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Scientists and engineers realize that

a communications carrier has led to such
knowledge has no boundaries.

At Bell Labs and Western Electric,
our efforts in communications stimulate
breakthroughs in other important areas.
Including medicine.

Our invention and manufacture of
the transistor helped make it possible to
regulate heartbeats, to make sensitive in-

ternal tests and even to use computers for
diagnosis and treatment.

Research into the use of the laser as

experimental applications as welding re-
tinas and performing bloodless surgery.
Our people develop and manufacture
specialized communications equipment
to help the deaf, the blind and other handi-
capped.
They made the hearing aid and arti-
ficial larynx medical facts. Through the
Data-Phone® Medical Set they allow doc-

tors to read EKGs, even though the
patients are miles away.
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we often make discoveries that lead to better health.

The Bell System’s tradition of help-
ing with medical projects dates back to
Alexander Graham Bell, whose work
with the deaf led to the invention of the
telephone. Today, many of our people
also spend free time working on medical
problems.

The men and women of the Bell
System have a commitment to commu-

nications. Be" LabS
And sometimes this helps people in western EleCtriC

other ways, too.
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Camaro has a ride and
a feel you’'ll appreciate,
Loo0, Steel-belted radial
tires are available for
both the ?‘;}llll‘l C:llliu'
and Type LT.

Camaro has a new
standard 350-cu.-in.
V8. And all V8
Camaros have power
steering standard.
Tachometer, ammeter
and temperature gauge

3

It 1s. Camaro gives you

people. Rich upholstery.

are standard with the
Camaro Type LT.

Camaro Type LT.

Camaro has a very sensible new aluminum bumper
Camaro not only looks quick, sleek and nimble. system that helps cushion minor impacts. New tail-

comfortable seats for four lights wrap around for visibility. You’ve called
New cut-pile carpeting. sporty cars impractical for the last time.

1974 Camaro.The way it looks is the way it goes.

Gheviolet. Building a better way to see the US.A. w
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Do you ever
wonder what
happens toyour
records when
you play them?

You should.

Your records are without
question the most expensive
"'component” in your stereo
system.

And when the stylus touches
down in the record groove, a
running battle begins. The
stylus is violently tossed up,
down and sideways, thousands
of times a second.

These motions produce |
either beautiful sounds or '
expensive memories. It all
depends on the tonearm.

Serious record lovers know
all this. Which is why so many
of them won't play their records
on anything but a Dual.

If you would like to know
why, mail the coupon. We'll
send you complete reprints of
independent lab reports. Plus
an article from a leading music
magazine that tells you what
to look for in record playing
equipment.

Better yet, visit any
franchised United Audio dealer
and ask for a demonstration.

“ United Audio Products, Inc. |
120So. Columbus Ave.
Mt. Vernon, N.Y. 10553 Dept. SA |

' Please send me your free literature on
[ turntables, including test report reprints.

{ Name
l
l

ljtote _ Zip —— 4 |

United Audio 1s exclusive US Distribution Agency for Dual

THE COVER

The picture of George Washington on the cover was generated by an opti-
cal process from a photographic copy of Gilbert Stuart’s painting. The high
resolution of the original image has been reduced to an array of 625
squares, each of which has a roughly uniform color and brightness through-
out its area. In spite of this loss of detail the subject of the portrait is easily
recognized. Perception of the figure can be enhanced by moving one’s head,
by squinting at the image, by jiggling it or by viewing it from a distance of
10 to 15 feet. The smaller reproduction above can readily be identified
at ordinary reading distance. Pictures such as this one have shown that
one can recognize faces in spite of a severe reduction in the informa-
tion conveyed by the image; their role in the study of perception is ex-
plained by Leon D. Harmon in “The Recognition of Faces” (page 70).
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Converts | ,
: In *St. Louis, enough electric power
Ga rbage s to serve 25,000 homes is generated

: by mixing garbage with coal in a
Into Energy 7 ~)  conventional boiler. This reduces
' N ii  air pollution, saves landfill and con-

serves coal.

The city's garbage is first mined for
steel cans. St. Louis is one of
twenty cities reclaiming three
billion steel cans annually by mag-
netic separation—the leading re-
source recovery method. Steel's

unique magnetic property makes it
possible.

What happens to the reclaimed
steel cans? St. Louis sells them to
one of our steel companies for
remelting. In other cities the can
scrap goes to the copper industry,
detinning plants or ferroalloy pro-
ducers as well as steel mills,

For more information, write Tin-
< Tinplate Producers/American Iron plate Producers, American Ironand
& and Steel Institute Steel Institute, 150 East 42nd
Street, New York, New York 10017.

*St. Louis Solid Waste Demonstration Project is funded and operated by U.S. Environmental Protec-
tion Agency, City of St. Louis, Union Electric Company, and American Iron and Steel Institute.
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This is the new 3-iter BMW,
from the famed Bavarian Motor
Works of Munich, Germany. It is a
very different concept of what a
fine car should be.

That difference lies, essentially,
in its purpose. Because above all
else, a BMWis built to be driven.
It is not intended merely to be
impressive, or ostentatious, or
stately.

Instead, the BMW is designed
and constructed, with an almost
fanatical dedication, for what it
will do on the road. And especially
what it will dointhe hands of a
man who knows and loves great
machinery.

The result is a car of extra-
ordinary capabilities. It is a car
that will go, and stop, and corner,
and maneuver, and respond in a

© 1973 SCIENTIFIC AMERICAN, INC

way that, to the uninitiated, is
nothing less than astonishing.

Its engine features triple-
hemispherical combustion
chambers. Such is itsoutput that
Road and Track states flatly that
“It is unquestionably the most
efficient inline six in the world’’

Fully independent suspension
combines with a multi-jointed rear
axle to provide uncanny tire-to-



road adhesion, the secret of
BMW's legendary roadholding.

In sum, itis a car of tremen-
dous refinement. Because to each
aspect that is truly important to
the car’s function, in handling, in
safety, in comfort, in quality of
construction, we have brought
standards born of a half-century
tradition of engineering leadership.

Visit your BMW dealer soon,

oI'S Cdl-

and see this remarkable car.

Test it. The more you like todrive,
the more you'll appreciate the
new BMW.

BMW automobiles are available in four or six cylinder
models. Sole U.S. Importer:

Hoffman Motors Corporation. 375 Park Avenue, New
York, N.Y. 10022; 12541 Beatrice Street, Los Angeles,
California 90066. Dealers Coast to Coast.
Advantageous European Delivery Program. Write for
free brochure.

Canada: East: BMW Distributors Eastern Canada, Ltd.
801 Progress Avenue, Scarborough, Ontario

West: BMW Distributors (Western) Co. 2040 Burrard
Street,Vancouver 9, B.C.
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LETTERS

On reading “Public Policy on Fertility
Control,” by Frederick S. Jaffe [Scien-
TIFIC AMERICAN, July], the question in
my mind is: How is a Government pro-
gram kept from having “information”
and “availability” slide by rapid degrees
into indoctrination and coercion?

This past summer a good deal of me-
dia attention has been given to the
activities of the Montgomery (Ala.) Com-
munity Action Committee Inc., an agen-
cy funded by the U.S. Office of Eco-
nomic Opportunity. The agency is cur-
rently being sued for damages on behalf
of two young black sisters aged 12 and
14 who were sterilized “because boys
were sfarting to hang around them.” It
should be pointed out that neither of the
girls has ever been pregnant and that
there is little likelihood that they under-
stood the nature of the operation. The
Montgomery Community Action Com-
mittee’s family-planning clinic states that

Scientific American, November, 1973; Vol. 229,
No. 5. Published monthly by Scientific American,
Inc., 415 Madison Avenue, New York, N.Y. 10017;
Gerard Piel, president; Dennis Flanagan, vice-
president; Donald H. Miller, Jr., vice-president
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they really are not sure how many oth-
ers have been similarly sterilized. One
thing they are sure of, however, is that
all have been young black girls.

In Aiken County, S.C., three local ob-
stetricians have a policy that requires
welfare mothers having their third preg-
nancy or more to agree to sterilization in
order to receive treatment. One of these
physicians received $60,846.40 in 1972—
1973 for treating welfare patients. Near-
ly half of the welfare mothers who had
babies at Medicaid expense in Aiken
County so far this year have been steri-
lized. The physicians have readily stated
that their policy was based on their so-
cial views. Women who did not want to
take advantage of their “service” could
drive many miles to find another doctor
and hospital. The local hospital admin-
istration can find nothing wrong with the
policy of these doctors. Also mail to the
local newspaper is heavily in favor of
the policy....

To those who assume that the Ala-
bama and South Carolina cases are re-
grettable but isolated instances, I can
only warn that the worst barbarisms
often have small beginnings.

CaroLk K. LEvisoNn

Wexford, Pa.

Sirs:

Ms. Levison raises a number of im-
portant issues that certainly need to be
addressed:

To begin with the South Carolina
case: Some private physicians, based on
their own social and economic biases,
refused to provide maternity care to
pregnant welfare recipients unless the
women agreed to sterilization following
delivery; if the women agreed to the
doctors’ conditions, the doctors provided
the services (in this case maternity care
and sterilization), which were paid for by
Medicaid, a joint Federal-state health-
financing mechanism. Medicaid is not a
Government program in the sense that
a Government agency makes rules set-
ting forth required standards of profes-
sional practice or treatment of recipients,
but is an instrument for financing speci-
fied medical services for specified eli-
gible people. In this regard Medicaid
functions exactly like Blue Shield or pri-
vate health insurance: virtually all of the
decision making is decentralized; wheth-
er or not Medicaid patients will be
served and how they will be treated is
determined by the individual physician
and hospital. Even decisions on the qual-
ity of care the doctor will provide are

© 1973 SCIENTIFIC AMERICAN, INC

constrained only by reference to an am-
biguous concept of “prevailing standards
of medical practice,” which can vary
from one community to the next, and not
by relatively clear regulations, guidelines
and monitoring that characterize (or
should characterize) Government pro-
grams. Precisely because private medi-
cal practice is unsupervised and unmon-
itored, there is no information on the
extent of the abuse surfaced by the Aiken
case in regard to Medicaid patients, or
other poor patients who may receive
charity care from private physicians or
hospitals, or even to nonpoor patients
whose care is financed by private health
insurance or their own funds. Nor is
there any systematic information on oth-
er similar abuses—such as physicians or
hospitals that refuse to treat certain pa-
tients at all because of the patient’s color
or economic status, or to provide patients
with certain types of care (e.g., contra-
ception) because of the doctor’s or hospi-
tal’s philosophy or biases. Abuses such
as these did not originate with the entry
of the Government into the medical
economy and constitute a central prob-
lem underlying the recent efforts to make
the health system more accountable.
Many health workers share my view that
the incidence of such abuses will not be
reduced if the Government role were to
be removed and the medical economy
left to its own devices. Indeed, only if
the Government takes on more respon-
sibility for monitoring and evaluating
the health programs it agrees to finance,
is it possible to reduce the incidence of
such abuse.

The Alabama case is different in that
a Federally funded, locally administered
program was involved: the family-plan-
ning project referred the two minors for
sterilization to the local hospital (which
apparently financed the operations
through Medicaid). There are disagree-
ments as to the facts: The project states
that the minors are retarded, that pro-
tection against pregnancy was sought
from the project by the girls’ mother and
that the mother consented to the sterili-
zations. In the lawsuit on behalf of the
parents and the minors different facts are
asserted, but it is significant that the suit
for damages against the family-planning
program has been dismissed. As a result
of the case, the Department of Health,
Education, and Welfare has formulated
regulations to govern sterilization in
Federally funded projects and to more
explicitly safeguard the rights of minors
and * legally incompetent individuals.
Family-planning organizations (includ-
ing the Planned Parenthood Federation
of America) have fully supported this



effort to develop effective and clear reg-
ulations.

The legal, ethical and practical issues
posed by the Alabama case (Who is “re-
tarded”? When is consent “informed”’?
How best to serve the sometimes con-
flicting rights and interests of the minors
and parents involved in cases such as
this?) are considerably more complex
than Ms. Levison’s letter implies. It is
noteworthy that the four women mem-
bers of the Black Congressional Caucus
(Representatives Burke, Chisholm, Col-
lins and Jordan) issued a statement on
July 10 asserting that “the heart of the
issue is how to make family planning
information and services available to all
those who want and need them and at
the same time ensure that no element
of coercion creeps into programs which
Congress has specifically mandated
must be voluntary in nature.” They
called on the Department of Health,
Education, and Welfare to develop de-
tailed regulations and guidelines with
the assistance of experts in retardation,
law, medicine and other relevant fields.
They also noted that the Administration
is opposing continuation of the national
family-planning program under the
Family Planning Services and Popula-
tion Research Act of 1970 in favor of 50
separate state programs supported by
Medicaid and stated: “To turn all fam-
ily planning programs over to the states
will merely compound the problems
raised by the [Alabama] case.... Clear-
ly if we are to protect children...and
other citizens seeking assistance, there
is need for uniform Federal guidelines
not only for the OEO and HEW family
planning programs but also for the state-
delegated Medicaid programs.”

Most of us who work in family plan-
ning agree with the black congress-
women that the best protection against
coercion lies in more Federal leadership,
participation and supervision, not less.
We believe that while the record of pub-
licly funded family-planning programs
has been relatively free of abuses since
1966 (especially in view of the very
large numbers of patients served), there
is considerable potential for abuse if the
Administration prevails in applying its
overall decentralization philosophy to
the family-planning program.

FREDERICK S. JAFFE

Center for Family Planning Program
Development

Technical Assistance Division
of Planned Parenthood—World
Population

New York

Thetime has come to completely
re-evaluate your standard of
high fidelity performance.

The ingenious innov: Your Pioneer dealer will demonslrate
how they can outperform any unils
in their price range, TX-9100 —
$299.95; SA-9100 — $399.95 ;

U.S. Pioneer Electronics Corp.
178 Commerce Rd., Carlstadt

New Jersey 07072

M PIONEER

whan you want samething better

tions in circuitry

used in Pioneer's new TX-8100
AM-FM stereo tuner (1.5uV FM
sensitivity) and SA-8100 integrated
stereo amplifier (60+ 60 watts RMS,
at 8 ohms, both channels driven)
represent a major breakthrough

that will have universal impact on all
future hi-fi components. Their
capabilities achieve performance and
precision heretofore unattainable

FOR GREATER_RFLAXATI—ON., CONCENTRATION,
... listen to your
Alpha and Theta brainwaves!

Do it with an amazing biofeedback monitor.
This ultra-sensitive sensor detects brain sig-
nals, lets you monitor (hear and see!) your
Alpha and Theta brainwaves. Great aid to re-
laxation, concentration. This portable .(8 x 3
x 4") lightweight (24 oz.) metal unit has a
unique electrode headband to slip on or off in
seconds without messy creams or solutions.
Hooked to amplifier, it filters brainwaves, and
signals an audible beep for each Alpha or
Theta wave passed. You get both audio and
visual (L.E.D.) feedback with this reliable, com-
pletely safe unit. It operates on two 9v tran-
. sistor batteries, offers features comparable to
many costlier models. A comprehensive in-

\ struction booklet is included.
Order No. 1635S  JUST sl 24?21.

COMPLETE AND MAIL COUPON NOW
™ EDMUND SCIENTIFIC CO.
300 Edscorp Bldg., Barrington, N.J. 08007
Send me: Biofeedback Trainer(s)

No.1635S ea. @ $124.50
Handling, ea. .50

Encl is [[] check [ M.O. in amount of $ _____
() Send FREE 164-Page catalog * S "

YOU MUST
BE DELIGHTED!
EVERYTHING EDMUND SELLS HAS A
30-DAY MONEY-BACK GUARANTEE.
Return it if you aren't delighted.

SUTOTOTOROUNUnOROnOonT | &
—

GIANT FREE CATALOG!
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...and the cans
keep marching in.

Started in1967 Reynolds Aluminum Recycling programs

are still growi eg

Last year, Reynolds recy-
cled more used aluminum cans than
ever before . . . nearly a billion cans,
or 35 million pounds of aluminum;
and we've learned that these pro-
grams do more than collect scrap.
Aluminum recycling also:

1. encourages people to do some-
thing about litter

2. helps pay for programs that will
turn tons of garbage into useful
materials and energy

3. saves natural resources

4. conserves energy.

Big and complex jobs, but
the empty aluminum can is helping
to accomplish more every year.

Reynolds first started recy-
cling all-aluminum cans in 1967, so
by now we have some fairly sophisti-
cated programs in full swing. These
programs prove that the principle,
which we call recycling, is one effec-
tive tool in tackling many environ-
mental problems.

The key: Aluminum’s Value The
key is aluminum’s intrinsic, virtually
indestructible value. To the con-
sumer it is worth $200 a ton as scrap,
compared to $16 or $20 a ton for
other common packaging materials.

So, although aluminum
makes up less than 1% of the na-
tion’s garbage, its value can pay a
major share of the cost of programs
that collect and reclaim other waste
materials.

Y

Getting People Involved Reynolds
has found, too, that the aluminum
can is a powerful incentive for
people to get involved in neighbor-
hood cleanup projects. We've been
paying 10¢ a pound (about 2¢ per
can) for household aluminum scrap
brought to collection centers—and
that offer has drawn millions of
pounds back into the production
system.

Thanks to cooperating beer
and soft drink industries, there are
now more than 1200 aluminum col-
lection points in 44 states and the
District of Columbia, and the pro-
gram is growing. This year an esti-
mated 2 billion cans will be col-

lected.
Aluminum -‘“

Copper
Zinc

Non-Ferrous
Metals

New Iron & Steel
products

Scrap for use in
copper industry

Ferrous Metals

Food Waste, Soil Conditioners
Sewage, Sludge Organic Fertilizer

Recycling .
Plant Contaminated
Paper, Plastics

Fuel for generating
steam & electricity

Pure Paper New Paper Products
Glass Paving Material
Bricks, Block,
kk Structural Shapes _)}

Conserving Resources and Energy
The used cans can be converted in-
to new cans and other useful alumi-
num products, helping to save natu-
ral resources. And since it takes less
than 1/20 of the energy to make new
aluminum from scrap as compared
to ore, recycling helps stretch our
power supply.

Mining Municipal Waste Litter has
been called just the tip of the solid
waste iceberg. Reynolds has been
working on the bigger “hidden’’ por-
tion as well—municipal solid waste.
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,helping save energy and resources,
uce litter and solid waste.

We've teamed with other
companies and local and Federal
government in the planning of soon-
to-be constructed plants in several
cities. These will reclaim metals,
glass and other usable materials
and energy from municipal refuse.

All-Aluminum Cans

redeemed for cash 20
at aluminum can —
collection points

170

185

10 "3&" milion

L
1968 1969 1970 1971 1972 1973

We're also working on the
theory that junked automobiles will
be less of a problem as more and
more high-scrap-value aluminum is
used in cars. We've even built a
home from recycled materials to
demonstrate there are vast new mar-
kets for recycled products and that
recycled materials can look as good
and function as well as products
from virgin sources.

For details on the value of
aluminum, new and old, or on any of
these important projects, write Dr.
R. F. Testin, Director, Environmental
Planning, Reynolds Metals Com-
pany. P.O. Box 27003-LS, Richmond,
Va. 23261.

REYNOLDS

where new ideas take shape in

ALUMINUM
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unique tools,
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supplies.

Our 21st year of service to the World’s
finest craftsmen and technicians .

2\ National Camera
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Cloud-Soft Travelers

Down Sox
For Men
and Women

Tuck these Sox into a travel bag, wear
them to bed, enjoy them as slippers or
as inner sox for your insulated pacs or
waders. Bauer Goose Down is hand-
quilted in soft, tough Nylon taffeta.
Colors: Red, Winter Blue, Powder Blue,
Taupe. Sizes: Specify men’s or women’s
shoe size and we will supply proper fit.
0123 Sox, pair $7.95 postpaid.

Order Today! Money Back Guarantee!
Enclosed is my check or money order for

$ . (Add sales tax where applicable.)
Please RUSH my 0123 Goose Down Sox.
Men’s Size

Color
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over 1000 exciting outdoor products.
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| SCIENTICAMERICAN.

| NOVEMBER, 1923: “We have grad-
ually learned that electricity exists in
two forms, the negative form, which is
called an electron, and the positive form,
which is now beginning to be called a
proton. There is no other kind of elec-
tricity so far as we know. The material
universe seems to be built of these two
elements. Both the electron and the pro-
ton are exceedingly small, very much
smaller than an atom of matter. Both
probably have weight, though one is
much heavier than the other. The proton
weighs as much as 1,830 electrons. But
it is not appreciably bigger, and some
even think that it may be smaller than
an electron. The fact is, we do not know
much about it, except that it is the unit
of positive electricity, just as an electron
is the unit of negative electricity. Wheth-
er the proton is an ultimate unit, or
‘ whether it can be resolved into a close-

packed assemblage of simpler ingre-

dients, which would account for its re-
‘ markable weight or massiveness, remains
for future discovery.”

‘ “What may prove to be an epochal
| move, bringing about extensive changes
in laws relating to motor vehicle op-
eration and, through these, important
changes in motor vehicle design, is sug-
gested by a Yale professor as a result of
his chemical investigations of the air in
our large cities. It was shown that the
air is being heavily polluted with carbon
monoxide gas. Investigations recently
made by Professor Henderson show that
the contamination of the air in the more
congested streets of New York often
reaches the upper limit of a well-found-
ed health standard, and sometimes ex-
ceeds it. To a great measure the carbon
monoxide is generated as the result of
carburetor adjustments that give maxi-
mum engine pull. The rich mixture
wastes a third of the fuel value of the
gasoline and generates much excess car-
bon monoxide in the exhaust.”

“The possible use of oxygen or oxy-
genated air in its application to the blast-
| furnace smelting of iron and the besse-
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mer and open-hearth processes for steel
is forecast by the Committee for the Ap-
plication of Oxygen in Metallurgical and
Allied Industries. The trend of develop-
ment in smelting and refining is in the
elimination of inert matter that does not
enter into the reactions in the furnace
and that simply passes through, absorb-
ing and carrying away heat and reduced
metal. In the production of one‘ton of
pig iron three tons of nitrogen is passed
through the furnace. To diminish this
loss oxygen might be substituted, or a
mixture of oxygen and air. The applica-
tion of oxygen will make possible the use
of cheaper materials, ore of lower con-
tent and coke of a higher ash.”

“The trench hat, or ‘tin hat,” is coming
into quite extensive use as a means of
head protection against small falls of
rock in mines. Many of the miners have
been soldiers and came back with a
wholesome respect for the trench hat. It
was argued that if, in fun, a comrade
could strike the top of the tin hat a
strong blow with the butt of a rifle, with-
out local injury to the wearer and no fur-
ther inconvenience than the sudden vi-
sion of a few stars and a seemingly tele-
scoped neck, then the accidental fall of
a 10-pound piece of ore, a frequent oc-
currence in the mines that may seriously
wound or kill the miner, would do no
damage to him.”

NOVEMBER, 1873: “Professor James
Clerk Maxwell lately delivered an inter-
esting lecture on molecules before the
British Association for the Advancement
of Science. Air confined in a vessel
presses, as we say, against the wall there-
of. What we term pressure is simply the
impact of the moving molecules against
the interior surfaces of the vessel. Dr.
Joule has calculated the velocity of hy-
drogen molecules, at the temperature of
melting ice, at a little over 6,000 feet per
second. Professor Maxwell has calcu-
lated the size and weight of the hydro-
gen molecules, and he finds that about
two million of them, placed side by side
in a row, would occupy a length about
one twenty-fifth of an inch, and that a
package containing a million million mil-
lion million of them would weigh 62
grains, or not quite one-eighth ounce.”

“The periodical fluctuations in the
light of the star Algol have been ac-
counted for in two different ways: first,



by supposing that a nonluminous body
revolves around this star, and second,
on the hypothesis that Algol is a second-
ary body, revolving around a dark pri-
mary. It seems that if we admit the ex-
istence of a dark companion, it would
be more correct to say that both bodies
revolve around the center of gravity be-
tween them, rather than to say that ei-
ther revolves around the other. There
is a method of observation, however, by
which the truth of this theory can be put
to the test. We refer to spectroscopic ob-
servation. In case Algol moves in such
an orbit, it is obvious that at times it
must be approaching our system and at
other times receding from it. If, there-
fore, the orbital velocity of the star is
sufficiently great, displacement in the
lines of its spectrum will result. By ob-
serving the amount of their displacement
at different times the rate at which the
star moves in its orbit could be deter-
mined.”

“The yearly rings, shown when the
trunk of a tree is transversely divided, by
which, as is well known, the age of the
tree can be determined, do not diminish
in relative thickness by a constant law.
M. Charles Gros seeks a cause for the
irregularity, and he has arrived at the
conclusion that the data, mean and ex-
treme, of meteorological phenomena,
when known and tabulated, might be
compared year by year with the annual
ligneous layers formed during such pe-
riods in many different varieties of trees.
From the comparison it is not impossible
that some interesting ideas relating to
the laws of development of trees might
be obtained. Moreover, once these laws
were established, the trees in turn might
become precious collections of meteoro-
logical evidence for places and times
where observations cannot be made.”

“The project of a colossal telescope,
which is to be the largest and most com-
plete instrument that modern scientific
knowledge can suggest or ingenuity de-
vise, is in progress of elaboration. A tele-
scope of the largest size and most con-
summate workmanship, properly located
10,000 feet above the sea in the clear
skies of the Sierra Nevada, has been
the lifelong object of James Lick. The
scheme is being quietly perfected, and
the geological, meteorological and other
peculiarities of various sites of the moun-
tain range above named are soon to be
carefully scrutinized and reported upon.
A peak will be selected that, from its
high altitude and clear surrounding at-
mosphere, will afford the finest possible
view of the heavens.”

Why we selected the NapaValley years
ago as our home for The Christian Brothers
table wines.

===3 or more than a century, the Napa Valley north of San Francisco, has
1] been acclaimed Californias finest premium wine-growing area.

3 It was here on the hillsides of this verdant valley that we chose
to build The Christian Brothers winery and aging cellars many years ago.
And to plant our vines.

Through the years, we have found scientifically why the early vintners
instinctively brought the first rare European varietal grape cuttings here. The
unique varied climate and soils of the Napa Valley provide the distinctly dif-
ferent needs of each grape variety.

For instance, one area has more cool growing days and is a perfect home
for our Pinot Noir, the noble grape of Burgundy. Another has more warm
days and gives the proper sunshine to the Cabernet Sauvignon. The same is
true for the Chenin Blancs and the Johannisberg Rieslings and all of the other
shy-bearing varietals we use in our table wines.

Of course, grapes are just part of our story. The Napa Valley has given
us the quiet place we need to bring the wines to life . . . slowly, patiently in
our own way. A tradition of quality we will never change.

Long ago the Indians named our valley “Napa, which means plenty.
We think of it now as meaning plenty of good grapes, and plenty of time to
make our wines. You are always a welcome guest at The Christian Brothers
winery here.

ol Lty FSC

CELLARMASTER, THE CHRISTIAN BROTHERS
NAPAVALLEY, CALIFORNIA

Visit The Wine Museum of San Francisco
featuring The Christian Brothers Collection.

Worldwide distributors: Fromm and Sichel, Inc. San Francisco, California.
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ﬁMEASUREMENT_’@TCOMPUTATION changing things for the better

How to live more comfortably
in an increasingly digital world.

In the continuing technological evolution,
television sets, automobiles and even kitchen
appliances are beginning to use digital elec-
tronic circuits once limited to computers.

In the digital world, it's the mere
presence or absence of electrical pulses — or
their on-off pattern in time — which conveys
the information needed for computation, con-
trol or communication. In analog circuits, the
data conveyed comes from the amplitude or rate
of change of electrical signals. Because of this
fundamental difference, the many benefits of
digital electronics are accompanied by a new set
of problems for designers and troubleshooters.

If you've ever had to troubleshoot a
digital circuit with traditional analog instru-
ments, the experience probably convinced you
there should be a better way.

Take voltage measurement. In an analog
circuit, it’s important that you know the abso-
lute voltage of a test point, whether it's between
5.015 and 5.018 V., for example. But in a
digital circuit, the important thing is to know
the logic state of a node, whether it's above the
threshold voltage and therefore a logic
high, or below the threshold voltage and
therefore a logic low.

Time presents another problem. Abso-
lute time measurements are unnecessary in
digital systems. Things don’t happen after a
certain amount of time has elapsed but rather
after a certain number of clock pulses, regard-
less of their duration. The circuit troubleshooter
needs to know, for example, if a data bit
occurred 1024 clock pulses after an event —
and couldn’t care less if it took .509 ms to
get there.

Furthermore each IC in a digital circuit
has 14 or 16 leads and you may need to know
what’s going on at all the leads simultaneously,
not just at two or three input and output leads
as with the components of an analog circuit.

Having come up against these complica-
tions in our own manufacturing and service
operations, we've developed a family of instru-
ments that complement the traditional oscillo-
scopes, DVMs and counters for digital circuit
test and analysis. As you read on, you'll learn
how these instruments provide easier, faster

and more accurate solutions to digital problems.

The IC troubleshooters
pinpoint the circuit problem.

Used singly or in combinations, these
instruments are unique in their ability to detect
in-circuit logic failures, analyze the cause of
the failure and isolate it to a particular IC node.

When the logic clip is attached to an
in-circuit IC, it indicates on a bright LED dis-
play the logic states at all 14-or 16 pins simul-
taneously. The clip automatically locates the
test IC’s ground and power supply, borrows
power from it and thus requires no cable con-
nections of any kind. $125.*

The logic probe indicates the condition
of a specific IC node and tells you if it’s high,
low, bad-level or inactive. It captures single
pulses as narrow as 10 ns and stretches them to
a bright blink at the probe tip. $95* for
TTL/DTL or high level logic. $95* for ECL.

The logic pulser teams up with the probe
or clip for stimulus-response testing. Typically,
you use the pulser to inject reset, shift and
clock signals into a circuit, and then observe
the effects at a particular IC with the clip, or at
an individual node with the probe. The pulser’s
output is high enough to overcome ‘‘clamped”
IC outputs yet its pulse is brief enough to pre-
vent circuit damage. $95.*

The logic comparator is a self-contained
functional tester that borrows power and input
signals from an in-circuit test IC. It instantly
compares the logic states of the test IC and
those of a reference IC of the same type. Differ-
ences are displayed on one of 16 LEDs. Even
brief or intermittent failures are detected. $375.*
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The logic analyzers
detect bit-stream problems.

With the instruments described so far, you
can determine the logic state of a digital circuit
at one particular clock cycle. But if you want
to know overall circuit performance and com-

CLOCK

EXT.
TRIGGER

A

B

pare it against truth tables or system timing
diagrams, you have to learn how the procession
of logic states changes with each pulse of the
circuit clock.

Two new HP instruments greatly simplify
this task. Both extract from long bit patterns
the essential information required by the digital
troubleshooter: for each successive bit time, is
the data (logic state) high or low? The Model
5000A captures 32 successive bits from two
parallel channels and displays them as logic
highs or lows on LEDs. The Model 1601L does
the same job for twelve parallel channels at a
time and displays 16 successive bits in each
channel, expressed as 1's and 0’s on a cathode
ray tube.

Both instruments can operate at speeds
up to 10 megabits per second, capturing the
desired portions of long, non-repetitive bit
stream with great flexibility and complete re-
peatability. You can trigger the display — and
therefore the bit-capture — to occur after a
single unique event or multiple simultaneous
events. You can dial the precise amount of delay
you want and thus move the display window
forward from the trigger event as many as 10°
clock pulses (10° for the 1601L). With negative

 PACKARD

HEWLETT ih

Sales and service from 172 offices in 65 countries.

delay, you can even look backward in time. You
can, for example, trigger the display on a fault
condition and see the bit pattern that led to
and caused the fault.

The 5000A and the 1601L are compatible
with all digital logic families. 5000A, $1900,*
1601L, $2650.*

Automatic circuit tester mass-
tests complete digital assemblies.

When you're dealing with large numbers of
digital circuit assemblies, manual testing of any
sort can be prohibitively expensive or even
impossible. This is where the Model 9560B/D
Digital Circuit Test System fits in.

This new modular system can simul-
taneously test all the pins of a complex digital
assembly at rates as high as 22,000 truth table
patterns per second. Results can be displayed
as a simple pass/fail, or extended to specific
fault diagnosis using logic probes according to
computer-generated instructions. Test pro-
grams are written in easy-to-use ATS BASIC;

a software package for computer-aided genera-
tion of test programs is also available. Prices
start at $53,900.*

Our digital capabilities don’t stop at the
end of this page. The range of HP digital test
and analysis includes digital communications
testing systems as well as digital pulse gener-
ators. For more information on all of the above
write to us. Hewlett-Packard, 1502 Page Mill
Road, Palo Alto, Calif. 94304.

*US Domestic Prices Only. 00318

Ll N .
o Please send me more information on:

* () IC Troubleshooters () 8015A Digital Pulse Generator .
+ () 5000A Logic Analyzer () 9560B/D Automatic Circuit Tester -
+ () 1601L Logic Analyzer () 3760A/3761A Digital Communication  §
. Test System .
o -
+ Name H
s Title :
+ Company :
* Address .
L] . L

i L]
. City _____ State Zip. .
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Not just practical, but
a truly luxurious ball-
point for a gift —$7.00

to $22.50.The Ballpix proudly
carries the Montblanc emblem
made world famous by the
Diplomat and Masterpiece
fountain pens priced from
$25.50 to $270.00.

Weighted for proper balance
for easy, tireless writing. You
must try the pen to appreciate
this.

Lever in clip automatically
retracts ballpoint when
inserted in pocket.

Deep-cut fluted design (illus-
trated) or matte finish. In
chrome, rhodium or gold plate;
also matte-black finish models
with brushed chrome or gold
plated ferrule and clip.

Giant ink cartridge, almost ¥4 ”
diameter, writes many times
longer than conventional
cartridges. Refill cartridge
only $1.00.

Tungsten carbide ballpoint.
Smooth-gliding, even flowing.

All in exquisite gift boxes.

MONT®

BLANC

At your favorite store or pen shop.
Or write for names of retailers in
your area who feature Montblanc
prestige writing instruments.

Koh-1-Noor Rapidograph, Inc.,

100 North St., Bloomsbury,
\New Jersey 08804. /

THE AUTHORS

HERBERT F. YORK (“Multiple-War-
head Missiles”) is professor of physics
and director of the Program on Science,
Technology and World Affairs at the
University of California at San Diego.
He is also an associate of the Center for
the Study of Democratic Institutions and
a member of the Executive Committee
of the Federation of American Scientists.
York was graduated from the University
of Rochester in 1942, receiving his mas-
ter’s degree there in 1943 and his Ph.D.
from the University of California at
Berkeley in 1949. From 1952 to 1956
he was director of the Lawrence Liver-
more Laboratory; he then served succes-
sively as Chief Scientist of the Advanced
Research Projects Agency (ARPA) of the
Department of Defense, Director of De-
fense Research and Engineering in the
office of the Secretary of Defense and
Chancellor of the University of Califor-
nia at San Diego. He has twice been a
member of the President’s Science Ad-
visory Committee (PSAC). From 1962 to
1969 he was a member of the General
Advisory Committee of the U.S. Arms
Control and Disarmament Agency.

J. S. COOK (“Communication by Op-
tical Fiber”) is head of the optical sys-
tems research department of the Craw-
ford Hill Laboratory of Bell Labora-
tories. “I have been with Bell Laborato-
ries since 1952, he writes, “when I left
Ohio State University with bachelor’s
and master’s degrees in electrical engi-
neering. My work has been with electron
devices, simple classical electromagnet-
ics and communication systems of vari-
ous kinds. The alternate focus in my life
is my theologian wife (truly grace), our
children and our home. When we are
not quite so much at home, our favorite
activities are travel, skiing and tennis, in
about that order; we would class our-
selves as enthusiastic intermediates in
each. I get into my workshop at home
occasionally to build or rebuild a bit of
furniture or almost anything of reason-
able scope.”

UGO AMALDI (“Proton Interactions
at High Energies”) is a member of the
staff of the physics laboratory of the Is-
tituto Superiore di Sanita, an agency of
the Italian national research council; at
present he is on leave to work with the
European Organization for Nuclear Re-
search (CERN). “In connection with the
responsibility of our institute in the field
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of public health,” he writes, “I have been
the representative of the minister of
health in the Italian commission for nu-
clear safety and radiation protection,
which examines and licenses nuclear
plants in Italy. Since 1959 I have taught
a course in physics at the School of Ra-
diology of the University of Rome. In
1971 I published a book on radiation
physics directed to physicians, biolo-
gists, engineers and protectionists who
need to understand the physical founda-
tion of their work. I find that work in the
field of radiation protection is interesting
and useful, although for me it has meant
less time devoted to ‘pure’ research:
Apart from physics, I like skiing and
classical music. With time I am becom-
ing more and more interested in the
philosophical implications of scientific
culture.” Amaldi was born in Rome, the
son of the physicist Edoardo Amaldi,
and took his degree in physics in Rome
in 1957.

MANFRED M. MAYER (“The Com-
plement System”) is professor of micro-
biology at the Johns Hopkins University
School of Medicine. Born in Germany,
he was graduated from the College of
the City of New York in 1938 and ob-
tained his Ph.D. from Columbia Uni-
versity in 1946, which was the year he
began his affiliation with Johns Hop-
kins. “My nonprofessional interests and
activities are family-oriented,” he writes.
“My wife and I share a strong interest in
music. Both of us play the piano, and in
addition she plays the cello and I play
the viola in local chamber groups and
orchestras. We share an interest in art
and archaeology and are amateur col-
lectors. On vacation trips we paint prim-
itive ‘primitives.” My four sons and I
used to go boating in the summer and
skiing in the winter, but now that they
are grown and have left home, athletics
are limited to swimming, hiking and
ball-playing with Jiger, my talented
German short-haired pointer.”

LEON D. HARMON (“The Recogni-
tion of Faces”) is professor of biomedical
engineering and head of the department
of biomedical engineering at Case West-
ern Reserve University. He went there a
year ago after 16 years as an investigator
at Bell Laboratories, where his studies
included information processing in the
nervous system, sensory perception and
pattern recognition by computers. “My
principal scientific interest,” he writes,
“is in understanding intelligent ma-
chines. Nothing is more fascinating than
the human brain, and attempting to un-
derstand it and to build machines that



aim to simulate it are the most challeng-
ing tasks I know. On the other hand, en-
joying Bach, mountains, radio-controlled
model airplanes, photography and other
nonprofessional diversions offers strong
competition.”

MARTIN DAVIS and REUBEN
HERSH (“Hilbert’s 10th Problem”) are
respectively professor of mathematics at
the Courant Institute of Mathematical
Sciences of New York University and
professor of mathematics at the Univer-
sity of New Mexico. Davis, who writes
that he spent most of his childhood “in a
slum neighborhood in the East Bronx,”
was graduated from the College of the
City of New York in 1948 and received
his Ph.D. from Princeton University in
1950. Hersh, who was graduated from
Harvard College with a degree in En-
glish literature, spent four years as an
office boy and editorial assistant at Sci-
ENTIFIC AMERICAN and four years as a
machinist before turning to mathemat-
ics; he obtained his Ph.D. in mathemat-
ics from N.Y.U.

MIRIAM ROTHSCHILD, Y.
SCHLEIN, K. PARKER, C. NEVILLE
and S. STERNBERG (“The Flying Leap
of the Flea”) are respectively an amateur
entomologist, a zoologist from the Uni-
varsity of Jerusalem, an investigator with
the physiological-flow-studies unit at the
Imperial College of Science and Tech-
nology, an insect biophysicist who has
done research at Imperial College, the
University of Copenhagen, the Univer-
sity of Oxford and the University of Bris-
tol, and an insect physiologist at the
Institute of Biological Research at Ness
Ziona in Israel. Miss Rothschild, who
notes that she has “published a quarter
of a million words on the subject of
fleas,” was the author of the article
“Fleas” in the December 1965 issue of
SCIENTIFIC AMERICAN.

BRUCE C. HEEZEN and IAN D.
MacGREGOR (“The Evolution of the
Pacific”) are respectively associate pro-
fessor of geology at the Lamont-Doher-
ty Geological Observatory of Columbia
University and associate professor of
geology at the University of California
at Davis. Heezen, who was graduated
from the University of Iowa in 1948 and
received his Ph.D. from Columbia in
1957, has been at the Lamont-Doherty
Observatory since it was founded. Mac-
Gregor, who was born in India, was
graduated from the University of Aber-
deen in 1957 and obtained his master’s
degree at Queen’s University in Ontario
and his Ph.D. from Princeton University.

Minolta helps you
get close to nature.

You can shoot a nature film in your own backyard with a Minolta
Autopak® movie camera.

Power zoom in for those close-ups of animal life, zoom wide for the
big panoramas. Wherever you zoom, the Autopak will adjust itself automati-
cally and instantly for perfect exposure. And through-the-lens viewing will
give your film the same action you see through the viewfinder. .

With the Autopak’s optional remote control you can get close to the
wildlife without getting close. Time lapse photography is possible too. So
you can make flowers bloom before your eyes. Sound synch and extreme
close-ups are other special effects you can easily achieve with the Autopak’s
unique system of accessories.

For more information,
see your photo dealer or write
Minolta Corp., 200 Park Ave.
So., N.Y,, N.Y, 10003. In Can-
ada: Anglophoto Ltd., P.Q.

Minolta Avtopak
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MONSANTO REPORT NO. 2 ON CURRENT TECHNOLOGY

Environmental

affling — to management. Fright-
Bening—to stockholders. Frus-
trating — to industrial chemists.
These are the first reactions to the

gathering storm of Environmental
Protection Agency and Occupational
Safety and Health Act regulations.
Although no one quarrels with the
necessity.

Despite the best will to conform,
manufacturers surveying their com-
plex processes in finely-tuned plants
ask: where do you start?

For example, take a paper mill. Its
staff of scientists might be the indus-
try’s best — on any problem from pulp-
ing to coating. But how do they cope
with quantifying solids, sulfur and
nitrogen oxides in the power plant
stacks? They can search out the know-
how, but can the paper mill afford to
buy them computer-operated gas sam-
plers and a spectrometer? Or a deter-
gent manufacturer with five plants.
On quality control and new product

17A

research, the company technologists
can’t be beat. But micro-elemental
waste water analysis, trace elements
in the stack gases, and the particle
count of dusts breathed at the pack-
age filling machines — these are new,
unplowed fields.

Sampling, Identifying,
Quantifying

The technology of pollution abate-
ment. It starts with sampling identify-
ing, analysis, and quantifying. It is a
body of know-how completely apart
from what it takes to batch-process
asphalt, gin cotton, or build radial
tires. And — like any other discipline
— it requires its own expensive equip-
ment.

This is the reason Monsanto offers
Environmental Services. It is a special
department of Monsanto Research
Corporation, operating out of Dayton,
Ohio. MRC’s business for fifteen years
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Services:

_your guide through
the pollution

jungle.

has been contraét research. For the
Department of Defense, AEC, NASA,
and private industry. And most re-
cently for EPA and National Institute
for Occupational Safety and Health —
under contracts to identify hazards,
establish industry sampling proce-
dures, and to develop a number of
the now standard tests for air, gases,
water, particulates.

Technology Plus
Sophisticated Equipment

This technology (and hardware)
form the core of Environmental Ser-
vices. Over the years, some eleven
million dollars worth of Dayton lab-
oratory facilities and analytical equip-
ment have been invented, adapted, or
simply bought and installed. It ranges
from a tandem coupled gas chromato-
graph/mass spectrometer to stereo
scanning electron microscopes. And
much technology. This was harder
won than apparatus. It includes meth-
ods for computer-controlled gas sam-
pling, elemental analyses of tissue
from a fish kill, the identification of
photo-reactive constituents of plant



Monsanto Research Corporation scientists, retained on con-

Iytical methods and procured data relating to acceptable
tract by various government agencies, have developed ana-

standards of operation in pollution abatement.

EQUIPMENT FOR SPECIALIZED ANALYSES

Gas Chromatograph with
Various Detectors

MONSANTO RESEARCH CORP.

USES THIS EQUIPMENT — FOR ANALYSIS OF THESE MEDIA

Mists

and Partic- Trace
Moetals

Gases Vapors ulates

PCB

Hydro- Waste- Pesti-

carbons water cides

Spectrometers
Mass

GC/Mass Spec

Emission

X-Ray Diffraction

Atomic Absorption

X-Ray Fluorescence

Ultratrace

Spectrophotometers
Ultraviolet-Visible

Infrared

Nondispersive Infrared

Microscopes
Scanning Electron

Quantitative Television

Optical

Electron Microprobe

Total Organic Carbon Analyzer

Bomb Calorimeter

Specific lon Electrodes

Orsat Apparatus

(ail types of radiation)

Radiation Counters & Analyzers

Samplers
Continuous

Grab

Impaction (sizing)

Isokinetic

Composite

stack gases. In fact, the laboratories
can handle most existing analyses —
from flameless atomic absorption de-
terminations to micron-range particu-
late size distribution. If necessary,
precise, reliable methods are devel-
oped to meet unique analytical re-
quirements.

On-Site Analyses

Environmental Service. It is avail-
able to you as the place to start on
pollution problem-solving. You can use
it at any level — from on-site, start-to-
finish, efluent analyses (carried out by
small specialist teams with fully
equipped laboratory vans) to simply
sending in your own samples for anal-
ysis. The service tells you if you have
a problem, and exactly where you

stand. It will supply the data needed
for your National Pollutant Discharge
Elimination System forms. Firm data
will be provided you in the form you
want it. If needed, it will provide you
a continuing sampling, analytical or
monitoring service. It’s flexible.

And the cost is quite reasonable
— because virtually every piece of
needed equipment has been already
paid for, because it would be hard to
find a condition where the basic sam-
pling and test procedures have not
been encountered in earlier work. Re-
sults are reliable, they are delivered
on time. And you receive a knowledge-
able proposal and a cost quotation
right at the start.

MRC Environmental Services will
handle any physical, chemical, or bio-
chemical analysis that’s alien to your
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own discipline or would be a drain on
your own capabilities. You can think
of it as your guide through the pol-
lution jungle. It’s sound, thorough,
efficient.

For more information, request a |
copy of:

Monsanto Environmental Services. I
Write or call: Monsanto Research Cor- |
poration, Station B, Box 8, Dayton, |

Ohio 45407. Tel.: (513) 268-3411. |

Monsanto

i
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Multiple-Warhead Missiles

MIRV’s increase the number of strategic nuclear weapons and now

threaten the stability of the nuclear balance of power. Their

history shows why they present special problems of arms control

rom 1945 to 1970 the number of
Fnuclear warheads in the U.S. stra-

tegic arsenal went from zero to
about 4,000. From 1970 to mid-1975
the number will increase to almost 10,-
000. This increase, about half of which
has already been achieved, is made pos-
sible by a single development in military
technology: the multiple independently
targeted reentry vehicle (MIRV).

The MIRV system enables a single
rocket to launch several warheads, which
can be aimed at separate targets or made
to approach the same target on different
trajectories. Two of its characteristics
may have important consequences for
military strategy. First, MIRV’s are bet-
ter able to penetrate an anti-ballistic-
missile (ABM) system than missiles with
a single warhead. Second, because
MIRV warheads are numerous and can
be guided with great accuracy, MIRV’s
could lead to an effective “counterforce”
weapon, one capable of destroying a
very large part of an adversary’s retalia-
tory forces if used in a surprise attack.
Counterforce weapons are usually con-
sidered the most disruptive to the stra-
tegic balance, because they threaten the
deterrent on which national security is
presumed to depend. A measure of how
threatening MIRV’s can seem was pro-
vided in August, when the U.S. Depart-
ment of Defense announced that the
U.S.S.R. had made its first successful
test of a MIRV missile. The Secretary
of Defense, James R. Schlesinger, cited
the flight test as evidence that the Rus-
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sians “are seeking a strategic advantage.”

In actuality it is highly unlikely that
MIRV’s could affect the ultimate out-
come of a nuclear war between the U.S.
and the U.S.S.R. It seems clear that each
has ample power to destroy the society
of the other, with or without multiple-
warhead missiles and whether or not a
surprise attack destroys the opposing
force. By generating fears of the other
side’s intentions, however, MIRV’s could
affect the likelihood that a nuclear war
will occur. Thus in the peculiar logic of
the nuclear arms race the possession of
a potent weapon may diminish national
security rather than enhance it. In this
context I shall discuss what the MIRV
system is and how it works, what its an-
tecedents were in the U.S. arms pro-
gram and why the decision to build it
was made. Finally I shall examine why
efforts to stop its development and de-
ployment failed.

Few details of the operation of multi-

ple-warhead missiles have been made
public. The dimensions and mass of the
individual warheads, for example, have
not been revealed, nor has the maximum
separation of targets been stated. A gen-
eral, nonnumerical explanation of the
MIRYV system can nevertheless be given.
It is based on statements made by offi-
cials of the Department of Defense, on
testimony given before Congressional
committees and on data published by
nongovernment organizations such as
the Stockholm International Peace Re-
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search Institute (SIPRI). In addition cer-
tain characteristics of the MIRV missile
can be inferred from the operation of re-
lated devices known to have preceded
MIRV’s in the weapons and space pro-
grams. With this information it is pos-
sible to describe a hypothetical flight of
a MIRV missile [see illustration on pages
20 and 21].

For this purpose let the missile be a
land-based intercontinental ballistic mis-
sile (ICBM) carrying three independent-
ly aimed warheads. (Minuteman III is
such a missile.) In the initial stages of
flight the main rocket motors put the
missile on a trajectory calculated to ter-
minate near the first of the three select-
ed targets. When the fuel of the last of
the main rocket stages is exhausted, the
final stage containing the warheads and
their associated apparatus separates
from the rocket and coasts on toward
apogee, the point of greatest altitude.
The apogee for ICBM’s is typically
about 800 miles.

Once the stage containing the war-
heads has separated from the larger
stages, propulsion and guidance are pro-
vided by the post-boost control system
(PBCS), the most important component
of the MIRYV system [see illustration on
next page]. The final stage, consisting
of the warheads and the PBCS, is often
called the “bus”; it carries the warheads
as passengers to be discharged at inter-
vals. The bus has an inertial guidance
system and small rockets that can modi-
fy its velocity and attitude.



After a brief period of coasting the
bus refines its trajectory until it is aimed
as precisely as possible at the first tar-
get. It then gently ejects one of the war-
heads. In satellite programs that were
precursors of MIRYV this ejection was ac-
complished with small springs in com-
pression; the MIRV system could have
a similar mechanism.

When the first warhead has been re-
leased, the bus alters its course in prep-
aration for releasing the second. It can
do this in several ways. First, the bus
can increase its speed in the direction of
its original orbit, causing the second war-
head to impact “downrange,” or farther
away than the first. A decrease in speed,
brought about by firing the rocket in a
direction opposite to the direction of mo-
tion, will cause the warhead to land “up-
range,” or closer to the launching site.
Another mode of deflection is perpendic-
ular to the plane of the original trajec-
tory. Impulses in this direction will aim
the warhead at targets in an arc on each
side of the initial target. Finally, by giv-
ing the bus an impulse in the plane of
the original trajectory but roughly per-
pendicular to its direction, the second
warhead can be aimed at the same tar-
get as the first. The second will approach
from a higher or lower angle, however,
and its arrival will be delayed by as
much as several minutes. Ordinarily
there would be movement on all three
axes.

When the second weapon has been re-
leased, the bus is reoriented once again,
this time on a new trajectory terminating
at the third target. If more than three
warheads are incorporated in the bus,
the process is repeated until all have
been launched at their targets. Several
kinds of decoys and other “penetration
aids” might also be released with some
or all of the warheads.

umerous engineering compromises
are necessary in the design of the
bus. The maximum separation between
the targets, for example, depends pri-
marily on the total impulse available
from the bus propulsion system and
therefore on the payload weight allotted
to it. MIRV’s now in use by the Navy
and the Air Force can evidently reach
targets separated by distances on the
order of a few hundred miles, or a few
percent of the total range of the missiles.
A more obvious compromise is that
between the number of warheads and
their aggregate explosive power, or
“yield.” Some yield is always lost in the
transition from single to multiple war-
heads. Even in multiple-warhead mis-
siles that do not provide separate guid-

ance for each reentry vehicle much
weight, and therefore yield, must be sac-
rificed to extra heat-shielding for reen-
try into the atmosphere and to the dis-
economies of smaller scale.

For true MIRV’s the ratio is even less
favorable, because the weight of the
post-boost control system as well as that
of the shielding must be subtracted from
the payload available for the weapons
themselves. The engineering is also more
complicated, because the missile-maker
has more options: he can choose to em-
phasize wider separation of targets,
higher multiplicity of warheads, greater
overall range, more penetration aids or
higheryield. Presumably, optimum com-
promises have been found for all these
choices; they depend on the nature of
the target being attacked and on the de-
fenses to be overcome.

The Department of Defense has not
disclosed the yield of the warheads car-
ried by the U.S. missiles now equipped
with MIRV’s. Estimates have been made,
however, that for the purposes of this
discussion are sufficiently reliable. (The
figures given here are those published by
SIPRI.)

Even if the precise yield of a warhead
were known, it would be difficult to cal-
culate the amount sacrificed in convert-
ing to multiple warheads, since in each
case MIRV’s were introduced in new
missiles that had never carried single
warheads. The Navy’s Poseidon, for ex-
ample, is a larger missile than the Po-

laris it is replacing, and it has twice the
payload. Nevertheless, it is estimated to
have a smaller yield. The last Polaris to
carry a single warhead is reported to
have had a yield of about one megaton.
The Poseidon is usually said to carry
10 warheads of 50 kilotons each, for a
total yield of about half a megaton.

A Dbetter indication of the compro-
mises required may be given by the
Minuteman III, an Air Force ICBM.
The single-warhead versions of Minute-
man had yields estimated at from one
megaton to two megatons; Minuteman
III is said to have three independently
aimed warheads of 200 kilotons each,
suggesting again that the aggregate yield
is one-half or less.

It is important to note that a reduc-
tion in total yield does not necessarily
imply a reduction in destructive effect.
Megatonnage and “throw weight” are
not reliable indicators of the destructive
capability of nuclear weapons. A better
measure is the circular area within
which a given warhead will cause some
specified degree of damage; this in turn
is a function of the “blast overpressure.”
For overpressures high enough to be
effective against military targets the ra-
dius of destruction increases roughly as
the cube root of the explosive yield; the
area of destruction, therefore, increases
as the two-thirds power of the yield. For
example, if a one-kiloton device could
destroy a particular target within an
area of one square mile, then to produce

TRANSTAGE, a post-boost control system used with the Titan III booster rocket, is shown
carrying defense communication satellites, which it was used to launch beginning in 1966.
The satellites are mounted in a tubular frame and are ejected by small springs. The Tran-
stage was the immediate predecessor of the MIRV system used in the Minuteman III
ICBM and has been said to incorporate all the essential technology of a MIRV warhead.
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POST-BOOST CONTROL SYSTEM, or “bus,” is at the heart of
MIRYV; its operation is illustrated schematically in these drawings,
which show a hypothetical flight of a bus carrying four warheads.
When the last of the main rocket stages is exhausted (1), the bus,
with the warheads attached, separates from it. After coasting brief-

an area of destruction of two square
miles would require a warhead of about
2.8 kilotons. Because of this exponential
relation the potential for destruction is
greater with many small weapons than
it is with a single large one of the same
total yield.

The history of how multiple-warhead

missiles came to be developed in the
1960’s and how they came to be de-
ployed in the early 1970’s provides an
interesting lesson in the structure and
operation of the military and military
research organizations. The technology
necessary for MIRV’s evolved from re-
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search directed toward several indepen-
dent and quite disparate goals. Ideas and
personnel were exchanged among the
various programs, so that the course of
development became not a thread but a
fabric. It could have been cut in any
number of places without seriously im-
peding the progress of the MIRV sys-
tem.

Once the technology was developed
MIRV assumed a momentum of its own;
the chances of halting it were by then
slim. In addition a number of quite dif-
ferent arguments were presented in fa-
vor of deployment, and apparently any
one of several might have been sufficient
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ly the bus adjusts its trajectory until it is aimed as accurately as
possible at the first of the selected targets. The first of the warheads
is then gently ejected (2) and will continue to follow the ballistic
trajectory to the target. After firing its rocket motor to add an
increment of speed the bus ejects another warhead (3), which will

to gain the necessary Congressional and
Department of Defense approval. Many
of the development decisions could have
been countermanded on several occa-
sions and the result would have been
about the same: MIRV’s on U.S. missiles
at the beginning of the 1970s.

A convenient moment at which to
begin an examination of the history of
MIRV’s is the launching of the first Rus-
sian artificial satellite in October, 1957.
About a month after the satellite went
into orbit, and at least partly in response
to the launch, William M. Holaday, di-
rector of guided missiles in the Office of
the Secretary of Defense, established
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strike a target farther downrange. The bus next increases its ve-
locity in a direction roughly perpendicular to the direction of the
trajectory (4), placing the third warhead on a path that will lead it
to the same target as the second but will delay its arrival by as
much as several minutes. The last warhead is released after the bus

the Reentry Body Identification Group,
with representatives from several agen-
cies of the Department of Defense, from
industry, from academic research de-
partments and from such consulting
firms as the Rand Corporation. The com-
mittee was formed to determine whether
or not the designers of offensive ballistic
missiles should consider seriously the
possibility that defensive missiles might
be built by the opposition. In early 1958
the committee reported that missile de-
fense should be given consideration; it
also described, however, a number of
countermeasures available to the offense.

All but one of the countermeasures

proposed by the Reentry Body Identifi-
cation Group were intended to confuse
the radars of the defenders. They includ-
ed decoys, objects that to radar would
resemble a warhead; booster fragments,
pieces of the rocket-motor fuel tanks
used as decoys but available at no weight
penalty; chaff, small lengths of wire dis-
persed in space to act as a radar reflec-
tor; a reduced radar cross section for the
warhead, and radar blackouts produced
by exploding thermonuclear devices in
the upper atmosphere. The remaining
proposal, and the most important for this
discussion, was the use of multiple war-
heads. Rather than confuse the defense,
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has executed a final maneuver, adding a velocity increment in the
plane that in this illustration is perpendicular to the page (5).
Many other combinations of these movements are possible. Final-
ly, the bus disintegrates on reentering the atmosphere and the war-
heads reach their assigned targets (6), although not simultaneously.

multiple warheads simply exhaust it.
These countermeasures and others are
what are collectively called penetration
aids.

Decoys, even cheap and light ones,
can approximate the characteristics of a
warhead as long as both the decoys and
the real weapons are in space, where all
objects, regardless of mass and shape,
follow ballistic trajectories. Once the
decoys enter the atmosphere, however,
they are slowed by air resistance to a
greater extent than the heavier war-
heads, and the difference in velocity
becomes progressively greater as the
reentry bodies reach denser regions of
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DELIVERY VEHICLES

the atmosphere. Booster fragments, chaff
and such light decoys as balloons cov-
ered with metal foil will disintegrate and
burn up in the upper atmosphere. Thus
the differential effects of the atmosphere
on the reentry bodies enable the defense
to discriminate between decoys and
weapons (if it is willing to wait until well
after they have entered the atmosphere)
and to allocate defensive missiles only to
the real weapons.

The solution for the offense is to use
heavier decoys that will mimic the flight
characteristics of real warheads to lower
altitudes. As the weight of the decoys
approaches that of the warhead itself,
however, it becomes more efficient sim-
ply to use several warheads.

This was in fact the strategy adopted
for the Polaris A-3, the last of the
submarine-launched ballistic missiles
(SLBM’s) in the Polaris series. The A-3
is a multiple-reentry-vehicle (MRV) sys-
tem with three warheads. The cluster is
launched as a unit, on a trajectory cho-
sen to guide it as accurately as possible to
the single target. When the rocket has
burned out, the three weapons are sep-
arated and given small additional im-
pulses. They continue on separate but
close trajectories and impact in a tri-
angular pattern, presumably centered on
the target. The missile might be com-
pared in principle to a shotgun.

The dimensions of the triangle formed
by the impact points of the warheads
have never been made public, but the
military situation as it was perceived in
the late 1950°s set obvious limits. The
separation had to be more than a few
tenths of a mile or all three warheads
could have been destroyed by the explo-
sion of a single antimissile missile. On
the other hand, they could be no farther

NUMBER OF WARHEADS in the U.S. stra-
tegic force will increase almost two and a
half times in the first half of the 1970’s, even
though the number of delivery vehicles
(bombers, ICBM’s and SLBM’s, indicated in
the graphs by symbols) will remain con-
stant. The statistics are those published by
the Stockholm International Peace Research
Institute. The graph marked 1970 represents
the force level before any MIRV’s were in-
stalled ; 1973 bars are for early in that year;
figures for 1975 show the number of war-
heads when all Poseidon and Minuteman
III MIRV’s now planned are deployed. In
these charts it is assumed that the Minute-
man III carries three warheads and the Po-
seidon 10 warheads. MRV’s are considered
single warheads since each MRV assembly
could be directed to only one target. The
figures given for weapons carried by bomb-
ers are approximate and can change quickly.



apart than a few miles or the dimensions
of the pattern would have exceeded the
size of most cities in the U.S.S.R. The
yield of each warhead is estimated to
have been about 200 kilotons.

The first Polaris A-3’s were deployed
in 1964. Even before they joined the
strategic-weapons force it was recog-
nized that the MRV warhead would not
be able to cope with improved ABM sys-
tems. By 1962 or 1963 progress in U.S.
defensive missiles and the knowledge
that Russian defenses were also being
improved made it clear that the separa-
tion of warheads in the A-3 MRV was
much too small to thwart any but a
primitive ABM. Moreover, it was seen
that the solution could not be found by
increasing the horizontal spread of the
impact points; to do so would make
the pattern larger than most targets.
Another solution was soon found: the
MIRV.

The launching of the first Russian sat-

ellite and the launching of the first
Russian ICBM (which had preceded the
satellite by two months) stimulated in
the U.S. an outburst of ideas about how
to make and use satellites and missiles.
The use of penetration aids, as we have
seen, was one of the results of this proc-
ess. Another was the concept of launch-
ing more than one satellite with a single
rocket.

The earliest proposal of multiple sat-
ellite launchings of which I am aware
was directed to defense against missile
attack. This was the ballistic antimissile
boost interceptor (BAMBI). The objec-
tive was to intercept an enemy’s missiles
during the first few minutes of flight,
while the booster motors were still op-
erating. Missiles were thought to be par-
ticularly vulnerable during this period
because simply puncturing their propel-
lant tanks could make them fall thou-
sands of miles short of their target.

Two versions of BAMBI were pro-
posed; both would have placed large
numbers of satellites in orbits from
which missiles could be detected and
destroyed in the early stages of flight.
One version, the random-barrage sys-
tem, would have used many thousands
of small satellites, launched by, say, hun-
dreds of boosters. The other, called
space patrol air defense (SPAD), would
have deployed the small “killer” satel-
lites in a “mother ship” equipped with
central guidance and detection devices.
On command the mother ship would
have oriented itself and determined
when, at what rate and in what direction
to launch its subsatellites.

Neither of these systems was built,

but they were studied on paper by the
Advanced Research Projects Agency
(ARPA) of the Department of Defense
with help from the Rand Corporation.
During the early years of ARPA (it was
founded in 1958) there was an active
interchange of technical personnel be-
tween the agency and industry and be-
tween the various companies most heav-
ily involved in missile and space technol-
ogy. As a result many of those who
helped to fashion these early proposals
were later members of the organizations
that designed real multiple-warhead
devices.

A quite unrelated development whose
basic technology was later adapted to
MIRV’s was the Able-Star, a second-
stage vehicle designed to be used with
the Thor booster. It was the first space-
craft where the main propulsion rocket
could be shut off and later restarted. The
Able-Star used hypergolic propellants
(substances that ignite on contact) and
incorporated restart, guidance and con-
trol devices, a programmer and an ac-
celerometer—all necessary to the opera-
tion of MIRV’s.

The Able-Star was first tested in space
in April of 1960. Two months later it
was used in the first multiple satellite
launch, in which a Transit II-A satellite
and a Naval Research Laboratory solar
radiation satellite were placed in near-
circular orbits 500 miles above the earth.
Once the Able-Star achieved the prop-
er orbit the satellites were detached and
separated by a compressed spring, giv-
ing the smaller satellite an additional
velocity of 1.5 feet per second.

In a subsequent launch the Able-Star
was used to place three satellites in sim-
ilar orbits, although the procedure was
only partly successful. In 1963 the Atlas-
Agena rocket was used in a more diffi-
cult maneuver: placing a pair of satel-
lites in very different orbits. Later ver-
sions of the Agena second stage, like the
Able-Star, could be stopped and restart-
ed during flight. The satellites, called
Vela, were used to monitor compliance
with the Limited Test-Ban Treaty of
1963. They were placed 180 degrees
apart in orbits from 62,000 to 72,000
miles high.

The immediate technological ancestor
of the Air Force version of MIRV was
Transtage, a highly flexible post-boost
control system. It was crucial in the de-
velopment of the components and tech-
niques used in MIRV’s, yet it was devised
for reasons unrelated to the effort to im-
prove missiles and missile warheads.

Transtage was used with Titan III,
which in the early 1960’s was the largest
of the U.S. booster rockets. Transtage
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had a propulsion system capable of
coasting and restarting, like the Able-
Star and the Agena, but it carried a
larger payload and was capable of more
complex and more extensive maneuvers.
It was conceived without a specific mis-
sion in mind, and it was first used to
launch a series of defense communica-
tion satellites called IDCSP (for initial
defense communication satellite pro-
gram).

The special requirements of defense
communication demanded that the satel-
lites be many and that their orbits be
quite high. On June 16, 1966, a Titan
ITI-C and Transtage placed eight 100-
pound satellites in eight different equa-
torial orbits, all at an altitude of about
21,000 miles.

The operation of Transtage was com-
parable in almost all respects to that of
the MIRV bus. Using its ability to coast
and restart, it first achieved a near-cir-
cular orbit at the proper altitude with
a period of 1,334.2 minutes. It gently
nudged off one of the subsatellites with
compressed springs. Then, with four
vernier motors of 50 pounds’ thrust
(whose main purpose was controlling
pitch and yaw), it added a small incre-
ment of velocity and ejected a second
satellite.

This one would orbit at essentially
the same altitude, but with a period of
1,334.7 minutes. The maneuver was re-
peated for each satellite, until the last
was dropped off three minutes after the
first in an orbit with a period of 1,347.6
minutes.

Three more groups of IDCSP satel-
lites were launched, using the same tech-
nique, at intervals of about six months.
The importance of the program in the
development of MIRV’s was indicated
in 1968 by John S. Foster, Jr., the direc-
tor of Defense Research and Engineer-
ing. Asked during his testimony before
a Senate subcommittee why he was so
confident the Minuteman III and Po-
seidon MIRV’s would work, he cited
the successful operation of Transtage as
proof that all the essential engineering
problems had been solved.

Another way to pursue the relation

between these projects and the later
MIRV missiles is through the contractors
who produced them. For example,
Agena was designed by the Lockheed
Missiles and Space Company (a subsidi-
ary of the Lockheed Aircraft Corpora-
tion), which later designed the Poseidon
missile. Similarly, systems engineering
for the Titan IIT and Transtage was done
by the Aerospace Corporation, which
later did the concept engineering for the
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Minuteman III MIRV. Another com-
pany involved in the MIRV program for
Minuteman was the Space Technology
Laboratory of the Thompson Ramo
Wooldridge Corporation, which had
earlier participated in the Able-Star and
Vela satellite programs. In the Air Force
itself the Space and Missile Systems Of-
fice, which supervised the Transtage pro-
gram, was soon to begin development of
the Minuteman MIRV.

In addition to all these programs, bits
and pieces of MIRV technology were in-
vented or reinvented independently in
the course of unrelated endeavors. One
of them was a study by the Rand Cor-
poration of what advantage the U.S.S.R.
might gain from its relatively large mis-
siles. Among other conclusions of the re-
port was the possibility that such mis-
siles might be used to deliver multiple
warheads; a MIRV-like device was hy-
pothesized as the means for doing so.
Another was a study of orbital offensive
weapons, conducted for the Air Force by
seven competing firms. In an orbital
bombardment system nuclear weapons
would be placed in permanent orbit and
brought down on their targets from
space on receipt of coded instructions.

Some of the proposals involved what was
essentially a one-passenger bus. The sys-
tem was never developed, but if it had
been, the technology of MIRV’s might
well have been derived from it.

Another program that could have
been used as a point of departure for
MIRYV was the sequential-payload-deliv-
ery system (SPD), used to deliver un-
armed warheads from California to Kwa-
jelein Atoll in the Pacific, where they
served as test targets in the ABM pro-
gram. The justification for this system
was economic: it is cheaper to attack
several targets with a single rocket than
to use a separate rocket for each target.
The design and construction of the se-
quential-payload-delivery system was
supervised by the Aerospace Corpora-
tion, which had been responsible for
Transtage.

Almost all the mechanisms and tech-
niques used in MIRV’s could also have
been derived from the civilian National
Aeronautics and Space Administration
manned space program, particularly the
systems used in lunar exploration. I
have described here, however, only those
programs that were addressed to some
military purpose.

By the mid-1960’s it was clear to mili-
tary planners that a MIRV missile could
be built. Even before then, in 1962 and
1963, two independent arguments had
been put forward in support of deploy-
ment.

One was embodied in the “counter-
force” speech given by Secretary of De-
fense Robert S. McNamara in Ann
Arbor, Mich., in 1962. The notion of
counterforce did not begin with McNa-
mara; it was a part of military strategy
before nuclear weapons were invented.
It holds that one should plan to attack
an adversary’s weaponry, the “counter-
force targets,” rather than his cities and
industries, the “countervalue targets.” It
is the strategy usually adopted by those
who favor expanded deployment of
weapons, and it is necessarily the strat-
egy of those who contemplate making a
preemptive surprise attack.

McNamara subsequently modified his
position on counterforce, but the speech
nevertheless stimulated the proposal of
MIRV’s as a means of increasing the
number of targets that could be at-
tacked. Indeed, there can be no doubt
that in a counterforce strategy MIRV is
a powerful weapon. In a preemptive at-
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MIRV’S ARE DEPLOYED on two of the six U.S. missiles that are
now operational, the Air Force Minuteman III and the Navy Posei-
don. Although both have larger payloads than the missiles that
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preceded them, the total yield of their warheads is less. The Tri-
dent I, which could carry as many as 24 warheads, is expected to be
introduced by 1978; the Trident II is planned for the mid-1980’.



tack almost perfect system reliability is
essential, since the failure to destroy
even only a few of the enemy’s missiles
would result in great harm to the aggres-
sor. Because the reliability of individual
missiles is not likely to even approach
100 percent, the first-strike force must
be substantially larger than the force
being attacked. Even if the adversary
offers no defense, several warheads must
be allotted to each of his missile silos. If
missiles with single warheads are used,
the military and economic advantage is
clearly with the defender.

MRV’s offer no advantage over single
warheads; they merely scatter weapons
over the target area and give no assur-
ance of hitting a small, specific site.
MIRV’s, however, substantially improve
the chances of the offense. With three or
more warheads per missile, designed so
that each can be assigned a separate tar-
get, a nation could attack an opponent’s
fixed-base forces without first enlarging
its own arsenal. By aiming many weap-
ons at each silo it could greatly increase
the probability that all the missiles
would be destroyed.

MIRV’s also satisfy another major re-
quirement of a first-strike force: high ac-
curacy. If a missile is to be destroyed
inside a hardened silo (a buried tube
armored with steel and concrete), a war-
head must be exploded at quite close
range, perhaps even within the “crater-
ing radius” of the weapon. Because the
radius of destruction against a hardened
target increases very slowly with increas-
ing yield it is generally considered more
profitable to improve accuracy than to
increase explosive power.

The customary measure of accuracy is
the “circular error probable,” a circle
centered on the target with a radius such
that half of the warheads aimed at the
target will fall outside the perimeter. To
be useful as a counterforce weapon a
warhead should have a radius of de-
struction against its particular target
somewhat larger than the circular error
probable. For example, if a given war-
head has a circular error probable of one
mile and a radius of destruction against
a given silo of half a mile, far fewer than
half of the warheads could be expected
to destroy the missiles they are aimed at.
To achieve 50 percent reliability the
yield could be increased eightfold; the
same result could be obtained by a two-
fold improvement in accuracy.

The second argument favoring the de-
ployment of MIRV emphasized its abil-
ity to penetrate missile defenses. Rus-
sian nuclear tests at high altitude in 1961
and 1962 and Premier Khrushchev’s fa-
mous boast that “You can say our rocket

hits a fly in outer space” led many U.S.
planners to ascribe to the Russian ABM
performance at least as good as that
which could in theory be achieved by
the U.S. system. In particular it was con-
cluded that a single large antimissile
missile could simultaneously destroy all
three warheads of the Polaris A-3.

For the Navy there were at least two
additional motives for building
MIRV’s. First, the Polaris A-3 develop-
ment program was nearing the end, and
it was almost automatically assumed that
there would be a new generation of sea-
launched missiles. Second, improve-
ments in submarine navigation for the
first time made high accuracy possible
in SLBM’s. (In order to launch a missile
with a specified accuracy the submarine
must know its own position and orienta-
tion to at least that degree of accuracy.)

The new missile was at first desig-
nated the B-3, but the name was later
changed to Poseidon. From the begin-
ning it was evident that it would be a
more powerful rocket than the A-3. The
increase in power was obtained largely
by making the rocket bigger.

At the outset it was not at all clear
that MIRV’s would be used in the Posei-
don. The desire to compete with the Air
Force in the counterforce role led some
on the Navy staff to favor a large, accu-
rate, single warhead, whereas others, in-
cluding Harold Brown, who was then
the director of Defense Research and
Engineering, sought continued emphasis
on MRV’s as a means of ABM penetra-
tion.

The Navy Special Projects Office soon
proposed a compromise, a device that
was never built but that served as a link
between MRV and MIRV. In this con-
cept a bus would have delivered several
warheads to a single target but on tra-
jectories that had different apogees.
Each warhead would be aimed at the
target as accurately as guidance tech-
nology would allow; they would arrive
at different times, however, and would
be spaced as much as 100 miles apart.
They would have the same capacity for
exhausting a newer, more sophisticated
ABM as the Polaris MRV had against a
crude ABM. Such a delivery system re-
quires a bus capable of making modest
changes in its velocity in the plane of
the trajectory and roughly perpendicu-
lar to its direction. To transform this
proposed bus into one suitable for
MIRV’s it is necessary onrly to provide a
means of adding small increments of
velocity in the other two directions.

Continuing progress in missile guid-
ance and anticipation of even more im-
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provement soon led the Special Projects
Office to propose the high-multiplicity
MIRYV deployed today. The Poseidon is
almost twice as heavy as the Polaris A-3
and carries about twice the payload. Its
nominal range is about the same, 2,500
miles, but this could be increased by
sacrificing payload. It is reported to be
capable of carrying as many as 14 war-
heads, but in most analyses it is usually
considered to carry 10. The warheads
are estimated to have a yield of 50 kilo-
tons each.

The first boatload of Poseidon mis-
siles was deployed at sea in April, 1971,
aboard the missile submarine James
Madison. Converting from Polaris to
Poseidon requires the installation of new
launching tubes to accommodate the
greater length and girth of the new mis-
sile. At least 17 boats have been con-
verted so far, and eventually 31 of the
nation’s 41 missile submarines will carry
Poseidons. Thus if each missile does in-
deed carry 10 warheads, the number of
independently targeted reentry vehicles
in the nation’s sea-launched fleet will in-
crease from 656 to 5,120.

Although the Poseidon will not be
fully deployed for another two years, its
successor is already being planned. It is
the Trident, a still larger missile that in
its final version will have a range of
6,000 miles. Each missile will be armed
with as many as 24 independently aimed
warheads. The Navy intends initially to
build 10 Trident submarines, carrying
24 missiles each.

In the Air Force the argument over
single v. multiple warheads persisted
into the mid-1960’s. Concerned, like the
Navy, over progress in missile defenses
and over the Russian high-altitude test
series, the Air Force began to consider
MIRV’s as a means of improving pene-
tration. At the same time a steady in-
crease in the perceived number of mili-
tary targets in the U.S.S.R. stimulated
interest in the use of multiple warheads
to improve force effectiveness.

On the other hand, the Air Force had
for some time been committed to large,
single warheads protected against inter-
ception by decoys, chaff and other pene-
tration aids. At one point the faction-
al dispute reached the missile-industry
press when a contract for the Minute-
man III warhead was delayed following
the intercession of the director of De-
fense Research and Engineering,

Early in the debate two versions of
MIRV were considered. One employed
a bus virtually identical with the Tran-
stage already under development. In
the alternative system a rocket booster
would have launched a cluster of small,
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single-stage missiles, each incorporating
a propulsion and guidance system. After
the cluster as a whole was placed on a
trajectory leading to the area of the tar-
gets the individual missiles would ad-
just their velocities separately to impact
on their particular targets. The extra
weight and extra cost of the individual
guidance and control systems made this
proposal less attractive than the bus, and
its development was never authorized.
The bus type of post-boost control
system was selected for Minuteman III
in 1964; the first flight of 10 missiles was
turned over to the Strategic Air Com-
mand in June of 1970 at Minot Air Force
Base in North Dakota. Minuteman III
carries three warheads, usually said to
have a yield of about 200 kilotons each.

The decision to deploy MIRV’s was

made all but inevitable by the deci-
sion to develop them. Weapons systems,
once proved feasible, assume a momen-
tum of their own, under the rationale of
“If it can be done, it must be done, be-
cause if we don’t, they will.”

Even so, the deployment of MIRV’s

STIMULI TO DEVELOPMENT

FIRST RUSSIAN
SATELLITE AND ICBM

LIMITATIONS OF DECOYS

RUSSIAN HIGH-ALTITUDE
NUCLEAR TESTS

COUNTERFORCE CAPABILITY

RUSSIAN ABM AND
MRV VULNERABILITY

PRECURSOR DEVICES AND PROGRAMS

ABLE-STAR

AGENA

TRANSTAGE

SEQUENTIAL PAYLOAD
DELIVERY

MRV

NASA

MULTIFARIOUS PATHS OF DEVELOPMENT, culminating in
MIRYV warheads, are suggested by a chart showing some of the mo-
tives for development, the projects and devices that preceded the
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was debated after the development de-
cisions were made, and the matter was
not settled until the missiles were in
place in 1970 and 1971. As we have
seen, the arguments usually cited in fa-
vor of MIRV deployment are improved
penetration of missile defenses and an
increase in the number of targets that
could be attacked. The penetration of an
anti-ballistic-missile system was stressed
by those who perceived a tradition of de-
fensive measures in Russian history and
who therefore believed that the U.S.S.R.
would construct such a system. The pro-
liferation of potential targets was em-
phasized by those who advocated a
counterforce mission for U.S. nuclear
weapons.

Secretary McNamara had other, pri-
marily political motives for the deploy-
ment of MIRV’s. Multiple warheads, he
contended, offered a less costly way than
the addition of more missiles to expand
the strategic force and maintain at least
some counterforce capability against
growing Russian forces. Thus the poten-
tial powers of MIRV’s were invoked in
the arguments of McNamara and his

PARTICIPANTS IN DEVELOPMENT

REENTRY BODY
IDENTIFICATION GROUP

ADVANCED RESEARCH
PROJECTS AGENCY

staff against strategic-force expansion.
McNamara also mentioned MIRV’s in
arguing against deployment of missile
defenses. He doubted that the proposed
anti-ballistic-missile network would work
and believed it might bring on a new
cycle in the arms race. He opposed its
deployment in the U.S. and tried to per-
suade Premier Kosygin (at the confer-
ence in Glassboro, N.]J.) that the U.S.S.R.
also should forgo antimissile systems. A
U.S. commitment to deploy MIRV’s was
among his arguments, since MIRV’s
represent a relatively inexpensive means
of overcoming any conceivable antimis-
sile system. Thus, from the poinit of view
of McNamara and some of his immediate
associates in the Office of the Secretary
of Defense, the deployment of MIRV’s
could benefit the cause of arms control.
Indeed, the limitation of ABM systems
achieved as part of the agreements made
in the strategic-arms-limitation talks
(SALT I) of 1972 might in part be at-
tributed to the existence of MIRV’s. It
could be argued that the U.S. and the
U.S.S.R. were willing to renounce exten-
sive antimissile systems because MIRV’s

JUSTIFICATIONS FOR DEPLOYMENT

AIR FORCE SPACE AND
MISSILE SYSTEMS OFFICE

ABM PENETRATION

NAVY SPECIAL
PROJECTS OFFICE

PROLIFERATION OF TARGETS

DIRECTOR OF DEFENSE
RESEARCH AND ENGINEERING

COUNTERFORCE STRATEGY

AEROSPACE CORPORATION

LIMITATIONS OF
FORCE EXPANSION

SPACE TECHNOLOGY
LABORATORY

DISCOURAGEMENT OF ABM

INDUSTRIAL AND
CONSULTANT COMPANIES

ADVISORY COMMITTEES
TO ALL OF THE ABOVE
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weapons, the organizations that participated and the justifications
proposed for deployment. The elimination of any one, or even sev-
eral, of these programs would not have halted MIRV, since develop-



ensured the futility of building them.
MIRV’s are themselves excluded from
the regulation of the SALT I agreements.
They are considered a “qualitative” re-
finement in weaponry and therefore are
not subject to restriction. They are ex-
pected to be a major topic in the second
round of the talks (SALT II), scheduled
to conclude by the end of 1974.

If McNamara believed that the deploy-
ment of MIRV’s could slow the arms
race, officials of the U.S. Arms Control
and Disarmament Agency saw it differ-
ently. As early as 1964 Herbert Scoville,
Jr., and George W. Rathjens noted ways
in which the deployment of MIRV’s
could upset the “balance of terror.” In
particular, they predicted that an ad-
versary could construe the deployment
of MIRV’s as possible preparations for
making a preemptive strike. If a MIRV
force is capable of destroying an adver-
sary’s ICBM’s, that is, if it is an effective
and reliable counterforce weapon, it
could be considered a threat to the na-
tion’s deterrent and to that extent would
be provocative. Of course, even a perfect

MIRV

ment could have taken alternative pathways.
Similarly, had some arguments for deploy-
ment been refuted, others would have served.

MIRYV force could not make a first strike
a rational policy, since sea-launched mis-
siles and perhaps bombers would still
be able to retaliate, but MIRV’s do con-
tribute some increment of instability.
For example, in a crisis where nuclear
war seemed imminent MIRV’s might be
perceived as giving an advantage to the
aggressor and therefore could encourage
a first strike.

Whether or not MIRV’s are now suf-
ficiently accurate and reliable to serve
as counterforce weapons, they are con-
sidered menacing by those responsible
for military planning. The MIRV missiles
tested in August by the U.S.S.R., for
example, were described by Secretary
of Defense Schlesinger as leading the
U.S.S.R. to “a clear advantage in coun-
terforce capability.” Under the SALT I
agreement the U.S.S.R. is allowed about
25 percent more offensive missiles than
the U.S.; with the deployment of MIRV’s,
Schlesinger suggested, this superiority in
launchers and throw weight could be
“married” to equality in technological
sophistication.

During most of the period in which
MIRV’s were under development the
program was kept secret and the con-
troversies it entrained were unknown to
the public and to many members of Con-
gress. It did not become a political issue
until late in 1967, when public debate
over deployment began. In the 1968
Presidential campaign Senator Eugene
McCarthy echoed the view of the Arms
Control and Disarmament Agency, not-
ing that “the introduction of sophisti-
cated anti-ballistic-missile systems and
new missiles equipped with multiple
warheads threatens to make the situation
unstable. With the deployment of such
weapons systems, each side will become
concerned as to whether in the event of
a preemptive attack it will be able to in-
flict sufficient damage in retaliation—if
not, its deterrent will not be credible.
The arms race will thus be impelled to a
new intensity. In crises, there could be
an incentive to launch a first strike.”

Later Senator Edward W. Brooke in-
troduced a resolution calling for the sus-
pension of testing of multiple-warhead
missiles. Some other senators and a num-
ber of other people supported the resolu-
tion, but the effort was in vain. The first
deployment of MIRV’s took place while
the issue was being debated.

The MIRV program had many roots
and branches. Decisions were made
by many people, some only loosely con-
nected with one another, over the course
of more than a decade. Of all the stimuli
that led to the development of MIRV the
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most important was the perceived need
to penetrate ABM systems whose theo-
retical capabilities were slowly but stead-
ily improving. Even without the stimulus
of ABM, however, MIRV’s would prob-
ably have been devised, and probably at
about the same time. All their essential
technology was developed in unrelated
programs and for unrelated reasons:
Able-Star, Agena, Transtage, sequen-
tial payload delivery. During the early
phases of development the progress of
MIRYV was determined largely by the de-
cisions of technologists who were at-
tempting to solve problems presented by
nature or responding to their perception
of the technological challenges of the
Russian missile and space programs.

Once proved feasible, MIRV’s were
also proved necessary, at least to the sat-
isfaction of those who made the decision
to deploy them. That decision was com-
pelled by three factors: (1) the partici-
pants in and sponsors of the develop-
ment program urged application of the
new weapon; (2) MIRV’s promised to
thwart any ABM system the U.S.S.R.
might construct and at the same time
served as an argument against the de-
ployment of missile defenses by either
nation; (3) MIRV offered a relatively in-
expensive way to increase the number of
Russian targets that could be attacked,
and thus ended debate over strategic-
force expansion.

Opposed to these arguments were the
predictions of the Arms Control and Dis-
armament Agency that deployment of
MIRV’s would be perceived as seriously
disturbing the strategic balance and in
crises would make the most dangerous
policy the most profitable one. The first
of these predictions has already turned
out to be right. The number of people
holding such views was negligible, how-
ever, and their voices were not powerful.
Plans to deploy proceeded while the ar-
guments went on.

In the development of multiple war-
heads there is a lesson for those who
would reduce the world’s armaments.
Some programs, such as the B-70 bomb-
erand ABM, are expensive, are addressed
to a clearly evident and single purpose
and depend on what might be called a
unitary decision—making process. In prin-
ciple they can be stopped by direct con-
frontation. Other programs, however,
and MIRYV is an example, evolve from
many independent and seemingly unre-
lated goals and decisions. They are too
diffuse, too protean, too difficult to define
and delimit to be stopped by confronta-
tion. They can be slowed or stopped only
by slowing or stopping the arms race as
a whole.
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Communication by Optical Fiber

Rapid progress is being made toward a system in which a light

signal, generated and repeated with small solid-state devices,

will be transmitted through a hairlike fiber with little loss

The quantity of information that
can be carried by a transmission
channel, for example a pair of
telephone wires or a microwave radio
beam, depends on the frequency of the
signal; the higher the frequency, the
greater the amount of information. Since
the frequency of light is roughly 1,000
times the frequency of the shortest radio
waves, communication engineers have
always dreamed of using light as a means
of transmitting information. The advent
of the laser raised their hopes, because
the coherent waves of laser light can be
sharply directed and in principle might
also be modulated like radio waves. But
what kind of “channel” could be used to
transmit the modulated light signal? To-
day the leading candidate for that func-
tion is the optical fiber: a hair-thin,
glassy filament of extremely high trans-
parency. Indeed, given the present state
of development, it is not at all reckless
to hope for an optical fiber that, over a
distance of a mile, will lose no more than
half of the light it is carrying.

Bundles of glass or plastic fibers have
for some time been a means of directing
illuminating light from one place to an-
other. In many automobiles, for exam-
ple, such fibers serve to pipe light from
a single lamp to various parts of the in-
strument panel. These fiber bundles car-
ry light very well over their length,
which can be up to several meters, but
they are not nearly transparent enough
to be practical for communication over
significant distances. For example, the
fibers are typically less transparent than
water is.

The recent work that has brought
about the greatly enhanced transparency
of optical fibers, making their use in
communication possible, represents a
genuine technological breakthrough. A
feature that is attractive about optical
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fibers in communication is their small
size. One hundred individual, signal-
carrying fibers bundled together might
occupy a space that has the diameter of
the lead in an ordinary wooden pencil.
Each fiber might carry 1,000 telephone
conversations or several television pro-
grams at a time.

The principle underlying the guidance

of light in optical fibers is quite sim-
ple. A fiber typically has a core, which
is a central section that carries the light
rays, and a cladding, which is an outer
layer that traps the rays in the core. The
materials of which the core and the
cladding are made have slightly different
indexes of refraction, that is, light trav-
els through them at different speeds. The
index of refraction is a bit less in the
cladding than it is in the core. Because
of this small difference light rays in the
core that strike the interface between the
two materials at a grazing angle are re-
flected back into the core. The very sim-
plicity of the light-guiding mechanism
leads at once to a possible drawback
(known as differential delay) in sending
signals on fibers and to a solution to the
drawback. The problem and its solution
should become clear if I first discuss cer-
tain general features and characteristics
of communication systems.

Every communication system consists
of a signal source, a signal-carrying me-
dium (the transmission channel) and a
receiver. Information is sent by varying
the intensity of the source either con-
tinuously (analogue modulation) or im-

pulsively (digital modulation). The me-
dium carries the modulated signal to
the receiver, which reconstructs the orig-
inal information from the modulated pat-
tern it receives. It is the task of the me-
dium (in this case the fiber) to deliver
the modulated signal to the receiver—
not perfectly, but with enough fidelity
so that a reasonably well-designed re-
ceiver can tell how the signal source was
modulated.

The receiver’s function is best seen
with digital signals. Assume that the
information consists simply of the pat-
tern of light impulses generated in a
continuous series of uniform time slots,
some of which contain light flashes and
some of which do not. To determine
what the sent message was the receiver,
which is designed to step along exactly
in time with the transmitter (the source
of the modulated light), must simply
discover in which time slots the light
source was flashed. Because the receiver
“knows” how to interpret the on-off pat-
tern, it can then reconstruct the orig-
inal message.

A problem confronting the receiver is
that the medium (in the current example
the optical fiber) degrades the pulses of
light in two ways as they travel along
it: it attenuates, or dims, them and also
makes them less impulsive, or broader
in time. If the pulses become too dim,
the ubiquitous noise in the receiver
masks them. If they become too broad,
they begin to spread into the adjacent
time slots. Eventually they are washed
out over so many slots, some of which

LIGHT-CARRYING FIBER made of fused silica and wound on a drum conducts light from
a helium-neon laser, which is visible at left in the photograph on the opposite page. This
fiber, which is some 100 meters long, was made so that light could be seen along the drum;
in a fiber of the highest quality nearly all the light would emerge at the end of the fiber.
Here the light emerging at top right of drum strikes a screen and is reflected as a red spot.
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were flashed and some of which were
not, that the receiver can no longer tell
what the transmitter was doing.

The question of why the pulses broad-
en brings us back to the problem of dif-
ferential delay—the trouble caused by
the guiding mechanism. Some of the
light rays entering the fiber from the
light source travel parallel to the axis of
the fiber, but other rays enter at an
angle to the axis and thus reflect back
and forth down the core. It is apparent
that the coaxial rays will travel more
rapidly than the reflecting ones because
they do not travel as far.

If the difference in arrival time be-
tween the slowest rays and the fastest
ones is comparable to the interval be-
tween impulses, the received signal pul-
ses begin to overlap. The farther the sig-
nal travels, of course, the larger the dif-
ferences in arrival time are and the more
dispersed in time the pulses become.
Moreover, the faster the light is modu-
lated—the closer together the time slots
are—the less the pulse-broadening needs
to be to cause signal confusion.

The guiding mechanism offers a means

of controlling this differential-delay
problem as follows. Recall that the re-
flection at the interface of core and
cladding depends on the fact that the
two materials possess slightly different
indexes of refraction. The situation is
analogous to what a skin diver sees from
below the surface of a quiet body of clear
water: the surface is either a mirror or a
window, depending on the angle from
which it is viewed. Directly overhead it
is a bright window to the upper world,
whereas some distance away from the
diver it is a mirror, reflecting only the
light from underwater objects.

The reason is that light rays that
strike the air-water interface from in-

INTERFERENCE FRINGES in the photo-
graphs on the opposite page show the opti-
cal refractive-index characteristics of three
kinds of fiber. Index difference is indicat-
ed by displacement of fringes. The fibers,
which are seen in cross section at a magnifi-
cation of about 500 diameters, are a fiber
with an inner core and an outer cladding
(top) having different indexes of refraction,
so that the transmitted light tends to stay in
the core; a parabolic-index fiber (middle),
in which the refractive index decreases with
increasing rapidity away from the fiber axis,
and a single-material fiber (bottom), made
as shown in the photograph on this page.
The gray shapes are air. They surround the
thin rod that carries the light. The continu-
ity of the fringes from outside through the
rod shows single-material nature of fiber.

side the higher-index water at a shallow
angle are reflected back from the sur-
face, whereas the rays that strike the
surface more nearly perpendicularly to
it go on through. The angle at which the
surface becomes transmitting or trans-
parent rather than reflecting depends on
the difference in the refractive indexes
of the two materials at the interface. If
the difference is small, which is not the
case with air and water, the critical an-
gle is small too. Hence a solution to the
differential-delay problem is to main-
tain the indexes of refraction of the core
and cladding materials close together,
so that the light rays that travel down
the core all proceed almost axially. Rays
that travel at slightly larger angles sim-
ply pass through the interface and are
lost in the surrounding medium.

Indeed, it is possible to avoid the dif-
ferential-delay problem altogether. As
with other kinds of transmission line,
such as a wave guide or a coaxial cable,
the dimension of the guide—in this case
the diameter of the fiber core—can be
chosen in such a way as to eliminate the
propagation of all but one electromag-
netic mode. The strategy results in the
capturing by the fiber core of only the
axial rays. Such fibers have been made;
the core in this case is typically a few
microns in diameter. Launching light
into such a thin core is a special problem
to which I shall return.

A third way of controlling differential
delay is to employ a parabolic-index
fiber. The Nippon Sheet Glass Co., Ltd.,
has made such fibers, which the firm
calls Selfoc (for “self-focusing”), with re-
markable accuracy. Stretching the con-
cept of core and cladding, the parabolic-
index fiber consists of a single material
“loaded” with another material in such
a way that the refractive index decreases
with increasing rapidity away from the
axis of the fiber. In this fiber light rays
cross and recross the axis repeatedly,
traveling not in straight lines but along
snakelike sinusoidal paths. The fiber has
the remarkable characteristic of speed-
ing up the light rays that travel the long-
er distance, that is, the ones that make
the greatest excursion from the axis, so
that all the rays travel at nearly the same
net axial velocity.

In addition to differential delay another

reason for pulses to increase their
width as they travel along the fiber is
the phenomenon termed material dis-
persion. The index of refraction of the
known low-loss fibers is slightly differ-
ent for different wavelengths of light,
that is, different colors. The result is that
light of one color travels in the fiber at a
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SINGLE-MATERIAL FIBER is fabricated
entirely from fused silica of high purity.
Thick outer tube, which has an outside di-
ameter of 10 millimeters, contains a rod and
a thin plate. As the tube is heated at the bot-
tom the rod is fused to the plate and the
plate to the tube. The fiber drawn from the
bottom of the assembly has an outside diam-
eter of about 150 microns and the same cross
section as the original assembly. Light trav-
els through the rod, which serves as the core,
and other parts of the structure serve as
cladding, with effective refractive index de-
termined by thickness of supporting plate.
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velocity different from that of light of a
slightly different color.

All optical sources radiate light at
more than one frequency at a time,
which is to say that the light is multi-
colored. The different colors from the
source enter the fiber together in a sin-
gle impulsive flash, but they arrive at
the far end in a sequence of colors spread
out in time. A detector there, being col-
or-blind, simply “sees” a wider (more
time-dispersed) pulse than the one sent
by the source. A laser radiates nearly
monochromatic light, so that typically
the variation of the fiber’s refractive
index over the spectrum of the laser is
too small to be a problem. For some
sources of light, however, spectral width
can be important.

Until recently the loss of light in opti-

cal fibers was so large that light
pulses died away long before measurable
pulse-broadening could take place. Light
loss, in fact, is still the most important
problem to be dealt with in fiber design.
It comes about through absorption of
the light energy and through scattering
of the waves as they propagate through
the fiber.

The glasses of which the best fibers
are made absorb very little light. If as
little as one part per million of certain
metals (or, strangely, water) is included
in the glass, however, the fiber will ab-
sorb a significant amount of light. The
key to low absorption therefore lies in
being vigilant about the cleanliness of
the conditions under which fiber ma-
terials are compounded and processed.

Scattering of the light can be caused
by nonuniformity of the fiber, particular-
ly in the interface between core and
cladding, by particles or bubbles in the
core material, and even by the random
arrangement of the molecules of the
core material, which makes the material
look slightly granular at light wave-
lengths. It is this third phenomenon,
which is named Rayleigh scattering after
the British physicist Lord Rayleigh, that
sets a lower bound to the loss of light in
glassy or fluid materials. Since the scat-
tering caused by this granularity de-
creases rapidly as the wavelength be-
comes longer, infrared light is much to
be preferred to visible light for low-loss
transmission in fibers.

Two infrared lasers are particularly
promising as sources of radiation for
transmission through optical fibers: the
neodymium-doped yttrium aluminum
garnet laser, which is commonly called
the “neodymium YAG” laser, and the
gallium arsenide laser. The neodymium



YAG laser, which radiates at a wave-
length of about 1.06 micrometers, is at-
tractive because it is almost indestructi-
ble and because it is efficient in convert-
ing drive power into coherent light. The
drive power is also light, which need not
be coherent; it can be derived from sev-
eral kinds of source, including the de-
vices I shall describe below.

A complication for the neodymium
YAG laser is that once it is turned on,
its coherent radiation cannot be turned
off quickly. If rapid changes of signal
are wanted, the light beam sent out by
the laser must be modulated by another
device. Fortunately several types of light
modulator are available.

The gallium arsenide laser is an in-
jection-diode device that has as its key
element a tiny diode made in layers of
semiconducting material [see “A New
Class of Diode Lasers,” by Morton B.
Panish and Izuo Hayashi; SciENTIFIC
AMERICAN, July, 1971]. Such a diode has
one region in which negatively charged
electrons are the predominant current-
carriers (n-type material) and another
region in which positively charged holes
predominate (p-type material). Between
them is a p-n junction across which cur-
rent is caused to flow. The resulting elec-
trons are injected into the junction re-
gion, where they readily combine with
holes, releasing their energy in the form
of light. When the density of recombina-
tion events is sufficiently high, that is,
when high current is flowing through
the junction, the resulting optical elec-
tromagnetic field influences the process
so that further radiation of light tends to
reinforce the light wave already present.
In short, laser action takes place.

The resonant cavity of an injection
laser is formed by limiting the width of
the high-current region in the junction
to between 10 and 20 micrometers,
forming what is called a stripe, and
cleaving the junction at each end of the
stripe to form light-reflecting surfaces.
Light from this cavity can be coupled
easily into a multimode fiber by simply
butting one end of the laser stripe
against the end of the fiber core, which
has a much larger diameter (about 100
micrometers). The light from an injec-
tion laser can also be coupled to a single-
mode fiber, even though the diameter of
the core may be only three or four mi-
crometers. The main problem is that the
laser junction tends to be so thin (a half-
micrometer or less) that the light di-
verges as it leaves the end of the stripe.
This problem can be overcome by a
tiny cylindrical lens that redirects the
light along the fiber.

Depending on the amount of alumi-
num that is included with the gallium
arsenide (in a demanding fabrication
procedure), wavelengths anywhere be-
tween .8 and .9 micrometer can be gen-
erated. (The spectrum of any one diode
is fixed and quite narrow.) These diodes
can be modulated rapidly by simply
modulating the electric current that
powers them. They can be made to pulse
up to 500 million times per second.

Lasers, then, are ideal for communi-
cation by optical fiber for two reasons:

a

they can focus light into a narrow beam
that can be directed into the fiber effi-
ciently, and their spectral output is nar-
row. A practical hitch, however, is that
injection laser diodes have not been
made to radiate continuously for more
than a few thousand hours at room tem-
perature without failure. Although there
is no apparent intrinsic cause of failure,
such lasers cannot easily be employed in
a commercial communication system un-
til their durability has been improved.

A possible alternative to the laser as

ABSORPTIVE JACKET

CLADDING

FOCUSING OF RAYS in various kinds of optical fiber is depicted. In a fiber having a core
and a cladding (a) rays that enter the fiber at a low angle with respect to the axis of the fi-
ber are trapped in the core by reflection from the cladding, which has a lower index of re-
fraction than the core. High-angle rays pass into the cladding and may, as in this case, be
absorbed in an outer jacket. A parabolic-index fiber (b) focuses low-angle rays again and
again along its length by means of a carefully devised refractive-index gradient. Here too
high-angle rays are lost. A single-mode fiber (c) eliminates tlie problem of delayed rays
by allowing propagation of only one electromagnetic mode, in effect only the axial ray.
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DISTORTION OF SIGNAL passing through an optical fiber takes place in two ways. At top
left (a) the original signal appears, together with short vertical lines indicating the time
interval. At the far end of the fiber the signal is less clear. One reason (b) is differential de-
lay. The axial ray and the angular one are the same length, illustrating the difference in
distance traveled in a given time by the rays in a multimode fiber. As a result the light ener-
gies traveling the two routes arrive at a given point down the fiber at different times. Ma-
terial delay (c) results because index of refraction and hence propagation velocity of known
low-loss fibers change with the frequency of light. Original distinct signal (left) reaches end
of fiber with the source spectrum spread out in time, as indicated by colored shading.

a signal generator is the gallium arsenide
light-emitting diode. Although it is made
of the same materials as the injection
laser, it radiates a wider spectrum of
light frequencies over a wide angle.
Typically a gallium arsenide or alumi-
num gallium arsenide light-emitting
diode radiates light throughout a range
of wavelengths as much as .04 microme-
ter wide. Light from the diode can be
filtered so that only part of the total
spectrum will pass into the fiber, but this
is done at the cost of a commensurate
decrease in the total available light-
source power.

MODULATED LIGHT

FIBER

“NEODYMIUM YAG” LASER is employed as a source of nearly
monochromatic light for transmission through optical fibers. It is
basically a crystal of yttrium aluminum garnet (YAG) doped with
neodymium and ground to the shape of a rod, with mirrors de-
posited on the ends. In this configuration pumping light supplied
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A more severe penalty results from
the fact that the light from the intense-
ly bright fluorescent-spot source in the
light-emitting diode radiates in all di-
rections. Only a small part of it can be
captured by a fiber, namely the rays that
enter the fiber at angles (with respect to
the axis of the fiber) less than the critical
angle that is determined by the differ-
ence in refractive index between the core
and the cladding. Notwithstanding these
difficulties, the light-emitting diode is
attractive in its simplicity and durability.
The question is whether or not it is
usable.

LASER LIGHT

—

=
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It is here that the transmission engi-
neer must begin making choices. He
would like to be able to send his signals
as far as possible along a fiber before
they must be either received or regen-
erated. The received pulses must be nei-
ther too weak nor too broad. If he is to
use a light-emitting diode as a source, he
would like the difference in the index of
refraction between the core and the
cladding to be as large as possible in
order to trap as much light as possible
in the core. On the other hand, if the in-
dex difference is too large, the pulse will
be broadened out by the differential de-
lay between the axial rays and the high-
angle rays. Clearly the engineer would
like to choose an index difference that
causes the pulses to reach both limiting
breadth and dimness at the point of re-
generation.

ut how dim is dim? Where does the
noise in the receiver mask the in-
coming pulses to the point at which
the receiver is incapable of ascertaining
which time slots contained flashes? Of
the number of photons, or units of light
energy, transmitted in each pulse,
enough must be still traveling with the
pulse when it reaches the receiver so
that the receiver can detect it (with a
finite rate of error of, say, one mistake in
a billion). The requirement can be trans-
lated into average power and might be
as little as one billionth of a watt for a
pulse rate of 1.5 million per second, the
rate at which certain digital telephone
transmission systems work today.

Taking into account that requirement
of correctness, together with the signal
power available at the transmitting end
from a light-emitting diode (less the
power needed by the receiver), and as-
suming that a loss of five decibels per
kilometer is reasonable for future mass-

FLUDRESCENT LIGHT

by a light-emitting diode enters the laser through a frequency-se-
lective mirror at one end, and the coherent light generated in the
laser rod passes out the other end. The light is then modulated by
any one of several light-modulating devices that are suitable for the
purpose to create information-carrying signal for the optical fiber.



produced fibers, the distance between
repeaters works out to about eight kilo-
meters (five miles). The optimum core-
cladding index difference, as a balance
between the power that can be directed
into the fiber from a gallium arsenide
light-emitting diode and the allowable
differential delay, is about 2 percent. An
index difference of .5 percent, more typi-
cal of current low-loss fibers, would re-
duce the repeater spacing by about a
kilometer.

Material dispersion does not appear
to present a problem. One of the most
transparent of all materials is fused silica
(silicon dioxide or, in the crystalline
form, quartz), which is one of the com-
monest minerals. It is also one of the
least dispersive of optical-fiber glasses.
A signal with a spectral width of .04 mi-
crometer, pulsing at 1.5 million times
per second, will not exhibit any overlap
of the pulses due to material dispersion
alone for nearly 100 miles.

One emerges, then, with the prospect

that a long-lived fluorescent alumi-
num gallium arsenide diode will be able
to send 24 telephone conversations (con-
sistent with the current digital trunks)
by pulse-code modulation for five miles
along a low-loss, fused-silica fiber to a
simple receiver that will reproduce the
voices accurately. Present digital trunk-
carrier telephone systems that send their
pulses along standard telephone cable
wires must amplify and reshape the
pulses about once each mile.

These estimates are not intended to
suggest the structure of an optical-fiber
communication system. It is true that
the essential components of such a sys-
tem have been demonstrated in the lab-
oratory: gallium arsenide light-emitting
diodes of the proper intensity have op-
erated at Bell Laboratories for several
thousand hours with little degradation;
the Corning Glass Works has announced
that a loss of four decibels has been mea-
sured on a one-kilometer fiber of fused
silica, and receiver sensitivity of the kind
I have discussed can be demonstrated
with any of several commercially avail-
able light detectors. At this point in the
development of this new and different
technology, however, the system that
can be inferred from this simple calcula-
tion can serve only as a kind of engineer-
ing symbol for future transmission-sys-
tem possibilities.

The technology programs directed
toward communication by optical fibers
are in an exploratory period that can be
described as being almost feverish. Dis-
coveries, new understanding and tech-

nological advances are coming too rap-
idly for anyone to be sure about the
course that the development of com-
mercial-scale systems will take. Indeed,
many important questions remain to be
answered. What materials and designs
are best for fibers? How should the fi-

bers be manufactured? How should they
be put into cable? How should the cables
be connected and terminated? A great
deal of work will be required to answer
these questions, but the communications
promise held out by optical fibers makes
the effort well worth while.

INJECTION LASER

CYLINDR L LENS

SINGLE-MODE FIBER

INJECTION LASER of aluminum gallium arsenide can provide signals for both multimode
and single-mode fibers. Its key element is a tiny diode (right) consisting of layers of semi-
conducting material separated by a junction. Current is constrained to pass through the
junction only along a narrow stripe between 10 and 20 micrometers wide. The laser cavity,
which is only half a millimeter long, is formed by cleaving the diode perpendicularly to the
stripe. Light can be put into a multimode fiber simply by butting the end of the fiber against
one end of the laser stripe. For a tiny single-mode fiber a lens is required to direct the light.

FLUORESCENT SPOT

DIODE JUNCTION

MULTIMODE FIBER (LARGE CORE})

LIGHT-EMITTING DIODE of aluminum gallium arsenide is a simple nonlaser light source
for an optical fiber. Although the light issuing from the diode in the form of a fluorescent
spot, which has a diameter of approximately 50 micrometers, radiates in all directions, a
significant amount of it can be captured by a large-core fiber bonded close against the spot.
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~ Proton Interactions at High Energies

Experiments performed in the new CERN colliding-beam accelerator

have yielded an unexpected finding: In a certain high-energy range

the chance that two passing protons will interact increases with energy

of matter, physicists have built par-

ticle-accelerating machines of ever
increasing energy. By bombarding mat-
ter with the energetic particles produced
by such machines new species of par-
ticles have been created. The list of
“elementary.” particles discovered in this
way is already so long that no one be-
lieves the particles on it are really ele-
mentary. The large number of the par-
ticles and the striking patterns evident
in their properties are clear indications
that they have some kind of internal
structure.

Most of the current research in high-
energy physics is directed toward in-
vestigating how the particles interact
with each other. The key question here
is: What is the nature of the forces that
act between particles and that give rise
to the three main types of particle be-
havior observed in nature: the decay of
one particle into other particles, the
scattering of one particle from another
particle and the transformation of the
energy set free in the collision of two
particles into new particles?

The interactions observed in matter
can be grouped into four distinct cate-
gories. In order of increasing strength
they are the gravitational interaction,
the “weak” interaction, the electromag-
netic interaction and the “strong” (or nu-
clear) interaction. Our knowledge of the
force of gravity comes mainly from astro-
physical studies; at present the gravita-
tional interaction does not seem to play
any role in particle physics. The weak
interaction, which is observed in the ra-
dioactive decay of atomic nuclei, is more
than a billion times less intense than the
electromagnetic interaction, which binds
electrons to the nuclei in atoms and
molecules and determines the chemical
properties of all substances. The strong
interaction, which binds the protons and

In the effort to penetrate the structure
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the neutrons in the nucleus, is extremely
intense and acts only within distances
on the order of a fermi (a trillionth of a
millimeter).

In this article I shall describe the back-
ground, the results and the meaning of
two recent experiments that have re-
vealed a new and unexpected property
of the strong interaction at extremely
high energies. The experiments, which
involved collisions between oppositely
directed beams of high-energy protons,
were performed with a new kind of ac-
celerator: the intersecting storage rings
at the European Organization for Nu-
clear Research (CERN) near Geneva.
The results obtained so far with this ma-
chine have shown that above a certain
energy the probability that two passing
protons will interact increases with en-
ergy, a finding that may require a major
revision in the accepted description of
high-energy nuclear interactions.

The many hundreds of “elementary”

particles that are subject to both
weak and strong interactions are classed
as hadrons; the few particles that feel
only weak or electromagnetic forces are
classed as leptons. Electrons, muons and
neutrinos are the only known leptons,
whereas protons, neutrons and pions are
just three examples of the very large
family of hadrons. Many physical quan-
tities are used to characterize a particle,
the simplest being its mass. Accord-
ing to the famous Einstein equation
E = mc?, which relates mass (m) to en-
ergy (E) in terms of the fundamental
constant ¢ (the speed of light in a vac-
uum), the mass of a particle can be ex-
pressed in terms of its equivalent energy.
Thus it can be said that the proton has
a mass of .94 GeV, whereas the pion, the
lightest of the hadrons, has a mass of
only .14 GeV. (GeV stands for gigavolts,
or billions of electron volts.)
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The strong forces acting between two
hadrons that pass close to each other (at
distances on the order of a fermi or so)
lead to a localized burst of energy, which
often materializes so that a fraction of
the energy is transformed into the mass
of a number of newly created hadrons.
In such “inelastic” processes the rest of
the energy appears as the kinetic energy
of the outgoing particles. In a compara-
tively small percentage of the collisions
no fraction of the available energy is
transformed into mass; the incoming
hadrons are simply deflected and are
said to undergo “elastic” scattering. The
recent experiments that have been con-
ducted at CERN address the question of
how the overall probability of elastic
and inelastic encounters between two
hadrons depends on the energy of the
colliding particles.

The quantity best suited to express
the energy at which two hadrons collide
is the energy available in the center-of-
mass system. (In this reference system
the center of mass of the collision is as-
sumed to be at rest, so that no energy
is going into its movement and hence
the total energy of the colliding particles
can be transformed into the mass and
the kinetic energy of the outgoing had-
rons.) At any given center-of-mass en-
ergy the probability of observing an
elastic or an inelastic interaction when
a moving hadron passes through a thin
target is expressed in terms of the elas-
tic and inelastic “cross sections.” These
quantities are measured in square centi-
meters and can be defined as the equiva-
lent target areas offered by one of the
colliding hadrons to the other as far as
elastic or inelastic processes are con-
cerned [see illustration on page 40]. The
elastic and inelastic cross sections de-
pend on both the type of the colliding
hadrons and the energy available in the
center-of-mass system. The total proba-



bility of interaction (which takes into
account both elastic and inelastic
processes) is obviously measured by the
sum of the elastic and inelastic cross sec-
tions. This sum is called the total cross
section of the interaction.

In conventional accelerators total
cross sections are determined by letting
a beam of high-energy hadrons impinge
on a target and measuring the fraction
of the incoming particles that pass
through the target without being either
deflected or absorbed. By “conventional”
accelerators I mean devices such as syn-
chrotrons in which protons, accelerated
to some tens or hundreds of GeV, inter-
act with a solid target to produce,
through inelastic processes, the hadrons
that are then used in the cross-section
measurement. Of course, one can get a
beam only of those hadrons that are ei-
ther stable (particles such as protons and
antiprotons) or metastable (particles with
a lifetime long enough for them to be
detectable many meters away from the
production point, before they decay into
other particles). The only metastable
hadrons that live long enough for prac-
tical cross-section measurements are the
positively and negatively charged pions
and the positive and negative kaons.
All the other hadrons, whose cross sec-
tion would be very interesting to mea-

sure, decay in such a short time that they
cannot form beams.

The choice of hadrons that can be em-
ployed as targets in such experiments
is even more restricted: only protons (the
nuclei of hydrogen atoms) and neutrons
contained in nuclei will serve the pur-
pose. When the results of all the cross-
section experiments performed before
1972 with protons as targets are plotted
as a function of the energy available in
the center-of-mass system, one finds that,
whereas below about 4 GeV the cross
sections build up a complex landscape
of peaks and valleys, above that value
they become smooth functions of the
energy and tend toward constant values
[see illustration on page 41]. Indeed, un-
til a few months ago extrapolation of the
data suggested that all hadron-hadron
total cross sections tend toward constant
values with increasing energy. At first
this seems to be a relatively simple physi-
cal situation: As long as the energy is
high enough, its particular value is irrele-
vant in determining the probability of
interaction between two hadrons; hence
in this view increasing the energy
changes nothing. It has been known for
many years, however, that this simple
interpretation cannot be correct. Mea-
surements of the angular distribution of
elastically scattered hadrons have shown

that in the same energy range where the
total cross section is constant (from 4 to
10 GeV) the distance at which two in-
teracting protons “feel” each other in-
creases with energy. To appreciate the
significance of this statement we must
take a closer look at the phenomenon of
elastic scattering at high energies.

The language used so far in this article

to describe hadronic processes is con-
sistent with the notion that hadrons re-
semble tiny billiard balls, which (in elas-
tic collisions at least) collide and ricochet
away from each other. Quantum me-
chanics tells us, however, that this pic-
ture is wrong; each moving hadron be-
haves more like a wave than like a little
ball. The wavelength (A) of this wave is
related to the energy (E) of the particle
by the well-known de Broglie relation
A = h/E, which stipulates that for very
energetic particles (that is, for particles
moving with velocities close to the ve-
locity of light) the wavelength is inverse-
ly proportional to the energy, the con-
stant of proportionality being Planck’s
constant (h). The numerical value of this
constant is 1.2 when the wavelength is
measured in fermis and the energy of
the particlein GeV.

The phenomenon of two hadron
waves moving toward each other and

INTERSECTION REGION of the new colliding-beam proton ac-
celerator at the European Organization for Nuclear Research
(CERN) is one of eight such experimental areas where interactions
between the two oppositely directed beams of high-energy protons
can be studied. The photograph was made before the installation
of the complex detection equipment that was used by a team of in-
vestigators from the University of Pisa and the State University of
New York at Stony Brook to measure the proton-proton “total

cross section,” or overall interaction probability, in a high-energy
range never before explored. Thousands of sputter-ion and titani-
um pumps maintain an ultrahigh vacuum of a few times 10-11 torr
inside the two intersecting stainless-steel chambers in which the
beams travel. The vacuum chambers cross at an angle of 15 degrees.
The large blocky structures in the foreground and background are
magnets that direct the beams along their roughly circular paths. A
plan view of the intersecting storage rings appears on the next page.
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interacting is difficult to visualize. It is
completely equivalent, however, to the
more familiar phenomenon of a single
wave that impinges on an absorbing ob-
ject fixed in space. Consider the hypo-
thetical hadron-absorbing disk in the il-
lustration on page 42. The disk is an ab-
sorber because the interacting hadrons
give rise to many inelastic processes that
have the effect, in the wave description,
of subtracting energy from the incoming
wave and transferring it to the outgoing
hadrons. The phenomenon can be char-
acterized by the “absorptiveness profile,”
a curve that represents the distribution
of the absorption as a function of the
distance from the center of the disk. In
general this profile varies with the energy
available in the center-of-mass system,
because the probability of the various
inelastic processes is a function of the
energy.

The far-reaching consequences of the
wave nature of the interacting hadrons
can best be appreciated by comparing
the two simple situations depicted in this
illustration. In the first situation a large
number of pointlike particles move along
parallel paths and are absorbed by the
disk. In the second situation a plane
wave, that is, a wave with a flat wave
front, is absorbed by the disk.

In the first case all the particles hit-
ting the disk are absorbed as a result of
the inelastic processes by which other
hadrons are produced. The inelastic
cross section is clearly equal to the area
of the disk, and as a result a “hole” ap-
pears in the incoming beam and extends
an infinite distance. Since the pointlike
particles behave independently, and

INTERSECTING STORAGE RINGS

TRANSFER CHANNELS /

FRANCE

since each of them either is absorbed by
the disk or is unaffected by it, there is
no elastic scattering and the elastic cross
section is equal to zero.

In the second case the incoming plane
wave describes a beam of particles
whose energy can be deduced from the
wavelength by means of the de Broglie
relation. The portion of the wave front
that strikes the disk is absorbed, and its
energy is converted into other forms of
radiation emerging from the disk itself.
These are the hadrons produced in the
inelastic processes. In this case too the
inelastic cross section is equal to the area
of the disk; owing to the absorption,
however, a “shadow” is produced be-
hind the disk. In contrast to the hole
produced in the beam of pointlike par-
ticles, the shadow extends only to finite
distances, because the various portions
of the wave front are not independent of
one another. For this reason it is impos-
sible to “drill” a hole in the incoming
wave, so that the hole remains as the
wave runs to greater distances; the sharp
edges of the hole in the wave front
spread out sideways to fill the hole itself.
Thus the very existence of absorption
implies the appearance of a wave that
has the same wavelength as the incoming
wave and propagates from the disk
outward. This wave, which is called the
diffracted wave, describes particles that
are scattered elastically (without losing
energy) because it has the same wave-
length as the incoming wave. Actually
the equality of the wavelengths of the
incoming wave and the diffracted wave
implies that the energy of the diffracted
particles equals the initial energy (as a
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PLAN VIEW of the CERN site shows how protons accelerated in the laboratory’s “conven-
tional” proton synchrotron (right) are injected into the intersecting storage rings (left)
through two transfer channels that cross the border between Switzerland and France. After
injection and “stacking,” the two opposed proton beams can circulate in the vacuum cham-
bers for more than 1,000 hours; usually, however, the beams are “dumped” after each run,
which lasts some 50 hours. The rings, which intersect at eight points, are 300 meters across.
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consequence of the de Broglie relation,
which relates wavelength to energy).

How big is the elastic cross section
due to this diffraction phenomenon? For
a completely absorptive disk it is as large
as the inelastic cross section; hence the
total cross section is twice the area of
the absorbing disk. To accept this per-
haps surprising result, it is necessary to
understand how the shadow is formed.
Two separate waves of the same waye-
length propagate in space: the incident
plane wave and the diffracted wave
(which has a spherical wave front be-
cause it has its source in the disk). The
two waves interfere; in particular, just
behind the disk there must be totally de-
structive interference, so that the two
amplitudes cancel and the shadow is
produced. This requires the scattered
wave to have the opposite phase but the
same intensity as the incident wave.
Thus the energy that is diffracted is
equal to the energy that impinges on the
disk. This fact in turn implies that the
elastic cross section equals the inelastic
one.

In short, for a completely absorbing
disk the elastic and inelastic cross sec-
tions are equal and the total cross section
is twice the area of the disk; it follows
that the ratio of the elastic cross section
to half the total cross section is equal to
1. For a disk of uniform but incomplete
absorption the elastic cross section be-
comes smaller than the inelastic one, and
the ratio of the elastic cross section to
half the total cross section becomes
smaller than 1. In this case it can be
shown that the ratio in question can be
considered a measure of the average ab-
sorptiveness that the two hadrons feel
as a consequence of the many inelastic
processes their interaction produces.

More detailed information on the ab-
sorptiveness profile is contained in the
form of the diffraction pattern, that is,
in the angular distribution of the scat-
tered particles. That distribution pre-
sents a large maximum in the forward
direction, at a scattering angle equal to
zero, and a series of minimums and maxi-
mums at larger angles. As in all diffrac-
tion phenomena, the angular width of
the central peak of the diffraction pat-
tern is proportional to the ratio of the
wavelength to the radius of the diffract-
ing object. Hence from a measurement
of the angular width of this peak the
radius of the object can be obtained. If
the absorption is not complete, as in the
case of two colliding hadrons, the quan-
tity obtained can be interpreted as being
an effective value of the hadron-hadron
interaction radius.

An absorptiveness profile can be com-



AERIAL PHOTOGRAPH of the CERN laboratory near Geneva
must be examined rather closely for evidence of the two major un-
derground proton accelerators. The large circular mound in the left
foreground houses the intersecting storage rings. The somewhat
smaller circular mound in the right background, partly obscured by

puted from a measured angular distri-
bution of elastically scattered hadrons.
Since the profile determines both the ab-
sorption and the scattering, it is obvious
that from the knowledge of the diffrac-
tion probability at all angles the total
cross section can be derived. The situa-
tion is actually even simpler than this,
however, because a theorem exists that
enables one to compute the value of the
total cross section solely from the mea-
surement of the probability of elastic
scattering at zero angle, that is, at the
maximum of the diffraction peak.

The “optical theorem,” which was put
in precise mathematical form by Niels
Bohr, Rudolf Peierls and George Placzek
in 1936, is valid for all wave phenomena
and for any absorptiveness profile. With-
out going into the actual proof of the
theorem, it is instructive to indicate why
one should expect such a theorem to
exist. The wave nature of the interacting
particles implies that two quantities de-
termine the entire diffraction phenome-
non: the interaction radius and the
absorptiveness. From an experimental
point of view, on the other hand, there
are three quantities that have to be con-
sidered independently; they are the total
cross section, the probability of elastic
scattering at zero angle and the width
of the diffraction peak. Clearly some def-
inite relation must hold among these
three quantities. As it happens, the proof
of the optical theorem shows how the
first two of them are related. It is this
theorem that enables us to compute total

cross sections simply from the measure-
ment of forward elastic scattering.

The information obtained through
the measurement of proton-proton elastic
scattering and the total cross section can
be displayed graphically by plotting on
the horizontal axis the energy in the
center-of-mass reference system and on
the vertical axis the values of the inter-
action radius (deduced from the mea-
sured width of the central diffraction
peak) and the average absorptiveness
(computed as the ratio of the elastic
cross section to half the total cross sec-
tion). In the illustrations on page 43, for
example, all the data available at present
are plotted; before the experiments per-
formed at the CERN intersecting storage
rings only the points below about 10
GeV were known. The curves clearly
show that in the energy range where
the total cross section remains essentially
constant (that is, for energies lower than
about 10 GeV) the proton-proton inter-
action radius increases and the average
absorptiveness decreases.

These results and similar ones ob-
tained in the study of other hadron-had-
ron collisions had led most high-energy
physicists to accept the following hy-
pothesis: With increasing energy, had-
rons behave toward each other as ab-
sorbing objects of increasing radius but
decreasing absorptiveness in such a man-
ner that the overall probability of inter-
action (measured by the total cross sec-
tion) remains constant. It is this picture,
sometimes called the Regge pole ex-
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buildings, contains the original CERN proton synchrotron. The
border between Switzerland and France runs horizontally across
the middle of the photograph. Construction of the storage rings,
supported by 12 European countries, began in 1966. The experi-
ments reported in this article were carried out in past two years.

change model, that has to be revised
in view of the recent experiments per-
formed in the energy range opened up
by the CERN intersecting storage rings.

The protons injected at low energy in

proton synchrotrons are made to
move in circular orbits of fixed radius by
means of strong magnetic fields and at
the same time are accelerated by radio-
frequency electric fields. At the end of
the acceleration cycle, which lasts a few
seconds, a burst of about a trillion pro-
tons is extracted from the machine
and directed toward a hydrogen target,
where proton-proton interactions can be
studied.

Two quantities are important in every
high-energy physics experiment: the en-
ergy of the collision in the center-of-mass
system and the number of useful events
produced in the target per second. The
energy to which the proton beam has to
be accelerated in order to produce, in a
collision with a stationary proton, a given
center-of-mass energy is quite high. For
instance, to obtain a center-of-mass en-
ergy of 10 GeV a 60-GeV proton has to
be sent against a proton at rest. Clearly
the collision of an energetic proton with
a stationary one is not a very efficient
way of producing large center-of-mass
energies, and the inefficiency increases
with energy. For instance, passing from
a projectile energy of 25 GeV (the ener-
gy of the protons accelerated at the
Brookhaven and CERN proton synchro-
trons) to the sixteenfold larger energy of
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PROJECTILE HADRON N

EXTREMELY SIMPLIFIED PICTURE of the interaction of two passing hadrons is intro-
duced here solely for the purpose of helping to visualize the concept of the interaction’s
cross section, that is, the probability that the two hadrons will interact. (Hadrons are par-
ticles, such as the proton, that interact with the strong nuclear force.) In this view a hadron
impinging on a target is thought of as pointlike, whereas the protons contained in, say, a
hydrogen target are each considered as offering to this projectile an equal area such that an
interaction takes place whenever the pointlike moving hadron passes through one of these
areas. The area associated with a single target proton, measured in square centimeters, is
thus merely an “equivalent” target area that depends on the relative energies, or speeds, of
the interacting hadrons and is only indirectly related to their actual dimensions. This area,
referred to as the total cross section, measures the overall interaction probability of the two
hadrons. It in turn is the sum of two partial cross sections, termed the elastic and inelastic
cross sections, that measure the probability of elastic and inelastic encounters respectively.
(For most other purposes the wave description of a moving hadron is more appropriate.)

400 GeV (the energy of the protons ac-
celerated at the National Accelerator
Laboratory in the U.S.) the center-of-
mass energy increases by a factor of only
four, passing from 7 to 27 GeV.

On the other hand, the interaction
rate that can be obtained by having a
beam of a trillion protons pass through
a target of liquid hydrogen is very large.
This property is best described by intro-
ducing the concept of luminosity, which
is defined as the number of interactions
one would get in a second if the cross
section were equal to a square centi-
meter. This apparently complicated defi-
nition boils down to a very simple pre-
scription: In order to determine the num-
ber of interactions per second one must
multiply the luminosity (measured in
number of interactions per square centi-
meter per second) by the total cross sec-
tion (measured in square centimeters). In
a hypothetical situation in which a tril-
lion protons per second pass through a
target consisting of a one-meter-thick
mass of liquid hydrogen, the luminosity
is 5 X 1036 interactions per square centi-
meter per second. Assuming a total cross
section of 4 X 1026 square centimeter,
one obtains 2 X 101! interactions per sec-
ond; in other words, 20 percent of the
trillion (10'2) protons impinging on the
target interact.

In accelerators built on the storage-
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ring princip]e, in contrast, two intense
beams of stable particles are kept mov-
ing in opposite directions on almost cir-
cular trajectories that cross at a few
points. The particles of the two beams
collide head on in these intersection re-
gions, so that very large center-of-mass
energies result. Thus, for example, when
two protons with an energy of 25 GeV
each collide head on, the resulting cen-
ter-of-mass energy is 50 GeV.

The main drawback of colliding-beam
accelerators is their low luminosity.
Large currents have to be accelerated
and stored for long periods of time in
order to give a significant interaction
rate. In colliding-beam facilities built
and operated in the U.S., Italy, France
and the U.S.S.R. beams of electrons and
positrons have been stored and made to
interact [see “Electron-Positron Colli-
sions,” by Alan M. Litke and Richard
Wilson; ScientiFic AMERICAN, Octo-
ber]. The CERN intersecting storage
rings represent the first and the only col-
liding-beam machine for protons. They
were built during the period from 1965
to 1971 by a team under the direction of
Kjell Johnsen at the original CERN site
near Geneva in Switzerland. Because
of the size of this new facility the CERN
laboratory was extended just across the
border into France [see illustration on
page 38].
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To fill the intersecting storage rings
several hundred bursts of a trillion pro-
tons each are accelerated in the CERN
proton synchroton and “stacked” into the
two rings through two transfer channels.
This results in currents on the order of 10
amperes circulating in the two evacuated
chambers. The vacuum is so good that
the losses caused by the interaction of
the protons with the residual gas are
negligible and data can be collected con-
tinuously for periods of up to 50 hours.

In each of the eight intersection re-
gions the beams, which cross at an angle
of 15 degrees, have a horizontal width of
between four and seven centimeters and
a height of between two and three milli-
meters. The attainable luminosity de-
pends on the stored currents and on the
dimensions of the region of space in
which the beams cross. In other words,
the luminosity depends on the density of
each beam regarded as a target for the
other. In order to make the recent mea-
surements of the total proton-proton
cross section the luminosity of the ma-
chine was determined to a high accuracy
by applying a method suggested in 1968
by Simon Van der Meer of the CERN
staff. Indeed, it was the accuracy with
which this method could be applied that
enabled us to detect the quite small in-
crease that was observed in the total
proton-proton cross section. Without de-
scribing the Van der Meer method in
detail, suffice it to say that it requires the
vertical displacement of the two proton
beams in small and very accurately
known steps. These displacements are
obtained by means of magnets that pro-
duce (some 20 meters from the crossing
point) accurately known horizontal mag-
netic fields. The CERN group has been
able to displace the two beams in half-
millimeter steps with errors smaller than
a hundredth of a millimeter, making pos-
sible luminosity measurements with er-
rors as small as =2 percent.

The original design aim for the ma-
chine’s luminosity (4 X 1039 interactions
per square centimeter per second) was
reached at the end of 1972. Compared
with what can be obtained in conven-
tional proton accelerators when a proton
beam impinges on a hydrogen target
(5 X 1038 interactions per square centi-
meter per second), the luminosity of the
CERN intersecting storage rings is about
a million times smaller. Even so, the in-
teraction rate at each of the eight inter-
section regions is more than 100,000
events per second. That is comparable to
the rate in most experiments in conven-
tional accelerators, which do not use the
accelerated primary proton beam direct-
ly but rather employ the secondary



beams of pions and kaons produced by
the primary beam in a target. Moreover,
the advantage of the intersecting storage
rings with respect to the center-of-mass
energy is best conveyed by the fact that
the energies of the beams stored are in
the range from 11 to 31 GeV, corre-
sponding to center-of-mass energies that
can be varied at will between 22 and 62
GeV. To span the same energy range a
proton synchrotron would need to ac-
celerate protons from a minimum of 300
GeV to a maximum of 2,000 GeV.

Of the many experiments performed

at the CERN facility during the first
two years of operation, I shall concen-
trate on the two that led to precise mea-
surements of the total proton-proton
cross section, thereby providing the evi-
dence that this quantity increases with

TOTAL CROSS SECTION (FERMIS SQUARED)

1 1.5 2

EARLIER DATA, represented here by six curves summarizing
total-cross-section measurements made before 1972 for six different
projectile-target combinations, suggested that all such cross sections
tend toward constant values with increasing energy. The target par-
ticles in every case were protons. The projectile particles were
various stable and metastable hadrons produced in proton synchro-
trons. The six projectile hadrons used were protons (P), antipro-

energy. The results have been obtained
by two groups using two different tech-
niques, so that the agreement on the
conclusion is a good check of its reli-
ability.

One of the experiments was per-
formed by a collaboration between a
group at CERN (J. V. Allaby, W. Bartel,
G. Cocconi, A. N. Diddens, R. W. Dobin-
son and A. M. Wetherell) and a group
from the physics laboratory of the Istitu-
to Superiore di Sanita in Rome (C. Bosio,
R. Biancastelli, G. Matthiae and me).
We have devoted our efforts to the mea-
surements of elastic proton-proton scat-
tering at very small angles with respect
to the beams. These small angles were
attained by introducing a system of small
counters in special movable sections of
the vacuum chamber. In this way we
could identify a few scattered protons

per second in our counters at a distance
of about two centimeters from the main
flux of 102° protons per second forming
the circulating beam.

In an early experiment we had ex-
tended the measurements of the width
of the diffraction pattern at high energies
in order to determine the energy-de-
pendence of the proton-proton interac-
tion radius. The results, shown in the
top illustration on page 43, clearly show
that the interaction radius continues to
increase with energy up to about 60
GeV. In a later experiment we accurately
measured the rate of elastic events at
four center-of-mass energies (23.5, 30.5,
45 and 53 GeV) and at very small angles
(about a third of a degree). By measuring
the luminosity with the Van der Meer
method we were able to obtain the elas-
tic cross section and the probability of
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tons (P), positive kaons (K *), negative kaons (K—), positive pions
(%) and negative pions (7~ ). The horizontal scale gives the en-
ergy of the colliding hadrons in GeV (gigavolts, or billions of elec-
tron volts) in the center-of-mass reference system. At energies be-
low about 4 GeV the cross sections present a complex landscape
of peaks and valleys; above that value, however, they become
smooth functions of the energy and tend toward constant values.
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elastic scattering in the forward direction
and hence, by virtue of the optical theo-
rem, the total cross sections at the four
energies mentioned. From the measured
values of the elastic cross section and the
total cross section the average proton-
absorptiveness can be computed. The
four new values, plotted in the bottom il-
lustration on the opposite page, show
that in this new energy range the ab-
sorptiveness, instead of decreasing con-
tinuously, remains practically constant.
The new data points for the total proton-
proton cross section are presented in the
illustration on page 44 together with the
lower-energy proton-proton data.

Our method for obtaining total cross
sections needs a delicate but compact
detection system; it is, however, indirect,
in the sense that it utilizes the optical
theorem to go from the measured elas-
tic probability to the total cross section.
A collaboration between a group from
the University of Pisa (S. R. Amendolia,
G. Bellettini, P. L. Braccini, C. Bradas-
chia, R. Castaldi, V. Cavasinni, C. Cerri,
T. Del Prete, L. Foa, P. Giromini, P.
Laurelli, A. Menzione, L. Ristori, G.
Sanquinettiand M. Valdata) and another
from the State University of New York
at Stony Brook (G. Finocchiaro, P. Gran-
nis, D. Green, R. Mustard and R. Thun),
working at a different intersection re-
gion, detected the rate of all the events
in which two protons interact. Their in-
vestigation used a very large system of
some: 500 counters. This method has the
advantage of being direct, but it calls

for a very large apparatus and is more
sensitive to errors in the measurement
of the luminosity. The results of the
Pisa—Stony Brook experiment are also
plotted in the illustration on page 44.

The results of the two experiments are
in excellent agreement and show that the
proton-proton cross section increases by
about 10 percent when the center-of-
mass energy goes from 23 to 62 GeV. In
the same energy range the interaction
radius also increases and the average
absorptiveness remains practically con-
stant. We are thus led to modify the
picture that had emerged from lower-
energy experiments: In the energy range
of the CERN experiments two colliding
protons do not behave as objects whose
absorptiveness decreases as the radius
increases, so that the total cross section
remains constant. Indeed, the new re-
sults show that as the average interac-
tion radius increases and the average ab-
sorptiveness remains constant, the total
cross section increases. This behavior
definitely departs from what is observed
at lower energies.

N often happens in performing exper-

iments in a new energy range, a
landscape that was predicted to be flat
and uninteresting has revealed unex-
pected features. We now know that the
proton-proton total cross section in-
creases in the energy range opened up
by the CERN intersecting storage rings,
and that this phenomenon is due to an
increase in the interaction radius ac-

companied by an average absorptiveness
that is almost independent of energy.
What is the cause of this behavior? Since
the absorption is due to inelastic proc-
esses, the explanation has to be found
in the detailed dynamics of the proton-
proton collisions in which other hadrons
are produced. Lacking a satisfactory the-
ory of strong interactions, the first ques-
tions to be answered are necessarily very
simple ones. For instance, it would be
interesting to know whether the inelastic
processes, whose probability increases
with energy and causes the increase in
absorptiveness, are characterized on the
average by a large number of produced
hadrons or a small number.

It is too early to answer even this
simple question, but various theoretical
models have been proposed to deal with
it. At least four fairly simple conceptions
are worth mentioning. In the first the
increasing cross section is attributed to
glancing collisions where one of the two
protons remains intact while the other
“breaks” into a small number of very en-
ergetic hadrons. In the second the in-
elastic processes, in which many hadrons
of comparatively low energy are pro-
duced, become more probable when the
energy is increased and are responsible
for the observed effects. In the third the
increasing interaction radius and the al-
most constant absorptiveness are tenta-
tively attributed to the observed increas-
ing probability of producing proton-anti-
proton pairs in the interaction of two
high-energy protons.

QUANTUM-MECHANICAL PICTURE of a hadron-hadron inter-
action is based on the assumption that each moving hadron behaves
more like a wave than like a little ball. In the diagram at left a
large number of particlelike hadrons are shown moving along par-
allel paths and being absorbed by a hypothetical hadron-absorbing
disk. In the diagram at right a plane wave is shown being absorbed
by the same disk. In the first case all the particles are absorbed; as
a result a “hole” appears in the incoming beam and extends to an
infinite distance. This does not happen in the case of the incoming
plane wave, because the absorption of a part of the wave front
modifies the wave as a whole. As a result a “shadow” extends for a
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finite distance behind the disk, and the part of the wave that propa-
gates beyond the disk has a complicated structure. This complica-
tion is mainly caused by the fact that the full wave is a superposi-

tion of two simpler waves: the incident plane wave, which con-
tinues to propagate in the initial direction, and a diffracted spheri-
cal wave, which moves outward from the disk. The absorbed wave
corresponds to particles that are scattered inelastically by the
target, that is, particles whose energy is converted into other forms
of radiation (such as new hadrons) that emerge from the disk. Dif-
fracted wave corresponds to particles scattered elastically, that is,
particles that emerge with same energy as that of incoming particles.
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In the fourth, and even more hypo-
thetical, conception the increasing cross
section is assumed to be associated with
the relatively abundant production of
high-energy hadrons emitted at right
angles to the direction of the colliding
beams. This effect was first observed at
CERN by a team of physicists from
CERN, Columbia University and Rocke-
feller University and could be connected
to the presence of substructures in the
proton, named partons.

Rising cross sections and varying ab-
sorptiveness profiles are merely simple
manifestations of the nature of inelas-
tic processes at high energies. Only fu-
ture studies of these processes will re-
veal the mechanism responsible for the
observed increase of the proton-proton
total cross section. As we await the re-
sults of such experiments at least two
further questions arise quite naturally:
Do other hadron-hadron cross sections
increase with energy? Does the proton-
proton cross section increase at energies
even greater than the ones reached in
the CERN intersecting storage rings?

New data bearing on the first ques-
tions will soon become available from
experiments being set up at the Nation-
al Accelerator Laboratory in the U.S.
There will be much interest in the re-
sults obtained with beams of positive
kaons, because it is already known that
the total cross section of these particles
increases slightly at energies higher than
5 GeV.

For the proton-proton cross section,
however, the only reliable source of in-
formation at energies higher than the
ones attainable in the CERN intersecting
storage rings comes from cosmic ray ex-
periments. Unfortunately these data are
very difficult to interpret. Nonetheless,
it is worth mentioning that in 1972, be-
fore the new CERN results, an analysis
of the absorption of cosmic ray protons in
air was published by Gaurang B. Yodh
of the University of Maryland, Yash
Pal of the Tata Institute of Fundamental
Research in Bombay and James S. Tre-
fil of the University of Virginia. They
concluded that the proton-proton cross
section rises in the center-of-mass energy
range from 20 to 200 GeV. At the time
it was generally believed this conclusion
was not compelling, owing to uncer-
tainties in the data. The recent CERN
results have shown that the total cross
section increases in the energy range
from 20 to 60 GeV and thus support the
analysis of Yodh, Pal and Trefil.

Could a hadron-hadron cross section,
in particular the proton-proton one,
increase indefinitely with increasing en-
ergy? The question will never be an-
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PROTON-PROTON INTERACTION RADIUS, obtained by detecting elastic-scattering
events and measuring the width of the central diffraction peak, is plotted on this graph as a
function of energy in the center-of-mass system. At low energies only the trend of the data
is shown (solid colored curve). The black dots and the open black circles represent data
obtained with conventional proton accelerators at Serpukhov in the U.S.S.R. and at the
National Accelerator Laboratory in the U.S. respectively. These data points indicate that be-
low 10 GeV interaction radius increases rapidly with energy. Colored dots are averages of
the values obtained by two groups with storage rings at CERN. The broken colored line
clearly shows that the interaction radius continues to increase uniformly beyond 10 GeV.
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PROTON-PROTON AVERAGE ABSORPTIVENESS, computed from the measured values
of the elastic cross section and the total cross section, is plotted in this graph. Again the
black dots represent the Russian data, the open black circles the U.S. data and the colored
dots the CERN data. Until about a year ago only the data below 10 GeV were available.
They show that at these relatively low center-of-mass energies (where the total cross section
is practically constant) the average proton-proton absorptiveness decreases quite rapidly.
The four new data points, obtained by a group working at the CERN storage rings, show that
at about 20 GeV the trend changes and the absorptiveness remains practically constant.
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swered experimentally, because colli-
sions at infinite energies will never be
measured. Nonetheless, the attention of
various theoretical physicists had already
been attracted by the problem. The re-
cent results have greatly revived inter-
est in their conclusions. The main con-
clusion can be stated in simple form: A
hadron-hadron cross section can increase
indefinitely with increasing energy, but
the rate of increase is severely limited.
That limit is reached when the inelastic
processes are such that the absorption is
complete up to a certain radius; at the
same time the radius must increase at
the maximum rate allowed by very gen-
eral properties of strong interactions,
such as the causality principle applied to
the microscopic world.

From quite general assumptions the
French theorist Marcel Froissart in 1961
derived the conclusion that if in a had-
ron-hadron collision the absorption is
compléte, then the interaction radius
cannot increase faster than the loga-
rithm of the energy. The experimental
proof of a violation of this “Froissart
bound” would shake the foundations of

our description of strong interactions;
so far the CERN experiments show that
the measured rise of the proton-proton
cross section has nothing to do with such
a saturation because the absorption is
still far from complete. The experiments
do show, however, that models of in-
elastic processes that “saturate” the
Froissart bound by predicting complete
absorption at very high energies are not
at all excluded, as was widely believed
to be the case before.

Actually a few theorists were always
convinced that the saturation of the
Froissart bound was a satisfactory solu-
tion to high-energy dynamics. It is worth
noting that as early as 1957 Werner
Heisenberg put forward a theory that
predicted an increase of the total proton-
proton cross section essentially at the
limit of the Froissart bound. In 1970
Hung Cheng of the Massachusetts In-
stitute of Technology and Tai Tsun Wu
of Harvard University predicted the sat-
uration of the bound on the basis of a
theory in which hadrons are assumed to
interact with forces similar to (but much
stronger than) the electric forces acting
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UNEXPECTED INCREASE in the total proton-proton cross section, discovered recently
by two groups using two different techniques at the CERN intersecting storage rings, is
represented here by the broken colored curve. As before, the solid colored curve shows
the trend of the earlier data; black dots and open black circles denote the data obtained at
Serpukhov and the National Accelerator Laboratory respectively. In this case the colored
dots summarize the results of the experiments performed with the intersecting storage rings
by a team of investigators from CERN and physics laboratory of Istituto Superiore di Sani-
ta in Rome. Open colored circles denote data obtained by Pisa-Stony Brook collaboration.
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between charged particles. In this model
all hadron-hadron cross sections increase
indefinitely, so that at sufficiently high
energy all hadrons appear to one another
as completely absorbing objects of in-
creasing radius.

Our results do not prove that this hap-
pens; they do show once again, how-
ever, that scientists must always keep
an open mind. Now we know that a pro-
ton does not view another proton as a
tiny cloud of matter that expands as the
energy increases and becomes less and
less absorbing. In a large, although still
limited, energy range the interaction
radius increases as within that radius
the average absorptiveness remains prac-
tically constant. What happens at even
higher energies we do not know, but
certainly complete absorption within an
ever expanding radius has to be seriously
considered. That solution would have
the merit of being aesthetically pleasing,
because it would imply that strong in-
teractions are such that at high energies
the cross sections increase as fast as they
are allowed to.

What are the practical consequences
of the rising proton-proton cross sec-
tions? The answer is connected with the
motivations of high-energy physics. One
motivation is the desire to understand
the behavior of matter at very high den-
sities. The density of ordinary matter is
on the order of one gram per cubic cen-
timeter. At that density electromagnetic
interactions dominate the phenomena.
The density of nuclei is 10'* times great-
er; such densities are reached on a mac-
roscopic scale in neutron stars. The den-
sity that is produced when two hadrons
collide head on in the intersecting stor-
age rings is some 500 times greater than
the density of the nucleus. The research
I have discussed here is a first glimpse
into the behavior of matter at those den-
sities. It must be noted, however, that in
our experiments such densities have a
very short lifetime (about 10-1* second),
because the interacting protons move
with a velocity close to the velocity of
light and the distances at which their
interaction is strong are on the order of
one fermi.

Are there any situations in nature
where densities of this kind are achieved
for a longer time? If the “big bang” the-
ory of cosmology is correct, such den-
sities were reached during the first milli-
seconds of the life of our universe. More-
over, those densities must exist even
today if, as many astrophysicists believe,
stars can collapse to form “black holes.”
In such a process the phenomenon of
the rising hadron-hadron cross sections
could certainly play a key role.



Tem: Airglow

Nature 242:321 reports evidence that direct photography
of airglow at f/1.2 through KODAK WRATTEN Filter 88A on
KODAK High Speed Infrared Film might be an easier way
to prepare world-wide synoptic maps of ‘‘winds” at the OH
layer of the atmosphere than are obtained by vapor re-
leases from rockets or analyzing persistent meteor trails.

—

As late as the year 1973, such news items still turn up.
The photographic emulsion has not yet had all its
potential wrung out of it. Nor have all useful changes
been rung on it yet.

There is a problem, though: building new properties
into modern photomaterials is an undertaking of some
dimensions, including the commercial dimensions.
Those count because it takes quite a bit of stuff just to
wet the equipment. We are simply not clever enough
to make do with a beaker and a pancake griddle and
get film sufficiently predictable in performance to
carry the trademark “Kodak.” A scientist who expects
to use as much as 1 m2 of a very special film may
resent paying a price for it that covers the 500 m2 of
unsalable goods generated in startup.

Meet two individ-
uals at the interface
between such inner
realities and outer
needs. Scott, with the
dark beard, has the
task of finding com-
mon threads in pho-
tographic needs
among the biomedical research community (and a
few other learned communities). The gray-beard,
Hahn, serves astronomers and works inward from
their world. Nimbly up and down the scale of tech-
nical photographic sophistication, they talk and write
the whole day through. To wit:

Kodak, what’s your fastest material?

Answer: If you are talking in microseconds, Kopak
2485 High Speed Recording Film (EstarR-AH Base),
stocked only in 150-foot lengths, 35mm or 70mm. If
you are talking hours or days, Kobak “Spectroscopic”
Plates, Type Ia. Use Ia to demonstrate the presence of
light but not to find a faint image amidst other radia-
tion. For that, get IIIa-J and bake for five hours at
65°C under dry N2 before exposure.

Kodak, is it true that certain of your films are
“classified”?
Answer: No.

Let's chat color film. What's your fastest in
35mm?

Answer: Kopak High Speed EXTACHROME Film
(Daylight). ASA 160 in normal processing. Can be
push-processed to higher speeds by processing labs (to
ASA 400 in the case of Kodak Processing Labora-
tories; other laboratories may go higher). You can also
use a Kopak EKTACHROME Film Processing Kit, Pro-
cess E-4, and regulate effective film speed yourself by
time in first developer. Get too far off the recom-
mended time and brace yourself for disappointing
image and color quality, if that matters in your applica-
tion. If you leave the film in overnight, don’t blame us
for your sad results.

rem: Water penetration

An experimental color film of two layers with peak sensi-
tivities at about 480 and 550 nm, in which magenta and
green dyes respectively are formed, is reported to show
superior results from aloft in delineating underwater detail
and characteristics of the water itself. The film is not yet
ready for sale.

Which color film for high contrast in lecture
slides of charts?

Answer: Kopak Photomicrography Color Film.
More of it is used that way than in photomicrography,
we suspect.

Why do my false-color studies on the Kobak
EktacHrROME Infrared Film come out blue?

Answer: Maybe you are not using a Kobak
WRrATTEN Filter, No. 12 (or equivalent), as recom-
mended.

Why have you quit making WRraTTeN Filters?
Answer: We haven’t. We've just quit mounting
them in glass.

How can | get photographic sensitivity below
250 nm?

Answer: To get down to 200 nm, bathe plates be-
fore exposure in Ultraviolet Sensitizing Solution
A3177 (sold by lab supply houses that handle
EAstMAN Organic Chemicals). Kopak SWR Plates
and Film have recorded down to 7.5 nm, but delivery
time runs 60 to 110 days, and sensitivity to abrasion
runs high. Kodak-Pathé in France makes some films
that can give you an order of magnitude more in sen-
sitivity to the deep UV than SWR plates. Check with
Ed Hahn.

How can | get above the 900-nm limit of Kobak
High Speed Infrared Film?

Answer: Bathe Kopak “Spectroscopic” Plate I-Z
for 3 minutes at 5°C in 0.5% aqueous ammonia, then
for 2 to 3 minutes in methanol or ethanol. Dry as
quickly as possible in stream of cool, dust-free air.
Expose and process without delay. Radiation out to
1.28 um has been recorded that way.

Is that what's used in those infrared cameras to
photograph differences in water temperature?

Answer: No. Those are scanners with photoconduc-
tive cells cooled by liquid Na. A resulting CRT display
is then recorded photographically on film recom-
mended for the equipment. For subjects below 250°C
you don’t record temperature differences directly on
silver halide.

Do I order these various films from Kodak?

Answer: No, from dealers in professional and in-
dustrial photographic goods. The Yellow Pages might
guide you to one such. Many are accustomed to serv-
ing scientific customers. Just ask.

Keep this page handy for a while but not for
too long. The answers are not to be con-
strued as eternal truths. Mail address for
this sort of thing: Kodak, Scientific Photog-
raphy Markets, Rochester, N.Y. 14650.
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Voo A1

The State of Science

ow does one measure the health
H of a nation’s science and tech-
nology, particularly at a time
when US. science is believed to be suf-
fering from a drastic loss of public sup-
port? The National Science Board of the
National Science Foundation is attempt-
ing to make such a measurement by de-
veloping a body of data that “would re-
veal the strengths and weaknesses of
U.S. science and technology, in terms of
the capacity and performance of the en-
terprise in contributing to national ob-
jectives.” The first fruits of the effort—a
set of indicators dealing mainly with re-
sources and therefore concerned more
with capacity than with performance—
have been published by the board under
the title Science Indicators 1972.
Although the board avoids drawing
conclusions, the picture that emerges
from its survey of resources is a descend-
ing curve. Examining the international
position of U.S. science and technology,
the board found that the proportion of
the gross national product spent for re-
search and development declined in the
US. (from almost 3 percent in 1967 to
2.6 percent in 1971), France and the
United Kingdom while rising in the
U.S.S.R., Japan and West Germany. The
number of scientists and engineers en-
gaged in research and development per
10,000 of population “declined in the
United States after 1969 but continued
to increase in the U.S.S.R., Japan, West
Germany and France, with the result
that by 1971 the number...for the
U.S.S.R. was 37 as compared with 25 for
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the United States and Japan, 15 for West
Germany and 12 for France.”

Indicators dealing with resources for
research and development showed that
in terms of constant (1958) dollars na-
tional expenditures declined 6 percent
between 1968 and 1971 and rose slightly
in 1972. By the same measure the Fed-
eral Government’s expenditures for re-
search and development declined 12
percent from 1968 through 1971. More-
over, although the share of Federal ex-
penditures going for research and devel-
opment in areas others than national de-
fense and space exploration rose from 14
percent in 1963 to 27 percent in 1972,
defense and space research still took 73
percent of the money in 1972.

National expenditures for basic re-
search, the board found, rose in terms of
current dollars from 1960 to 1972, but
in constant dollars “spending in 1972
was approximately equal to the 1967
level and some 6 percent lower than the
peak year of 1968.” The decline “was
least in universities and colleges (3 per-
cent) and largest in industry (14 per-
cent).” In constant dollars the funds pro-
vided by the Federal Government for
basic research declined 10 percent from
1968 to 1972. Moreover, “Federal sup-
port for young investigators (those hold-
ing a Ph.D. less than seven years) in
universities and colleges declined to a
greater extent than support for senior in-
vestigators.”

Measuring the research and develop-
ment “intensiveness” of U.S. industry by
comparing the ratios of research and de-
velopment expenditures to net sales and
of research and development scientists
and engineers to total employment, the
board found that the figure rose between
1960 and 1964 “but declined thereafter
to a level in 1970 which was lower than
in 1960.” The largest declines occurred
in the industries that are most active in
research and development. Another find-
ing was that the proportion of industrial
scientists and engineers employed by
large companies (5,000 employees or
more) rose from 70 percent in 1958 to
85 percent in 1971, whereas the propor-
tion in small companies (1,000 employ-
ees or fewer) declined from 20 to 6 per-
cent. Noting “ample historical evidence
to suggest that small firms have pro-
duced more than a proportionate share
of major innovations,” the board warned
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that the changing employment figures
“may be a danger signal.”

On the Trail of Dioxin

A toxic residue of the U.S. presence in
Southeast Asia is a chemical called
dioxin, which was present as an impuri-
ty in a herbicide, 2,4,5-T, that was
sprayed over much of Vietnam. Dioxin’s
mode of action has not been established;
it may inhibit cell division. What is
known is that it is cumulative, so that in-
gestion of even trace amounts for a long
time may be dangerous, and it is soluble
in fat, so that it may (like DDT) be ac-
cumulated and concentrated as it moves
up food chains into the human diet. In
1970 the Herbicide Assessment Com-
mission of the American Association for
the Advancement of Science sought to
determine the presence of dioxin in
Vietnamese fish and other materials but
found the available analytic methods too
insensitive and unreliable. The lethal
dose of dioxin in the guinea pig, for ex-
ample, is .6 microgram per kilogram of
body weight, or less than one part per
billion; the lowest reported limit of de-
tection for dioxin in whole tissue was 50
parts per billion.

Matthew Meselson and Robert W.
Baughman of Harvard University de-
veloped an analytic method based on
high-resolution mass spectrometry that
improved the sensitivity more than a
thousandfold. They also added “clean-
up” procedures to remove from samples
any DDE (a breakdown product of
DDT) or polychlorinated biphenyls,
both of which might be confused with
dioxin in spectrometric results. After ap-
plying the improved method to samples
from Vietnam they reported last spring
that fish and shrimp collected in 1970
near areas heavily exposed to 2,4,5-T
contained from 20 to 800 parts per tril-
lion of dioxin, indicating that it “may
have accumulated to biologically signifi-
cant levels in food chains.”

Meselson and Baughman have now
refined their technique so as to increase
the recovery of dioxin from about 30 to
about 70 percent. (That is, when a sam-
ple of unexposed fish is inoculated with
a known amount of dioxin, 70 percent
of that dioxin can subsequently be ex-
tracted and measured.) They also found
ways to make sure that dioxin is not be-
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ing formed in the course of the analysis
itself. At a recent meeting of the Ameri-
can Chemical Society they reported that
analysis by the latest method of a carp
taken from the Dong Nai River last May
(three years after spraying with 2,4,5-T
was halted) showed about 400 parts per
trillion of dioxin. Many more samples,
from different areas and species, would
have to be examined to relate dioxin and
herbicide spraying and to show whether
the chemical is in fact being accumu-
lated in food chains.

Thermonuclear Fission

One of the main attractions of the

thermonuclear-fusion approach to
the production of power is the promise
that the fusion-power plants of the fu-
ture would be comparatively free of the
large burden of radioactive isotopes
found in fission-power plants operating
at full capacity. What is not generally
realized is that most of the fusion-power
plants projected so far (specifically those
based on the consumption of some form
of “conventional,” deuterium-containing
fuél) would still probably harbor a few
percent of the radioisotope inventory
characteristic of a fission-power plant of
comparable size (albeit in a less hazard-
ous form).

According to a report presented at
the recent European Conference on
Controlled Fusion and Plasma Physics in
Moscow, this situation may be dramati-
cally changed by an “exotic” thermonu-
clear fuel. In a paper on the U.S. laser-
fusion effort A. Thiessen, George Zim-
merman, Thomas Weaver, John L. Em-
mett, John H. Nuckolls and Lowell
Wood of the Lawrence Livermore Labo-
ratory described a hypothetical fusion-
reactor scheme where the “thermonu-
clear fission” of the comparatively abun-
dant isotope boron 11, brought about by
collisions with protons (hydrogen nuclei)
in the thermonuclear plasma, yields en-
ergetic alpha particles (helium-4 nuclei).
Such a mode of operation, the Liver-
more group points out, should reduce
the plant’s total radioisotope inventory
to roughly a thousandth of what is esti-
mated for a comparably sized fusion
plant burning a deuterium-containing
fuel. The resulting level of radioisotopes
would be nearly 100,000 times lower
than that of a comparable fission plant.

Exotic fuels such as the combination
of boron 11 and hydrogen would pro-
duce virtually no neutrons or radioactive
nuclei during the thermonuclear-burning
stage of the reactor’s operation. The bulk
of such particles would be evolved only
in rare subsequent reactions of the high-
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energy, fusion-born alpha particles with
other nuclei in the thermonuclear plas-
ma. According to the calculations of the
Livermore group, the theoretical crite-
rion for achieving the “break even” point
for net fusion-power output (a product of
plasma density and confinement time) is
roughly the same for a fuel of boron 11
and hydrogen as it is for a fuel of pure
deuterium, although higher ion tempera-
tures would be required for the exotic
fuel.

Noting that the performance of an
exotic fuel in a fusion-power plant would
be limited principally by radiation losses
from the plasma, the Livermore group
suggested that the comparatively weak
coupling between the energy-generating
ions and the energy-radiating electrons
in the superdense plasmas typical of
laser-fusion schemes would make the use
of exotic fuels particularly attractive in
such schemes. They emphasized, how-
ever, that nuclear cross-section experi-
ments currently under way at Livermore
and at the California Institute of Tech-
nology must be completed before the
potential of the exotic fuels for the pro-
duction of “cheap, abundant, exceeding-
ly clean fusion power” can be fully eval-
uated.

Black Hole and Blue Star

If black holes exist, they are difficult to
detect because they emit no radiation;
by definition matter and radiation can
only fall into them. One way they might
be observed, however, is that if a black
hole were in a close orbit around a vis-
ible star, matter flowing from the star
into the black hole might emit X rays
that would be observable just before it
disappeared. A leading candidate for
this kind of object is the double star
HDE 226868 in the constellation Cyg-
nus, which appears to be identified with
the celestial X-ray source designated
Cyg X-1. The evidence that one of the
two stars in HDE 226868 is a black hole
was reviewed at a recent International
Astronomical Union symposium in War-
saw by Riccardo Giacconi of the Har-
vard College Observatory and the Smith-
sonian Astrophysical Observatory.

Cyg X-1 was discovered in 1963. In
December, 1971, however, data from the
astronomical satellite Uhuru revealed
that the X-ray emission of the source pul-
sates. The rate of the pulses varies wide-
ly, but the highest rate indicated that the
source could not have a diameter greater
than 10° centimeters (some 6,000 miles,
or less than the diameter of the earth). A
pulsing source can be no larger than the
distance light or other electromagnetic
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radiation can travel in the interval be-
tween pulses.

Subsequently the position of Cyg X-1
was precisely established by observa-
tions of its radio emission. The position
closely corresponded to the position of
HDE 226868 on photographic plates.
Spectroscopic observation showed that
HDE 226868 was a double star in which
each companion rotated around the oth-
er once every 5.6 days. One companion
was visible: it was a blue supergiant star
with a mass on the order of 20 times the
mass of the sun. The other companion
was invisible, but the dynamical be-
havior of the system required that it
have a mass five or six times the mass of
the sun.

The dark companion therefore ap-
pears to be a mass five or six times the
mass of the sun compressed into a vol-
ume smaller than the earth. Such a den-
sity is even greater than the density of a
neutron star, which is presumably the
stage of stellar evolution preceding the
collapse of a spent star into a black hole.

Light from the Neutrino Beam

The traditional quest of the physicist is
to find a law that will embrace all nat-
ural phenomena. In modern times this
has meant finding a mathematical theory
that would relate the four known types
of interaction between material bodies:
the electromagnetic interaction, the grav-
itational interaction, the “strong” inter-
action and the “weak” interaction. Prog-
ress has been slow, but a recent experi-
ment at the European Organization for
Nuclear Research (CERN) supports cer-
tain theories that unify the electromag-
netic and weak interactions.

In the CERN experiment, which was
conducted by a group of physicists from
five European countries, a beam of neu-
trinos generated by the 28-billion-elec-
tron-volt proton synchrotron was direct-
ed into the large bubble chamber named
Gargamelle. The interaction between
neutrinos and other particles is of the
weak type. Since neutrinos have neither
mass nor electric charge, interactions be-
tween the neutrinos in the CERN beam
and the particles in the bubble chamber
were extremely rare. Several hundred
such interactions were nonetheless ob-
served by the tracks they left.

According to the classic theory of
weak interactions, developed by Enrico
Fermi, when a neutrino interacts with
another particle, it is always transformed
into a charged particle; such interactions
are therefore called charged-current in-
teractions. The newer theories that relate
the electromagnetic and weak interac-



tions, notably those put forward by
Steven Weinberg and Abdus Salam, pre-
dict that the neutrino can interact with
another particle without being trans-
formed into a charged particle; such in-
teractions are called neutral-current in-
teractions.

Of the interactions observed in the
CERN experiment 570 had involved the
transformation of a neutrino into a
charged particle and 160 did not. Similar
results have now been obtained in neu-
trino-beam experiments at the National
Accelerator Laboratory in Batavia, Ill.
These results lend support to the theories
that relate the electromagnetic and weak
interactions and predicted the neutral-
current events.

“Planned Birth” in China
China has apparently been successful

in reducing its rate of population
growth through an extensive and highly
developed program of “planned birth,”
according to recent reports reviewed in
Studies in Family Planning, a publica-
tion of the Population Council. The term

for planned birth (chi-hua-sheng-yii) |

covers the practice of delayed marriage,
modern techniques of contraception (in-
cluding “the pill,” intrauterine devices
and sterilization) and induced abortion.

A census taken in 1964-1965 recorded
the population of China as being about
700 million with a natural increase rate
of just under 2 percent per year. Since
then the growth rate in urban areas has
been brought down to about 1 percent
per year, and in Shanghai, the country’s
most modern city, the rate of population
growth is even less. The crude birth rate
in Shanghai is 12 per 1,000, whereas the
death rate is five per 1,000, which yields
a natural increase rate of seven per
1,000. Peking has a birth rate of 18
per 1,000 and an increase rate of 12.4
per 1,000. The family-planning program
has fared less well in the villages, where
the traditional preference for many male
children is still strong.

Late marriage is encouraged. The |

ideal age for a man to marry is 30, for a
woman 25. The advantages of later mar-
riage are promoted from the standpoint
of physiological and emotional maturity,
education and occupation, the health

and training of future offspring, family |

economics and living standards. Clinical-
survey reports lend support to these ad-
vantages. In one such report, dealing
with 3,000 women giving birth for the
first time, the clinicians concluded that
“early marriage and early childbirth
have a definite disadvantageous influ-
ence on the mental and physical health
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of women and that the best age for mar-
riage is after 25 years.” Another survey
of 4,318 women who had borne one child
noted that the incidence of difficult la-
bor increases sufficiently after age 29 as
to endanger the well-being of both the
mother and the child. On the basis of
childbirth complications and maternal
mortality, the workers who made the
survey suggest that the best time for the
birth of the first child is when the mother
is between 25 and 29.

Educational and motivational pro-
grams concerning planned birth are con-
ducted at the cadre level by fellow work-
ers. Members of the cadre come together
to discuss how socialism bears on family
planning. (“Nothing should be left to
fate” and “The birth of a child would
take one away from active participation
in production.”) It is stressed that it is no
longer necessary to have children to
guarantee security in old age and that
planned birth is not something to be
ashamed of. According to the author of
one of the reports in Studies in Family
Planning, Pi-chao Chen of Wayne State
University, younger women tend to be
more receptive than older ones. In an-
other report Tameyoshi Katagiri of the
International Planned Parenthood Fed-
eration describes family-planning activi-
ties in five areas of China that he visited.
In a third report Leo A. Orleans, a spe-
cialist on Chinese affairs working in the
reference department of the Library of
Congress, gives abstracts of virtually all
the articles on family planning, abortion,
contraception and related subjects that
appeared in 18 Chinese medical journals
between 1960 and 1966. According to
Orleans, “the abstracts. .. make it clear
that considerable activity in family plan-
ning took place during the mid-1960’s”
and that the present accomplishments
are the product of this early work.

The Maya Predicted Eclipses

The Maya of Central America were
skilled naked-eye astronomers. It
now seems that they could even fore-
cast eclipses of the sun. That is the con-
clusion of a new analysis of certain Maya
calculations: the “Venus Table” and the
“Lunar Table” contained in the Dresden
Codex, one of only three Maya books
that survived the Spanish Conquest.
Writing in Journal of the Royal Astro-
nomical Society of Canada, Charles H.
Smiley of Brown University suggests that
these first-millennium compilations were
efforts to predict when an eclipse of the
sun might be visible in the Maya realm.
The Maya were no strangers to
eclipses. During the 66 years from A.p.
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330 to 396 a total of 20 solar eclipses
were visible in their area; six were near-
ly total and another seven obscured at
least half of the sun’s disk. Calculating
in multiples of their own 260-day “sa-
cred year,” Maya astronomers appear to
have detected two different kinds of pe-
riodicity in the recurrence of eclipses: a
“short” interval of 9,360 days (36 sacred
years) and a “long” interval of 11,960
days (46 sacred years). For example, of
the eclipses visible between a.p. 330 and
396, three comprised a set of the second
kind, being spaced 11,960 days apart.

The Venus Table of the Dresden Co-
dex evidently reflects these observations.
It consists of 65 columns of dates, written
in numerals and glyphs, with three dates
in each column. The middle row of dates
covers a period of 104 “secular years” of
365 days each, calculated from the 584-
day synodic period of the planet Venus.
Above the Venus date in each column
appears a date that is exactly 11,960
days later than the Venus date and be-
low it appears a date that is exactly 9,360
days earlier. In Smiley’s view the “ini-
tial” middle-row date is probably that
of an eclipse observed near the end of
a synodic period of Venus, when the
planet is too close to the sun to be seen;
perhaps the eclipse recorded is the one
of A.p. 344, The other 64 columns, Smi-
ley suggests, represent a forecast of when
during the 104-year period other eclipses
might be expected.

The Lunar Table of the codex, Smiley
notes, contains 70 dates falling within a
11,960-day period beginning in A.p. 477
and ending in 510. He suggests that
these are the dates of new moons select-
ed because at the time of the following
new moon or the one thereafter, or both,
an eclipse was likely. Actually 80 solar
eclipses were observable somewhere in
the world during the 33-year interval
covered by the Lunar Table; each one
occurred one or two moons later than the
Lunar Table date.

Because the Lunar Table, which Smi-
ley renames the “Solar Eclipse Warning
Table,” is evidently cyclical in nature,
the question arises of whether it would
have served to warn of eclipses outside
the period covered. As far as solar
eclipses visible in Central America are
concerned, Smiley finds, the table would
have provided satisfactory predictions
from A.p. 42 to 886.

The Ecology of Sourdough

Early prospectors in the American

West carried with them the ingre-
dients of a highly acidic bread that
earned them the name “sourdoughs.”
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The bread has been known for more than
100 years and is now baked commer-
cially in San Francisco, but only recently
was the organism responsible for its
characteristic sourness isolated and iden-
tified as a previously unknown species.

In the making of sourdough, as in the
making of other fermented products
such as beer and wine, a small portion
of each batch is set aside as a “starter”
for the next batch. This procedure en-
sures the preservation of the culture of
microorganisms that by fermenting car-
bohydrate give to such products their
essential characteristics: alcoholic con-
tent, leavening or, in the case of sour-
dough bread, acidity.

Leo Kline and T. F. Sugihara of the
U.S. Department of Agriculture first iso-
lated the microorganisms of sourdough.
They found a fortuitous ecological com-
bination of a yeast, Saccharomyces exi-
guus, and a bacterium, apparently of the
genus Lactobacillus. For rapid growth
the bacteria require the sugar maltose,
from which they produce lactic acid and
acetic acid, which account for the sour
taste of the bread. The yeast is tolerant
of this acidic environment, and it fer-
ments carbohydrates other than maltose
to produce the carbon dioxide that leav-
ens the bread.

Kline and Sugihara suspected that the
bacterium was a previously unreported
species; this hypothesis was recently
tested at Oregon State University by
N. Sriranganathan, Ramon J. Seidler,
William E. Sandine and Paul R. Elliker.
The uniqueness of the organism was de-
termined by comparing the deoxyribo-
nucleic acid of several species of bac-
teria with the technique of DNA-DNA
hybridization.

The DNA of a culture of sourdough
bacteria was labeled with tritium, the
radioactive isotope of hydrogen. The
DNA was then extracted and its double
strands were sheared into fragments and
disassociated. It was next allowed to in-
teract with similarly prepared but non-
radioactive DNA from species that were
believed likely to be related to the sour-
dough organism. Any recombination of
the sourdough-bacterium DNA with
the genetic material from other species
would indicate a homology, or similarity,
between the two. The degree of such
recombination, or hybridization, could
be measured because of the tritium label-
ing of one sample.

Only a slight homology was found
between the sourdough bacteria and the
other species tested, confirming that a
new species has been discovered. The
name proposed for it is Lactobacillus
sanfrancisco.



Thisis a
soft drink bottle
before i’ _

About 73% of glass is sand — the most common
substance in the earth’s crust. It’s this natural composition
that appeals to the nation’s homemakers. They like what
glass shows them about the products they buy. They like
the purity of glass and its re-sealability. They like the fact
that glass protects the flavor of food and beverages.

Equally important, it's this natural composition that
makes a glass container an ideal environmental package.
It can be returned to the earth in virtually its original form.

Of course, not all glass goes back to the earth. But
because glass is recyclable, more and more is going back
to the industry for making new glass bottles and jars.

The glass industry is also continuing to develop
new uses for used glass such as road paving material,
construction panels, bricks, insulation, terrazzo and
reflective paints.

When you add it all up, it’s easy to see why
consumer preference for glass containers continues to
grow. In terms of its attributes, its utility
and recyclability, glass is a natural.

For a copy of “The glass container story,”
write: Glass Container Manufacturers
Institute, Dept. B, 1800 K Street, N.W.,,
Washington, D.C. 20006.

Glass. It’s a natural.
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Raphael - /005
Leonardo da Vinci-

The great masters! Names synonymous with history
and great art of yesteryear! Yet their works endure to-
day—opriceless, irreplaceable—yours and mine to en-
joy—at home and abroad.

Abroad they are collected, preserved and exhibited
in the fabulous Uffizi Gallery in Florence, Italy. At
home you can view, study and admire these great works
of art...the splendid innovative works of the early
Renaissance...the fine works of the Florentine period
...the world-famous portraits by the great northern
artists.

Yes, you now can view and tour this rare and ex-
citing collection at home.

Through the beautiful pages of Uffizi/Florence,
Newsweek invites you on a private guided tour of the
Uffizi. One of the world’s greatest museums, the Uffizi
boasts perhaps the richest artistic heritage, including
such famous works as Botticelli’s La Primavera and

Birth of Venus...Leonardo’s Adoration of the Magi...
Rembrandt’s Portrait of an Old Man...Raphael’s Leo X
...and many, many other brilliant examples of the in-
comparable artistry of the great masters.

YOUR TOUR OF THE UFFIZI

You will be met at the door of the Uffizi by the museum’s
curator, your personal guide on this unique tour. You
will see one of the world’s richest collections of art—
from matchless examples of the Italian Renaissance to
the Gallery’s German, French, Dutch and Flemish
masterpieces. But this is no ordinary museum visit. It
is a tour that promises you a lifetime of enjoyment. And

it’s yours when you examine Newsweek’s new book,
Uffizi/ Florence.

Uffizi/ Florence is a huge, beautiful volume that re-
produces in exquisite full color the finest masterpieces
of the Uffizi for you to see right in your own library. You
and your family will spend countless pleasurable hours
admiring the works of the world’s greatest artists—
Michelangelo, Uccello, Titian, Van Dyck—a total of
150 beautiful illustrations, all in full color.

AN UNPRECEDENTED PUBLISHING
PROJECT

In the pages of Uffizi/ Florence, Newsweek has brought
together an unsurpassed team of art and publishing ex-
perts including specially commissioned color photogra-
phers, seasoned art historians, and the peerless printers
of Italy’s Arnoldo Mondadori Editore. The result is a
milestone artbook, first in the distinguished new series
GREAT MUSEUMS OF THE WORLD.

Each volume in the series is a personal tour of a
different world-renowned museum. Prado/Madrid...
Louvre/Paris...Vatican Museums/Rome... National
Gallery/Washington...National Museum/Tokyo...
and many more of the world’s most distinguished houses
of art.

As your introduction to this art series, Uffizi/
Florence can be yours—free—for ten days without cost
or obligation.

The reply card will bring your copy of Uffizi/
Florence (176 pages, 914” x 1114” overall) to examine
at your leisure for ten days—without any obligation
whatsoever, and without spending a penny. Judge for
yourself this volume’s beautiful full-color reproduction
...fine art papers...handsome binding and laminated
full-color dust jacket—before you decide whether or not
to keep the book.
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FREE PRINT-ON-CANVAS
YOURS TO KEEP

PABLO PICASSO
The Lovers

PIERRE AUGUSTE RENOIR

Sunflowers By the Seashore*

The Metropolitan Museum of
Art, New York. Bequest of
Mrs. H. 0. Havemeyer, 1929.
The H. 0. Havemeyer
Collection

Simply for agreeing to examine Uffizi/Florence, you
may choose—as a free gift, to keep—one of three beauti-
ful 21”7 x 27” masterpieces faithfully reproduced in full
color on canvas.

If you’re not thoroughly delighted with Uffizi/

o
Michelangelo -

\
\‘l

\

Florence, return it in ten days. Your print-on-canvas is
yours to keep. And you owe nothing.

Should you decide to keep Uffizi/Florence, just
send $6.95 (plus a small postage and handling charge) .
You will then receive future volumes of Great Museums
at regular two-month intervals. Each volume will be
offered on the same ten-day free examination basis—
at the same low price of only $6.95 each, plus postage
and handling.

You are never obligated to buy. There’s no mini-
mum number of volumes to order. You’re free to cancel
whenever you wish.

To order Uffizi/Florence—and your free print—
mail the reply card today. If the reply card is missing,
send your name and address to:

NEWSWEEK/Great Museums of the World
444 Madison Avenue, New York, N.Y. 10022

DELUXE EDITION FOR ADDED ELEGANCE

Because Uffizi/Florence is a book that you will keep for
a lifetime, you may want to order it—and future
volumes in the Great Museums series—in the special
Deluxe Edition. This handsome gold-tooled binding has
the rich look and texture of expensive leather-bound
books—yet you pay only $2.00 more per volume to add
this extra touch of elegance to your library.
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THE COMPLEMENT SYSTEM

A foreign cell in the body 1s identified by antibody,

but the cell 1s destroved by other agents. Among them

1s “complement,” an intricately Iinked set of enzymes

ological mechanisms by which men

and other animals defend themselves
against microscopic invaders such as
bacteria, viruses and fungi. The immu-
nological defenses also operate against
the malignant transformations of cells
that result in cancer and against trans-

Immunology is the study of the physi-

planted foreign tissues or organs. Some
immunological phenomena are cellular,
in that they involve lymphocytes (cells
that mediate immunological reactions)
and phagocytes (cells that ingest foreign
particles and microorganisms or other
cells). Other immunological reactions are
humoral, in that they involve substances
dissolved in the body fluids, such as anti-
bodies and enzymes. Cellular and hu-
moral phenomena can influence each
other. For example, the engulfing of for-
cign particles by phagocytes is promoted
by antibodies.

The role of antibodies is well known
[see “The Structure of Antibodies,” by
R. R. Porter, ScienTiFic AxtERICAN, Oc-
tober, 1967, and “The Structure and
F'unction of Antibodies,” by Gerald M.
Edelman, SCIENTIFIC AMERICAN, Au-
gust, 1970]. Less well known is another
important feature of the immune system:
attack by complement. The term “com-
plement” refers to a complex group of
enzymes in normal blood serum that,
working together with antibodies or oth-
er factors, plays an important role as a
mediator of both immune and allergic
reactions. The reactions in which com-
plement participates take place in blood
serum or in other body fluids and hence
are considered to be humoral reactions.

The discovery of complement came
between 1880 and 1890 from studies
of the capacity of blood serum to kill
certain microorganisms. Antibodies had
been discovered a short time earlier, but
it was found that their capacity to kill
bacteria depended on the collaboration
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by Manfred M. Mayer

of another constituent of serum: “alex-
in,” or complement. The names were in-
tended to indicate that the agent helps
antibody to perform its defensive func-
tion. As knowledge of complement has
unfolded in the intervening 85 years, it
has become evident that the relation be-
tween antibody and complement is ac-
tually the reverse of what it was original-
ly thought to be. It is now recognized
that the invading cells are attacked by
complement and that the function of
antibody is to identify the invading cell
as a foreign organism and activate the
C()mplement attack.

Antibody and Complement

The relation between antibody and
complement resembles the relation be-
tween the ignition key of an automobile
and the engine. An antibody molecule
has sites that combine with a specific
pattern on the surface of a foreign cell
or with another molecule: an antigen.
The fit between the antigen molecule
and the antibody molecule is the fit be-
tween the ignition key and the ignition
lock. The antibody molecule serves to
start the complement system, which,
like the automobile engine, does the
actual work. The analogy can be car-
ried further: Whereas antibody mole-
cules and keys are relatively simple
structures, the complement system and
the automobile engine are complex as-
semblies of many different parts.

When complement is activated by an-
tibody, it presents a serious threat not
only to invading microorganisms but also
to the host’s own cells. This self-destruc-
tive activity is minimized by the fact
that antibody fixes complement on the
surface of the invading cell. Thus anti-
body has three specific functions with
respect to complement: (1) recognition
of the foreign invader, (2) activation of

© 1973 SCIENTIFIC AMERICAN, INC

the complement system and (3) fixation
of complement on the invading cell’s
surface.

The complement system also must ful-
fill three requirements. It must have a
recognition unit of its own so that it
can respond to the antibody molecules
that have detected a foreign invader. It
must have receptor sites that will en-
able it to combine with the surface of
the foreign cell when it is activated. And
in order to minimize damage to the host’s
own cells its activity must be limited in
time. This limitation is accomplished
partly by the spontaneous decay of ac-
tivated complement and partly by in-
terference from inhibitors and destruc-
tive enzymes. The control of comple-
ment, however, is not perfect, and there
are times when damage is done to the
host’s cells. Immunity is therefore a
double-edged sword. When an immune
system acts against a foreign microor-
ganism, the result is protection; when it
acts against the host’s own cells, the re-
sult is the disruption of body systems.
Such disruptions are what are known as
allergic or hypersensitive reactions.

The Complement Proteins

There are 11 proteins in the comple-
ment system. The complement proteins
are designated by the letter C and by
number: C1, C2, C3 and so on up to
C9. The complement protein C1 is ac-
tually an assembly of subunits desig-
nated Clq, Clr and Cls. From the stud-
ies of Irwin H. Lepow of the University
of Connecticut Health Center it is known
that the subunits are held together by
bonds other than the usual covalent ones,
and that the calcium ion Ca is needed
to keep the assembly intact. If the calci-
um ion is removed by chelating agents,
the subunits disassemble. The entire as-
sembly is believed to consist of one mole-
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LESIONS MADE BY COMPLEMENT in artificial structures called
liposomes provide a simple model for studying the mechanism of
complement attack. The liposomes (large circular shapes) in this
electron micrograph were prepared from the lipids sphingomyelin
and cholesterol. The lipids form concentric bilayers that enclose
water and ions. When the complement proteins C5b, C6, C7, C8 and
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FUNNEL-SHAPED COMPLEMENT LESION in a liposome pre-
pared from the lipid lecithin is about 10 or 11 nanometers thick
and has a hollow core that must be hydrophilic (water-loving) be-
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C9 from human blood serum are added to the liposomes, lesions
are formed in the bilayer (upper right and lower right in micro-
graph). There are also two detached lesions (left of center), which
suggests that once the lesions are formed they are relatively stable.
It is believed that the walls of the lesion consist of complement
components, possibly in combination with lipids of the bilayer.

4
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cause it is penetrated by stain. Magnification is some 880,000
diameters. Both electron micrographs are by E. A. Munn and his
colleagues at the Institute of Animal Physiology in Cambridge.
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cule of subunit Clq, two molecules of
Cl1r and four molecules of Cls.

The numbers assigned to the comple-
ment proteins reflect the sequence in
which they become active, with the ex-
ception of complement protein C4,
which reacts after C1 and before C2.
(The numerical assignments were made
before the reaction sequence was fully
understood.) The recognition of each of
the 11 proteins has been achieved
through the intensive efforts of many in-
vestigators, notably Robert A. Nelson,
Jr., of the Lady Davis Institute for Medi-
cal Research in Montreal, Kusuya Nishi-
oka of the National Cancer Center Re-
search Institute in Tokyo and William
Dean Linscott of the University of Cali-
fornia San Francisco Medical Center.

The complement proteins have been
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isolated in purified form. The concentra-
tion of each in human blood serum, along
with its molecular weight and electro-
phoretic mobility, has been determined,
largely through the efforts of Hans Miil-
ler-Eberhard and his colleagues at the
Scripps Clinic and Research Foundation
in La Jolla, Calif. [see illustration be-
low]. So far little work has been done on
the chemical structure of the comple-
ment proteins except for the studies of
Clq undertaken by Robert M. Stroud of
the University of Alabama Medical
School and by Miiller-Eberhard. These
studies reveal that the Clq molecule
contains the unusual amino acids hy-
droxyl lysine and hydroxyl proline. It
also contains a large amount of glycine
and substantial quantities of carbohy-
drate (mostly galactose and glucose),

GJ

¢

which suggests that it is similar in chem-
ical composition to collagen, the princi-
pal protein of connective tissue. In ex-
plaining the respective functions of the
11 proteins in the complement system, it
is convenient to divide the discussion
into three parts: recognition, enzymatic
activation and the attack by complement
factors that results in destruction of the
cell.

Recognition

The recognition unit of the comple-
ment system is the Clq molecule. It
has the capacity to combine with a seg-
ment of the immunoglobulin antibody
molecules that bind to antigen mole-
cules. This binding of complement to
antibody is the basis of the complement-
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HUMAN COMPLEMENT PROTEINS are characterized by their
molecular weight, their electrophoretic mobility (at pH 8.6) and
their concentration in blood serum. The C3 protein, which has a
molecular weight of about 180,000, is the commonest complement
protein; its concentration is about 1,200 micrograms per milliliter.
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The concentrations of the other complement proteins are much
lower. For the purpose of comparison the electrophoretic pattern
of globulins (gamma, beta and alpha) and albumin in blood plasma
are shown. This illustration is adapted from one prepared by Hans
Miiller-Eberhard of the Scripps Clinic and Research Foundation.
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fixation test that has long been used for
medical diagnosis (for example in the
diagnosis of syphilis).

Only immunoglobulin M (IgM) and
several subclasses of immunoglobulin
G (IgG) are able to bind the complement
factor C1. IgM is a gamma globulin of
high molecular weight that appears in
the early stages of infection or immu-
nological challenge; IgG has a lower mo-
lecular weight but accounts for about 70
percent of the immunoglobulin in nor-
mal human blood serum. Other gamma
globulins (for example IgA, which is
found in saliva and external secretions,
and IgE, which is largely responsible
for allergic reactions) do not fix C1. Ti-
bor Borsos and Herbert J. Rapp of the
National Cancer Institute have shown
that in the case of IgM a single mole-
cule of antibody on the surface of a cell
is able to bind C1, but that in the case
of IgG two adjacent molecules are re-
quired for such binding. Since anti-
bodies are scattered more or less at ran-
dom over the cell surface, the probabil-
ity of two IgG molecules occupying
adjacent sites is quite small, and the
frequency with which IgG binds C1 is
low. For example, it has been estimated
that with the red blood cells of the sheep
as many as 800 IgG molecules per cell
are needed to create one receptor site
for the complement factor Cl. On the
other hand, only one molecule of IgM
per cell is needed.

Antibody molecules change in shape
when they combine with antigen, and
this event may be responsible for the
conversion of the complement factor C1
from an inactive enzyme into an active
one. The active site of the enzyme is on
the Cls subunit (the bar designates ac-
tivation). It has been suggested that the
Clr subunit plays the role of an inter-
mediate agent between Clq and Cls in
the activation process. The recognition
by Louis Pillemer and Lepow, and by
Elmer L. Becker and Lawrence Levine,
that CTs is an enzyme, and my own sub-
sequent discovery that its enzymatic ac-
tion cleaves the complement factor C2,
opened the way to an understanding of
the enzymatic reactions responsible for
complement’s attack on cells.

Enzymatic Activation

The second stage involves the com-
plement factors C4, C2 and C3. Their
activation is initiated by the enzyme
CIs, and eventually they combine to
form another enzyme. The assembly of
this enzyme begins with the cleavage of
C4 by CIs into a large fragment, C4b,
and a small fragment, C4a. The C4b

MOLECULE OF COMPLEMENT SUBUNIT Clq is enlarged some 1.2 million diameters in
these two electron micrographs, which were provided by Emma Shelton of the National
Cancer Institute. The molecule of the subunit consists of three distinct parts: a central part,
connecting strands and terminal units. The strands (which are possibly single polypeptides,
that is, chains of amino acid units) that join the six terminal units to the central stalk can be
seen in the “side” view of the molecule (micrograph at left). The “top” view (micrograph
at right) shows the radial arrangement of the terminal units around the central part.

fragment has an active site that can
combine with a receptor on the surface
of the cell’s membrane, but this binding
site has a short life, and only a small pro-
portion of the C4b fragments that are
formed become bound. The unbound
C4b fragments quickly become inactive
and remain in the blood serum. Many
molecules of C4 are cleaved by a single
CTs enzyme, producing a shower of
C4b fragments. Only those fragments
that become bound to the cell, however,
participate in the subsequent reactions.
Little is known about the C4a fragment
and its fate or about the receptors on the
cell that bind the C4b fragment.

The next step, which has been inten-
sively studied in my laboratory at the
Johns Hopkins University School of
Medicine, involves the adsorption of the
complement protein C2 to the cell-bound
C4b. This adsorption is promoted by
magnesium salts. Following adsorption
the C2 molecule is cleaved by a neigh-
boring CIs enzyme into two large frag-
ments, one of which, C2a, becomes
bound to C4b. Miiller-Eberhard has
demonstrated that the C4b,2a complex is
an enzyme. Nothing is known as yet
about the receptor on the C4b fragment
that binds C2a.

The complement protein C3 is a nat-
ural substrate for the C4b,2a enzyme.
When they combine, the enzyme splits
C3 into two fragments. One fragment,
C3a, with a molecular weight of about
10,000, is released into the fluid phase
and plays a role as a mediator of inflam-
mation; the other, C3b, with a molecu-
lar weight of about 175,000, becomes
bound to a receptor on the cell’s surface.
Since the C4b,2a complex combination
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is an enzyme, it can react more than
once and produce a shower of C3b frag-
ments. Only the C3b fragments that be-
come bound adjacent to the C4b,2a en-
zyme, however, are believed to partici-
pate in the next reaction, in which the
complement protein C5 is cleaved. The
C3b fragments that become bound to
other sites on the cell surface play an
important role as promoters of phago-
cytosis.

As Hyun S. Shin of Johns Hopkins has
shown, the binding of a C3b fragment in
the immediate vicinity of the C4b,2a en-
zyme creates a new enzyme that has the
capacity to cleave C5. At this point it
should be made clear that as the comple-
ment proteins are enzymatically cleaved
a binding site on the activated comple-
ment component is exposed. Because the
binding sites have a short life, however,
reactivity is soon lost and the comple-
ment component disappears as a func-
tional unit. Another matter of impor-
tance concerns the instability of the
intermediate enzymatic complexes. For
example, it has been shown in my labo-
ratory that the C4b,2a enzyme is quite
stable at zero degrees Celsius, its half-
life being about 10 hours. At 37 degrees
C. its half-life is only about eight min-
utes. It loses its activity because the C2a
fragment, which contributes the active
enzymatic site, migrates into the fluid
phase and becomes inactive. The C2a
fragment is also released from the C4b,-
2a,3b enzyme. These decay processes
may be regarded as one of the factors
that limit the ability of the complement
system to attack the host’s cells.

In the first step of the attack on a cell
the complement factor C5 is activated
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through cleavage by the C4Db,2a,3b en-
zyme. The C5a fragment, with a molecu-
lar weight of about 15,000, drifts off into
the fluid phase, and eventually plays a
role as a mediator of inflammation. The
larger fragment, C5b, with a molecular

on the C4b,2a,3b enzyme as it combines
with the complement proteins C6 and
C7, or it may form a complex only with
C6 before it dissociates from the enzyme
and combines with C7 in the fluid phase.
After the C5b,6,7 complex is formed, it

It is believed that the C4b,2a,3b en-
zyme is freed after the dissociation of the
C5b,6,7 complex, and that it may then
activate another molecule of C5. Direct
experimental evidence demonstrating
this capacity, however, has not yet

weight of about 170,000, may remain

binds to the cell membrane.

emerged. Moreover, although it is be-
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CLASSICAL PATHWAY of complement attack on the cell mem-
brane is depicted. Foreign cells are recognized by antibodies, which
bind to antigenic sites on the cell’s surface. When two immunoglobu-
lin G (IgG) antibodies are bound to adjacent sites, they can activate
complement factor Cl, which is inactive until it binds to the anti-
bodies. C1 consists of three subunits, C1q, Cls and Clr, held together
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by a calcium ion. The Clq subunit is able to bind to the com-
plement binding sites on antibodies (a). When it is bound, the
C1 complex becomes enzymatically active and will activate
complement protein C4 that comes in contact with a CIs sub-
unit (b and c). C4 breaks into two parts, C4a and C4b, and the
latter binds to the cell surface nearby (d). When C2 comes in
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lieved the C5b,6,7 complex becomes  cells with the C4b,2a,3b enzyme to oth-  role does the protein C6 play? Increas-
bound to a site distinctly different from  er cells without the enzyme. ing the temperature or the ionic strength

the site on the generating enzyme, there

of the fluid phase causes C5b to break

is no direct evidence that this happens. Cell Attack away from the C4b,2a,3b enzyme. Once

There is some evidence that the C5b,6,7

the C5b fragment leaves the activating

complex transfers to a different site: the The cell-attack sequence is initiated enzyme, its ability to combine with C6
C5b,6,7 complex can be transferred from  with the cleavage of protein C5. What and C7 is lost. When C6 is combined

5/’

contact with the activated Cls (e), it too is split. The C2a frag-
ment combines with C4b to form an enzyme, which splits C3
(f). The C3b fragment binds to the surface (g). If it is near
enough to the C4b,2a enzyme, together they bind C5 (h). C6
and C7 bind to C5b (i). The C5b,6,7 complex then binds to the
cell surface at a new site (j). C8 joins the C5b,6,7 complex.

The components assemble themselves in such a way that a small hole
is formed in the membrane through which a few ions can pass (k).
The addition of C9 greatly enlarges the hole and speeds up the flow
of water and ions into the cell (1), causing it to swell and burst.
The C3a and C5a fragments produced also play a role in immune and
allergic reactions; they cause the release of histamine from cells.
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with the C5b fragment, a fair degree of
stability is achieved. The C5b,6 complex
can be isolated and kept in the fluid
phase for extended periods without
much loss of its reactivity in subsequent
steps. Hence it appears that the C6 com-
plement factor serves as a stabilizer of
the activated C5b fragment. It has been
shown that C6 itself is not cleaved when
it combines with the C5b fragment. It
can be recovered in its complete form
simply by dissociating the C5b,6 com-
plex.

The complement factor C7 has not
been extensively studied. Miiller-Eber-
hard has shown that it binds to the
C5b,6 complex. Robert Thompson of
the University of Birmingham and Peter
Lachmann of the Royal Postgraduate
Medical School in London have shown
that the combination of C7 with the
C5b,6 complex, either in the fluid phase
or on the generating enzyme, results in
the formation of a new binding site that
can attach to the cell’s membrane. It is
possible that C7 activates a binding site
on the C5b,6 complex, or that the C7
molecule itself develops a binding site.
The active binding site is short-lived,
and the C5b,6,7 complexes that do not
couple with the cell’s membrane prompt-
ly lose their activity and remain in the
fluid phase.

The reactions involving the comple-
ment factors C8 and C9 are not yet well
understood. It is known that both bind
by reactions other than covalent ones.
C8 combines first with the C5b subunit
of the C5b,6,7 complex and then C9
combines with C8. It is believed these
reactions take place after the C5b,6,7
complex is bound to the cell’s membrane,
but interaction in the fluid phase is cer-
tainly possible. Cells subjected to the
entire complement sequence up to and
including C8 dissolve very slowly. The
addition of the complement factor C9
greatly accelerates the destructive proc-
ess.

It should be evident from the many
qualifications and uncertainties in this
description of the complement sequence
that far less is known about the late-act-
ing complement components than about
the early-acting ones. The late-acting
components present fascinating prob-
lems in immunology that are being in-
vestigated in many laboratories.

The Properdin Pathway

The activation of C3 by way of anti-
body, C1, C4 and C2 is designated as
the classical pathway. An alternate path-
way called the properdin pathway was
discovered by Pillemer in the 1950’s, and

J

STRUCTURE OF COMPLEMENT LESION postulated by the author is depicted in sche-
matic form. The structure is believed to consist of the five late-acting complement compo-
nents C5b, C6, C7, C8 and C9. These components are thought to attach themselves to the
lipid bilayer of the cell membrane. The bilayer consists of lipid molecules stacked side by
side with their polar heads pointing outward and their nonpolar fatty-acid tails pointing
inward. The complement components, which are proteins, are believed to assemble them-
selves into a doughnut or a funnel shape that penetrates the bilayer. The hollow core of the
structure could form the lesion through which water and ions flow into cell until it bursts.
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it is currently under intensive investiga-
tion. Some believe that it does not re-
quire antibody to initiate it and that
hence it may be a more “natural” or
“nonspecific” mechanism of immune de-
fense. Such a mechanism might obvious-
ly be of great importance in infections
and possibly in other diseases as well.
The term properdin refers to a system
in blood serum that, acting together with
complement, participates in several im-
munological processes, notably the pro-
motion of the engulfing of cells and for-
eign particles by phagocytes and the
production of inflammatory reactions.
The incubation of normal blood serum
with microbial cells or with certain poly-
saccharides derived from microbial cells
(such as zymosan, a carbohydrate of the
yeast cell membrane) gives rise to en-
zymes that activate the complement fac-
tors C3 and C5. Gram-positive bacteria
(such as the pneumococcus) and toxic
lipid polysaccharides from gram-nega-
tive bacteria (such as the colon bacillus
Escherichia coli) also activate the pro-
perdin pathway. Once activated, the
properdin system enzymes assemble on
the surface of the bacterial cell and ac-
tivate the complement attack sequence,
beginning with production of the C3b
fragment [see illustration on page 62].
Furthermore, the biologically active
fragments C3a, C3b and C5a are also
produced. These products mediate in-
flammatory reactions involved in im-
mune defense and in allergic processes.
It is thought that there are two dis-
tinct enzymes in the properdin system:
one that activates C3 and another that
activates C5. Both enzymes are multi-
unit complexes and correspond in func-
tion to the C4b,2a and C4b,2a,3b com-
plexes of the classical pathway. A key to
understanding the mechanism of the
properdin system comes from recent
studies in my laboratory by Shin and
Volker Brade elucidating the differences,
as well as the similarities, between the
properdin enzymes and their classical
counterparts. Three of the subunits have
been recognized, and each is found in
each of the properdin enzymes. One of
the subunits, called Factor B, can be re-
garded as the counterpart of the C2a
unit in the corresponding complement
enzymes. Factor B is also referred to as
C3PA (for C3 proactivator) or as GBG
(for gycine-rich beta glucoprotein). The
other, Factor D, serves to activate Factor
B. The complement fragment C3b is also
present and plays a role in initiating the
properdin system, but its precise func-
tion is not yet clear. One of the questions
currently under study concerns the
sources of the C3b fragment. A related
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FREEZE-FRACTURED MEMBRANE of sheep red blood cells ap-
pears in these electron micrographs. The fracture takes place be-
tween the two lipid layers of the membrane, so that the membrane’s
interior is visible. In cell membrane treated only with antibody the
protein globules that penetrate the membrane are normal in size,
shape and distribution (micrograph at left). Membrane treated
with antibody and complement, however, contains large doughnut-

¢

shaped aggregates of globules that penetrate to the interior of the
cell membrane (micrograph at right). There are several doughnut-
shaped aggregates in this micrograph; for example, one can be
seen in the lower left-hand corner and two other doughnut shapes
can be seen to the left of center. Both electron micrographs, which
enlarged the structures some 420,000 diameters, were prepared by
Bernhard Cinader and his colleagues at the University of Toronto.

study deals with the role of KAF, a regu-
latory enzyme discovered by Lachmann
that destroys the C3b fragment.

Even though the properdin pathway
and the classical pathway are initiated
differently, various complement compo-
nents exert an influence on the proper-
din-system enzymes. The complement
factor C4 has been found to accelerate
the assembly of the properdin enzymes,
and it seems likely that C1 and C2 are
also involved in the acceleration, al-
though this has not yet been demon-
strated directly. The accelerating effect
is probably due to the generation of
nascent C3b fragments by the comple-
ment enzyme C4b,2a.

One important question about the
properdin system is whether or not any
antibody is required to initiate it. Since
normal blood serum contains at least
some antibodies capable of reacting with
virtually any bacterial surface, it is pos-
sible that in the properdin system the
foreign invader is recognized by anti-
body, just as it is in the classical path-
way. Whether or not it turns out that
antibody is required, it is already abun-
dantly clear that the classical pathway
can be activated only by antibodies of
the immunoglobulin-M and immuno-
globulin-G classes, and that large quan-
tities of the IgG antibodies are required.

The properdin pathway can be acti-

vated by aggregates of immunoglobulins
that do not activate complement in the
classical way. This has been demonstrat-
ed by Abraham G. Osler of the Public
Health Research Institute of the City of
New York and by Ann L. Sandberg of
the National Institute of Dental Re-
search. Although the full implications of
these observations are not yet clear, the
properdin pathway may represent a
mechanism for the activation of immune
defenses when sufficient quantities of
specific antibody are not available for
activation of the classical pathway.

The Donnan Effect

The general nature of complement at-
tack on the cell has been understood for
some time. As Burton D. Goldberg of
the New York University School of Med-
icine and Howard Green of the Massa-
chusetts Institute of Technology have
shown, when cells are attacked by com-
plement, they swell until the cell mem-
brane is explosively ruptured and the
contents of the cell spill out.

The cause of the swelling is a physico-
chemical phenomenon known as the
Donnan effect. It occurs with semiper-
meable membranes whose pores pass
common salts (such as sodium chloride)
and water but do not pass large mole-
cules (such as proteins). When such a
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membrane is set up with a solution of
protein, salt and water on one side and
a solution of salt and water on the other
side, there is a flow of salt and water
through the membrane toward the side
with the protein.

Since living cells contain protein, they
would be subject to the Donnan effect if
the cell membrane behaved like a semi-
permeable membrane. The fact is that
the cell membrane does not behave in
this way. It has transport mechanisms
that actively move various substances
through it. When a cell membrane is
damaged by complement, however, it
does behave like a semipermeable mem-
brane. Then salt and water, and other
small molecules, readily flow into it.

There are various ways in which com-
plement might possibly damage the cell
membrane. The simplest would be that
the complement system makes holes in
the membrane. If numerous holes are
required for the destruction of the cell,
the process would exhibit the character-
istic pattern of a multi-hit reaction, and
it would have a threshold. If a single hole
is sufficient, the system would have the
characteristics of a one-hit reaction, in
which the number of cells destroyed
would be directly proportional to the
quantity of complement. In order to de-
termine whether the reaction is multi-
hit or one-hit, I undertook experiments
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to determine how the degree of destruc-
tion in a cell population varies with the
quantity of complement. The results
support the one-hit hypothesis [see illus-
tration on opposite page]. I have also ex-
amined the question in terms of the ki-
netics of the reaction, a mode of analysis

that involves the measurement of reac-
tion velocity and that has played a ma-
jor role in the efforts of our group. The
results again seem to support the one-hit
hypothesis. In this approach, however,
the speed of the reaction may be so great
that it is not possible to differentiate ex-
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PROPERDIN PATHWAY is an alternate way of activating complement attack. The term
properdin refers to a system of factors in blood serum that act together with complement
in several immunological processes. The properdin pathway is activated by microbial cells
or by bacteria. Little is known about the properdin enzymes, but three subunits—Factor B,
Factor D and the complement fragment C3b—have been identified (top panel). Other sub-
units have been indicated in studies but have not yet been implicated definitively. Factor D
activates Factor B by cleavage (middle panel) and the activated fragment is designated B.
The other B fragment goes into the fluid phase. C3b also plays a role, but its precise funec-
tion is not known. Possible sources of the C3b that helps initiate the properdin system are
the complement enzyme C4b,2a, or plasmin, trypsin or thrombin in blood serum. Factor B,
Factor D and C3b become assembled on the surface of a microbial cell into a properdin
system enzyme that corresponds in function to the complement enzyme C4b,2a, that is, they
split C3 into C3a and C3b (bottom panel). C5 also is cleaved (not shown), but there are
indications that the properdin system enzyme that is involved differs slightly from the en-
zyme that cleaves C3, possibly with respect to an unidentified subunit. The C3b that is gen-
erated may bind to the microbial cell surface, where it promotes phagocytosis (the engulf-
ing of the cell by white cells). Or the C3b may join and yield another properdin enzyme
complex, thus setting up a positive feedback process. Reactions after cleavage of C3 and C5
may follow the same sequence as found in the classical pathway, but details are not known.
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perimentally between a multi-hit and a
one-hit reaction.

Since the complement system has mul-
tiple components, it is not possible to
study whether the reaction is multi-hit
or one-hit in terms of the overall proc-
ess. Instead it is necessary to investigate
the individual reaction steps. It has been
found that for C1, C4 and C2 the attack
is a one-hit process. It would be tempt-
ing to jump to the conclusion that this
means that a single hole is sufficient for
the destruction of a cell. Indeed, this was
the view that was widely accepted until
it was learned that several of the com-
plement fragments are enzymes that can
produce a shower of the next component.
Such a process would result in a clus-
ter of active sites. Particularly for the
C4b,2a,3b enzyme we must consider the
likelihood that it produces a cluster of
C5b,6,7 complexes on the membrane
surface. When these complexes reacted
with C8 and C9, numerous holes would
be produced, all of which could be at-
tributed to a single C4b,2a,3b site. For
this reason studies indicating that reac-
tions involving C1, C4 or C5 are one-hit
processes do not really tell us whether
one hole is sufficient for the destruction
of the cell.

The story is different for C9. Since it is
the last component in the reaction series,
it should be possible to determine if it is
involved in a multi-hit or a one-hit reac-
tion. We have found that adding C9 to
cells carrying all the other complement
components induces the destruction of
cells in a manner indicative of a one-hit
process. The efficiency of the C9 reac-
tion is so high that fewer than five mole-
cules, probably as few as one or two, are
sufficient for the destruction of a single
cell. These results indicate that even if
there is a cluster of C5b,6,7,8 complexes,
the reaction of only one of them with C9
may be sufficient to produce a hole ca-
pable of destroying the cell.

The holes made by complement can
be seen in electron micrographs. In mi-
crographs of the surface of a membrane
with holes in it the lesion is seen as a
light ring with a dark central portion
[see illustration on preceding page]. The
ring appears to be a raised surface and
the dark center is thought to be a depres-
sion in the membrane. Alternatively, it
has been suggested that the light ring
is a hydrophobic (water-hating) region
and the dark center is a hydrophilic
(water-loving) one. John H. Humphrey
of the National Institute for Medical Re-
search in London and Robert R. Dour-
mashkin of the Clinical Research Centre
at Harrow in England have studied the
relation between the number of lesions



on the cell surface, as seen by electron
microscopy, and the number predicted
by the one-hit theory. In some instances
a one-to-one ratio was found, which sup-
ports the one-hit hypothesis; in others
the number of lesions exceeded what had
been predicted. It may be that in the lat-
ter case clusters of lesions were formed
as the result of enzymatic showers.

The Doughnut Hypothesis

The fundamental structure of a cell
membrane is a double layer of phospho-
lipid, in which the hydrophilic heads of
the phospholipid molecules point out-
ward and the hydrophobic tails point in-
ward. Embedded in the phospholipid
bilayer are various proteins. Compounds
soluble in lipid, such as sterols, may also
float in the bilayer. A crucial element in
this model of membrane is that the basic
structure is a viscous fluid. Under these
circumstances at least some of the em-
bedded proteins could move laterally
through the membrane.

Significant information about the
mode of action of complement has come
from studies of the artificial lipid bilayers
called liposomes. They consist of a series
of concentric lipid bilayers with alternat-
ing compartments for water. During
their formation ions or small molecules
may be trapped in the water compart-
ments. When liposomes are attacked by
complement, the trapped ions leak out.

Liposomes are not destroyed by com-
plement in the same way as living cells.
The Donnan effect does not come into
play. Instead the lipid bilayer is some-
how opened and ions from the water
compartments flow out. The fact that
complement can damage liposomes that
consist entirely of lipid and glycolipid,
that is, that are totally lacking in pro-
tein, strongly indicates that the attack
of complement is directed against the
lipid bilayer of the cell membrane and
not against the proteins embedded in it.

How does complement attack the
lipid bilayer? One hypothesis, which has
been under consideration since the turn
of the century, is that complement in-
duces enzymatic action that gives rise to
a leaky patch in the membrane. The cru-
cial element in the leaky-patch hypoth-
esis is that there is a small disrupted
patch in the lipid bilayer. Since the bi-
layer is relatively fluid, the leaky patch
must be regarded as a hole lacking rigid
structure. Such patches would change in
size over a period of time.

Electron micrographs show that le-
sions on cell membranes attacked by
complement are quite uniform in size.
Furthermore, lesions produced in red
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ONE-HIT THEORY states that complement needs only to produce one lesion in the cell
membrane in order to destroy the cell. The multi-hit theory states that two or more lesions
are required. Theoretical curves were calculated from the binomial probability distribution
for threshold values of r =1, r = 2 and r = 3 (colored curves). Measurements were then
made in the author’s laboratory of the number of cells destroyed by complement reaction
in which the amount of complement protein C1, C2 or C4 was varied. The results (black
dots) fit the one-hit curve. The light colored region is the area in which the experimental
measurements make it possible to discriminate between a one-hit model and a two-hit one.

blood cells by guinea-pig complement
differ in size from those produced by
human complement. The internal di-
ameter of the lesions produced by the
guinea-pig complement is between 8.5
and 9.5 nanometers; the internal di-
ameter of the lesions produced by the
human complement is between 10 and
11 nanometers. Therefore it appears that
the complement from each species can
produce lesions of a characteristic size.

The major weakness of the leaky-
patch concept is that any lesions that
were produced in this way would tend
to disappear rather quickly. In my own
studies of the stability of membrane le-
sions I found that they persisted for at
least 30 minutes. Now, the leaky patch
could be stabilized if it were surrounded
by a wall of protein. This concept led me
to formulate the doughnut hypothesis: a
stable hole is produced by the assembly
of a rigid, doughnut-shaped structure in
the lipid bilayer of the cell membrane.
The hole forms a channel connecting the
inside of the cell with the extracellular
fluid.

Such a structure could conceivably be
assembled from proteins already in the
membrane. In view of the fact that lipo-
somes without protein are attacked by
complement, however, such a mecha-
nism seems improbable. A second candi-
date for the structure might be sterols in
the lipid, but they too can be rejected
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because liposomes without sterols are
also attacked. This leaves the comple-
ment proteins themselves as the source
of the doughnut structure. I see no rea-
son why several of the late-acting com-
plement components could not be ar-
ranged to form a doughnut [see illustra-
tion on page 60]. The outside of the
doughnut could be composed of non-
polar polypeptides, that is, protein
chains that were hydrophobic; the in-
terior would need polar peptides so that
it could be hydrophilic. The structure of
the doughnut would be similar to that of
the antibiotic Valinomycin, the mole-
cule of which has a hollow core. Another
analogous structure is that of glutamine
synthetase, which has been shown by
electron microscopy to have a hollow
core.

Soon after I had formulated the
doughnut hypothesis Bernhard Cinader
and his colleagues at the University of
Toronto produced some electron micro-
scope photographs of lesions that lend
support to the concept. Cinader used a
freeze-fracture technique, in which a
frozen membrane is cleaved along the
plane of its bilayer, exposing the mem-
brane’s interior. Sheep red blood cells
treated with antibody and complement
showed globular doughnut-shaped ag-
gregates not found in similar cells treat-
ed only with antibody [see illustration
on page 61]. The aggregates seem to be
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made up of several units. What is of
cardinal importance, however, and what
was first demonstrated in these micro-
graphs, is that the complement lesions
actually penetrate into the interior of the
lipid bilayer.

Electron micrographs of lesions on
liposomes, also published after the hy-
pothesis had been formulated, show that
the structure of the lesions is like a ring,
and that a funnel-like lesion penetrates
the lipid bilayer. These micrographs,
made by Lachmann, D. G. Bowyer, P.
Nicol, R. M. C. Dawson and E. A. Munn
of the Royal Postgraduate Medical
School in London and the Institute of
Animal Physiology at Cambridge in En-
gland, show the lesions in top view and
in side view [see illustrations on page
55]. Of particular interest is the fact that
some of the rings are observed in a free
state, that is, not on the liposome’s sur-
face. In the light of the procedures fol-
lowed in the study, it appears likely that
the rings were formed out of or derived
from C5, C6, C7, C8 and C9. Direct
proof of this interpretation calls for elec-
tron-microscopic identification of each
of the complement components.

Other Activities

Among the activities of complement
apart from cell attack are the release of
histamine, chemotaxis and immune ad-

herence. These activities are an impor-
tant part of the inflammatory response,
which plays a central role in immune
and allergic reactions.

The C3a and C5a fragments cause
the release of histamine from the cells
that store this substance (leukocytes,
mast cells and platelets). The histamine
increases the permeability of the blood
capillaries, which enables leukocytes
(white blood cells) to penetrate into
tissues where an infectious or allergic
process is under way. Both C5a and
C5b,6,7 complex are chemotactic for
certain leukocytes, that is, they cause the
leukocytes to migrate toward the site
from which the chemotactic agents are
diffusing. This phenomenon promotes
the accumulation of leukocytes at tissue
sites where immune reactions are pro-
ceeding.

The property of immune adherence is
bestowed on cells by the C3b fragment.
Cells carrying the C3b tend to adhere to
leukocytes and other cells. Immune ad-
herence thus promotes phagocytosis (the
engulfing of cells by other cells). It is im-
portant to note that blood serum con-
tains enzymes that degrade C3a, C3b
and C5a, and that these inflammatory
factors have a relatively short lifetime.
The action of the degradative enzymes
is still another device to limit the action
of complement.

Many bacteria, notably some of those

classified as Gram-negative, are killed by
complement, and some are disintegrated
in the process. Because bacteria have a
cell wall outside their cell membrane,
the bactericidal reaction is more com-
plicated than the attack on other kinds
of cells. Blood serum contains the en-
zyme lysozyme, which attacks the gly-
copeptide responsible for the rigidity of
the bacterial cell wall. The attack dis-
solves the rigid layer of the wall. Tsune-
hisa Amano and Kozo Inoue of the
University of Osaka have shown that
lysozyme and complement act synergis-
tically in the attack on bacterial cells.
The bactericidal action of complement,
however, is overshadowed by the phag-
ocytosis of bacterial cells.

Phagocytosis is a prime mechanism of
defense against bacterial infections. It
has been known since the 1930’s that
antibody and complement render bac-
teria susceptible to phagocytosis, a proc-
ess called opsonization. Pathogenic bac-
teria are often resistant to phagocyto-
sis unless they are treated with antibody
or complement.

The manner in which complement
mediates opsonization was not known
until the 1950’s, when it was shown by
Nelson that the binding of C3b on cell
surfaces produced immune adherence.
In addition the movement of phagocytic
cells toward the infectious agents is fa-
cilitated by the histamine-releasing ac-

HOLES PRODUCED BY COMPLEMENT appear to be of a uni-
form and characteristic size for each species. Sheep red-cell mem-
brane treated with anti-Forssman antibody and complement from
guinea pig develops holes with an internal diameter of between 8.5
and 9.5 nanometers (micrograph at left). Red-cell membrane from
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a human patient treated with anti-I antibody and human comple-
ment develops uniform holes with a diameter of between 10 and 11
nanometers (right). These electron micrographs, in which the en-
largement is some 400,000 diameters, were provided by Robert R.
Dourmashkin of the Clinical Research Centre at Harrow in England.



tivity of the C3a and C5a fragments. A
directional element is provided by the
chemotactic action of the C5a fragment
and the C5b,6,7 complex.

The role of complement in phagocyto-
sis is most prominent during the first
week of a bacterial infection when an
adequate antibody response has not yet
developed. The late W. Barry Wood, Jr.,
Jerry A. Winkelstein and Shin of Johns
Hopkins showed that during the preanti-
body phase the invading bacteria acti-
vate the properdin system, which in turn
activates the complement system. Pa-
tients with certain defects related to
C3 exhibit a pronounced susceptibility
to pus-producing bacterial infections.
Chester Alper and Fred Rosen of the
Harvard Medical School have studied a
number of patients with such a defect.
Their investigations have contributed
substantially to the understanding of the
role of the properdin system and comple-
ment in the immune defcnse against bac-
terial infections.

Anaphylaxis

The processes that protect the body
against foreign cells or toxic substances
can also produce undesirable .eflects,
which are collectively termed allergy or
hypersensitivity. One such phenomenon
is anaphylaxis, an untoward reaction to
foreign antigen, which may occur fol-
lowing repeated exposure to the anti-
genic substance. Anaphylaxis due to the
sting of bees or wasps is not uncommon.
The injection of certain drugs, partic-
ularly penicillin, can also cause anaphy-
laxis. Some people suffer anaphylactic
reactions following the inhalation of al-
lergens such as ragweed pollen or after
the ingestion of certain foods. Anaphy-
laxis, which can be severe enough to
cause death, is due to an antigen-anti-
body reaction that brings about the re-
lease of massive amounts of histamine
and other substances.

It has been suspected for a long time
that complement might be involved in
anaphylaxis. This view is derived from
the discovery more than 60 years ago
that the treatment of blood serum with
certain bacterial polysaccharides results
in the formation of toxic substances,
which were named anaphylatoxins.
When serum containing such substances
is injected into an experimental animal,
the symptoms of anaphylaxis are pro-
duced. We now know that these bac-
terial polysaccharides are similar to the
polysaccharides that activate the pro-
perdin system. Efforts to elucidate this
phenomenon were stimulated by the
work of Osler. They came to fruition

TUMOR CELLS before and after treatment with antibody and complement are shown in
these phase-contrast light micrographs provided by Burton D. Goldberg of the New York
University School of Medicine. The micrograph at left shows untreated Krebs ascites tumor
cells, magnified about 700 diameters. After treatment the cells swell and burst (right).

with the discovery that the properdin
system cleaved C3 and C5, and that the
resulting C3a and Cb5a fragments in-
duced the release of histamine.

The role of anaphylatoxins in anaphy-
lactic reactions is quite uncertain. It is
known that some reactions such as hay
fever are produced by a different mecha-
nism involving antibodies belonging to
the IgE class of immunoglobulins. The
production of local anaphylaxis with an-
tibody from a different animal species
has been extensively investigated, no-
tably by Otto Bier of the Instituto Bu-
tantan in Sdo Paulo, Brazil. Although
the experiments with heterologous anti-
bodies are not directly relevant to ana-
phylaxis induced by an animal’s own
antibody, they nevertheless demonstrate
that activation of the complement sys-
tem by immune complexes, with the con-
sequent production of the complement
subunits C3a and C5a, can produce local
anaphylactic events.

In general, when immune complexes
form in an organ or a tissue, the com-
plement system will be activated at that
site, through the classical pathway, the
properdin pathway or both. The biologi-
cally active complement fragments and
complexes can become involved in reac-
tions that damage the host’s cells, and
these pathogenic reactions can result in
the development of immune-complex
diseases. For example, in some forms of
nephritis complement damages the basal
membrane of the kidney, resulting in the
escape of protein from the blood into
the urine. The disease disseminated
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lupus erythematosus also belongs in this
category; its symptoms include nephri-
tis, visceral lesions and skin eruptions.
The treatment of diphtheria or tetanus
with the injection of large amounts of
antitoxin sometimes results in serum
sickness, an immune-complex disease.
Rheumatoid arthritis also involves im-
mune complexes. Like disseminated lu-
pus erythematosus, it is an autoimmune
disease, in which the disease symptoms
are caused by pathological effects of the
immune system in the host’s tissues.

How is complement involved in such
diseases? As we have seen, the histamine
released by the C3a and C5a fragments
changes the permeability of the blood
vessels near the site of complement ac-
tivity. The chemotactic property of the
Cb5a fragment and the C5a,6,7 complex,
which has been studied extensively by
Shin, Peter Ward and Ralph B. Snyder-
man, results in the migration of leuko-
cytes into the area. Furthermore, the
C3b fragment binds to immune com-
plexes, and this action promotes the in-
gestion of the complexes by phagocytes.
Phagocytosis, in turn, is followed by re-
lease of lysosomal enzymes that damage
the surrounding cells and tissues. The
cell-destructive capacity of the comple-
ment system may contribute to damage
of cell membranes in the immediate vi-
cinity. Activation of the complement sys-
tem also accelerates blood clotting. This
action comes about by way of the com-
plement-mediated release of a clotting
factor from platelets.

A genetic deficiency of complement
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G. Apollo 16, 200 Ft. Color Movie ...... $20

H. Apollo 15, 400 Ft. Color Movie $40

I. Apolio 14, 400 Ft. Color Movie ... $40

J. Apollo 11, 450 Ft. Color Movie ... $50

8 x 10 COLOR PHOTO — $4
(Spectacular 16 x 20 Photo Enlargement $20)

Great Earth photo taken by Apollo 17 Astronauts.
Full circle, showing continents, oceans, islands,
rivers, etc. Actual highest-quality photos.

MOVIE NEWSR EELS, Box 2589—SA When Ordering 8mm Movies Please Specify
1615 Wilcox, Hollywood, Calif. 90028 O3 Reg. 8 or [ Super 8.

[J Enclosed find $  send following.
Name ) Address
City, State, Zip - = -

66

© 1973 SCIENTIFIC AMERICAN, INC

protein C2 has been found and investi-
gated in some humans, but the most ex-
tensive studies of genetic complement
deficiencies have been done with guinea
pigs, mice and rabbits. Guinea pigs lack-
ing C4 appear to be in good health, pre-
sumably because of protection provided
through the properdin pathway. Michael
Frank of the National Institute of Aller-
gy and Infectious Diseases has shown,
however, that under certain experimen-
tal conditions the complement-deficient
guinea pigs exhibit abnormalities. For
example, the ingestion of antibody-coat-
ed foreign cells by phagocytes does not
always proceed properly. The antibody
response to protein antigens is also de-
fective.

Mice deficient in C5 also appear to be
healthy, although in appropriately de-
signed experiments their resistance to
pneumococcal infection is shown to be
impaired. The mice arealso less resistant
to a pathogen related to the bacillus that
causes diphtheria in man.

The rejection of skin and organ trans-
plants is caused by poorly understood
mechanisms collectively termed cellular
immunity. The participation of comple-
ment in the rejection process has been
suggested by some investigations. For
example, when the mechanism of cellu-
lar immunity is interfered with by the
injection of an antilymphocyte serum,
mice deficient in C5 reject skin grafts
more slowly than their normal counter-
parts do. This result suggests that com-
plement is involved in the rejection of
grafts by the normal mice. Slower skin-
graft rejection has also been noted by
Klaus and Ursula Rother of the Univer-
sity of Heidelberg in studies of rabbits
lacking C6.

Future Studies

At the present time we are able only
to sketch the general outlines of the
complement’ system. Although some
steps of the reactions have been worked
out, much remains to be done, particu-
larly with the late-acting complements.
It should also be stressed that genuinely
effective studies of the biological activi-
ties of complement (other than its cell-
destroying action) have only begun, and
that the information now available
should be regarded as no more than the
result of initial surveys. A fuller elucida-
tion of the role of complement in the
body’s immune defense system will un-
doubtedly open the way to new and
| better means of controlling infections,

allergic disorders and autoimmune dis-
| eases.
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little cash and lots of carrv,.

Like the original station wagon Ford pioneered back in 1929, the
1974 Ford Pinto Wagon combines a durable, economical car with a
lot of space in back. And what could be more basic than that?

The _economy: First and foremost, the Pinto Wagon is an
economy car— low in price, easy on gas, low
on upkeep.

The space: Put a Pinto Wagon’srear
seat down, and you've got over 60 cubic feet
of cargo space. To maximize cargo
space, the spare tire is carried
under the floor.

Other basics: A rugged
2,000cc overhead cam engine °
is standard. It's been developed for good gas mileage.
And for those of you who want even a bit more pep,

there’s an optional 2,300cc engine.

Front disc brakes are also standard— for
efficient and fade-resistant braking and little pedal
effort.

Further, the steering is rack-and-pinion,
like in sports cars. Who'd have thought a station
wagon could handle that easy? They’re all good rea-
sons why the closer you look, the better we look.
See the 1974 Pinto Wagon at your Ford Dealer.

When you get back to basics, you get back to Ford.

FORD PINTO

FORD DIVISION

N

(Shown here: Pinto Wagon with Squire Option, optional whitewall tires, luggage rack, and deluxe bumper group.) .
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There’s nothing like a

But theres alot more to a

With a Polaroid portrait identification card, a
glance tells you whether the person and the picture
are the same. But an ID card should do more than
match faces; it should suit the conditions of use.

For that reason we’ve developed all sorts of ways
to make our ID cards more convenient for both
the user and the issuer.

In addition to our standard cards (A and B)—
carried in pocket, purse, or wallet—we have others
with more sophisticated functions.

For instance, there’s a card (C) which can be
punch-coded. A computer reads it just as accu-
rately as you match a picture to a face.

We have badges (D) with a clip for attachment
to outerwear. They have regular or extra-large
portrait areas.

We have a card (E) which can be encoded to act
like a key. Slipped into an electronic device, it
allows access to secure areas, parking lots, etc.

Polaroid @

We have a new credit card (F) combining a
magnetic stripe with a portrait and an embossed
name and number. Its another way of encoding
information securely for automatic banking
transactions.

Chances are we have an ID card that will
exactly fill your needs.

Security starts with the card itself.

The Polaroid ID card is highly secure. It’s lam
nated with a clear, tough plastic which becomes
integral with the card.

The card works so well that more than 6000 or
ganizations all over the world use it. You'll find
our ID cards in industry, universities, research and
computer centers. Theyre used as credit cards and
drivers’ licenses.

Peoplelike to carry them. They like having their
own color portrait, and they like being able tc
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rtrait for an ID card.

ID card than a portrait.

ove who they are.
They carry them with confidence.

Credit cards, for example. Before the portrait,
any people were afraid to carry them around.
1t now, with the portrait, a lost or stolen credit
rd is no longer a serious problem.

You can'’t forge a face.

A handy system for making cards.

Any organization can produce its own ID cards
sily and quickly with a low-cost Polaroid ID-3
ind Identification System.

It can be carried around like a suitcase, so you
n take it from one branch of your organization
another. An operator can be trained to run it in
ew minutes.

With an ID-3, you can immediately issue per-
anent ID cards to all your employees. If any-

iy blinks, you can make a new card on the spot.

The Polaroid 2-Minute ID System.

You can use different background colors to color-
code the employee’s function, work area or secur-
ity clearance.

Security starts with the ID-3.1t’s  /
the basis of entire security systems. §

We'd like to demonstrate it in
your own office or factory.

We'll put your portrait on i
card and let it speak for itself. =8

For more informationora %
demonstration, write to ’
Polaroid Corporation,Dept. |
57-255, 549 Technology
Square, Cambridge, Mass.
02139. Or you can call
collect (617)864-6545.
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THE RECOGNITION OF FACES

One of the subtler tasks of perception can be investigate(;l

experimentally by asking how much information 1s required

for recognition and what information 1s the most important

aces, like fingerprints and snow-
Fﬂakes, come in virtually infinite va-

riety. There is little chance of en-
countering two so similar they cannot be
distinguished, even on casual inspection.
Unlike fingerprints and snowflakes, how-
ever, faces can be recognized as well as
discriminated. It is possible not only to
tell one from another but also to pick one
from a large population and absolutely
identify it, to perceive it as something
previously known, just as in reading one
not only can tell that an A is different
from a B but also can identify and name
each letter.

Why are faces so readily recognized?
In seeking the answer to this question
my colleagues and I posed several re-
lated but more modest questions that we
believed would be more amenable to ex-
perimental investigation: How can a face
be formally described? Given a verbal
description, how well can a particular
face be identified? To what extent is
recognition impaired when the image of
a face is blurred or otherwise degraded?
What kinds of image degradation most
seriously affect recognition? Can faces
be classified and sorted as numerical
data?

This inquiry was inspired by yet an-
other question: How can a computer be
made to recognize a human face? This
question remains unanswered, because
pattern recognition by computer is still
too crude to achieve automatic identi-
fication of objects as complex as faces.
Machines can recognize print and script,
craters and clouds, fingerprints and

by Leon D. llarmon

pieces of jigsaw puzzles; the recognition
of human faces, however, is a much
subtler task.

Even though machine recognition of
faces has not been attained, the investi-
gation of how it might be done has led to
a number of related issues that in them-
selves are worthwhile (and tractable)
areas of research. Several new approach-
es to problems in the manipulation of
visual data have emerged. I shall recount
here four series of experiments that were
directed to an understanding of recogni-
tion. The first is concerned with how
artists reconstruct faces from descrip-
tions and how closely the resulting por-
traits resemble the person described.
Next I shall comment on a set of experi-
ments in which faces were identified
from pictures that had limited informa-
tion content. The third approach ex-
amines the recognition of faces from for-
mal numerical descriptions. Finally, I
shall describe a system in which man
and computer interact to identify faces
more efficiently than either could alone.

If one could devise an objective formu-
lation of the criteria used by an artist
in drawing a portrait, a set of proper-
ties useful for automatic recognition
might emerge. One kind of art that we
thought might provide useful informa-
tion is the sketches drawn by police
artists (called face-reconstruction artists)
from descriptions provided by witnesses.
(Another promising possibility is the car-
icature, but we have not yet studied it.)
Verbal descriptions are rarely used in

LEONARDO’S “MONA LISA,” rendered as a “block portrait,” consists of 560 squares, each
of which is uniform in color and brightness. The transformation of the familiar painting
was accomplished in the same way as that of the portrait of George Washington on the
cover of this issue of ScIENTIFIC AMERICAN. Recognition can be enhanced by rapidly mov-
ing the page, by squinting at the image or by viewing it from a distance of 10 feet or more.
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the drawing of police sketches. Few ob-
servers, unless they are specially trained,
can give satisfactory clues to appearance
in words. Most can point to features sim-
ilar to those they remember, however,
and that is how the reconstruction artist
usually begins. Our initial experiments
were intended to test the effectiveness of
this procedure and to gain some prelimi-
nary notions of what features are con-
sidered important in describing or rec-
ognizing a face.

Frontal-view photographs were shown
to an experienced artist, who compiled
a written description of each face; the
description included references to facial
features in a catalogue of faces made up
of photographs of various head shapes,
eye spacings, lip thicknesses and so on,
organized by feature type. Thus a large
part of the description consisted of
“pointing to” similar features on other
portraits. The completed description was
given to another artist, whose task was
to reconstruct the face from the writ-
ten description [see illustration on next
page].

The first attempt, although obviously
resembling the original photograph, dif-
fered from it in the depiction of impor-
tant features and proportions. When
limited feedback was allowed, however,
there was rapid improvement. The de-
scribing artist, with the initial sketch
in hand, provided simple verbal correc-
tions, such as “The hair should be bush-
ier at the temples”; with this informa-
tion the reconstructing artist was able
to draw a much more accurate likeness.
Finally, to find the limit of improvement,
that is, to discover just how faithful a
portrait could be drawn, the reconstruct-
ing artist was given the photograph to
work from. Under those conditions he
was able to produce a strikingly realistic
representation. Some sketches, in fact,
were judged to look more like the per-

71



son than the photograph did. Presum-
ably the artist enhanced recognition by
in some way emphasizing significant de-
tail.

All the sketches were shown to test
subjects who, as fellow employees, had
seen the “suspect” often. Almost half of
the sketches drawn from descriptions
were correctly identified and about 93
percent of the drawings made directly
from photographs were recognized.

Our work with face-reconstruction art-
ists was a pilot experiment we hoped
would lead, through informal observa-
tion, to a better understanding of the
problems confronted in the recognition
of faces and to the formulation of fur-
ther experiments. Some of the incidental
information derived from the study was
indeed interesting. For example, we
found that several of the faces were
outstandingly easy to recognize in the

sketches. Presumably those subjects
were more easily described than the oth-
ers, or perhaps they possessed certain
features that are conspicuous or rare.
Several subjects remarked that the nose
and eyes in one sketch were important
to identification, yet for the same face
other subjects observed that although
the nose, mouth and hair were well
drawn, the eyes were not and did not aid
recognition.

Another way to study recognition is to
ask how little information, in the in-
formal sense of “bits,” or binary digits,
is required to pictorially represent a
face so that it can be recognized out of
a finite ensemble of faces. We explored
this “threshold” of recognition with por-
traits that had been precisely blurred.
The type of blurring commonly en-
countered in photographs is caused by

SKETCHES FROM DESCRIPTIONS were made by a “face-reconstruction artist” skilled in
drawing portraits from information provided by witnesses. At top left is the photograph
from which the three sketches are derived. For the first drawing (top right) a written de-
scription of the face, including references to illustrations in a catalogue of facial features,
was presented to the artist. A better likeness was produced (bottom left) when simple
verbal corrections were provided. For the final version (bottom right) the artist was given
the photograph; the resulting portrait represents the limit of accuracy of the process.
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an improperly focused optical system; it
reduces the information content of the
picture, but it proved unsuitable as a
technique in our investigations becausc
the degree of blurring cannot be pre-
cisely specified or controlled. A more
measurable method degrades the image
in quantifiable steps through a relative-
ly simple computer process.

In our experiments a 35-millimeter
transparency of a conventional portrait
photograph is scanned by a beam of
light moving in a raster pattern of 1,024
lines. The variations in the intensity of
the beam caused by the varying trans-
parency of the film are detected by a
photomultiplier tube. The analogue sig-
nals produced by the photomultiplier
are converted into digital form by sam-
pling each line in the raster at 1,024
points and assigning a brightness value
to each point, so that the completed im-
age consists of 1,024 (or 220) discrete
points, about four times the resolution
of the commercial television image. Each
of the points may have 1,024 brightness
values, or tones of gray. The dissected
image is stored in the magnetic-tape
memory of a digital computer.

To create the degraded image the
computer divides the picture into n X n
squares of uniform size and averages the
brightness values of all the points with-
in each square. For example, if a pho-
tograph is to be made into an array
of 16 X 16 squares, each square will
contain 64 X 64, or 4,096, points; the
brightness to be assigned to the entire
square will be found by averaging the
values of these points. In a final step the
number of brightness values is reduced
to eight or 16 by assigning to each square
the gray tone closest to its original av-
eraged value.

The computer stores the digital in-
formation comprising the picture on
magnetic tape and the tape controls a
cathode-ray-tube monitor, which then
displays the completed portrait. A pho-
tograph of this display constitutes the
finished product. Alternatively, the mag-
netic tape can be used to control a fac-
simile printer that produces a print of the
processed image without the intermedi-
ary cathode ray tube [see Dottom illus-
tration on opposite page].

Viewed from close up, these “block
portraits” appear to be merely an assem-
blage of squares. Viewed remotely, from
a distance of 30 to 40 picture diameters,
faces are perceived and recognized.

Preliminary experiments were made to
select the coarsest image that might be
expected to yield about 50 percent ac-
curacy of recognition. For some kinds of
picture, resolution of only a few thou-



REDUCED-INFORMATION-CONTENT PORTRAITS were gen-
erated by a computer. The picture at left is a block portrait; it is
an array of 16 X 16 squares, each one of which can assume any one
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of 16 levels of gray. Not all the 256 squares are required to rep-
resent the face. The contoured representation at right was pro-
duced by filtering the block portrait to remove high frequencies.
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SYSTEM FOR MAKING BLOCK PORTRAITS uses a flying-spot
scanner, a device similar to a television camera. The image, usual-
ly in the form of a 35-millimeter photographic transparency, is
scanned in a raster pattern of 1,024 lines. In the analogue-to-digital
converter each line is sampled at 1,024 points and the brightness of
each point is assigned one of 1,024 values. Using this information
stored on magnetic tape, the central processing unit divides the

image into n X n squares and averages the brightness values of all
the points within each square. The number of permissible bright-
ness values is then reduced to eight or 16. The resulting image is
displayed on a video terminal (a television screen) and photo-
graphed. The computer can also be made to operate a facsimile
printer, which produces a finished picture directly. Most of the por-
traits used in these experiments were made by the latter process.
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sand elements provides acceptable qual-
ity; the limits of recognition for photo-
graphs of faces, however, have not been
reported. Our informal investigation
revealed that a spatial resolution of
16 X 16 squares was very close to the
minimum resolution that allows identi-
fication.

Tests were also made to determine the
useful limits of gray-scale representation.
The relation between gray-scale and
spatial resolution is an interesting one:
either factor can serve as a limit to rec-
ognition. It was not the object of our
experiments to document this relation,
however, and so only a few gray-scale
tests were made once the 16 X 16 spa-
tial pattern was decided on. For 16 X 16

portraits gray scales of either eight or 16
levels yielded eminently recognizable
portraits; consequently our experiments
used those levels exclusively. (The al-
lowed gray levels can be expressed in
terms of bits. A gray scale of eight lev-
els requires three bits of information; a
scale of 16 levels calls for four bits.)
Fourteen of the block portraits were
shown to 28 subjects. Each subject was
given a list of 28 names, including the
names of the 14 persons depicted. The
experiment was intended to investigate
the effects of changing the gray scale
from a three-bit to a four-bit one, as well
as to test identification performance.
Overall recognition accuracy was
found to be 48 percent. (Random guess-

EFFECTS OF GRID PLACEMENT on recognition are illustrated by four block portraits
of the same face. The original is at top left. Alternative versions were made by shifting the
grid placement one half-block to the right (top right), one half-block down (bottom left)
and one half-block right and down (bottom right). When portraits made with optimum
placement replaced those made with random placement, recognition accuracy doubled.
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ing would produce such a result only
four times in a million trials.) The result
was essentially indifferent to the resolu-
tion of the gray scale. Thus the number
of bits required for approximately 50
percent accuracy of recognition was no
more than 16 X 16 squares times three
bits, or 768 bits. None of the portraits,
however, filled all the squares in the
16 X 16 grid; therefore fewer than 256
squares made up each face. An average
of 108 squares was needed.

Recognition of particular faces ranged
from 10 percent to 96 percent. In these
experiments too some faces were always
easy to identify, although, as will be
seen, the reasons are peculiar to the con-
ditions of the experiment. Two portraits
received outstanding recognition and
four were rarely identified correctly.

Two possible explanations of these
disparities were suggested. First, some
faces, because of the peculiar arrange-
ment of their features, respond notably
well or particularly poorly to coarse spa-
tial presentation. Second, the grid, arbi-
trarily positioned over a given face by
the scanning process, may land luckily
or unluckily for adequate representation.
For example, a square might just bracket
an eye, or it might land half on and half
off. The latter possibility was judged to
be the more likely. I hypothesized that
those pictures that were recognized well
probably had a fortuitously placed grid.

To test the hypothesis each portrait
was reprocessed by shifting the 16 X 16
matrix with respect to the original block
portrait. Three new pictures were made:
one shifted a half-square to the right,
one a half-square down and a third a
half-square to the right and down [see
illustration at left].

Recognition of the sets of four shifted
pictures was tested. The subjects were
given the identity of each photograph;
their task was to rank the four portraits
in each set in order of pictorial accuracy.
My hypothesis predicted that in these
tests those pictures that were readily
identified in the earlier experiment
would be ranked first in their set and
that those scoring worst initially would
be ranked near the bottom. So it turned
out; both correlations were confirmed.

This result led us to believe that if the
best grid positions had been found and
used in the earlier experiments, the aver-
age accuracy of recognition might have
been closer to 100 percent than to 50
percent. A new experiment confirmed
this: performance rose to 95 percent.

n interesting and provocative charac-
teristic of block portraits is that once
recognition is achieved more apparent



SELECTIVE FREQUENCY FILTERING influences the ease with
which block portraits are recognized. The original block portrait
of Abraham Lincoln is at top left. It consists of the photographic
“signal,” whose highest spatial frequency is 10 cycles per picture
height, and noise frequencies extending above 10 cycles. As was
anticipated, filtering out all spatial frequencies above 10 cycles
(top right) greatly enhances recognition. Selective removal of only

part of the noise spectrum, however, reveals which frequencies
most effectively mask the image. At bottom left all frequencies
above 40 cycles have been removed; even though the sharp edges
of the squares are eliminated, perception is improved only slight-
ly. When the two-octave band from 10 to 40 cycles is removed (bot-
tom right), the face is more readily recognized. The phenome-
non apparently responsible for this effect is critical-band masking.
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NOISE

AMPLITUDE —>
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FREQUENCY (CYCLES PER PICTURE HEIGHT)—>

BLOCK-PORTRAIT SPECTRUM consists of a signal that extends to some finite spatial
frequency o, corresponding to the block-sampling frequency and noise of frequencies
above w. The amplitude of the noise typically decreases with increasing spatial frequency.

detail is noticed. It is as though the
mind’s eye superposes additional detail
on the coarse optical image. Moreover,
once a face is perceived it becomes dif-
ficult not to see it, as if some kind of
perceptual hysteresis prevented the im-
age from once again dissolving into an
abstract pattern of squares. The obser-
vation that is most intriguing, however,
is that recognition can be enhanced by
viewing the picture from a distance, by
squinting at it, by jiggling it or by mov-
ing the head while looking at it. The ef-
fect of all these actions is to blur the al-
ready degraded image.

Why should recognition be improved
by blurring? The explanation almost cer-
tainly lies in the “noise” that tends to
obscure the image.

A picture, like a sound, can be de-
scribed as the sum of simple component
frequencies. In acoustical signals pres-
sure varies with time; in the optical sig-
nals discussed here the frequencies are
spatial and consist of variations of “den-
sity” (or darkness) with distance. Just as
a musical note consists of a fundamental
frequency and its harmonics, so an opti-
cal image consists of combinations of
single frequencies, which make up its
spatial spectrum. The spectral represen-
tation exists in two dimensions. This
spectrum refers only to spatial frequen-

cies; the color spectrum describes anoth-
er aspect of the image.

When pictures are considered combi-
nations of spatial frequencies, they can
be manipulated in the same ways as
other frequency-dependent signals are.
For example, Fourier analysis can be
used to determine the component fre-
quencies of an image, or low-pass filter-
ing can be used to remove the high fre-
quencies that represent fine detail. Sig-
nal-frequency bands, the signal and
noise spectrum and other terms usually
associated with discussions of acoustical
phenomena can be applied to the proc-
essing of visual images.

The description of a two-dimensional
image as a signal of various spatial fre-
quencies leads to a possible explanation
of the enhancement of block portraits
with blurring. Whenever a signal with a
spectrum running from zero to some fre-
quency designated o is reduced by sam-
pling to discrete frequency components,
noise artifacts whose spectrum extends
above o are introduced. The noise is a
product of the sampling procedure. In
two-dimensional signals it appears as
patterns not present in the original
image.

Because the noise in these pictures is
ordinarily of higher frequency than the
signal it can be readily eliminated by a
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CRITICAL-BAND MASKING is known to occur in presentations of simple visual or audio
signals, such as single sinusoidal waves. The test signal ¢, at the threshold of perception,
would be masked by signal B, within the band, but not by signal 4. The critical band
(colored area) extends for about two octaves above and below the test frequency. The au-
thor’s investigations indicate that critical-band masking also affects two-dimensional signals.
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low-pass filter, that is, a filter that pre-
serves only the low frequencies, elim-
inating the high frequencies that repre-
sent fine detail. This operation too is
performed by the computer; all spectral
components above o are removed while
the desired signal is retained [see top
illustration on this page].

In block portraits the most obvious noise

is that introduced by the sharp edges
of the squares. Although Fourier analysis
shows that the energy content of these
high frequencies is relatively small, one
might speculate that because the eye is
particularly sensitive to straight lines
and regular geometric shapes such
square-patterned noise masks particular-
ly well. That is, such image-correlated
noise might mask more effectively than
randomly distributed noise of equal en-
ergy. If so, low-pass filtering should
enhance perception. This explanation
would seem to be confirmed by the fact
that recognition is improved by progres-
sive defocusing or distant viewing, since
the effect of both of these actions is to
filter out high frequencies.

This hypothesis, however, is not the
only candidate; another possibility is
called critical-band masking. In both
hearing and vision the spectral proxim-
ity of noise to a signal drastically influ-
ences the detection threshold of the
signal. For example, the threshold for
detecting a single sinusoidal wave any-
where in the spectrum is elevated when
a noise signal is introduced if the noise
lies within about two octaves of the sig-
nal. If the noise lies outside this “critical
band,” masking does not occur [see bot-
tom illustration on this page].

This phenomenon has been tested and
confirmed by others for relatively simple
visual presentations such as sine-wave
and square-wave gratings in a single di-
mension. My colleague Bela Julesz and
I reasoned that similar masking might
occur in more complicated two-dimen-
sional patterns.

If critical-band masking is the mech-
anism that hinders the recognition of
block portraits, then those components
of the noise that fall within about two
octaves of the sampling frequency o
would be primarily responsible. The rest
of the noise spectrum, including the
high-frequency signals contributing to
the sharp edges of the blocks, should
cause little or no masking.

To resolve this question we prepared
a series of block portraits that were spec-
trally manipulated by the computer. The
original image was transformed to ob-
tain its Fourier spectrum, filtered to
specification, then transformed back and



printed out. This technique provides
precise control of spatial frequencies.
We were able to remove all signals above
a specified frequency, or to remove only
a band of frequencies adjacent to w.

In our first attempt to evaluate the rel-
ative importance of high-frequency and
critical-band noise masking we prepared
a series of filtered block portraits [see il-
lustration on page 75]. The result looked
promising: removal of the very high fre-
quencies did little to change the block
aspect, and some effort was still required
to perceive the face. Removal of only the
frequencies adjacent to the signal pro-
duced pictures that were much closer in
appearance to the original photographs.
That is, the very high frequencies did
not seem to be the most important in
masking.

Although the results of this experi-
ment suggest that noise spectrally ad-
jacent to the signal is most effective in
masking recognition, the point is not
proved. There are three reasons why the
experiment is not conclusive. First, the
noise generated by the block-sampling
process is spatially periodic, at the block
frequency and at higher harmonics. Sec-
ond, the noise amplitudes are correlated
with picture information: the magnitude
of the noise in any block depends on the
density of the image in that block. Final-
ly, the energy of the noise spectrum is
greatest at the block-sampling frequen-
cy, and it decreases with increasing fre-
quency. Hence the adjacent band noise
may mask more effectively simply be-
cause its amplitude is higher, not be-
cause of the critical-band effect.

Mhere is a straightforward way to

avoid these difficulties. We can sim-
ply add random noise of the proper fre-
quency to a picture that is smoothly
blurred rather than block-sampled. We
added random noise of constant spec-
tral energy to a portrait that had been
low-pass filtered to the same bandwidth
as that used in the first recognition
studies. When such a picture containing
adjacent-frequency noise is compared
with one masked by remote-frequency
noise, the result is unequivocal: critical-
band masking is responsible for the sup-
pression of recognition [see illustration
on this page].

The discovery that critical-band mask-
ing affects complex pictures as well as
simple sinusoidal presentations raises
additional questions. How effective in
masking are noises of equal energy
and bandwidth but of various spectral
shapes? When noise is added to a signal,
is the shape of the noise signal or its lo-
cation in the spectrum more important?

RANDOMLY DISTRIBUTED NOISE of uniform amplitude is added to smoothly blurred
portraits of Lincoln. When the noise is in the band adjacent to the signal frequencies (left),
it obscures the picture more effectively than when it is at least two octaves removed from
the picture frequencies (right), confirming that critical-band masking is the most important
mechanism limiting the recognition of degraded or blurred images such as block portraits.

What are the relative effects of spa-
tial disposition and spectral disposition?
That is, if equal amounts of noise energy
are added to visual scenes, is the place-
ment with respect to position or with re-
spect to frequency more important for
masking? These and related questions
remain for future investigation. Their
answers will provide new insights into
the psychophysics of vision.

A more conventional means of blur-
ring pictures is continuous smearing,. In
optical systems one can simply project
the image out of focus; as I have noted,
however, this operation cannot be pre-
cisely controlled. The analogous opera-
tion performed by a digital computer is
intrinsically -discrete, but by using suffi-
ciently numerous sample points to rep-
resent an image, blurring can be made
arbitrarily smooth and extremely pre-
cise.

Pictures made up of 256 X 256 ele-
ments (about one-fourth the resolution
of television) produce fairly sharp por-
traits. Such pictures can be blurred by
selecting for each point a brightness
value computed by averaging the bright-
ness of the points surrounding it. An
“averaging window” of n X n points is
used to compute a new value for each
point in the 256 X 256 array; after a new
point is written the window is moved
over one element and a new average is
made.

Through this process the computer
can rapidly and accurately blur a picture
to a specified degree. The size and shape

© 1973 SCIENTIFIC AMERICAN, INC

of the averaging window and the rela-
tive weight given to each element in the
array can be selected at will. For exam-
ple, the average could be uniformly
weighted or computed on a Gaussian, or
bell-shaped, curve. In our experiments
we used a square window of varying size
with uniform weighting; each element
contributed equally to the average value
assigned the new point.

We have used portraits made in this

way to study the limits of face rec-
ognition. Fourteen portraits were shown
to subjects who were given a list of 28
names, including the names of the 14
“target” individuals. All 28 persons were
known to the test subjects. Several de-
grees of blurring were tested [see illus-
tration on next page]. Some subjects
were shown the most blurred pictures
first, some the least blurred, and so on, in
order to simultaneously test for the ef-
fects of learning. The experiments were
conducted by Ann B. Lesk, John Levin-
son and me.

Contrary to what we had expected,
recognition scores were quite good. For
photographs blurred by a 27 x 27-point
averaging window the recognition was
84 percent. As the degree of blurring
increased, the scores declined to about
65 percent for those portraits made with
a 43 X 43-point window, which repre-
sents severe blurring. (The expected
score for random guessing is 3.5 per-
cent.)

Even more surprising were the results
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of trials with photographs blurred with
a 51 X 51-point window. Here the width
of the window is 20 percent of the pic-
ture’s width, and blurring is so extreme
that facial features are entirely washed
out. Nevertheless, the accuracy was al-
most 60 percent. (This level of recogni-
tion cannot continue with much more
extensive blurring. When the averag-
ing window includes all the picture ele-
ments, the field will be smeared to a uni-
form gray and pictures will differ only
in the level of that gray.)

Recognition of the most strongly
blurred of these portraits cannot depend
on the identification of features. The
high-frequency information required to
represent the eyes, the ears and the
mouth is lost. Although some intermedi-
ate frequencies remain, their representa-

tion of the chin, the cheeks and the hair
is not clear. The low-frequency informa-
tion that relates to head shape, neck-
and-shoulder geometry and gross hair-
line is all that remains unimpaired, yet
this alone seems to be adequate for rath-
er good recognition among individuals
in a restricted population.

Again, some faces were consistently
well recognized. This time the responsi-
ble cues were easy to see. One portrait,
for example, was distinguished by a
round, bald head, and the picture was
consistently recognized, even when it
was badly blurred.

Some learning apparently took place
in these experiments; it would appear
that practice at struggling with the task
improved performance.

Determining exactly how one recog-

PRECISELY BLURRED PORTRAITS were constructed by a computer using an “aver-
aging window.” At top left is the original picture; it is not a continuous-tone photograph
but an array of 256 X 256 dots. The averaging window determines a new value for each of
the dots by averaging the values of those that surround it in some n X n field. When the
window is set at 27 X 27 points (top right), basic facial features are still discernible. A
43 X 43-point window (bottom left) produces severe blurring and a 51 X 51-point window
(bottom right) eliminates almost all information except gross forms. Accuracy of identifica-
tion declined as blurring increased but even with the worst pictures approached 60 percent.
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nizes a face is probably an intractable
problem for the present. It is possible,
however, to determine how well and
with what cues identification can be
achieved. Similarly, although machine
recognition is not yet possible, search for
and retrieval of faces by machine is a
problem suitable for research. My col-
leagues and I approached these matters
by investigating how effectively one can
identify an individual face from a group
of faces by using verbal descriptions.

It should be noted that successful
identification of faces by feature de-
scriptions does not suggest that the nor-
mal processes of recognition regularly
detect and assess such features. All we
can determine from experiments of this
kind is how effectively people can per-
form a certain recognition task on the
basis of certain assigned measures.

'F he problems of the automatic analysis

of faces have received little atten-
tion. The work begun by W. W. Bledsoe
and his colleagues is one of the few at-
tempts I know of to automate the recog-
nition of faces; the method uses a hybrid
man-machine system in which a com-
puter sorts and classifies faces on the
basis of fiducial marks entered manually
on photographs. The technique is called
the Bertillon method, after Alphonse
Bertillon, a French criminologist, and is
better known’ for its application to fin-
gerprint classification. A similar method
has been developed by Makoto Nagao
and his colleagues in Japan in an attempt
to devise an automated system that
would produce simple numerical de-
scriptions of faces.

I was led to this line of inquiry by
wondering if one could play a “20 ques-
tions” game with faces. (In games of
this kind one player thinks of a person
and the other asks him up to 20 ques-
tions, which must be answered yes or
no, until the subject is guessed.) An in-
formal, preliminary experiment began
with 22 portraits; they were shown to
subjects who were asked to list features
they thought striking or extreme in order
of decreasing extremeness. If a face dis-
played very wide-set eyes, for example,
that statement was put at the top of the
list. Or if the chin jutted extremely, that
fact was listed first. A consensus list
was compiled for each of the 22 faces,
then new experimental subjects were
selected.

Each subject was given the pile of pic-
tures and a list of features, derived from
the earlier work, describing one of the
faces. He was asked to do a binary sort-
ing, one feature at a time, starting with
the most extreme and working down the



list. The first sorting, therefore, produced
a pile of pictures that the subject be-
lieved satisfied the first statement on the
list and a pile of rejected pictures. The
“accept” pile was then sorted for the sec-
ond feature and for additional features
until the pile was reduced to one por-
trait.

Two interesting questions arose: How
often is the remaining portrait the cor-
rect one? How many sortings are re-
quired to reduce the population to a
single member?

In this preliminary study the remain-
ing portrait was always the correct one,
and the average number of sortings re-
quired for the isolation was 4.5. We were
led to wonder how the accuracy would
decline as the population size increased
and how rapidly the number of sortings
required would grow. 1f the number of
sortings increased linearly with popula-
tion size, the process would soon become
too cumbersome to be effective. (It is dif-
ficult to enumerate more than a few tens
of features.) If the number of feature
sortings grew, say, logarithmically, how-
ever, the process could remain useful for
quite large populations.

A theoretical model devised by A. Jay
Goldstein, Ann Lesk and me indicated
that the feature set could indeed be ex-
pected to grow logarithmically. Under
the experimental conditions we planned
to employ, the feature set would grow to
5.4 for a population of 256 faces, to
about 6.5 for 1,000 faces and to about a
dozen features for a population of a mil-
lion faces. We decided to test this model
in a series of experiments using a popu-
lation of 256 faces.

r[‘o make these studies it was necessary

to find a pool of features that could
be judged quantitatively and reliably. It
was also necessary that these features be
independent of one another, so that each
one carried useful information.

Portraits were made of 256 faces.
Each consisted of three views: frontal,
three-quarter and profile. The popula-
tion was deliberately made homoge-
neous in order to make the subsequent
tasks more difficult. All the subjects were
white males between 20 and 50 years

FACES WERE CLASSIFIED in the author’s
system by numerical judgments of 21 se-
lected features. The population of 256 por-
traits was examined by a panel of 10 ob-
servers, who rated each face according to the
21 criteria shown in the chart at right. The
judgments of the panel became the “official”
values used as standards in later experiments.

1 2
HAIR [
COVERAGE [ FuL
LENGTH SHORT
TEXTURE STRAIGHT
SHADE DARK MEDIUM
FOREHEAD
RECEDING
EYEBROWS
WEIGHT THIN
SEPARATION SEPARATED
EYES
OPENING NARROW
SEPARATION CLOSE
SHADE LIGHT
EARS
LENGTH SHORT
PROTRUSION SLIGHT
CHEEKS
SUNKEN
NOSE
LENGTH SHORT
TIP UPWARD
PROFILE CONCAVE
MOUTH
LIP THICKNESS THIN
(UPPER)
LIP THICKNESS THIN
(LOWER)
LIP OVERLAP UPPER NEITHER
WIDTH SMALL
CHIN
PROFILE RECEDING
1 2
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RECEDING

AVERAGE

WAVY

LIGHT

VERTICAL

MEDIUM

MEETING

MEDIUM

MEDIUM

MEDIUM

MEDIUM

MEDIUM

AVERAGE

MEDIUM

HORIZONTAL

STRAIGHT

MEDIUM

MEDIUM

LOWER

MEDIUM

STRAIGHT

BALD

LONG

CURLY

GRAY WHITE

BULGING

BUSHY

WIDE

WIDE

DARK

LONG

LARGE

FULL

LONG

DOWNWARD

HOOKED

THICK

THICK

LARGE

JUTTING
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old, wearing no glasses, having no
beards and displaying no unusual facial
marks or scars.

Starting with a tentative set of 35 fea-
tures, a panel of 10 trained observers
filled out questionnaires describing the
256 faces. Each feature was assigned a
numerical measure, usually on a scale
of from 1 to 5. After a week of tedious
labor the resulting data were analyzed
statistically for reliability and indepen-
dence. Twenty-one features were found
to be the most useful and were preserved
for all further experiments [see illustra-
tion on preceding page]. The “official”
value of each feature was taken as the
average of the values assigned by the 10
observers.

With these measures of features it is
possible to program a computer to sort a
population of faces. If the value of each
feature is considered a coordinate in 21
dimensional space, each face will repre-
sent a point in that space, the collection
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of features providing its 21 coordinates.
The distinction between any pair of faces
can be calculated simply as the Eu-
clidean distance between the points [see
illustration below].

With this technique one can produce
listings of, say, the 100 most similar pairs
of faces or the 100 least similar pairs.
When the computer was instructed to
name the face whose feature values were
closest to the average values of those in
the population, “Mr. Average” was iden-
tified through a procedure that required
the nontrivial comparison of 32,640
pairs of 21-dimensional items.

While seeking the most similar faces,
we discovered that the Euclidean dis-
tance separating one pair was extremely
small, much smaller than the distance
between the faces chosen as the authen-
tic closest pair. When we checked the
photographs, we found that the same
person was shown in both. One of our
colleagues had visited the studio twice,

THREE-DIMENSIONAL ANALOGUE of the 2l-dimensional face-classification system
makes each face a point inside or on the surface of a cube. For this simplified illustration
three features are judged so that the assigned values become the coordinates of the point
representing the face. Face A4, for example, has a hair length of 4, eye separation of 3 and
chin profile of 3. The distinction between any two faces can be measured simply as the
Euclidean distance between the points. Thus the distinction between face 4 and face B in
the drawing is (22 + 22 +.12)1/2, or 3. In the 21.dimensional model each point is described
by 21 coordinates and the equation for the distance between two points has 21 terms.
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and none of the subjects examining the
photographs had discovered the dupli-
cation until the computer analysis re-
vealed it. For all subsequent study the
population was reduced to 255.

Once the feature judgments were clas-

sified in the computer memory a
number of simulation experiments were
conducted in which the computer mod-
eled human performance in sorting the
portraits. Given a description, the com-
puter sorted through the population,
starting with the most extreme feature.
It decided for each feature whether to
accept or reject a given portrait on
the basis of several different judgment
thresholds. For the criteria and condi-
tions that seem most reasonably to repli-
cate human judgments the computer re-
quired about six sortings to isolate a
photograph.

When human subjects were given the
same task, 7.3 sortings were needed; the
remaining portrait was the correct one in
53 percent of the trials. If one does not
insist on absolute identification but asks
only for a reduction of the population,
the performance was fairly good. The
population was reduced to no more than
5 percent in three-fourths of the trials.
That is, 75 percent of the time the “tar-
get” face was included in a reduced
group of no more than 13 faces.

One of the factors that limits the re-
liability and accuracy of this procedure
is a characteristic of the binary sorting
process itself: a mistake made in any de-
cision can lead to the irretrievable loss
of the target photograph. Once a por-
trait has been rejected it can no longer
even be considered in later decisions.

A more forgiving process is rank or-
dering. If at each step the photograph
is ranked according to how well it fits
the description but is never discarded
entirely, then any reasonably accurate
description can be expected to place the
correct portrait high in the resulting
rank-ordered list. Again, even if the ac-
curacy of the individual judgments is not
extremely high, and even if a few judg-
ments are cIearly wrong, we can expect
the procedure to focus attention on a
small subset of the population that has
a high probability of containing the tar-
get. (Population-reduction techniques of
this kind are useful in many sorting
tasks, such as handwriting recognition
and document retrieval.)

The rank-ordered sorting leads to the
fourth study to be discussed here: a sys-
tem in which man and machine interact
to identify faces by feature descriptions.

A subject at a computer terminal was
given frontal, three-quarter and profile



photographs of one member of the popu-
lation. He was instructed to describe
this target face to the computer, using
the numerical feature values. After each
description is entered on the keyboard
the computer assigns a goodness-of-fit
measure, called a “weight,” to each
member of the population. The weight
represents the similarity of the subject’s
description to the official description.
The population is ranked by weight and
the list is revised each time a new fea-
ture is described. No portraits are reject-
ed, but the target face is expected to
climb through the ranks and eventually,
if the process is effective, to be listed in
first place.

The questions of interest are the same
as those in the manual studies: How
many feature steps are required and
after a specified number of steps how
often is the top-ranking face the correct
one?

In addition to rank ordering we intro-

duced another procedure to improve
performance. In the earlier experiments
the subject had chosen features to de-
scribe in descending order of extreme-
ness. This technique takes advantage of
the human ability to detect and describe
conspicuous features, a process beyond
the capabilities of machines. Eventually,
however, and usually after finding only
three or four extreme features, the ob-
server is unable to identify more; few
faces have more than four features that
could be described as extreme. At this
point the machine can contribute to
identification in a way that would be
difficult for a man.

Rather than the subject’s being asked
to choose features at random after he has
exhausted his judgments of extreme fea-
tures, he is instructed to invoke “auto-
matic feature selection.” The subject
possesses exhaustive knowledge of the
face he is describing, yet he knows very
little about the characteristics of the
population stored in the machine. The
computer, on the other hand, does not
know who the target is but does have
the official descriptions of all the faces
and their goodness-of-fit to the descrip-
tion that has been given so far. Auto-
matic feature selection enables the com-
puter to ask for a description of the fea-
ture that will be most discriminating at
any stage of the identification process.

For example, if all members of the
population have close-set ears, a descrip-
tion of that feature would not discrimi-
nate between faces. The most dis-
criminating feature is the one that has
the most uniform distribution of judged
values over the permitted range. The

MOST SIMILAR PAIR of faces was found by comparing the 21 judged values of the fea-
tures of the 32,640 possible combinations. The operation was performed by a computer.

computer, having knowledge of these
statistics, can select the sequence of fea-
tures that will most efficiently separate
the members of the population.

After a few feature-description steps,
directed by the human subject, the prob-
ability is high that the target face has
risen in the rank-ordered list. The com-
puter can therefore confine its search for
discriminating features to some subset
of the population that the portrait thus
far describes well. This has the effect of

enhancing discrimination of the target.

In our experiments subjects were told
to describe conspicuous features until no
more were apparent and then to invoke
automatic feature selection. The pro-
cedure was terminated after 10 steps,
since theory and previous experience
predicted that this should be sufficient
for good accuracy.

Performance was excellent. The sub-
jects” votes and the official values were
in good agreement. In spite of the vaga-

LEAST SIMILAR PAIR of faces was determined by the same procedure. The population
was deliberately made homogeneous: all members were white males from 20 to 50 years old.
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ries of subjective judgment the differ-
ence between the experimental and the
official values, in a scale typically rang-
ing from 1 to 5, was less than one in
more than 95 percent of the trials. Ac-
curacy of identification was also impres-
sive. The population was reduced to less
than 4 percent 99 percent of the time,
that is, the correct face was in 10th place
or better in 99 of every 100 trials. By the
10th sorting the target was in first place
in 70 percent of all trials.

In control experiments features were
selected by the human operator only and

PESCHIBE NEXT PICTURE.

FEATURE
EYEBROV WT-
THIN MEDIUM BUSHY
1 2 3 4 S
=]
93 244 183 223 159

100 100 100 100 0+82

FEATURE
EAR LENGTH
SHORT MEDIUM LONG
1 2 3 4 5
=1
72 244 175 93 43

1.00 1.00 0.82 0.67 0.66

FEATURE
LIP QVERLAP
UPPER NEITHER LOWVER
1 2 3
=1
T2 226 114 122 76

1.00 0.73 0.66 0.61 0.60

FEATURE
HAIR TEXTURE
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1.00 0+74 0+56 0.55 0.50

FEATURE
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**xk**kEYE SHADE
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76 52 72 221 191
1.00 0.56 0+45 0.38 Q.36

***x*x*¥*xEYEBROW SEP.
SEPARATE MEDIUM MEETING
1 2 3

=2

by the computer only; in both cases per-
formance was poorer than when both
man and machine participated.

This last exercise has more general ap-
plications than the identification of faces.
It is a technique for the retrieval of any
multidimensional vectors by information
obtained from imprecise descriptions.
Such probabilistic file searches are im-
portant in answering telephone-directory
assistance inquiries, in medical diagno-
sis and in law-enforcement information
retrieval.

Our studies have touched on a host

*kokokkkEYE

NARROW
1
ag

76 72

of questions about human perception,
automatic pattern recognition and pro-
cedures for information retrieval. Al-
though the ultimate question of how a
face is recognized remains unanswered,
a few promising lines of inquiry have
emerged. It has once again been clearly
shown that the human viewer is a fan-
tastically competent information proc-
essor. In some recognition tasks a syn-
ergy of man and machine is effective,
but in further explorations of the identifi-
cation of complex images both by men
and by machines there is much tolearn.
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DIALOGUE WITH A COMPUTER records a search for a “target”
face. The computer “speaks” first and requests a description; the
subject replies by announcing that he will describe eyebrow weight.
The computer then prints the range of allowable values. The sub-
ject selects “1” for “thin” and the computer ranks each member of
the population according to how well it fits this value. The five
members that best fit the description are printed in the next line,
followed by their relative “weights.” The first four faces here are
tied with weights of 1.00. The target face in this trial was No. 76;
by the third step it was in fifth place and by the fourth step in first
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PLEASE TYPE TARGET NUMBER.

=76

BHDER FEATURE RANK

NG o 3

1 EYEBROV WT. i : 27 10.2
2 EAR LENGTH 1 kX B 2.7
3 LIP OVERLAP | 1.2 S 1.
4 HAIR TEXTURE 4 3.0 i
5 EYE SHADE 3 £a.7 I Qe
A EYEBROW SEP. 2 1.3 1 O«
T EYE GPENING P 2t 1 0.
B UPPER LIP a B4 1 0.
9 HAIR SHADE - 1+ 1 O

10 LOWER LIP 1 23 1 D

place. After the fourth feature description the subject called for
“automatic feature selection,” which enables the computer to re-
quest descriptions of those features that would be most discrimi-
nating. After the 10th step No. 76 had a weight of 1.00 and its near-
est neighbor a weight of .19. The correct face was clearly identified
even though the first two descriptions were in error. Following the
dialogue is a summary comparing the subject’s judgments with the
“official” values (AV'G.) and showing the rank of the target at
each step and the percent of the population with a higher rank.
The procedure was stopped after 10 steps; 21 steps were possible.
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HILBERT'S 10TH PROBLEM

Can a 1)1'0('edure bhe devised that will indicate if there are solutions to

a l)iophanliue equation (zm e(luation where whole-number solutions

are sought)? This question on a famous hst has now been answered

44 e hear within us the perpetual
call: there is the problem.
Seek its solution. You can find

it l)y pure reason, for in mathematics
there is no ignorabimus [We shall not
know].” So did David Hilbert address
the Second International Congress of
Mathematicians in Paris on August 8,
1900, greeting the new century by pre-
senting a list of 23 major problems to
challenge future mathematicians. Some
of Hilbert’s problems are still unsolved.
Others have inspired generations of
mathematical investigators and have led

by Martin Davis and Reuben Ilersh

to major new mathematical theories. The
most recently conquered of Hilbert’s
problems is the 10th, which was solved
in 1970 by the 22-year-old Russian
mathematician Yuri Matyasevich.
David Hilbert was born in Konigsberg
in 1862 and was professor at the Univer-
sitv. of Gottingen from 1895 until his
death in 1943. After the death of Henri
Poincaré in 1912 he was generally re-
garded as being the foremost mathemati-
cian of his time. He made fundamental
contributions in several fields, but he is
perhaps best remembered for his devel-

opment of the abstract method as a pow-
erful tool in mathematics.

Hilbert’s 10th problem is easily de-
scribed. It has to do with the simplest
and most basic mathematical activity:
solving equations. The equations to be
solved are polynomial equations, that is,
equations such as x% — 3xy = 5, which
are formed by adding and multiply-
ing constants and variables and by us-
ing whole-number exponents. Moreover,
Hilbert specified that the equations must
use only integers, that is, positive or
negative whole numbers. No irrational

y y

3 3

2 2

1 1

X X
3 -2 1 0 1 2 3 -3 2 1 2 3
1
2 2
3 3
x2+y2-2=0 x?+y*-3-0

GRAPHS OF TWO EQUATIONS illustrate the difference between
an ordinary equation and a Diophantine equation. for which one
is interested only in whole-number solutions; this difference is
central to Hilbert’s 10th problem. The equations in point are
x2 4 v2 —2 =0 tleft) and x> + y2 — 3 = 0 (right); both are rep-
resented by circles with their center at the origin, that is, at the
point with coordinatesx = 0,y = 0. In the case of x*  ¥y2 —2 =10
the circle has a radius of \/2. If the equation i- treated as an ordi-
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nary equation, there are infinitely many solutions. If, however, it
is treated as a Diophantine equation, there are only four solu-
tions: (Ha=1Ly=1L(21rx=—Ly=1(3) x=1,v= —1,and
(4) x = —1, y = —1. These solutions are represented by dots
where the graph crosses the four points with those coordinate~ on
the Cartesian grid. In the case of x2 4 y2 — 3 = 0, the circle has a
radius of \/E As an ordinary equation it has an infinite number of
solutions; as a Diophantine equation, however, it has none at all.
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or imaginary numbers or even fractions
are allowed in either the equations or
their solutions. Problems of this type are
called Diophantine equations after Dio-
phaxftus of Alexandria, who wrote a book
on the subject in the third century.

Hilbert’s 10th problem is: Give a
mechanical procedure by which any
Diophantine equation can be tested to
see if solutions exist. In Hilbert’s words:
“Given a Diophantine equation with any
number of unknown quantities and with
rational integral numerical coefficients:
to devise a process according to which it
can be determined by a finite number of
operations whether the equation is solv-
able in rational integers.” Hilbert does
not ask for a process to find the solutions
but merely for a process to determine if
the equation has solutions. The process
should be a clear-cut formal procedure
that could be programmed for a comput-
ing machine and that would be guaran-
teed to work in all cases. Such a process
is known as an algorithm.

If Hilbert’s problem is simply stated,
Matyasevich’ solution is even more sim-
ply stated: No such process can ever be
devised; such an algorithm does not
exist. Worded in this way, the answer
sounds disappointingly negative. Matya-
sevich’ result, however, constitutes an
important and useful addition to the un-
derstanding of properties of numbers.

Matyasevich’” work extended a series
of researches by three Americans: one of
us (Davis), Julia Robinson and Hilary
Putnam. Their work in turn was based on
earlier investigations by several founders
of modern logic and computability
theory: Alan Turing, Emil Post, Alonzo
Church, Stephen Kleene and the same
Kurt Godel who is famous for his work
on the consistency of axiomatic systems
(Hilbert’s second problem) and on the
continuum hypothesis of Cantor (Hil-
bert’s first problem).

]jt us start on Hilbert’s 10th problem

by looking at a few Diophantine
equations. The term “Diophantine equa-
tion” is slightly misleading, because it is
not so much the nature of the equation
that is crucial as the nature of the ad-
missible solutions. For example, the
equation x* 4+ y> — 2 = 0 has infinitely
many solutions if one does not think of it
as a Diophantine equation. The solutions
are represented by the graph of the
equation, which is a circle in the plane
formed by the x axis and the y axis. The
center of the circle is at the coordinates
x=0, y =0. That point is called the
origin; it is abbreviated (0,0). The radius
of the circle is \/2 [see illustration on
opposite pagel. The coordinates of any

|

GREEN-LIGHT-RED-LIGHT MACHINE is an imaginary device that tests numbers to de-
termine if they are members of a given set. Hilbert’s 10th problem asks if a green-light-red-
light “Hilbert machine” can be built to test Diophantine equations to see whether or not
they have solutions. In the case of testing numbers for membership in a set, green light goes
on if the machine can determine in a finite number of steps that a given input is a member
of the set. Say that S is the set of all even numbers. To test inputs one can devise an algo-
rithm for dividing each input x by 2. If the remainder of the division is 0 (written Rem
x/2 =0), machine would turn on its green light, signifying that x is a member of S.

Qs_ga meméber of S7?

RED LIGHT GOES ON on the green-light-red-light machine if the machine can determine
that the input is not a member of the set. Suppose the input x is the whole number 23; 2
goes into 23 with a remainder of 1, signifying that 23 is not a member of S. Complement of
set S is S, the set of odd numbers; 23 is a member of S. Since a green-light-red-light machine
can be built to sort members of S from members of S, the set S is called computable.
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Yes it 1s, and |l
can show its trve by
switching arovnd
the lamps.

_, -~

Is if trve that a green- light-red-/ight
machine can be turned mfo a
green-1ight machine for S plvs a green-Jight
machine for the complement of S ?

S

GREEN-LIGHT-RED-LIGHT MACHINE FOR THE SET S can be for S, unscrew the green lamp of the green-light-red-light machine
transformed into a green-light machine for S (that is, a machine and put it into the socket that held the red lamp. This fact can be
that simply lights up when the input is a member of S) plus a stated in another way. If a set (such as S) is computable, then both
green-light machine for S, the complement of S. The proof is sim- the set and its complement (such as S) are listable, that is, the mem-
ple. To build a green-light machine for S, unscrew the red lamp of bers of S (in this case the set of even numbers) can be listed sepa-
the green-light-red-light machine. To build a green-light machine rately and sorted from the members of S (the set of odd numbers ).

Conversely, | can vse a green-light machine for : _
S plvs a green-1light machine for the ... fo build a green-light-
complement of S (plus an extra red lamp...) rcd-light machine for S.

GREEN-LIGHT MACHINE FOR EACH OF S AND § can be used In the green-light machine for S replace the green lamp with a red

to construct a green-light-red-light machine for the set S. This state- lamp. Then hook the machines in parallel so that the input goes
ment is the converse of the one for the top illustration on this page. into both simultaneously. The result is clearly a green-light-red-
86
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point on the circle satisfy the equation,
and there are an infinite number of such
points. If we consider the problem as a
Diophantine equation, however, there
are only four solutions: (1) x =1,y = 1;
2)x=-1,y=1;3) x=1,y=-1,
and (4)x=—-1,y=—1.

Suppose the equation is changed to
%2 + y2 — 3 = 0. There are still an in-
finite number of solutions if it is treated
as an ordinary equation but no solutions
at all if it is treated as a Diophantine
equation. The reason is that now the
graph is a circle with radius equal to V3,
and no points on this curve have both
coordinates simultaneously equal to
whole numbers.

A famous family of Diophantine equa-
tions has the form a" + y» = 2", where
n may equal 2, 3, 4 or any larger integer.
If n is equal to 2, the equation is satisfied
by the lengths of the sides of any right
triangle and is called the Pythagorean
theorem. One such solution is the set of
numbers x =3, y=4, z=5. If n is
equal to or greater than 3, the equation
is what is known as Fermat’s equation.
The 17th-century French mathematician
Pierre de Fermat thought he had proved
that these equations have no positive
whole-number solutions. In the margin
of his copy of Diophantus’ book he wrote
that he had found a “marvelous proof”

light machine. This assertion can be stated
differently: If both a set and its comple-
ment are listable, then the set is computable.

that was unfortunately too long to be
written down in that space. The proof (if
indeed Fermat had one) has never been
found. Known as Fermat’s last theorem,
it is probably the oldest and most famous
unsolved problem in mathematics. These
examples show that Diophantine equa-
tions are easy to write down but hard to
solve. They are hard to solve because we
are so exclusive about the kind of num-
bers we accept as solutions.

For first-degree equations, that is,
equations in which unknowns are not
multiplied together and all exponents are
equal to 1, such as 7x + 4y — 3z — 99¢
+ 13u — 10 = 0, the existence of solu-
tions can be determined by a technique
of division known since ancient times as
Euclid’s algorithm. For second-degree
equations with two unknowns, such as
3x2 —5y2+7=0or a2 —ay —y> =1,
a theory developed early in the 19th
century by the great Karl Friedrich
Gauss enables one to determine whether
there are any solutions. Recent work by
the young British mathematician Alan
Baker has shed considerable light on
equations greater than the second degree
that have two unknowns. For equations
greater than the first degree that have
more than two unknowns, there exist
only some special cases that can be han-
dled by special tricks, and a vast sea of
ignorance.

Why is it so difficult to find a process
such as the one Hilbert called for?
The most direct approach would be to
simply test all possible sets of values of
the unknowns, one after another, until a
solution is found. For example, if the
equation has two unknowns, one could
make a list of all pairs of integers. Then
one would simply go through the list
trying one pair after another to see if it
satisfies the equation. This is certainly
a clear-cut, mechanical procedure that a
machine could carry out. What will be
the result?

If the equation is the first one we men-
tioned, 22 + y?> — 2 = 0, one would test
(0,0), (0,1), (1,0), (0,—1), (—1,0) and re-
ject them all. The next candidate, (1,1),
is a solution. We were lucky: only six
pairs had to be considered. If, on the
other hand, the equation were x + y> =
20,000, one would have to test thou-
sands of pairs of numbers before a solu-
tion was found. Still, it is clear that if a
solution exists, it will be found in a finite
number of steps.

On the other hand, what about the
second equation: x2 + y> — 3 = 0? One
can try pairs of integers from now till
eternity, and all that will ever be known
is that a solution has not been found yet.
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One would never know whether or not
the next pair tried would be a solution.
For this particular example it is possible
to prove there are no solutions. But the
proof requires a new idea; it cannot be
obtained merely by successively substi-
tuting integers into the equation.

A device that carries out a process of
the kind suggested by Hilbert should
accept as an input the coeflicients of an
arbitrary Diophantine equation. As an
output it should turn on a green light if
the equation has a solution and a red
light if it has none. Such a machine
might be called a Hilbert machine. By
way of contrast a device that simply
searches for solutions by successive trials
ad infinitum could be described as a
green-light machine. If the equation has
a solution, the green light goes on after
a finite number of steps. If the equation
has no solution, the computation simply
goes on forever; unlike the Hilbert ma-
chine, the green-light machine has no
way of knowing when to give up.

It is easy to build a green-light ma-
chine for Diophantine equations. The
question is, can we do better and build
a Hilbert machine, that is, a green-light-
red-light machine that will always stop
after a finite number of steps and give a
definite yes or no answer? What Matya-
sevich proved is that this can never be
done. Even if we allow the machine un-
limited memory storage and unlimited
computing time, no program can ever be
written and no machine can ever be built
that will do what Hilbert wanted. A
Hilbert machine does not exist.

Hilbert continued in his address of
1900: “Occasionally it happens that we
seek the solution under insufficient hy-
potheses or in an incorrect sense, and for
this reason do not succeed. The problem
then arises: to show the impossibility of
the solution under the given hypotheses,
or in the sense contemplated.” That is
exactly what has happened with the 10th
problem.

In order to explain how we know that
no Hilbert machine exists, we have to
discuss some simple ideas about com-
putability. Suppose S stands for a set of
integers. S is “listable” if a green-light
machine can be built that will do the
following job: accept any integer as an
input, and as an output turn on a green
light after a finite number of steps if and
only if the input (the integer) belongs to
S. For example, the set of even numbers
is listable. In this case the machine
would divide the input by 2 and turn
on a green light if the remainder is 0. In
mathematical literature such sets are
called recursively enumerable; the word
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x y
0 0
0 1
1 0
0 1

-1 0

x y
e
0 1
1 0
0 1
-1 0

PAIRS OF INTEGERS can be individually
tested by green-light machines to see if they
are solutions to Diophantine equations.
Trial and error comes up with a solution for
the equation 22 + y2 — 2 = 0 on the sixth
try (top). Green-light machine testing equa-
tion x2 4+ y2 — 3 = 0 has no way of knowing
when to give up, however, because there are
no whole-number solutions (bottom). All it
knows is that it has found no solutions yet.
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“listable” is our informal equivalent.

The set S is “computable” if a green-
light-red-light machine (similar to the
Hilbert machine for Diophantine equa-
tions) can be built to do a more difficult
job: accept any integer as input and,
after a finite number of steps, turn on a
green light if the integer is in S and a
red light if the integer is not in S. For
example, the set of even numbers is
computable. The machine would divide
the input by 2; if the remainder is 0, it
turns on a green light, and if the remain-
der is 1, it turns on a red light [see illus-
trations on page 85].

There is a close connection between
these two definitions. For the purposes
of explanation, let S denote the comple-
ment of S, that is, the set of all integers
that do not belong to S. If in the two ex-
amples § is the set of even integers, then
S is the set of odd integers. We can prove
that if S is computable, S and S are both
listable. To put that statement another
way: If a green-light-red-light machine
exists for S, then there exists a green-
light machine for S and a green-light
machine for S. The proof is simple. To
build a green-light machine for S, just
unscrew the red bulb of the green-light-
red-light machine. To build a green-
light machine for S, unscrew the green
bulb of the Hilbert machine and put it
into the socket that held the red bulb.

The converse is also true: If S and S
are listable, then S is computable. The
equivalent of this statement is: If a
green-light machine exists for each of S
and S, then a green-light-red-light ma-
chine can be built for S. This is easily
done. In the green-light machine for S,
replace the green bulb with a red bulb.
Then hook up the two machines in par-
allel, so that the input goes into both si-
multaneously. The result is clearly a
green-light-red-light machine.

Knowing all of this, we can now state

one of the crucial facts in comput-
ability theory, one that plays a central
role in the solution of Hilbert’s 10th
problem: There is a set K that is listable
but not computable! That is, there exists
a green-light machine for K, but it is im-
possible to build a green-light machine
for K, the complement of K.

To prove this seemingly strange fact,
let each green-light machine be speé-
ified by a detailed “customer’s manual”
in the English language. The customer’s
manual describes exactly how the ma-
chine is constructed. The customer’s
manuals can be set in order and num-
bered sequentially 1, 2, 3 and so on. In
that way all green-light machines are
numbered; M, is the first machine, M, is
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the second and so on. There is a subtle
point hidden here. Such an ordered list
of customer’s manuals would not be pos-
sible for green-light-red-light machines.
The difficulty is that one cannot tell from
the manual whether the red light or the
green light will turn on for any input to
the corresponding machine.

The set K is defined as the set of num-
bers n such that the nth machine lights
up when it receives n itself as an input.
In other words, the number 1 belongs to
K if and only if M; turns on its green
light when “1” is entered into its input.
The number 2 belongs to K if and only
if M, eventually lights up when “2” is
entered into its input, and so on [see top
illustration on opposite page].

In order to build a green-light ma-
chine for K we need, along with the li-
brary of customer’s manuals, a little man
who can read them and carry out their
instructions. He should perhaps be a
wise old man, but he must be an obedi-
ent man who does exactly what he is
told. We give the little man a number,
say 3,781. The little man looks into cus-
tomer’s manual No. 3,781. Reading the
manual, he is able to build the green-
light machine M3 75;. Once this is done,
he inserts the integer 3,781 as input into
green-light machine M3 ;¢;. If the green
light goes on, the number 3,781 belongs
to K. Thus we have a green-light ma-
chine for K. _

What about K? How can we be sure
there is no green-light machine for it?
Well, suppose there were such a ma-
chine. Then since K is the complement
of K, this machine should light up for
any input, say for 297, if and only if
M7 does not light up for 297. (If My,
lit up, it would mean that the integer
297 belongs to K and not to K.) Thus
the machine for K certainly is not the
same as Moy, [see bottom illustration on
opposite page]. By the same token, how-
ever, it is not the same as M, for any
other value of n. The same argument
would apply to any other number just
as well as to 297, and it shows that no
green-light machine for K appears any-
where in the library of customer’s man-
uals. Since every possible green-light
machine eventually turns up in our list,
it follows that no green-light machine
for K can possibly exist. That is to say,
K is not listable.

The result is certainly remarkable. It
deserves contemplation and apprecia-
tion. We know perfectly well what the
set K is; in principle we can produce as
much of it as we wish with a computer
printout. Nevertheless, there can never
be a formal procedure (an algorithm or
a machine program) for sorting K from
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THE SET K IS LISTABLE, that is, a green-light machine for K
exists. Let all conceivable green-light machines be numbered: M,
is the first machine, M, is the second machine, M, is the third ma-
chine and so forth up to the nth machine. K is defined as the set of

comp
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Similarly it can't be any other machine M. Help!
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numbers n such that the nth machine lights up when it receives n
itself as an input. In the illustration a little man has entered the
number 3,781 as an input to M; 75, and the green light has turned
on, indicating that the whole number 3,781 is a member of set K.

—— e - ——

lement of K? [f there js, it can't be
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THE SET K IS NOT COMPUTABLE, that is, no green-light ma-
chine exists for K, the complement of K. Suppose there was such a
green-light machine for K. Since K is the complement of K, this
machine should light up for any input, say for 297, if and only if
M, . does not light up for 297. Thus the machine for K is certainly

not the same as M,4.. By the same token, it is not the same as M,
for any other value of n. Thus no green-light machine exists for K,
meaning that K is not listable. A listable set whose complement is
not listable is not computable; no green-light-red-light machine can
be built for it. Thus there is no algorithm for sorting K from K.
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2. 1
3. 1+1=2 |

4. 1+42=38 |

5. 2+3=5

6. 3+5=28

7. 5+8=13

8. 8+ 13 =21

9. 13 +21 =234

10. 21 + 34 =55

11. 34 + 55 = 89

12. 55 + 89 = 144

13. 89 + 144= 233

(=]
-
1.
e
|

FIBONACCI NUMBERS were discovered in A.p. 1202 by Leonardo of Pisa, known as Fibo-
nacci. The sequence is obtained by starting with 1 and 1 and successively adding the last
two numbers to get the next one. The sequence grows exponentially: the nth number in the
sequence is approximately proportional to the nth power of the real number [(1 + \/5) /21

PROBLEM: To find the smallest number n that has the remainders of 4, 2, 3 and 1
when it is divided by 10, 3, 7 and 11.

SOLUTION: Let x be the number sought. “Rem"” will be the abbreviation
for “The remainder of . . . ." The problem can then be rewritten: |

X _ X
Rem(—w—)fél Rem(ﬁf)fB
X X
Fiem(—3 > 2 Rem (—11~>:1

In order to find x four auxiliary problems for new unknowns y1, y2. y3 and ya must be
solved. In each case the numerator is obtained by multiplying three of the divisors together
and using the fourth as the denominator. For example, in the first equation

with y1 the numerator 231 is equal to 3 x 7 x 11, and 10 is put in the denominator:

. 330y
Rem<23!loy ) =4y, < 10 Rem( 7 ) SRy T

70w 210y
Rem( 7_?!- :I =2,y < 3 Rem( 11“) =1ys < 11

The set of smallest integers that are solutions to these auxiliary equations
isyr=4,y2=1,y3 =3 andys = 1.

To get x (the original number sought) the numerators of the four auxiliary |
equations are added together:

X = (231y1) + (770y2) + (330y3) + (210ya)
= (231 x 4) + (770 x 1) + (330 x 3) + (210 x 1)
=924 + 770 + 990 + 210
- 2,894

Thus 2,894 is one value of x. A smaller number can be obtained if the product of all
four divisors is subtracted from this solution:

2894 — (10 x 3 x 7 x 11) = 2,894 — 2,310 = 584.

Therefore 584 is the smallest solution to the problem.

CHINESE REMAINDER THEOREM is used in the solution to Hilbert’s 10th problem. In
this case the theorem is employed to find a number whose remainders, when divided by the
numbers 10, 3, 7 and 11, are respectively 4, 2, 3 and 1. Integer 584 is the smallest solution.
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K. Thus here is an example of a precise-
ly stated problem that can never be
solved by mechanical means.

This discussion has of course been in-
formal and nonrigorous. It is possible,
however, to reformulate all the ideas and
arguments with precise mathematical
definitions and proofs. In fact, they have
been formulated in a branch of mathe-
matical logic called recursive function
theory, established in the 1930’s by
Godel, Church, Post, Kleene and Turing.

Now, what has all this to do with Dio-
phantine equations? Simply this.
Matyasevich has proved that every list-
able set has a corresponding Diophan-
tine equation. More precisely, if S is a
listable set, then there is a correspond-
ing polynomial P, with integer co-
efficients and variables x,y1.Y,,... Yu
which is denoted by Pg(x,y1,y2, .+ ,Yn)-
Any integer, such as 17, belongs to set S
if and only if the Diophantine equation
P(17,y1,ys, . . . ,yn) = 0 has a solution.

It might be thought that for some sets
we would have to resort to inconceiv-
ably complicated polynomials, but this is
not the case. The degree of P need not
exceed the fourth power; the number of
variables yy,ys,...,4, need not exceed
14. (No one knows yet if both of these
bounds can be achieved simultaneously.)

This result of Matyasevich’ quickly
leads to the conclusion that no Hilbert
machine can exist. Recall the listable
set K constructed a few paragraphs
above. According to Matyasevich, there
is a Diophantine equation, Pg(x,y;,ys,

.Yn) = 0, associated with this set. If
it were possible to build a Hilbert ma-
chine, that is, a green-light-red-light
machine for testing Diophantine equa-
tions to see if they have solutions, then
for any integer x we could determine
whether or not there existed integers
Y12, ... ,iyn such that the equation has
a solution. In so determining, however,
we would also be determining whether
or not x belongs to K. In other words, a
Hilbert machine applied to the Dio-
phantine equation that describes K
could be used as a green-light-red-light
machine for K. We have proved, how-
ever, that K is not computable, so that no
green-light-red-light machine can exist
for K. The only way out of this dilemma
is to conclude that there is no Hilbert
machine. In other words, Hilbert’s 10th
problem is unsolvable!

The fact that a Diophantine equation
is associated with every listable set is a
positive result that is of great interest in
itself, quite aside from its application to
Hilbert’s 10th problem. A particularly im-
portant and interesting set of integers is



the set of prime numbers. A prime num-
ber is one that is factorable (divisible)
only by 1 and by itself. Some examples
are 2, 3, 5, 7, 11, 13 and 17. That they
are listable is rather obvious. An algo-
rithm for listing them has come down
from the Greeks with the name of “the
sieve of Eratosthenes.” Combining Mat-
yasevich’ result with a device developed
by Putnam, we obtain a Diophantine
equation Q(yy,Ys,...,y,) =z such that
a positive number z is a prime if and only
if this equation has a positive integer
solution y;,ys, . . .,4s. (The exact form of
the polynomial Q is a bit too compli-
cated to fully write out here.)

Another remarkable result can be
proved by combining Matyasevich’ theo-
rem with Godel’s work on undecidabil-
ity. If there is any system of axioms
whatsoever from which information can
be deduced about Diophantine equa-
tions, one can always obtain a particular
Diophantine equation that has the fol-
lowing properties: (1) the equation has
no positive integer solutions and (2)
the fact that it has no positive integer
solutions cannot be logically deduced
from the given set of axioms. Of course,
once the Diophantine equation is ob-
tained we can make up a new set of axi-
oms from which one can prove that the
Diophantine equation has no solution.
But then this new set of axioms will give
rise to another Diophantine equation for
which the same can be asserted.

What went into the proof of Matya-
sevich’ theorem? In addition to the
results from classical and even ancient
number theory that we have already
mentioned, there is a key result known
as the Chinese remainder theorem. It
will be helpful to illustrate the Chinese
remainder theorem by a numerical ex-
ample.

Suppose one wishes to find a number
whose remainders, when divided by the
numbers 10, 3,7 and 11, are respectively
4, 2, 3 and 1 [see bottom illustration on
opposite page]. The Chinese remainder
theorem assures us that there must be
such a number. (In fact, in this case 584
is such a number.) All that is required
for the Chinese remainder theorem to
work is that no pair of the divisors used
have any common factor (except, of
course, 1). There can be any number of
divisors, and the desired remainders can
be any positive integers whatsoever.

In 1931 Godel showed how to use the
Chinese remainder theorem as a coding
trick, in which an arbitrary finite se-
quence of numbers can be encoded as a
single number. From the code number
one recovers the sequence in the same

way that 4, 2, 3 and 1 are obtained from
584 in the example—as remainders in
successive divisions. The divisors can be
chosen to be in arithmetic progression.

The first attempt to prove that a Hil-
bert machine cannot exist was made by
one of us (Davis) in his doctoral disserta-
tion in 1950. Godel’s technique of using
the Chinese remainder theorem as a
coding device was applied to associate
a Diophantine equation, Pg(k,x,2,y1,Y,

.,Yn) =0, with every listable set S.
Unfortunately the relation between the
set and the equation turned out to be
more complicated than what was needed
for Hilbert’s 10th problem. Specifically,
the relation was: A positive integer x be-
longs to the set S if and only if for some
positive integer value of z it is possible
to find a solution for every one of the
Diophantine equations obtained by sub-
stituting k = 1, then k = 2 and so on up
to z into the equation Pg(k,x,2,y1,Yys,

..,iyn) = 0. Although the result seemed
tantalizingly close to what was needed,
it was only a beginning.

At about the same time Robinson be-
gan her own investigations of sets that
can be defined by Diophantine equa-
tions. She developed various ingenious
techniques for dealing with equations
whose solutions behaved like exponen-
tials (grew like a power). In 1960 she,
Davis and Putnam collaborated in prov-
ing another result. They made use of
both her work and Davis’ result to show
that to any listable set there correspond-
ed a Diophantine equation of an “ex-
tended” kind, extended in the sense that
variables in the equation were allowed
to occur as exponents. An example of
such an equation is 2¢ 4 1% = 23. Davis,
Robinson and Putnam combined their
work with some of Robinson’s earlier
results and discovered the following: If
even one Diophantine equation could be
found whose solutions behaved expo-
nentially in an appropriate sense, then it
would be possible to describe every list-
able set by a Diophantine equation.
This would in turn show that Hilbert’s
10th problem is unsolvable.

It took a decade to find a Diophantine

equation whose solutions grow expo-
nentially in the appropriate sense. In
1970 Matyasevich found such an equa-
tion by using what are known as the
Fibonacci numbers. These celebrated
numbers were discovered in A.p. 1202
by Leonardo of Pisa, who was also
known as Fibonacci. He found them by
computing the total number of pairs of
descendants of one pair of rabbits if the
original pair and each offspring pair re-
produced itself once a month. The Fibo-
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. u+w-v-2=0
I /I-2v-2a-1=0
. /2—-lz-2z2-1=0
IV. g-bl2=0
V. g2-gh-h?-1=0
V. m-c(2h+g)-3=0
VI. m-fl-2=0
VIIl. x> —=mxy +y>-1=0
IX. d-1)/+u-x-1=0
X. x-v-(2h+g)le-1)=0

MATYASEVICH’ SOLUTION to Hilbert’s
10th problem involves a Diophantine equa-
tion that is obtained by squaring each of
these 10 equations and then adding them to-
gether and setting the resulting complicated
polynomial equal to zero. In these equations
the values u and v in the solutions are re-
lated in such a way that v is the 2uth Fi-
bonacci number. From the solution it fol-
lowed that for every listable set there is
an associated Diophantine equation. Since
there exist listable sets whose complements
are not listable, then not every listable set
can have a green-lightred-light machine.
Since having a green-light-red-light machine
for a set is equivalent to having a Hilbert
machine for Diophantine equations, Matya-
sevich’ result means that no Hilbert machine
can be built to test Diophantine equations.

nacci series is obtained by starting with
1 and 1 and successively adding the pre-
ceding two numbers to get the next: the
first Fibonacci number is 1, the second
is 1, the third is 1 + 1 = 2, the fourth is
1+ 2 =3, the fifthis 24+ 3 =5 and so
on. The property that is important for
Hilbert’s 10th problem is that the Fibo-
nacci numbers grow exponentially. That
is, the nth Fibonacci number is approxi-
mately proportional to the nth power of
a certain fixed real number.

If one could find a Diophantine equa-
tion whose solutions relate n to the nth
Fibonacci number, it would be the de-
sired example of a Diophantine equa-
tion whose solutions behave exponen-
tially. The solution of Hilbert’s 10th
problem would follow from this exam-
ple. What Matyasevich did was to con-
struct such a Diophantine equation [see
illustration above]. Once he had shown
that the set of Fibonacci numbers is as-
sociated in this way with a Diophantine
equation, it followed immediately from
the theorem of Davis, Robinson and
Putnam that for every listable set there
is an associated Diophantine equation,
including in particular the set K, which
is not computable. And so ends the story
of Hilbert’s 10th problem.

91



THE FLYING LEAP OF THE FLEA

This flightless insect can jump 100 times its own length. It does

so by the sudden release of energy stored in a rubberlike protein

located at the site of the wing-hinge ligament n ﬂying msects

by Miriam Rothschild, Y. Schlein, K. Parker, C. Neville and S. Sternberg

he saltatorial powers of the flea
I puzzled philosophers and poets
even before the naturalist Pliny
noted them “skipping so merrily in vic-
tualing houses.” Not only is the jump a
large one for the animal’s size, but also
the takeoff is bewilderingly sudden and
too rapid for the human eye to follow.
With the aid of high-speed motion-pic-
ture photography, combined with a care-
ful study of the anatomy of the flea, we
have been able to describe its move-
ments while jumping and to put for-
ward a hypothesis suggesting how the
movements are executed.

The oriental rat flea Xenopsylla cheo-
pis (Rothschild), which is a major vector
of bubonic plague, measures one or two
millimeters in length, weighs unfed some
210 micrograms and can jump to a
height of 90 millimeters (3.6 inches).
Good average performers consistently
leap from 60 to 70 millimeters at a tem-
perature of about 28 degrees Celsius
(about 82 degrees Fahrenheit). Since
the angle of takeoff is often nearly verti-
cal, the horizontal distance covered by
the flea is not so spectacular: about 180
millimeters for X. cheopis in our labora-
tory. Even so, the flea is jumping more
than 100 times its own body length. Cat
fleas and human fleas are more impres-
sive performers, being capable of execut-
ing a standing leap 33 centimeters (a
little more than a foot) high.

Unfed fleas can continue jumping
about for long periods. The oriental rat
flea, if it is stimulated by the presence
of other fleas, will jump 600 times per
hour for as long as 72 hours without a
pause. On one occasion 10 fleas exe-
cuted 10,000 jumps per hour, or one
jump each every three and a half sec-
onds. (The rate is measured by connect-
ing a microphone and an amplifier to the
jar in which the fleas are confined and
recording the sound of each jump.)
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The early stages of a flea’s life cycle
are passed in the nest of its host or in
debris on the ground. The crux of the
flea’s existence is making contact with
the host after hatching from the pupa.
Undoubtedly this hazardous operation,
that is, the flying leap from the substra-
tum to the passing animal, has set a
premium on the evolution of the insect’s
highly specialized and efficient jumping
mechanism. One may also note that the
leap is an extremely effective means of
escape.

Nmost all groups of insects that have

adopted the ectoparasitic way of life
lack wings. It is evident that these struc-
tures present such a handicap to an ani-
mal living in fur or feathers that they
are lost in the course of evolution. Al-
though natural selection has disposed of
the flea’s wings, it has retained several
important features of the flight mecha-
nism found in many flying insects today,
notably the wing-hinge ligament, the
starter muscle (tergo-trochanteral de-
pressor) of the leg and certain of the di-
rect flight muscles (the subalars and
basalars), all of which have been modi-
fied to produce the lightning takeoff.

A grasshopper, once it is in the air,
has no control over its trajectory unless
it can use its wings. It often turns som-
ersaults in midair and even lands on its
back. Photographs show that during the
flea’s descent its legs are spread out lat-
erally, which no doubt assists in con-
trolling its descent. It is remarkable that
rat fleas land on their feet in 78 percent
of their leaps if they come down on a
reasonably flat surface. They often spin
and somersault in midair, which is re-
vealed not only in our films but also by
the fact that 20 percent of the fleas
jumping away from a strong source of
light land exactly facing their point of
departure and an additional 60 percent
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land at a right angle to it. Such fleas re-
orient themselves by shuffling around,
and after a pause they jump again
toward the shade. Females are always
somewhat less successful than males in
their directional landing performance,
perhaps because their abdomen is larger
and heavier.

Some years ago we photographed a
jumping flea by means of a special cam-
era that was triggered by the flea itself
when it interrupted a narrow beam of
light shined through a glass cell [see
“Fleas,” by Miriam Rothschild; Scien-
TIFIC AMERICAN, December, 1965]. Al-
though these photographs revealed cer-
tain interesting features of the jump in
midair, we decided that only high-speed
motion-picture photographs could show
details of the takeoff. The British Broad-
casting Corporation first undertook to
produce such a film on our behalf, but
although the speed of 1,000 frames per
second at which the pictures were made
(by E. C. A. Lucey) was fast enough to
reveal the movements of the flea’s indi-
vidual limbs, the photographer was un-
able to overcome the difficulty of focus-
ing accurately at short range on such a
small and unpredictable performer. As a
result few details could be seen in those
early pictures, although calculations
made from the film ruled out a single
muscle contraction as the direct source
of power for the jump.

The fastest single muscle twitches (in
the locust, for example) take 15 millisec-
onds to reach peak force, and in devel-
oping an acceleration of 140 gravities a
flea would require something over 10
times this speed. Therefore it was postu-
lated by H. C. Bennet-Clark of the Uni-
versity of Edinburgh, and has been con-
firmed by us, that the flea’s leap is pow-
ered not by muscle alone but is assisted
by the elastic protein resilin. This pro-
tein, which is present in the wing-hinge



-

PLAGUE FLEA (Xenopsylla cheopis) climbs to the level top of an
experimental jumping platform (top left) and begins to “collect”
its legs, contract its body and crouch in preparation for a jump
(second from top). Six successive exposures show jump, beginning
(third from top) as a surge of energy drives the trochanters of the
rear legs against the platform surface. After the recoil lifts the tro-

chanters from the surface, rotation of the femurs keeps the tibiae
thrusting at the surface (fourth from top, top right and second from
top). The flea is airborne, its tibiae and tarsi clear of the surface,
one millisecond after the jump starts (third from top) and follows
a parabolic path (fourth from top) that will probably carry it some
90 millimeters into the air and 180 millimeters from the platform.
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ligament of dragonflies and locusts, can
store and release energy more efficiently
than any known rubber and can deliver
power faster than most actively contract-
ing muscles.

Eventually the difficulty of obtaining
high-magnification motion pictures was
overcome by taking advantage of the
flea’s natural inclination to climb up
small objects in its vicinity. A pyramid-
shaped “hill” with a flat top was made of
plastic and placed in a glass cell together
with about 50 fleas. The camera was fo-
cused on the apex of the hill. The fleas
obligingly climbed up the sloping sides
and jumped from the top as they were
jostled by the next in line. We obtained
pictures with a relatively sharp image
at a speed of 3,500 frames per second. A
series of pictures made during the jump
of a single flea shows the movements in-
volved [see illustration on preceding
pagel.

It was realized many years ago that

PRO- MESO-

HEAD

the main thrust for the flea’s leap comes
from its powerful back legs, and it was
also pointed out that the pleural arch—
a small, transparent area located be-
tween the pleural and notal ridges of the
thorax—was absent or greatly reduced in
species of flea that are poor jumpers.
Therefore the place to look for the en-
ergy store was the pleural arch. We
found that this structure possesses vari-
ous characteristics of dragonfly and lo-
cust resilin. First, it occupies the same
position (at the top of the pleural ridge),
suggesting that the structure is homolo-
gous with the wing-hinge ligament of
scorpion flies, dragonflies and locusts.
Second, it responds to various specific
staining procedures in the same man-
ner as resilin. Third, in the pleural arch
of fleas it occurs as a region of pure resil-
in grading into an area where micro-
fibrils of chitin are embedded in a resilin
matrix. Finally, this protein occurs in the
flea as a discrete ligament sandwiched

META-
THORAX THORAX THORAX

ABDOMEN

between regions of solid cuticle and sep-
arated from them by characteristically
sharp junctions. Hence even though the
flea has no wings, it is possible to show
that resilin is present in its pleural arch.
Clearly the apparatus is derived from
the flight system of some winged an-
cestor.

Resilin was first discovered in insect

cuticle by Torkel Weis-Fogh of the
University of Cambridge. It is a nearly
perfect rubber, yielding 97 percent of
stored energy when it is released after
being stretched. There is thus a loss of
only 3 percent of the applied kinetic
energy, which is dissipated as heat. In
most commercial rubbers the loss is 15
percent.

Resilin therefore appears to function
as a true elastomer in the thermody-
namic sense, with very little of the ap-
plied energy being wasted in straining
covalent bonds. Instead the energy is

NOTAL PLATE

JUMP IS POWERED mainly by forces acting through the flea’s
large hind legs. The leg components are the coxa, the trochanter,
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the femur, the tibia, five tarsi and finally the claws. Only the hind
legs are linked to a zone where energy for jumping is stored.



absorbed mainly in reducing the en-
tropy of the system (that is, in bringing
more order into it) by orienting random-
ly kinked polypeptide chains into a less
probable conformation. When the chains
are released, they oscillate rapidly back
to a more random state. Resilin can be
stretched to three times its equilibrium
length for several months, and on release
it recovers its former length within sec-
onds, indicating a complete lack of flow
in the molecular network.

By exploiting resilin fleas have over-
come two of the major limitations of
muscle: its relatively low rate of relaxa-
tion and contraction and its poor per-
formance at low temperatures. (Warm-
blooded animals deal with the second
problem by constantly transforming en-
ergy to generate heat.) The fastest insect
flight muscles are mechanogenic, with
the muscle following the resonant me-
chanical frequency of its suspension
system. Although some mechanogenic

META-
THORAX

MESOTHORAX

COXA OF SECOND LEG

s

COXA OF THIRD LEG

TROCHANTER
OF THIRD LEG

PRINCIPAL MUSCLES of a flea’s hind leg are seen in sagittal sec-
tion (left) and transverse section (right), extending from the thorax

muscles attain contraction and relaxation
times of less than half a millisecond, they
cannot reach maximum amplitude in the
first contraction, so that notwithstanding
their high-speed rhythmical capability
they are unsuitable for a single event as
rapid as the flea’s jump.

When energy is stored in elastic struc-
tures such as cuticle and the resilin of
the pleural arch of fleas, however, even
release by muscle action is fast enough—
provided that a bistable “click” mecha-
nism is present. (Such a mechanism is
found in flying insects; the wing clicks
suddenly from an upward to a down-
ward position and vice versa when the
applied force reaches a critical value.)
It is important to realize that in addition
resilin can store energy for prolonged
periods with little loss of energy in the
muscles compressing it. This economy is
possible because the muscles involved
are not then moving and because resilin
shows no lasting deformation under pro-
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longed strain. The flea can therefore re-
main “cocked” for some time before its
sudden takeoff, and it can also sustain
prolonged periods of jumping.

A reasonable hypothesis, if nothing
more, can be put forward to explain
the flea’s jumping mechanism based on
a careful study of the insect’s exoskele-
ton (hard external covering) and mus-
culature. One can obtain a fair idea of
the remarkable arrangement revealed by
this study if one imagines a man with
a perfectly elastic rubber ball incorpo-
rated in his hip joint bouncing himself
upward from a kneeling position.

The pleural arch of the flea is part of
the cuticular exoskeleton, which forms
a system of hardened struts and ridges
strengthening the outer walls of the in-
sect’s thorax and the legs [see illustra-
tion below]. The epipleural muscles (di-
rect flight muscles, each consisting of
some 60 to 80 fibers) help to compress

_—— OF TROCHANTER —.__

to the trochanter. An area in the thorax, the pleural arch, contains
the resilin (color), the rubberlike protein that powers the jump.
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“UNCOCKED” LEG is seen in sagittal section with all its muscles
removed except the tendon of the depressor of the trochanter. The
resilin of the pleural arch is uncompressed and the flea’s weight is
being supported by the tarsal segments of the legs (not shown).
Both the thoracic catch, which will link mesothorax and metatho-
rax (left), and the coxa-abdominal catch, which is shown only
schematically (right), are unengaged and the depressor tendon is
relaxed. Dark areas are stiffened cuticle, not compartment walls.

FEMUR

“COCKED” LEG has its femur raised nearly upright so that the
leg’s contact with the ground is through the trochanter and tibia.
Both the thoracic and the coxa-abdominal catches are engaged and
the resilin in the pleural arch is compressed. The flea is ready to
jump. Release of the catches lets the expanding resilin drive the
trochanter forcibly against the ground and gives the flea its initial
acceleration. The descending femur adds to the acceleration by
thrusting the tibia against the ground for nearly a millisecond.

the resilin; some of them are attached to
the thoracic ridges and pull them down-
ward, others are attached to the arch it-
self and still others are inserted along the
pleural-ridge fold, pulling the pleural
ridge down into the rim of the coxa. The
trochanteral depressor muscle (consisting
of some 70 to 80 fibers in the thorax)
originates on the notum, and its massive
tendon is inserted in the heel of the tro-
chanter. This tendon attains its maxi-
mum diameter in good jumpers such as
the cat flea. It lies nearer the center of
the flea’s body than the epipleural mus-
cles and is the principal muscle that de-
presses the tergum, arches the thoracic
and coxal walls and also helps to com-
press the resilin.

It is important that the tendon of the
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trochanteral depressor remain rigid and
not be pulled out of position when the
femur of the flea is raised and the tendon
is rotated into the “heel” of the trochan-
ter for takeoff. In all fleas there are de-
vices that prevent any such movement.
Where the tendon leaves the thorax and
enters the coxa it runs through a funnel-
shaped cuticular slot; horizontal muscles
originating near the far end of the ten-
don become taut like tent ropes when
the femur is raised and hold it firmly
toward the front of the leg, while a
knob of untanned cuticle (part of the
trochanter) with a central depression
clamps like a limpet against the back of
the tendon, where it prevents overcen-
tering and also acts as a shock absorber.
Strong membranes are attached to the
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end of the pleural ridge near its articu-
lation with the coxa. These ligaments
probably provide a mechanism to help
absorb the recoil forces that would re-
sult from the release of elastic energy.
The muscles of the locust, for example,
are so strong (they have about half the
tensile strength of steel) that at maxi-
mum tension they can snap the tendons.
Thus recoil mechanisms in powerful
jumpers can be expected.

When the flea is about to jump, it
crouches down, lowering its head and
contracting its body. Some 30 years ago
Helmut Jacobson of the University of
Erlangen noted that fleas “collect” their
legs before takeoff; this procedure, he
remarked, took considerably longer than
the jump itself. During the preparatory



stage the femurs are raised by the con-
traction of the levator muscles, which
also rotate the trochanteral hooks into
their sockets in the distal end of the
coxa, thus bringing the trochanters and
the tibiae into contact with the substra-
tum [see illustration at right on opposite
pagel. The force is then loaded into the
pleural arch by contraction of the epi-
pleural and trochanteral depressor mus-
cles, which squeeze the resilin sand-
wiched between the pleural ridge and
the sclerotized ridges of the thorax. The
gap between the pleural ridge and the
dorsal rim of the coxa is also closed by
this action, thus making the thick ridges
of the cuticle into a continuous line of
force. The shortening of the body results
from the contraction of the oblique dor-
sal and ventral longitudinal muscles,
which in turn are responsible for the up-
ward rotation of the link plates. In this
way the three thoracic segments are
clamped together and two of the princi-
pal cuticular catches concerned in the
jump are engaged.

The most important catch is a single
median hook securing the sternum of the
mesothorax to the metathorax; a less
powerful pair of catches, laterally situ-
ated, clamp the coxae to the abdomen.
Two ventral transverse muscles in the
third segment brace the tendon of the
depressor against the metafurca. The
epipleural muscles (and apparently the
trochanteral depressor muscle as well)
can now relax, but the resilin is still held
compressed by the cuticular catches,
which thus maintain the line of force.
The flea in the crouched position is
“cocked” for takeoff.

The jump is initiated by relaxation of

the levator muscle, which allows the
femur to descend. Simultaneously the
energy stored in the resilin and the
arched pleural and coxal walls is freed
when the two cuticular catches are re-
leased by relaxation of the ventral lon-
gitudinal muscles. As the thoracic walls
straighten, the trochanter is pressed
downward against the substratum, with
the force generated by the expansion
of the resilin traveling along the lines of
force and providing the initial accelera-
tion. Additional acceleration is obtained
from the force exerted through the tibia
by the descending femur.

When the trochanter leaves the
ground, its far end continues to move
downward with respect to the notum,
while the proximal end is restrained by
the tendon of the depressor muscle.
Since the femur forms a mechanical (but
not rigid) unit with the trochanter, this
movement is responsible for the descent
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FIRST TWO MILLISECONDS of a flea’s jump were analyzed with respect to position (a),
velocity (b) and acceleration (c) by studying motion pictures made at a rate of 3,500 frames
per second. The sudden expansion of the resilin compressed in the pleural arch gives the
flea an instant acceleration rate of more than 50 g (50 times the acceleration of a body fall-
ing under the influence of the earth’s gravity). Thereafter added acceleration comes from
the thrust of the femur. The peak, 140 g, is reached in little more than a millisecond. By
this time the flea has risen about .07 centimeter above the jumping stand and has reached a
peak velocity of about three miles per hour. In the next millisecond it triples its altitude.
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sures very rapid movement, and it also
simplifies coordination. Synchrony of
fast-moving parts is achieved with great-
er effect by the release of mechanical
click mechanisms, particularly the cen-
trally located single control catch, than
by coordination through nerves. Since
it is impossible to prove how fleas jump,
because insects of such tiny proportions
do not lend themselves to experimental
neurophysiology, we have to content
ourselves with a hypothesis based on a
morphological study.

The middle leg of the flea lacks both
resilin and line of force, but the tro-
chanteral depressor is present, and apart
from acting as a support this leg often
plays some role in the jump. Results of
experiments involving amputation must
be accepted with reserve, yet the re-
moval of both hind legs of the rat flea
proved beyond doubt that the flea was
still capable of feeble jumping, using
its middle and front legs only. It is thus
jumping without the help of resilin, and
in such circumstances it may well take
off from its feet in a more conventional
manner.

As one might expect, removal of the
tarsi and claws from the back leg only
had little effect on jumping perform-
ance. Removal of the tarsi of the middle
leg seemed to reduce the number of
jumps per half-hour slightly more than
removal of the hind tarsi. These experi-
ments also proved that the middle leg
plays some part in the jump, probably
a more or less important part according

| to circumstances and the species of flea.

Fleas are adapted to varied environ-
ments and can survive in deserts or
within the Antarctic Circle, where, for as
long as nine months of the year, they
remain frozen under ice and snow. The
oriental rat flea is adapted to hot cli-
mates. Temperature has a marked effect
on the frequency of its jumping. The
total number of jumps by 10 fleas con-
fined in our testing apparatus rose from
3,976 per hour to 8,848 when the tem-
perature was increased from 20 to 30
degrees C. (68 to 86 degrees F.).

The European rabbit flea becomes
lethargic at high temperatures. On the
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other hand, this species can be frozen
at about zero degrees C. for periods of
up to nine months in a domestic refrig-
erator, and on being returned to room
temperature the flea begins to jump
around in a matter of minutes. Bird fleas
have been observed leaping about on the
snow in the Alps, and temperatures as
low as six degrees C. seem to have little
effect on.their jumping ability. This phe-
nomenon is characteristic of the release
of energy stored in elastic structures—an
entirely physical process that, unlike the
chemically controlled release of energy
in muscle contraction, is relatively inde-
pendent of temperature.

The importance of elasticity in ar-
thropod locomotion was first emphasized
by Weis-Fogh following his discovery of
resilin and the demonstration of its con-
tribution to the energy balance in insect
flight. This work greatly stimulated re-
search on proteins that can act as rub-
bers in the thermodynamic sense. Two
proteins besides resilin are known that
behave as a rubber when they are swol-
len with water. They are the vertebrate
counterpart, elastin, which provides the
elasticity of arterial walls and the vocal
cords, and the molluscan equivalent, ab-
ductin, which acts as an antagonist to
the muscle closing the shell valves. There
is also some evidence for an elastic en-
ergy-storing mechanism in the spring
action of the foot in the contemporary
horse.

Elasticity simplifies nervous coordina-
tion. In flying insects automation is found
in a number of systems once flight be-
gins. Examples include increased ven-
tilation by elastic movements of the tho-
rax, the fuel circulation in the blood
bathing the flight muscles, elastic energy
storage and release, active heating of
flight muscles and the establishment of
a resonant frequency in mechanogenic
flight systems. A slow muscle in the
dragonfly acts through an elastic tendon
of resilin to provide wing-twisting when
the insect flies backward. Because of the
elastic tendon the wing twists automati-
cally at just the right moment of each
wing stroke. Similarly, in the jump of
the flea a triggered click mechanism and
stored elastic energy eliminate the neu-
romuscular complications that are nor-
mally associated with “startle reactions”
in other animals.

The morphology of both adult and
larval fleas suggests that their winged
ancestors resembled scorpion flies or
moss flies. Because of their ectopara-
sitic life-style, fleas have lost their wings
and have returned to a more primitive
form of locomotion. Nevertheless, they
have retained some of the more spectac-
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[70 GALV.BO“D*: Rigid steel conduit with a bonded coating

that defies time and corrosive attack.

80 D“ROFLASH*: Stainless steel roofing and flashing that

is durable, beautiful, easy to install and can last as long as the building.

9@ PAI“TLOK Plus*: An electrogalvanized steel with

greater-than-ever corrosion resistance and a smooth, paintable surface.

mo SUPERTER“E*: A terne coating with reduced

porosity for automotive parts subject to petroleum-base corrosion.

A steel company with a whole new philosophy: solving new customer problems with
new product innovations. Write for brochure Adv. 2334. Republic Steel Corporation,
Cleveland OH 44101. New developments from the new steel company.

]
*Trademarks of Republic Steel Corporation. nep“bl.csteel
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Development Trust. The
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general academic discipline
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ular flight adaptions and now utilize
them for perfecting their leap.

In order to slide easily through the
host’s hair they have also become flat-
tened from side to side; thus the wing-
hinge ligament, originally situated on
the dorsum, has become displaced later-
ally, making its subsequent incorpora-
tion into the jumping mechanism pos-
sible. The shortening of the pleural ridge
associated with the lateral position of
the pleural arch is probably the most im-
portant modification involved in making
the change feasible. The leg and thoracic
muscles, which were once molded to
produce wing power, are now further
adapted to load energy into the resilin
cap. No force is dissipated along the
wings, since they have been suppressed,
and the elastic energy is turned back, by
way of the lines of force and the starter
muscles, into the jump. The fact that
resilin functions independently of tem-
perature is an added advantage for the
flea, which has to hop from the cold
external environment to the warm-
blooded host and then leave it again for
mating and egg-laying in the nest.

Certain species of fleas have secondar-
ily lost the resilin in the pleural arch and
hence their flying leap, but some of them
are still capable of feeble jumping; oth-
ers are reduced to walking and crawl-
ing. One group of mole fleas, which live
in underground nests, have lost the pleu-
ral ridge as well as the arch. Various
bat fleas, which hatch in guano on the
floors of caves and crawl up the walls to
reach their roosting hosts, often have re-
duced arches or lack them altogether.
Fleas parasitizing arboreal rodents or
birds such as swallows, which build high
aerial nests, tend to lose the resilin in
their pleural arch. It will be readily ap-
preciated that speculative jumpers in
those situations would be rapidly elimi-
nated from the breeding population. On
the other hand, fleas that are associated
with large hosts, particularly those with-
out well-circumscribed nests or lairs,
such as deer or sheep, the ubiquitous cat
or man himself, have the largest pleural
arch. Broadly speaking, the larger the
host, the higher the jump and the larger
the cap of resilin—a relation that serves
to emphasize the importance of the flea’s
initial jump onto a passing animal.

The flea appears to be the only insect
so far described that “flies” with its legs
or bounces itself upward off its trochan-
ters. We found that the moss fly Boreus
has resilin at the base of its degenerating
wing stumps, and we suspect that the
resilin has some function connected with
the fly’s habit of jumping about in the
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snow. Boreus may be following an evo-
lutionary course vaguely reminiscent of
the flea’s.

Another insect, the click beetle (Mela-
notus communis), has exploited the same
combination as the flea, namely resilin
as an energy store combined with a click
mechanism. When the click beetle
jumps, it lies on its back, arches its body
and suddenly flattens out, thus jackknif-
ing itself into the air. The jump is nearly
vertical and reaches a height of 300 mil-
limeters—the beetle somersaulting sev-
eral times after takeoff if the surface is
at all uneven. Moreover, the insect de-
velops an acceleration of 380 gravities.

It is not clear what produces the char-
acteristic sound from which the click
beetle gets its name, but it is thought to
be caused when the peg on the pro-
sternum snaps into the cavity or socket
on the next segment, the mesosternum,
and not, as is popularly supposed, when
the beetle bangs its head on the ground.

The jump of the flea and the jump of

the click beetle therefore have sev-
eral features in common. Both insects
have a resilin energy store; both can
hold the “cocked” position for an ap-
preciable time, and in both insects mus-
cle relaxation releases cuticular catches,
thereby releasing in turn the energy
stored in the resilin and the bent cuticu-
lar walls of the thorax. The legs of the
click beetle, however, play no part in
the takeoff and apparently little, if any,
in the landing. Whereas the flea usually
lands on its feet, it appears to be a mere
matter of chance whether Melanotus
pitches on its feet or its back. The beetle
always comes down more or less at its
point of departure, and the flea, owing
to the straightening of its femur and
tibia after the takeoff, lands some dis-
tance away from its starting point. The
beetle’s jump is apparently an escape
mechanism pure and simple; the flea’s
flying leap is locomotory, and although
it may be highly speculative, it is often
directed. Thus the flea may jump toward
a shadow or away from the light.

The acceleration developed by the
beetle seems to be considerably greater
than that measured for the rat flea, al-
though possibly that of the cat flea and
the deer flea will eventually prove to be
more impressive. The uniqueness of the
flea’s jump lies not in its speed, accelera-
tion, trajectory or sustained repetition,
however, but rather in the subtle artistry
by which natural selection has parsimo-
niously turned back the flight mecha-
nism and incorporated it into the new
jumping mechanism.
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It's a model, of course. But, a model so well
detailed and so superbly photographed that you
can almost hear the hum of the elevators. If you
were a prospective tenant, you could readily
visualize its effect on the prestige of your business.

In achieving this s
exceptional realism, s
architectural photo- —
grapher Jack Laxer =
has demonstrated
for us not only his =
expertise but also
his innovative and ¥
highly imaginative ;

h to this feu . Lo
approach to this v .. Se
demanding application. When he recently acquir-
ed his new Nikon F2 cameras, he went to extra-
ordinary lengths in exploiting their capabilities.

He designed ingenious support systems that

allow totally flexible camera movementin all three
directions and provides precise adjustments for
about 800 different camera positions. It was a
sizable investment in time, effort and money—
but the unique combination of cameras, cus-
tomized support system and talent has already
paid off. The archi-
tects and builders, who
i are Laxer’s clients, now
can count on greater
realism in photography
for their promotional
8 brochures. In fact, his
Nikon photos are so
accurate and so de-
tailed that they enable
clients to make de-
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the actual construction
¥ begins.
Apart from its leg-
endary precision and reliability, the Nikon F2
offers special advantages for this type of work.
Some are built in, such as the viewing system, the
most accurate among 35mm cameras, and the
multi-exposure provision that lets you add a
background or put clouds in the sky.

Others are available in the Nikon System: The
perspective-correcting PC-Nikkor lens, actually
designed for architectural work. The 6X Magni-
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fying Finder providing, as Laxer puts it, “an
image virtually equal to 6x9 inches!’ The unique
Nikon Bellow Attachment [V whose front stan-
dard movements permit corrective closeup pho-
tography. And, two of the nineteen interchange-
able finder screens have grid patterns that
simplify alignment of vertical and horizontal
shapes in critical compositions.

This kind of precision photography has always
been considered the exclusive domain of large,
heawy studio view cameras. Yet, here it is done
professionally with a 35mm camera that is best
known for its speed and agility in handling split-
second news, sports and similar action.

But, that is what Nikon versatility is all about.
To help you make superior photographs of
whatever interests you, whether a model just
inches from the camera or a solar eclipse across
millions of miles of space. To inspire you to look
for new visions, new ways to picture your world
and to test the capabilities of a camera whose
limits have yet to be reached. And, to help you
put it all together, there’s the Nikon School of
Photography, traveling to all parts of the U.S.A.
Your Nikon dealer will be glad to demon-
strate the Nikon F2 and its system. Ask also
about the Nikon School. Or
write for folio 19, Nikon Inc.,
Garden City, New
York 11530. Sub-
sidiary/Ehrenreich
Photo-Optical In-
dustries, Inc. (58
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The Evolution of the Pacilie

Deep-sea drilling shows that the bottom of the western Pacific basin

is different from the bottom of the eastern basin. The slow movement

of the crust underlying the basin seems to account for the difference

by Bruce C. Heezen and lan D. MacGregor

dvances in human knowledge often
A result from the coupling of two
separate areas of human activity.
An outstanding recent example of this
phenomenon is the union of deep-water
drilling technology and the scientific
theories of continental drift, sea-floor
spreading, plate tectonics and the youth-
fulness of the oceans. In 1968 the Na-
tional Science Foundation inaugurated
the Deep Sea Drilling Project, in which
the ship Glomar Challenger began to
systematically drill holes in the sedi-
ments that record the oceans’ dynamic
history. Among the oceans whose history
has begun to emerge from this sampling
program, coupled with the theoretical
background, is the largest of all: the Pa-
cific.

The Glomar Challenger is an unlikely
hybrid: a ship with a hole in the middle
and a 180-foot drilling rig amidships.
With the ship’s hull for a platform the
men who operate her utilize the tech-
niques of oil-well drilling to bring up the
long cylindrical cores of deep-sea sedi-
ment. Holding a fixed position over a
point on the sea bottom, compensating
for the ship’s vertical movements and
guiding a fresh drill string into a hole
only a foot in diameter several thousand
feet below the ship’s keel are only a few
of the more formidable hurdles that the
drillers have surmounted. The cores of
sediment gathered by the Glomar Chal-
lenger from around the world constitute
one volume after another, so to speak, in
the growing library of oceanic history.

The deposition of sediments on the
ocean bottom is a variable process. The
continual rain of detritus, both organic
and inorganic, that slowly sinks to the
sea floor is not of the same composition
everywhere, nor is it evenly distributed.
Consider first the organic component. It
is made up of fine fragments of the shells
and skeletons and other parts of many
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different marine animal and plant spe-
cies. The vast majority of these orga-
nisms are small or microscopic: plank-
tonic protozoans and algae such as radio-
larians, diatoms, foraminifera and coc-
coliths that inhabit the upper 400 meters
of the ocean. The organisms are cosmo-
politan in distribution, but they are
found in the greatest numbers only in
certain waters. For example, they are
abundant in the nutrient-rich zones of
deep oceanic upwelling along the west-
ern shores of continents. A similar but
less well-known zone of abundance exists
along the Equator, where the currents of
the Northern and Southern hemispheres
interact to produce another upwelling of
nutrients. One planktonic group, the dia-
toms, is particularly numerous in two
other zones of upwelling: the cold waters
of the Arctic and the Antarctic.

\Vrhether or not the calcareous and

siliceous remains of these organisms
ever actually reach the ocean floor de-
pends on their solubility in seawater.
Normally seawater is far from being
saturated with calcium carbonate or
silica. Because solubility increases with
depth, almost all calcareous remains are
completely dissolved before they can
sink much deeper than 3,700 meters (a
little more than two miles). This point is
known as the carbonate compensation
depth. The point where silica is com-
pletely dissolved is somewhat deeper.
Compensation depths are, however,
kinetic boundaries, and their location
depends on both the rate of supply of or-
gahic detritus and its rate of dissolution.
For example, in areas of high planktonic

‘productivity such as the equatorial zone

the carbonate compensation depth may
be as much as 5,000 meters below the
ocean surface (a little less than three
miles). The accumulation of organic de-
tritus on the ocean floor therefore varies
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from region to region, depending on the
ocean depth and the planktonic produc-
tivity in the surface waters. As a result in
a static model of the Pacific basin the
accumulation of organic sediment on the
ocean floor would be predictably great-
est where the planktonic productivity
was highest and the floor itself was shal-
lower than the carbonate compensation
level.

What about the sea-floor sediments
formed from inorganic detritus? These
substances move seaward along a variety
of pathways before reaching the bottom.
Essentially all inorganic detritus is de-
rived either from continental processes
of erosion or from volcanic activity along
the margins of the continents. The sedi-
ments carried in suspension by streams
and rivers make up one class of inorganic
detritus. Some of the very smallest par-
ticles remain in suspension for a long
time and become quite evenly dis-
tributed throughout an ocean basin be-
fore sinking to the bottom. The same is
true of the fine dust that is carried far out
to sea by the winds. These two deposi-
tion processes are responsible for a thin
veneer of red, gray and green abyssal
clays that covers much of the floor of all
ocean basins. The clays are recognized
as distinct sedimentary deposits, how-
ever, only where they have not been
mingled with other sediments. For ex-
ample, in the equatorial regions of the
Pacific the detritus that elsewhere makes
up the abyssal clays is only a trace di-
lutant, inseparable from the organic
oozes that accumulate there in large
quantities.

Coarser inorganic sediments reach the
ocean in river runoff or as products of
shore erosion. They do not usually travel
far out to sea before sinking, and so they
form a thick wedge of sand, silt and clay
adjacent to their continental source.
Some may be moved farther offshore by



the action of turbidity currents (swift,
self-propelled downslope flows of sedi-
ment-laden water) but their connection
with the mainland remains obvious. Still
another characteristic inorganic sedi-
ment of the Pacific basin is windblown
ash from the active volcanic zones along
the margins of the basin. The ash collects
in the lee of the volcanoes, forming
wedge-shaped deposits that usually thin
out to the point of being no longer iden-

tifiable 1,000 kilometers or so from their
source.

Each sediment, organic or inorganic,
accumulates at a different rate. In re-
gions of average planktonic activity the
passing of a million years produces. a
layer of organic detritus 10 meters thick.
In zones of greater activity, such as the
equatorial region, the rate rises to 15
meters or more per million years. The
abyssal clays are laid down at a much
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lower rate: about one meter per million
years. For a few hundred kilometers
downwind from an active volcano the
average accumulation rate for volcanic
ash is about 10 meters per million years.
Sediments resulting from river runoff
and shore erosion build up the most
rapidly: from 50 to 500 meters per mil-
lion years. (Even this process is not par-
ticularly fast; accumulation at the rate of
500 meters per million years means that
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ACOUSTICAL PROFILE of the bottom of the Pacific in an area
east of the Japan Trench shows four sedimentary strata, the num-
ber characteristic of the western Pacific. A “transparent” layer

(top) overlies a darker “opaque” layer of sediments. Below the
opaque layer lies a less well-defined transparent layer and be-
low that is another opaque layer resting on the basalt oceanic crust.

i
*4 TRANSPARENT

o LAYER

OPAQUE/
ACOUSTIC
BASEMENT

DIFFERENT PROFILE characterizes the eastern Pacific basin.
Here only two layers of sediment cover the oceanic crust: a trans.
parent top layer and an underlying opaque one. Deep-sea drill

cores confirm the acoustical data. The two profiles are not repro-
duced at the same scale. In the top one the top three layers are
2,000 feet deep; in the bottom one the top layer is 200 feet deep.
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only a twentieth of a centimeter is de-
posited each year.)

Sediments of these kinds are accumu-
lating today on the floor of the Pacific
basin in a clearly patterned fashion [see
illustrations on these two pages]. In the
northern waters and all along the mar-
gins of the basin volcanic ash and sedi-
ments from runoff and shore erosion
build up, mixed in the subpolar region
with the tiny skeletons of the diatoms
that thrive there. In a broad zone along
the Equator the steady rain of planktonic
detritus gives rise to a blanket of organic
oozes on the sea floor. Between the large-
ly inorganic northern zone and the or-
ganic equatorial zone, below waters that
are too deep to allow the buildup of or-
ganic debris, lies a vast expanse of abys-

sal clays.
If the present pattern of sedimentation
has been constant over the past 100
million years or so, a static model of the
Pacific basin would predict that any core
of sea-floor sediment taken from one or
another of these major zones should con-
sist uniformly of, say, abyssal clays or

organic oozes, or sands, silts and ash. In
actuality no drill core is that uniform.
We are left to conclude either that the
pattern of sedimentation has not been
constant or that a static ocean-basin
model is wrong. Suppose we assume that
any changes in the sedimentation pat-
tern over the past 100 million years have
been trivial. Can we, by changing the
static model into a dynamic one, explain
the observed nonuniform nature of the
sedimentary deposits in the Pacific ba-
sin? We believe the answer is yes.

Current plate-tectonics theory states
that the basement rock of the ocean floor
is being formed continuously. In the Pa-
cific basin the area of formation is the
“rift valley” at the summit of the East
Pacific Ridge. The new crust migrates
essentially westward, sinking deeper as
it creeps along. The generation of new
crust at the ridge is presumably bal-
anced by a comparable consumption of
old crust as it plunges under the island
arcs of the western Pacific. The hori-
zontal and vertical motions of the crust
are coupled; the rate of sinking de-
creases logarithmically with age.

Let us visualize a dynamic model of
part of the basin, centered on the East
Pacific Ridge. The movement of the
newly formed crust will be westward
and downward [see top illustration on
page 106]. From the time that the crust
is formed at the top of the ridge, and for
a considerable period thereafter, it will
be above the carbonate compensation
depth. As a result it will acquire a blan-
ket of organic oozes. The sediments will
increase in thickness until the outward
and downward motion of the crust car-
ries it below the compensation depth.
Thereafter, as the crust continues to
creep westward into deeper water, a
slowly accumulating blanket of inor-
ganic abyssal clays will begin to cover
the initial organic deposit. Because the
carbonate compensation depth lies 1,000
meters below the ridge crest and because
the subsidence rate of the new crust is
about 50 meters per million years, or-
ganic detritus will accumulate on the
new crust over a period of 20 million
years. Thus the basal layer of organic
sediments, accumulating at a rate of 10
meters per million years, should under
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PACIFIC SEDIMENTS WERE SAMPLED by deep-sea cores taken
at the sites marked with the black dots on this map. The colored
lines labeled a, b, c, d, e and f relate the cores to the cross sections
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of the sediments shown on the opposite page. The cores were ob-
tained by drilling from the Glomar Challenger in the Deep Sea
Drilling Project sponsored by the National Science Foundation.
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MILLIONS OF

normal circumstances be no more than
200 meters thick.

Now, the sea floor in the western Pa-
cific, the deepest and oldest part of the
basin, is at least as old as early Creta-
ceous times, some 120 million years ago.
If during the first 20 million years of its
existence this part of the basin accumu-
lated organic sediments at the rate pro-
posed in our model, then 100 million
more years were available for the depo-
sition of abyssal clays on top of the or-
ganic oozes. At the rate of one meter of
clay per million years, therefore, the
western Pacific sea floor should have ac-
cumulated 100 meters of abyssal strata
on top of the 200-meter organic layer.
How do the sediments in the western
Pacific compare with the predictions of
the dynamic model? Before answering
the question we must introduce another
kind of information.

rilling is the only way to collect
samples of the layers of sediment
below the ocean floor but it is by no
means the only way to gather informa-
tion about these strata. One method

MILLIONS OF
YEARS AGO

that has been used increasingly since
World War II is acoustical profiling. In
this method a strong acoustic signal is
returned from the interfaces of layers of
contrasty sea-floor sediment and is re-
corded in a continuous profile. Profiling
thus makes it possible to trace the later-
al distribution of different sedimentary
layers for hundreds and even thousands
of miles. In the Pacific profiling indicates
that a layer of unconsolidated and rela-
tively “transparent” sediments, less than
100 meters deep, covers the central part
of the North Pacific floor [see lower illus-
tration on page 103]. Such a region of
shallow sediments would correspond to
the area where our dynamic model pre-
dicts the buildup principally of abyssal
clays. Along the northern and northwest-
ern boundaries of the basin the profiles
show a much thicker transparent layer;
the greater thickness apparently corre-
sponds to the rapid accumulation in
these regions of continental debris and
volcanic ash.

The acoustical profile along the Equa-
tor shows that the sediments there form
a massive deposit, triangular in cross sec-
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CROSS SECTIONS OF SEDIMENTS along the colored lines in the
illustration on the opposite page are shown schematically. The
wedge-shaped form of the cross sections results from the fact that,
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tion and in places as much as 1,000
meters thick. Such a large accumulation
corresponds to the high rate of sedimen-
tation in a zone where upwelling nutri-
ents produce an abundance of plankton.
The acoustical profiles in the eastern Pa-
cific are also what would be expected;
the transparent layer of surface sedi-
ments, presumably abyssal clays, is pres-
ent and is not unusually thick. In the
western Pacific, however, not one or two
but four separate sedimentary layers ap-
pear in the profiles. Just below the trans-
parent layer on the sea-floor surface is an
“opaque” layer. A second transparent
layer underlies the opaque layer and a
second opaque layer underlies the sec-
ond transparent layer. This fourth layer
rests directly on the oceanic crust [see
upper illustration on page 103].

The acoustical data are in good agree-
ment with the specific information about
stratigraphic sequences provided by
deep-sea drilling. The cores show that
the bottom layer of sediments, resting
directly on the oceanic crust both in the
older, deeper western Pacific and in the
younger, shallower eastern Pacific, is or-

SILICEOUS OOZE,
CALCAREOUS OOZE,
CHERT AND CHALK

VOLCANOGENIC
SEDIMENTS

] TURBIDITES

ABYSSAL CLAY

BASALT

i
7
.
||

as the sediments were being deposited, the basalt crust below them
was moving. The time at which the sediments were being deposited
is given by the scale at the left side of each of the cross sections.
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DYNAMIC MODEL of the Pacific basin in the vicinity of the East Pacific Ridge shows how
different kinds of bottom sediment accumulate. Oceanic crust, newly generated in the rift
valley at the crest of the ridge, slowly moves outward and downward. While the crust re-
mains above the “carbonate compensation depth” most of the detritus that settles on it is
organic (black dots) and a thick stratum of ooze is formed. When the crust enters deeper
water, only inorganic detritus (colored dots) reaches it and forms a thin stratum of clay.

_ “EQUATORIAL ZONE
£ . NUTRIENT UPWELLING
CARB

REVISED MODEL makes the oceanic crust travel through the equatorial zone, where
abundant planktonic growth brings about an abrupt lowering of the carbonate compensa-
tion depth. The heavy “rain” of organic detritus (black dots) in this zone deposits a second
layer of ooze on the abyssal clay. As a result three separate sedimentary strata overlie crust.
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FOURTH LAYER OF SEDIMENTS accumulates above the three earlier layers after the
oceanic crust passes beyond the equatorial zone. The crust is once again in water far below
the carbonate compensation depth and only inorganic detritus (colored dots) reaches the
floor of the ocean. As a result a thick second stratum of abyssal clays builds up, covering sec-
ond stratum of organic ooze. This is the kind of layering characteristic of western Pacific.
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ganic in origin. The only difference be-
tween west and east is that the older
deposits have turned into chalks and
cherts whereas the younger ones are still
unlithified oozes. In both west and east,
the cores show, the basal organic layer is
overlain by a layer of abyssal clays.

The clays in the western Pacific are
older than the clays in the eastern part of
the basin. In addition the western clays
are overlain by a second layer of chalks
and cherts, and that organic layer is cov-
ered by a second layer of inorganic clays.
Thus the cores show precisely the same
four-layer sequence that is revealed by
acoustical profiling, and it is obvious that
serious discrepancies exist between the
four-layer stratigraphy in the western
Pacific and the two-layer prediction
of our dynamic model. The model se-
quence—oceanic crust overlain first by
organic oozes and then by inorganic
clays—is correct as far as it goes, but it
fails to describe the real sequence. There
is another difficulty too. We find two
depositions of organic sediments in the
western Pacific rather than one, and the
buildup of this double ration of sedi-
ment would have needed more time.
The process may have taken 50 million
years, or more than twice the 20 million
years allotted in the model’s timetable.

Can our defective dynamic model be

repaired? The answer is yes, if we
alter its direction of movement. Let us
add a new component—northward drift
—to the slow westward creep of the
freshly formed oceanic crust. If we do
that, the new crust formed north of the
Equator will, as before, accumulate only
two layers of sediment: first organic
oozes and then abyssal clays. The same
two layers will also build up on crust
newly formed south of the Equator.
When the southern crust slowly moves
northwestward across the Equator, how-
ever, it will receive a further heavy rain
of detritus from that nutrient-rich zone,
thereby acquiring a second layer of or-
ganic oozes [see middle illustration at
left]. When the crust once again enters
waters that contain nothing but inor-
ganic matter, it will start to acquire a
second layer of abyssal clays on top of
its second layer of organic oozes.

The predictions of our revised dy-
namic model compare favorably with the
results of deep-sea drilling in the Pacific
basin, although we should like to see
cores taken at many more locations. In
the cores from the western Pacific that
are available now the oldest chalks and
cherts are of lower Cretaceous age (and
some are probably even older). This
layer evidently represents the organic



Premise: Pollution
control begins with effective
sensing and measurement.

Recycled water
Honeywell sees it as
a way to cut the cost
of pollution control.

Water quality standards have
been defined. Remedies exist for
most common water pollutants.
But what remains, for industrial
water users, is the problem

of costs.

Water pollution control is
expensive; discharging treated
wastewater may well be throwing
money down the drain.

Honeywell’s experience in
industrial water treatment control
points to recycling as a means of
reducing water purchases as
well as treatment costs. Reusage
opportunities often exist. When

provide the greatest economy
and dependability.

Honeywell's unique capabilities
in sensing and control technology,
products, installations and service
could be of assistance to your
consulting and plant engineers.
Please write us for more
information on optimizing water
use and minimizing pollution
control costs. Address Mr. Richard
Boyle, Director of Environmental
and Urban Control Systems
Center, Honeywell, 600 Second
Street, Hopkins, MN 55343.

We'd like to help.

they do, they can lead to real
savings. Three principles are of
key importance:

First, all water-using processes
are not continuously
contaminating. With proper
instrumentation, uncontaminated
water can be recycled immediately.

Second, not all industrial uses
require water of drinking purity.
The discharge from one operation
may well become the source of
supply for another. For example,
clean water that cools a vapor
degreaser gets warmer in the
process but remains clean.
Plating rinse tanks require clean
water and benefit from higher
temperatures. As another example,
the chrome-plating rinse produces
water contaminated by chromates
and plant cooling systems
frequently benefit by a chrome-
type treatment for corrosion
inhibition.

Third, most individual water
pollutants are best monitored
and controlled at their immediate
source. There, simpler methods
of detection and treatment can

Honeywell

© 1973 SCIENTIFIC AMERICAN, INC



Sangre de Cristo Ranches. Midway between Denver and Albu-
querque. Where the Kit Carson Trail meets the Navajo Trail in
beautiful southern Colorado.

Big country. Wide open spaces. Majestic mountains surrounding
green hillsides of the sleepy San Luis Valley. Rugged, yet serene.
Crisp, clean air, scented with sagebrush and pine.

You can own land here. Leg-stretching, five-acre minimums.
Land for ranches. For vacations. Retirement. For settling down
and getting away from it all. For long term investment. To leave to
your kids and for them to leave to theirs.

This is good land. Land you can see for yourself. Land you can
stand on and dig into. It's a subdivision of the gigantic, 260 square
mile Forbes Trinchera Ranch. Forbes Inc., publishers of Forbes
Magazine and owners of Sangre de Cristo Ranches Inc. acquired
the Trinchera Ranch some years ago. One of the oldest of the
remaining big ranches in America, it ranks among the best known
preserves for deer. elk, game birds and other wildlife.

Located near the intersection of U.S. Route 160 and Colorado
Highway 159 just outside Fort Garland, Colorado, Sangre de Cristo
Ranches are spread over thousands of rolling acres which rise to
the towering mountain peaks of the Trinchera and Mount Blanca.

Since Forbes Inc. began offering this section of its big ranch for
homesites, thousands of people have come from all over the nation
to see this magnificent land, to purchase their own Sangre de Cristo
Ranch.

Important guarantees backed by Forbes Magazine's distinguished
reputation have contributed much to the Sangre de Cristo success
story. Every investor is double protected: he has twelve months
after his first payment during which he can—and is urged—to visit
his ranch. And if it doesn’t fully meet expectations, he can have
all payments promptly refunded. Or if he simply changes his mind

FEE
Photo of actual ranchland taken at Sangre de Cristo Ranches

Where the deer and the antelope play

within sixty days of making his first payment, his money will be
returned promptly.

You can own part of this breathtaking land for just $5,000 total
cash price. Easy credit terms are available. Also, other Sangre de
Cristo ranch sites are available at prices ranging from $5,000 to
$10,000. This offer presents a wonderful opportunity for long term
investment in the great southwest.

For complete details on these ranches, without obligation, simply
fill in and mail the coupon below to Sangre de Cristo Ranches,
Box 2000, New York, N.Y. 10011.

SANGRE DE CRISTO RANCHES INC.. is a duly registered subdivision developer in and
under the laws of the State of Colorado. This registration is not to be construed to
imply state endorsement of the subdivision.

Sangre de Cristo Ranches Inc

DIVISION OF FORBES MAGAZINE
Box 2000, Old Chelsea Station, New York, N.Y. 10011

Without obligation, please send me FREE, more
information on the Sangre de Cristo Ranches.

Name

Address

City. State Zip
Telephone

Price Range: [ $5.000 O $7,500 [J $10,000

A statement and offering statement has been filed with the Department of State of
the State of New York. The filing does not constitute approval of the sale or lease
or offer for sale or lease by the Department of State or any officer thereof or that
the Department of State has in any way passed upon the merits of such offering.
A copy of the offering statement is available, upon request, from the subdivider.
NYA 73-975 Not available to residents of states where prohibited by law.

AD 6609 (b)

A635

© 1973 SCIENTIFIC AMERICAN, INC



detritus accumulated on the new crust
during its initial subsidence. The abyssal
clays that overlie the basal organic layer
similarly represent the deposition of in-
organic detritus after the new crust sank
below the normal carbonate compensa-
tion depth. The chalks and cherts in the
layer above the lower abyssal clays are
middle Cretaceous in age; they evident-
ly record the passage of this part of
the Pacific crustal plate northwestward
across the Equator. Finally, the abyssal
clays above the second organic layer are
late Cretaceous or Cenozoic in age; they
must represent the further accumulation
of inorganic sediments after the equato-
rial zone was left behind.

Other kinds of evidence support the
concept illustrated by our revised dy-
namic model. Provocative evidence on
the probable directions of motion of the
Pacific plate is provided by two long
lines of submerged Pacific seamounts:
the Hawaiian and the Emperor chains
[see illustration on this pagel. It has
been proposed that the seamounts are
the truncated remains of former vol-
canoes that were successively brought
into existence by the action of a “hot
spot” rooted to the deep mantle below
the Pacific crustal plate. In principle the
two long seamount chains combined
represent a kind of fossil record of the
slow movement of the Pacific plate
across the hot spot over millions of years.

As a result of drilling and dredging
the ages of such features can be esti-
mated. The oldest seamount, at the
northern end of the Emperor chain, was
evidently submerged some 70 million
years ago. Midway Island, near the west-
ern end of the Hawaiian chain, is only
some 20 million years old. The volcano
Kilauea, on the island of Hawaii at the
eastern end of the chain, is still erupting.
The ages of seamounts located at the
“bend” where the two chains meet have
not yet been determined, but on the
basis of extrapolation they are thought
to be from about 30 to 40 million years.
Since the ages increase to the north and
west it would appear that the Pacific
plate has moved west-northwest in a di-
rection parallel to the Hawaiian chain
for the past 30 to 40 million years, and
that for 30 to 40 million years before
that time it had moved in the more
northerly direction parallel to the Em-
peror chain.

It is possible to estimate on the basis
of the deep-sea drilling data the average
northward component of the plate’s mo-
tion. The point in any core where the
bottom layer of the youngest abyssal
clays is in contact with the top layer of

the underlying chalks and cherts can be
interpreted as a temporal boundary; it
indicates approximately when that part
of the plate completed its transit of the
equatorial zone. In cores taken at a
variety of latitudes in the Pacific basin
the age of this temporal boundary has
been determined from the fossils pre-
served in the uppermost chalks and
cherts. The results suggest that, for a
period of some 80 million years begin-
ning in the late Mesozoic and continu-
ing until. middle Cenozoic times, the
northward movement of the Pacific plate
proceeded at a rate of some 4.4 centi-
meters per year. Since then, for the past
30 million years or so, the northward
component of motion has been smaller:
some two centimeters per year [see top
illustration on next page].

Still further evidence with respect to

the motion of the Pacific plate comes
from the observation that in oceanic
crust generated along an east-west axis
the bottom is “striped” with zones of
alternating magnetic polarity, the result

of past reversals of the earth’s magnetic
field. The magnetic striping is either
nonexistent or poorly developed, how-
ever, in crust that has been generated in
the equatorial zone; here the crust is
magnetically quiet. Now surveys show
that a huge area of the North Pacific
is also magnetically quiet. The region
starts near the present intersection of
the Equator and the East Pacific Ridge,
in the vicinity of 100 degrees west longi-
tude, and continues generally north by
west in a wide swath that terminates off
the Kamchatka Peninsula in the north-
west Pacific [see bottom illustration on
next page].

Up to now the existence of this large
quiet area has been explained as evi-
dence that during a considerable part of
the Cretaceous there were no reversals
of the earth’s magnetic field. Although
there may have been such a period, our
model predicts that a magnetically quiet
zone should be present. A better expla-
nation, in our opinion, is that the quiet
region represents crust that was formed
within the equatorial zone and that has
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HAWAIIAN
ISLANDS

LINE OF SEAMOUNTS, the Emperor chain (left) and the Hawaiian chain (right), traces
the past movement of the Pacific plate over a “hot spot” rooted in the mantle near Hawaii.
As the plate moved northwestward over the hot spot, volcanoes appeared; the seamounts
are their submerged remnants. A seamount (a) at the northern end of the Emperor chain is
the oldest known: 70 million years. This contrasts with an age of 20 million years for Mid-
way Island (b) and one of less than a million years for the volcano Kilauea on Hawaii (c).
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AGE (MILLIONS OF YEARS)

AGE OF FOSSILS in the uppermost organic strata of sea-floor
sediments in the Pacific increases with depth (left) and distance
north of the Equator (right). Two rates of plate movement be-

EQUATOR

TIME (MILLIONS OF YEARS)

come apparent (broken line) when the trend is averaged. Between
120 and 30 million years ago (b) the rate was some 4.4 centimeters
per year. Since then (a) it has diminished to some two centimeters.

CRUST FORMED BEFORE
PLATE CROSSED EQUATOR

CRUST FORMED WHILE
PLATE CROSSED EQUATOR

]

CRUST FORMED AFTER
PLATE CROSSED EQUATOR

110

ZONE OF MAGNETIC QUIET, where evidence of reversals of the earth’s magnetic field is
weak or nonexistent in the crust of the ocean floor, extends from near South America on the
Equator to the subpolar waters off the Kamchatka Peninsula. A solid cross (right) shows
the present intersection of the Equator and the East Pacific Ridge, where new crust is
formed continuously. Seven earlier intersections are marked by broken crosses and num-
bers that suggest how many millions of years ago these paleo-equators began to migrate
northwestward; all seven lie within the magnetically quiet zone. The crust north of the
quiet zone has never traveled across the Equator. By crossing the Equator the crust south
of the zone has collected four layers of sediment rather than two layers collected elsewhere.
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reached its present position as a result of
the slow northwestward movement of
the Pacific plate. An eastward extrapola-
tion of paleo-equator positions deter-
mined from deep-sea drilling, together
with a westward extrapolation of crustal
age based on dated magnetic stripes, en-
ables us to estimate the location and age
of a series of points where the East Pa-
cific Ridge and earlier “paleo-equators”
once intersected.

In our interpretation the magnetically
quiet region represents a boundary be-
tween the two principal components of
the Pacific crust. North of the quiet re-
gion’s northern boundary is crust that
has never made an equatorial crossing.
South of the southern boundary is crust
that was formed before a crossing, so
that during its subsequent equatorial
transit it received a second ration of or-

ganic sediments. The quiet belt between |

these regions would of course be crust
formed during the equatorial transit.
Our refined model applies to an
oceanographic problem a particular kind
of geological reasoning: the facies con-
cept. The concept arises from the obser-
vation that sedimentary deposits reflect
the circumstances and environment of
their origin. In brief, it states that just
because similar sets of strata are found
in two separate sedimentary deposits
this does not necessarily mean that the
strata accumulated at the same time. It
is just as likely that their similarity is due
to the existence of similar environmental
conditions at quite different times. For
example, if the margin of a continent is
subsiding, a shoreline environment will
“migrate” inland; the sedimentary de-
posits of each successive shoreline will
become a rock formation essentially
identical with the one preceding it, but
what may appear to be a uniform litho-
logical unit will not have been deposited
at the same time. In the same way our
model of the Pacific basin assumes that
the ocean’s various sedimentary environ-
ments have remained constant while the
plate comprising the floor of the basin
has migrated. The strata that are similar
are not contemporaneous; instead they
represent the plate’s passage through a
series of constant environments.
It should be emphasized that the sim-
plicity of our model necessarily gives
it a number of shortcomings. For ex-
ample, it is a depositional model that
ignores episodes of erosion, changes in
sea level and possible shifts in compen-
sation depths. It scarcely considers such
variations in plate motion as rotation
or changes in direction and the rate of

The Business Week Letter asks you . ..

which of these
“impossible
money-making
maneuvers’’
is really impossible?

For example—how to:

foryears...

as well as interest...

And which of them are simply so indecently clever that it’s hard to believe
anyone could really get away with them?

® sell a pay-off investment, but not pay the capital gains tax on your profits

e take all the tax sheltered deductions on your vacation home, despite
new IRS rules aimed at eliminating this loophole. . .
® pay back a business loan so you can deduct the principal from your taxes,

® increase the amount of revenue you get from your current equity, and
increase your net worth—without assuming higher risks . . .

Do you have the impossible one spotted?

You probably guessed it. They're all
perfectly possible—and we’ll send them
to you free (plus 14 more great money-
making and money-saving ideas) along
with a trial subscription to the Business
Week Letter.

These ‘18 Great Ideas” are examples
of what you can learn from every issue
of the bi-weekly Business Week Letter.
Intelligent money-making ideas, created
by top financial innovators and shared
with you, in detail, every other week.

This is what distinguishes the Business
Week Letter from every other personal
financial reporting service. We have the
prestige to tap the finest brains in the
country, the people at the heart of the
money game. And we have the expert
back-up staff to check out every point of
these new projects. To expose the deals
that are just a sucker’'s game. To pass
along only those that make sense to every
lawyer, accountant, tax-man, and re-
searcher we consult.

We screen the ideas that sound good—
the real-estate deals, business ideas, tax
shelters, income-tax wrinkles, estate-
planning devices, insurance gimmicks—
in order to find the few that Jook good.
We publish the opinions of the best stock
and bond analysts we know. A steady
stream of opportunities—and warnings—
like these:

# The four stock market indicators be-
lieved to best predict when the market
is going to turn. Reproduced for you in

All this, and more. Yours from
The Business Week Letter

every other issue of the Business Week
Letter.

How to figure the real—and surprisingly
high—price of holding raw land for in-
vestment; and why most raw-land deals
will cost you more than you think.

A smart way to spot interest-rate turns
before they happen—by watching the
actions of the one market player who
knows best when rates will take off.
Where a high-earning executive or pro-
fessional man can get a cheap college
loan. Or cars at rock-bottom prices.
What the market’s professional traders
know—and you don’t—about daily trad-
ing patterns. For example, what exact
hours of the day, and days of the week,
historically offer the best price on any
stock transaction?

The right way to analyze a tax-shelter
deal. If you can’t really tell which pro-
moters know how to find paying oil
wells, build profitable apartment
houses, or buy beef at the best price,
you’ll lose money even after taxes.

# How one man gets insurance coverage
for $800 a yearthathis same-age, same-
health neighbor gets for $4,000 a year.
What the outlook is—for business con-
ditions, money rates, profits, govern-
ment controls, the dollar at home and
abroad. Specific economic forecasts—
leading off each issue of the Business
Week Letter (1221 Avenue of the Amer-
icas, New York, N.Y. 10020).

All you do is send in the coupon below. The rest is up to us.

| Please send me 18 Great Ideas from the
| Business Week Letter.” I'll start a trial sub-
I scription and get two full issues without
charge. After that, you'll bill me for $39—the
I price of a year's subscription (tax-deductible,
| if I'm an investor or in business). If | decide
| ot to subscribe, I'll write or call you during
| my trial period. If at any time | decide | can't
make full use of all the ideas in the Business
| Week Letter, | can cancel and get back a re-
| fund for the unexpired partion of my subscrip-
| tion.
L

_____________ A
|
|

N |

ame |
|

Address |
|
|

City State Zip I
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Mail to the Business Week Letter, 1221 Avenue of the Americas, N.Y., N.Y. 10020.
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\ ® MARCUS ISLAND

DEEP-SEA CORES from an area in the western Pacific between the Japan Trench and
Marcus Island reveal the presence of a wedge of volcanic ash that overlies a part of the four-
layer sequence of sediments in this area. In the first illustration below is a cross section.
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LAYER OF ASH is a fifth sedimentary deposit on the sea-floor crust. The lowest layer is the
first deposit of organic detritus, accumulated after the crust was formed. The small wedge
above it is the first deposit of inorganic abyssal oozes, which here pinches out. Above that
are a second organic layer, which pinches out farther to the east, and a second, very thick
inorganic layer that comprises the ocean bottom. A closer view of section is shown below.
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EIGHT CENTIMETERS PER YEAR

THICKNESS OF LAYER increases from east to west. Assuming a sedimentation rate of 15
meters per million years, the lowest ashes in drill hole No. 196 would be some five million
years old and those in hole No. 194 would be some 10 million years old. Ash much older
than that has been lost in the zone of subduction at western edge of moving Pacific plate.
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drift. Neither does it particularly concern
itself with the great mass of sediments
that comes from continental runoff, shore
erosion and volcanic activity.

Concerning these continental sedi-
ments, however, one point should be
made. The northward and westward mo-
tions of the Pacific plate and its subduc-
tion under the island arcs of the northern
and western Pacific do affect the size and
shape of the great sedimentary wedges
that extend out from the continents. At
the boundary of the subduction zone the
dimensions of the wedge will be de-
termined by the combined rates of sedi-
mentation and subduction. A rapid rate
of sedimentation will tend to advance
the wedge seaward, whereas subduction
will counteract this tendency by continu-
ously moving the sediments back toward
and under the continent.

Drill cores taken in the vicinity of the
Japan Trench, northwest of Marcus Is-
land, provide good examples of the lay-
ers of volcanic ash that began to build
up on the surface of the abyssal mud in
this area late in Miocene times, some 12
million years ago. The ash here has not
yet reached the subduction zone, and
the volcanic accumulation is some 150
meters thick [see middle illustration at
left]. Some 800 kilometers farther to the
southeast the wedge of ash thins to the
vanishing point, leaving the uppermost
layer of abyssal clay uncovered. Drill-
ings in between show that the wedge is
intermediate in thickness. If we assume
that the sedimentation rate for volcanic
ash has averaged about 15 meters per
million years, then it appears that the
Pacific plate is moving into the subduc-
tion zone at a rate of eight centimeters
per year and that the volcanic ash de-
posited on the Pacific sea floor in middle
Miocene and earlier times has already
vanished under the continental plate.

In summary, the fact that our simple

model gives a good first-order fit with
the data so far available suggests that the
evolution of the Pacific basin has been
governed by a few equally simple and
systematic factors. Among these are
the carbonate and silica compensation
depths, the gradual sinking of the ocean-
ic crust as it creeps westward from the
East Pacific Ridge and the simultaneous
northward motion of the crust. Data
already exist, of course, that deviate
from the model, and future observations
will surely produce more such data. Such
deviations are welcome. Not only should
they reveal local variations in the sedi-
mentary history of the Pacific basin but
also they may demonstrate irregularities
in the motion of the Pacific plate itself.



EVERYWHERE

you find people working with numbers, words, data and
information, you'll find Olivetti. In offices, factories, banks,
schools. In airports and hotels. In government offices. In
every country of the world!

INAMERICA

the Olivetti sales and service organization coversthe coun-
try - with 80 district offices, a network of agents and deal-
ers, and service centers coast to coast staffed with Olivet-
li-trained personnel, We also have teams of specialists
whose sole job is to help you find solutions to specific prob-
lems and show you how to get the most out of our machines
and systems.

FOR IN-HOUSE
PROCESSING

OF DATA

Olivetti leads the way. We created a world market for mi-
crocomputers by bringing programmed electronic calcu-
lation facilities right to the desk. Our famous Programma
101 was the world's first desk-lop computer to use pro-
grams stored on magnetic cards. Since then we have ex-
ploited each new technological advance, developing new
machines and new systems with ever increasing power
and flexibility. And now we re proud to announce our latest
achievement

P652

SYSTEM

FOR ADVANCED

TECHNICAL
AND SCIENTIFIC
APPLICATIONS

allows you to process dala for scientific research and tech-
nical projects on the spot, quickly and economically. The
PE&52 has an exceptional storage and calculating capacity
Its keyboard is simple, functional, doesn't require any spe-
cial operating skill. And it's an open-end system. Which
means it can be extended at any time by adding peripher-
als using a variety of input/output media - from paper tape
to magnelic cassettes
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Whyeventhe

of American
should carrya

There’s no executive credit card in the
world that’s accepted at every worthwhile
restaurant, every fine hotel, every shop.
Not even Diners Club—the card preferred
worldwide, with over 75,000* more
member establishments than American
Express. (Carte Blanche is a distant third. )

That’s why so many executives
carry both Diners and American Express.
What one doesn’t cover, the other almost
surely will. (And there’s that little extra
convenience of paying two smaller monthly
bills with different due dates, instead of one
bigone.)

The first executive card

Whether you're a company president or an
executive moving in ever-widening circles,
the Diners Club card is essential. (If you
only have the other leading executive credit
card, it’s like having no card at all
in 75,000 places.)

Of course, Dinersis honored
throughout the United States where we
originated the executive credit card.

Andin Europe, you'll find us at
30% more places than American Express.
In Latin America, Asiaand Africa, at
more than three times'asmany.

With a Diners Club card, you can
also take advantage of a most unusual loan
service exclusively for members. One that
makes it possible to apply for as much as
$25,000 without an interview.

Because Diners Club reaches
beyond any other executive card, we do
have to be a little more cautious. We turn
down membership applications others
would gladly accept.

But, if you qualify, you’ll find the
rewards of Diners Club membership to be
substantial indeed. Even if you already
have another credit card.

Mail the application at the right and
see for yourself.

*Figures based on direct comparison of latest published Diners
Club and American Express directories.

@ DINERS CLUB

Executive service is our business
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MATHEMATICAL GAMES

Fantastic patterns traced

by programmed “@worms”

by Martin Gardner

ashionable methods of teaching
Fmathematics to children come and

go. (At the moment the modern-
math fad is mostly going.) One of these
days mathematics teachers will discover
what John Dewey tried to tell them 75
years ago: Children learn best by doing
something they enjoy. With this in mind,
Seymour A. Papert, a former assistant to
Jean Piaget who is now working in the
Artificial Intelligence Laboratory of the
Massachusetts Institute of Technology,
has designed a variety of animal robots
that can be controlled by a desk com-
puter. One of them is a “turtle” with
a pen on its underside. Suitably pro-
grammed, the turtle draws geometric
figures by crawling across large sheets
of paper on the floor.

Defining geometric figures as paths
generated by a moving point is an an-
cient idea. Take a square. Instead of
calling it a four-sided polygon with
equal sides and angles, call it the path
traced by a worm crawling over a plane
according to the following rule: Go
straight for distance k, turn 90 degrees
left and repeat until the path returns to
its origin.

The idealized worm (moving point)
can obviously be programmed to gen-
erate any pattern of lines. A challenging
recreational task now presents itself.
What kinds of program, with extremely
simple rules, give interesting or beauti-
ful patterns? A good way to simplify
rules is to restrict the worm to paths
along a regular lattice. This enables one
to experiment with rules by drawing
paths on square or isometric graph pa-
per. Better still, if one has access to a
computer with a display screen, one can
write simple programs, then enjoy the
spectacle of watching a path of light
grow on the screen.

Frank C. Odds, a British biochemist,
recently proposed a class of rules for
generating patterns that he named spiro-
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laterals. The worm crawls a distance of
one unit, turns, crawls two units, turns,
crawls three units and so on, traversing
distances in counting order until the
length of a path segment reaches a speci-
fied integer, n, when the procedure
starts over. The turning angle is always
the same, but the direction of turn may
be right or left according to the worm’s
program. The number n, which is the
number of segments in the counting se-
ries and also the number of turns before
the series repeats, is called the order of
the spirolateral.

Two examples will make this clear. If
the order is 1, the angle is 90 degrees
and all turns are in the same direction,
the spirolateral is a square. If the order
is 7, the angle is 90 and all turns are the
same, the spirolateral has a pleasing
closed pattern. The top illustration on
page 118 shows all the right-angle spiro-
laterals of orders 1 through 8, when all
turns are the same. It is easy to see why
Odds chose the name spirolateral: “lat-
eral” for flat surface and “spiro” for the
square spirals that generate the figures.

Note that spirolaterals of orders 4 and
8 do not close (return to the origin). As
Odds puts it, they meander jerkily to in-
finity. Indeed, it is not hard to prove that
there is no closure for orders in the se-
ries 4, 8, 12, 16.. ., that two repetitions
of the square spiral will close the figure
(producing twofold symmetry) if the or-
der is in the series 2, 6, 10, 14..., and
that all other orders close after four rep-
etitions and have fourfold symmetry.

There is no reason why all turns must
be the same way, but when they vary,
the situation becomes complicated
enough to call for a compact notation.
Odds suggests writing the angle as a sub-
script of the order number and using a
superscript on the left or the right to
show which turns are left and which
right. For example, 179y, defines the
spirolateral generated by nine turns of
90 degrees, with left turns preceding
segments 1 and 7 and (by implication)
all the other segments turning right. The
same spirolateral could be defined by
putting a superscript on the right to in-
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dicate right turns, 94345689 but
clearly the first notation is preferable.

The middle illustration on page 118
shows two right-angle spirolaterals with
mixed left and right turns. The bottom
illustration shows spirolaterals with an-
gles of 36, 45 and 60 degrees. Spirolat-
erals with 60-degree turns can be easily
drawn on isometric paper. Those with
45-degree angles are not hard to con-
struct with a ruler and a draftsman’s tri-
angle, but those with other angles take
more doing. Any angle that is an exact
divisor of 180 degrees will generate a
spirolateral.

Not much is known about spirolater-
als. Sometimes two different rules pro-
duce spirolaterals that are mirror images
(for example 1:2:3745 and 5:6.77,,), but no
one knows how to predict this without
drawing the figures. Nor is it known how
to tell from looking at a spirolateral’s
formula, except in special cases, whether
or not the figure will close and, if it
does, how many repetitions are needed
to close it.

A few years ago John Horton Conway
of the University of Cambridge suggest-
ed a new approach to worm paths. In-
stead of viewing the worm as an explor-
er, view it as an eater. Food is confined
to the lines of an arbitrarily large grid.
The worm hatches from an egg at one
node and then starts to crawl along grid
lines, eating as it goes. A fixed set of
rules determines the worm’s decision at
each node. It is assumed that the worm
never traverses a segment already eaten.
No segment lengths need to be specified,
only the direction of turn, the direction
depending solely on the state (eaten or
uneaten) of all segments meeting at that
node.

“Paterson’s Worm,” by Michael Bee-
ler, a memorandum issued in June of this
year by M.LT.s Artificial Intelligence
Laboratory, deals entirely with such
worm tracks. What follows, either di-
rectly quoted or paraphrased, is taken
from the memorandum with the permis-
sion of Beeler and Marvin L. Minsky,
who heads the laboratory. (Readers can
obtain the document by sending 80
cents to Room 912, 545 Main Street,
Cambridge, Mass. 02139.)

“Certain prehistoric worms fed on
sediment in the mud at the bottom of
ponds,” Beeler's memorandum begins.
“For efficiency, they would not retrace
paths which had already been traveled,
since little food was left there. Yet food
probably occurred in patches, so it was
desirable to stay near previous trails.
Worms had innate ‘rules’ regarding how
close to ‘eaten paths’ to stay, how far to



Longest known finite path generated by a simple isometric worm
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go before turning around, how sharp a
turn to make, etc. These rules varied
from species to species, and paleontolo-
gists can trace the development of spe-
cies and determine the similarity of
different species by comparing fossil
records of worm tracks. (See Science
magazine, 21 November 1969, for fur-
ther details and a discussion of comput-
er simulation of natural worm tracks.)

“Early in 1971, Michael Paterson [a
computer scientist at the University of
Warwick] mentioned to me a mathemat-
ical idealization of the prehistoric worm.
He and John Conway had been interest-
ed in a worm constrained to eat food
only along the grid lines of graph
paper....

“If a worm, arriving at a node with
no segments eaten (except of course the
one it just ate), should find in its rules,
‘For this distribution, go straight,” then
the worm will go straight forever. Since
this is neither interesting to us, nor very
useful to a real worm, which would
quickly reach the edge of its food patch,
we discard it. We require that, upon dis-
covering a virgin node, all sets of rules
must say to turn. To avoid mirror-image
duplication, we require that the turn be
to the worm’s right (clockwise as seen
from above).”

Consider what Beeler calls a “simple
quadrille worm”: a worm crawling on a
square grid and turning right at each
node. What happens after it traces a
square? It cannot turn right again be-
cause this would take it along an eaten
segment. It has only two choices. If it is
programmed to turn left if, and only if,
it cannot turn right, it will trace two
squares [see “a” in top illustration on
opposite page]. No uneaten segments
are available, and so the worm dies. If
it is programmed to go straight when it
cannot go right, and left when it cannot
go straight or right, it will trace five
squares before it expires at its origin
[“b”]. These two fossil tracks exhaust
the variety of species of simple quadrille
worms.

To avoid a worm’s early demise, Con-
way proposed that quadrille worms have
the ability to “look ahead” and see the
distribution of eaten and uneaten seg-
ments at each adjacent node. For exam-
ple, a worm could be programmed to
turn right if, and only if, it senses that
this will take it to a node where four un-
eaten segments meet. Otherwise it goes
straight. The result is a simple square
spiral. If the rule is to turn left when-
ever a right turn leads to a node with
an eaten segment, the path is a more in-
teresting spiral [see middle illustration



at right]. It is easy, of course, to produce
more elaborate paths by complicating
the rules.

The rules may allow anything. What
happens when rules allow look-ahead
worms to hop? What happens when bar-
riers are suitably placed or when the
grid is bounded on all sides? What hap-
pens when two or more worms of the
same or different species interact? What
happens when a newly hatched worm
crawls a short distance along a defined
path (such as a straight line of three
units) before its repetitive behavior
starts? How about two armies of worms
crawling toward each other, each army
obeying a different program? Are there
possibilities here for competitive games?
Are there interesting paths or patterns in
three dimensions and higher dimensions?

Beeler avoids such difficult questions
by confining his attention to what I shall
call “simple isometric worms” worms
that feed along an isometric grid of unit
equilateral triangles. They are simple
worms because they do not look ahead.
With the isometric grid, however, six
segments (not four) meet at each node.
It seems to be a trivial difference, but as
Beeler makes clear the possibilities for
variant rules allow the definition of no
fewer than 1,296 species.

All simple worms, quadrille or iso-
metric, obey three general rules:

1. If no segments have been eaten at
a node (except the segment just trav-
eled), the worm turns right.

2. If all segments at the node have
been eaten, the worm dies.

3. If only one segment at the node is
uneaten, the worm takes it.

As we have seen, a simple quadrille
worm, following the above rules, en-
counters only one “field” in which it
must choose. Since it has only two
choices, we can define only two species.
The isometric grid, in contrast, offers a
simple worm four major fields (one con-
sisting of four subfields) in which de-
cisions must be made. It is the behavior
of these simple isometric worms that
Paterson became interested in, and
Beeler's memorandum also is primarily
concerned with their behavior.

The four major fields, and all their
choices, are shown in the illustration on
the next page. The black lines indicate
uneaten segments, the light colored lines
are eaten segments of the worm’s path
and the colored arrows show how the
worm approaches and leaves a node.

The four fields are:

1. The worm approaches a node with
no eaten segments other than the one it
has just traversed. Its right turn can be

.

Fossil tracks of the only two species of simple quadrille worms

Infinite path of a “look ahead” quadrille worm that turns left when it cannot turn right

ININININ/N

Path traced by 14 simple isometric worms
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Zipper path of 54 sharp worms
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either “gentle” (120 degrees) or “sharp”
(60 degrees). Number of choices: two.

2. The worm meets one eaten seg-
ment as it returns for the first time to its
origin. As the chart shows, it can ap-
proach this node along any of five differ-
ent segments. For each approach there
is a choice of leaving by one of four
uneaten segments. Number of choices:
four.

3. The worm meets two eaten seg-
ments as it returns to a point along its
path. The node will be the vertex of
either a sharp turn or a gentle one. In
either case the approach can be made in
four ways. For each way the worm can
leave by one of three uneaten segments.
Number of choices: 3 X 3 X 3 X 3 = 81,

4. The worm meets three eaten seg-
ments as it returns for the second time to
its origin. This can happen in 10 ways,
but each requires only a choice between
two ways of leaving the node. Number
of choices: two.

Meeting four or five eaten segments
does not offer the worm a choice. In the
first case it must take the only remaining
uneaten segment. In the second case it
has no segment to take, and so it dies.
Thus there are 2 X 4 X 81 X 2 = 1,296
sets of rules, each defining a distinct spe-
cies of simple isometric worm.

Beeler uses the pattern shown in the
bottom illustration at the left on page
119 to explain how the rules work. The
notation adopted here (Beeler uses a
more compact notation based on octal
and binary digits) identifies this as a fos-
sil path generated by a 14234cqc4, worm.
The formula tells us that when the worm
faces a choice in Field 1, it follows Rule
a. (It makes a gentle, not a sharp, turn.)
For Field 2 it chooses b. The four sub-
scripts after 3 refer to the four subfields
of Field 3, where choices a, ¢, a, ¢ are
in the worm’s feeding program. Finally,
for Field 4 the worm selects b. As Beeler
suggests, the reader might pause at this
point to see if he can trace the path on a
sheet of isometric paper, following the
seven rules given by the formula. (It is
necessary at each node to rotate the
paper until the pattern at that node cor-
responds to the proper diagram on the
chart.)

The path just described is generated
by 14 worms. Some trace it exactly the
same way. For example, the choice pre-
sented by the first subfield of Field 3
never arises, therefore it does not mat-
ter which of the three choices, a, b or c,
is in the program. We indicate this in
the formula by putting the three choices
inside parentheses: 1,253 (gpc)cacdo- The
formula now describes three different
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worms. Each draws the same path the
same way. Other worms draw the same
path different ways.

Beeler’s computer program explored
the behavior of all 1,296 species of sim-
ple isometric worm. Results show that
209 species generate paths that are
unique, in the sense that no other spe-
cies generates them. Forty-six paths are
each characteristic of two species, and
44 paths belong to more than two. Thus
there are 299 distinct paths all together.

The simplest of the 299 paths is the
radioactivity symbol [see “c” in bottom
illustration on page 118]. It has the
smallest length (nine units) and also the
fewest number of nodes (seven). It is the
path traced by the largest number of
worms, no less than 162 species. Using
parentheses to show alternate choices,
one formula defines all 162:

lbztal'IBMhN (abe) (abe) (!llu-)4

The formula shows at once that it de-
scribes 2 X 3 X 3 X 3 X 3 = 162 sets of
rules. If the reader will test this formula
on isometric paper, he will find that, re-
gardless of the choice he makes inside
each pair of parentheses, the radioactiv-
ity symbol will result.

Is there a longest path? No, because
many paths never return to their origin
a third time and are therefore infinite.
A trivial infinite path of a type called the
zipper is produced by 54 sharp worms
with the formula 14243 41c) (abe)vd (an)
[see bottom illustration at right on page
119].

Other worms spiral forever around
their origin. The spiral shapes vary enor-
mously: hexagons, diamonds, triangles,
stars and asymmetric shapes such as the
one shown in the top illustration on the
preceding page.. “Shoot growers,” an-
other class of infinite paths, start in a
conventional way, and then the worm
falls into a curious spiraling action that
keeps repeating itself with regular dis-
placements, creating a rod that shoots
off to infinity [see bottom illustration on
preceding page].

The longest of the known finite paths
is shown in the illustration on page 117.
The path is generated by a 142¢3cbacds
worm and has 220,142 units. Note the
crystalline regularity of the border and
the lines that crisscross near the border,
and how strikingly this symmetry con-
trasts with the dishevelment near the
center. The point of origin, not identifi-
able, is at a spot just to the left of the
center of the pattern.

One speaks of “known” finite paths be-
cause about a dozen worms have paths



so long that no one yet knows whether
they are finite or infinite. The path gen-
erated by 1,2,3;c444s, for instance, was
tracked by Beeler to a length of 10 mil-
lion units without revealing whether the
worm dies or goes on gorging itself for-
ever.

Some path patterns have outlines as
unstructured as a cloud [see top illustra-
tion on opposite page]. Others, such as
the “superdoily,” display the rigid sixfold
symmetry of a snow crystal [see bottom
illustration on opposite page]. Note the
six-pointed star in the center. Occasion-
ally one such star or more appear as
randomly situated white spots inside a
gray plenum of closely packed unit tri-
angles. Sometimes the stars are sepa-
rated; sometimes they are partially
‘merged to form binary or ternary sys-
tems. The situation is not unlike that of
the physical world, in which low-order
mathematical laws generate a rich as-
sortment of both patterned and unpat-
terned ‘ objects, as well as objects in
which order and disorder, symmetry and
asymmetry are crazily mixed.

Beeler's work clearly has just
scratched the surface of isometric-worm
pathology. His program investigated
only the simplest genus, with no attempt
to complicate the genetic rules or to find
out what happens when simple worms
interact with barriers, boundaries or
other worms of the same or different
species.

On August 13 Newsweek ran a story
about Papert’s turtle. A girl who had
ranked near the bottom of her mathe-
matics class was programming the turtle
to draw a certain design. “That math
must be fun,” said a passing visitor.
“There ain’t nothin’ fun in math,” the
girl replied. She had no idea she was
doing math, reported Newsweek, and
Papert saw no reason to tell her.

Est month’s problem was to improve

on a dissection of the 7-square into
six pieces that form squares of sides 2,
3 and 6. A five-piece solution is shown in
the top illustration at right. This dissec-
tion has the minimal cutting length of 16
units.

The bottom illustration at the right
shows in six cross sections how Thomas
H. O’Beirne sliced a 6-cube into nine
rectangular blocks (the minimum) that
can be reassembled to make separate
cubes of sides 3, 4 and 5. No two “bricks”
in this remarkable dissection are alike.
O’Beirne has shown that a dissection in
eight blocks is not possible, but it is not
yet known whether or not the nine-piece
dissection is unique.
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Five-piece dissection for 72 = 62 4 32 + 22

53 4
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Nine-block dissection for 63 = 53 + 43 4 33
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Conducted by C. L. Stong

Ithough no one has learned how to
A predict when an earthquake will
occur, Japanese investigators have
suggested that in some instances the sur-
face of the earth may tilt slightly along
a fault line somewhat in advance of a
seismic event. Various seismologists are
exploring the idea with an instrument
known as a tiltmeter. In one of several
possible forms the sensing elements of
the device include two cylindrical cups
of mercury spaced a few feet apart on a
rigid, horizontal base. The cups are in-
terconnected at the bottom by a length
of metal pipe. The air spaces above the
mercury are similarly interconnected by
plastic tubing.

When the assembly tilts like a seesaw,
some of the mercury drains from the
upper cup into the lower cup. The rela-
tive change in the level of the mercury
is measured continuously by an electri-
cal circuit in which the surfaces of the

oscillator

transducer

mercury cup

A sensitive mercury tiltmeter

that serves as a seismometer

metal in the cups function as the mov-
able plate of a differential capacitor. One
simple version of the instrument can de-
tect a tilt of only .002 second of arc,
which is about the angle that would be
subtended by a dime at a distance of 500
miles.

A tiltmeter of this kind can also func-
tion as an inexpensive seismometer. The
device is particularly sensitive to earth-
quake waves that vibrate in the direction
of the tube that connects the cups of
mercury. The acceleration of the tube
and the cups causes metal to flow from
one cup into the other. In effect the mer-
cury reacts mechanically like the pen-
dulum of a conventional seismometer,
but it is far more stable and easier to ad-
just. For these reasons it is ideal for
amateur use. The construction of such
an instrument and some of the seismic
effects it is designed to measure are dis-
cussed by William W. Gile, a research
engineer on the staff of the Seismological
Laboratory of the California Institute of
Technology:

“In southern California the San An-
dreas fault is mentioned more frequently
in daily conversation than the weather,
although we can control the behavior of
neither. On the seaward side of the San

maﬁt‘zhiq microammeters }
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power
supply

Andreas fault the crust of the earth ap-
pears to be creeping northward at a rate
of about two inches per year. The under-
lying rock bends in response to the
movement. Ultimately it snaps and the
San Andreas fault lurches.

“The readjustment, in terms of feet
and inches, can be impressive. For ex-
ample, in 1857 a circular sheep corral
about 20 feet in diameter straddled the
fault near our part of the state. On Jan-
uary 8 of that year the accumulated
stresses at the sides of the big crack
reached the critical limit. Somewhere a
rock fractured. When the dust settled,
the sheep corral had the form of the let-
ter S. During the subsequent 116 years
stresses have again accumulated. If the
relative motion along the crack in our
vicinity is indeed two inches per year,
the slabs of rock must now have a bend
of about 19 feet.

“For such reasons earthquake predic-
tion has become a focus of attention in
many branches of geophysics and seis-
mology. A number of prediction tech-
niques have shown promise. It must be
emphasized that although no technique
exists for predicting earthquakes, the
present findings do not exclude the pos-
sibility of developing one. It is this real

transducer
#

mercury cup

connection from transducer
to mercury

stainless-steel
tube

plastic tube

The tiltmeter-seismometer devised by a group at the California Institute of Technology
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but slender hope that continuously re-
news the enthusiasm of those of us who
work in the field of seismic instrumenta-
tion.

“The effort has been rewarded in re-
cent years by the development of some
remarkably sensitive apparatus. For ex-
ample, strain gages now routinely mea-
sure forces equivalent to those that
would be developed if the width of the
U.S. were increased by the thickness of
a human hair, and temperature probes
for use in deep holes can measure ther-
mal variations across fault lines that
amount to less than .001 degree Celsius.
Finally, we have long-baseline tiltmeters
that can detect angular changes as small
as 1012 radian, which is about the angle
that the period at the end of this sen-
tence would subtend if it were placed
on the moon and viewed from the earth.

“Some of the devices are relatively in-
expensive and easy to adjust and to
maintain. The short-baseline tiltmeter
[see illustration on opposite page] is an
example. We have operated versions of
the instrument on the island of Hawaii
to measure changes in the tilt of the
earth’s crust caused by the eruption of
Halemaumau volcano. The instrument
also works well as a sensitive seismom-
eter. When it is combined with an ap-
propriately adjusted pen recorder, it can
also be used for monitoring earth tides:
the daily rise and fall of the crust in re-
sponse to tidal forces exerted by the
moon and sun. The low cost of the ap-
paratus and its ease of construction, to-
gether with its high stability and sen-
sitivity, make the instrument ideal for
both amateurs and professionals.

Progressive increases in h, the damping factor

“Conventional seismometers of the
pendulum type depend on critical ad-
justments that, following seismic dis-
turbance, determine the rate at which
the pendulum swings, the number of os-
cillations it completes before coming to
rest and the position at which it stops.
Although the mercury of the tiltmeter is
analogous to a conventional pendulum,
the instrument does not require these
tedious adjustments. The period of its
oscillation and the damping (the rate at
which it stops oscillating after a distur-
bance) are determined by the physical
properties of the mercury, together with
the size of the cups and the interconnect-
ing tubing. These dimensions do not
change significantly with time. Accord-
ingly the instrument is stable.

“A normal rule of thumb in seismic
instrumentation is that the period of the
pendulum—the interval required for the
pendulum to make one full excursion in
both directions—must exceed the period
of the longest seismic wave that is to be
observed. The necessity for the long pe-
riod is explained by the role of the pen-
dulum in measuring the length of seis-
mic vibrations. In effect the bob of a
pendulum will stand still, even though
the framework from which it is suspend-
ed vibrates, if the period of the pendu-
lum is long with respect to the period of
the vibration. In other words, the sta-
tionary mass of the bob serves as a refer-
ence for measuring the relative motion
of the earth’s crust. The principle can be
demonstrated by an interesting experi-
ment.

“Make a pendulum by tying a foot or
so of string to any small weight. Hold
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the string in one hand. Dangle the
weight about 10 inches below the point
where you grasp the string. Jiggle your
hand back and forth an inch or so at the
rate of about five vibrations per second.
Observe that the weight stands fairly
still. If your hand were the earth and the
weight were the bob of a seismograph
pendulum, the earth’s relative motion
could be observed just as readily.

“Now decrease the rate at which you
shake your hand to about one second per
cycle. Within a very few vibrations of
your hand the weight will be swinging
back and forth violently. The reason is
that one second is about the period at
which a 10-inch pendulum vibrates nat-
urally, that is, one second is the fre-
quency of vibration to which the pen-
dulum is resonant. If the pendulum of a
seismograph were tuned to the period of
the earth’s vibration, it would yield a
grossly exaggerated measurement of the
seismic event.

“Stop moving your hand. Observe that
the pendulum continues to swing for a
time but with diminishing amplitude. It
is said to be poorly damped. The damp-
ing effect results from the suppression of
a pendulum’s motion by the loss of en-
ergy through friction. A pendulum that
comes to rest after about one vibration
is said to be critically damped. Good
seismographs of the type that employ
mechanical pendulums must be fitted
with adjustable gadgets for dissipating
unwanted energy.

“Finally, move your hand back and
forth slowly, at a rate of about 10 sec-
onds per cycle. Observe that the motion
of the weight follows the motion of your
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frequency

hand. If the pendulum of a seismograph
were similarly adjusted, it would be in-
sensitive to seismic vibrations of long
period. Indeed, in the case of a displace-
ment seismograph, as is illustrated by
this experiment, sensitivity declines at
the rate of 12 decibels per octave for
seismic vibrations of lower frequency
than those of the freely vibrating pen-
dulum. That is to say, each time the seis-
mic period doubles, the pendulum moves
only a fourth as much with respect to its
motion at the free period.

“The earth has one free period of
about 53 minutes per cycle. This is the
frequency at which the earth ‘rings like
a bell’ following a big earthquake. A
conventional pendulum of this period
would need to be more than 1,500 miles
long. The period is equal to 6.28 X
(1/32)172, in which [ is the length of the
pendulum in feet and the period is in
seconds.

“As I have mentioned, the mercury of
the short-baseline seismometer is analo-
gous to a pendulum. Its free period is
determined by the inside diameter of the
cups and of the interconnecting tubing
and by the distance between the cups.
To find the period in seconds, divide the
inside diameter of the cups as expressed
in feet by the inside diameter of the tub-
ing and multiply the quotient by 6.28.
Next divide the center-to-center distance
between the cups by 64. Find the square
root of the quotient. Multiply the square
root by the product of the preceding cal-
culation to find the period. The pro-
cedure is expressed by the formula T =
27D, /Dy(L/2g)'/?, in which T is the
period in seconds, = = 3.1416, D, is the
inside diameter of the cups, D is the in-
side diameter of the interconnecting tub-
ing, L is the center-to-center distance be-
tween the cups and g, the acceleration of
gravity, has the value 980 if lengths are
expressed in centimeters and 32 if they
are expressed in feet.

“An instrument of convenient size and
excellent performance that is particular-
ly appropriate for amateur construction
would measure two feet from center to
center of cups having an inside diameter
of two inches. The cups would be inter-
connected by a stainless-steel tube with
an inside diameter of 3/32 inch. The
period of the recommended seismometer
can be calculated by substituting these
dimensions in the formula: T =2 X
3.1416 x 2/(3/32) X (2/2 x 32)1/2 =
6.28 X (64/3) X (2/64)1/2 = 6.28 X
21.33 X .177 = 23.7 seconds.

“Why not make the cups wider with
respect to the diameter of the intercon-
necting tube and thereby achieve a pe-
riod of an hour or more? In theory the



period could be thus increased without
limit. As a practical matter, however, the
mercury moves less in the end tanks as
the ratio of diameters is increased. The
sensitivity of the instrument to long seis-
mic waves does not increase with the
period. Instead its sensitivity decreases
to vibrations of shorter period.

“It is useful to know the method of
calculating the damping factor of the
pendulum. As I have mentioned, the
term damping suggests the tendency of
a pendulum to vibrate at a diminishing
amplitude after it has been set in motion.
The amount by which a pendulum is
damped is expressed by a factor h that
approaches zero in the extreme case of
an undamped pendulum and unity at the
other extreme when the pendulum re-
turns to its equilibrium or mid-position
in exactly half the interval of its free
period [see illustration on page 125].

“In the case of the mercury pendulum
the damping factor h is equal to 2uT/d-
w(D4/2)2, in which u = .01554 (the vis-
cosity of mercury in poise units), T is the
period of the pendulum in seconds, d =
13.55 (the density of mercury in grams
per milliliter) and D, is the inside .di-
ameter of the interconnecting tube in
centimeters. The damping factor of the
recommended seismometer can be cal-
culated by substituting appropriate
quantities in the formula: h =2 X
.01554 X 23.7/13.55 X 3.1416 X (.238/
2)? = 1.22. The pendulum is somewhat
overdamped, which is to say that it stops
oscillating in less time than is required
for it to complete one full cycle of
vibration.

“The proportions of the instrument
can be varied to alter both the period
and the damping factor. The damping
factor of most professional instruments
ranges between .7 and 1. Calculations
indicate that a period of 25 seconds and
a damping factor of .73 can be achieved
by interconnecting the two-inch cups at
a center-to-center distance of four feet
with stainless-steel tubing of 1/8 inch
inside diameter. Experimenters can ma-
nipulate the dimensions to achieve still
other characteristics.

“The cylindrical cups can be made of
clear plastic. If the experimenter does
not have access to a lathe, the cups can
be fabricated of flat stock and of tubing
with a thick wall [see top illustration on
opposite page]. The cups must be cylin-
drical in form, not rectangular, to pre-
vent the development of nonlinear tur-
bulence. Nonlinear turbulence is not
canceled differentially. Therefore it adds
to the ‘noise’ of the system.

“Stainless-steel tubing interconnects
the cups. This material was selected to
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Circuitry of the inverse discriminator

provide an electrical contact with the
mercury while avoiding an amalgamat-
ing reaction at the ohmic contact. The
second tube, which is situated above the
mercury level, equalizes gas pressure in
the tanks. This tube can be of plastic.

“I flood the tanks of long-baseline in-
struments with nitrogen to prevent the
mercury surface from oxidizing. Inci-
dentally, the mercury cups of larger in-
struments have baselines of 30 meters
(98.4 feet). They are interconnected by
butyrate plastic. The coefficient of ther-
mal expansion of this material approxi-
mates that of mercury. Electrical contact
with the metal is provided by stainless-
steel fittings that couple the plastic tub-
ing to the cups.

“A fixed electrode in the form of a
polished disk of stainless steel is sup-
ported above the surface of the mercury
in each cup by a threaded shaft that
passes through the center of the lid.

These electrodes constitute the fixed or
sensing plates of the mercury-pendulum
capacitor. The surface of the sensing
electrode that faces the mercury must
make a true right angle with respect to
the axis of its supporting shaft.

“The shaft also functions as a screw
for adjusting the gap between the sur-
face of the electrode and the surface of
the mercury. The threads must be as
fine as the experimenter can cut. I use 80
threads per inch. If you do not have
access to an engine lathe, have the rods
threaded to this pitch by a local machine
shop.

“If the cover of the cup is made of a
slab of half-inch plastic and drilled about
.001 inch narrower than the diameter of
the thread, it will not be necessary to tap
the hole. The rod will cut a shallow
thread of adequate strength in the plas-
tic. The base, provided with leveling
screws for supporting the instrument,
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can be improvised from any rigid alu-
minum section, such as the rectangular
aluminum tubing that is commonly used
as door framing in office buildings. Ade-
quate lengths of the material are usually
available at low cost from dealers in alu-
minum scrap.

“An electronic transducer, which I
refer to as an ‘inverse’ discriminator, con-
verts the displacement of mercury into
a correspondingly varying signal volt-
age. The voltage can be used to operate
a pen recorder of the kind previously
described in this space [see “The Ama-
teur Scientist,” SCIENTIFIC AMERICAN,
March, 1972]. Essentially the transducer
consists of a circuit similar to the one
used in radio sets for detecting fre-
quency-modulated signals. Such circuits
are known as discriminators. The circuit
of a conventional discriminator includes
a fixed capacitor and a coil that help to
detect signals carried by a variable fre-
quency. My device works in reverse: an
electric current of fixed frequency helps
to detect ‘signals’ that are represented by
the minute motion of a differential ca-
pacitor—the mercury pendulum.

“Discriminator circuits are essentially
resonant systems. They are analogous to
pendulums, the strings of musical instru-
ments and similar mechanisms that vi-
brate at maximum amplitude when they
are tuned to a preferred period. The
basic principle is illustrated by an elec-
trical circuit consisting of a capacitor
and an inductor. A circuit of this kind is
naturally resonant at some frequency.
When a quantity of electrons is depos-
ited on one plate of the capacitor, they
immediately flow through the inductor,
pile upon the other plate of the capaci-
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tor and return to the first plate for an-
other round trip, just as a pendulum,
when it is given a push, vibrates con-
tinuously at a characteristic rate and for
exactly analogous reasons.

“The inductor of such circuits usually
consists of a small coil of insulated wire.
Assume that the capacitor and the in-
ductor are connected in series to a source
of current that alternates at a frequency
lower than the frequency at which the
circuit is resonant and that the frequency
of the source is gradually increased until
it is higher than the resonant frequency.
Assume also that a method is provid-
ed for measuring voltage that appears
across the coil. The experimenter will
observe that voltage across the coil is
minimum when the frequency of the im-
posed current is lower than the resonant
frequency of the circuit, that the voltage
becomes maximum at resonance and that
it declines as the frequency of the source
exceeds the resonant frequency of the
circuit [see bottom illustration on page
126].

“The alternating potential across the
coil can be converted to unidirectional
voltage at the output terminal of the de-
vice by inserting a diode in the circuit,
and it can be further converted into a
reasonably constant potential by con-
necting in the circuit a second capacitor
that acts as a filter. This simple device is
known as a slope detector. It was used in
inexpensive radio and television sets for
detecting frequency-modulation signals.
Inthat application the slope detector was
tuned to a point such that the center fre-
quency of the radio station was located
about halfway up the resonant charac-
teristic of the circuit, as indicated by the
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X on the graph of the detector. Excur-
sions of the imposed frequency from the
midpoint appeared as proportional ex-
cursions of voltage at the output of the
slope detector. The voltage and the lin-
earity available at the output of the de-
vice can be improved by connecting two
of the circuits back to back.

“My inverse discriminator works in
reverse. Alternating current of fixed fre-
quency is imposed across a circuit of
variable resonance. The signal consists
of the movement of a differential vari-
able capacitor in the form of the mer-
cury pendulum. I tune the transducers to
50 percent of the peak resonant output.
For an input potential of one volt peak
to peak the peak output of each trans-
ducer is about 30 volts. The outputs of
the transducers are detected, filtered and
combined through three resistors to pro-
vide a single-end output. Note that in
the practical circuit each transducer cir-
cuit is shunted by a trimming capacitor
of the piston type. Minor variations in
the characteristics of the coils and stray
capacitances can be compensated for by
adjusting the trimmers.

“The constant frequency is generated
by a crystal-controlled oscillator. In this
circuit one can use any silicon transistor
that is rated for a collector-to-emitter
potential of 45 volts and a dissipation of
.3 watt. The callector should be rated at
.05 ampere or more, and the small-sig-
nal, common-emitter current-transfer ra-
tio (hs) should be about two at a fre-
quency of 30 megahertz. Surplus cata-
logues list many transistors that meet or
exceed these specifications. Experiment-
ers who are not familiar with the tech-
niques of constructing resonant circuits



and transistor oscillators may want to
enlist the cooperation of a radio ham.

“Install the completed instrument on
a solid foundation in an environment of
the most constant temperature available.
Our seismographs and tiltmeters operate
in tunnels several hundred feet under-
ground and are provided with servo-
mechanisms that automatically compen-
sate for temperature changes. None-
theless, an instrument of remarkable per-
formance can be installed in a good
basement, particularly if it is insulated
in a styrofoam box with thick walls. Use
clean mercury of National Formulary
grade or better. About six ounces of mer-
cury will be required for an instrument
24 inches long.

“Lift one end of the instrument about
a foot to flush air bubbles from the mer-
cury in the interconnecting tubing, and
lower it quickly. Adjust the base to the
horizontal position as accurately as pos-
sible with the aid of a bull’s-eye level.
Rotate the piston-type trimmer capaci-
tors of the transducers to minimum ca-
pacitance. Install a jumper between the
junction of the three one-megohm re-
sistors and the common point.

“Switch on the power supply to the
oscillator. By means of the adjustment
screw decrease the air gap between the
mercury level and the sensing plate of
the capacitor until the corresponding
meter indicates approximately half a
microampere. Similarly adjust the other
mercury cup.

“Adjust the piston-trimming capaci-
tors to the point where each meter in-
dicates 3.5 microamperes. Replace the
jumper with a high-impedance volt-
meter. The meter should indicate zero
volts. If the meter indicates an offset
voltage, rotate either one of the sensing-
capacitor plates to the point of zero in-
dication. At this adjustment the instru-
ment is essentially balanced.

“Finally, rotate one of the sensing-ca-
pacitor plates a full turn. The voltmeter
should now indicate a potential of 17.36
millivolts. If the output exceeds this po-
tential, the sensitivity of the instrument
is too high. Increase the air gap in both
cups between the surface of the mer-
cury and the sensing plates. Next in-
crease the capacitance of the piston ca-
pacitors to the point where the meters
again indicate 3.5 microamperes. If the
output voltage is less than 17.36 milli-
volts, which indicates inadequate sen-
sitivity, reverse the procedure. If the in-
strument is to be used exclusively as a
seismometer and the highest possible
sensitivity is wanted, adjust the piston
capacitors to minimum capacity and the
sensing capacitors to maximum.”
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AND THEIR CURRENTS. Jeremy
Bernstein. Brilliant new and unified
text on elementary particles, con-
centrating on currents and interac-
tions. $12.00

62801. MODERN COSMOLOGY.
D. W. Sciama. '‘This book is a
masterpiece. From the standpoint of
readability, orderliness, continuity,
evenness of level, and its ability to
hold one's attention, the book is
three standard deviations above the
mean.” —Physics Today $9.95

56320. INTRODUCTION TO CALCU-
LUS AND ANALYSIS. Richard
Courant and Fritz John. A lucid and
up-to-date introduction stressing the
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tial and integral calculus. $14.95
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Particularly for ecologists and envi-
ronmentalists, it creates a new, sci-
entific theology which man must have
to survive. $8.95

58830. THE LONG AFRICAN DAY.
Norman Myers. This big, handsome
book may well be the most powerful
account ever published on the state
of animal life in Africa. Captures the
rich beauty of a majestic continent.
Counts as 2 of your 3 choices. $25.00

84451. TOWARD A GENERAL SCI-
ENCE OF VIABLE SYSTEMS. Arthur
S. Iberall. Introduces a science that
attempts to unify our understanding
of all autonomous systems—natural,
organic or man-made—proposing a
continuum ranging from nuclear
particles at one end of the scale to
the cosmos at the other. $14.50
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James E. Harris and Kent R. Weeks.
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ago, has science made archaeologi-
cal discoveries to equal those re-
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ENCE. Arthur N. Strahler and Alan H.
Strahler. Explores the physical and
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surrounds him. $12.95
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15 times a year at three to four week
intervals. ¢ If you wish to purchase
the Main Selection, do nothing and
it will be shipped to you automati-
cally. » If you prefer one of the Alter-
nates, or no book at all, simply in-
dicate your decision on the reply
form always enclosed with the News
and mail it so we receive it by the
date specified. ® The News is mailed
in time to allow you at least 10 days
to decide if you want the coming
Main Selection. If, because of late
mail delivery of the News, you
should ever receive a Main Selec-
tion without having had the 10-day
consideration period, that Selection
may be returned at Club expense.
* After completing your trial mem-
bership, you will be entitled to take
advantage of our fabulous bonus
plan which offers savings up to 70%
and more. ¢ (Offer good in Con-
tinental United States and Canada
only. Prices are slightly higher in
Canada.)



by Philip Morrison

LIES AND Disease, VoLume I:
FECOLOGY, CLASSIFICATION AND BI-

oTiC AssociaTioNs, by Bernard
Greenberg ($30); VorLume II: BroLocy
AND DiseasE TRaNswmissION, by Bernard
Greenberg ($18). Princeton University
Press. The order of the two-winged in-
sects includes some 100,000 species of
flies, mosquitoes and gnats. Fifteen full-
page color paintings in the first vol-
ume almost persuade one that archangels
too belong to the Diptera; these fly por-
traits, floating without scale or context
on a pure white page and rendered bris-
tle by bristle in loving and iconic detail,
are as glowing, hieratic and majestic as
Byzantine church art. They are the work
of FrantiSek Gregor of the Czechoslovak
Academy of Science in Brno, who, with
two Brno colleagues and an Englishman,
an Australian and a Texan, has contrib-
uted to the first thick volume of this de-
finitive work, assembled by the Chicago
biologist who is the author-editor.

Tens of millenniums ago human be-
ings created a specific animal commu-
nity. The “domestic animals [are] its
products” and flies, mice and rats are
“its spontaneous members.” The 346
species of flies named in the longest lists
here are such members, more or less in-
timately living with us, held between
toleration and war, and the 15 portrayed
display the most common or interesting
of these forms worldwide. The subject
is an old one: cylinder seals of 3000 B.c.
depict flies, perhaps as “symbols...to
ward off evil”; a text of Hammurabi’s
time (based on Sumerian sources that
were ancient even then) mentions about
10 fly forms, most of them quite identi-
fiable today. The story is by no means
ended: In 1952 for the first recorded
time a European face fly was taken in
North America, which it may first have
viewed “through the porthole of an air-
plane”; by 1967 the face fly had spread
from coast to coast in both Canada and
the U.S. Its larvae breed in fresh cow

BOOAS

Are flies really guilty

of spreading disease?

pats and possibly in bison and swine
feces as well; most other fecal droppings
are too coarse or too dry. Expectant fe-
male face flies feed on the watery secre-
tions of the eyes and nostrils of cattle
and on the bloody wounds inflicted by
other biting flies, and annoy us biped
cattle rearers as well; the males appear
to feed mainly on flower nectar, like
many of their mosquito kindred.

The evolutionary story seems clear.
The true housefly, the cosmopolitan
Musca domestica domestica, was a high-
ly plastic species, adapted to feeding on
the feces of herds of large ungulates.
From the wild horses and cattle Homo
bred the tame ones, and the flies then
moved from pasture to stable to house,
finally adapting (with some 10 genera-
tions per year) to live on the food and
wastes of the human household. Their
ability to overwinter in all stages and to
develop at room temperature is unique
among flies; although housefly popula-
tions are decimated in a temperate win-
ter, some individuals always survive.
(This treatise explicitly elides detail in
the case of the housefly, since the litera-
ture is vast. Luther West's The House-
fly, a book of 1951, was a stimulus to
Greenberg.)

Consider the lesser housefly, Fannia
canicularis. Its larvae prefer damper
sites, such as excreta wet with urine; the
adults abound in our houses from Samar-
kand to Massachusetts (the curves are
here), particularly in early and late
summer. The males show a hovering,
zigzagging “irregular dancing flight”
around ceiling fixtures and wall projec-
tions; they alight mainly on ceilings and
walls. The green bottle fly too has fol-
lowed man, to become dominant in Afri-
can and Australian cities and suburbs; it
is most common over the temperate
Northern Hemisphere. It frequents gar-
bage of all kinds—and now dog feces in
cities—and also feeds on foliage and
flowers. It enters houses to alight mainly
on food rather than on walls. The loud-
buzzing, slow-flying bluebottle fly, abun-
dant in the Middle West in spring and
fall, is a carrion breeder and feeder. The
stable fly, a worldwide biting pest of
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livestock (you can see its five-toothed
proboscis here in a scanning electron
micrograph), prefers cattle to man but
will bite and suck blood from both. By
night it is house- or stablebound; by day
it basks in the sunshine on gate and
fence. Its maggots prefer rotting plant
material, such as windrows of weeds
along a shore; the adults of both sexes
are well known to bathers in late sum-
mer in our country. One conjectures that
it developed first in the African Tropics,
where the largest numbers of related
species are found today. Once stables
were contrived to shelter the big herbi-
vores in colder climates, the “sharp-
mouthed” Stomoxys calcitrans spread
with them, and us, to the cool world.

Then there are the tiny eye flies of our
South and Southwest, mainly Hippelates
pusio. Their larvae feed on decaying or-
ganic matter, often in newly turned soil
where there is intensive cultivation, and
hence on lawns, ditches, river edges and
the like. Weighing a fiftieth as much as a
common housefly, they can fly strongly
all day. They find man and beast, ap-
proach and land quietly, and then make
their way by crawling or by brief flights
to the eyes and other watery orifices or
to cuts and sores, where they sip gently
without biting.

So far we have described the natural
history of some synanthropic flies as ex-
amples, familiar in everyday life, of the
work of that subtle engineer we call nat-
ural selection. As the title of these vol-
umes makes plain, however, the learned
authors had a more urgent purpose: Do
these flies—ubiquitous, mobile, restless
and so patently identified with filth—
cause disease in man or in his livestock?

One by one, over some 55 diseases of
man and animals, the indictment of the
varied fly species is drawn up. The little
tsetse fly, which bars cattle from the
Gambia and the Zambesi valleys and
many an African clearing in between, is
of course guilty: its bite spreads the tryp-
anosomes that are deadly to cattle and
often infect human beings. But it is a
creature of the forest edge, not at all a
cohabitant with mankind, and it is mere-
ly mentioned in this volume. For the rest
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most of the indictments stand unproved,
although in many cases the trial is still
in progress. Like all ecology, epidemiol-
ogy is no simple subject. Sometimes flies
abound and disease is rampant. Then
both die away; the flies may return but
not the disease, or the disease but not
the flies. It is easy to demonstrate
through direct feeding that flies pick up
poliomyelitis virus and no harder to show
a strong correlation between the number
of infected flies and the presence of the
virus in humans. “There is ample evi-
dence that human populations readily
infect flies with poliovirus. But we are
woefully ignorant whether and to what
extent flies return the favor.”

For enteric diseases such as typhoid
and dysentery the case is stronger. The
sentence was passed before World War
I: the housefly was dubbed “the typhoid
fly.” Flies seem to go with the disease
worldwide, in hospital ward, regiment
and city district. Yet the case is still not
always airtight; there are many other
potential vehicles. Fly populations are
often out of phase with case numbers,
even though both grow during the sum-
mer. Poor sanitation in general may
breed both flies and disease, so that
eliminating flies may (or may not) end
the disease by chance. Flies are impor-
tant vectors, but serious outbreaks of
these diseases may occur entirely with-
out them. Fair is fair: poverty and the
careless handling of the food chain from
farm to latrine are grave social faults that
lie not in our flies but in ourselves. Ac-
tually it is a nematode disease of horses,
habronemiasis, that offers the clearest
example of the housefly proved a vector!

Even the eye flies cannot yet be con-
victed: “The critical experiments have
not been done.” It is not easy to find big
doses of infectious microbes on flies;
flight kills the external passenger germs,
and the inner fly is often bactericidal.
Housefly maggots cannot grow without
the microbes that teem in their normal
rearing medium, yet “at the moment an
emerging fly wrestles free of the pu-
parium it may actually be sterile.”

These volumes are not meant as ac-
counts for the general reader; about two-
thirds of the total text is given over to
taxonomic keys, lists of associations of
flies with other organisms and a compre-
hensive bibliography. There is still a lot
to read and ponder. The Russian prov-
erb goes: “Fly in April, dead child in
July.” Certainly no one need advocate
the risk, but it is not so simple. It is too
bad that the Chinese “away with all
pests” experience came too recently to
receive treatment in this work. Overall a
reader is again sobered by the complex-
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ity of the network that links living forms
and by the subtlety of the relations
among truth, belief and human action.
r_\N ILLusTRATED HisTORY OF BRAIN
+* FuncTioN, by Edwin Clarke and
Kenneth Dewhurst. University of Cali-
fornia Press ($14). The visage of a bald-
headed man faces the reader directly. It
is presented as the outline of a piece of
sculpture, but over its surface a map of
qualities has been drawn. The left side
has some 160 numbered areas, and
the right has an alphabetful besides.
Just below the corner of the left eye
there is a region, half the size of a post-
age stamp, associated with “wave mo-
tion”; at the lower left corner of the jaw
there is an area marked “149. Republi-
canism.” This is the preposterous work
of a New York physician, J. \W. Red-
field, “the author of the most elaborate
system of physiognomy ever conceived,”
which was first published at the end of
the Civil War and was still current 30
years later. This volume is not a collec-
tion of such naive and bizarre manifes-
tations, although there are more than a
few within it; it is a scholarly, visually
remarkable pursuit of the growth of
knowledge of cerebral localization and
its graphic representation.

“Tell me where is fancy bred, / Or in
the heart or in the head?” The introspec-
tive confusion lasted from pre-Galenic
times through Descartes and beyond.
Here is a careful text covering the en-
tire period to 1972, illustrated through-
out with a wide variety of drawings and
photographs. There are Hellenistic man-
uscripts, medieval Persian texts, an early
Dutch transmission of Chinese tradi-
tion, a photograph of the brain of Sir
William Osler, Descartes’s hydraulic re-
flex circuit via the pineal gland, a fine
color reproduction of Rembrandt’s Anat-
omy Lesson of Dr. Deyman (in 1656 the
artist was more faithful to the brain than
the anatomists were), Wilder Penfield’s
modern homunculus—in sum, nearly 160
figures in a large, thin, well-made vol-
ume,

To begin with, it was the ventricles,
the cavities in the brain filled with fluid,
that were considered the centers of func-
tion. Galen had not been wholly con-
sistent but the Church Fathers tidied up
his works and made it plain how these
“cells” held reason, common sense and
imagination. By the time of Leonardo
and Vesalius the matter was much less
clear, although the anatomy was surer.
Vesalius had at first accepted even
Galen’s pig-and-dog results for the ar-
terial network at the base of the brain,
the rete mirabile, which is not found in
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man, but he recanted in the text of his
great anatomy.

It was Thomas Willis and his contem-
porary Sylvius who first proposed (there
had been a Greek foreshadowing) that
portions of the brain substance itself
had specific functions. Certain plates in
Willis” 1664 anatomy of the brain are fa-
mous; “Dr. Wren, on account of his sin-
gular humanity, wherewith he abounds,
was pleased to delineate with his own
most skilful hands many figures of the
Brain and Skull.” The cranial nerves
and the arterial circle of Willis (which
replaces the rete in man) are clear. The
Royal Society again proved its early
vigor, here prenatally.

Still the convolutions of the outer lay-
er of the brain, the cortex, were all but
ignored. Descartes drew them rather
well, even though he gave them no im-
portance; Wren drew them rather vague-
ly at best. By 1820 the phrenologist
Franz Joseph Gall, an excellent and sin-
cere anatomist, had introduced his lo-
calized functions of the brain and the
corresponding overlying bumps on the
skull. His scheme was initially rather
modest, but his followers made it laugh-
able. Their intuitions and bombast were
nonetheless the stimulus for real studies
of the convolutions of the cortex. At first
merely morphologically, then with the
insight of Darwinian comparative anat-
omy, the anatomists mapped the folds
and fissures with care and accuracy. Pho-
tography entered to add veracity. By
1870 the static map was about complete;
by 1881 a diagram of a cortex no less
obsessive than Redfield’s of the head
could be published by a German localiz-
er who had studied brain lesions and the
kind of defects the patients showed, but
evidently not statistics. The physiologists
and the neurosurgeons began to work on
the living brain in animals and in man.
After a century of investigation we have
still only a first idea of the degree and
meaning of human cerebral localization.
Roger Sperry and Michael Gazzaniga
have interrogated the two halves of the
brain separately; Wilder Penfield has
elicited vivid specific memories on the
operating table, but in the last figures of
the book the theorists still designate big
areas for “writing fluency” and “melo-
dy.” Such investigative tools as brain
injury, epilepsy, “phantom limbs” and
electrodes make for slow work. It clear-
ly beats labeling an area for Republican-
ism, but it is a long way from localizing
function.

The two British scholars who have put
together this book have given both the
trained and the general reader a valua-
ble gift; one expects to see these pictures



reproduced in a wide variety of con-
texts. The references, both historical and
substantial, are rich.

ELECTROSTATICS AND ITs AppPLICA-
TIONS, edited by A. D. Moore. Fore-
word by Vincent J. Schaefer. John Wiley
& Sons, Inc. ($24.95). In the era of
Franklin of Philadelphia, to whom this
fine book is dedicated, electrical science
was electrostatics. Of course, charges
must move a little if anything interesting
is to happen on a human scale, but much
charge and generally not much motion—
a high impedance—roughly defines the
domain of electrostatics. Volta invented
current, Faraday electromagnetism, and
by 1900 “electromagnetics had virtually
eclipsed electrostatics” in applications.

The reason seems fundamental, al-
though the enthusiastic editor of this col-
lection of 20 chapters, contributed by 18
experts of the widest learning and ex-
perience, is not yet prepared to concede
the point. All matter has charges that are
mobile, given enough force. An epidemic
breakdown occurs, so that charges move
too freely, once a certain limiting elec-
tric field is present. That field deter-
mines the maximum net charge on any
macroscopic surface area. The energy
density in that maximum stable field is
less, in free air, by four orders of magni-
tude than the energy density for a prac-
tical magnetic-field strength. Other ma-
terials, even the vacuum, help some, and
cryogenic temperatures may one day be-
come important, but so far no big elec-
trostatic machines are around at high
power. The moving-belt generators of
Van de Graaff are commercial and scien-
tific successes for high voltages (now up
to 20 million volts and more) but the
power is modest: a few tens of kilowatts.
Noel Felici of Grenoble has designed
electrostatic generators, now realized
commercially with plastic cylinders spin-
ning fast in high-pressure hydrogen, that
also produce only tens of kilowatts in
machines of modest size. Motors too ex-
ist, their rotors charged by a corona
spray. There is a neat one pictured here,
all Lucite and foil and only about five
inches long, delivering 75 watts of pow-
er. Bigger sizes are foreseen, but 10 kilo-
volts at low current is not attractive.

On the other hand, the spinning of
shafts is not the sole aim of engineering.
Observe that the charge density on a sur-
face is limited by the breakdown field.
But then the electrostatic force on a
charged grain is proportional to its area,
whereas weight varies with the volume.
Place any sufficiently small macroparti-
cle in an electric field, then, and its mo-
tion is controlled not by gravity but by

the charge you have placed on it. That
charge depends on its history, its chemis-
try, its environment. Here is pay dirt for
the ingenious electrostatic engineer.

In the past decade or two the small
particles have very often been carbon-
impregnated resins carried on glass
beads, all chemically charge-controlled.
The coated beads cascade across a sur-
face where an optical image has been
focused on a layer of charged photocon-
ductor. The dark regions remain charged
but the lighted areas lose their charge.
The carbon particles leave their carrier
beads and adhere to the charge pattern.
Properly spray-charged paper picks up
the tiny dark particles from the surface,
and another of those billions of copies
rolls out of the machine.

Copying is not all. Dust is charged by
a corona discharge and is thus separated
from the exhaust gas that leaves the
smokestack. The process goes back 60
years and more and is responsible for the
collection of most power-station fly ash,
20 million tons of particulate air con-
taminants per year.

The computer can produce bits at an
inordinate rate. Sometimes it is desired
to record all that output. There are me-
chanical printers, printing one line at a
time, that press inked type on paper at
the rate of 2,000 lines per minute, say
a page per second. Faster yet are in-
genious new means of nonimpact print-
ing, described here in some detail. One
elegant scheme fires a beam of 100-mi-
cron charged droplets of ink at the pa-
per. Variations in charging voltage and
in a deflecting field en route control the
droplet’s landing point, and a dot matrix
builds up a letter. The text comes out at
the demoniacal rate of 30,000 lines per
minute, under easy computer control.
(The reading machine is not so well de-
veloped!) Most refrigerators and most
golf balls are electrostatically sprayed
with liquid paint droplets; riding the
guiding fields, the charged droplets
never miss. Compared with air spray,
the process coats two or three times as
much surface per gallon of paint. Sand-
paper is coated by the mile with grit par-
ticles in the same way. Here the advan-
tage is even greater: the asymmetric
solid particles dive into the gluey paper
head first, all oriented by the field lines
with their sharp tails pointing out.

This book reflects the variety and the
heterodoxy connected with electrostat-
ics. Some of that flavor is personal, but
some inheres in the mysteries that still
accompany the phenomena, which are
surface-sensitive, depend on small-scale
properties and therefore vary with the
weather, and are clearly cousin to the
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THE FIRST AUTHENTIC GUIDE
TO ANOTHER WORLD
By PATRICK MOORE and

CHARLES A. CROSS

The Official, authoritative Stock Mar-
ket Guide for teenagers and their

parents. Covers all Stock Market
operations including the Short Sale,
Stop-Loss Orders, Puts & Calls, etc.
Valuable Work Book included. First
book for young people who show the
slightest interest in money matters.
Only $5.95 a copy from THE AMER-
ICAN CLASSICAL COLLEGE, P.O.
Box 4526, Albuquerque, New Mexico
87106.
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lightning bolt. All together this book
about a neglected technology, half-sci-
ence and half-art, partly ancient and
partly modern, is an invitation to the
inventor, the sophisticate of process de-
sign and the general reader alike.

RIVERS ix tHE City, by Roy Mann.

Praeger Publishers ($20). PANORAMA
oF LonNpoN: 1749. From an original en-
graving made by the Buck Brothers,
with contemporary notes by John Wells-
man. Dover Publications, Inc. ($3.50).
THe Granp PANORAMA OF LoONDON
FrRoM THE TuamEes, made for The Pic-
torial Times in 1844. Introduction by
Asa Briggs. Dover Publications, Inc.
(33.50). In the year 1502 Florence was
at war with Pisa downstream. The sci-
ence adviser to the ruler proposed an
audacious plan: to steal the river Arno
from Pisa by cutting a canal link to the
sea, at once eliminating Pisa as a port
and giving Florence that status. The ca-
reer of Duke Cesare Borgia could not
accommodate so lengthy a project, how-
ever; Leonardo da Vinci left his service
in a couple of years, and his plan re-
mained on paper, a lasting contribution
to the attitudes and techniques of our
technology. The Arno is a short river,
but it drains the steep Apennines. Since
1269 written records have been kept of
its flooding of Florence; no flood has
been so severe as that of November,
1966. Florence lives well with the river;
the open landscape corridor of the Arno
has been framed by the Medicis, whose
two palaces on both banks (their resi-
dence in the Pitti within its cool, high
gardens, and the bureaucratic Uffizi)
are even linked by an enclosed “safe and
secret” passageway, crossing the river
just under the tiled roof of the Ponte
Vecchio. But the Florentines need more
than that wonderful, intimate, romantic
framing of the river with elegant bridges
and palaces, or the fine long cobbled
quays. Their only green open space lies
on the old Medici dairy farm just down-
stream. “Visitors romanticize the city’s
density; Florentines enjoy escaping it.”
The modern plan is to keep the Arno
banks secure for green parkland and
public recreation both upstream and
down from the compact city.

The attractive and unusual Rivers in
the City, basically a volume of annotated
maps and photographs, is the fruit of five
years’ study by a landscape architect and
planner of Cambridge, Mass. His book
“explores fifteen rivers and riverine sys-
tems within their own environmental,
urban/regional, and historical contexts.”
He gives no statistics on thermal or bac-



terial pollution; his interest is not in wa-
ter itself but in the land, the structures
and the people on the banks. He looks at
riverside problems and answers in west-
ern Europe and eastern America, each
case seen in its own setting, carefully
documented for the eye, analyzed with
insight and concern in a calm rather than
polemic tone.

A river is a unique urban corridor, a
unified setting for the view of the city
and a place of repair for its people. To
cut it away from those people with high-
way and warehouse, to break its long
sight lines with huge, out-of-scale power
plants is to incur a heavy cost that is not
yet entered on the balance sheets. Pipes
can carry cooling water more easily than
they can people; container ports need
not sprawl into great, dead semitrailer
parking lots when other designs exist.
The trick is to govern well and to invest
even where profit is not easily seen. To
build their freeways along the landings
of the Seine as that busy working port
declined in the 1950’s was easy for the
city fathers; the land was already theirs
and no complaints would come from dis-
possessed owners. But the loss of Paris
itself is latent in such decisions. It is not
too late; the long-range plan for the Paris
basin is already much wiser. Dutch plan-
ners are far ahead in their claims on city
rivers for leisure: mass transit, deep-bore
tunneling, underground construction,
compactness of design, integral planning
and regulation of the scale of structures
anywhere near the river’s visual corridor
are techniques that hold promise. Where
railroads and highways have already en-
croached, they can be decked over, at
least in part. The bleakness even of New-
castle’s Tyneside, a legacy of antique
industry centered on coal and laissez
faire, can be moderated. There the plan
includes a mix of landscape and recrea-
tional park development with new in-
dustrial parks. The river can become
again a living and working citizen of the
city. “The root of environmental abuse is
not ideologic. It is economic.” A new use
of our resources, a new distribution of
work and of incomes, a new policy of
taxation, in short a new deal all around,
may be a way to fine new riverbanks,
from Washington to Venice.

In his book Mann reproduces two en-
graved pages of London in 1616, viewed
from the Thames at London Bridge. The
two small Panorama of London books,
originally published in London by Sidg-
wick & Jackson, present similar but
much more extensive engravings, show-
ing in each case the city from the river
from Westminster to the Tower. The

1749 vista is about 10 feet long, accor-
dion-folded between its covers; the Vic-
torian view unfolds to more than 12 feet.
It is clear from the difference between
Mann’s Jacobean London and this Geor-
gian panorama that the city was in rapid
growth. The skyline remains dominated
by the church towers. By Victorian times
smoke from coal fires on land and on
shipboard gives panache to Wren’s old
city of spires. Either little book is hard
for anyone to resist who loves London
or cities in general.

C()NTEI\IPORARY ARCHAEOLOGY: A
GuipE To THEORY AND CONTRIBU-
TioNs, edited by Mark P. Leone. South-
ern Illinois University Press ($15). For
about a decade American archaeology
has been in revolution. The cause was
internal, not external. Year by year the
general public has delighted in evidence
of the antiquity of man, of the univer-
sality of his past as hunter and gatherer,
of the widespread brilliance of his an-
cient art and artifice, in signs of lengthy
migrations and apparently independent
discoveries, of the roots of abstract
thought in early grammar and mathe-
matics and astronomy, in objective dat-
ing and in the details of human life re-
vealed by pollen and bone. The literate
unspecialized audience did not com-
plain, but something was very wrong
within. It is strange—even for an out-
sider strongly impressed by unfamiliar
sculpture and careful plans for a dozen
bewildering settlement layers—to en-
counter at the end of the thick volume
of some report two diffident pages of
conclusions, mainly psychoanalytic. Why
all that care?

Paul Martin of Arizona, no newcomer
but a convert to new ways, puts it pun-
gently: “I used to be a virtuoso of pot-
tery types. Given almost any sherd from
the southwestern United States, I could
place it spatially and temporally. But I
was unable to tell you a thing about the
interrelationship of shapes, designs,
types, and functions. I had not ‘seen’
that a given pottery type might have
been used almost exclusively for ritual or
burial purposes. .. that the patterning of
human behaviour might be explained by
the variability in the archaeological rec-
ord.”

This change too has a history. Eco-
nomics as a whole, Marxian materialism
in particular, informed such distin-
guished workers as Gordon Childe a gen-
eration ago. Walter Taylor of Southern
Ilinois, who has a paper in this anthol-
ogy, was close to the present trend in
1948 in a wholly American context. But
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it is younger workers such as Lewis Bin-
ford and Kent Flannery and James Deetz
who have made the sharpest comments.

Those arguments are here; the volume
has 33 papers, eight of them first pub-
lished now, on the issues. About half of
them are substantive pieces, presented as
examples of the new trend. The rest
represent prelude or the critique of
method. The questions are too rich to
outline in a brief review, but it may be
allowable to present an impression. A
descriptive paper, taxonomic in nature,
is at best a part of science. Archaeology
can fulfill its promise only as it sets itself
a sterner task: “good archaeology” will
normally include a hypothesis to explain
some observations, a hypothesis that can
in the end be tested by independent
data. “The site” is not given by God.
How are digging sites selected? In 37 re-
ports Binford found not one statement of
the criteria for site selection. Sampling
theory, studies not only of types but also
of their variation, a search for and re-
cording of details (Were streams near-
by? In which direction did the bones
lie?) plainly belong alongside of mean-
ingful hypotheses. Not one author dis-
agrees: “For the last ten years, the pace
has changed.... No author regrets the
change, and none condemns it.”

Many hopes arise from these pages.
General systems theory, location theory,
game theory, multivariate typology, sen-
sible random sampling, numerical stud-
ies of data clearly are large schemes
open to men and women who no longer
need to concentrate on knowing all the
shards by space and time. Some of these
techniques will bear fruit; the reader can
wish the workers well.

Still, there are dangers. Samples re-
main stubbornly small when experiments
cannot be repeated. Not every worker
learns that lesson soon enough. Nor can
broad judgments be the subject of easily
tested hypotheses. One must indeed
hope for a science more balanced be-
tween data and inference, a subject dis-
ciplined by ideas and processes, not by
technique and collection alone. But one
must also look beyond balance into the
depth of the strategy; it was a wry poet
who prayed God that he not be allowed
to commit a social science. We have
plenty of long questionnaires and slight
conclusions, fully testable by chi square
but piecemeal and worthless after the
test. There is no royal—or even mathe-
matical—road to science. Fine-grained-
ness is not enough, any more than is
library speculation or authoritative pot-
piling. Each generation can find its own
errors!
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Did you know there’s a new way your doctor can
get immediate advice from specialists?

(
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There’s a serious fracture. Your
doctor X-rays it. Then, by using
RCA Globcom’s new Videovoice
system, he can quickly transmit
the X-ray to an orthopedic special-
ist for analysis and discussion. By
providing this electronic consulta-
tion between physicians and spec-
ialists, Videovoice can save vital
time and travel—and even lives.
[t’s especially valuable in remote
areas but it's working in big-city
emergencies, t0o.

It’s all done through a standard
telephone line. At each end is
Videovoice, a compact, desktop
unit combining a TV camera,
monitor, integrated speaker
and microphone. In medical
applications, Videovoice trans-
mits X-rays, electrocardiograms
and electroencephalograms for
diagnosis. It can produce close-
ups for detailed inspection.

It can print what it shows. And
you can tape-record the pic-
tures and conversation for
plag-back.

sinessmen and technicians
can also benefit from Videovoice
— for face-to-face discussions of
such things as charts, parts and
components.

Electronics is creating
ingenious new ways to enhance
life. And RCA, which helped
create the technology itself,
is still pioneering the electronic
way.

The electronic way

: |




The 1974 gold
Continental Mark IV,
A new standard.

For 1974, at slightly higher cost, the gold Continental Mark IV
will be a new standard by which all American personal luxury cars will be judged.
Rush for it.

CONTINENTAL MARK IV

LINCOLN-MERCURY DIVISION
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