bucket |
| seats and other functional amenities
bearing the impnnt of its racing ineage.

Its “overall ergonomics;” summed
up AutoWeek, “demonstrate why
many consider the BMW the finest QU8|IW
car avallable on the market today.”

In short, the 318i continues and
advances a 55-year commitment to
performance, As today's fledgling per-
formance cars will discover, there I1s
no avallable shortcut to that experience. |

If you see no need to discover the
point along with them, we invite you
to visit your nearest BMW dealer and
test drive the 318i

THE ULTIMATE DRIVING MACHINE.

*EPA-estimated |2 -mpg 38 highway. Figures are for comparison purposes ofify. ¥our a T I"‘!ﬂ" rﬂ.lyf iy, a-—ﬂcnk i nesg we-.a'nur aru tlm lengt M actual rrgﬂ.-aw milaags wilt most likely

be lower. © 1983 BMW of North America, Inc. The BMW trademark and logo are

tetid European ycant
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« arranged Ifrough your authorized L) S

BMW dealer.



