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The Mercedes-Berz 300D Sedean, 300TD Station Wagon and 300CD Covpe: with

their Tirrbodiesel performance, they are

The MercedesBenz
Turbodiesels for 1985:
still the most powertful
line of diesels
sold in America.

THE MERCEDES-BENZ 300D
Sedan, 300TD Station Wagon and
300CD Coupe represent three
variations on a radical theme: the
idea that dramatic over-the-road
performance can be blended
with diesel efhiciency and
stamina.

The idea works. These
Mercedes-Benz Turbodiesels
move. With accelerative energy
and cruising ease worthy of gas-
oline-powered cars. With power
enough to flatten hills and make
quick work of sudden passing
maneuvers.

TURBODIESEL POWER,
DIESEL DURABILITY

Yet consider the bottom line. The
Turbodiesel you will be living
with and maintaining and paying
the bills for, year in and year out,
is a true-blue diesel. No complex
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electrical system. No conven-
tional tune-ups. A durability factor
that has become part of auto-
motive folklore.

The key to the Mercedes-Benz
Turbodiesels’ performance is less
the turbo than the diesel-its
three-liter, five-cylinder engine.

It is unique, a high torque
powerhouse so advanced that it
even 0il-cools its own pistons as
they move.

Turbocharging any engine
boosts its power. Turbocharging
this engine boosts its power-by
42 percent in models sold on the
West Coast, by 45 percent in mod-
els sold elsewhere.

Many makers have aped the
Turbodiesel idea since Mercedes-
Benz pioneered it in production
automobiles in 1978. Scant sur-
prise that no maker has yet aped
the Mercedes-Benz Turbodiesels
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vivid level of performance.

The Turbodiesels rank not only
as the most powerful but also the
most varied line of diesels sold in
North America today.

SEDAN;, STATION WAGON
AND COUPE

The four-door 300D Sedan ac-
commodates five persons and a
gaping 12-cu-t. trunk within a
wheelbase of just 110 inches,
helping lend near sports-sedan
agility to this familiy-sized
automobile.

“The 300Ds5 success in striking
a balance between ride comfort
and handling response; reports
one automotive journal, “is
equalled by less than a handful
of other cars in the world’

The 300TD Station Wagon
interlaces the driving pleasures of
a Mercedes-Benz with the work-
horse utility of a five-door carry-
all. Total cargo capacity well
exceeds 100 cu. ft. A hydropneu-
matic leceling system is integrated
with the rear suspension, to help
keep the vehicle riding on an
even keel-whether the load is
heavy or light.

EXOTIC, YET PRACTICAL

The 300CD Coupe is the worlds
only limited-production two-plus-
two diesel touring machine. It sits
on a taut 106.7-inch wheelbase-
one secret of its quick-witted



Coupe, Mercedes-Benz Turbo-
diesel power is harmonized with
high standards of performance
in every sense of the word.

From suspension to steering to
brakes, every Turbodiesel is engi-
neered to be a precision driving
instrument. “There’s a cornucopia
ofdriving delights atyour disposal;

agility. Its graceful coupe body-
work, sans central door pillars,
is formed in a process involving
intensive handworkmanship.
The 300CD is that rarity of
rarities, an automobile both
highly exotic arnd relentlessly

Sedan or Station Wagon or
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concludes Car and Driver-
suggesting that in driving pre-
cision there is driving pleasure.

From biomechanically correct
seats, to a superb automatic
climate control system, to the
dulling of the outside wind noise
to an almost inaudible murmur,
remarkable comfort prevails.
Virtually every usefid driving
amenity is standard, including an
uncannily precise electronic
cruise-control unit.

Safety precautions are re-
markably comprehensive-both
in helping avoid trouble, and in
protecting the occupants should
trouble occur.

MORE THAN POWER

Ultimately, the Turbodiesels
appeal extends beyond their per-
formance and driving pleasure.
There is no more powerful line
of diesels sold in North America-
and there may be no more
versatile, more competent, more
timely line of automobiles. In
North America, or the world.

=

Engineered like no other
car in the world

SEE YOUR AUTHORIZED
MERCEDES-BENZ DEALER
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THE COVER

The cover painting offers a perspective across one of the two 102-foot-wide
faces of the PAVE PAWS, an electronically steered early-warning radar built
by the Raytheon Company. The PAVE PAWS is an example of a radar tech-
nology known as the phased array (see ‘“Phased-Array Radars,” by Eli
Brookner, page 94). Individual microwave signals from the 1,792 active an-
tenna elements on the 5,354-element array face interfere constructively to
produce the beam. Although the beam can be directed as much as 60 degrees
away from the array’s perpendicular axis, the antenna face is immobile.
Instead minute delays, individually calculated, are introduced into the sep-
arate signals radiating from each element. The delays shift the phases of the
signals in relation to one another so that they interfere constructively at a
specified angle with respect to the array’s perpendicular axis. Each eight-
inch-high element consists of crossed dipoles. These are angled downward
to alter electromagnetic interactions of adjacent elements that at certain
steering angles can prevent energy from radiating. The metal stubs inter-
spersed among the antenna elements aid in producing a circularly polar-
ized beam, a characteristic that helps to maximize the system’s sensitivity.
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In the photographs you see
here, two cars were travelling
50 m.p.h. Over a test track
slippery asice.

The only difference was,one
car was equipped with a re-
markable new anti-lock brake
system, developed by Alfred
Teves, a subsidiary of ITT.

It, obviously wasn't the car on
top. When that driver applied
his brakes, the wheels locked.

The car began to skid—

and the driver lost control.

When the driver in the
bottom car applied his brakes,
a built-in computer sensed the
road beneath the wheels was
slippery.

[t automatically "pumped”the
brakes. Faster than any human
driver could.

There was no skidding. No
loss of control.

In fact, even if the car were
being steered around a curve,

it could be braked without
skidding.

This unique ITT Teves
brake control system will begin
appearing in cars this year.

Meantime, it's a good
example of the kinds of business
activities that ITT is concen-
trating on these days.

They're businesses where we
can apply new technology in
imaginative and promising
directions—and at top speed.

The best ideas are the ITT
ideas that help people.

© 1985 ITT Corporation, 320 Park Avenue, New York, NY 10022
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LETTE

To the Editors:

Bethe, Garwin, Gottfried and Ken-
dall (“Space-based Ballistic-Missile
Defense,” by Hans A. Bethe, Richard
L. Garwin, Kurt Gottfried and Henry
W. Kendall; SCIENTIFIC AMERICAN,
October, 1984) have presented an in-
teresting and comprehensive overview
of the current state of the technologi-
cal problems that must be overcome if
President Reagan’s Strategic Defense
Initiative is to become a reality. In the
realm of strategic policy, however,
their arguments supporting the asser-
tion that strategic 1cBM defense is an
unwise policy choice are rather less
comprehensive and cogent.

One concern stated by the authors is
that a U.S. defense that could not fend
off a full-scale strategic attack but
might be quite effective against a weak
retaliatory strike would be particular-
ly provocative to the U.S.S.R. In my
view, a more urgent concern is that one
day the Soviets themselves may have a
defense that could be very effective
against a weak retaliatory blow made
by the U.S. after a Soviet preemptive
attack. There are ample indications
that the Soviets are vigorously pursu-
ing their own strategic-defense proj-
ects. It is essential that we concern
ourselves with the consequences of as-
suming the Soviets will not proceed
with strategic defense if we do not. It is
worth noting in this context the stag-
gering efforts the Soviets are under-
taking in modernizing their defenses
against the air-breathing portion of
our strategic triad. The Soviet air-
defense forces have already deployed
more than 10,000 surface-to-air mis-
sile launchers at more than 1,000 sites
throughout the Soviet Union.

Indeed, based on observation of
Russian policies over the past four
decades it can be inferred that a long-
range goal of Soviet strategic policy is
the attainment of world hegemony. A
worrisome consequence of this infer-
ence is that the Soviets may not be very
interested in equal treaties leading to
mutual disarmament. The U.S.S.R.
currently enjoys a particularly strong
bargaining position in any negotia-
tions: its leaders are well aware of
the grassroots pressures on the West-
ern leadership to negotiate reductions
in strategic arms, while they them-
selves do not feel encumbered by
such pressures....

Whether the Strategic Defense Ini-
tiative will ever be technically and eco-
nomically feasible depends on the out-
come of research and development

6

now getting under way. The issue of
whether it is politically desirable war-
rants much more consideration.

WILLIAM BAILEY

Oakton, Va.

To the Editors:

In the article “Space-based Ballistic-
Missile Defense” the authors claim to
have made a “highly optimistic” par-
tial cost estimate of the power supply
for a system designed to destroy 1,400
Russian 1cBm’s. Unstated is the as-
sumption that all 1,400 missiles are
launched in 100 seconds—that is, that
they are all launched at the same time
and proceed through the booster stage
simultaneously. Even if this were a
strategy implemented to thwart a sat-
ellite-based anti-icBM system, it would
be extremely difficult to accomplish.
If one were to assume that the actu-
al time available was on the order of
1,000 seconds (approximately 17 min-
utes), their “highly optimistic” cost es-
timate drops from $100 billion to $10
billion. The authors’ estimate of the
required number of “fighting mirrors”
is similarly flawed.

Certainly the cost of a space-based
anti-IcBM system would be high, but it
distresses me to see a group of distin-
guished scientists make such an obvi-
ously impracticable assumption in an
attempt to advance what is essentially
a political argument.

DaviD R. CLARK

Garland, Tex.

To the Editors:

The arguments contained in the ar-
ticle “Space-based Ballistic-Missile
Defense” appear to me to be fatally
flawed on several counts. Some of my
objections are as follows:

1. The authors specify that a defense
must be perfect. Leaving aside the
theological implications of perfection,
I would argue that the question before
us is whether an effective defense is
possible. An effective defense is one
that would make attack more difficult,
more costly and more time-consum-
ing, and that therefore makes the de-
fender safer by dissuading an ene-
my from attacking. For example, any
bank vault can be broken into with
enough resources and time; vaults are
built to dissuade safecrackers, not to
defend deposits perfectly....

2. The reasoning underlying the con-
clusion that installation of ballistic-
missile defenses would lead to more
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aggressive behavior strikes me as spu-
rious. You could more reasonably ar-
gue that an adversary who was simul-
taneously facing a shield of uncer-
tain effectiveness and protected by a
shield of uncertain effectiveness would
be doubly dissuaded from precipitous
action: he would quite logically fear
that his own defense would not work,
whereas the other side’s might.

3. The authors state that “if the pres-
ident’s dream is to be pursued, [outer]
space will become a potential field of
confrontation and battle.” Frankly, I
can’t think of a better place to have a
nuclear war than one where nobody
lives....

4. The article advocates negotiat-
ing more treaties with the U.S.S.R. to
bring about a safer world, without
mentioning that the Soviets are violat-
ing the treaties that have already been
negotiated. In the interest of honesty,
the authors should have admitted that
the strategy they advocate, of basing
our security on pieces of paper rather
than on strength of arms, is a very
high-risk course that can succeed only
if the Soviets depart from their estab-
lished behavior.

EDWARD LAZEAR III

Louisville, Ky.

To the Editors:

We regret that space limitations and
the inherent complexity of ballistic-
missile defense (BMD) prevent us from
addressing each of the points that have
been raised in the many letters we
have received.

To preclude the development feared
by Mr. Bailey, in which the Soviets
would have “a defense that could be
very effective against [our] weak retali-
atory blow,” we have long supported
programs that enhance the invulnera-
bility of our strategic forces and pro-
vide our missiles with penetration aids.
The status quo is one of rather stable
deterrence, and such programs would
maintain that equilibrium by enhanc-
ing our ability to retaliate after, and
thus deter, a first strike.

As Bailey points out, the Soviets do
have vast air defenses. Nevertheless.
the Air Force is confident (as are we)
that our manned bombers could pene-
trate to Soviet targets. This illustrates
the prodigious task of BMD, for a
bomber is a far slower, larger and
more fragile target than a ballistic mis-
sile or a warhead.

Bailey worries that “the Soviets may
not be very interested in equal
treaties.” We would say both sides
have sought treaties that favor them-
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: As computer applications continue to
ssssssssmnnn|f expand designers of large computers are faced
EEEEEEEREEERRER with many challenges. One of the biggest of these
SEEEEEEEEERE is designing semiconductor chips: not only do
Figure 1: The logic module SEEEammas B engineers have to design chips to contain the
”se(d in lergallllloantien desired function, but they must also integrate the
cutaway below) is part of R .
the industry’s densest circuit chipsinto the rest of the system and accomplish
pacglllyi;lrgr-l 07;1;; ee(llelcrtl"ganﬁlg this quickly and inexpensively. .
module (right ) were made For nearly two decades, IBM designers
through IBM’s Engineering have been leaders in this field, pioneering the
e rgg:;g,{lsﬁgf’;eo’gc ‘;;;1 technologies of chip customization, automated
customize where necessary, design, and automated manufacturing. In the
standardize where possible. mid-1960s, IBM researchers began developing a
chip customization technology — known as gate
array or masterslice —as well as a totally
integrated set of design automation tools called
the Engineering Design System.

The first masterslice chip came off IBM
production lines in 1967 and was part of the
System/3 announced in 1969. Growing
increasingly important as an element in IBM
computers, masterslice became the basis for the
logic in the System/38 in 1978. This marked the
first major impact of masterslice technology on
computer architecture, making masterslice a
driving force in semicustom, large-scale
integration of chips in the computer industry.

In masterslice, a predefined pattern of
circuit elements is fabricated in an area of a
silicon chip called a cell. The pattern is then
repeated so that almost the entire chip is covered
with identical cells. In this manner, many chips

'Ill

EmEENs !.‘"

Figure 2: This simplified side
view of a logic chip shows three
layers of metallization (along
with three layers of insulating
stlicon dioxide) that are put on
top of the masterslice to produce
a semicustom chip. The
metallization process enables
designers to customize chips for a
specific job. And a standard
“base”—the masterslice—allows
quicker turnaround times and
lower manufacturing costs. |
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may be produced with identical arrays of
identical cells.

Customization takes place in “metalliza-
tion"—the adding of alternate layers of insulators
and metal wiring interconnections over the
masterslice pattern of the circuit elements. This
gives chip designers the freedom to make
hundreds of variations in their design and still
maintain the economic standardization of parts.

Masterslice technology has grown into
an important process for implementing logic in
IBM products. It is the basis of the 1,200 logic
chips that make up the 500 different logic
configurations of the central processing unit of
IBM's largest computers, the 308X family.

IBM’s Engineering Design System (now a
full family of integrated design tools) has a data
base that contains a complete description of each
chip and its relation to the rest of the system,
from the physical properties of individual devices
to the requirements of the entire logic system of
the computer. Thus, this design system enables

[ ]
Logic
—_—
lIHII Design

System v
T B l
v
Design Technology Physical Design
Verification Design . Chips

Test Data
Generation

¥
\

Manufacturing

Figure 3: With IBM’s Engineering Design System, machine
designers use terminals to input logic functions for a chip and
establish a data base. Through simulation, the system
provides logic verification and performs logic delay checking.
Test patterns are then automatically generated for each part.
In the meantime, physical design of the chip is done with
computer programs that perform the following tasks: circuit
placement, 1/0 assignment, wiring, and checking. All physical
design information ts then transformed into shapes, patterns,
and precise locations of interconnections and circuit elements
required for manufacturing.

Masterslice and
the kngineering
Design System

Figure 4: Shown here is a
display screen from the
Interactive Graphic
System (1GS), one of the
many Engineering Design
System tools developed by
IBM to speed chip
development and
implementation. IGS is a
powerful shape
manipulation tool used to
design new masterslices.

the needs of a large system to be reflected in the
design of its smallest components.

The thousands of individual software
modules of the Engineering Design System can
be used to take a chip from initial design,
through simulation and testing, to manufacture.
Linking such a wide range of functions through
common interfaces to form a total systemis a
feat unmatched in the industry. A designer using
this system can take a chip from the start of the
physical design stage to the manufacturing line
in about six days.

Many engineers, scientists, and pro-
grammers throughout IBM contributed to the
development of masterslice and the Engineering
Design System. Their contributions are only
part of IBM’s continuing commitment to research,
development, and engineering. ==== =°
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selves, a quite natural trait that has
hindered and stymied progress. Nev-
ertheless, the two governments have
sometimes hit on valuable agreements
that they deemed more desirable than
no agreement at all. It is now the an-
nounced intent of President Reagan to
seek such an agreement.

In answer to Mr. Clark, our explic-
it assumption that the Soviets could
launch all their current 1,400 1cBM’s at
once is designed not “to advance...a
political argument” but only to ac-
knowledge a Soviet capability. The
Strategic Defense Initiative (sbi) pro-
gram makes the same assumption. In-
deed, our defense is likely to face a
much larger force than we assumed in
our article, for the Soviets have repeat-
edly stated that they view spil as an
attempt by the U.S. to gain strategic
superiority and that they will not ac-
cept such an outcome.

In that connection we address a cru-
cial question raised by Mr. Lazear:
“An adversary who was simultaneous-
ly facing [our] shield of uncertain ef-
fectiveness and protected by [such] a
shield would be doubly dissuaded....”
True enough, provided he cannot en-
large or improve his offensive force.
But an uncertain defense would de-
stroy all negotiated limits on the of-
fense: by the same logic, he will feel
doubly threatened by us, and will

| therefore feel compelled to enlarge his

offensive force in order to maintain a
deterrent in which he has confidence.
And then we, being keenly aware of
the ineffectiveness of our own defense,
will feel threatened by his buildup and
react accordingly. (The uncertainty in-
herent in strategic defense would also
make good-faith arms control vastly
more difficult than it has been for of-
fensive forces, whose capabilities are
well known and agreed on.)

Mr. Lazear suggests we ask “wheth-
er an effective defense is possible.”
But time does not stand still while the
U.S. deploys strategic defenses, and al-
though the U.S. is wealthier than the
U.S.S.R,, it does not have vastly more
resources to spend on strategic de-
fense than the Soviet Union has avail-
able to overcome such defense. There-
fore supporters and critics of strategic
defense alike consider the “cost-ex-
change ratio,” which is unity when the
defense can be overcome with the ex-
penditure of equal resources. Defense
of Minuteman silos can make attack
relatively more costly, but defenses of
cities can be overcome more readily
than they can be deployed. Unless the
cost-exchange ratio is favorable, the
situation is likely to be worsened by
deployment of strategic defenses. Such
supporters of strategic defense as Ed-
ward Teller also insist on a favorable
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cost-exchange ratio before deploy-
ment of a defense.

Mr. Lazear asserts that “in the inter-
est of honesty” we should admit that
Soviet behavior makes arms control
“a very high-risk course.” In assessing
any arms-control proposal one must
ask whether our security would be
under greater threat from clandestine
treaty violations that escape detection
or from the activities that would legiti-
mately occur in the absence of a treaty.
By this criterion all the saLT accords
have enhanced our security, as would
the space-arms-control regime we ad-
vocate. We say this even though we
believe the Soviet radar under con-
struction at Krasnoyarsk will be the
first serious violation of a ratified stra-
tegic-arms-control treaty if it is com-
pleted. This radar would be of little
military significance, but it is political-
ly essential that the U.S.S.R. abandon
it or modify it to bring it into treaty
compliance.

We do not agree with Lazear that
uninhabited outer space is the ideal
place for nuclear war, for such a war
would quickly spread to the vital
ground-control facilities. In all likeli-
hood it would then escalate to general
nuclear war.

We stress that one should not lose
sight of the crux of this issue by focus-
ing on the technological details of the
BMD schemes under discussion, since
none of them hold out the hope of pro-
viding a sturdy shield against a deter-
mined nuclear attack on the nation.
That fact has beenrecognized by many
advocates of spi, who now base their
case on the contention that strate-
gic defense will bolster deterrence.
But that abandons President Rea-
gan’s original vision—the hope that
sp1 would replace assured destruction
by assured survival. A defense that is
merely an adjunct to a preponderant
offensive deterrent brings us back to
the very point where the superpowers
were in 1972 when they recognized
that BMD and offensive-arms limita-
tions are incompatible and acted on
that insight by signing the ABm Treaty.
We therefore welcome President Rea-
gan’s decision to initiate negotiations
on space weapons and offensive mis-
siles. An accord that encompasses
both would be in our own security in-
terest, but it will not be attainable if we
refuse to face the implications of pur-
suing strategic defense.

HANS A. BETHE
RICHARD L. GARWIN
KURT GOTTFRIED

HENRY W. KENDALL
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Avyear’s worth of reports, plans,
schedules, charts, graphs,

files, facts and figures and it

could all be lostin the blink of an eye.

The most important part of your
computer may be the part you've considered
least— the floppy disk. After all, there doesn’t
seem to be much difference between one disk
and another. But now Fuji introduces a floppy
disk that’s worth a second look.

We designed our disk with the under-
standing that one microscopic imperfection can

erase pages of crucial data. That’s why every Fuji
Film Floppy Disk is rigidly inspected after each
production process. And that’s why each one is
backed with a lifetime warranty.
We've even considered how carefully
a disk has to be handled, so we designed user-
friendly packaging that makes it easier to get
the disk out of the box. And we provided
plenty of labeling space, so you won’t have
any trouble telling which disk is which.
So think twice before buying a floppy
disk. And then buy the one you won'’t
have any second thoughts about.
Fuji Film Floppy Disks.

Nobody givesyou
better performance.
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

FEBRUARY, 1935: “Savings of
millions of dollars are accruing annu-
ally to industry through the use of ce-
mented carbides for dies, tools and
wear-resistant parts. These metallic
substances of near-diamond hardness
have virtually revolutionized the ex-
truding, drawing, cutting and machin-
ing of metals in mass production by
making possible anextraordinary step-
ping up of operating speeds with
marked improvement in quality. Ce-
mented carbides are carbide particles
cemented together, cobalt and some-
times nickel being used as the binder.
The carbides are those of tungsten,
tantalum, titanium and molybdenum.”

“The archaeological survey carried
on by the Tennessee Valley Authority
in the Norris and Wheeler dam reser-
voir areas during the past year consti-
tuted an attempt to bring to light be-
fore those areas were submerged any
data on prehistoric records. Some 40
Indian mounds were uncovered. Each
mound marked the site of a village,
and in the center of each a town house
or temple, ranging anywhere from 40
to 60 feet long by 30 to 35 feet wide,
was in evidence. The site of an ear-
ly fortified village was unearthed near
Caryville.”

“Science today touches and influ-
ences practically every material ob-
ject. It would not seem, however, that
architecture would show that influence
strongly. Building design and con-
struction was essentially the same a
very few years ago as it was when
the ancient inhabitants of Ur discov-
ered the principle of the arch and the
dome. Today steel frames and the ele-
vator have started the trend toward
skyscrapers. Much experiment has
been carried on in the development
of monolithic concrete houses. Steel
houses and houses employing glass
building blocks have also been widely
discussed. Perhaps one of the great-
est influences now pleading for close
study as to its relation to building de-
sign is air conditioning.”

“A long-range radio compass that
enables itinerant pilots flying over
oceans and unknown land to find their
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way directly to any radio broadcast-
ing station has been developed by the
Westport Manufacturing Company.
The radio compass consists of an indi-
cating dial, a compass converter unit, a
dynamotor and a loop antenna. A pilot
may tune in on a broadcast station.
If the plane is headed directly toward
it, the indicator needle points to zero.
If the plane is off course ever so slight-
ly, the needle points right or left as
the case may be.”

FEBRUARY, 1885: “There is an ex-
citement in the celestial court. Encke’s
comet has arrived, and star gazers are
turning their telescopes to the skies
in eager haste to obtain a glimpse of
the distinguished visitor. Our eccentric
guest is not a prince among comets. It
does not burst upon the astonished
gaze at noonday with a brilliancy akin
to that of the sun; its tail is not curved
like a Turkish cimeter, nor does it
branch out into six tails, each one
6,000,000 miles long. Encke’s comet is
interesting chiefly for being the first
known comet of a short period, for
making the shortest circuit of any
member of its class, for performing
its revolution within the boundaries
of the solar system, and for the rea-
son that it seems to be more amena-
ble to physical law than some of the
more imposing members of the comet-
ary family.”

“Has electric light any effect on the
growth of plants? Isaac Buchanan,
one of the best-known florists of New
York, stated that his observation in-
clined him to believe that when plants
were used for decorative purposes in
rooms where the electric light was
used instead of gas, they seemed to
have all the health and vigor as if
growing.under the light of a conser-
vatory. Few commercial florists have
the means or time for such expensive
experiments as would be necessary to
determine whether the use of the elec-
tric light in forcing flowers and fruit
in greenhouses during winter could
be profitably employed. It is a matter
of sufficient importance, it would ap-
pear, for the Agricultural Department
at Washington to take hold of.”

“The U.S. Hydrographic Office, in
pursuance of its policy to lessen the
dangers of navigation, has recently
commenced the collection of informa-
tion to determine the best manner of
using oil to calm the surface of trou-
bled waters. This matter has long been
the subject of controversy. In 1844 a
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Dutch commission, after pouring a
few gallons of oil on the storm-beaten
bosom of the North Sea, and finding
the waves not sensibly affected, de-
clared that the oft-repeated account of
the saving of ships by this means was a
fantastic creation of the imagination.
Notwithstanding this, Scotch coasters
have saved themselves again and again
by strewing the sea with the fatty parts
of fish, cut into small pieces, which
were carried with them for the pur-
pose; and so much reliable informa-
tion on this subject has now been col-
lected from the common experience of
seafaring men, that the evidence in its
favor can no longer be controverted. It
must be understood, however, that the
application of oil does not make the
surface perfectly smooth, but merely
lessens the effect of what the seaman
calls ‘combers,” or the great, broken,
rolling masses of water which have
first disabled and then swamped so
many ships.”

“Eugene Boban, an antiquarian and
a traveler, well known to anthropolo-
gists and ethnographers, has made a
restoration of the costume of a young
Aztec warrior, a chevalier of the army
of Montezuma. This truly remarkable
object is designed for one of the larg-
estethnographic collections of Mexico.
The Mexican warrior of the epoch of
the conquest (1521) was, as may be
seen, clad in a material spotted to
resemble the skin of a tiger [sic], and
wore a helmet shaped like the head of
that animal.”

Eugene Boban’s Aztec reconstruction
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Visit the Riviera
this year.

It's the trip of a lifetime.
With its timeless styling and
seemingly endless list of
standard appointments, the
Riviera is a classic.

Yet the Riviera is as
contemporary as today.

With front-wheel drive and
independent four-wheel
suspension. On the T Type,
there's a 3.8-litre turbo-
charged V-6 with sequential-
port fuel injection (SFi).

And you can make the
Riviera even more unordinary.
Just choose the available
frim package, with leather
and suede seating areas,
genuine burled walnut
veneer instrument panel and
wood/leather steering wheel.

Buckle up and visit your
Buick dealer.

To ask any questions,
request a brochure or test
drive, call the Buick Product
Information Center, 8 a.m. to
8 p.m. Eastern time, weekdays:

1-800-85-BUICK (1-800-852-8425).

Wouldn't you
really rather have a Buick?
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THE AUTHORS

ROBERT L. WESSON and ROB-
ERT E. WALLACE (“Predicting the
Next Great Earthquake in Califor-
nia”’) work in the U.S. Geological Sur-
vey’s Office of Earthquakes, Volca-
noes and Engineering, Wesson at its
Reston, Va., office as a geophysicist
and Wallace in Menlo Park, Calif.,
as its chief scientist. Wesson did his
undergraduate work at the Massa-
chusetts Institute of Technology and
earned his M.S. and Ph.D. degrees at
Stanford University in 1968 and 1970
respectively. In 1970 he joined the Ge-
ological Survey as a research associ-
ate. His assignments since then have
included earthquake-prediction field
studies along the San Andreas fault
and in Soviet Central Asia, and he has
held the posts of chief of the Office of
Earthquake Studies (1978 to 1980) and
assistant director of the Geological
Survey (1980 through 1982). In 1982
Wesson returned to full-time research.
Wallace is a graduate of Northwest-
ern University and the California In-
stitute of Technology, where he got a
Ph.D. in 1946. While doing his doctor-
al work he held a position with the
Geological Survey; in 1951 he joined
the Survey on a permanent basis.
From 1972 to 1977 Wallace was chair-
man of the U.S. working group of the
U.S.-U.S.S.R. Cooperative Program
on Earthquake Prediction.

JOHN E. DONELSON and MER-
VYN J. TURNER (“How the Trypan-
osome Changes Its Coat”) are respec-
tively professor of biochemistry at the
University of Iowa and a fellow at the
Medical Research Council’s Molteno
Institute at the University of Cam-
bridge. Donelson holds a B.S. from
Iowa State University and a Ph.D. in
biochemistry from Cornell University.
In 1974, after postdoctoral work at
Cambridge and at Stanford Universi-
ty, he joined the faculty at the Uni-
versity of Iowa. His interest in trop-
ical parasitic diseases originated dur-
ing a stint in Ghana as a Peace Corps
volunteer between college and gradu-
ate school; his involvement took him
abroad again in 1980, when he trav-
eled to Kenya as a visiting scientist at
the International Laboratory for Re-
search on Animal Diseases. Donelson
is currently a Burroughs-Wellcome
scholar in molecular parasitology.
Turner is a graduate of the University
of Sheffield, where he got a Ph.D. in
organic chemistry in 1970. He pursued
his interest in the biochemistry of
membrane proteins as a postdoctoral
fellow at Harvard University (1971 to
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1974) and at Queen Victoria Hospital
in London (1974 to 1977). In 1977 he
took his present position at the Mol-
teno Institute. In April, Turner will
assume the directorship of a new bio-
chemical-parasitology program at the
Merck Sharp & Dohme Research Lab-
oratories in Rahway, N.J.

BRADLEY E.SCHAEFER (“Gam-
ma-Ray Bursters”) is a research as-
sociate in the Laboratory for High-
Energy Astrophysics at the Goddard
Space Flight Center in Greenbelt, Md.
With a one-year interruption for grad-
uate work at the University of Cali-
fornia at Berkeley he received both
his undergraduate and his graduate
training at the Massachusetts Institute
of Technology, which granted him a
Ph.D. in physics in 1983. Other in-
terests include cataclysmic variable
stars and the history of ancient Chinese
astronomy. When he is at leisure,
Schaefer plays chess, in which he re-
cently attained the rating of expert.

BERNARD H. LAVENDA
(“Brownian Motion”) is professor of
chemical physics at the University of
Camerino. He studied chemistry at
Clark University in Massachusetts, the
Weizmann Institute of Science in Isra-
el and the Free University of Brussels,
where he got his doctorate in 1970. Af-
ter a two-year postdoctoral fellowship
at the Hebrew University of Jerusalem
he taught at the universities of Pisa and
Naples. Lavenda joined the faculty at
Camerino in 1980.

T. H. CLUTTON-BROCK (“Re-
productive Success in Red Deer”) is a
Royal Society Research Fellow in the
department of zoology at the Universi-
ty of Cambridge. He did undergradu-
ate and graduate work at Cambridge,
getting his doctorate in 1972 for a
study of the ecology and breeding sys-
tem of red Colobus monkeys. In 1976,
after a year at the University of Ox-
ford as a research fellow and three
years at the University of Sussex as a
lecturer in ethology, he returned to
Cambridge to join the King’s College
Sociobiology Group. In 1980 Clutton-
Brock established the Large Animal
Research Group within Cambridge’s
zoology department.

ELI BROOKNER (“Phased-Array
Radars”) is a consulting scientist at the
Raytheon Company’s Equipment Di-
vision in Wayland, Mass. He complet-
ed his undergraduate work in electrical
engineering at the City College of New
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York in 1953 and joined the Columbia
University Electronics Research Lab-
oratories, where he took part in studies
of microwave noise and in the design
of long-range radars. He remained
there until 1962, with an interruption
from 1957 to 1960 for work as a proj-
ect engineer at the Federal Scientific
Corporation in New York. Simulta-
neously he pursued graduate studies at
Columbia, earning his M.S. in 1955
and his D.Sc. in 1962. In that year
Brookner joined Raytheon, where he
has helped to develop numerous de-
fense radars and has participated in
studies of space-based radar systems.

GERALD E. LOEB (“The Func-
tional Replacement of the Ear”) is per-
manent senior investigator in the Lab-
oratory of Neural Control at the Na-
tional Institute of Neurological and
Communicative Disorders and Stroke
(NINCDS) in Bethesda. He holds a B.A.
in human biology (1969) from Johns
Hopkins University; his M.D. (1972)
is from the Johns Hopkins Univer-
sity School of Medicine. While in
medical school he was a research assis-
tant in Johns Hopkins’ department of
biophysics, the principal investigator
in a biomaterials study and a guest
research associate at the University
of Utah’s artificial-eye project. From
1972 to 1973 he was an intern in the
department of surgery at the Univer-
sity of Arizona College of Medicine;
in 1973 he joined the NINCDs. Loeb is
president of Biomed Concepts, Inc.

OLEG D. SHERBY and JEFFREY
WADSWORTH (“Damascus Steels™)
are respectively professor of materials
science and engineering at Stanford
University and a staff scientist at the
Lockheed Palo Alto Research Labo-
ratory. Sherby is a graduate of the
University of California at Berkeley,
which granted him a Ph.D. in 1956. He
spent seven years as a research metal-
lurgist at the Institute of Engineering
Research at Berkeley, then went to En-
gland for two years, working first as a
postdoctoral fellow at the University
of Sheffield and then as a scientific liai-
son officer with the U.S. Office of Na-
val Research. He joined the Stanford
faculty in 1958. Sherby’s research in-
terests lie in mechanical behavior, dif-
fusion phenomena and the processing
of materials. Wadsworth holds a Ph.D.
from Sheffield. In 1976 he took the
post of research associate at Stanford,
and he continues his association with
the university as a consulting associ-
ate professor. At Lockheed, where he
has worked since 1980, he is develop-
ing superplastic aluminum alloys and
heat-resistant metals for use in aircraft
and aerospace structures.
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The Oxtord Project

Oxford University. Here, in this ancient seat
of learning, a board of eminent Oxford dons
recently entered upon a truly historic task.

From among the many thousands of books
written through the ages, they selected the 50

most important—the supreme achievements in
the world of literature.

These works have been brought together
in a single collection to form ‘The Oxford Library.’
And this collection is now being offered in a most
distinctive edition, so that people everywhere
can surround themselves with the finest writing
—the finest reading— that man’s literary genius

has produced.
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(1] |7 THESE ARE THE BOOKS that be-
long in your home. The universal
masterpieces of literature,
brought together by some of Oxfords
most brilliant minds. Quarter-bound in fine
leathers, with gold-inlaid spines, these
splendid volumes in every way serve to
enhance the owner’s pleasure . . . and the
reader’s enjoyment.

Here are the towering novels— Tol-
stoy’s Anna Karenina, Melville’s Moby-
Dick, Dickens’ Great Expectations. The
grand epics— Homer’s Odyssey and
Milton’s Paradise Lost. The tragedies of
Shakespeare. The comedies of Moliere.
The immortal works of Dante, Swift,
Shelly, Keats ... Conrad, Mann, Joyce
and Yeats ... and other great authors
from Chaucer to F. Scott Fitzgerald. And
each volume will contain a special intro-
duction to the work, commissioned exclu-
sively for ‘The Oxford Library.’

Collector’s Edition
in traditional English
quarter-leather bindings —
the leather inlaid
with 22 karat gold

Too often today, readers are deprived of
the sheer delight that comes from simply
holding and turning the pages of a beauti-
fully crafted volume. The Oxford Univer-
sity Press has therefore authorized
The Franklin Library to
design this collector’s
edition in classic bindings
favored at the turn of the
century by the English
Arts Society.

Thus, the spine of
each book will be bound
in genuine leather . ..
carefully worked to
achieve the handsome
raised “hubs” so prized
by book collectors. The
leather will be inlaid with 22
karat gold . .. in a design that will
be carried over to the fabric of
the cover.

Equal care and craftsmanship will be ev-
ident in the marbled endsheets, the richly
gilded page edges, and the choice of illus-
trations that will make the words come
alive. Even the paper will be custom-
milled to retain its beauty for literally hun-
dreds of years.

Further, each volume will be strikingly
different from all the others —individually
designed to complement its content. So
when the complete collection is arranged
in your home, its variety will be immedi-
ately enticing. The different sizes of the
volumes . . . the pleasing textures and col-
ors of the leathers ... the embellished
fabrics ... the hubbing and gold inlay of
the spines ... a private library of great
stature and a worthy addition to any home.

This collection brings with it the cer-
tainty of possessing the greatest works of

literature. The pleasure of seeing, han-
dling and reading these beautiful, individu-
ally designed volumes whenever you wish.
The satisfaction of knowing that this
magnificent private library, by its very
presence in your home, will encourage
younger members of your family to expe-
rience great literature and to share your
own appreciation of excellence.

Your opportunity to build
an exceptional private library
at a guaranteed price,
without long-term obligation.

These books are available only by sub-
scription, and will be issued on a conven-
ient monthly basis. The price of $24.50 for
each quarter-leather volume will be guar-
anteed to you for the entire series. Yet
you make no long-term commitment what-
ever. You have the right to cancel your
subscription upon thirty days’ notice—or
return any volume within thirty days for
your choice of replacement or refund.

To enter your subscription, simply com-
plete and return the attached application
by February 28, 1985.

The Oxford Library of the Worlds Great Books

COLLECTOR"

S EDITION

The Franklin Library
Franklin Center, Pennsylvania 19091

Please enter my subscription to “The Ox-
ford Library of the World’s Great Books,”
consisting of 50 volumes, bound in gold-
inlaid leathers and fine fabrics, to be sent to
me one each month. My guaranteed price is
$24.50* per book. I may cancel my sub-
scription any time upon thirty days’ written
notice, and return any book within thirty
days for replacement or refund.

I need send no money now. I will be billed
for each volume in advance of shipment.

*Plus my state sales tax and $2.50 for
postage, shipping and handling
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Please mail by February 28, 1985.

SIGNATURE

ALL APPLICATIONS ARE SUBJECT TO ACCEPTANCE

MR.
MRS.
MISS

PLEASE PRINT CLEARLY

ADDRESS

CITY

STATE, ZIP




COMPUTE

RECREATIONS

An expert system outperforms mere mortals

as it conquers the feared Dungeons of Doom

by A. K. Dewdney

a fantasy death in the Dungeons

of Doom while playing Rogue,
one of a new generation of computer
adventure games. The player watches
a map of the dungeons on the display
screen and directs the actions of his or
her game persona, a character called
the Rogue. The object of the game is to
descend through the 26 levels of the
dungeons, seize the Amulet of Yen-
dor and return safely to the surface,
gathering gold and slaying or escap-
ing from monsters along the way. Few
human players survive the dangers of
this subterranean odyssey, let alone
return with the amulet.

The fantasy can be quite vivid; one
quickly leaves awareness of keyboard
and display screen far behind. As the
Rogue, I approached the entrance to
the dungeons with some trepidation: it
was night and the ancient ruins that
marked the point of my imminent de-
scent had a gloomy and forbidding ap-
pearance. In preparation I set out my
enchanted mace, a bow and a quiver
of arrows snatched from a dragon’s
hoard in the distant Dark Mountains. I
donned my elf-crafted armor, picked
up my weapons and food and stepped
into the stygian darkness of a stairway.

Just as the descent began to seem
endless, I bumped into an oaken door

Every year thousands of people die

and swung it cautiously open. There
before me was the first room on the
uppermost level of the Dungeons of
Doom. It was dimly lighted by tapers
and I trod carefully to the middle of
the chamber, the better to survey it.
Suddenly the floor under me gave way
and for a breathless second I was fall-
ing. With a sickening thud I landed
in another room. This one was much
darker and, even when my eyes be-
came accustomed to the dark, I could
see only a few feet in any direction.
To make matters worse, I could hear
something moving about in this cham-
ber. Nauseous with fear, I stumbled to
my feet to find myself confronting a
squat, horrid armor-clad figure hold-
ing a club. As it raised its weapon to
strike, a rush of adrenalin cleared my
head. I fitted an arrow to my bow, drew
it and fired all in one fluid motion.
(Fortunately I took archery as a non-
credit course in my senior year.) There
was a swish, a thwock and a squeal as
the goblin (for that is what the creature
was) fell to the floor quivering with
unvented rage. I stepped gingerly away
from it, determined to find a stair-
way up and out of the Dungeons of
Doom. I thought of my cozy home and
my writing desk with the unfinished
“Computer Recreations” article on it.

As I shuffied slowly in the direction

..........

o e o e

The 25th level of the Dungeons of Doom
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in which I guessed a stairway to lie, my
boot struck what felt like a small heap
of stones. I looked down. Even in the
dark something gleamed. Gold! It oc-
curred to me to explore just one more
roombeforereturningtothesurface....

Aside from the intensity of vicarious
experience, Rogue goes a step beyond
traditional adventure games in at least
two respects. First, the layout of the
terrain is generated by the program it-
self and the layout changes from one
game to the next. Second, Rogue sup-
plies the human player with a plan
view of the current level of dungeons
as explored so far [see illustration on
this page]. Various features are indi-
cated by different keyboard charac-
ters drawn on the screen. For exam-
ple, bars and hyphens represent walls,
number and percent signs represent
passages and stairways respectively,
plus signs represent entrances and car-
ets represent traps. Objects and fea-
tures of the chamber may or may not
be visible depending on whether or not
the chamber is illuminated. When the
Rogue enters this particular level, no
features are shown on the screen. In
order for them to be represented the
Rogue (represented by an ‘“‘at” sign)
must discover them. And so he ex-
plores, stumbles on some traps, scouts
parts of various rooms and traverses
passageways. He may encounter the
letter U, which represents a monster
known as the Umber Hulk.

Below the character-oriented graph-
ic plan the screen displays the Rogue’s
current statistics. In the illustration the
Rogue is on the 25th level, he has accu-
mulated 7,730 pieces of gold, he has
earned 77 hit points (but only 25 re-
main because of damage sustained), he
has accumulated strength to the 15th
degree (18 is the highest), he wears
class-9 armor and has 30,668 experi-
ence points, enough to place him on
the exalted 13th order of experience.
At the 25th level of the Dungeons of
Doom this Rogue has only one more
stairway to descend before reaching
the bottom level and attempting to
snatch the coveted Amulet of Yendor.
The Rogue must first dispose of the
Umber Hulk, however.

This discussion explores only the
surface of the game. It would be possi-
ble to write an entire book of rules and
advice for playing Rogue. So far the
only available document of that na-
ture is a terse, eight-page report writ-
ten by Michael C. Toy and Kenneth C.
R. C. Arnold, A Guide to the Dun-
geons of Doom [see ‘“‘Bibliography,”
page 128]. Unfortunately it is avail-
able only to users of the vAx/uNIx
time-sharing system. Arnold tells me
that a version of Rogue suitable for
the IBM PC is now available from A.L



Design, 201 San Antonio Circle, Suite
115, Mountain View, Calif. 94040.
Toy and Arnold, Rogue’s creators,
evidently think the best way to learn
the game is to play it. Nevertheless,
the general features of the game can
be delineated.

At each level the playing area is di-
vided into squares. The Rogue occu-
pies one square at a time as he explores
his vicinity. Movement within rooms
and passages is controlled by typed let-
ter commands such as 4, j, k and / that
move the Rogue a single square in
one of the four main directions. Oth-
er commands produce diagonal move-
ment or continued motion in a given
direction. To make the Rogue ascend
or descend a stairway, the player must
type the character < or >.

When an object is discovered near
the Rogue’s current location, moving
the Rogue to the square containing the
object automatically causes the object
to be picked up. If the player wants to
move onto that square without picking
up the object, he or she must type m
followed by the appropriate direction
character. It is also possible to have the
Rogue search for traps by typing s, an
action that effects a search of neigh-
boring squares. A caution is in or-
der: this search has only a 20 percent
chance of discovering a trap.

Occasionally the Rogue must rest
(type a period) or eat (type an e) to
regenerate strength expended in wan-
dering about or in subduing monsters.
Apart from a limited amount of food
carried in a backpack, the Rogue has
nothing else to eat except what can be
found on the dungeon floors (unappe-
tizing as this may sound).

When a piece of armor is found, the
Rogue may pick it up (automatically
placing it in the backpack) or wear it
(type a W). Armor naturally gives the
Rogue more protection in combat, but
armor may be cursed. If the armor
is cursed, efforts to take it off (type a
T) are useless without a magic scroll
that breaks the curse. Any magic rings
found by the Rogue may be put on
(type a P) or removed (type an R) un-
less they are cursed.

At times it becomes necessary for
the Rogue to drop a flask and a scroll
or two (type a d followed by an object
character) because his pack is full. (A
Rogue in full pack cannot pick up ar-
mor.) Before dropping a flask, how-
ever, the Rogue might benefit from
drinking the unknown contents: some
potions have a healing effect and oth-
ers enable the Rogue to see the Invisi-
ble Monster. On the other hand, the
potion may merely cause confusion, so
that if one types a command for the
Rogue to move north, he may wander
off in a random direction. By the same

the Rogue

walls of rooms
doorway
passage between rooms
floor of room

% staircase

trap

weapon

piece of armor
gold

flask of potion
magic scroll

food

/ magic wand

= magic ring
uppercase letters
denote denizens
of dungeons

Tw 41 @

LY ko —

h move one space west
j move one space south
k move one space north
[ move one space east
> descend stairway

< ascend stairway

m move onto something
S search for trap

A

identify trap
.le rest/eat
Wt wear/take off armor
P/R put on/remove ring
d drop an object
q quaff a potion
r read a scroll
z zap with magic wand
t throw an object
w wield a weapon
f fight to the death

Map symbols (left) and commands for the game of Rogue

token, there may be an advantage to
reading a scroll (type an 7) before dis-
carding it: certain formulas remove
the curse from one’s armor.

The most impressive magic devices
at the Rogue’s disposal are wands. De-
pending on the type of wand picked up,
the Rogue may zap a monster (type a
z) with various effects: he may trans-
port it to a random location, shoot
fireballs at it or change it into another
monster. The last type of wand, called
a polymorph wand, is best used on the
more horrible monsters: it is much
better to transform the dread Purple
Worm into a bat than vice versa.

When the Rogue discovers a mon-
ster, a good policy might be to leave it
alone. Sometimes a monster is sleeping
and will not attack if left undisturbed.
If a fight seems inevitable, however,
one may wield a weapon (type a w)
and then fight to the death (type an f).
This can be done only after one has
moved the Rogue next to the monster.
The outcome of the struggle will de-
pend probabilistically on such factors
as the Rogue’s current strength level,
degree of experience and armor class.

Foremost in the ranks of players of
Rogue stands a top-caliber nonhuman
player. For the past four years a com-
puter program has been playing the
game and matching the prowess of
the best Rogue runners in the quest
for the amulet and gold; it provides
as well an intriguing opportunity to
watch an expert system at work.

On February 16, 1984, at the Uni-
versity of Texas at Austin, a Rogue
manipulated by a program fought off
all monsters, amassed a considerable
pile of gold and returned with the amu-
let. Bearing the distinctly un-Tolkien-
esque name of ROG-0-MATIC, this pro-
gram directed the Rogue’s every step,
every pause, every throw and blow.

ROG-O-MATIC is the creation of four
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graduate students in the Computer Sci-
ence Department at Carnegie-Mellon
University in Pittsburgh: Andrew Ap-
pel, Leonard Hamey, Guy Jacobson
and Michael Mauldin. ROG-0-MATIC
links programmed knowledge sources
with expert systems to make decisions
about what to do in every conceivable
underground situation.

When a human plays Rogue, a
stream of commands from the key-
board flows by way of the operating
system into the ROGUE program. The
program automatically decides which
monster to confront the Rogue with
next, which layout to use for the next
level of dungeons, and so on. The pro-
gram transmits this information, again
by way of the operating system, to the
display screen in order to keep the hu-
man informed of the current situation.

In replacing a human player, the
ROG-O-MATIC program intercepts the
keyboard character stream and trans-
mits characters of its own to the ROGUE
program. The latter has no idea (so to
speak) that another program is play-
ing. By the same token, information
directed by the ROGUE program to the
screen is also directed toward the ROG-
O-MATIC program so that it can keep its
own map of the Dungeons of Doom.

The ROG-0-MATIC program consists
of 12,000 lines of the programming
language C; it is even longer and more
complicated than the ROGUE program.
ROG-O-MATIC began in 1981 as what its
original creators, Appel and Jacobson,
thought would be a “simple project.”
Shortly after Mauldin joined the group
the early Rogue-playing program went
through an extensive round of modifi-
cations, each version adding some en-
hancement in tactical or strategic play.
By the time the fourth member, Ha-
mey, was contributing to program de-
velopment, it was beginning to dawn
on the authors that they had created,
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in effect, an expert system. Such sys-
tems constitute a key application of
the so-called Fifth Generation of com-
puters, projected to arrive in the mar-
ketplace in the late 1980’s. An expert
system is designed to embody and
project human expertise in a variety of
areas from medicine to engineering.

By using the type of software archi-
tecture that is suited to expert systems,
the creators of ROG-0-MATIC were able
to design and modify their program
with relative ease. In particular, they
organized the kinds of knowledge and
expertise required by the Rogue into a
hierarchy of various subsystems [see
illustration below).

For example, one high-level expert
(called Melee) controls fighting dur-
ing combat and another high-level ex-
pert (called Target) directs the Rogue’s
pursuit of monsters. Both these experts
use a lower-level expert called battle,
which carries out special attacks or ini-
tiates retreat as the situation demands.
The battle expert thus sometimes calls
on the retreat expert for help, and the
latter invariably draws on a source of
knowledge called pathe. This is a spe-
cial algorithm that searches the local
terrain for the shortest path to which-
ever location is specified. Shortest-
path algorithms are well developed in
general, and in this particular applica-
tion only the fastest algorithm possible
is acceptable; it is used almost contin-
uously as ROG-O-MATIC explores the
Dungeons of Doom. Knowledge about
terrain used by pathc comes from fer-
map, essentially a data structure re-
cording the terrain features so far dis-
covered by the Rogue as he explores
a particular level of the dungeons. Fi-
nally, termap obtains all its knowledge
from sense, a low-level data structure
containing all the relevant output of
the ROGUE program.

Before listing the duties of other ex-
perts and knowledge sources, I should
like to reexamine one of the experts,

battle, in more detail. Once a battle is
under way, the melee expert calls on
the battle expert to decide whether to
attack or to retreat. Discretion being
the better part of valor, the battle ex-
pert first determines the desirability
and feasibility of retreat. In order to do
so it must check some preconditions:

1. The Rogue is not currently under
the influence of the potion of confu-
sion (which could cause the Rogue to
flee directly toward the monster).

2. A monster is not already holding
the Rogue fast.

3. It would be possible to die in one
melee round (avoiding conflict would
thus be highly desirable).

4. The retreat expert can find an es-
cape route (a retreat is possible).

If all four preconditions are met,
ROG-O-MATIC will turn the matter of the
Rogue’s retreat over to the retreat ex-
pert. If they are not met, the battle
expert now runs through a list of ag-
gressive possibilities.

1. If it is possible for the Rogue to
die in one melee round, if the monster
is nearby and visible to the Rogue and
if the Rogue happens to have a tele-
portation wand, then point the wand
at the monster.

2. If it is possible for the Rogue to
die in one melee round, if the monster
is nearby and if the Rogue has a tele-
portation scroll, then read the scroll’s
magic formula.

If neither of these conditions pre-
vails in an encounter, there is no long-
er an alternative to going at least one
round with the monster, and so the
ROG-O-MATIC program cheerfully com-
mits its Rogue persona to the battle.
Perhaps the Rogue is strong enough
to endure at least one melee round.
Otherwise he may well be killed.

Other experts used by the program
include an exploration expert (explore),
which decides where to explore next
and what motions to use. Also includ-
ed are a missile expert, which handles
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Expert subsystems and knowledge sources used by the program ROGUE

20

© 1985 SCIENTIFIC AMERICAN, INC

the firing of arrows, rocks, spears and
so on at monsters, an expert for choos-
ing which objects to pick up, called ob-
Jject, an expert for choosing what armor
to wear, an expert at using magic and
an expert called health, which decides
when to eat or rest. Objmap is a data
structure that keeps track of the loca-
tion and history of all objects so far en-
countered, invent is an inventory of
items in the Rogue’s backpack and in-
tern is an internal-state recognizer that
watches over the Rogue’s readiness
for exertion.

It is no surprise that ROG-O-MATIC
can play a game of Rogue quickly.
After a few minutes of computer time
it is all over one way or the other.
To date the program has played more
than 12,000 games of Rogue at Car-
negie-Mellon alone; statistics cited by
ROG-O-MATIC’s four creators tend to
support the claim that the program’s
abilities now exceed those of the vast
majority of human Rogue-playing ex-
perts. For example, in a test conducted
at Carnegie-Mellon during a three-
week period in 1983, RoG-0-MATIC had
a higher median score than any of the
15 top Rogue players at the university.
ROG-0O-MATIC both outperforms most
humans and shows some striking dif-
ferences from them in its style of play.
According to Mauldin, the program is
careful and unimaginative. It explores
efficiently and avoids all the redundant
searches that humans are likely to un-
dertake. Its fighting style, however, is
rather methodical and, unless it is
lucky, it misses some of the swash-
buckling possibilities of human play.

Consider, for example, the factor of
luck in its history-making perform-
ance last February at the University
of Texas at Austin. After overcoming
the incredible dangers of the deepest
levels of the Dungeons of Doom, the
Rogue (under ROG-0-MATIC direction,
of course) found the Amulet of Yen-
dor in a passageway on the 26th lev-
el. Racing toward the surface with his
prize, the Rogue encountered on the
22nd level one of the worst dungeon
monsters, a fire-breathing dragon. The
Rogue drew his sword but the dragon
exhaled a bolt of fire first. The sear-
ing flame missed the Rogue, who was
standing in a doorway at the time,
struck a wall and bounced directly
back at the dragon, scorching it severe-
ly. With its remaining strength the
dragon advanced toward the Rogue,
who dispatched it with a sword blow.
The Rogue then continued on to the
surface, dealing with minor monsters
as he went. When he emerged into the
light of day, he had in his possession
not only the amulet but also 6,913
pieces of gold and other objects.

The reader, if intrigued by the fore-



going account, may want to sample the
fun. For that purpose the following
puzzle was constructed by Mauldin. In
addition to being an introduction to
the joys of playing Rogue, it illustrates
the difficulty of building intelligence
into the ROG-O-MATIC program.

A chamber on the 26th level of the
Dungeons of Doom is currently inhab-
ited by the Purple Worm (P), the Grif-
fin (G) and the Rogue (@). The Amu-
let of Yendor (,) lies on the far side
of a stairway (%) with respect to
the Rogue.

The Rogue’s goal is to grab the am-
ulet and race up the stairway with-
out getting killed. It happens that the
Rogue has only one hit point left and
cannot risk a confrontation with either
the Purple Worm or the Griffin. Fortu-
nately the Purple Worm is fast asleep
and the Rogue, wearing the Ring of
Stealth, has only to avoid stepping on it
in order not to wake it up. The Griffin,
on the other hand, is very much awake
and in pursuit of the Rogue. Although
the Griffin would never disturb a fel-
low monster, it would like very much
to occupy the same point as the Rogue,
whom it would dismember with one
slash of its cruel claws.

It is the Rogue’s turn to move. Each
move by either the Rogue or the Grif-
fin involves occupying any of the eight
adjacent points. So single-minded is
the Griffin that it always chooses a
move on the most direct path to its
prey. If the Rogue makes it to the stair-
way, he is safe from both the Griffin
and the Purple Worm: monster union
rules forbid pursuit to other levels.

Iilst November’s article on the Tower
of Hanoi and the Chinese rings
drew a variety of responses ranging
from the mathematical to the meta-
physical. Simple, nonrecursive solu-
tions to the puzzles were presented
by several readers, including Edward
T. Price of Eugene, Ore. He suggests
that Tower disks be painted alternately
in two colors, say black and white, in
order of increasing size. The puzzle is
then solved quickly by adding the fol-
lowing rule to the ones originally giv-
en: Never place a disk on another disk
of the same color. There is then no
choice about where each one should
be placed. The corresponding puzzle
posed for the Chinese rings was solved
by Morris S. Samberg of Howard
Beach, N.Y. One alternates between
moving (slipping on or off) the first

ring and moving some other ring. Only
one other ring may ever be moved. If
the number of rings is odd, start with
the first ring; otherwise start with
the other one. Rob Hardy of Dayton,
Ohio, summarizes this simple solution
in the following verse:

An iterative solution

That’s sure to spoil the fun:
Alternate changing the end ring
With changing some other one.

No reader was able to find a simple
mathematical scheme behind the King

Wen ordering of I Ching hexagrams.
Many readers observed that hexa- |
grams are paired across columns in a
simple way, but this hardly explains
the overall order. Homer E. Brown,
an electrical-engineering consultant in

Cary, N.C,, produced a rather sugges-
tive analysis, however: From each
hexagram count up or down 10 hexa-
grams, skipping from the end of one
column to the beginning of the next if
necessary. The hexagram thus arrived
at always has a simple relation to the
one started with. The rule is not deter-
ministic, however, as one never knows
whether to count up or down.

In spite of this seeming relation
(which has a number of exceptions
in any event), I incline to the view
that King Wen’s arrangement follows
metaphysical principles. Our attempt
to project current preoccupations with
science and technology into past cul-
tures results in a distorted view of what
once was. As a general rule the “scien-
tific” systems that once existed served
a rale strictly subservient to a largely
religious world view. Similar opinions
are offered by Bernard X. Bovasso
of Saugerties, N.Y. The I Ching is
concerned with the ordering of time,
maintains Bovasso, and so was King
Wen. David White, a philosopher at
Macalester College in St. Paul, Minn.,
referred to a translation of the I Ching
by James Legge [see “Bibliography,”
page 128]. An appendix to this work
lays out a metaphysic governing the
order of all 64 hexagrams. For ex-
ample, the first three are connected re-
spectively with the concepts of heaven,
earth and chaos. The chaos hexagram,
denoting what is regarded as the disor-
der of all created things taken collec-
tively, follows heaven and earth since
all created things fill the space between
heaven and earth. ‘

Readers attempting to solve the 9-
by-9 pursuit problem in the Decem-
ber column on sharks and fish may
have become enmeshed in unneces- ‘
sarycomplications. The ocean grid con-
taining the two sharks and three fish
should have been 9 by 10, therefore
add one more vertical line to the grid.
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BOOKS

Sacrificial treasures, a reflective chemist,

a Quaternary indictment, planetary rings

by Philip Morrison

ENOTE OF SACRIFICE: MAYA
‘ TREASURES FROM THE SACRED
WELL AT CHICHEN ITZA, edited
by Clemency Chase Coggins and Orrin
C. Shane III. University of Texas Press
($35; paperbound, $24.50). Just 100
years ago a young ‘“‘aspiring antiquari-
an” named Edward H. Thompson ar-
rived as United States consul in Mé-
rida, capital of Yucatin. Influential
Massachusetts sponsors had secured
him the post, although neither he nor
they were much concerned with diplo-
matic chores. Within a decade he gave
up the office and bought with his spon-
sor’s funds the famous ruins of Chi-
chén Itza. Thompson then settled not
far from the site, which is now the
most widely visited of all the restored
cities of the pre-Columbian Maya.
That city, whose name is construed
as Mouth of the Well of the Itz4, was
never lost to human memory. It was a
holy ruin when the Spanish came and
remained a center of covert worship
for the countryfolk. The main road
across Yucatin from Mérida passes as
it always has the pyramids and col-
umns, which stand in plain sight across
the limestone flats. Yucatan is rainy in
a normal summer, plenty of water for
the maize and beans. But there is al-
most no running water there. For more
than 100 miles the modern highway
crosses not one bridge, hardly even a
culvert. The porous limestone karst
everywhere drains swiftly; all the wa-
ter lies below. The people depend to
this day on artificial storage or on large
natural sinkholes in the limestone,
where the soluble rock has collapsed
down to the water table, often deep
underground. The Yucatec word for
these natural wells has become the
Spanish term cenote. Where a cenote
is, expect signs of ancient settlement.
The Cenote of Sacrifice was no civic
water source like the others, except
perhaps for ritual pots of holy water.
Its deep pool lies a quarter of a mile
from the sunny precincts of the pyra-
mid, half-shaded in the thick low for-
est, encircled by sheer walls of rock
rising 80 feet above the water, whose
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surface green algae darken. The an-
cient causeway that leads through the
trees to the cenote was walked not in
household routine but in solemn pro-
cession of sacrifice. So reported Bish-
op Diego de Landa in 1566: into this
dark well the old rulers were used to
“throwing men alive...also...a great
many other things...if this country
possessed gold, it would be this well
that would have the greater part of it.”

Thompson believed Landa, well-
supported as the old book was by un-
wavering tradition. In 1904 Thompson
first lowered a clamshell dredge from a
derrick he had built on the south edge
of the cenote, to grope amidst the 12
feet of yellow muck, imprisoning de-
cayed trunks and branches and loose
rocks, that covers the firm bottom of
the cenote. He dredged throughout
five summers and then spent one fruit-
less final season with a sponge-fish-
erman partner trying air-hose diving
gear. What he gathered from the un-
mappable depths of the pool he sent to
the Peabody Museum at Harvard or
held in his own house. Archaeology,
patient for a millennium, is profligate
with the decades; what truth lay in the
murk of the well has waited out revo-
lution, fire, rumor, litigation and elab-
orated scholarship, to finally emerge
into daylight within the past 30 years.

Landa was right: in 1940 the physi-
cal anthropologist Earnest A. Hooton
identified 42 individuals represented in
the human bones retrieved from the
dark waters, half of them people un-
der 20, including many children. They
must have been sacrifices, prisoners or
volunteers, dispatched perhaps to seek
the boon of rain.

This book is an illustrated catalogue
of a wide sample of the treasure of the
cenote. It is based on years of study
by modern scholars; never before has
so much of the yield of the depths
been placed on exhibit, although the
old collection has for some time been
shared with public museums in Mexi-
co. A couple of hundred objects are
shown beautifully photographed by
Hillel Burger, many in color. Each ob-

© 1985 SCIENTIFIC AMERICAN, INC

ject is closely described, and the more
important pieces are accompanied by
an interpretative and comparative es-
say by the editors.

The shifting of debris at the bottom
of the cenote made impossible ordered
recovery of the objects cast reverently
into the well during 10 centuries. Here
they have been arranged chronologi-
cally, we may be sure not always cor-
rectly, by comparison with datable ar-
tifacts found elsewhere. Many of the
older finds had been “killed” (inten-
tionally damaged) before submission
to the well: jade smashed, cast gold
crushed or melted, metal sheets cut,
rubber and copal burned.

The most striking single object is
perhaps a censer, used for the burning
of rubber and copal. The object is the
cut and decorated skull of a young
male, “recovering from the childhood
anemia so common among peoples de-
pendent on a diet of corn after wean-
ing.” Blue-eyed Mr. Thompson was
delighted at the recovery of this piece,
which had wood eye disks painted with
an indigo-based paint.

The late phase of the water-held
treasure extends from the 13th century
to the 16th, a time when the city was no
longer a great capital. It was served
then by more parochial artisans, its
elite far from wealthy, its offerings ex-
pressive of piety, not grandeur.

The earlier period ran from the
ninth century to the 11th. A superb
three-inch head with jaguar headdress,
carved jadeite from a distant city,
bears an incised date; its delicate por-
traiture is masterful. A pictorial disk
of embossed sheet gold is only one of a
number of splendid gold objects from
the early phase. A century or two then
passed in which few offerings to the
well were made; the period perhaps
marked a near-abandonment of the
city after the close of its early domi-
nance over all Yucatan. The two phas-
es are so distinct as to support the im-
plicit dating; it must have taken some
time for such a change to happen.

Several well-written summaries by
the editors and their colleagues tell the
still uncertain history of the rise and
decline of the city, context for the evi-
dence from the cenote. The early years
of power demonstrate the pervading
influence of an exotic military elite, the
Toltecs from central Mexico. No Tol-
tec site is as impressive as this lowland
city, where they were foreigners; the
art styles they favored may have devel-
oped best here far from their home. By
the later phase power had flowed to
another capital; the sacred well, now
old in use, became more the goal of
religious pilgrimage than the votive
theater of a proud warrior caste.

The earlier period is all jade and



gold, cast and embossed sheet; the lat-
er period is mainly cast copper bells,
wood carvings, pottery containing
burned copal and rubber. In both eras
the precious materials—jade, gold,
copper—were the fruit of far-flung
trade, possibly at times brought by the
distant makers themselves. Pendants
depicting frogs and monkeys are ren-
dered in the lovely cast gold and silver
alloys of Panama; there is neither met-
al nor hard stone in the almost univer-
sal limestone of Yucatan. From the
designs we can infer that the sheet-
gold objects were as a rule worked by
Mayan artisans from imported metal.
Even the little cast copper bells so
common in the later period were im-
ported. At the time of Columbus a
group of Mexicanized Maya, perhaps
kin to the Itza, had made the bells a
medium of exchange in their wide-
spread coastal trade.

The most unusual gift of the oxygen-
free depths of the cenote is its pres-
ervation of many perishable organic
products. A good deal of that material
comes from the work of Mexican ar-
chaeologists in the 1960’s. They used
up-to-date scuba techniques; a suction
lift fetched objects from the depths.
Their underwater search succeeded
where Thompson’s hard-hat effort
could not. Thousands of pieces of wo-
ven cotton textiles have been removed
from the water in good condition,
along with basketry and wood. These
are still under study. The collection
presented here is not an effort to span
the material culture of its makers.
Rather it reveals the ebb and flow of
what was admired and held precious
over the life of the ceremonial city.

Anyone who has seen the old domed
building in Chichén Itza they call El
Caracol, the snail, will marvel at one
object here. It is a sacrificial knife,
its flaked-chert blade hafted in resin-
treated wood. The carved handle rep-
resents two intertwined snakes with re-
ticulated skins, feathers around the
eye sockets; the carving was still col-
ored quetzal green when Thompson
dredged up the knife. These paired ser-
pents much resemble in small com-
pass the great 50-foot entwined snakes
in masonry that form the balustrade,
once certainly polychromed, of the
wide staircase that leads to the high
viewing platform of El Caracol.

The exhibit will travel to half a doz-
en North American museums after its
opening at the Science Museum of
Minnesota; it is part of the valuable
Collection-Sharing Program of the
Peabody Museum.

HE PERIODIC TABLE, by Primo
Levi. Translated from the Italian
by Raymond Rosenthal. Schocken

Mayan monkey bell

Books ($16.95). Neither a chemical
treatise nor an autobiography, this
book is a set of 20 brief chapters of
lapidary recollection ordered in time.
They are bound with two short sci-
ence-fiction romances and an essay on
the odyssey of an atom of carbon, rath-
er resembling a piece of T. H. Huxley’s
that has been given a contemporary
sensibility. The rare quality of Levi’s
ideas and their compact expression
earn this volume a place on the small
shelf where stand the few books that
serve to successfully express the self-
examination of any life lived in or
close to science. Those books include
H. G. Wells’s Tono-Bungay, a couple
of the novels of Hans Otto Storm and
C. P. Snow, that grotesque masterpiece
Gravity’s Rainbow and very likely the
covertly artful Double Helix. Their
common matter is the daily joys and
sorrows, the indelible perceptions and
the shared experiences, the communi-
ty, real and vicarious, the rich lode of
ready metaphor, the entire emotional
cast of a mind at home in the laborato-
ry. This text exhibits at large the clari-
ty of the Alpine foothills, although
the author cannot disguise an endear-
ing old romance with philosophy.
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Dr. Levi is by the most superficial
account a “factory chemist” with three
or four decades of experience in the
paint and varnish industry of Turin.
But he is also a literary figure of
high distinction, earned by two earlier
memoirs. Those books had a focal
spot that was burning hot: Auschwitz.
Levi, chemist, poet, philosopher, acute
judge of the most diverse personalities
and a writer of controlled intensity,
was an ill-prepared partisan in the
Piedmont, thereafter an inmate and a
survivor of this factory of death.
The well-planned furnaces of that place
are not much seen in this book, al-
though the strong moral distillate Levi
condensed during his years of survival
pervades these lucid, witty and in the
end loving pages.

It is more of a service to excerpt so
charged a work of art than to offer a
critique at second hand. Remember
that each chapter of the book is giv-
en the name of a chemical element,
whose presence, real or metaphorical,
informs the episode.

Try an early, poignant one, about
zinc. “They make tubs out of it for
laundry...[the metal] is gray and its
salts are colorless...not toxic, nor
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‘Today, NorthernTelecom is doing more with that code
than Morse ever dreamed possible.

Based on a binary code of dots and dashes, Morse’s communication

system was one the whole world could use. For years, it was the

Ernzry high-speed means for the transmission of information, and
personal and business messages.

From this earliest applicat on of a diI%ital system has emerged
a new communications technology, with Northern Telecom lealgmg
the way as the world’s largest manufacturer of fully digital tele-
communications systems.

We're creating new, cost-effective networks that allow the com-
munication of all forms of information—around the office, around
the country, or around the world. They’re responsive; they adapt to
your requirements, not the other way around. They constantly
evolve; they change with your

changing needs and never
become obsolete. northern
These Integrated Busi- felecom

ness Networks and Integrated
Information Systems
from Northern Telecom are ful-
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does it produce striking chromatic re-
actions; in short, it is a boring metal.”
There is one saving detail. The metal,
so yielding to acid, obstinately resists
attack whenever it is sufficiently pure.
Which philosophical conclusion is a
thoughtful young man supposed to
draw? “The praise of purity...I dis-
carded...disgustingly moralistic....
The praise of impurity, which gives
rise to changes, in other words, to life
...I lingered to consider.... For the
wheel to turn...diversity, the grain
of salt and mustard are needed: Fas-
cism does not want them, forbids
them...; it wants everybody to be the
same, and you are not.” Linked to his
classmates by the “small zinc bridge,”
the shy student preparing zinc sulfate,
knowing himself an impurity of the
new regime, becomes “incomparably
audacious.” He walks home, arm in
arm with a girl for the first time, with
modest, pale Rita, who cooked the
selfsame dish of acid in the same hood.
She was no ‘“‘grain of mustard” but a
reserved young woman, for whom
“the university was not at all the tem-
ple of Knowledge...[but] a difficult
path which led to a degree, a job, and
regular pay.”

Consider nickel. Levi was unem-
ployed, a new graduate but half-pro-
scribed. He is engaged to work in an
isolated asbestos mine in the moun-
tains where a scheme has been hatched
to extract nickel, precious in war-
time, from the ample tailings. “I fell in
love with my work from the very first
day...nothing more at that stage than
quantitative analysis of rock samples:
attack with hydrofluoric acid, down
comes iron with ammonia, down
comes nickel (how little! a pinch of red
sediment) with dimethylgloxyime...
always the same, every blessed day....
But stimulating and new was another
sensation: the sample to be analyzed
was no longer . ..a materialized quiz: it
was a piece of rock, the earth’s entrail,
torn... by the explosive’s force; and on
the basis of the daily data...little by
little was born a map, the portrait of
the subterranean veins. For the first
time after seventeen years of school-
work, of Greek verbs and the history
of the Peloponnesian War, the things I
had learned were beginning to be use-
ful to me.”

Try a comic sample, called after ni-
trogen. The time is the hardscrabble
postwar years in Turin, Levi and his
partner are eking out a living as manu-
facturing chemists, precariously set up
in father’s apartment. “Four resistors
of 1,000 watts connected illegally up-
stream to the meter heat their reac-
tor.” A tough cash customer comes
for a few kilos of alloxan, a red true
stain suited for a new line of indeli-

ble lipstick, a compound hard to find
in the market.

The library of the Chemical Insti-
tute is visited, by no means a simple
matter. Alloxan is there in the books.
“Here is its portrait.... It is a pretty
structure, isn’t it? It makes you think of
something solid, stable, well linked. ...
From the Zentralblatt 1 ricocheted
to Beilstein, an equally monumental
encyclopedia.... The sole accessible
preparation was the oldest...an oxi-
dizing demolition of uric acid.” Rare
in the excreta of human and mammal,
uric acid is 50 percent of bird waste.
These creatures are frugal of water,
able to dispose of their waste nitrogen
not in dilute solution but in solid form.
Gold from dung, cosmetic from excre-
ment: the task “warmed my heart like a
return to the origins, when alchemists
extracted phosphorus from urine.”
The starting material was not cheap;
the canny farmers had long sold their
chicken dung for fertilizer at a high
price, even if it had been gleaned by the
hard work of the customer, and even if
it was no fit raw material for the chem-
ist—a crude mix of dung, earth, stone
and chicken lice. Home a kilo came
anyway on the bicycle carrier rack.

But in Turin an exhibition of snakes
had just opened. Reptiles void pellets
that are 90 percent uric acid. What an
idea! “Out of the question, not even a
gram,” the exhibitors replied. Python
pellets are very scanty, worth their
weight in gold and long pledged by
contract to the pharmaceutical compa-
nies. A few days yielded no alloxan
from the well-sifted chicken dung ei-
ther. “All I got were foul vapors, bore-
dom, humiliation, and a black and
murky liquid.... The shit remained
shit, and the alloxan and its resonant
name remained a resonant name....
Best to return among the colorless but
safe schemes of inorganic chemistry.”

End back in university days, with a
chapter called iron after a young stu-
dent, blacksmiths’ kin, who seemed
made of iron. (He became the first man
of one Piedmontese Military Com-
mand to be killed fighting in the Re-
sistance.) The class they shared was
the classical qualitative analysis, with
a challenging unknown sample daily.
“The previous lab, where I had tackled
zinc, seemed an infantile exercise to us
now, similar to when as children we
had played at cooking.... Not here:
here the affair had turned serious,
the confrontation with Mother-Matter,
our hostile mother, was tougher and
closer. At two in the afternoon, Profes-
sor D...handed each of us precisely
one gram of a certain powder.... Re-
port in writing, like a police report...
doubts and hesitations were not ad-
missible: it was each time a choice, a
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deliberation, a mature and responsible
undertaking, for which Fascism had
not prepared us, and from which em-
anated a good smell, dry and clean.”

The book ““is—or would have liked
to be—a micro-history, the history of a
trade and its defeats, victories, and
miseries, such as everyone wants to
tell” who has reached the age when
“art ceases to be long.” It became even
more, a gift to those, young or old, who
share in the legacy of man-the-maker
and seek the boon of self-understand-
ing. High praise is due the translator:
not one phrase rings false.

HISTORIC REVOLUTION, edited by
aul S. Martin and Richard G. Klein.
The University of Arizona Press ($65).
Who killed the Great Auk? We know
the names of the two fishermen who
killed the last pair known, and de-
stroyed their single egg, at Eldey Rock
off Iceland in 1844. Who killed the
giant moa? Moa bones by the wag-
onload and moa eggshells by the acre
have been found in the middens and
earth ovens of the Maori voyagers who
entered the South Island of New Zea-
land. A hundred sites are dated by
radiocarbon from about A.p. 1000 to
about A.D. 1500. There is no sign of
major climatic change during the pro-
tracted vanishing of the diurnal forest-
fringe birds. The number measurably
slaughtered over time is an order of
magnitude greater than the best esti-
mate of the available population. A
New Zealand popular song sums it up:
“No moa, no moa,/In old Ao-tea-
roa. / Can’t get’em. / They’veet’em; /
They’ve gone and there aint no moal!”
The scholars agree, and they add a
word or two about deforestation by set
fires and a footnote acknowledging
the work of the dogs and rats that
came as passengers and stowaways in
the big canoes.

This volume of lively and expert pa-
pers by 50 field and laboratory scien-
tists from around the world is more or
less a debate about a bold generaliza-
tion: that the wave of extinctions of
many large land animals and birds so
conspicuous in the geologically recent
past is the bloody work of man the
hunter. The concept of Pleistocene
overkill is not new, but it was put for-
ward afresh by the senior editor, who
had made it the basis of a similar vol-
ume of argument in 1967. The indict-
ment is strong, although the true bill
has its defects; the case is subtly shift-
ing. There is no clear verdict yet; the
jury remains hung.

The prosecution’s case is put impres-
sively in one typical graph that shows
the sharp decline in the North Ameri-
can mammoth population. The rela-

QUATERNARY EXTINCTIONS: A PRE-
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The search fora

Summary:

GTE scientists are turning out
a growing spectrum of struc-
tural ceramic products with
predictable lifetimes. Among
these are metal-cutting tools,
turbine-engine components,
radomes, and arc tubes for
high-energy discharge lamps.
Disciplines go beyond ceramics
to include physics, chemistry
and metallurgy.

GTE research is pushing back the
technical barriers to the use of

ceramics in high-stress environments.

Reliable products of such materials
as silicon nitride, yttria toughened
with lanthana, alumina and compos-
ites are helping disprove the old
belief that “ceramics” implies
strength or toughness reliability
problems.

o VST

Alumina arc tube.

Today;, we are producing ceramics
with strengths over 100,000 psi at
1100°C. Ceramics that are transpar-
ent to electromagnetic radiation.
Ceramics with high fracture tough-
ness, low flaw content, oxidation
resistance and high-temperature
stability.

The “metallurgy” of ceramics.
Many of these products ring like

metal. Coincidental or not, develop-

ing them involves protocols tradi-

tional to metallurgical research.

gt Ty Y0y ¥
e

Typical phase diagram for silicon nitride
with rare earth additives.
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It begins with phase
diagrams, and empirical
studies of compositions
within each phase.
Research into phase com-
position and microstruc-
ture control leads to
predictable physical and
mechanical properties—

verified with Weibull
statistics.
Radome Research even helps us
of silicon learn how to join struc-
nitride.

tural ceramics to their
support materials.

The materials.

At GTE, high-technology ceramic
components begin as powders under
precise control of submicron size,
shape and purity. Consolidation pro-
cedures have been worked out to
achieve the reliability inherent in




flawless ceramic.

these powders. Again, the
similarity to metals is apparent.
In metals, average proper-
ties tend to cluster in a
rather tight locus. This had
not been true of ceramics
until recently. But now, GTE
is able to consolidate ceram-
ics with uniform microstruc-
ture, and with Weibull statistics in
the range of superalloys.

Grain-boundary science.

As with powder metallurgy, parts
are molded and sintered. This
demands special knowledge of densi-
fication additives to help create preci-
sion-molded net shapes, and provide
the necessary strength in the grain-
boundary phase.

GTE has developed families of
additives to provide optimized prop-
erties for specific products.

Reliable “crockery”?

GTE research is pushing back the
technical barriers to the use of
ceramics in high-stress environments.

Ceramic matrix composites tough-
ened with discrete particles or fibers
are one thrust of the GTE search for
more reliable ceramics.

Fully effective, predictable struc-

Silicon nitride
matrix composite
cutting tools.

Turbine rotor of silicon nitride.

tural components are
already proving to be practi-
cal in a fast-growing array of
applications.

More materials

science.

Materials research moves
ahead in other areas at
GTE, too. High-purity GaAs crystals
for semiconductors; amorphous
metals for brazing foils; better phos-
phors for ultraviolet radiation conver-
sion—these are among the many
activities currently underway at
GTE.

In the box at the right is a list of
some pertinent papers GTE people
have published relating to research in
advanced ceramics. For any of these,
you are invited to write GTE Mar-
keting Services Center, Department
TP-M, 70 Empire Drive, West Sen-
eca, NY 14224. Or call 1-800-828-
7280 (in N.Y. State 1-800-462-1075).
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Pertinent Papers

Phase Effects in Silicon Nitride
Containing Y,0; or CeO,: Part | —
Strength; Part II—Oxidation. J.
American Ceramic Soc., May, 1980.
Microstructural Effects Influencing
Strength of Sintered Silicon Nitride.
International Conference on
Ultrastructure Processing of Ceramics,
Glasses and Composites, February,
1983.

Fabrication of Turbine Components
and Properties of Sintered Silicon
Nitride. ASME 82-GT-252, 1982.
Advanced Silicon Nitride Based
Ceramic for Cutting Tools. SME MR-
83-189, September, 1984.

Design and Wear Resistance of Silicon
Nitride Based Composites. Second
Int’l Conference on Science of
Hardened Material, 1984.

Controlled Transient Solid Second-
Phase Sintering of Yttria. J. American
Ceramic Soc., 1981.
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tive number of elephants—all known
sites are mapped and dated to form
the estimate—suddenly declines from
a long-occupied plateau to a tenth
of that number between 13,000 and
11,000 years before the present. The
North American population of Homo
sapiens shows its first sharp rise at just
that time.

The indictment is worldwide. In Af-
rica the Plains of Serengeti are current
demonstration of what a world of
large browsers and grazers and their
big predators must have been like,
when not so long ago bison, elephant
and lion alike roamed France and the
Dakotas. But African game have had a
long time to adapt to the primate hunt-
ers, to their fire, to their developing
tricks and tools. Ten times as many
genera of large mammals have van-
ished from the Americas within the
past 15,000 years as have vanished
from Africa in 100,000 years. The is-
lands tell their own special tales: join to
the moas the big lemurs and the ele-
phant birds—the rocs—of Madagascar
and the cow-size marsupial browsers
of Australia, all gone once-humans ar-
rived, and the courtroom grows still.
The first sudden coming of the hunters
spelled extinction to the biggest of
their game.

The defense is eloquent too. Are
those dramatic census changes real? Is
the dating right? Is the time coinci-
dence truly causal? If it is, how can
a few mammoth hunters’ butchering
sites match the moa hunters’ ubiqui-
tous boneyards? The prosecution re-
minds us that if the hunt were suddenly
begun and soon over, a blitzkrieg, then
the total take would be small and hard
to find. It will not escape a thoughtful
juror that here the prosecutor has neat-
ly found a way around the absence of
the surest evidence, the corpse itself.

The ecologists weigh in with their
diverse evidence, counting pollen and
beetle species, tracing drainage regions
and floral associations, looking at how
plants change (herbivores feed on
them at the grass roots) as the lands
drifted toward aridity while the gla-
ciers dwindled. The genetics of popu-
lations is drawn on: extinction seems
associated with dwarfism. What forces
selected for smaller individuals and
shorter gestation periods? Could it
have been hunting pressure?

A set of exemplary sites are given
very interesting, knowledgeable and
lengthy treatment by authors who
know them well. An overview of the
famous mammoth remains of Siberia
is the kernel of an authoritative So-
viet contribution. Here are structures
made of mammoth bones, all right,
but there are even larger graveyards
that were certainly accumulated by

30

long natural alluvial processes. The La
Brea tar pits on Wilshire Boulevard
are reviewed, with the valuable re-
minder that the scene at that live-
baited natural trap was not quite as
dramatic as some people imagine. En-
mirement of a single creature every
few years was plenty in due time to fill
the museum cases. Caves in the lower
Grand Canyon were long home to the
big browsing Shasta ground sloth. Its
well-preserved dung has been studied
for a reading of the menu, and now
that glimpse of the climate by way of
the desert flora has been elaborated
by study of the fossil middens of pack
rats in the same locality. The ground
sloth disappeared at “a time... which
should have been nearly ideal for its
continued existence.” Hunters? No
sites show them.

A couple of up-to-date bestiaries
add concreteness. There were noble
beasts in those days: consider a Eu-
ropean rhino with a single six-foot
horn, or a massive African antlered
giraffe, neck unelongated. The Aus-
tralian zoo of the past is vividly illus-
trated. The biggest marsupial was a
strange browser with a ciumsy-looking
development of the upper lip, perhaps
an incipient trunk? It is not hard to ex-
trapolate and envision the coming of
a fine marsupial mammoth.

The experts from down under are
not impressed by the case against the
hunters. All we know of the economic
system of the aboriginals does not pro-
vide for hunting large game. Nowhere
in Australia does the archaeology yet
support overkill, and it is not hard to
spell out how a climate turning dry in-
creases the space between water holes
beyond tolerable distances. In a desert
world, megafauna depend on free wa-
ter; effectively adapted small mam-
mals do not.

There are three distinct summations,
all full of interest, and an opening ex-
cursion into the history of the idea.
What makes a verdict particularly
hard to reach is the plain fact that the
hunters too form part of the same cli-
mate-sensitive fauna. They could emi-
grate to the Americas in the first
place, by way of the transient land
bridge of Beringia, only as the result
of “a unique set of climatic events.”
“Do I detect a conspiracy?” asks one
judge. The thick volume is uncom-
monly readable and varied for watch-
ers of paleontology and the rise of
humankind.

INGS: DISCOVERIES FROM GALILEO
TO VOYAGER, by James Elliot
and Richard Kerr. The MIT Press
($17.50). PLANETARY RINGSs, edited
by Richard Greenberg and André
Brahic, assisted by Mildred Shapley
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Matthews. The University of Arizona
Press ($35). Galileo saw something
unique about Saturn, twin big satellites
perhaps, but his optics did not provide
a clear view. His interpretation was
naturally Copernican: a three-bodied
planet. Within 50 years there were
competing theories. A fine model sim-
ulation was run by the Accadémia
del Cimento under the patronage of
Prince Leopold de’ Medici. The ex-
perts and an untrained control group
gathered to view lighted models set
up at the end of a long gallery; each
group decisively favored Christiaan
Huygens’ Cartesian solid ring around
Saturn rather than a complicated sat-
ellite model.

Both these books celebrate the new
era: two, three, many rings. The first
book is a personal and knowing ac-
count by a participant working with a
veteran science writer. The second is a
rich symposium, a score of papers at
the research level. Full of mathemat-
ics, they form an array more coherent
than most such proceedings. There are
useful illustrations in both (the smaller
Elliot-Kerr book draws a good deal on
the fuller report); the big volume ends
with a dozen color plates of Saturn’s
rings in many aspects, along with com-
puter-enhanced color, simulated im-
ages and even a painting by the artist-
astronomer W. K. Hartmann of what
Saturn’s rings might look like from a
few hundred yards above their plane.

The point is of course that between
1976 and 1983 rings were unexpected-
ly found around Jupiter and Uranus.
(Neptune has shown no ring for sure
but cannot yet be certified ring-free.)
Then the rings of Jupiter and later of
Saturn were superbly imaged and ex-
amined in detail during close visits by
the two Voyager probes.

It was Elliot who led the discovery
of the rings of Uranus. That find was
made possible by the flowering of con-
temporary technology. Just as Gali-
leo’s first half-recognition rested on a
powerful new development that was
paramedical (spectaclemaking), so is
our astronomy often paramilitary.

The rings of Uranus appeared first
as spiky dips in recorder charts that
plotted second by second the output of
infrared detectors. From the strato-
sphere a remarkable NASA jet-air-
craft-borne telescope kept the moving
planet under watch during a tightly
scheduled rendezvous with a long-pre-
dicted star shadow path. The plane
was there on time 1,000 miles east of
the forbidding island of Kerguelen in
the Indian Ocean, and eight miles
above the midnight sea.

Two chapters of Elliot’s book tell a
charming tale of the discovery of the
rings of Uranus, from proposal to pub-
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There’s alot
worthsaving

in this country.

Today more Americans
who value the best of yester-
day are working to extend the
life of a special legacy.

Saving and using old
buildings, warehouses, depots,
ships, urban waterfront areas,
and even neighborhoods
makes good sense. Preserva-
tion saves valuable energy
and materials. We can also
appreciate the artistry of these
quality structures.

The National Trust for
Historic Preservation is help-
ing to keep our architectural
heritage alive for us and for
our children.

Help preserve what'’s
worth saving in your com-
munity. Contact the National
Trust, P.O. Box 2800,
Washington, D.C. 20013.

Natlonm for

Historic Preservation
Preservation builds the nation

A close look at Saturn’s rings

lication, with all the vicissitudes and
pleasures of the new style of astron-
omy. What the Cornell investigators
were after was a quick look through
the atmosphere of Uranus at the pre-
dicted time and place of the rare
eclipse of a modest star by that planet.
The color and intensity of the light as
total eclipse approached and receded
probed the planet’s atmosphere. It was
the symmetry of the flicker pattern,
once the charts were spread out on the
floor after the return to Ithaca, that
disclosed the rings. The team had
made a joke of their experiment: if it
did nothing else, it might set limits to
unknown and unexpected rings. In-
stead it showed them plain as plain
could be, and by now nine have been
mapped in detail in a dozen more
flights since 1977, Uranus eclipsing
fainter and more commonplace stars.

What kinds of rings do we list now?
There is a pet shop full, if not yet a zoo.
Jupiter has ‘“ethereal” rings, like the
outermost ones of Saturn, wide and
diaphanous. Uranus has discrete dull-
black rings, narrow as wires, some ec-
centric and even coarse-textured. Sat-
urn has bright broad rings and gaps
superficially smooth that at second
glance break into some 1,000 narrow
bands. A few narrow rings are there;
what look like braided rings are proba-
bly only kinks. No one doubts that
all we see is a slowly changing array
of chunks of orbiting material, fine
dust to little moonlets. No one has yet
seen a ring particle, but it is clear that
rings of solid or fluid matter would be
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swiftly torn apart by the tidal forces.

The ingredients of the explanations
for all of this are not hard to grasp,
although the dynamical cookery is
subtle and our best recipes are incom-
plete. Begin with many-body gravita-
tional interactions, the ordinary satel-
lites on their rounds finding harmonic
resonances in the orbits of the myriad
ring particles. Here is a source of gaps
and even of a little piling up.

Add the recognition that the ring
particles themselves act as a gravitat-
ing sheet, capable of supporting travel-
ing spiral wave patterns of variable
density by their mutual attraction. Do
not forget the presence right in among
the ring particles of ring moons, giants
of the ring population, yet often too
small to perceive in the images. One
pair of such moonlets can be seen in
the act of confining a stream of par-
ticles into a thin dense thread. Such
a gravitational shepherding process is
by no means simply teased out of the
Newtonian interactions; it is there if
the theorists are allowed some dissipa-
tive mechanism on the side.

The processes involved go beyond
gravitation, although ‘“most people
don’t realize how many solutions”
Newton’s equations have, as one of the
theorists puts it. The finest ring parti-
cles respond more to electromagnetic
and radiative forces than to gravita-
tional ones. The faint spokes that slow-
ly drift around the rings of Saturn find
explanation in that way. They consist
of small, highly visible populations of
charged dust levitated above the ring



plane, marching to a quite different dy-
namical drummer.

Moonlets are sources of erosional
dust and may hide in narrow dust rings
that they make and hold by a strange
orbital dance, first being overtaken by
and then overtaking their progeny.
Throughout the entire pageant parti-
cles large and small collide. Masses
both aggregate and disaggregate ev-
erywhere; the stickiness of the bounc-
ing snowballs and the disrupting tidal
forces of the planet seek equilibrium.

Out of such parts models are built to |

try to fit the copious data. The excite-
ment of the community of planetary
scientists is apparent. These shifts of
opinion are the burden of the unfold-
ing narrative that is the Elliot-Kerr
book. The second, more formal book
makes the excitement almost as evi-
dent through learned papers that pro-
pose alternative explanations for the
complex and often ambiguous data.
The rings evolve. Fine particles will
not last forever in orbit; they are
cleansed out of the system in several
ways. We have to explain rings for the
most part as recurrent phenomena,
more or less in a steady state, unless we
are willing to claim the great good luck
of catching a fleeting pattern in the
long history of a giant planet. Some
recycling is believable enough, but ori-
gins and lifetimes must be understood
to complete the success of any model
for what we see. Both the disruption of
satellites now gone and the relict ring
left over from the formation of the
central planet are plausible origins.
Voyager is on the way to Uranus,
due there punctually about a year
from now, just the month that Halley’s
comet will make the headlines. With
skill and luck good images will show—
or eliminate—the putative shepherd
moons in the thinrings. Other satellites
will follow, and Space Telescope Hub-
ble too can take a good look at spokes

and distant rings. In 1989, if all goes |

well in the decade-old circuitry, Voy-
ager may reach Neptune able to check
sensitively for rings so far obscure.
The rings emerge from these books
as part of our solar-system home. They
are structures as familiar as the Grand
Canyon of the Colorado or the rays of
Tycho. In rings a myriad icy boulders
in swift flight clash silently on a scale
far greater than that of the wave-
stirred stones on Dover Beach. It
would be a pleasure to learn why some
rings are snow white and some coal
black; that is not in the books yet, but
we can expect it someday, with a long
list of other problems still not clear.
Meanwhile, at the level of the general
reader as well as that of the research
worker, there is plenty to learn; these
books offer two fine places to start.
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Predicting the Next Great
Earthquake in California

On part of the San Andreas fault an earthquake of magnitude 8 in

the next 30 years is assigned a probability of 50 percent. Precise

predictions await better knowledge of how quakes are triggered

by Robert L. Wesson and Robert E. Wallace

ith the successful prediction
of the eruption of Mount St.
Helens in May, 1980, earth

sciences in the U.S. entered the era of
real-time geology: the study of geolog-
ic processes as they happen, sometimes
minute by minute. The prediction it-
self was far from perfect; indeed, it
lacked a short-term warning. Still, the
advice of earth scientists led officials in
Federal, state and local government
to institute a series of precautionary
measures, including the closing of for-
est areas, which doubtless reduced the
loss of life and property caused by the
eruption.

In California the geologic event
most in need of successful prediction—
the one whose destructiveness could
most be averted—is a catastrophic
earthquake. In geologic terms Califor-
nia is a realm of earthquakes: it is part
of the Ring of Fire, the belt of earth-
quakes and volcanic activity that cir-
cles the Pacific. The San Andreas fault,
which scars California from north to
south, is one of the earth’s great em-
blems of seismic activity. In human
terms California is the most populous
state in the U.S. and a center for many
of the nation’s critical technology-ori-
ented industries. Some 10 percent of
the nation’s population and industrial
resources are there, and 85 percent of
these resources (or 8.5 percent of the
nation’stotal) are in a strip of 21 coun-
ties along the continental margin that
are well within the seismic domain of
the San Andreas. A single one of those
counties—Santa Clara County, in

northern California—manufactures a
fourth of the nation’s semiconductors.
Santa Clara County suffered heavy
damage in the 1906 earthquake that
devastated San Francisco.

In the wake of the Mount St. Helens
eruption the National Security Coun-
cil assembled a group of investigators
and agencies, including the U.S. Geo-
logical Survey, to predict the conse-
quences of a hypothetical earthquake
in California. The group hypothesized
several potentially damaging quakes,
among them an earthquake similar to
the great quake of 1857, which oc-
curred along the southern San Andreas
fault. The recurrence time for such a
quake is now estimated to be about
140 years; the likelihood of such a
quake’s occurring sometime in the
next 30 years is estimated to be about
50 percent.

According to the analysis, the hypo-
thetical quake would cause between
3,000 and 13,000 deaths. The lower
figure would apply if the quake oc-
curred at2:30 A.M. The reason emerges
from worldwide observations of how
earthquakes affect buildings like those
in California. Briefly, the population
of California is safest when it is home
in bed. Wood-frame, single-family
houses strongly resist structural dam-
age by earthquakes. The higher figure
would apply at 4:30 on a weekday
afternoon, when much of the popula-
tion is at work or on the streets. Again
the reason emerges from architecture.
Old masonry buildings unreinforced
by steel are likely to collapse in even a
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moderate quake. During the Coalin-
ga, Calif., quake in May, 1983, 30 out
of the 40 pre-1930 masonry buildings
in the town collapsed or almost col-
lapsed. Such buildings are common in
the center of virtually all the older cit-
ies and towns in California; some
8,000 of them are in Los Angeles
alone. They are gradually being re-
placed, particularly in Los Angeles, but
significant numbers of them will re-
main for many years.

Earthquake prediction is at the cut-
ting edge of basic science. Sub-
stantial research programs are under
way in China, Japan and the U.S.S.R.
In the U.S., meanwhile, some $17 mil-
lion is being spent each year on pre-
diction and another $43 million on a
research program including work on
earthquake-hazard assessment, the en-
gineering of buildings to resist earth-
quakes and studies of the fundamen-
tal nature of earthquakes. Progress on
short-term prediction has been slower
than workers hoped it would be a dec-
ade ago, when early successes were re-
ported by both Soviet and American
researchers. On the other hand, prog-
ress in long-term prediction and in the
understanding of how earthquakes oc-
cur has been substantial. Now more
than ever the aim is to learn to inter-
pret the signals of strain accumulat-
ing in the earth within the framework
of fundamental understanding of' the
earthquake process.

The first modern understanding
came early in this century, when the
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San Andreas fault was recognized as
being the cause of great earthq uakes; it
had produced the San Francisco quake
of 1906. In the wake of that catastro-
phe Henry F. Reid of Johns Hopkins
University proposed that earthquakes
are generated by the sudden slip and
elastic rebound of crustal blocks bor-
dering a fault. In essence he proposed
that the crust could bend under strain,
then snap and straighten out, releasing
the energy of the strain.

Reid’s model, now coupled with
the theory of plate tectonics, which
emerged in the 1960’s, is the basis
for estimating when and where large
earthquakes can be expected. In the
theory of plate tectonics most ma-
jor earthquakes are explained as sud-
den movements or ruptures along the

C CALIF CLAST €

faults constituting the boundaries of
the earth’s great crustal plates. Ac-
cording to the theory, the San Andreas
is one of a set of faults representing the
boundary between the Pacific plate
and the North American plate. The
plates are sliding past each other; in
particular the sea floor of the Pacific is
moving toward the northwest with re-
spect to North America. Over the long
term the San Andreas must accommo-
date slippage of about 3.5 centimeters
per year. The inescapable conclusion
is that sudden slippages in the future
will give rise to potentially catastroph-
ic earthquakes.

How, precisely, do earthquakes fit
into the framework of the plate-tecton-
ic theory? Fundamentally the slippage
between two plates proceeds without
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seismic disturbance at depths in the
earth greater than 10 to 12 kilometers.
The rocks there are hot enough to be
ductile; that is, they can deform con-
tinually. (Putty, for instance, is ductile
when the stuff is slowly deformed.)
Closer to the surface, the rocks of the
crust are brittle, so that slippage along
a zone of weakness—in particular a
fault—is controlled there by friction.
The sudden slippage between blocks in
the upper crust is what produces an
earthquake. The slippage may be ini-
tiated by breakage at a particularly:
strong (high-friction) part of the fault,
known to geologists as an asperity.

How, then, can earthquakes be pre-
dicted? A beginning to long-term
prediction was made when S. A. Fedo-
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SEISMIC ACTIVITY in central California during the 48 hours
preceding 1:42:08 p.M. Pacific standard time on Wednesday, De-
cember 12, 1984, is displayed in this computer-generated chart.
Seismographs distributed throughout the state detected the activity;
they are linked to a computer at the U.S. Geological Survey in Men-
lo Park. The computer determined the size and location of earth-
quakes; its record is updated every few seconds. San Francisco is at
the upper left; it lies, with Hollister (Ho) and Parkfield (Pa), along
the San Andreas fault (black line). Modesto (Mo), Fresno (Fr) and
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Bakersfield (Ba) are farther inland. The concentration of earth-
quakes at the upper right is part of a burst of activity that began
with a magnitude-5.7 quake on November 23, 1984, near Bishop
(Bi). A quake of magnitude 3 can be felt by people in the vicinity;
a quake of magnitude S can cause local damage; a quake of magni-
tude 7 is felt for hundreds of thousands of square miles and can
cause extensive damage; a quake of magnitude 8 is considered a
great quake. Each increase of 1 on the magnitude scale represents
a tenfold increase in shaking and a thirtyfold increase in energy.
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tov of the Institute of Physics of the
Earth in Moscow and K. Mogi of the
Earthquake Research Institute of the
University of Tokyo plotted the rup-
ture zones, or areas of crustal slippage,
for great earthquakes along the west-
ern margin of the Pacific. The zones
could be inferred from the spatial dis-
tribution of the aftershocks for each
quake. Fedotov and Mogi both noted
that the zones tended to abut without
overlapping, and that over a long peri-
od (a century or two) the zones could
be expected to fill the Pacific margin.
That is, the entire plate boundary
could be expected to rupture.

At Columbia University, Lynn R.
Sykes, John Kelleher and William R.
McCann applied these expectations
to a study of earthquakes along ma-
jor plate boundaries throughout the
world. Several places along those
boundaries were notable. Each place
had been the site of a great earthquake
more than a century ago. Since then,
however, no earthquake at the site had
represented a significant rupture of the
plate boundary there. Sykes and his
colleagues identified each such place
as a “seismic gap”: a candidate for a
great earthquake in the next few dec-
ades. Several such gaps have already
ruptured, fulfilling the forecasts.

The San Andreas fault in southern
California is a major seismic gap. That
is not to say the fault responds in the
same way throughout its length to the
displacement of crustal plates. Nor is it
to say that the identification of seismic
gaps provides the only basis for long-
term earthquake prediction. On one
section of the San Andreas fault in cen-
tral California, fault creep, or slow
slippage, characterizes the displace-
ment. In other places the fault releases
its stored elastic strain in characteristic
steps no longer than a few centimeters.
In still other places the characteristic
slip increment is from seven to 10 me-
ters. Episodes of slippage of the latter
type were responsible for the great
earthquakes of 1857 and 1906.

Averaged over a sufficiently long pe-
riod of time the sum of the various
slippages or displacements—the slow,
aseismic fault creep, the fault displace-
ment accompanying earthquakes, and
inelastic deformation such as crustal
folding—must equal the displacement
between two plates. This leads quite
naturally to the idea of long-term
earthquake prediction based on what
might be called a slip budget. In 1970
one of us (Wallace) employed Reid’s
elastic-rebound theory in concert with
the slip rate determined from the offset
of geologic features across the San An-
dreas fault over the past 20 million
years. The result was the very-long-
range prediction, more properly called

a statement of earthquake potential,
that large earthquakes would occur
somewhere along the fault at intervals
of from 50 to 200 years.

In recent years a further means of
long-term prediction has arisen:
new geologic techniques have created
the science of paleoseismology. The
techniques combine detailed studies of
landforms across fault zones, analysis
of deformed layers of sediment in the
walls of trenches excavated across ac-
tive faults and the determination of the
age of carbonaceous material found
in the sediments. (The last is done by
radiometry: specifically the measure-
ment of the concentrations of carbon
isotopes.) In this way the techniques
yield the approximate time of occur-
rence and the relative energy of major
ancient earthquakes; thus they provide
a much longer baseline of earthquake
occurrence than any historical record
can give.

The most complete baseline estab-
lished so far has emerged at Pallet
Creek, on the San Andreas fault about
55 kilometers north of Los Angeles. It
is the work of Kerry E. Sieh of the
California Institute of Technology. At
Pallet Creek successive episodes of
slippage along the San Andreas fault
have repeatedly disrupted the sedi-
mentary layers in the bed of the creek
and at the same time blocked the
creek’s drainage, so that the disrupted
layers would be covered by newly de-
posited sediment. In sum, the blocked
drainage and repeated ruptures have
formed a complex pattern of fractured
and refractured layers of peat, silt and
sand. In the mid-1970’s Sieh made
excavations there. He analyzed each
displacement. The peat layers provid-
ed material for carbon-isotope dating,
from which the age of each episode of
faulting could be inferred.

Sieh’s initial analysis revealed a his-
tory of at least nine large earthquakes
in the past 1,400 years. Then, as more
excavations were made, the number
grew to 12. Sieh now thinks the inter-
vals between large earthquakes along
the Mojave segment of the San An-
dreas fault—the segment on which
the Pallet Creek site is situated—range
from 50 to 300 years. According to
Sieh, the average recurrence interval is
140 to 150 years.

That number should be compared
with the recent geologic history at the
site. The last great earthquake on the
Mojave segment of the San Andreas
fault was the one in 1857. The number
of years since then is 128, a number
alarmingly close to Sieh’s calculation
for the average interquake interval.
Moreover, the rate at which strain ac-
cumulates along the San Andreas fault
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is 3.5 centimeters per year. Thus the
strain since 1857—a total of 4.5 me-
ters—could generate an earthquake of
magnitude 7.5 or greater at any time.
(An earthquake of magnitude 5 or
greater is considered potentially dam-
aging. Each step in magnitude—the
step from 5 to 6, for example—repre-
sents a tenfold increase in ground mo-
tion and about a thirtyfold increase in
the energy of the quake.)

Sieh’s value for the average recur-
rence interval was incorporated into
the prediction the Geological Survey
prepared for the National Security
Council. In that analysis the likelihood
of an earthquake of magnitude 8.3
along the southern San Andreas fault
is estimated to be between 2 and 5'per-
cent per year, or about 50 percent in
the next 20 to 30 years.

In northern California no paleo-
seismic site along the San Andreas
fault has yet been found that yields as
much information as the site at Pallet
Creek. Nevertheless, the available evi-
dence suggests arecurrence interval of
150 to 300 years for an earthquake of
magnitude greater than 7.5 along the
part of the San Andreas fault that last
ruptured in the earthquake of 1906.
Fifty years of seismic quiescence fol-
lowed the 1906 catastrophe, but earth-
quakes of moderate degree have been
occurring since 1957, much as they did
in the decades before 1906. Accord-
ingly William L. Ellsworth and his col-
leagues at the Geological Survey sug-
gest that over the next four decades the
most likely prospect is earthquakes of
magnitude 6.5 to 7, which can be high-
ly damaging locally.

he processes of long-term strain ac-
cumulation and release are under-
stood relatively well. In contrast, the
processes holding the key to short-
term earthquake prediction remain
largely unknown. For example, the de-
tails of how the ductile movement of
the lower crust places strain in the brit-
tle crust above it is poorly understood.
Perhaps more important, the detailed
way in which the brittle crust fails and
ruptures is not yet known. To what ex-
tent, for instance, is the rate at which
strain accumulates in the brittle crust
uniform? What significance should be
attached to variations in the rate?
What precisely is responsible for initi-
ating an earthquake? Is it an external
stress that acts as a trigger? Is it a surge
of strain accumulation? Or is it some
progressive process of failure in the
crustal rocks or the fault zone itself?
One strategy is central to all the ef-
forts at short-term prediction. Geolog-
ic phenomena must be observed in the
period preceding the main earthquake
shock. Some results are already avail-
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able. Prior to many large quakes the
background seismicity of the region
seems to increase, gradually or sud-
denly. The clearest instances, perhaps,
were the swarms of small earthquakes
preceding the 1975 Haicheng earth-
quake in Liaoning Province in China.
The swarms began some two months
before the main shock, but Chinese in-
vestigators had already decided the re-
gion had the potential for a very large
earthquake. They had based their pre-
diction on a long-term pattern of
earthquake migration: the positions
of quakes seemed to move along a
belt several hundred kilometers long.
Moreover, some geodetic measure-
ments (literally measurements of the
shape of the land) had suggested that
strain was accumulating.

The site itself had experienced no
more than a few very minor earth-
quakes for decades before the ma-
jor quake. But when the earthquake
swarms became vigorous on February
1, 1975, residents of unreinforced ma-
sonry homes were evacuated, so that
when the main shock came, on the eve-
ning of February 4, and many houses
collapsed, great numbers of lives un-
doubtedly were saved. In marked con-
trast, the Tangshan earthquake some
18 months later was not preceded by
any recognized foreshocks. It caused
a loss of life officially estimated at
240,000.

Seismicity is a notable portent of
major earthquakes; it is not, however,
the only portent. In addition, acceler-
ated deformation of the crust is some-
times, although not always, detected
before large quakes. It was detected,
for instance, before an earthquake at

EARTHQUAKE CYCLE is now under-
stood in the context of the theory of plate
tectonics. Basically an earthquake results
from a sudden rupture along the fault where
two great crustal plates are moving past each
other. Before the instant of the rupture the
plates have been moving smoothly at depths
greater than 10 to 12 kilometers; the crust
there is sufficiently hot so that it is ductile
(colored arrows). Meanwhile at shallower
depths, where the crust is cold and thus brit-
tle, stress has accumulated at asperities, or
locked points (black). At the instant of rup-
ture (a) an asperity breaks, so that crustal
slippage (dark color) spreads through the
upper, locked part of the fault. In 100 sec-
onds or so the rapid slippage ends (). For
the next several months aftershocks (black
dots) ensue (c). Slow, additional slippage at
or near the surface may also occur. Atsome
much later time, say 50 or 100 years, the ad-
jacent section of the fault may break in a
major earthquake (d). Finally, after perhaps
two centuries, the cycle begins again: the
displacement of the deep crust has imposed
new stress on the upper, brittle crust (e).
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TRENCH AT PALLET CREEK, along the San Andreas fault
about 55 kilometers north of Los Angeles, was excavated by Kerry
E. Sieh of the California Institute of Technology. The excavation
exposed disruptions in layers of sand (dots), gravel (irregular stip-
ples) and peat (black), and so revealed successive episodes of fault-
ing associated with ancient earthquakes; the ages of the peat beds,
determined by radiocarbon dating, bracket the times of the quakes.

Parkfield on the San Andreas fault in
1966. Certain laboratory experiments
and theoretical models of the earth-
quake process suggest that accelerated
deformation—called preseismic slip—
is intrinsic to earthquakes. The idea is
that the failure of crustal rock is pre-
ceded by the development of small
cracks or weak spots, which then grow
into the catastrophic rupture. The
identification of earthquake precur-
sors within the background of crustal
deformation, which fluctuates contin-
ually, remains a chief objective of
earthquake-prediction research.

he instrumentation required to

monitor the crust and detect the
anomalous events that may foreshad-
ow an earthquake has advanced rapid-
ly in the past decade, both in capability
and in the reliability of individual de-
vices. The instruments have also ex-
panded in quantity, along with the geo-
graphic area they cover.

The workhorses of the effort are in-
expensive, reliable seismometer pack-
ages, developed by Jerry P. Eaton and
his colleagues at the Geological Sur-
vey. More than 500 such packages,
each one consisting of a seismometer
and supporting electronics, are now

deployed throughout California. By
means of telephone or radio links they
continuously relay seismic signals to
recording and processing centers in
Menlo Park and Pasadena. In 1984
they registered more than 10,000
earthquakes. Computer hardware and
software developed by Rex Allen and
James O. Ellis at the Survey automati-
cally determine the location, depth and
magnitude of each quake; on some
days the computers automatically
cope with as many as 1,200 quakes.
The instrumentation also includes
several networks of laser distance-
ranging devices. Here the lengths of
the sides of a network of triangles are
monitored. A change in the lengths
yields a measure of the crustal stress
along a line; a change in the area en-
closed in any one triangle yields in ad-
dition a volumetric measure of crustal
strain. With appropriate corrections
for the atmosphere’s optical proper-
ties, employing air-temperature meas-
urements made from an aircraft flying
along the line of sight, distance meas-
urements accurate to within about a
centimeter over a line of 30 kilometers
are possible. Recently some two-color
laser systems have been put in service.
The beams of different color have dif-
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The uppermost peat bed is unbroken; it overlies the faults, which
are older. Further consequences of each quake include the folding
and deforming of sediments that were soft at the time of the quake.
In some places sandy material along the line of a fault signals the
liquefaction of the sand by the force of a quake. Sieh’s work, termed
paleoseismology, aids earthquake prediction by yielding earthquake
statistics spanning a period far longer than any historical record.

ferent optical properties; thus atmos-
pheric variations can be calculated di-
rectly from the difference in the trans-
mission time for the beams. In that
way atmospheric variations can be
accommodated automatically. Verti-
cal strain in the crust corresponds to
changes in the elevation of the land, as
measured directly by standard survey-
ing techniques and indirectly by deter-
mining the local strength of the earth’s
gravitational field.

It should be said that all these tech-
niques get their results through repeat-
ed surveys. Hence they are time-con-
suming, expensive and representative
of only a regional and temporal aver-
age at one point in time. Accordingly
great effort has been spent over the
past 15 years to develop reliable in-
struments that will measure strain con-
tinuously at one point on the earth.
The effort establishes that the crust
within a few meters of the surface of
the earth is so noisy, in the sense of
spurious data, that significant strain
signals are masked. The sources of
noise include daily and seasonal tem-
perature changes, rainfall, fluctuations
in barometric pressure and fluctua-
tions in the water table. Thus early
hopes for an inexpensive instrument
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that could be widely deployed, much
like a seismograph, have so far gone
unfulfilled.

One instrument capable of continu-
ous measurement of strain is a creep
meter. It consists of a wire, say 30 me-
ters long, stretched down the length of
a pipe placed a few meters deep in the
earth, with a strain gauge at one of
its ends. Another instrument offering
promise is a borehole strain meter de-
signed by I. Selwyn Sacks and his col-
leagues at the Carnegie Institution of
Washington. In essence it is a fluid-
filled balloon fitted tightly into a deep
well. The amount of fluid extruded
from the balloon in response to crustal
compression or expansion is measured
continuously by electronic means.
Several such instruments are now in-
stalled in California. Observations of
the water level in wells and of geo-
chemical phenomena such as the con-
centration of radon gas in well water
have proved to be equivocal at best.
Geodetic measurements made from
satellites are improving; in the future
they may offer measurements of the

movement of crustal blocks precise
enough for employment in earthquake
prediction.

hat, then, do the available meas-

urements show about the real-
time geology of California? How do
they aid the effort at short-term pre-
diction? The year 1980 can be taken
as a benchmark. Among the geodet-
ic changes observed before 1980 one
change was notable: a part of southern
California was rising. At the Geologi-
cal Survey, Robert O. Castle and his
colleagues reviewed several decades of
data from the U.S. National Geodetic
Survey and other sources. They con-
cluded that from 1960 to 1962 the
region around Palmdale, about 50 Kkil-
ometers north of Los Angeles, rose
about 25 centimeters. From 1972 to
1974 the uplift increased by a further
15 centimeters. Moreover, the maxi-
mum of the uplift shifted 125 kilome-
ters to the east-southeast and the area
of uplift expanded southeastward,

nearly reaching the Salton Sea. The
displacement of that large a volume of

crust suggested a great earthquake
might be imminent.

Elsewhere in the world—for exam-
ple at Niigata in Japan—the regional
warping of crustal rock had preceded
an earthquake. Furthermore, the uplift
was occurring in an elliptical region
overlying much of the part of the San
Andreas fault whose rupture produced
the great earthquake of 1857. To be
sure, some of the older leveling data
(that is, the surveying of land eleva-
tion) underlying the discovery of the
Palmdale uplift have been questioned.
As a result new surveys are done so as
to minimize the potential for systemat-
ic error. Perhaps the most conclusive
evidence that crustal strain is really
being detected is the work of Robert
Jachens and his colleagues at the
Geological Survey. They found a
strong correlation among three inde-
pendent sets of measurements—the lo-
cal strength of the earth’s gravitation-
al field, the changing elevation and
the changing strain itself—in south-
ern California over a five-year period.

Other geodetic data suggested that

LASER DISTANCE-RANGING NETWORKS form a set of tri-
angles athwart the San Andreas fault in southern California. In each
network the time of flight for laser beams yields a measure of dis-
tance over baselines as long as 30 kilometers, and so enables inves-
tigators to tell from changing distances that strain is accumulating
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in the crust, perhaps portending an earthquake. Measurements of
right-lateral shear strain—the elastic distortion tending to cause dis-
placement on the San Andreas fault—are shown in the chart at the
right; the measurements were made by James C. Savage and his
colleagues at the Geological Survey. The measurements all tend



further crustal changes were under
way—ones that tended to increase the
potential for slip on the San Andreas
fault. Surveys of horizontal strain
made by James C. Savage and his col-
leagues at the Geological Survey dur-
ing a 10-year span showed a long-term

pattern of crustal shortening north to °

south. Then, in 1978 or 1979, the strain
pattern altered in such a way that it
increased the shearing stress along the
direction of the San Andreas fault.
Clearly slip along the fault was now
more possible than before, but the
threshold for slip remains unknown.
Also in 1979 measurements of the
concentration of radon gas in two
wells along the northern margin of the
Los Angeles basin showed marked in-
creases. No more than a year of base-
line data had been accumulated. Still,
the increase was judged to be signifi-
cant. For one thing, it had been re-
ported from the Soviet Union and the
People’s Republic of China that such
increases preceded several massive
earthquakes. Presumably the gas was
being released from deforming crustal

rock. Taken together, the long-term re-
currence data and the observed geo-
physical changes raised concern in
1980 that a great earthquake might be
imminent in southern California.
Since then, however, the effort to
formulate a specific prediction for
southern California has become rath-
er problematic. Several sites of earth-
quake potential are recognized. More
frequent but smaller earthquakes than
the one in 1857 are given an increased
likelihood. Certain segments of the
San Andreas fault have never ruptured
in historical times; the strain accumu-
lated along those stretches may make
them the likeliest sites for the next
great earthquake. (Some investigators
conclude that the part of the southern
San Andreas fault southeast of San
Bernardino is a very likely site.) Final-
ly, there are large faults in California
distinct from the San Andreas fault.
They too are capable of generating
large earthquakes, and in fact they
seem to do so, although at average re-
currence intervals longer than 1,000
years. Some of these faults are ex-
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upward, indicating the accumulation of strain. Deviations from a steady increase (accel-
erations in particular) are conceivably earthquake precursors. Crustal materials cannot
withstand a shear strain greater than about 10 -4 radian, where a radian is an angle of ap-
proximately 57 degrees; hence shear strain accumulating in the crust at a rate of 5§ X 10-7
radian per year implies an interval for earthquake recurrence on the order of 200 years.
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posed at the surface; others are bur-
ied. A fault some 10 kilometers deep
produced the moderate but damaging
earthquake at Coalinga in 1983.

A major earthquake-prediction ex-
periment has now been mounted by
Allan G. Lindh and his colleagues at
the Geological Survey along the Park-
field segment of the San Andreas fault
in central California. There earth-
quakes of magnitude 5.5 to 6 have
occurred about once every 22 years,
most recently in 1966. (The only ex-
ception in more than a century has
been the quake in 1934, which came
10 years early.) An array of instru-
ments including creep meters, bore-
hole strain meters and a two-color la-
ser distance-measuring device is now
in place. The hope is to learn exactly
what geophysical changes and pre-
monitory signals occur before the
earthquake expected in 1988, plus or
minus a few years. In 1980 William H.
Bakun of the Geological Survey pre-
dicted—correctly—the location and
magnitude of the magnitude-6 earth-
quake that occurred near Morgan Hill,
Calif., in April of last year. No pre-
monitory evidence was detected that
would have allowed a short-term pre-
diction of the timing of the quake.

How can the emerging understand-
ing of why—and when—great
earthquakes might occur be best used
to benefit society? Among the long-
term strategies, the incorporation of
earthquake resistance into building de-
sign and construction is the first line of
defense. In California building codes
are administered locally but are based
on recommendations made by the
state’s Structural Engineers Associa-
tion. The recommendations reflect en-
gineering analyses and also experience
gained empirically, through observa-
tions of how various buildings actually
performed during earthquakes. Thus
the building codes incorporate a set of
minimum standards. In addition state
legislation imposes special conditions’
on schools, hospitals and dams and re-
quires special studies for buildings to
be situated near active faults. In gener-
al, major construction projects such as
tall buildings in Los Angeles and San
Francisco and special projects such
as nuclear reactors receive particular
attention. At the other end of the spec-
trum most single-family wood-frame
buildings are inherently resistant to
damage from earthquakes.

On the other hand, architectural
fashions change, and so do the avail-
able materials and practices. Hence at
any time large numbers of existing
buildings fail to conform to the most
recent codes or to the state of the art.
Moreover, buildings of intermediate
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size are often built only to minimum
code requirements without special
provisions for earthquake resistance.
Such buildings represent a large pro-
portion of the total inventory of struc-
tures in a society. Further still, the care
with which an engineering design is
implemented—the quality control and
the attention to detail, say in the place-
ment of reinforcing steel and the mak-
ing of welds—is crucial to the success
of the design. Sometimes such care is
sacrificed in the effort to speed con-
struction or reduce costs.

Many communities in California are
implementing plans for the use of land
that minimize the potential hazards of
earthquakes. Plainly it is imprudent to
build structures for human occupancy
astride faults or on landslides that are
likely to shift catastrophically during a

quake. Parks, roads and other open-
space uses of such areas pose little
threat to life and safety.

Short-term earthquake predictions
could increase the margin of safety,
particularly for people who live or
work in buildings that do not meet the
current standards for earthquake resis-
tance or people near a facility whose
failure would be potentially hazard-
ous. Some simple strategies invoked by
a short-term prediction would include
the evacuation of hazardous struc-
tures—not entire cities—for a few
hours or days, the parking of ambu-
lances and fire trucks outside their ga-
rages and the alerting of critical per-
sonnel for special duty. At a nucle-
ar power plant additional precautions
might range from drills and areview of
disaster-response plans to more expen-
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GRAVITY, ELEVATION AND HORIZONTAL STRAIN in th% crust at Tejon Pass in
southern California have been varying together. The charts plot the strength of the local
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fluctuation and not mere “noise” in the local monitoring of the earth. Parameters such as
these are being investigated as possible signals foretelling earthquakes. The three sets of
measurements were made by Robert Jachens and his colleagues at the Geological Survey.
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sive actions such as the reduction of
power or even the temporary shut-
down of the plant. Similar opportuni-
ties face many industries. The simple
removal of fragile inventory—say elec-
tronic equipment, chemicals and phar-
maceuticals—from shelves could re-
duce losses dramatically.

As a result of state legislation and
state and Federal funding an experi-
mental effort, the Southern California
Earthquake Preparedness Project, or
SCEPP, was established in 1980. The
project is developing plans for using
predictions effectively to reduce the
social and economic impact of earth-
quakes, for responding to unpredicted
earthquakes and for guiding recovery
from an earthquake. Meanwhile ad-
ministrative mechanisms for issuing
information about the likelihood of
earthquakes in California are being de-
veloped. Federal authority for issuing
geologic-hazard information includ-
ing earthquake predictions rests with
the director of the U.S. Geological
Survey, who works closely with his
state counterpart, the chief of the Cali-
fornia Division of Mines and Geology.
Both state and Federal panels of earth
scientists will assist in judging the sci-
entific validity of a prediction.

Response to the information (or to
an earthquake itself) is the responsibil-
ity of the Federal Emergency Manage-
ment Agency and the State Office of
Emergency Services. To date the Ge-
ological Survey has issued two offi-
cial earthquake ‘“watches” (a form of
advisory), one for a great earthquake
in southern California and one for
a moderate but potentially damaging
earthquake in the Mammoth Lakes re-
gion of eastern California. A series of
earthquakes of magnitude 5 to 6 ac-
tually followed the latter watch. In sev-
eral further instances geophysical
and geologic anomalies suggestive
of a pending earthquake have been re-
viewed at both state and Federal levels
but have not been considered sufficient
cause for the issuance of a warning.

Earth scientists are gaining confi-
dence in their ability to make
long-term predictions of the probabili-
ty of an earthquake. The next steps will
be the efforts to develop integrated sys-
tems of measurement and rapid, auto-
mated data collection and analysis and
apply the analyses to the complex-
ities of crustal deformation. The con-
version of long-term predictions into
short-term predictions and thence into
warnings will pose difficult problems.
For example, the long-term evidence
suggests that a major earthquake in
southern California is imminent. Nev-
ertheless, the short-term variations in
geophysical parameters now observed



in southern California remain unex-
plained. Are these variations the pre-
cursors of the quake or are they nor-
mal fluctuations in the crust? We do
not yet have enough experience to say.
Many earth scientists lose sleep worry-
ing about how to communicate their

concern to the public without raising’

unnecessary alarm. In the People’s Re-
public of China, where some earth-
quake predictions have been correct,
there have also been many failures.
Some of the variations observed today
in California might well have been
enough to trigger a short-term predic-
tion if they had happened in China.

What will earth scientists do when
they are faced simultaneously with
three or four different types of anoma-
ly? Such anomalies might include a se-
quence of small to moderate earth-
quakes along a previously quiescent
segment of the San Andreas fault and
the start of fault creep at a time when
the accumulation of horizontal strain
is accelerating. The investigators may
well be reluctant to issue a warning:
the costs of a false one are potential-
ly great. Citizens may well be reluc-
tant to respond to a warning: there was
reluctance prior to the Mount St. Hel-
ens eruptions, some of whose signs
were quite visible. Nevertheless, the
potential consequences of the next
great earthquake in California argue
that all reasonable efforts be made to
predict the event and that all efforts
be made to prepare for the predic-
tion. Such are the birth pangs of real-
time geology.

GREATER THAN 60 PERCENT
GREATER THAN 40 PERCENT
GREATER THAN 20 PERCENT
GREATER THAN 10 PERCENT
GREATER THAN 5 PERCENT
LESS THAN 5 PERCENT

OENERD

PROBABILITY of an earthquake some-
time in the next 30 years along segments of
the San Andreas fault was estimated by Al-
lan G. Lindh and his colleagues at the Geo-
logical Survey. Each segment has a differ-
ent probability because its circumstancesdif-
fer. Some segments have not been yielding
to the movement of the Pacific plate past
the North American plate; along those seg-
ments the danger of the release of strain by
a massive earthquake is presumably at its
greatest. Other segments have been ‘“creep-
ing,” while still others have been releasing
strain in modest quakes. All the predictions
are for earthquakes associated with the rup-
ture of a given fault segment. Each such
quake has a characteristic magnitude (/).
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How the Trypanosome
Changes Its Coat

The parasite, which deprives much of Africa of meat and milk,

survives in the bloodstream by evading the immune system. Its

trick is to switch on new genes encoding new surface antigens

by John E. Donelson and Mervyn J. Turner

The African trypanosome is a mi-
croscopic animal, a protozoan,
that spends part of its life cycle
as a parasite in the blood of human
beings and other mammals. There it
causes a fatal neurological disease, try-
panosomiasis, whose final stage in hu-
mans is sleeping sickness. The disease
is endemic in a vast region of Africa
defined by the range of the tsetse fly,
the intermediate host that carries the
trypanosome from one mammalian
host to another. About 50 million peo-
ple are at direct risk of contracting the
disease; some 20,000 new cases are re-
ported every year and thousands of

other cases no doubt go unreported.-

Even more important than the direct
threat to human beings is the fact that
domestic livestock are susceptible to
trypanosomiasis. Between them the
trypanosome and the tsetse fly make
some four million square miles of Af-
rica—an area larger than that of the
U.S.—uninhabitable for most breeds
of dairy and beef cattle. Having little
or no access to meat or dairy pro-
ducts, most of the human population
is malnourished and susceptible to
other diseases.

The key to the trypanosome’s suc-
cess is its ability to circumvent the
mammalian immune system. A mam-
mal ordinarily defends itself against
viruses, bacteria or protozoa such as
trypanosomes by manufacturing spe-
cific antibodies directed against the
antigens, or “nonself” molecules, it
recognizes on the foreign organism’s
surface; the antibodies bind to the an-
tigens and neutralize or kill the invad-
ing organism. Some antibody-produc-
ing cells persist in the bloodstream and
provide lasting immunity. Such immu-
nity can also be elicited by a vaccine
that mimics a natural infection.

Neither the immune response to in-
fection nor vaccination can protect
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against trypanosomal infection. Even
though these parasites are continual-
ly exposed in the bloodstream to the
mammalian immune system (unlike
the malaria parasite, which spends
most of its life cycle sequestered with-
in cells), they have evolved a way to
evade the host’s defenses: they keep
changing the antigen that constitutes
their surface coat. By the time the im-
mune system has made new antibodies
to bind to new antigens, some of the
trypanosomes have shed their coat and
replaced it with yet another antigeni-
cally distinct one. The host’s over-
worked immune system is unable to
cope with the infection, and so the par-
asites proliferate.

The molecular basis of this remark-
able antigenic variation is under inten-
sive study in a number of laboratories
in Africa, Europe and the US. What
has been learned suggests that there
may be no way to help the immune
system deal with trypanosomes once
the parasites are established in the
mammalian bloodstream, but that
there may be other approaches to pre-
vention or treatment.

he parasites that have evolved this

very effective defense strategy are
unicellular protozoans ranging from
15 to 30 thousandths of a millimeter in
length. There are a number of species,
which are classified on the basis of
morphology and the hosts they infect.
The two important species that infect
human beings are Trypanosoma rhode-
siense and T. gambiense (named for the
colonial territories where they were
first identified). Three species are im-
portant for their infection of livestock:
T. congolense, T. vivax and T. brucei.
Because it is easy to grow in laboratory
animals and cannot survive in human
blood, T. brucei is the preferred species
for investigation.
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Trypanosomes, like many other par-
asites, assume different forms at differ-
ent stages of their complex life cycle.
The trypanosomes ingested by a tsetse
fly along with an infected mammal’s
blood lodge in the fly’s midgut, where
they begin to undergo a series of bio-
chemical and structural changes; in the
process they lose their surface coat.
After about three weeks they appear in
the fly’s salivary glands as the metacy-
clic form, which again carries a sur-
face coat.

When the fly bites a mammal, meta-
cyclic trypanosomes are introduced
into the host’s bloodstream, where
they rapidly differentiate to a form
that can proliferate. In humans the re-
sulting disease can be either acute or
chronic, depending on the infecting
species. In both forms the disease first
affects the blood vessels and lymph
glands, causing intermittent fever, a
rash and swelling. It is at this stage that
the continuing battle with the host’s
immune system begins. Later the para-
sites invade the central nervous sys-
tem; inflammation of the outer mém-
branes of the brain leads to lethargy,
coma and ultimately death.

The first indication that something
keeps changing in the course of a try-
panosome infection came early in this
century. Physicians had observed a
marked periodicity in the temperature
of patients with trypanosomiasis. In
1910 the English investigators Ronald
Ross and David Thomson, examining
blood specimens taken from a patient
every few days, noted that the changes
in temperature were paralleled by a
sharp rise and fall in the number of
parasites in the blood. In reporting this
finding Ross and Thomson quoted a
suggestion, made by an Italian physi-
cian named A. Massaglia the year be-
fore, that “trypanolytic crises are due
to the formation of anti-bodies in the



TRYPANOSOME and red blood cells are enlarged 5,500 diame-
ters in this scanning electron micrograph made by Steven T. Bren-
tano of the University of Iowa. The parasite, which is introduced
into a mammal’s bloodstream by the bite of the tsetse fly, is a unicel-
lular animal (a protozoan) with a single flagellum extending along

ANTIGENIC VARIATION is made visible in this double-expo-
sure fluorescence micrograph made by Klaus M. Esser of the Wal-
ter Reed Army Institute of Research. Most of the trypanosomes
are green because the antibody that recognizes and binds to their

one side. The parasite’s surface is covered with variable surface gly-
coproteins (VSG’s). They are antigenic: the mammal’s immune sys-
tem makes antibodies that bind to them, killing the parasite. A try-
panosome can change its surface coat, however, giving rise to a
new parasite population that evades the host’s antibody defense.

surface VSG has been labeled with a dye that gives off a green glow
under ultraviolet radiation. One parasite is red. It has changed its
surface coat and carries a different VSG, which is recognized by
a different antibody: one that is linked to a red fluorescent dye.
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blood. A few parasites escape destruc-
tion because they become used or ha-
bituated to the action of these anti-
bodies. These are the parasites which
cause the relapses.” It was to be more
than 50 years before this perceptive
early insight could be confirmed and
explained.

he explanation began to emerge in

1965, when Keith Vickerman of
the University of Glasgow first de-
scribed the thick surface coat covering
the parasite’s cell membrane. Soon it
was discovered that individual trypan-
osome clones (populations descended
from a single ancestral cell) have dif-
ferent surface coats. In 1968 Richard
W.F. Le Page of the Medical Research
Council’s Molteno Institute in Cam-
bridge, England, analyzed the anti-
genic surface proteins isolated from a
number of clones. He found that each
clone displayed a biochemically dif-
ferent protein; the differences were so
marked that they suggested each anti-
TSETSE FLY’S proboscis and distended abdomen are red with blood ingested from an ex- 8€N must represent the expression of a
perimental animal in this photograph made by Edgar D. Rowton of the Walter Reed Army different gene. (A gene is expressed
Institute. The fly is the trypanosome’s intermediate host and vector, in which the parasite by a cell when the DNA of the gene is
goes through several developmental stages before it is injected into a mammalian host.  transcribed to make a strand of mes-
senger RNA, which is subsequently
translated to make a protein.)

During the mid-1970’s George A.
M. Cross and his colleagues at the
Molteno Institute generated four dif-
ferent clones from a trypanosome pop-
ulation infecting a laboratory animal.
They showed that the surface coat con-
sists of a matrix of identical glycopro-
tein molecules (proteins to which car-
bohydrate groups are attached) and
that the glycoproteins are the same in
all individuals in a single clone. Hav-
ing determined the sequence of the
amino acids (the subunits of protein
chains) at the beginning of the glyco-
proteins of their four clones, they not-
ed that the sequence was different in
each case; the observation supported
Le Page’s proposal that different sur-
face antigens must be encoded by dif-
ferent genes. These antigens are now
called variable surface glycoproteins,
or VSG’s.

Early in the course of an infection
the immune system generates antibod-
ies shaped to bind to the particular
VSG’s it “sees” on the surface coat of
invading parasites. The antibodies kill
perhaps 99 percent of the original par-
asite population. A few individual try-
panosomes escape, however, because
they have turned on a different VSG
gene and are covered by a new coat of
VSG’s to which the available antibod-
ies cannot bind. These variant individ-
uals give rise to a new population ex-
TSETSE FLY AND PARASITE together make some four million square miles of poten-  pressing the new set of VSG’s; the new
tial grazing land in Africa uninhabitable for most livestock. There is virtually no overlap  population grows while the immune
between the range of the tsetse fly (color) and the cattle-raising regions of Africa (gray). system raises another set of antibod-
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ies, which eventually succeed in again
killing some 99 percent of the para-
sites. By that time, however, a few of
the parasites have changed their coat
again, and therefore a new population
proliferates. So it goes until the host
dies. The available evidence suggests

that the switch from one VSG to an- -

other takes place spontaneously. The
host’s immune system does not induce
the switch but rather selects (by its in-
ability to deal quickly with a particular
new antigen) a variant that initiates a
new population.

The total potential VSG repertory
of a trypanosome is not known. In con-
trolled experiments trypanosomes de-
rived from a single parent cell have
generated more than 100 distinct
VSG’s, giving no indication that their
complement of VSG genes has been
exhausted. It has recently been esti-
mated that a single organism has at
least a few hundred and perhaps as
many as 1,000 or so VSG genes. (This
means that from 5 to 10 percent of the
parasite’s total genetic capacity is de-
voted to antigenic variation.) In the
wild the combined gene pool of all try-
panosomes probably supplies genetic
information to generate a virtually in-
finite number of antigenically distinct
VSG’s.

What is the structure of the VSG
and how is it attached to the cell mem-
brane? How does the parasite manage
to express one VSG gene at a time
(and only one) out of a repertory of
hundreds of such genes? In order to
learn something about the VSG’s and
about how they are displayed sequen-
tially by the trypanosome, a number
of research groups have been exploit-
ing procedures based on recombinant-
DNA technology.

he first step is to isolate the mes-

senger RNA (mRNA) from a try-
panosome clone. The mRNA is copied
to make what is called complementa-
ry DNA (cDNA), which is combined
with a carrier DNA and introduced
into bacteria. By manipulating the
bacteria harboring the recombinant
DNA, it is possible eventually to iso-
late a cDNA molecule that is in effect
a copy of the VSG gene the trypano-
some clone is expressing. By determin-
ing the sequence of nucleotides (the
components of DNA) in the cDNA
and translating it according to the ge-
netic code, it is possible to predict the
amino acid sequence of the VSG the
gene encodes.

Partial or complete nucleotide se-
quences have been determined for
some 15 cDNA'’s, and analysis of the
deduced amino acid sequences reveals
that each newly synthesized VSG is
made up of about 500 amino acids.

# ; b o
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TRYPANOSOME’S SURFACE COAT of VSG’s is visible as a diffuse, dark layer in
an electron micrograph made by Laurence Tetley and Keith Vickerman of the University
of Glasgow. A cross section of the parasite’s body and flagellum has been enlarged about
190,000 diameters. The double membrane just inside the surface coat is the cell membrane.

The first 20 or 30 of them constitute a
signal peptide (a short protein chain)
whose function is to help move the
nascent VSG across the trypanosome’s
cell membrane; comparison of the
cDNA-predicted amino acid sequence
with the actual sequence of a few
VSG’s has shown that in the process
the signal peptide is cleaved off. The
sequence of the next 360 amino acids
is quite different in most VSG’s, and
this variable region is presumably re-
sponsible for the parasite’s antigenic
diversity. The last 120 amino acids (at
what is called the C-terminal end of
the protein) are quite similar in var-
ious VSG’s; on the basis of the degree
of similarity in these homology re-
gions, VSG’s can be classified into
two homology groups.

Ordinarily it is peptide sequences in
the C-terminal region of a surface pro-
tein that anchor the protein in the cell
membrane, but the VSG is different.
The last 20-odd amino acids of the re-
gion are clipped off in the mature VSG
and are replaced by a structure con-
taining an unusual oligosaccharide (a
complex sugar molecule) that has a
role in the anchoring. It seems to be
very similar in all VSG’s, regardless
of their variable-region sequence, be-
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cause antibodies raised against one oli-
gosaccharide bind to all VSG mole-
cules. Why does this cross-reacting de-
terminant, as it is called, not induce
natural immunity and why can it not
serve as the basis of a vaccine? The
reason is essentially that VSG’s are
packed into the surface coat in such a
way that the immune system is con-
fronted by the variable domain of the
protein; the homology domain, includ-
ing the cross-reacting determinant, is
not exposed.

The cross-reacting determinant ap-
pears to be part of a larger oligosac-
charide molecule, which is linked in
turn to a phosphoglyceride carrying
two fatty acid chains. It is the fatty
acids that penetrate the cell membrane
and hold the VSG in place. Why would
the trypanosome substitute this com-
plicated structure for the usual C-ter-
minal cell-membrane anchor? The rea-
son may be that the ability to release its
surface coat rapidly is of central im-
portance to the parasite. The trypano-
some has an enzyme that can cleave
the link to the fatty acids, thereby re-
leasing the VSG from the membrane.
Having the same specialized anchor-
ing molecule, subject to cleavage by
the same enzyme, on all VSG’s re-
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SUCCESSIVE WAVES of parasite proliferation in the blood are
characteristic of trypanosomiasis. They result from antigenic varia-
tion. A population of parasites, some of which carry a particular
antigen, VSG 4, on their surface, proliferates in the bloodstream
for a few days. The immune system raises antibodies against the
population’s antigens, Kkilling most of the parasites. A few individ-
ual parasites survive by expressing new VSG genes that direct the

gardless of their exact sequence pro-
vides a rapid and universal mechanism
for stripping off one coat and substi-
tuting another.

Ithough comparison of cDNA se-
quences has revealed extensive
differences among VSG’s, it has be-
come clear that a very few amino acid
changes can suffice to generate anti-
genically distinct VSG’s. Presumably
these changes take place at particular
antigenic sites within the 360-amino-

acid variable region. To find these sites -

it will be necessary to know the three-
dimensional structure of the variable
region in detail. Some progress toward
that goal has come recently from X-
ray-crystallographic studies done by
Don C. Wiley, Douglas M. Freymann
and Peter Metcalf of Harvard Univer-
sity, in collaboration with one of us
(Turner) at the Molteno Institute.
Five VSG’s have been crystallized to
date, but most progress has been made
in determining the structure of the
variable domain prepared from one of
them. The resolution so far attained is
enough to reveal the parts of a protein
chain that are folded into the cylinder-
like conformation known as an alpha
helix. About half of the variable-re-
gion turns out to be in that form.
The variable region crystallizes as a
dimer (a double molecule made up of
two monomers), and indeed VSG’s
seem to aggregate as dimers in the sur-
face coat of a living trypanosome as
well. The dimer (or at least the re-
solved half of it) is shown by crystal-
lography to be a bundle of alpha helix-
es. The core of the bundle is made up
of two hairpin-shaped structures, one
from each of the component mono-
mers. At one end of the dimer the core
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interacts with two more helixes to
form a six-helix bundle; at the other
end the monomers diverge somewhat
to form a distinctive head. This highly
symmetrical structure must form the
framework for the remaining half of
the variable-domain sequence, unre-
vealed so far because it is not an alpha
helix. We still do not know how the
framework structure is oriented in
the membrane (that is, which end is
“out”), and so we cannot begin to guess
where on the structure the major anti-
genic sites will be found.

ust what goes on when the trypano-
J some turns on one VSG gene after
another, always synthesizing only
one antigenically distinct surface gly-
coprotein at a time? Experiments de-
signed to answer that question depend
again on cDNA'’s of the kind described
above. Now each such cDNA, which is
in effect an artificial VSG gene, serves
as a probe with which to locate copies
of the same gene wherever they may be
in the trypanosome genome (the total
complement of genetic material).
The total genomic DNA is digest-
ed with a restriction enzyme, which
cleaves the DNA at a specific site with-
in a particular sequence of nucleotides.
The result is that the genomic DNA is
broken down into a large number of
small fragments, each one slightly dif-
ferent in size. Having been separated
according to their size by a process
called gel electrophoresis, the frag-
ments are transferred to nitrocellulose
paper, to which they bind tightly. A
cDNA representing a VSG gene, la-
beled with a radioactive isotope, is
applied to the paper. The cDNA hy-
bridizes with (binds to) any similar
sequences it finds among the restric-
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synthesis of new antigens, such as VSG B; these parasites give rise
to a new population that grows until the immune system manages
to raise new antibodies against the new antigens. The cycle is re-
peated many times in the course of a chronic infection as parasites
keep expressing new genes and displaying new VSG’s. From each
successive population it is possible to isolate individual trypano-
somes and from them to grow clones expressing particular VSG’s.

tion fragments on the paper. Unbound
cDNA is washed away and autoradi-
ography reveals the sites of hybrid-
ization. One can thus determine how
many different copies there are in a
given trypanosome clone of the gene
represented by the cDNA probe and
whether or not the gene is in a different
part of the genome in different clones.

In this manner Piet Borst and his col-
leagues at the University of Amster-
dam and Cross and his associates at
the Wellcome Research Laboratories
in England demonstrated that when
some VSG genes are expressed, an ex-
tra copy of the gene is present in the
genome. They called it an expression-
linked copy. Etienne Pays and Mau-
rice Steinert of the Free University
of Brussels went on to show that the
mRNA for the expressed VSG gene is
actually transcribed from this copy
rather than from the original (basic-
copy) gene that gave rise to it. Further
analysis revealed that an expression-
linked copy is always at a particular
kind of site: near a telomere (the end
of a chromosome). In other words, a
single VSG gene out of the total reper-
tory of such genes is expressed when
it is duplicated and translocated to an
expression site near a telomere; the
switch from one VSG to another is of-
ten effected by the removal and degra-
dation of one such copy and its re-
placement by the copy of another gene.

This copy-and-translocate mecha-
nism is not the only source of antigenic
variation. John R. Young, Phelix A. O.
Majiwa and Richard O. Williams of
the International Laboratory for Re-
search on Animal Diseases in Nairobi
found another mechanism. They dis-
covered that in some cases the number
of different fragments to which a par-




ticular cDNA probe hybridizes does
not change when the VSG gene rep-
resented by the probe is expressed:
there is no expression-linked copy.
The probe hybridizes instead to a frag-
ment that is different in size in each
trypanosome clone, whether or not the
clone is expressing the gene.

What this means is that some VSG
genes are expressed without being du-
plicated and translocated. These genes
turn out to be already at a site near a
telomere. Their proximity to a telo-
mere explains why their fragments
vary in size. In trypanosomes and in
some other organisms it is often the
case that a short DNA sequence is re-
peated hundreds of times near a telo-
mere. The number of these “tandem
repeats” between a VSG gene and a
telomere varies from clone to clone.
As a result the fragment carrying a
given telomere-linked VSG gene can
be a different size in different clones.

bout half of the VSG genes stud-
ied to date seem to be telomere-
linked ones. Since there are hundreds
of different VSG genes in the try-
panosome genome, this suggests that
there must be at least several hundred
telomere-linked VSG genes in the ge-
nome, and so there must be hundreds
of chromosomes in the parasite’s nu-
cleus! (The human chromosome com-
plement is only 46.) Because the para-
site has a normal amount of DNA for
a unicellular animal, one would ex-
pect that some of the parasite’s chro-
mosomes must be very small, and in-
deed some of them are. A student of
Borst’s, Lex H. T. van der Ploeg, has
applied a technique developed by Da-
vid C. Schwartz and Charles R. Cantor
of Columbia University to resolve
trypanosomal nuclear DNA into four
size classes: minichromosomes about
100,000 nucleotides long, other small
chromosomes from two to seven times
as long, middle-sized molecules (about
two million nucleotides long) and oth-
ers that are too long to be measured by
this method.

Van der Ploeg found VSG genes on
chromosomes in every size class. In
one case he found a basic-copy gene
on a large chromosome and its corre-
sponding expression-linked copy on a
middle-sized one, indicating that trans-
location of a duplicated molecule can
take place between chromosomes. In
another case a telomere-linked gene
was not duplicated but was expressed
at its normal site near the end of a large
chromosome. These observations sup-
ported earlier evidence, accumulated
in several laboratories, that there must
be more than one site in the genome at
which VSG genes can be activated;
they are not all translocated to the
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PROTEIN CHAIN of a typical VSG is composed of about 500 amino acids. The first 20 or
so of these, at what is called the NV terminal of the protein, constitute a signal peptide, which
is cleaved from the protein before the VSG is implanted in the cell membrane. The next
360 amino acids (color) constitute the variable region, which is different in each antigenical-
ly distinct VSG. The final 120 amino acids at the C terminal are quite similar in each of
two “homology groups” of VSG’s. The last 20 amino acids of this region are cleaved from
the chain and replaced by a large molecule that anchors the VSG in the cell membrane.
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VSG’S OF SURFACE COAT may be assembled as indicated in this somewhat specula-
tive drawing. The structure of part of the variable region of one VSG (color) is based on
X-ray-crystallographic data (see illustration on next page); the full extent of the VSG and
the location of its neighbors are indicated by the gray cylinders. The variable region is a
dimer, or double molecule, that appears to be a bundle of the protein structures called alpha
helixes. Carbohydrate molecules flank the bundle. Two more carbohydrates at the base of
the VSG may incorporate a small sugar molecule: the cross-reacting determinant. Fatty
acids extending from these two carbohydrates appear to anchor the VSG in the membrane.
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same unique expression site near a par-
ticular telomere. Although proximity
to a telomere is necessary for expres-
sion, it therefore cannot be sufficient.
Other factors must come into play that
select and activate a single VSG gene
in a given organism for transcription
into mRNA at a given time.

Some of the events attending this ac-
tivation may contribute to increasing
the diversity of VSG’s. Pays and Stei-
nert and their colleagues have reported
cases in which a functional expression-
linked copy was generated not by the
duplication of a basic-copy gene but
by the “recombination” of segments of
at least two different telomere-linked
genes, each of which codes for a part
of the resulting VSG. If this kind of
recombination is a general phenome-
non, it must enable the trypanosome to
make even more VSG’s than its hun-

dreds of genomic VSG genes can spec-
ify. It also suggests a reason for the
telomeric location of expression sites:
highly repetitive stretches of DNA
such as the short tandem repeats near
telomeres are particularly likely to un-
dergo recombination.

Occasionally an expression-linked
copy is not destroyed during the switch
to the expression of another gene but
instead “lingers” for a while in its ex-
pression site. At the University of lowa
one of us (Donelson) has recently
shown that the sequences at the bound-
aries of one particular expression-
linked copy are virtually identical with
sequences bounding a telomere-linked
gene. This, together with similar find-
ings from other groups, suggests that
some telomere-linked VSG genes may
be previously expressed expression-
linked copies that have survived the

STRUCTURE of about half of a VSG’s variable region was determined by X-ray crystal-
lography by Don C. Wiley, Douglas M. Freymann and Peter Metcalf of Harvard Universi-
ty in collaboration with one of the authors (Turner). The region crystallizes as a dimer. An
electron-density map (/ef?), a view perpendicular to the axis of the dimer, reveals a bundle
of rodlike alpha helixes. There are six helixes at one end (shown here as the bottom, although
the actual orientation of the dimer is not known) and from four to six in the middle; the two
monomers diverge at the top to form a two-headed structure. The three cross-sectional
maps (right) are views along the dimer axis near the top, in the middle and near the bottom.
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switch to a new gene. Perhaps two
chromosomes exchange regions adja-
cent to their telomeres, so that an ex-
pression-linked copy is removed from
its original expression site and placed
near a different telomere, where it is
available for future expression. Per-
haps, on the other hand, a single small
segment of DNA in the genome serves
as a mobile control element: an en-
hancer of transcription that can move
from one telomere to another and
cause different VSG genes to be ex-
pressed. In that case an expression-
linked copy gene could remain in its
expression site but be turned off by the
control element’s departure.

There is another peculiarity of try-
panosomes and related organisms. The
mRNA’s for VSG’s (and for many,
if not all, other proteins) always be-
gin with the same specific sequence of
35 nucleotides. This sequence is not
found in the corresponding gene or
anywhere in the DNA surrounding the
gene. Instead it is coded for by a repeti-
tive DNA sequence separated from
the gene. Small RNA molecules tran-
scribed from thisrepeated DN A some-
how provide copies of the 35-nucleo-
tide sequence for the beginning of each
mRNA. The 35-nucleotide sequence
presumably has a role in the expres-
sion of trypanosome genes, but that
role is not yet known.

Et us now summarize what is known
about the mechanisms of antigen-
ic variation in the trypanosome. There
are hundreds of genes encoding VSG’s
in each organism’s genome. They may
be in the interior of chromosomes or
near telomeres. Only one VSG is tran-
scribed at a time, and that gene is al-
ways near a telomere. In order to be
transcribed, an interior (basic-copy)
gene needs to be duplicated and trans-
located (as an expression-linked copy)
to one of many expression sites, all of
which are near telomeres. A telomere-
linked VSG gene, on the other hand,
need not be duplicated in order to be
expressed (although it may in fact
sometimes be duplicated). Antigenic
diversity may be further increased by
recombination. The precise molecu-
lar mechanisms triggering the switch
from one VSG gene to another are still
not known. It would appear, however,
that the mechanisms are so complex
and varied that it is almost impossible
to circumvent them, and so the devel-
opment of a vaccine against trypano-
somes in the bloodstream is unlikely.

It may, however, be possible to de-
velop a vaccine against metacyclic try-
panosomes. As we mentioned above,
the metacyclic stage is the final devel-
opmental stage in the tsetse fly’s sali-
vary glands, and it is metacyclic para-
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BASIC-COPY GENES in the interior of a trypanosome’s chromo-
somes (/eft) are not ordinarily transcribed into messenger RNA
(mRNA). For one of them (C) to be expressed it must be duplicat-
ed to provide an expression-linked copy. The DNA of the copy
is translocated to an expression site near a telomere (the end of a
chromosome) and is transcribed into mRNA, which is translated to
make the VSG protein. Other VSG genes are already near a telo-

sites that are injected into the blood-
stream when a fly bites a mammal. Ste-
ven L. Hajduk, J. David Barry and
Vickerman at Glasgow and Klaus M.
Esser of the Walter Reed Army Insti-
tute of Research in Washington found
that the metacyclic parasites can dis-
play on their surface only a reduced
subset of VSG’s—perhaps as few as 15.
Collaborating with Esser, one of us
(Donelson) has studied the cDNA’s of
several metacyclic VSG’s and shown
that the proteins have about the same
C-terminal homology region as blood-
stream VSG’s; apparently they attach
to the cell membrane in the same way.
Moreover, the genes for the metacy-
clic VSG’s seem to be telomere-linked
ones, like many of the bloodstream
VSG genes. It is therefore not yet clear
why metacyclic parasites cannot ex-
press the full range of VSG’s. There
may. nonetheless be a way to take ad-
vantage of their limited repertory or of
their switching mechanism in order to
make an effective vaccine.

The drugs currently available for
treating trypanosomiasis are extreme-
ly toxic and also cannot prevent rein-
fection, but new forms of chemother-
apy may yet be found. The trypano-
some cannot survive in a mammalian

host without its surface coat; a drug
that interferes with the phosphoglyc-
eride anchoring the VSG in the cell
membrane, or that activates the en-
zyme releasing the VSG, might there-
fore be an effective therapeutic agent.
Mammalian messenger RNA’s do not
have the unusual 35-nucleotide se-
quence described above; a drug that
interferes with its synthesis might
therefore selectively disable the para-
site. Drugs might also be found that act
against two subcellular organelles that
seem to be unique to trypanosomes.
One is the glycosome, a membrane-
bounded aggregation of enzymes; the
other is the kinetoplast, an appendage
of the parasite’s single large mitochon-
drion. A drug interfering with a meta-
bolic function of these organelles, or
with some other unique metabolic
pathway as yet undiscovered, might
kill the trypanosome without harming
its mammalian host.

There are some other possible ap-
proaches. The tsetse fly can be eradi-
cated briefly in small areas by spraying
with insecticides or by the distribution
of sterile male flies, but such methods
cannot be effective for a region that
extends for some four million square
miles and more than a score of coun-
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mere (right). These telomere-linked genes can be expressed with-
out forming an expression-linked copy, but occasionally they too
are duplicated and translocated. An expression-linked copy is usu-
ally lost during an antigenic switch but sometimes “lingers” to be-
come an unexpressed telomere-linked gene. Strangely, a 35-nucle-
otide sequence at one end of the mRNA is not encoded by the VSG
gene but is specified instead by a separate region of repeated DNA.

tries. A few breeds of cattle herded by
nomadic tribes do seem to have devel-
oped partial resistance to trypanoso-
miasis. They do not yield much meat
or milk, but it may be possible to cross
them with more productive breeds. It
is also conceivable that wild animals
such as the eland or the oryx, which
seem not to be harmed by trypan-
osomes, might be domesticated and
take the place of cattle.

he past few years have made it
clear that African trypanosomes
are superb experimental organisms.
Continued investigation of their vari-
able surface coat will provide basic in-
formation about such diverse subjects
as the control of gene expression, the
attachment and functioning of mem-
brane proteins, the structure and rep-
lication of chromosomal telomeres
and the molecular mechanisms that
generate biological diversity.
Fundamental knowledge of this kind
should in turn contribute to a truly
pressing public health task: the control
of trypanosomiasis. The next few
years should show if new basic infor-
mation about trypanosomes can be ap-
plied to control and perhaps eventual-
ly eradicate trypanosomiasis.
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Gamma-Ray Bursters

Intense fashes of high-energy radiation appear unpredictably in

the sky. Limited observational data have frustrated attempts to

determine their cause, but likely mechanisms have been proposed

pproximately once per day a burst
Aof very intense gamma radia-
tion emanates from some com-
pletely unpredictable part of the sky.
The duration of the burst is typical-
ly between one second and 10 sec-
onds, although some bursts have been
as short as .01 second and others have
been as long as 80 seconds. During this
time the burst brightens into visibility,
varies randomly in intensity and then
fades back to invisibility. With few ex-
ceptions, no more than one burst has
come from exactly the same direction
and none has been positively identified
with a previously known object.

At their peak these bursts are by
far the brightest emissions of gamma
radiation in the sky. In fact, if we
makereasonable assumptions concern-
ing the distance to the bursts’ sources
(which are called gamma-ray burst-
ers), it seems that they generate more
power per unit of volume than any
other object in the known universe.
One estimate is that they generate as
much energy in one second as the sun
does in one week.

In spite of the tremendous amount
of energy involved in each emission,
however, little is known about gam-
ma-ray bursters. The bursts are unpre-
dictable, and they fall in a region of the
spectrum that is extremely difficult to
measure precisely. The paucity of ob-
servational data allows a great number
of proposed models. To date ‘nearly
40 models of bursters have been pub-
lished, including such exotic ideas as
exploding black holes, ultrarelativistic
dust grains and the fission of super-
heavy elements. It is embarrassing
that most of these models are consist-
ent with current observational data.

Even with the limited amount of
available information, however, as-
tronomers have recently begun to
come to a consensus on what the gen-
eral characteristics of a gamma-ray
burster must be. In addition instru-
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ments are being built that may answer
many of the outstanding questions
about the properties of bursts. It may
be possible in the near future to deter-
mine precisely what causes a gamma-
ray burst, thus ending the speculation
these mysterious phenomena have
aroused since their discovery more
than a decade ago.

Gamma—ray bursters were first ob-
served by a set of Vela satellites
operated by the U.S. Department of
Defense. The satellites, which were de-
signed to monitor Soviet compliance
with a treaty banning nuclear tests in
space, carried detectors to record the
sudden flash of gamma radiation that
accompanies a nuclear explosion. Af-
ter a number of flashes had been de-
tected it was realized that they repre-
sented not atomic tests but an entire-
ly new class of previously unknown
astronomical objects. The discovery
of gamma-ray bursters was soon con-
firmed by Thomas L. Cline and Upen-
dra D. Desai of the National Aero-
nautics and Space Administration’s
Goddard Space Flight Center. Soon
thereafter a number of other groups
were able to find gamma-ray bursts
in data from earlier experiments de-
signed for other purposes.

In the late 1970’s a second genera-
tion of experiments was begun [see
“Cosmic Gamma-Ray Bursts,” by Ian
B. Strong and Ray W. Klebesadel; Sci-
ENTIFIC AMERICAN, October, 1976].
In order to pinpoint the direction of a
gamma-ray burst as accurately as pos-
sible, investigators placed a network
consisting of roughly a dozen detectors
on various spacecraft that were to
travel within the inner solar system.

In one of these experiments, called
the Konus experiment (“Konus” is de-
rived from the Russian for “cone” and
refers to the spacecraft’s configura-
tion), four Soviet Venera space probes
were equipped with extremely sensi-
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tive detectors. The experimenters, E.
P. Mazets, S. V. Golenetskii and their
colleagues at the A. F. Joffe Institute of
Physics and Technology in Leningrad,
used these detectors to compile a cata-
logue of the times, positions, spectra
and variations in brightness of hun-
dreds of separate bursts.

Although these more recent obser-
vations have determined the position
of some bursts, it is difficult to acquire
more specific information about any
single burst. Because they are so brief
and because they occur in unpredict-
able locations, it is impossible to find
them using a sensitive detector with a
narrow field of view. Instead, to have a
practical hope of detecting any bursts
at all, an observer must use a relatively
insensitive, wide-angle detector.

Further difficulties arise because the
bursts consist almost entirely of gam-
ma radiation, which is absorbed by the
earth’s atmosphere. Detectors must
therefore be flown in space, an expen-
sive and complicated process. In addi-
tion gamma-ray detectors are inher-
ently less sensitive than detectors of
radiation at lower energies.

In the face of these experimental dif-
ficulties, what kinds of data are there
that could make it possible to distin-
guish among models? Fundamental-
ly all gamma-ray observations con-
sist solely of ““light curves,” records of
the variation in brightness of a burst.
Since each burst consists of radiation
at several levels of energy, different
light curves (one for each energy level)
must be recorded for each burst. So far
light curves have been collected for
several hundred bursts, and curves for
a single burst have often been recorded
by more than one satellite. This small
collection of light curves constitutes
almost the entire body of our knowl-
edge about gamma-ray bursters.

Meager as this may seem, there are
ways of extracting useful information
from light curves. For example, by



comparing the intensities and times of
curves recorded by detectors on differ-
ent satellites, investigators can deter-
mine a burst’s position in the sky with
some accuracy. It is also possible, by
comparing the light curves of different
energy levels within the same burst, to
determine its spectrum: the relative in-

tensities of the different energies of ra-
diation that make it up.

The shape of an object’s spectrum
can often reveal information about the
nature of that object, such as its tem-
perature and size. Many investigators
have examined the observed spectra
of the bursts in attempts to identify

the emission process that causes them.
Although several different radiation
processes are known that would gen-
erate spectra like those observed for
gamma-ray bursts, no one of them
can satisfactorily explain the spectral
shape of all the bursts.

Indeed, it would be surprising if any

a

b

MODELS OF GAMMA-RAY BURSTERS have proliferated ow-
ing to the paucity of observational data that could provide a defini-
tive test. The likelier models, four of which are shown, are based on
neutron stars. In @ some matter from a relatively faint companion
star (red) gathers in a disk centered on the neutron star. It is then
pulled along the neutron star’s magnetic field lines (indicated in
green) toward the magnetic pole. As the matter accumulates at the
pole it is compressed and heated. Eventually it explodes, emitting
gamma rays. In b the star experiences a “corequake.” The quake
spreads to the surface, where shock waves produce gamma rays.

Another model (c) attributes the bursts to irregularities in the neu-
tron star’s magnetic field: very irregular field lines can become un-
stable and form a closed loop above the surface of a star. The loop
shrinks. Ultimately it will disappear, and the large amount of ener-
gy that had constituted the irregular portion of the magnetic field
will be released as electromagnetic radiation, some of which will be
in the form of gamma rays. Bursts could also be caused by the im-
pact of a comet or an asteroid (d) on the surface of a neutron star
(path in white). Because of the star’s intense gravitational field,
such a collision would be energetic enough to produce gamma rays.
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LIGHT CURVES show how the brightness of a burst varies over time. These three curves,
which were produced by the Soviet “Konus” detector, describe three different bursts.
They have no consistent structure. This is a frustrating circumstance, because light curves
are among the very few unambiguous observational data available for gamma-ray bursts.

POSITION of the unusual burst occurring on March 5, 1979 (outlined), was determined
with great accuracy. Burst was seen by 11 detectors widely spaced within the solar system;
its position was found by comparison of times at which it was observed by various detectors.
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of these theoretical mechanisms were
able to explain the burst spectra. Each
mechanism is valid only under ideal-
ized conditions—a single temperature,
magnetic field orientation and inten-
sity, and instant of time—and the true
situation probably bears a complicat-
ed relation to those depicted in the
idealized models.

Even if spectral information is not
particularly useful in determining the
properties of the region that emits the
radiation, it may still hold information
about the volume of space surround-
ing the emitting region. For example, if
that region were to absorb or emit ra-
diation at one of the frequencies con-
tained in the burst, then a line would
appear in the burster’s observed spec-
trum. In fact, the Soviet Konus ex-
periment found just such lines, usual-
ly within the range of 40 to 70 KeV
(thousand electron volts), in roughly
15 percent of the bursts it detected. In-
dependent evidence for the existence
of these lines was found by Geoffrey J.
Hueter of the University of California
at San Diego, in data recorded by the
HEAO-I satellite.

No detector other than those aboard
the Konus and HEAO satellites has
found such lines, and some investiga-
tors have speculated that the Konus
and HEAO results may have derived
from errors in calibration. Indeed, it is
difficult to calibrate the efficiency of a
detector in the 40-to-70-KeV range be-
cause of a complicated response due
to iodine in the instrument. Detailed
analysis of the Konus and HEAO-I
experiments indicates, however, that
they are probably correctly calibrated.
It seems safe to assume that the spec-
tral lines are in fact contained within
the bursts.

The most popular hypothesis con-
cerning the origin of the lines is that
they are due to “cyclotron emission,”
radiation produced at sharply defined
frequencies when electrons perform
rapid circular motions in an intense
magnetic field.

Another explanation is that the burst
radiation is due to two sources very
close together, each producing a differ-
ent spectrum. In this picture the angu-
lar separation of the two sources, as
seen from the earth, would be so small
that the radiation coming from them
would appear to come from a single
source. It is possible that two different
spectra could, when added together,
produce a spectrum having such lines.

hereas spectral information can
be used to determine the mecha-
nism behind the bursts, information
about the intensities of the observed
bursts can be used to find whether the
sources are distributed isotropically



(evenly) throughout space. One meth-
od is to plot a graph of the number of
bursts that are more intense than any
given level of brightness [see illustra-
tion on page 57]. When the points are
plotted on a logarithmic scale, they
should fall on a straight line with a
particular slope if the bursts are dis-
tributed evenly. If many of the gam-
ma-ray bursters lie at one particular
distance from the earth, the graph will
show an irregularity at the intensity
corresponding to bursters observed at
that particular distance.

At low intensities the graph does in-
deed curve away from the straight line,
although there are too few data points
to be sure of the statistical significance
of this deviation. The easiest explan-
ation for the observed shape of the
curve is that nearby bursters are even-
ly distributed but distant bursters are
clumped in space in some way, leaving
large regions of space with few, if any,
bursters. Such a situation could occur
naturally if bursters are distributed in
a disk-shaped region of the galaxy. Un-
fortunately many other types of distri-
bution would also satisfy the data.

Furthermore, the curve is apparent-
ly inconsistent with our knowledge of
the positions of observed bursts. The
curve implies that distant bursters
are not evenly distributed throughout
space. Hence they should appear con-
centrated in some direction of the sky
(such as that of the galactic plane or
some nearby cluster of galaxies). As
Mark Jennings of the University of
California at Riverside observed in
1981, however, the faint bursts seem
to be evenly distributed. To date five
acceptable yet mutually exclusive ex-
planations have been advanced as pos-
sible solutions to this problem.

So far the picture I have painted is a
grim one. Much of the basic obser-
vational information is flawed by in-
adequacies inherent in the detection
apparatus. Even if the data are accept-
ed, they are invariably open to many
different explanations. This raises the
question of whether any nontrivial
facts are known concerning the nature
of gamma-ray bursters.

Fortunately the situation may not
be as bad as I have made it appear.
In recent years investigators have
reached a consensus about certain
properties of gamma-ray bursters. It
is centered around three basic points:
that a gamma-ray-burst system con-
tains a neutron star, that this neu-
tron star has an intense magnetic field
and that most of the observed burst-
ers are situated within our own Milky
Way galaxy. Although none of these
points has been proved conclusively—
and reasonable disagreement could be

raised against each point—together
they provide the simplest explanation
for the available evidence.

The keystone of the recent consen-
sus is the conviction that a neutron star
is somehow involved in the burst of
gamma rays. A neutron star is a very
small and dense star formed during the
later stages of stellar evolution. (The
radius of a neutron star is roughly six
miles, whereas its central density can
be greater than 1,000 million tons per
cubic inch.) The extremely large sur-
face gravity and magnetic field of a
neutron star certainly hold enough
energy to generate a burst of gamma
rays, and many mechanisms have been
proposed that would convert energy
from these sources into gamma radia-
tion. Another reason theorists are at-
tracted to models that include neutron
stars is that neutron stars are known to
exist and are relatively common enti-
ties in our galaxy.

These theoretical reasons show it
is plausible that a gamma-ray burster
might contain a neutron star; certain
observational facts make it probable
that it does. One such fact is the very
short time within which bursts change
their intensity. Some bursts have been
as short as .01 second, whereas a
burst that occurred on March 5, 1979,
rose in intensity in .0002 second. Since
a source cannot significantly change
brightness in a time shorter than the
time it takes light to travel across the
source region, the size of the March 5
burster must be smaller than .0002
light-second, or about 40 miles. There
are few astronomical objects that meet
the size limitations or have enough
available energy to power a burst. A
neutron star satisfies both of these
requirements.

Another observational argument for
the involvement of neutron stars in
gamma-ray bursts is based on a pecu-
liarity found in approximately 7 per-
cent of the burst spectra. These spectra
have a line at roughly 420 KeV. There
are few processes that could emit a
prominent line at that energy; the most
plausible hypothesis is that the lines
are formed when electrons meet their
antiparticles, positrons. Such a colli-
sion would result in the total annihila-
tion of both particles and the conver-
sion of their mass energy into two

UNUSUAL FEATURES of the March §
burst are apparent in its light curve. Its in-
tensity rose in less than .0002 second to a
peak more than 10 times as bright as any
other known burst. As the burst decayed its
intensity oscillated with a period of rough-
ly eight seconds. This is the only established
case of periodicity in a gamma-ray burst.
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gamma rays. Each gamma ray would
normally have an energy of 511 KeV;
if this mutual annihilation took place
near the surface of a neutron star,
however, then before the gamma rays
could reach the earth they would first
have to emerge from the neutron star’s
gravitational well. In doing so they
would lose energy. (This loss of ener-
gy is the so-called gravitational red
shift predicted by the general theory
of relativity.) In fact, the gamma rays
would lose just enough energy to make
up the difference between the 511
KeV at which they were emitted from
the electron-positron collision and the
420 KeV at which some gamma-ray
bursters show emission lines.

Further evidence for the idea that
neutron stars are involved in gamma-
ray bursters is provided by two unique
characteristics of the March 5, 1979,
burst. One of these characteristics is
that the burst’s position in the sky was
very near that of a supernova rem-
nant. If this association is taken at
face value, the source of the burst is
probably related to the remains of a
supernova. Since neutron stars are of-
ten created by supernova explosions,
it is reasonable to suppose a neutron
star is at least partly responsible for
the March 5 burst.

A second unique characteristic of
this burst was that its brightness oscil-
lated with a period of approximate-
ly eight seconds. Many periodic astro-
nomical emissions can be explained by
the rotation of a star: as the star ro-
tates, a beam emitted by one area of
the star’s surface periodically strikes
the earth. An eight-second rotation pe-
riod is too fast for most types of star,
but it is typical for neutron stars.

he second feature of the recent

consensus on models for gamma-
ray bursters is that an intense magnet-
ic field is part of the phenomenon.
Again, none of the evidence in support
of this hypothesis is convincing in its
own right; each item can be interpret-
ed in a manner that does not require a
magnetic field. In sum, however, they
provide a reasonable basis for the in-
clusion of a strong magnetic field in
the theory of gamma-ray bursters.

SPECTRA of gamma-ray bursts provide
clues to the nature of the burst phenome-
non. Some bursts show absorption or emis-
sion phenomena between 40 and 70 KeV (d,
e, ). These may be due to electrons that per-
form rapid circular motion in anintense mag-
netic field near the source of a burst. Anoth-
er prominent feature of some spectra (b, ¢,
d), an emission line near 420 KeV, could be
due to collisions of positrons and electrons.



One of the strongest of these ar-
guments relies on the observation of
emission or absorption lines in the re-
gion of 40 to 70 KeV. If these lines
are indeed due to the circular motion
of electrons, the magnetic field forcing
the electrons to follow circular paths
must be on the order of 1012 gauss.
(In comparison, the earth’s magnetic
field is roughly half a gauss.) If the
field were much smaller, the electrons
would emit cyclotron radiation at a
lower energy.

A second observational argument is
based on the eight-second periodicity
seen in the burst of March 5, 1979.
This modulation was probably caused
by the rotation of a neutron star; some
emitting region of the star rotated peri-
odically into and out of the earth’s field
of view. Such a region could not lie on
one of the poles of the star, where the
axis of rotation meets the star’s sur-
face, or it would not rotate and hence
would not pass through the earth’s line
of sight. There must therefore be some
mechanism, not symmetric about the
axis of rotation, that determines the
location of the emitting region on
the star’s surface. A likely candidate
for such a “symmetry breaking” mech-
anism is a magnetic field whose axis
is misaligned with the rotation axis of
the neutron star.

he hypothesis that a magnetic field

is present in a gamma-ray burster
is supported by theoretical as well as
observational arguments. One of the
strongest of these is that any region
that emits intense gamma radiation
must be confined by some force; other-
wise radiation pressure generated by
the gamma rays would cause it to ex-
pand very rapidly. If the region ex-
panded too far, its density would be-
come so low that it would no longer
emit gamma rays. Even the tremen-
dous surface gravity of a neutron star
is not adequate to confine an intense
source of gamma rays, but a magnetic
field of about 1012 gauss would prob-
ably be sufficient.

The third feature of the recent con-
sensus is that most of the gamma-ray
bursters are in our own galaxy. One of
the strongest arguments for this hy-
pothesis is based on the great amount
of energy the bursters would have to
produce if they were extragalactic. A
burster in the Milky Way would have
to generate roughly 1038 ergs of ener-
gy to achieve the brightness observed
on the earth; an extragalactic burst-
er would have to generate at least
1046 ergs to achieve the same level

of brightness. Whereas it is relatively.

easy to devise models of processes that
would generate 1038 ergs, there are

NUMBER OF BURSTS——>
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SPATIAL DISTRIBUTION of the bursters can be gauged by plotting the number of bursts
that are brighter than a given intensity. If the bursters are evenly distributed, the curve
(when plotted on a logarithmic scale) should follow a straight line with a slope of —3/2 (col-
or). Curve’s deviation from this line indicates that observed bursters may not be uniform-
ly distributed. Broken lines represent catalogues of data compiled by individual satellites.

many serious difficulties in producing
a model that would generate as much
as 1046 ergs.

An observational argument, based
on the graph of the number of bursts
brighter than certain intensities, also
supports the hypothesis that bursters
are within the Milky Way galaxy. If
most of the observed bursters were
outside the galaxy, they would be most
likely to exist within other large accu-
mulations of mass (for example oth-
er galaxies or clusters of galaxies).
The observed distribution of bursters
in space would therefore be irregular.
Large concentrations of them would
fall at various distances from the earth.
In that case the graph would show a
series of irregularities, corresponding
to the distances to various concentra-
tions of bursters. The curve shows no
such irregularity.

Ithough the current consensus is a

good starting point, its theoretical
usefulness is limited by the difficulty of
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obtaining good data from bursts of
high-energy photons such as gamma
rays. Astrophysicists have realized for
a long time that many observation-
al difficulties could be solved if there
were some way to observe lower-ener-
gy photons coming from the bursters.
To this end much effort has been spent
in determining accurate positions for
as many bursts as possible. These spe-
cific positions have then been exam-
ined with optical telescopes, to see if
any optical phenomena are associated
with the bursts.

With two exceptions the results of
this search have been consistently neg-
ative. The first exception was the un-
usual burst of March 5, 1979, which
has been tentatively identified with
the remains of a supernova. The sec-
ond exception consists of three optical
flashes, which I found in 1981 while
I was a graduate student at the Mas-
sachusetts Institute of Technology.
In my search for optical flashes from
gamma-ray bursters I examined ap-
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OPTICAL FLASH appears in one of two photographs made on
November 17, 1928; the photograph on the left was made 45 min-
utes earlier than the one on the right. This flash occurred in the
same region of the sky from which a gamma-ray burst emanated

proximately 30,000 photographs, part
of the archival collection of 500,000
photographs owned by the Harvard
College Observatory. I searched each
of the archival photographs in Har-
vard’s collection that recorded an area
of the sky where a gamma-ray burst
had later been observed. In three pho-
tographs (of three separate regions),
taken in 1901, 1928 and 1944 respec-
tively, I found starlike images that did
not appear in other photographs taken
of the same regions. These images,
which were caused by optical flashes,
are certainly related to the gamma-ray
bursts that were observed later in the
same locations.

Although it would be useful to have
more data, much can be learned from
these three flashes alone. For example,
in all three cases the energy contained
in the recent gamma-ray burst is al-
most precisely 1,000 times the energy
contained in the optical burst. Taken
together with various theoretical argu-
ments, this ratio can be used to show
that the neutron star causing the bursts
must have a companion of some kind,
perhaps a faint star or an accretion
disk of colder matter.

Since the positions of the bursters
can be determined more accurately
from optical data than from gamma-
ray data, the three optical positions
have enabled us to make deep searches
for quiescent bursters, using large op-
tical telescopes. Although the results
are not conclusive for these three posi-
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tions, it is apparent that bursters must
be extremely faint when they are not
bursting.

Statistical analysis of the three op-
tical flashes shows that gamma-ray
bursters must emit such flashes at an
average rate of once per year: [ exam-
ined an average of three months’ worth
of archival photographs for each of 12
positions known to contain gamma-
ray bursters—in effect, I examined a
cumulative exposure of three years. In
this three-year collection of photo-
graphs I found three flashes, which in-
dicates that the average time between
optical flashes of a gamma-ray burster
is approximately one year. This result
may preclude those models that do
not allow the possibility of yearly op-
tical flashes.

Perhaps the most important impli-
cation of these three flashes is that they
have forcefully reminded astrophysi-
cists that it is both practical and desir-
able to observe gamma-ray bursters at
lower energies.

he next few years will see the initi-

ation of several experiments that
have great potential for acquiring new
information on gamma-ray bursters.
The most exciting of these experi-
ments is the burst detector on the
Gamma Ray Observatory satellite,
scheduled for launching in 1988. This
instrument will not be fundamentally
different from earlier detectors, except
that it will be many times more sensi-
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on November 19, 1979. Star images in the right-hand photograph
are elongated (trailed) because the telescope did not track the sky
perfectly. The flash itself does not show such trailing, indicating
its duration was significantly shorter than the total exposure time.

tive. The Gamma Ray Observatory in-
strument will detect bursts 10 to 100
times fainter than the Konus experi-
ment could have, and it will position
these bursts on the sky to within one
degree. In addition a special modifi-
cation of the detector will record spec-
tra over a wide range of energies for
each observed burst.

A second major experiment, now in
the final stages of construction, is a
search for optical flashes. It will con-
sist of two parts. The first, constructed
by Roland Vanderspek and George
R. Ricker, Jr., of M.I.T., will monitor
most of the visible sky for any sudden
brightening. Within a second of the
start of any flash its position will be
relayed to the second part of the exper-
iment, an optical telescope that can
point to any region of the sky within
one second. (This part of the experi-
ment is being built by Bonnard J. Tee-
garden, Ravi Kaipa, Tycho T. von Ro-
senvinge and Cline at the Goddard
Space Flight Center.) The investiga-
tors expect to detect roughly two doz-
en bursts per year.

The results we expect from these
and other experiments should finally
reveal the underlying cause of gamma-
ray bursts. In spite of the current con-
sensus, the burst phenomenon remains
one of the most mysterious of all
classes of astrophysical events. I look
forward to the day when data will be
available that will enable us to under-
stand it.
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SCIENCE AND THE CITIZEN

SALT Shakers

( :an the Soviet Union be trusted
not to violate an arms-control
treaty? Now that delicate efforts

are under way to get the two super-

powers back to the negotiating table,
the question is often asked—some-
times rhetorically.

The Reagan Administration itself
has put the question in the foreground.
In January of 1984 the Administration
issued a report to Congress listing sev-
en Soviet “violations and probable vio-
lations” of arms-control agreements;
an update of the report is due to be
published this month. There is also a
classified report prepared by the presi-
dent’s General Advisory Committee
on Arms Control and Disarmament;
the secret report was the subject of
much publicity during the recent pres-
idential elections, and its summary,
which was declassified in October, lists
numerous “material breaches” as well
as “suspicious events” and ‘“breaches
of the duty of good faith” dating back
to events preceding the Cuban missile
crisis. The Soviet government has re-
sponded to these reports by producing
lists of alleged U.S. treaty violations.

To what extent is it true that the
U.S.S.R. (or the U.S.) has a poor rec-
ord of compliance, and what are the
implications of such “cheating” for
the future of arms-control efforts?
The first of these questions is not as
straightforward as it may seem. Be-
cause many of the terms and condi-
tions of the Strategic Arms Limitation
Talks (SALT) treaties are ambiguous
and open to interpretation, it is rare to

* MOSCOW

AFGHANISTAN

/

find an action by either the U.S.S.R. or
the U.S. that clearly violates some pro-
vision of a treaty.

One example of this kind of ambigu-
ity involves a large phased-array radar
(a very precise, electronically steered
radar) now being constructed by the
U.S.S.R. near the city of Krasnoyarsk
in central Siberia. The U.S. says this
radar may be in violation of the anti-
ballistic-missile (ABM) treaty, which
prohibits either side from deploying
early-warning radars except outward-
looking ones near national borders.

The U.S.S.R. counters that the Kras-
noyarsk radar will track satellites and
is therefore allowed under a section
of the treaty that reads: “The Parties
agree not to deploy phased-array ra-
dars...except for the purpose of track-
ing objects in outer space....” It is thus
unclear whether the Krasnoyarsk ra-
dar is in violation: although it could be
used for certain space-tracking duties,
it is not very well situated or oriented
for such a purpose. U.S. arms-control
experts believe the Krasnoyarsk radar
may represent an infringement of the
spirit, if not the letter, of the ABM trea-
ty. As one analyst puts it, “the- So-
viets push at the margins of an agree-
ment.” That is, he explains, they take
actions so close to the treaty limits
that it is difficult to tell whether or not
a breach has occurred. Analysts spec-
ulate that the U.S.S.R. may be testing
the limits of U.S. intelligence-gather-
ing capability.

An example of this kind of testing
may be the Soviet practice of encrypt-
ing some of the telemetry transmitted
by prototype missiles during tests. Be-

An ABM-treaty violation? The Krasnoyarsk radar is not on the Soviet border
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cause a provision of sALT 11 forbids
deliberate concealment of data that
could be used to verify compliance
with the treaty, the U.S. has contend-
ed that Soviet encryption violates the
agreement. (Although the U.S. has not
ratified sALT 11, both sides have provi-
sionally agreed to abide by its condi-
tions.) The U.S.S.R. responds to this
charge by asking what additional data
are needed in order to verify that test-
ing of the missile complies with the
treaty. There dialogue ends, analysts
say, because any reply to this request
would compromise U.S. intelligence
sources and methods.

Another U.S. charge is based on a
provision of saLT 11 that limits each
side to one new type of intercontinen-
tal ballistic missile (icBM). The U.S.
maintains the U.S.S.R. has tested two
new types of missile, the SS-X-24 and
the SS-X-25; the U.S.S.R. has replied
that the SS-X-25 is actually a modifica-
tion of the older SS-13 missile. Under
SALT II an existing IcCBM may be modi-
fied but its throw weight (the weight
of its warheads, the “bus” that distrib-
utes them and any penetration aids
they carry) may not change by more
than 5 percent. The U.S. asserts the
SS-X-25 throw weight is larger than
this rule allows, but the U.S.S.R. an-
swers that U.S. intelligence data on
the old SS-13 are faulty. The Adminis-
tration responds that even if the SS-X-
25 is not a new missile, it violates an-
other term of sALT 1 that prohibits
testing an 1ICBM with a warhead small-
er than half the missile’s throw weight.

For its part the U.S.S.R. offers a list
of U.S. violations. At the top is a new
American phased-array radar called
PAVE PAWS [see “Phased-Array Ra-
dars,” by Eli Brookner, page 94].
While all PAVE pPAWS installations are
on the periphery of the U.S., the radar
has an angle of view wide enough to
enable two installations under con-
struction, one in Georgia and the other
in Texas, to provide coverage of as
much as two-thirds of the continental
U.S. The U.S.SR. has charged such
coverage may violate the ABM treaty.

The question of PAVE PAWS compli-
ance, like many of the compliance
questions raised by the U.S.S.R., con-
cerns steps initiated, but not yet com-
pleted, by the U.S. Two other exam-
ples are the so-called Midgetman mis-
sile, which would be the second new
type of 1cBM tested by the U.S. after
SALT 11, and the “Star Wars,” or Strate-
gic Defense Initiative, space-based
missile-defense system; development
of this system could be a violation



of the ABM treaty. The Soviet Union
has also protested some actions al-
ready taken by the U.S. One such
case involved shelters erected over
Minuteman icBMm silos during refur-
bishing. The U.S. said the shelters were
to protect workmen from the weather;
the U.S.S.R. said they impeded verifi-
cation and were in violation of SALT I.

Inorder toresolve such issues SALT 1
provided for a bilateral Standing Con-
sultative Commission (scc), a confi-
dential forum in which delegations
from each side raise concerns they
have regarding the other side’s compli-

ance. A typical Soviet reaction is to |

deny that the activity in question vio-
lates an agreement and then to desist
quietly. Herbert Scoville, Jr., a former
deputy director of the Central Intelli-
gence Agency and of the Arms Control
And Disarmament Agency, says it is
important that American concerns be
raised in a manner that makes such
diplomatic correction possible: “Once
you accuse somebody, they all get
their backs up.... Nobody likes to ad-
mit they have done something ques-
tionable, and therefore they don’t dare
stop it.”

“It is not important to have court-
room evidence,” says Robert W. Buch-
heim, who was the U.S. scc commis-
sioner (head of the U.S. delegation)
from 1977 to 1981. “We needn’t look
at the fine print to be able to say we find
[a possible infraction] offensive.” At
that point, he observes, the two sides
can work toward a solution that pre-
serves the integrity of the agreement.

Many of those close to the arms-
control process stress the importance
of mechanisms such as the scc in main-
taining strategic stability. Albert Car-
nesale of Harvard University’s John
F. Kennedy School of Government
points out that even such potentially
serious violations as the Krasnoyarsk
radar would not, taken alone, provide
the Soviet Union with the ability to
“break out” of a treaty with a signifi-
cant military advantage. The function
of the scc is to keep possible viola-
tions and misunderstandings at such a
low level that they do not threaten the
military balance. Gerard C. Smith,
chief negotiator of the saLT 1 and
ABM treaties, adds: “Our chances of
getting corrections of these [possible
infractions] is greater in an ongoing
arms-control context than if we are
just snarling at each other.”

No Taps for TTAPS

Ever since the nuclear-winter hy-
pothesis was first put forward
more than a year ago by a group of
American atmospheric physicists and
planetary astronomers, it has been se-
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verely criticized on both scientific and
political grounds. Emphasizing the
many uncertainties inherent in any at-
tempt to calculate the long-term cli-
matic effects of nuclear war, some crit-
ics have suggested that it was improper
for scientists even to discuss the issue
in public before the technical basis for
such a dire forecast could be better es-
tablished. Others have gone further,
imputing a political motive to the au-
thors of the original nuclear-winter
scenario, known as the TTAPS study
(after an acronym formed from the
authors’ names: Richard P. Turco,
Owen B. Toon, Thomas P. Ackerman,
James B. Pollack and Carl Sagan).

In response to such criticism the
TTAPS group has argued essentially
that they are well aware of the scientif-
ic uncertainties of their subject, that
they took great pains to have their ini-
tial calculations reviewed by recog-
nized experts in the relevant fields and
that in any case their paper clearly ex-
pressed the hope that “the scientific is-
sues raised here will be vigorously and
critically examined.” Pointing out that
nuclear winter is after all “not a sub-
ject amenable to experimental verifica-
tion—at least not more than once,” the
group has held that “open and in-
formed debate on this issue is the only
responsible approach, given the gravi-
ty of the potential climatic catastrophe
we believe we have uncovered.”

The latest indication that the sci-
entific community at large has taken
the nuclear-winter hypothesis serious:
ly was the publication in December of
a 193-page report by an interdiscipli-
nary panel assembled by the National
Research Council to review the avail-
able evidence. The NRC report, which
was undertaken at the request of the

Department of Defense, concluded
that although it is impossible at this
time to give ‘“accurate detailed ac-
counts” of the climatic effects of nucle-
ar war, owing to the large uncertainties
in current knowledge, there is nonethe-
less a ““clear possibility” that the nucle-
ar-winter model is valid. Echoing the
call of the original TTAPS paper, the
NRC panel recommended that efforts
to reduce the uncertainties still sur-
rounding the possible atmospheric ef-
fects of a major nuclear war “should
be given a high priority.”

Earth Moves

Acording to the theory of plate tec-
tonics, the lithosphere—a layer
some 100 kilometers thick consisting
of the earth’s crust and part of the
mantle—is divided into rigid plates
that constantly move. Such a plate
travels outward from a midocean rift,
where upwelling magma adds new
lithosphere to the trailing edge; si-
multaneously, hundreds of kilometers
away, the leading edge of the plate
plunges into the earth’s interior at a
seismically active region known as a
subduction zone.

Two important questions emerge
from this picture. Why do new rifts,
which split a single plate ‘in two and
open a new ocean basin, almost always
develop on land rather than in a pre-
existing ocean? What explains the fact
that earthquake activity varies from
one subduction zone to another? Writ-
ing in the Journal of Geophysical Re-
search, geophysicists from Princeton
and Stanford universities and the In-
ternational Institute of Seismology
and Earthquake Engineering in Japan
have provided convincing answers.
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The Princeton workers, Gregory E.
Vink, W. Jason Morgan and Wu-Ling
Zhao, have found that rifts open in
continents rather than in ocean ba-
sins because the tensile strength of
centinental lithosphere is relatively
low. Like a jelly sandwich, continental
lithosphere has two strong layers and
an intervening zone of weakness. This
odd structure develops because in out-
er layers of crust, where the rock is
brittle, strength increases with pres-
sure and therefore with depth. At a
depth of about 13 kilometers the pic-
ture changes abruptly: high tempera-
ture softens the rock and its strength
decreases sharply.

Below this weak zone, at the base of
the continental crust perhaps 30 kilo-
meters down, the composition of the
rock shifts; it becomes characteristic
of the upper mantle. Since mantle rock
remains brittle and strong even at the
high temperatures found in thisregion,
lithospheric strength rises once again.

In oceanic lithosphere the transition
to mantle rock occurs at much shal-
lower depths, typically five to 10 kilo-
meters. Oceanic lithosphere therefore
lacks an intermediate weak layer, and
it increases continuously in strength
down to a depth of 30 to 45 kilometers.

At the end of its career lithosphere
created at a rift dives under another
plate. Coupling, or binding, between
the subducting plate and the overrid-
ing one often sets up stresses that lead
to earthquakes. One would expect cou-
pling and hence earthquake activity to
vary with the rate at which the two
plates converge, but Eric T. Peterson
of Stanford and Tetsuzo Seno of the
International Institute of Seismolo-
gy and Earthquake Engineering could
find no such relation.

Instead their data showed that in dif-
ferent regions of a single subducting
plate seismicity is most intense where
the subducting lithosphere is youngest.
The authors point out that older lith-
osphere, which has had more time
to cool since its volcanic genesis, is
denser and sinks more readily into
the mantle. Coupling is therefore re-
duced, they hypothesize, and with it
the energy released as earthquakes.

Factor Factory

Victims of classic hemophilia (he-
mophilia A4) bleed because they
lack a single crucial protein, factor
VIII, implicated in the complex cas-
cade of reactions that leads blood
to coagulate. Prophylactic administra-
tion of a plasma concentrate enriched
in factor VIII compensates for the
defect. The treatment carries some
risk. Because the plasma is ordinarily
pooled from a large number of donors,



it can be contaminated with blood-
borne viruses, including the agents of
hepatitis and AIDS.

Two biotechnology companies, Ge-
nentech and the Genetics Institute,
have now cloned the gene for factor
VIII, introduced it into mammalian
cellsin alaboratory culture and got the
cells to synthesize biologically active
factor VIII. In a few years a pure factor
VIII manufactured in quantity by cul-
tured cells may well be available to
treat hemophilia.

Richard M. LLawn and Gordon A.
Vehar led the Genentech team: John J.
Toole and Rodney M. Hewick led the
one at the Genetics Institute. Both
groups report their work in Nature.

In recombinant-DNA technology
the first step in making a protein is or-
dinarily to harvest the molecule’s mes-
senger RNA (mRNA): the nucleic acid
that carries the genetic message from
the DN A of the gene to the ribosomes,
where amino acids are assembled to
make proteins. The mRNA is then
copied to make complementary DNA
(cDNA), an artificial gene that dirétts
the synthesis of the sought-after pro-
tein in bacterial or yeast cells.

This strategy was not available to
the Genentech and Genetics Institute
workers because factor VIII is ex-
tremely scarce and its mRNA is too
hard to find. Instead the two groups
began by purifying the factor VIII pro-
tein itself. They determined parts of its
amino acid sequence, which they re-
verse-translated to derive correspond-
ing short DNA sequences. Then they
assembled off-the-shelf nucleotides
(the subunits of DNA) to synthesize
the short fragments of DNA. The {rag-
ments served as probes with which to
find pieces of the actual, extremely
long factor VIII gene.

To assemble the complete coding re-
gion of the gene, however, the two
groups still needed to find a sufficient
quantity of the intact factor VIII
mRNA. Now they had the pieces of
the actual gene to serve as probes with
which they could identify the mRNA.
The Genentech group found their
mRNA in a human T7-cell line; the
Genetics Institute group used human
liver cells. In each case the mRNA was
copied into cDNA encoding factor
VIII. The cDNA was combined with
a viral “promoter™ and inserted in a
plasmid (a small circle of DNA).

Both groups introduced their recom-
binant plasmid into mammalian cells
(cells from hamster or monkey kid-
neys), which seecmed likely to have the
proper enzymes for processing the
gene and the protein. The cells did ex-
press the gene, making a protein that
behaved like factor VIII in various
laboratory tests and that reduced the

clotting time of plasma taken from
hemophilia patients. Testing in ani-
mals should follow within the year.

Printer’s Mark

ometime in the 1440’s or 1450’s Jo
hannes Gensfleisch zur Laden, bet-
ter known as Johannes Gutenberg, in-
vented a method of printing from
movable metal type. One component
of this technological leap was an oil-
based ink that, unlike earlier water-
based preparations, would adhere to
metal. Historians have long assumed
that Gutenberg’s ink was a mixture of
linseed oil and lampblack, or soot, a
formula known to have been common
by the 16th century.

Richard N. Schwab and Thomas A.
Cahill of the University of California
at Davis have now shown the assump-
tion to be wrong: Gutenberg employed
a superior formula consisting largely
of copper and lead. The workers made
this discovery by analyzing most of the
pages in one copy of Gutenberg’s mas-
terpiece, the 42-line Bible. The analy-
sis involved exposing the pages to a
proton beam in a cyclotron. Energetic
protons excite molecules in the ink,
causing them to fluoresce in the X-ray
range; each element emits a character-
istic spectrum, and the intensity of the
radiation is a measure of the abun
dance of the element.

The use of metals instead of sootas a
pigment was probably inspired by oil
painting. It helps to explain why Gu-
tenberg’s print is still glossy and black
after tive centuries, whereas many lat-
er works have faded badly. Copper
and lead oxides are stable, but the car-
bon in lampblack oxidizes to carbon
monoxide and so tends to evanesce.

More important, the high metal con-
tent of his ink distinguishes Gutenberg
from other printers of the period. It
thus constitutes a chemical signature
that may help to settle long-standing
disputes about the attribution of early
works. The Davis group has found that
the ink in the rare 36-line Bible is
heavy in copper and lead, as is that of
the Sibyllenbuch, an early fragment.
The Carholicon. a later work credited to
Gutenberg by some experts, does not
bear his metallic mark.

Nor do some of the pages of the 42-
line Bible itself. Many of the 48 extant
copies contain *‘variant™ pages printed
from remade plates when popular de-
mand forced an expansion of the press
run. Schwab and Cahill have found
that the ink on some of these pages
contains much less copper and lead.
The finding may be evidence of the
end of Gutenberg's career. Late in
1455—perhaps before the Bible was
done—he lost control of his press in a
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suit filed by a financial backer. Forced
into retirement, he may have taken
the secret of his ink with him.

Water Gap

Onc line of thought about. how the
earth formed is that it accreted
from smaller bodies, or planetesi-
mals. The simplest hypothesis is that
the planetesimals were homogeneous:
the ones arriving first were identical
in composition with the ones arriv-
ing last. Examining this hypothesis,
Manfred A. Lange of the Alfred We-
gener Institute for Polar Research in
Germany and Thomas J. Ahrens of
the California Institute of Technology
have uncovered a difficulty. At a time
when the prospective earth was about
half its final size, its gravitation would
have ensured that further planetesi-
mals would arrive at high velocity—
high enough so that water would be
liberated from the accreting planet
and so be free to react with other sub-
stances, releasing hydrogen gas. The
gas could then escape, depleting the
earth of its water forever. Things could
not have happened that way.

Lange and Ahrens exposed the dif-
ficulty by examining two aspects of
accretion. First, they determined by
experiment the strength of impact nec-
essary to free water from minerals, no-
tably serpentine. It turns out that when
the earth was half its final radius, the
impact of further planetesimals would
have freed all the water.

Second, Lange and Ahrens exam-
ined how the water would have reacted
with iron as the earth accreted further.
The problem is that all the water re-
acts. For example, water, iron and the
mineral enstatite react to form forster-
ite, fayalite and hydrogen gas. Iron is
abundant enough so that no free wa-
ter is left. For its part the hydrogen
escapes: the accreting earth’s gravity is
insufficient to hold it.

Lange and Ahrensresolve the dilem-

63



B Who built the U.S. Weather
Satelltes with search and
rescue capabilihes that have
saved over 270 lves?

DiD
WHAT?

(1) GTE (2) GRUMMAN (3)RCA (4) GE
(5)ITT (6) HUGHES (7) TRW (8) WESTINGHOUSE

-I-esf your corporate |.Q. Look over the eight
achievements pictured here and match each
to the corporation responsible for it. Take your
time; we'll wait.

Finished? O.K., let's review your answers.
Who is building the first high-powered Direct

Broadcast Satellite? Hughes? No, RCA. _" - Vo'

Who supplied the video cameras, video n :
equipment, and transmission services that sent R v "} - | R :;f;;w A
back the stunning, live pictures from the Space helicopfers? - oL i damestic

Shuttle? Westinghouse? No, RCA. A D;:‘;’“"S’g:’,ﬁf,
Who developed and built AEGIS, the Navy's oy
new seabome electronic defense system? Again,
the answer,RCA. In fact, the correct answer fo each
of the questions is the same. RCA.
Surprised? Ifyou're like most people,

you aren’t aware of what a major force
RCA has become in many high-tech industries.
Or that we invested over $200 million of our own

money in R&D last year. A o
figure that compares with “cn
what many purely high-tech ONE

companies spend.
Ifyou'd like to leam OF A K’ND

more about RCA as a corporation, an invest-
ment or as a place to work, write to: This Is RCA, .
P.O. Box 91404, Indianapolis, Ind. 46291 We'll =
send you a few more surprises.

In electronics, communications and enter-
tainment, RCA is one of a kind.

© 1985 SCIENTIFIC AMERICAN, INC



Who supphed the W Who manutoctured NASA s
video cameras and first communieations satellite
video equipment for and now provides most of the
the Space Shuttle? satellite service for the Cable |
TV indushy?

00000

[T

W Who concenved, developed
and built all the operational

*  polor-orbiting )
weather satelifes \
in the free world? %~

© 1985 SCIENTIFIC AMERICAN, INC



ma by positing an inhomogeneous ac-
cretion, in which the first planetesimals
include more iron than the later arriv-
als. In the model that best produces the
earth’s current oceanic reservoir of
1025 grams of water, the first planetesi-
mals are 36 percent iron by weight, the
last have almost no iron and the aver-
age content of iron in all of them is 34
percent. Hence, over a period of about
100 million years, the earth accretes
from planetesimals in an iron-rich en-
vironment. Then, over a period of
about 60 million years, the environ-
ment is iron-poor.

Why did the planetesimals change?
Kerry Harrigan and William Ward
of the Jet Propulsion Laboratory pro-
pose that the solar nebula—the cloud
of gas and dust that became the solar
system—may have included density
waves: spirals of high concentration of
preplanetary matter. Conceivably the
solar nebula’s density waves nudged
the developing planets outward. The
accreting earth might thus have been
moved from a region near the sun to a
more distant, colder region, where the
chief condensates would be silicates
poor in iron.

Perennial Proton

More than 600 meters under the
ground, in the cavity of a salt
mine near Cleveland, Ohio, 2,048 pho-
tomultiplier tubes are suspended in a
pool of 8,000 tons of water. They have
waited there since July, 1982. If the
photomultipliers fire in the proper se-
quence over a short time, their com-
bined signal would be highlighted by
a computer program. The computer
would in turn alert a collaborating
group of physicists from the Universi-
ty of California at Irvine, the Universi-
ty of Michigan and the Brookhaven
National Laboratory to a momentous
and—on a cosmic scale—ominous
event. The event is the decay of a pro-
ton [see “The Decay of the Proton,” by
Steven Weinberg; SCIENTIFIC AMERI-
cAN, June, 1981]. If such a decay is
ever detected, it would help to confirm

a theory that links three of the four
fundamental forces of nature into a
grand unified theory, and it would im-
ply that all matter as we know it will
eventually disintegrate. No such decay
has yet been confirmed, and the result
suggests grand unified theory will re-
quire modification.

According to the simplest version of
the theory, called minimal SU(5), the
proton should decay into a positron
and a neutral pi meson at least once, on
the average, every 5 X 103! years. The
experiment in the salt mine is not ex-
pected to take that long; instead the
1033 protons making up the water in
the chamber are monitored simulta-
neously, and about 20 proton decays
are expected every year. The data so
far suggest the average lifetime of the
proton is much longer than the lifetime
predicted by minimal SU(5): at least
1.2 X 1032 years.

The negative result does not entirely
rule out other schemes for unifying the
forces of nature. Several versions of
grand unified theory based on math-
ematical groups more complicated
than the group SU(5) remain consis-
tent with the experimental data, pri-
marily because such versions are un-
able to make any quantitative pre-
diction about the proton’s lifetime.
Moreover, although the Irvine, Michi-
gan and Brookhaven (IMB) group has
examined some 30 possible channels
of proton decay, it remains possible
that other channels have still gone un-
detected or that data already collected
will eventually be interpreted as a pro-
ton decay. The IMB group received
approval recently for a more elaborate
version of the experiment, costing be-
tween $1 and $2 million, which would
increase its efficiency by a factor of
three or four.

Atomic Topography

Al exotic quantum-mechanical prop-
erty of elementary particles has
been exploited to build a new kind of
microscope so powerful that it can
form images of single atoms on a sur-

Scanning tunneling micrograph of silicon atoms on the surface of a crystal
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face. The microscope gives- unprece-
dented resolution in the vertical di-
mension and simultaneously provides
a detailed picture of the relative posi-
tions of the atoms. The first such mi-
croscope was built in 1981 by investi-
gators at the IBM Zurich Research
Laboratory; similar instruments are
now being tested in several other labo-
ratories. In an image made by the Zu-
rich laboratory [this page] the outer
electronic shells of the surface atoms
appear as rounded hills set against the
valleys that form the spaces between
the atoms.

The fundamental principle of the
microscope is a quantum effect called
tunneling. In quantum mechanics the
uncertainty principle places an upper
bound on the precision with which po-
sition can be known. For example,
there is a finite probability that an elec-
tron nominally situated at the tip of a
needle can actually be found anywhere
in the vicinity of the tip. Hence the
position of the electron is effectively
smeared out. The probability of find-
ing the electron near the tip falls rapid-
ly, and in fact exponentially, with the
distance from the tip.

If the needle is brought close to a
surface, there is a finite probability an
electron once found on the needle will
be found at the surface. The electron is
said to have tunneled to the surface
through a barrier that in classical me-
chanics would prevent it from making
the journey. Since the tunneling proba-
bility falls exponentially with distance,
the current of electrons tunneling from
the needle to the surface depends very
sensitively on the distance between the
tip of the needle and the surface. If the
distance is changed by the diameter of
a single atom, the tunneling current
changes by a factor of 1,000.

In practical tunneling microscopy a
needle scans many times across a sur-
face. The height of the needle above
the surface atoms is kept constant by
a feedback mechanism that is set to
maintain a constant tunneling current.
The position of the needle, which is
monitored electronically, gives a rec-
ord from which the topography of the
surface can be reconstructed.

There is much to be gained from a
better knowledge of atomic surface
structure. Processes such as catalysis
and crystal growth depend on details
of the surface structure that are often
poorly understood. The surface mod-
els that underlie the design of many
electronic components may be over-
simplified. It may become possible to
study the atomic topography of much
more complex objects such as the cell.
Investigators in several laboratories
are now attempting to link scanning
tunneling microscopy to conventional
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scanning electron - microscopy. If the
link can be made, it will be possible to
“zoom in” on predetermined surface
regions that are only a few atomic di-
ameters across.

Global Thermostat

Many climatologists predict that as
combustion of fossil fuels pumps
carbon dioxide into the atmosphere a
greenhouse effect will warm the earth’s
climate. The effect results from the op-
tical properties of carbon dioxide: it is
transparent to the visible wavelengths
of most incoming solar radiation but
traps the infrared radiation reemitted
by the earth. The amount of absorp-
tion is related to carbon dioxide con-
centration; climatic models predict
that if the current level of carbon diox-
ide were to double, increased infrared
absorption in the lower atmosphere
would raise the global mean tempera-
ture by several degrees Celsius.

In the Journal of Geophysical Re-
search Richard C. J. Somerville and
Lorraine A. Remer of the Scripps In-
stitution of Oceanography qualify this
picture. They suggest the global warm-
ing might be lessened by concurrent
changes in the properties of clouds.

Like most theorists of the green-
house effect, they assume that relative

humidity will stay constant as the cli-
mate warms. Warm air can hold more
water vapor than cool air; if the rela-
tive humidity of the atmosphere re-
mains stable, its total content of water
vapor must increase. With more water
available for condensation, the liquid
water content of clouds will rise, mak-
ing them denser.

Denser clouds will reflect a larger
proportion of incoming solar radia-
tion; the reduction in the energy reach-
ing the surface will counteract the
greenhouse effect. The increase in
cloud density that accompanies a rise
in temperature functions in effect as
a climatic thermostat. Using a mod-
el that takes cloud feedback into ac-
count, Somerville and Remer calculate
that doubled carbon dioxide would
raise the surface temperature by only
about half the amount predicted by
earlier models.

Healthy Profits?

Manmade replacements for both
the human heart and the human
ear are currently in clinical trials. Sys-
tems intended to restore the senses of
vision and touch and to provide con-
trolled activation of paralyzed mus-
cles are at an earlier stage of research.
Advances in molecular biology could

soon make possible the replacement
of individual defective genes.

Some of these radically new forms
of treatment may well undergo clini-
cal trials in a radically new setting:
the corporate, for-profit medical insti-
tution. According to some observers,
clinical trials on human subjects in
such a setting raise troublesome ethi-
cal and scientific issues.

The critics contend that profit-mak-
ing corporations face strong conflicts
of interest in carrying out clinical tri-
als. A for-profit medical institution
may need to promote its services or
establish itself as a major purveyor of
a particular treatment, the critics ar-
gue. Such business needs can lead a
corporation to exploit a clinical trial
as advertising, critics say. The same
needs can cause a corporation to estab-
lish a more ambitious program of clin-
ical trials than is scientifically justified,
they add.

The controversy over whether clini-
cal trials should be done at for-profit
institutions was sharpened last sum-
mer when William C. DeVries moved
from the University of Utah to the Hu-
mana Heart Institute International at
Humana Hospital-Audubon in Louis-
ville, Ky. DeVries is the surgeon who
implanted artificial hearts in Barney B.
Clark (at Utah) and William J. Schroe-
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der (at Humana). The University of
Utah is a nonprofit state institution.
Humana, Inc, is a profit-making cor-
poration that includes 89 hospitals; in
1984 Humana had gross revenues of
$2.6 billion.

Humana’s participation in the im-

plantation program is a “pure market- -

ing strategy,” according to John J. Par-
is, associate professor of ethics at Holy
Cross College. The corporation in-
tends to make itself known as the main
purveyor of artificial-heart implants,
Paris said. He adds that Humana
would then profit if the device is ap-
proved for commercial use.

Arnold S. Relman, editor of The New
England Journal of Medicine, offers an-
other critical perspective. Relman de-
scribes the implantation program at
Humana as “an exploitation for com-
mercial purposes of an experimen-
tal device that has been brought to
this point by taxpayers’ money in not-
for-profit institutions.” (Since 1964 the
National Heart, Lung, and Blood Insti-
tute has provided $180 million for the
development of the artificial heart and
related devices.)

Humana’s ambitious implantation
research program may not be justified
in clinical terms, according to Relman.
He argues that current artificial hearts
are ultimately impractical because

they require the patient to be tethered
to a compressor. Until a self-contained
artificial heart is constructed only a
few implantations should be done,
mainly for the purposes of basic re-
search, Relman says.

David Jones, president of Humana,
has agreed, however, that Humana
will finance 100 artificial-heart im-
plantations. So far six procedures, in-
cluding the one on Schroeder, have
been approved by the Humana-Audu-
bon institutional review board. Under
the guidelines of the U.S. Food
and Drug Administration, which regu-
lates trials of experimental medical de-
vices, the review board is responsible
for evaluating the ethical aspects of re-
search and ensuring that informed
consent is obtained. The FDA has also
approved the six implantations. The
regulatory agency is satisfied that the
Humana-Audubon board did its work
conscientiously, FDA officials say.

Robert B. Irvine, a spokesman for
Humana, disagrees strongly with Paris
and Relman. Humana decided to fund
the implantation program in the inter-
ests of scientific knowledge and not
out of commercial self-interest, Irvine
says. Humana did not seek publicity
for the procedure on Schroeder but
simply tried to accommodate the very
high level of existing journalistic inter-

est, he adds. “Rather than public rela-
tions,” Irvine comments, “I’d call it
media anticipation.”

Irvine notes that in agreeing to pro-
vide funds for 100 implants Jones stip-
ulated that the trials would end if at
any time they ceased to contribute to
the advancement of medical knowl-
edge. Irvine also points out that the
100 implantations funde'd by Humana
are not limited to currently available
artificial hearts. If better and more
practical devices become available
in the future, they will be employed,
he says.

The issuesin the current controversy
will continue to be publicly debated,
but they are not likely to be resolved
through Government action. The rea-
son is that FDA regulations do not dis-
tinguish between for-profit and not-
for-profit institutions, agency officials
say. According to William G. Letzing,
chief of prosthetic devices in the cardi-
ac-device unit of the Office of Device
Evaluation: “Nothing in the FDA reg-
ulations indicates that a for-profit in-
stitution is to be considered any lower
than a university hospital. Our mission
in a nutshell is to make sure the device
is safe and effective, that the patient is
well aware of what he’s getting into
and that the institutional review board
is well informed.”
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Brownian Motion

Observing the random course of a particle suspended in a flurd led

to the first accurate measurement of the mass of the atom. Brownian

motion now serves as a mathematical model for random processes

t sometimes happens that a drop of
I water is trapped in a chunk of ig-
neous rock as the rock cools from
its melt. In the early 19th century the
Scottish botanist Robert Brown dis-
covered such a drop in a piece of
quartz. The water, Brown reasoned,
must have been inaccessible for many
millions of years to spores or pollen
carried by the wind and rain. He fo-
cused a microscope on the drop of wa-
ter. Suspended in the water were scores
of tiny particles, ceaselessly oscillating
with a completely irregular motion.
The motion was familiar to Brown: he
had previously happened to observe
such oscillations during his studies of
pollen grains in water. The new ex-
periment, however, ruled out the ex-
planation he had put forward earlier;
namely that ““vitality is retained by [the
‘molecules’ of a plant] long after the
[plant’s] death.” Brown rightly con-
cluded that the agitation of the parti-
cles trapped inside the quartz must be
a physical phenomenon rather than a
biological one, but he could not be
more specific.

The correct explanation for the so-
called Brownian motion is now well
known. A grain of pollen or dust sus-
pended in a fluid is continually bom-
barded by the molecules that make
up the fluid. A single molecule hardly
ever has enough momentum for its ef-
fect on the suspended particle to be-
come visible under a microscope. Nev-
ertheless, when many molecules col-
lide with the particle from the same
direction at the same time, they can
noticeably deflect the particle.

Brownian motion is consequently a
doubly random effect: the path of the
suspended particle is randomized by
random fluctuations in the velocities
of nearby molecules. Moreover, be-
cause the microscope is essentially a
filter that portrays only the effects of
relatively large fluctuations in the lo-
cal molecular environment, the ob-
served motion only begins to suggest
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the complexity of the true path. If
the resolving power of the microscope
were increased by factors of, say, 10,
100 and 1,000, the effects of bombard-
ment by progressively smaller groups
of molecules could be detected. For
each increase in the magnification,
parts of the trajectory of the particle
that initially appeared to be straight
lines would be seen to have a jagged
and irregular structure. The path of a
particle in Brownian motion was one
of the first natural phenomena recog-
nized as being effectively self-similar
at every magnification, a key property
of geometric objects Benoit B. Man-
delbrot of the IBM Thomas J. Watson
Research Center has named fractals.

Probabilistic Phenomena

Since the turn of the century the
study of Brownian motion has had
far-reaching consequences for physics,
chemistry and mathematics. In the
hands of Albert Einstein it was turned
into a conclusive, observational meth-
od for confirming the atomic theory
of matter. Moreover, Einstein showed
how the measurement of certain prop-
erties of particles in Brownian motion
could determine several important
physical constants: the masses of at-
oms and molecules and the magnitude
of Avogadro’s number, which is the
number of elementary particles in a
mole, the standard chemical unit of
any substance. Brownian motion also
contributed to a deepened theoreti-
cal understanding of thermodynamic
principles, which had previously been

formulated on the basis of what turned
out to be oversimplified empirical gen-
eralizations.

More recently the study of Brown-
ian motion has led to the invention
of important mathematical techniques
for the general investigation of proba-
bilistic processes. The techniques have
been applied in the control of electro-
magnetic “noise,” and they have con-
tributed to the understanding of the
dynamics of star clustering, the evolu-
tion of ecological systems and the be-
havior of stock prices.

Surprisingly, Brownian motion did
not attract much attention in the 19th
century. Scientists of the day dismissed
the phenomenon as an effect of local
thermal currents brought about by
minute differences in the temperature
of the fluid. If the motion were caused
by such currents, neighboring particles
would be dragged along by the same
local current, and so one would expect
such particles to move in roughly the
same direction. Under the microscope
this expectation is completely contra-
dicted. The suspended particles have
no effect on one another, even when
they are separated by distances smaller
than their diameters.

By the turn of the century several
experimental findings had begun to
hint at the molecular origin of Brown-
ian motion. For example, it was known
that the smaller the size of the particle,
the more rapid its Brownian motion.
An increase in the temperature of the
fluid also seemed to cause more agitat-
ed Brownian motion. Such effects were
recognized as being consistent with the

RANDOM, BROWNIAN MOTION of a microscopic particle suspended in water is shown
in the upper illustration as it was plotted in 1912 by the French physicist Jean Baptiste Per-
rin. Perrin’s diagram records the position of the particle every 30 seconds; such diagrams,
as he noted, give “only a very meager idea of the extraordinary discontinuity of the actual
trajectory.” If a small part of the trajectory is magnified and the position of the particle is
marked, say, 100 times more frequently, the complexity of the original trajectory is repro-
duced (lower illustration). The lower diagram is based on a simulation done by the author.
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DIFFUSION of Brownian particles (color) through a transparent liquid or gas is shown at
successive times. The particles begin diffusing from a permeable membrane inserted in the
middle of the box. The bell-shaped curve on each box is a graph of the relative density of
the particles for each point along the horizontal dimension of the box. The root-mean-
square displacement, or most probable displacement, of a particle after a given time has
elapsed is proportional to the square root of the time. The bell-shaped curve at the bottom
of the illustration shows how the root-mean-square displacement is related to the probabili-
ty that a given particle will occupy some region of the box after a given time. For example,
if the root-mean-square displacement after three seconds is /3 centimeters, the probability
that a particle is found within 13 centimeters of the central membrane is equal to the area
of the colored region under the curve, which is about .68. The probability that the particle is
found farther than 21/3 centimeters from the central membrane is equal to the combined
area of the two gray regions, which is less than S percent of the area under the entire curve.
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kinetic theory of gases soon after its
development by James Clerk Maxwell
and Ludwig Boltzmann in the 1870’s.
Nevertheless, it was not until 1905 that
Einstein stated the first quantitative
implications of the kinetic theory for
Brownian motion.

The Kinetic Theory

The kinetic theory of gases was the
first successful attempt to explain the
well-known properties of a gas as the
macroscopic effects of atoms in mo-
tion. For example, it had been known
since Robert Boyle’s investigations in
the 17th century that there is an in-
verse relation between the pressure
and the volume of a gas. If the volume
is decreased but the temperature is not
changed, the pressure increases by a
proportional amount. If the volume is
increased, the pressure decreases. Ac-
cording to the kinetic theory, pressure
is aresult of constant bombardment by
the particles against the walls of their
container. The pressure increases with
decreasing volume because the rate of
bombardment of the particles is great-
er for a small volume than it is for a
large one.

Similarly, there is a direct relation
between pressure and temperature. If
the temperature of a gas is increased
but its volume is not changed, the pres-
sure increases proportionally. If the
temperature is decreased, the pressure
decreases. Temperature is understood
by the kinetic theory as being a meas-
ure of the average kinetic energy of
the particles. A higher temperature is
equivalent to an increase in the energy
of the average bombardment, and so it
increases the pressure of the gas.

For a so-called ideal gas these two
relations are summarized by a simple
law. The law states that for one mole
of a gas the product of the pressure and
the volume of the gas divided by its
absolute temperature is equal to a con-
stant. The constant is called the univer-
sal gas constant and is designated by
the letter R, it is equal to 1.99 calories
per mole per degree Celsius.

The most important conceptual ad-
vance of the kinetic theory was that it
gave up any pretext of providing a de-
tailed description of the motions of
individual particles. Instead it offered
a statistical account of the motion,
which was made plausible by the fact
that a system made up of many parti-
cles is highly unlikely to deviate signif-
icantly from its average behavior. Ac-
cordingly, the kinetic theory is often
called statistical mechanics.

In retrospect it may seem intuitively
obvious that a dust particle or a pol-
len grain embedded in the turbulent
atomic environment of a gas or a lig-
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THE \WORLD NEEDS A PLACE LIKE NO PLACE

A manned space station will offer
governments, industries and people
opportunities that cannot be
matched on Earth.

It will make possible technology
advances held back by Earth’s
limitations. The space environment
offers a weightless, vibrationless,
moistureless, soundless vacuum in
and with which to work; an obstruc-
tion-free perspective for scanning
our planet and a host of other out-
of-this-world advantages.

A manned space station makes
good business sense. A space station
can revolutionize medicine, metal-
lurgy, communications, energy
generation, meteorology and doz-
ens of other sciences and technol-
ogies—ones that exist now, and

new ones a space station can help
create.

A manned space station will help
promote understanding. It will offer
the people of the world an oppor-
tunity to unite in peaceful enterprise.

And a manned space station
will help America maintain its
momentum in space science and
exploration.

Working to make the space
station a reality.

For almost three decades, one
company hasbeen atwork to make a
manned space station operational.
The name of that company is
McDonnell Douglas.

Since 1959, space station studies
have continued at McDonnell
Douglas Astronautics Company
without interruption—some com-
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missioned by the government,
others as our own investment. The
thrust was always to set the pace.
We've done analytical tool develop-
ment. Design and test activities.
Metallurgical studies. Wet work-
shop studies. Space cabin simulator
operations. Thermal control
development.

McDonnell Douglas’ unwavering
support for a human role in space
is exhibited by its space life sciences
department, maintained continu-
ously for two and a half decades.
We built the Mercury and Gemini
spacecraft for NASA; provided
launch stages for Apollo moon
missions; and built and flew un-
manned launch systems and space-
craft, learning to integrate them
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ON EARTH-NASA SPACE STATION.

with payloads and systems built
by others.

Skylab was a forerunner.
McDonnell Douglas was NASA's
contractor for Skylab, the first device

that the world could call a space
station. It was a gigantic system for
its time. In it, American govern-
ment and industry first explored the
technologies and experimental
projects that will find fulfillment in
a space station of the 1990s.

But we need not dwell on laurels.
Management, system integration
and technical prowess gained in
early programs continue: Payload
integration on the space shuttle;
shuttle simulation programs,
astronaut training, and mission
planning for NASA. In aerospace

programs throughout McDonnell
Douglas, we draw on the skills of
other major companies across
America. We are NASA's integration
contractor for the multi-nation
European Spacelab, and we cele-
brate ongoing successes with inter-
national industry partners on a
dozen different space, aviation and
missile programs.

An experienced team.

We have teamed with Honeywell,
IBM and RCA for a major segment
of a NASA contract for definition
and preliminary design of the

manned space station. And already
we'e developing the pharmaceu-
tical technologies and the produc-
tion factories that will find their full
potential in the space station
environment.

At McDonnell Douglas, our capa-
bilities are focused on making a
space station a reality by the next
decade—and we offer exciting op-
portunities to companies and the
men and women in them who want
to help.

Because the world needs a place
like no place on Earth. .

/
MCDONNELL X

% _j , DOUGLAS
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SCIENCE_“SCOPE

Satellite images have led to the discovery of a large Mayan city hidden for centuries by the jungles of
Mexico’s Yucatan peninsula. Scientists uncovered over 100 possible ancient sites by studying false-
color images provided by Landsat earth resources satellites. Jungles typically are made to appear
bright red in these pictures. The ruins appeared pink or light red, because foliage had not grown as
densely over the sites as it had in the neighboring jungle. The Landsat images also revealed the
existence of vast farmed fields that may prompt new theories of how the ancient civilization was able
to feed itself. The imaging instruments aboard the Landsat satellites, called multispectral scanners,
were built by the Santa Barbara Research Center, a Hughes Aircraft Company subsidiary.

Mexico is a step closer to its own domestic communications system after taking delivery of a satellite
control facility. The system will consist of two Hughes HS 376 satellites and the control facility, which
will monitor the spacecraft as they are maneuvered into geosynchronous orbit 22,300 miles above the
equator. The facility is being installed in Iztapalapa, a suburb of Mexico City. Upon completion, a
Hughes support team will remain for 18 months to train Mexican engineers and technicians. The
program, called Morelos, is named after a Mexican patriot of the early 19th century. The satellites are
scheduled for launch from the space shuttle in May and November.

A high-frequency tactical Manpack radio used by all branches of the U.S. military is proving its
reliability in the field, operating on average more than 4000 hours between failures. The AN/PRC-104
high-frequency radio makes extensive use of large-scale integrated circuits, conservatively rated
components, and proven military equipment packaging techniques. Should it need repairing or
maintenance in the field, an operator can replace any of the three basic subsystems in seconds. The
average repair time in the field is less than 20 minutes. In production at Hughes for the U.S. Army,
Marines, and Air Force, the radio is available for international needs.

Improvements to a “super cooler” used with infrared sensors in space will extend the life and boost the
efficiency of the device. The cooler, vital to defense applications and geological surveys, is a
Vuilleumier cycle cryogenic refrigerator. It is designed to chill sensors near absolute zero to increase
their sensitivity to thermal radiation. These coolers are ideal for use in space because the low internal
forces required by this kind of cooling cycle cause little wear on bearings and seals. Hughes is working
under a U.S. Air Force contract to extend the unattended operating life of the cooler beyond five years.
The cooler will use less power, so smaller and fewer batteries are needed to power the device during
eclipse periods—a saving of hundreds of pounds.

The Hughes Tucson facility, located in picturesque Southern Arizona, is a large, modern
manufacturing complex with capabilities for producing advanced missile systems developed by
Hughes. We have openings for experienced and graduating engineers to work on such advanced
systems as the electro-optical Maverick, radar-guided Phoenix, TOW, and AMRAAM, the Advanced
Mediuni-Range Air-to-Air Missile. Please send your resume to Professional Employment, Dept. S2,
Hughes Aircraft Company, P.O. Box 11337, Tucson, AZ 85734. Equal opportunity employer. U.S.
citizenship required.

For more information write to: P.O. Box 11205, Dept. 65-10, Marina del Rey, CA 90295
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uid must undergo Brownian motion.
To appreciate Einstein’s contribution,
however, one must be aware that the
physical reality of the atom and its
constituents now taken thoroughly for
granted had only provisional status
80 years ago. The German physicist
Wilhelm Ostwald still regarded atoms
as merely ‘“‘a hypothetical conception
that affords a very convenient picture”
of matter. Ernst Mach maintained that
all theoretical entities, including atoms
and molecules, must be treated as con-
venient fictions.

Einstein’s Theory

Einstein was a realist in the matter.
He wrote in 1905 that the original goal
of his investigations of atomic theory
“was to find facts that would guarantee
as much as possible the existence of
atoms of definite size. In the midst of
this,” Einstein continued, I discov-
ered that, according to atomistic theo-
ry [that is, the kinetic theory], there
would have to be a movement of sus-
pended particles open to observation,
without knowing the observations con-
cerning Brownian motion were al-
ready long familiar.” Thus Einstein
was the first with the physical insight
to recognize that atoms would reveal
their existence in the motions of parti-
cles suspended in a fluid. Although he
was ignorant of Brownian motion, he
argued that the detection of such parti-
cles would constitute a strong confir-
mation of the kinetic theory. Among
the most startling conclusions of his
work is an equation that made it possi-
ble for the first time to accurately
measure the mass of the atom.

There are two main parts to Ein-
stein’s investigation of the atomic the-
ory of Brownian motion. The first part
is mathematical; an equation is de-
rived that describes the diffusion of a
suspended Brownian particle through
a fluid medium. The second part is a
physical argument, and it relates the
measurable rate of the diffusion of the
particle to other physical quantities,
such as Avogadro’s number and the
universal gas constant.

To express the diffusion of a particle
in the mathematical language of clas-
sical mechanics one generally must
know two things: the initial velocity .of
the particle and the magnitude and di-
rection of the impulses the particle
receives in a given time. Because a
Brownian particle undergoes about
1021 collisions per second, any effect its
initial velocity might have on its subse-
quent motion is overwhelmed by the
effects of molecular collisions in a
vanishingly short time. It is also hope-
less to describe the impulses individ-
ually. Einstein therefore abandoned a

straightforward mechanical descrip-
tion of the diffusion of a Brownian par-
ticle. Instead he introduced a probabi-
listic account.

In order to derive Einstein’s result it
is useful to imagine a small volume
having any arbitrary shape within the
region accessible to the diffusing parti-
cles. The rate at which the concentra-
tion of diffusing particles changes with
time is equal to the flow into the region
less the flow out. Each flow depends on
the flux of particles, or flow per unit
area. The flux of particles in a fluid
from point to point is directly pro-
portional to the difference in the con-
centrations of the particles at the two
points. The coefficient of proportional-
ity is called the diffusion coefficient, or
D, and its value must be determined
experimentally. The relation between
flux and the rate of change in the con-
centration is known as Fick’s law, after
Adolph Fick.

The mathematical formulation of
this physical state of affairs leads to a
differential equation called the diffu-
sion equation. The equation can be
solved if the initial position of the dif-
fusing substance and the boundaries of
the space accessible to the substance
are specified. The solution is a mathe-
matical expression that gives the con-
centration of the diffusing substance at
every point in the space for every time.
For example, if the diffusing substance
is initially concentrated on the surface
of a permeable membrane that divides
a box in two at its center, the solution
of the diffusion equation is a family of
bell-shaped curves. The center of each
curve coincides with the center of the
box, and as time passes the curve be-
comes broader and flatter [see illustra-
tion on page 72].

Particle Displacement

There is another way to interpret
each bell-shaped curve. Every point on
the curve can be considered the prob-
ability density for the diffusion of a
single Brownian particle from the cen-
tral membrane in the box. The choice
of the metaphorical term probability
density is appropriate because the den-
sity of an ordinary substance multi-
plied by its volume is the amount of
the substance. Similarly, the proba-
bility density multiplied by an appro-
priate measure gives rise to a probabil-
ity. For the bell-shaped curve the ap-
propriate measure is length instead of
volume: it is the distance between two
points along the horizontal axis of the
graph. The product of that distance
and the average height of the bell-
shaped curve in the interval between
the two points is a probability.

The probability that the Brownian
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particle will be found in a given region
of the box at a given time is the area
under one of the bell-shaped curves
between two vertical lines. Each verti-
cal line passes through one of the two
points on the horizontal axis that cor-
respond to the boundaries of the given
region in the box. According to this
interpretation, the solution of the dif-
fusion equation is not an expression
that gives the distribution of particle
concentrations; instead the solution is
a probability distribution.

A convenient probabilistic measure
of the displacement of a Brownian par-
ticle is the root-mean-square displace-
ment. The easiest way to understand
the root-mean-square displacement is
to consider the diffusion of a large
number of Brownian particles. The
displacements of all the particles are
measured at some time ¢ and squared,
the square root of the average of all
the squared displacements is the root-
mean-square displacement at time 7.
The probability that a Brownian parti-
cle diffuses at most as far as the root-
mean-square displacement away from
the central membrane in the box is .68;
the probability that it travels more
than twice as far as the root-mean-
square displacement is less than .05.

The root-mean-square displacement
of a Brownian particle diffusing away
from the membrane in the box is
v/2Dr, where D is the diffusion coeffi-
cient and ¢ is the time. Thus if a particle
diffuses on the average one centimeter
in one second, it will require four sec-
onds to diffuse two centimeters and
nine seconds to diffuse three centime-
ters. Other initial conditions on the dif-
ferential equation for diffusion give
rise to similar solutions; in fact, Ein-
stein was able to predict that the radial
displacement of a particle diffusing in
any direction away from a central
point “is not proportional to time but
proportional to the square root of
time.” The result follows, he asserted,
“from the fact that the paths described
during two consecutive time intervals
are not always to be added, but just as
frequently have to be subtracted.”

The Measurement of Diffusion

This prediction made possible the
first serious test of Einstein’s expres-
sion for the probability distribution
for the displacements of a Brownian
particle. The French physicist Jean
Baptiste Perrin and his students fol-
lowed the movement of a nearly spher-
ical Brownian particle and recorded
its position at equal intervals of time.
After repeating the experiment many
times, they plotted the mean-square
displacement against time. The graph
they obtained was a straight line; the
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NONUNIFORM CONCENTRATION of Brownian particles in a box (color) gives rise to
a force of diffusion that drives the particles in the direction of lower concentration. In the
upper illustration the concentration of the particles at a given time is plotted against dis-
tance. The rate of change in concentration from point to point along the box is given by the
slope of the line connecting the two points on the curve that correspond to the two points on
the box. The average flux of particles across any thin section of the box is proportional to
the rate at which the concentration of the particles changes with distance; hence the flux is
proportional to the slope of the line that connects the two points on the concentration curve
corresponding to the boundaries of the thin section. Flux is also equal to the average concen-
tration of the moving particles across the thin section multiplied by their average velocity.
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GRAVITY

EQUILIBRIUM DISTRIBUTION of Brownian particles in a gravitational field arises from
.adynamic balance between gravity and the force of diffusion driving the particles from the
higher concentration at the bottom of the column to the lower concentration at the top.
Across any given slice of the column the average velocity of the particles moving down-
ward under gravity is equal to the average velocity of the particles diffusing upward. The
upward velocity is proportional to the rate of change in the concentration of the particles
with height (see top illustration on this page). If one assumes that the particles form a so-
called ideal gas, it is mathematically straightforward to derive an algebraic expression for
the weight of an atom or a molecule in terms of experimentally measurable quantities.
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slope of the line was D, the diffusion
coefficient.

The experimentally determined val-
ue of D is the one new quantity intro-
duced in Einstein’s theory that makes
it possible to measure the size of the
atom. Imagine that microscopic gran-
ules or Brownian particles have been
suspended in a vertical column of still
air [see bortom illustration at left]. Be-
cause the granules are subject to the
force of gravity, they tend to fall to the
bottom of the column. As their con-
centration increases near the bottom
of the column, however, the concen-
tration difference between the top and
the bottom tends to drive the granules
toward the top of the column, where
the concentration of granules is rel-
atively low. When equilibrium has
been established, the distribution of
the granules reflects a balance between
the downward pull of gravity and the
upward push of diffusion.

The viscosity of the air prevents the
granules from being continuously ac-
celerated downward by gravity. In-
stead they reach a certain terminal ve-
locity and then drift downward at a
constant speed, which is equal to the
force of gravity on each particle divid-
ed by the viscosity. Because viscosity
changes with the increase in air den-
sity, the terminal velocity varies with
height, but that complication can be
eliminated by considering only the ve-
locities of particles at some arbitrary,
given height. At equilibrium the num-
ber of granules drifting down past the
given height on the column must be
matched by the number of granules
drifting up. Consequently at the given
height the average velocity of a gran-
ule moving up the column must be
equal to the terminal velocity of the
downward-moving granules.

The flux of the diffusing granules is
equal to their average velocity divided
by the volume of the small cloud of
granules that crosses the given height
on the column of air in a short time.
Flux can therefore be expressed as the
product of the velocity of the diffusing
granules and their concentration C at
the given height. Since the flux is also
equal to the product of D, the diffusion
coefficient, and the rate at which the
concentration of the granules is chang-
ing with height, the average velocity of
a granule diffusing up the column is
equal to D/ C multiplied by the rate of
change in concentration with height.

The Mass of the Atom

The rate of change in concentration
varies directly with the rate at which
the pressure of the granules is chang-
ing with height, and the constant of
proportionality is derived from the law



of ideal gases: it is equal to Ny/RT.
where Ny is Avogadro’s number, R is
the universal gas constant and 7'is the
absolute temperature of the gas. The
appearance of Avogadro’s number at
this stage in the argument follows
purely from the law of ideal gases,
but when Einstein gave his argument,
it was still an imprecisely measured
quantity. Its introduction in this con-
text made it possible to link two prop-
erties of fluids that had previously
seemed unrelated: the motion of a par-
ticle through a viscous medium and
the so-called osmotic pressure that is
exerted by a dissolved substance con-
fined by an outside force to a small
region within a fluid.

The rate at which the pressure is
changing with height at any given
height is the product of the concentra-
tion of granules in a thin layer just
above the given height and the force of
gravity on each granule. By setting the
velocity of a diffusing granule equal
to the terminal velocity of that gran-
ule moving under gravity, a straight-
forward algebraic manipulation gives
Einstein’s expression for the diffusion
coefficient: D= RT/fN,, where f is
the viscosity of the air. From this equa-
tion the value of Avogadro’s number is
RT/Df, or the product of the univer-
sal gas constant and the absolute tem-
perature, divided by the diffusion coef-
ficient and the viscosity.

A numerical determination of Avo-
gadro’s number is tantamount to a
measurement of atomic dimensions.
The first person to exploit Einstein’s
result for this purpose was Perrin, and
so Perrin can be said to be the first to
weigh the atom. The viscosity fcan be
measured in many ways, say by meas-
uring the mean velocity of a particle
falling through a fluid. The universal
gas constant R is determined by meas-
uring the temperature and the pressure
of a known quantity of gas confined to
a known volume. Since Perrin had al-
ready measured D and since 7' is meas-
ured by a thermometer, the value of
Avogadro’s number can be calculated.
It is roughly 6 X 1023,

In view of the number of assump-
tions that were made by Einstein it
is remarkable that Perrin’s value for
Avogadro’s number is within 19 per-
cent of its currently accepted value.
The magnitude of Avogadro’s number
leads directly to the mass of the atom
and the molecule. By definition the
mass of an elementary particle is the
weight of one mole of the substance
made up of such particles divided by
Avogadro’s number. For example, a
mole of oxygen gas weighs 16 grams.
The weight of a single oxygen mol-
ecule is therefore 16 /(6 X 1023), or
2.7 X 10-23 grams. The painstaking
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ENERGY DIAGRAM is plotted for a physical system having two states, 4 and B, for
which the potential energy is at a minimum with respect to closely neighboring states. In
the absence of thermal fluctuations, if the system were to occupy either state 4 or state B, it
would remain trapped there indefinitely. If every physical state is accompanied by random
fluctuations, however, there is a finite probability that the system will not remain in any
locally minimum state. For example, a system in state 4 may cross the energy barrier and
reach state B, and a system in state B may reach state 4. By comparing probabilities for the
two transitions the relative stability of the two locally minimum states can be compared.

work that led to this calculation and
similar ones was the final blow to those
who remained skeptical about the
atomic theory. Perrin was awarded the
Nobel prize in physics in 1926.

Thermodynamics

What I have said so far about Ein-
stein’s theory of Brownian motion
does not do it full justice. Not only did
it verify the physical existence of at-
oms but also its spectacular success es-
tablished statistical mechanics as the
base on which all the laws of thermo-
dynamics had to stand or fall.

Given the size of Avogadro’s num-
ber and the minuteness of the atom, it
is not hard to understand why it was
possible even before the development
of statistical mechanics to state phe-
nomenological, or macroscopic, ther-
modynamic laws that were approxi-
mately correct. According to the law
of large numbers, large fluctuations, or
deviations, from average behavior in a
macroscopic system of 1023 particles
must be rare. The smaller and com-
moner fluctuations predicted for mac-
roscopic systems were too small for
the relatively insensitive measuring de-
vices of the 19th century. Neverthe-
less, the statistical view of thermody-
namics implied fundamental revisions
to the phenomenological thermody-
namic laws.

For example, the perpetual move-
ment of a particle undergoing Brown-
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ian motion contradicts the earliest,
phenomenological version of the sec-
ond law of thermodynamics. Accord-
ing to the phenomenological second
law, the temperature of everything in
some closed environment tends to shift
everywhere toward the same value;
when this equilibrium is reached, there
is no way for the thermal energy of the
environment to be transformed into
useful energy, or work.

Now, the temperature of a Brown-
ian particle suspended in water is the
same as that of the water, but the kinet-
ic energy of its constant jiggling must
be derived from the kinetic energy of
the water molecules. Because temper-
ature is simply a way of expressing the
translational kinetic energy of the mol-
ecules, the brief transfer of kinetic en-
ergy to the Brownian particle can be
accomplished only by a local cooling
of the water. Thus Brownian motion
shows that the state of completely uni-
form temperature presupposed by the
phenomenological second law is never
satisfied in nature. The definition of
thermodynamic equilibrium must in-
stead take account of small but persis-
tent, random fluctuations in the tem-
perature of a system.

The importance of such fluctuations
in physical systems in equilibrium was
first recognized by Einstein in 1910.
He developed a theory of fluctuations
by introducing statistical concepts into
thermodynamics. Phenomenological
thermodynamics simply codified the

79



repeated experimental observations
that energy is always being degraded,
in the sense that it becomes increasing-
ly difficult to extract for doing useful
work. In phenomenological thermody-
namics the measure of the degradation
of energy was called entropy, from the
Greek words meaning internal change.
According to the phenomenological
second law, the entropy of any system
always tends toward a maximum with
the passage of time.

In statistical thermodynamics the
definition of entropy was subtly al-
tered. According to the atomic theory,
all macrostates, or macroscopic, ob-

TIME = 1 SECOND

servable states of a system, including
the equilibrium state, arise from vari-
ous arrangements of atoms and mole-
cules. These arrangements are called
microstates. In any isolated experi-
mental system every microstate con-
sistent with a given macrostate is
equally probable. It is reasonable to
suppose the equilibrium state identi-
fied by the phenomenological second
law is the macrostate for which there is
the greatest number of microstates.
There are far more essentially in-
distinguishable microstates associated
with a disordered macrostate than
there are microstates associated with

TIME = 2 SECONDS
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an ordered macrostate. Hence if equi-
librium in statistical thermodynamics
was to continue to be the state of maxi-
mum entropy, entropy had to be rede-
fined as a measure of the disorder of a
physical system instead of the degra-
dation of its energy. The more disor-
der there is in the system, the more
microstates there are that collapse into
a single macrostate and the greater
the entropy of the macrostate is.

The precise relation between the en-
tropy of a macrostate and the number
of associated microstates was formu-
lated by Boltzmann in 1896. The en-
tropy is proportional to the logarithm

TIME = 3 SECONDS
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TEMPERATURE DIFFERENCE
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APPROACH TO EQUILIBRIUM TEMPERATURE of a rod
heated at one end (right) is mathematically analogous to the mo-
tion of a grain of sand moving through a liquid (/ef). The drag force
on the grain caused by the viscosity of the liquid is analogous to the
“force” that tends to restore the heated rod to a uniform tempera-
ture. The drag force is proportional to the velocity of the grain, and
so it diminishes continuously as the grain slows down. Similarly, the
force that tends to restore the equilibrium of the heated rod is pro-
portional to the temperature difference between the two ends; as
that difference diminishes, the restorative force is also reduced. Both
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processes can be shown graphically as smooth black curves (bottom).
Superposed on each process is a rapidly fluctuating force caused
by random molecular agitation. The fluctuating force on the grain
causes it to undergo Brownian motion about its linear path through
the liquid. On the rod the fluctuating force takes the form of tem-
perature fluctuations in small regions of the rod; relatively hot re-
gions are shown in color and cooler regions are shown in lighter col-
or and progressively darker shades of gray. The fluctuations are also
graphed as jagged colored lines that oscillate about the smooth black
curves; they are exaggerated throughout the diagrams for clarity.
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of the number of microstates; the
constant of proportionality, which is
called Boltzmann’s constant, is the uni-
versal gas constant R per atom, or
3.3 X 10-24 calorie per degree C.
The upshot is that in statistical ther-
modynamics the second law can no

longer be taken asabsolute truth. Since -

all the microstates of a system are
equally probable, there is a small but
finite probability that fluctuations will
bring about a highly ordered macro-
state. More precisely, the probability
that a spontaneous fluctuation will
lead to a decrease in entropy is propor-
tional to ¢, the base of the natural loga-
rithms, raised to a power equal to the
negative of the change in entropy di-
vided by Boltzmann’s constant. For
example, the probability of a sponta-
neous decrease in the entropy of one
mole of helium at zero degrees C. is
about 1/ 10%9. It is possible, although
extraordinarily unlikely, that all the
air molecules in a room will spontane-
ously collapse into a corner, leaving a
vacuum in the rest of the room.

The validity of phenomenological
thermodynamics is thus a reflection
of the fact that by ordinary standards
Boltzmann’s constant is an exceeding-
ly small number. Could one survive in
a world in which Boltzmann’s constant
was much larger than its present value?
Probably not: in such a world the in-
crease in the kinetic energy of each
atom for a given increase in tempera-
ture would be far greater than it is in
our universe. The probability that fluc-
tuations would lead to a reduction in
entropy would increase, and the spon-
taneous appearance of ordered physi-
cal systems would be far commoner on
a macroscopic scale.

Such a world would be similar to the
world one might experience if one
could shrink to the dimensions of a
Brownian particle. On that scale the
pressure, temperature and volume of
nearby matter fluctuate constantly.
Moreover, near the critical point of a
phase transition such as the one from a
gas to a liquid the random fluctuations
become increasingly large. To express
the probabilistic interpretation of the
laws of phenomenological thermo-
dynamics the late Maria Goeppert-
Mayer and Joseph Edward Mayer
borrowed from Gilbert and Sullivan:
“What never? No never! What never?
Well, hardly ever.”

Nonequilibrium Systems

The recognition that Brownian mo-
tion is a manifestation of the statistical
fluctuations among the microstates of
a thermodynamic system had even
greater consequences for the study of
nonequilibrium systems than it had for

systems in equilibrium. Atequilibrium
the order in which events take place is
immaterial: the fluctuations among
microstates hardly ever give rise to a
distinguishable macrostate. For sys-
tems that are not in equilibrium, how-
ever, the temporal order of events be-
comes important.

I have already implied that a statisti-
cal version of the phenomenological
second law of thermodynamics must
explain how nonequilibrium systems
evolve to a state of equilibrium. In oth-
er words, the second law must explain
in detail how ordered macrostates
spontaneously give rise to disordered
ones. Processes such as the scrambling
of an egg are temporally irreversible
and so they determine a direction in
time. In phenomenological thermody-
namics a set of laws based on empir-
ical studies was developed that de-
scribed the evolution of various irre-
versible processes from certain special
kinds of nonequilibrium state.

For example, if a metal bar is heated
at one end and the temperature differ-
ence between the two ends of the bar is
not too great, the rate at which the heat
energy tends to flow from the hot end
to the cold end is directly proportional
to the temperature difference. Thus as
the bar regains thermal equilibrium
the “force” driven by the temperature
difference decreases and the “flow,” or
rate of heat transfer, slows down. Simi-
larly, as 1 have already mentioned,
Fick’s law holds that the flow rate of a
diffusing gas from regions of high to
low concentration is directly propor-
tional to the force derived from the
difference in gas concentrations be-
tween the two regions. Both laws are
linear relations because although both
force and flow are constantly chang-
ing, the flow is always proportional to
the force.

In principle nonequilibrium thermo-
dynamics is not restricted to linear re-
lations between forces and flows. The
more a system departs from equilibri-
um, the more important are the non-
linear effects. There is no general way,
beyond trial and error, to formulate
laws that describe such effects. Never-
theless, a statistical understanding of
nonequilibrium systems that obey lin-
ear, phenomenological laws might also
lead to a better understanding of non-
linear effects. The mathematical treat-
ment of nonequilibrium thermody-
namics can be traced to an equation
describing the motion of a particle in
a viscous fluid that was formulated
by the French physicist Paul Langevin
in 1908.

Imagine that a small spherical parti-
cle, say the size of a marble, is pulled
through a fluid by some outside force.
Remember that the particle eventually
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reaches a terminal velocity that de-
pends on the viscosity of the fluid. The
viscosity generates a drag force, pro-
portional to the velocity of the parti-
cle, that acts in a direction opposite to
the direction of the motion of the parti-
cle and tends to slow it down. The en-
ergy of the forward motion is dissipat-
ed as heat, which gives rise to thermal
fluctuations in the fluid.

Imagine now that the size of the par-
ticle is a variable and that the size is
continuously reduced until it becomes
microscopic. A particle of macro-
scopic size would “feel” only the drag
force, and its motion would be essen-
tially unaffected by molecular bom-
bardment. As the particle gets smaller
the fluctuations become increasingly
noticeable until at last the particle acts
as if it were not affected by the mac-
roscopic drag force and undergoes
Brownian motion. Langevin’s equa-
tion combines both effects and applies
to a particle of intermediate size.

Langevin’s Equation

Langevin’s equation for motion
therefore has its roots in two worlds:
the macroscopic world represented by
the drag force and the microscopic
world represented by the fluctuating,
or Brownian, force. According to the
equation, the total force acting on the
particle is equal to the sum of the two
forces. The two forces can be inter-
preted as components of the total force

‘that act over different time scales.

Over a short time scale the dominant
force is the fluctuating force, which
varies rapidly. Over a longer time the
effects of drag begin to predominate.
The total force is equal to the mass of
the particle multiplied by the accelera-
tion caused by the two components,
which is the rate of change of the ve-
locity of the particle with time.

The Norwegian physicist Lars Onsa-
ger made the clever observation that
by a mere change in notation Lange-
vin’s equation could give a statistical
description of an irreversible process.
He suggested that the velocity of the
particle described in Langevin’s equa-
tion be replaced by the deviation of a
thermodynamic quantity from its equi-
librium value. For example, if a rod is
heated at one end, its deviation from
thermal equilibrium is likened to the
velocity of a particle. Furthermore,
Onsager proposed that the drag force
on the particle be replaced by the drift
of a thermodynamic system toward its
equilibrium state. Thus the thermody-
namic “force” driving the heated rod
back to equilibrium is compared with
the viscous drag on the moving parti-
cle. The resulting equation can then be
used to study the influence of thermal
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SYMMETRY BETWEEN PAST AND FUTURE is illustrated schematically by the tem-
poral path of a physical system through a series of physical states. Every point within the
boundary of the gray region represents a state of the system, and the equilibrium state is at
the point O. If the system is displaced to some nonequilibrium state U that corresponds to
the maximum entropy of the system on the boundary, it will almost surely evolve according
to the macroscopic laws of thermodynamics. These laws predict that it will pass through
some nonequilibrium state S, for which the entropy is not less than the entropy at U, and fi-
nally reach the inside of a small neighborhood of O (color). Once inside the neighborhood
the system will fluctuate almost endlessly about O. No matter how small the fluctuations,
however, their eventual, cumulative effect is to drive the system back to the nonequilibri-
um state S. The system then makes its way to the point U on the boundary. If the system is
left to itself, the last leg of the journey from S to U almost always follows a path within
an infinitesimally small cylindrical tube that encloses the path taken earlier from U to S.

fluctuations on irreversible processes.

Onsager’s mathematical trick brings
out a deep analogy between the motion
of the particle and the decay of a non-
equilibrium state. Over a time longer
than the time needed for a fluctuation
to die out Onsager assumed the aver-

age course of decay was given by the

phenomenological laws of nonequi-
librium thermodynamics. The appear-
ance of a smooth flow of heat from the
hot end to the cold end of the heated
rod arises in much the same way as the
appearance of a smooth drift of a rel-
atively large particle in a liquid. In
each case the observations are made
over a small but finite interval, which
is nonetheless long enough for the
random fluctuations to cancel one an-
other. Only over a short time can one
detect the fluctuations superposed on
the smooth, average drift that is gener-
ally observed.

Time-reversed Evolution

Onsager’s assumption about the av-
erage course of a system toward equi-
librium appears to be entirely rea-
sonable, for otherwise how could the
linear relations of nonequilibrium
thermodynamics emerge from a more
detailed statistical description? Never-
theless, it turns out to be restrictive, for
it limits his theory to the study of sys-
tems whose fluctuations are distribut-
ed according to a bell-shaped curve. In
other words, the small fluctuations in
the temperature of the rod away from
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the average values given by the phe-
nomenological law of heat transfer
must be distributed in the same way as
are the displacements of a large num-
ber of Brownian particles from a given
point at a given time.

What happens if the distribution of
the fluctuations is not assumed to be
bell-shaped? One can then proceed
from the reasonable although less re-
strictive assumption that any nonequi-
librium state of a physical system must
drift toward an equilibrium state that
is characterized by the vanishing of the
drift. According to this condition, the
equilibrium state need not be stable in
the usual, static sense. Instead the equi-
librium state is nothing more than the
state toward which all other states tend
to be restored. If the system is per-
turbed from equilibrium, it responds
by diminishing the size of the pertur-
bation in such a way that the initial
state of equilibrium is restored.

Such a definition of equilibrium rec-
ognizes that thermal fluctuations, no
matter how small they may be, can al-
ter the evolution of a thermodynamic
system. There must always be some
finite probability that the system will
go against the flow. No matter how far
some nonequilibrium state is from the
equilibrium state and no matter how
small the random fluctuations may be,
there is some probability that sooner
or later the system will reach the non-
equilibrium state.

A detailed mathematical analysis
gives an even more remarkable result.
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It turns out that the approach of the
system to the highly improbable, non-
equilibrium state tends to follow the
reverse of the path the system would
follow if it were somehow “placed”
in the nonequilibrium state and al-
lowed to drift back to equilibrium,
provided there is no interference from
outside the system. This antithermo-
dynamic, or time-reversed, evolution
is not slow and continuous but takes
place instead in leaps and bounds.
Given virtually unlimited time, the
growth and decay of thermal fluctua-
tions manifests a symmetry in past
and future that is oddly contrary to
the temporal asymmetry more com-
monly associated in thermodynamics
with the second law.

Mathematical Analogies

The mathematical apparatus devel-
oped to treat the fluctuations reflected
by Brownian motion can be applied in
essentially any discipline in which one
would like to estimate the effects of
a random variable. Random variables
arise frequently in the description of
many natural phenomena, primarily
because the values of such variables
are not known or hard to determine.
An early application was the filtering
of static, or random electromagnetic
noise, from a radar signal or a radio
broadcast. By analogy, similar mathe-
matical techniques are useful whenev-
er some kind of “noise” can be identi-
fied in a system whose evolution would
be determinate in the absence of the
noise. The problem is then to estimate
the influence of the random variable
on the final outcome.

For example, in the study of the dy-
namics of star clusters the motion of a
given star can often be sorted into two
components. One component is the
gravitational influence of the cluster
as a whole, and the other is the gravi-
tational influence of the local stellar
neighborhood. The influence of the
cluster as a whole varies smoothly
over time with the position of the given
star; it can be approximated by a sim-
ple expression for gravitational poten-
tial energy because the number of stars
that combine to make up the force is
quite large.

The influence of matter in the local
stellar neighborhood, however, sub-
jects the gravitational potential of the
given star to rapidly varying fluctua-
tions. Such fluctuations make the in-
stantaneous force acting on the star de-
viate from the force that would result
from the smooth gravitational poten-
tial energy alone. Analysis carried out
in the early 1940’s by Subrahmanyan
Chandrasekhar of the University of
Chicago makes it possible to calculate



the probability that the magnitude of
the gravitational force on the given
star lies between two given values.

Inecological systemsthere are many
cases in which randomly fluctuating
variables can influence long-term evo-
lution. Forecasts of population ratios,
for example, are based on sample
counts of various competing popula-
tions that have been made over many
years. Such counts vary with the meth-
ods employed by the census takers,
and the exact points of variation are
often difficult to assess. A more reli-
able forecast can be done by treating
such variations mathematically as a
fluctuating random variable. Similar-
ly, unpredictable fluctuations of gene
frequencies within an animal popula-
tion can lead to the fixation of a single
genotype, and the process can be best
understood by treating the fluctua-
tions as random events.

Economics and Navigation

Much more recently probabilistic
analyses based on the mathematics of
Brownian motion have been applied in
economics. Economists have applied
such techniques to describe the behav-
ior of stock prices, inflation rates, spot
rates of interest and other financial
variables. For example, the price of an
asset is controlled in part by the trad-
ing of options, which are contracts giv-
ing the right to buy or sell the asset
within a specified period. The price of
the asset can be expected to fluctuate
according to the number and the price
of options being traded, and the fluctu-
ation is superimposed on the price that
would presumably be determined by
pure market forces in the absence of
options. The aim, as always, is to pre-
dict the future price of the asset with
the highest confidence possible.

Given an estimate of the effects of a
random fluctuation, one would like
to control it. Again the mathematical
techniques developed in one discipline
have been found to generalize quite
readily. Statistical control similar to
that used for improving the reception
of radar signals during World War Il is
now employed by many systems that
sample continuous streams of data,
such as radio-navigation systems. It
has also been applied in the control of
the quality of mass-produced goods.

Although the physical Brownian
motion that gave rise to the mathemat-
ical theory is now well understood, the
development of mathematical analo-
gies is by no means complete. The his-
tory of such applications suggests that
Brownian motion will continue re-
appearing, in progressively abstract
form, to illuminate various disciplines
for many years to come.
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Reproductive Success in Red Deer

A 12-year study of more than 1,000 of these gregarious animals

in a nature reserve of the U.K. has revealed the determinants

of the lifetime breeding success among red deer stags and hinds

n a remote glen on the Scottish is-
I land of Rhum a red deer stag
stands among his hinds. He is in

his 10th year, and the large harem that
surrounds him on the close-cropped
turf is likely to be the last he will hold.
It includes hinds of several ages. Two
matriarchs graze at opposite sides of
the group. They are aged 15 and 13.
Each of these old hinds presides over
a large family of mature daughters
with whom they share the two square
kilometers of moorland, hillside and
valley bottom that make up their home
range. Between the matriarchs stand
their eight daughters, three with sleek
coats and rounded hindquarters and
no calf at foot. Five are with calves,
the angular silhouettes of the mothers

bearing witness to the heavy cost of

lactation. Two three-year-olds, which
will become pregnant for the first time
this year, graze the sides of a slight de-
pression in the dunes. Eight two-year-
olds, yearlings and calves are dispersed
throughout the group. Some 200 yards
away three yearling males, recently
separated from their maternal groups
by the harem master, graze uneasily,
not yet altogether accustomed to in-
dependence.

On the knolls above the harem a six-
year-old stag appears, black from roll-
ing in the peat bogs. He paces purpose-
fully toward the harem and then stops
and gives a series of coughing roars
more like a lion’s roar than the bugling
of the American elk. The harem mas-
ter replies, and for some 15 minutes
the two stags roar at each other repeat-
edly. Then, with slow and deliberate
steps, the challenger moves closer to
the harem and the master stag moves
out to meet him. They almost touch,
but then, as if by mutual consent, they
turn into a parallel walk, pacing tense-
ly a dozen meters apart.

Back and forth they go until the resi-
dent stag, identifying a potential ad-
vantage, runs up on a small hillock,
lowers his head and charges down on
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the challenger. The six-year-old imme-
diately lowers his head to bring his ant-
lers into play, and the two stags meet
with the dry click of antler on antler.
Both brace their front legs forward,
shoving hard with straining haunches.
They circle once. The young stag sud-
denly leaps forward, trying to thrust
the bigger stag sideways, but the resi-
dent braces his back legs and slowly
forces his opponent’s head up. With
a quick twist he turns the younger
stag’s head, throws him sideways and
charges at his exposed flank. The chal-
lenger turns and flees. For a few yards
the winner pursues; then he stops and
roars at his retreating rival before re-
turning to his hinds. They have shown
no interest in the struggle and have
continued to graze methodically. The
master will keep the harem at least un-
til the next challenge, but at his age his
fighting ability is already waning. Next
year the contest would probably have
a different outcome.

his interaction emphasizes a funda-

mental difference between males
and females that is found in virtually
all mammals where successful males
monopolize breeding access to several
females. Because approximately equal
numbers of males and females are
born, the ability of some males to hold
harems of from 10 to 20 females nec-
essarily means that within any given
year a large proportion of males will
not be able to breed. Hence competi-
tion for harems is intense and males
fight regularly for possession.

The situation is different for fe-
males. A hind’s breeding success is not
directly related to the number of mat-
ing partners. Instead it depends on the
number of offspring the hind can pro-
duce and rear in her lifetime. Because
the costs of gestation and lactation
are heavy, a female’s success is likely
to depend mainly on the food resour-
ces available to her.

The difference between males and
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females in the nature of competition
when males defend harems indicates
that the characteristics affecting breed-
ing success must also differ between
the sexes. Fighting ability, large body
size and highly developed weapons
will be important to males. In contrast,
there may be little advantage to fe-
males in fighting for widely dispersed
food supplies. Instead their success is
likely to depend mainly on the efficien-
cy with which they extract food from
their environment and convert it into
offspring. This conclusion need not im-
ply that their ability to displace other
females from feeding sites is unimpor-
tant, but it does imply that the abil-
ity to win fights is unlikely to have as
strong an effect on their breeding suc-
cess as it does on the success of males.

The differences in the determinants
of breeding success in males and fe-
males are likely to be sharper in polyg-
ynous species (where males monopo-
lize breeding access to several fe-
males) or in polyandrous ones (where
females monopolize breeding access
to several males) than in monogamous
species. In the monogamous species
competition among males and among
females is likely to assume more simi-
lar patterns.

The contrasting factors affecting re-
productive success in males and fe-
males are the ultimate cause of most
differences between the sexes. Except
among animals that breed coopera-
tively, selection will favor traits that
increase the individual’s breeding suc-
cess. Where a trait has a greater effect
on breeding success it is likely to be
more highly developed in that sex. For
example, in species where body size
affects the breeding success of males
more than that of females and the
costs of large size are similar for the
two sexes, males will be larger than fe-
males. The phenomenon is seen in red
deer and elks, where males are almost
twice as heavy as females. This argu-
ment also predicts that sex differences



RED DEER STAG is accompanied by his harem of hinds on the a challenging stag typically loses his harem and may not be able to
Scottish island of Rhum in the Inner Hebrides. The breeding success  regain it. One calf is visible in the middle of this group. The five
of red deer males increases with the size of their harem. Harem size  hinds are foraging on seaweed along the shore of the island. The
depends on the stag’s fighting ability: a stag that loses a fight with  size of a stag’s harem can range from one hind to as many as 20.

HAREM MASTER responds to a challenge from a younger stag  ter may perform a parallel walk so that they can assess each other at
by roaring. If the challenger continues to approach, he and the mas-  close range. Approximately 40 percent of such walks lead to fights.
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generally should increase with the de-
gree of polygyny or polyandry.

If differences in the determinants of
reproductive success lie at the root of
most sex differences in morphology
and behavior, an understanding of the
factors affecting breeding success in
males and females should help to pre-
dict and explain differences between
the sexes. To work out the causes of
variation in breeding success in males
and females is not easy, however.
What matters, of course, is the individ-
ual’s success over its entire lifetime.
Yet even the number of offspring
reared may not be a good measure of
success, since offspring born in large
litters may have a lower chance of
breeding successfully. The number of
grandchildren would be a better meas-
ure of an individual’s success, but the
logistic problems associated with as-
certaining that number among wild an-
imals are enormous. There are not
many species in which it is possible
to measure even the breeding success
of individuals throughout a particu-
lar season, let alone the number of
each individual’s grandchildren.

Anexception is provided by the Scot-
tish red deer (Cervus elaphus), which

are usually regarded as belonging to
the same genus as the American elk.
Both sexes are easily visible in the
virtually treeless habitat of the High-
lands. With practice an observer can
learn to recognize individuals by facial
structure and coat pattern. The deer
have a short and predictable mating
season in October, when the stags de-
fend well-defined harems. The calves,
born the following June, can usual-
ly be caught, marked and weighed.
Moreover, both sexes have life spans
short enough (about 10 years for stags
and 12 for hinds) for human observ-
ers to be able to follow individuals
throughout their life.

hese are the reasons my colleagues

Fiona Guinness, Stephen Albon
and I at the University of Cambridge
have spent the past 12 years following
individuals on the Inner Hebridean is-
land of Rhum. At any one moment our
study area has about 300 red deer, but
over the course of the study more than
1,000 have passed through our pop-
ulation. In recent years the calves we
caught and marked in the early part of
the study have begun to complete their
life spans, and a picture is now emerg-

I
KILOMETERS

e 4

L

SCRESORT

ISLAND OF RHUM is the site of the 12-year study of red deer that has been made by the
author and his colleagues. The island, off the northwest coast of Scotland, is a National
Nature Reserve of the U.K. Study area is the northeastern section of the island (red box).
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ing of what determines breeding suc-
cess in males and females.

That success varies more among the
stags than among the hinds. The num-
ber of calves a stag fathers per year
ranges from none to about 10. (It falls
to six when oniy the calves that survive
for at least a year are considered.)

The differences in success would
be quite large if these contrasts were
maintained throughout a stag’s life,
but they are not. A stag’s breeding suc-
cess is strongly affected by his age and
usually peaks between the ages of sev-
en and nine years. At any given time
one can estimate a stag’s success by the
size of his harem, but the variation
in lifetime breeding success is smaller
than the large differences in harem size
within a season would appear to sug-
gest. Even the most successful stags
seldom father more than two dozen
surviving offspring during their life.

In contrast, the variation in breeding
success among hinds is greater than
one might suppose from the fact that a
hind has at the most one calf per year.
The reason is that the same hinds tend
to lose their calves throughout their
breeding period (from six to 12 years).
The number of surviving calves raised
by females during their lifetime ranges
from none to 10 and is closely related
to the number of their grandchildren.

An individual’s breeding success is
made up of three components: the life
span, the number of offspring pro-
duced per year and the proportion of
offspring that survive. The relative im-
portance of these components differs
markedly between the sexes. A hind’s
success depends partly on living a long
time but mostly on the proportion of
her calves that survive. Some hinds
produce a calf per year throughout
most of their life but never manage to
rear even one successfully.

Among stags, on the other hand, dif-
ferences in breeding success depend al-
most entirely on the number of off-
spring they sire per year between the
ages of six and 11. The differences in
survival among calves sired by differ-
ent stags are small, and the duration
of a stag’s life beyond the age of 11
has little effect on his lifetime breed-
ing success.

The factors that affect breeding suc-
cess also differ between stags and
hinds. The ability of a female to rear
her calves is influenced mainly by the
quality of her home range (which af-
fects her access to food resources), the
number of animals with which she
shares it (which determines the inten-
sity of competition for food) and her
social dominance (which affects her
priority of access to preferred feeding
sites). A hind inherits a home range
from her mother and shares it with her



sisters and other matrilineal relatives,
so that much of her breeding success
depends on the identity and size of
her family. Her dominance rank is re-
lated to her birth weight and her adult
weight: heavy calves grow rapidly and
develop into large, dominant females.

In contrast, the breeding success of
stags depends almost entirely on their
fighting ability. That in turn is related
to their body size and to their growth
during the first year of life. In red deer,
as in many other species where males
are substantially larger than females,
male growth is more severely affect-
ed by a shortage of food than female
growth. Partly for this reason and part-
ly because success in breeding varies
more widely among males than among
females, the breeding success of stags
is even more strongly influenced by
the dominance and body size of their
mother than the success of females. As
aresult the sons of dominant hinds are
more successful than the daughters,
whereas the daughters of subordinate
hinds outperform the sons.

he contrasting factors affecting the

breeding success of red deer stags
and hinds provide important insights
into the evolutionary origins of many
sex differences in morphology, physi-
ology and behavior. The reasons for
some sex differences are obvious. The
fact that size and fighting ability are so
important to red deer stags indicates
why they are nearly twice as heavy as
hinds and have developed such elabo-
rate weaponry in the form of antlers.
As this explanation predicts, sex differ-
ences in body size are greatest in deer
species where successful males hold
large numbers of females, as reindeer
and elks do. They are least in species
such as roe deer and muntjacs, where
the opportunity for males to breed po-
lygynously is small because adult fe-
males are widely distributed.

The contrasting factors affecting the
breeding success of males and females
also shed light on the origin of less ob-
vious differences between the sexes. In
many mammal species (including red
deer) juvenile males grow faster than
females but lay down less body fat,
forgoing the advantages provided by
reserves of fat for the advantages of
rapid early growth and large adult size.

These differences too vary systemat-
ically across species. Sex differences in
juvenile fatness are most pronounced
in polygynous species (in which other
physical differences are also greatest).
In less dimorphic species juvenile fat-
ness is about the same in males and
females. Among Chinese water deer—
the one species of deer whose females
are larger than males—the males are
fatter as juveniles.

JuLy

‘Hdv
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REPRODUCTIVE CYCLE of the red deer on Rhum is charted. The outer two rings depict
the cycle for hinds. The inner two rings relate to the cycle for stags. The breeding season is
in the fall, and more than 80 percent of the hinds conceive in October. By beginning to fol-
low the hind’s cycle in October (fop), one sees that the calf is born in June, as most red deer
calves are. Most of the calves are weaned six or seven months later if the mother conceives
again but not until about 18 months after birth if the mother fails to conceive in the second
fall. The outer ring of the cycle for stags shows the monthly state of the antlers. The inner
ring shows the clearly defined breeding season of the red deer, which is mainly in October.

Such male phenomena as larger size,
faster growth rates and reduced fat re-
serves must have their costs, otherwise
differences between the sexes would
increase continually. In red deer and
many other sexually dimorphic mam-
mals males have shorter lives than
females and are more likely to die
of starvation during periods of food
shortage or harsh weather. One of the
most spectacular examples on record
was in the reindeer population of St.
Matthew Island in the Bering Sea: a
population of more than 6,000 adults
crashed to 42 during the course of a
single winter, and only one of the sur-
vivors was a male.

Sex differences in survival are also
found among juveniles. Male red deer
as calves and yearlings are much more
likely than females to die during the
winter. In the early years of our study,
when the population density was fair-
ly low, no sex differences in juveniie
mortality were apparent, but as densi-
ty rose the situation changed. Now
some 60 percent of the males die dur-
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ing their first or second winter. For
females the rate is 30 percent.

Sex differences in the effects of early
growth on breeding success suggest
that mammalian mothers might be ex-
pected to treat sons and daughters dif-
ferently. The fact that early growth
and maternal investment in the form
of milk are likely to influence a male’s
breeding success suggests that moth-
ers would increase the number of their
grandchildren by devoting a greater
proportion of their reproductive effort
to their sons than to their daughters.
There is some evidence that they do so.
Male red deer calves are born about
half a kilogram heavier than females.
Similar differences are found in spe-
cies that produce litters.

Inasmuch as growth during the first
weeks of life is likely to affect the
breeding success of males more than
that of females, mothers might be ex-
pected to give more milk to their sons.
Male red deer calves on Rhum suckle
longer and oftener than females. High-
er suckling rates by juvenile males
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have been found in several other po-
lygynous mammals.

Our comparison of hinds according
to whether they had raised sons or
daughters shows that rearing sons en-
tailed the greatest costs in terms of the
mother’s subsequent reproductive suc-
cess. In any season about 25 percent of
the hinds fail to bear calves. Failure to

breed is largely a consequence of poor
body condition in the fall. In our popu-
lation 33 percent of the mothers that
rear sons fail to breed in the following
year, compared with 18 percent of the
mothers that rear daughters. The date
of conception is also related to the
hind’s condition in the fall. Hinds con-
ceive nearly two weeks later in the year

after raising a male than in the year
after raising a female.

The argument that mothers should
invest more heavily in sons to maxi-
mize the number of their grandchil-
dren does not necessarily apply to all
the individuals in a population. As
Robert L. Trivers of the University of
California at Santa Cruz originally

o

“(;, CHALLENGER
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HAREM MASTER </

o

CHALLENGE TO HAREM MASTER begins when a young stag
approaches him (7). The two stags usually roar at each other for
several minutes. If the challenger moves closer, the master goes out
to meet him. In most cases the next move is a parallel walk (2). Both
stags pace back and forth together, a few meters apart, for several
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minutes. If the challenger does not withdraw, one of the stags ini-
tiates a fight by turning and lowering his antlers (3). They lock ant-
lers and push (4). In this encounter the master finally wins by forc-
ing the challenger backward (5). In the end the challenger flees and
the master pursues for a few yards, continuing to roar at him (6).

© 1985 SCIENTIFIC AMERICAN, INC



pointed out, inferior mothers whose
poor physique makes them unlikely to
raise successful sons might be expect-
ed to desert their male progeny soon
after birth, conserving their resources
for subsequent attempts at breeding.
For example, subordinate hinds whose
sons are unlikely to breed successfully
might withhold milk from them.

Is this the case? If it is, the sons of
subordinate mothers should be more
likely than the daughters to die, where-
as no sex differences in survival should
be found between the sons and daugh-
ters of dominant animals. The red deer
data show precisely this pattern: 51
percent of the sonsborn to subordinate
mothers die within their first two years
of life, compared with 30 percent of
the daughters. No similar sex differ-
ence is found between the sons and
daughters of dominant mothers: 38
percent of their sons die within their
first two years of life, compared with
36 percent of their daughters.

Yet to desert offspring after they are
born carries a heavy cost, since
each one represents a large fraction of
a female’s lifetime breeding potential.
Mothers could increase their breeding
success by manipulating the sex ratio
before birth, ideally as close to concep-
tion as possible. The relation between
female rank and the breeding success
of male and female offspring leaves
little doubt that dominant mothers
would increase the number of their
grandchildren by giving birth to more
sons than daughters and that the re-
verse would be true for subordinates.

Does this happen? We compared
hinds allocated to three equal catego-
ries of rank. The comparison showed
that the sex ratio of calves lies at about
47 percent male for subordinates, 54
percent for middle-ranking hinds and
61 percent for dominant hinds. The
differences are consistent in all eight
cohorts of hinds for which we have
breeding data covering at least 75
percent of the life span. Furthermore,
across individual mothers the sex ratio
increases with the mother’s rank from
about 30 percent male calves to about
70 percent for the most dominant
hinds. The rank at which individuals
exceed the average sex ratio for the
population coincides closely with the
point at which sons are more success-
ful than daughters. A study of rhesus
monkeys in Puerto Rico has yielded
similar findings.

These are surprising results, because
research on a wide variety of domestic
birds and mammals has found that it is
impossible to manipulate the birth sex
ratio of progeny by selective breeding.
One possible explanation is that a con-
sistent sex-ratio variation can arise as a

HINDS BORN IN 1972 -
[ _ Al
YEARS FIRST INDIVIDUAL SECOND INDIVIDUAL THIRD INDIVIDUAL
(THI) (MOMC) (COLC)
|
1972 THII (CALF) | MOMC (CALF) | COLC (CALF)
1973 | THII (YEARLING) MOMC (YEARLING) COLC (YEARLING)
| |
1974 | THII (TWO YEARS OLD) | MOMC (TWO YEARS OLD) i COLC (TWO YEARS OLD)
1975 NO OFFSPRING NO OFFSPRING ﬁ su%t\/lfces '
CALF CALF (DIES 45 CALF (DIES
1976 | SURVIVES IN SUMMER) IN SUMMER)
|
| CALF CALF (DIES CALF
1977 df SURVIVES b IN SUMMER) SURVIVES
|
CALF (DIES CALF
1978 | THIIDIES IN SUMMER) R i SURVIVES
CALF (DIES IN
1979 ‘ Ay SECOND ﬂ SU%WIEES
| WINTER)
| CALF (DIES IN CALF
1980 | FIRST WINTER) | SURVIVES
CALF (DIES
1981 | NO CALF 43 IN SUMMER)
[ CALF (DIES IN CALF
1982 ﬁy SECOND d’ SURVIVES
WINTER)
1983 | CALF (DIES IN CALF
FIRST WINTER) SURVIVES
|
1984 | NO CALF NO CALF
TOTAL
SURVIVING 2 0 7
OFFSPRING

BREEDING SUCCESS OF HINDS is charted for three of the many females born on the
island of Rhum in 1972. A comparison of Momc with Colc shows how breeding success,
measured in terms of calves that survive to adulthood, can vary between red deer hinds. So-
cial rank is a factor in breeding success: Colc was relatively dominant, Momc subordinate.

response to individual differences in
the size or condition of the mother’s
body in populations where food is lim-
ited. Perhaps consistent trends are not
found in domestic animals because
they are maintained on an artificially
high plane of nutrition, so that differ-
ences in condition are small. Alterna-
tively, the ability to vary the sex ratio
in response to environmental changes
may have been lost in domestic ani-
mals as a result of artificial selection
over many generations.

Our research does not yet show
whether sex-ratio variation resulting
either from sex differences in mortal-
ity after birth or from variation in
the birth sex ratio is controlled by the
mother. One possibility is that young
males are generally more susceptible
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than young females to food shortage.
If they are, it would explain why the
sons of subordinate mothers are more
likely to die than the daughters. Com-
parisons of suckling between the sons
and daughters of subordinate hinds
have so far yielded equivocal results.

Another possibility is that subordi-
nate hinds may give birth to fewer sons
than dominant hinds because their
male offspring are more likely to die
before birth. Studies of several differ-
ent mammals show that the sex ratio of
aborted fetuses has a male bias.

A reduced survival of male fetuses,
however, would explain our results
only if all hinds conceived a male-bi-
ased sex ratio. As it is, dominants pro-
duce significantly more than 50 per-
cent males. Moreover, if the observed
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STAGS BORN IN 1972
YEARS FIRST INDIVIDUAL (BROC) SECOND INDIVIDUAL (YHOC)
IVIDUAL (BROC] | ) (
MEAN HAREM SIZE| CALVES SIRED |MEAN HAREM SIZE|  CALVES SIRED
| |
1972 CALF CALF
1973 YEARLING YEARLING
|
|
1974 TWO YEARS OLD TWO YEARS OLD
1975 THREE YEARS OLD THREE YEARS OLD
ONE NO CALVE
1976 NO HAREM NOCALVES | ol OoNE 0 s
R o AR oo
1977 NO HAREM NO CALVES ‘ o s ﬁ o A
ONE |  NOCALVES W e WO
1978 HIND | | »  HINDS M calves
|
| K. 4 v d TWO
| FOUR
1979 NO HAREM NOCALVES | o DS d ﬁ Ao
1980 it d THREE | ONE wrm Fue s T
@ HINDS | CALF | g HINDS p  CALVES
1981 ﬂ"&f TWO |  NOCALVES H’Mr m FvE TWO
HINDS | miep  HINDS e caves
i
1982 NOHAREM |  NOCALVES DIED
:
1983 DIED

BREEDING SUCCESS OF TWO STAGS is charted in terms of harem size and the esti-
mated number of calves sired per year. Harem size depends on a stag’s ability to win and
hold his harem in fights against all challengers. Fighting ability peaks at age seven to 10.
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AGE influences the breeding success of red deer stags; the ﬁghting ability of a stag increases
as he gets older but then declines when at the age of 10 he passes his prime. Age is less im-
portant among red deer hinds, where breeding success does not depend on fighting ability.
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trend appears because subordinate
mothers lose male fetuses during ges-
tation, subordinates should produce
fewer calves than dominants. Differ-
ences in fecundity between dominant
and subordinate hinds are too small to
account for the difference in sex ratios.

Our records of the life histories of
red deer on Rhum raise many
questions about the causes of repro-
ductive trends in mammals that will
be answered only by controlled exper-
iments under laboratory conditions.
Why are males more susceptible than
females to food shortages? Do moth-
ers really respond differently to male
and female offspring, or could differ-
ences in the rate of suckling be a result
of sex differences in demand? What
mechanisms are responsible for the
consistent male bias in birth sex ratios
found in many mammals? Do small,
subordinate hinds conceive more sons
than dominant hinds?

We are not likely to produce final
answers to any of these questions on
Rhum. Nevertheless, our research il-
lustrates the role that field studies of
the reproductive strategies of animals
in their natural environments can play
in suggesting the direction of research
inrelated fields. To cite one example, it
seems probable that attempts to ma-
nipulate the birth sex ratio experimen-
tally might have been more successful
if they had been carried out on animals
showing a pronounced sexual dimor-
phism and maintained in conditions
where food was limited.

In order to test many of the func-
tional explanations of sex differences
that have been suggested, future stud-
ies will need to examine the determi-
nants of breeding success in species
that do not conform to the general
trends. For example, zebras and spot-
ted hyenas, like red deer, breed polygy-
nously, but there is little difference in
size between male and female zebras,
whereas female spotted hyenas are
larger than males. Is the effect of body
size on breeding success similar in
male and female zebras? Does size af-
fect the success of female spotted hye-
nas more than that of males?

Studies of species with contrast-
ing breeding systems are also needed.
Are the determinants of breeding suc-
cess in both sexes usually more alike
in monogamous species than they are
in polygynous ones? How do they dif-
fer in polyandrous species? The chal-
lenge facing field biologists investigat-
ing these problems will be to find spe-
cies in which it is possible to measure
the breeding success of both sexes
throughout their natural life span and
to investigate the causes of difference
between individuals.
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Phased-Array Radars

Such a radar can track or search for objects without moving

its antenna. To steer the beam it relies on wave interactions

among signals from a multitude of small antenna elements

he ceaselessly turning radar dish,

sweeping its beam of microwave

radiation along the horizon in
search of distant objects, is a staple
of motion pictures and, in the form
of airport radar, of everyday experi-
ence. Yet in many of the most familiar
uses of radar, such as aviation, air de-
fense and intelligence, the mechanic-
ally steered dish is giving way to a
new kind of device. A flat bank of
small, identical antennas, each one
capable of transmitting and receiving
signals, takes the place of the concave
reflector, and even as its beam scans
expanses of sky the radar itself does
not move. Instead the signal is deflect-
ed from target to target electronically,
steered through the principle of wave
interference. This new technology is
known as the phased array.

The basic concepts of radar remain
unchanged in their new embodiment.
All radars function by emitting direct-
ed beams of radio energy. Most of-
ten the energy falls within microwave
bands, from 300 million to 10 billion
hertz, although some very-long-range
radars operate instead in the high-fre-
quency (HF) and very-high-frequency
(VHF) bands, respectively from three
million to 30 million hertz and from 30
million to 300 million hertz. Depend-
ing on the shape of the antenna, the
radiation forms a narrow, pencil-like
beam, suited for precise tracking, or a
dispersed, fanlike beam, best for sur-
veying broad areas of sky.

When the beam strikes an object, it
reflects. Provided that the energy of
the transmitted pulse, the sensitivity of
the antenna and the reflective quality
of the object are all sufficient, a detect-
able echo will return to the antenna.
Depending on the type of radar and the
kind of pulse transmitted, the echo
yields various kinds of information.

The direction from which the echo
returns gives the bearing of the object,
and if the radar transmits pulses of en-
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ergy rather than a continuous signal,
the lag between the transmission of a
pulse and its echo indicates the ob-
ject’s distance. Some radars are also
designed to gauge the Doppler shift of
the echo: the change in the frequency
of a signal that occurs when the source
(in this case the target) and the receiver
(the radar installation) are moving
with respect to each other. From the
Doppler shift such radars derive the
object’s velocity toward or away from
the antenna.

For a given distance the strength of
the echo gives some indication of the
object’s size. The word “indication” is
used advisedly; two objects of the
same size, if they are shaped different-
ly or made of different materials, will
return echoes that differ sharply in
strength. To get more precise informa-
tion on size some radars transmit pul-
ses so brief that they are physically
shorter than the targets they are likely
to strike, or “illuminate.” If a radar
emits energy for only a few billionths
of a second, the front of the pulse will
have traveled no more than a few feet
by the time the transmission is com-
plete. Such a pulse is shorter than, say,
an airplane. Radar signals reflect from
both the near and the far end of their
target; in the case of an extremely short
pulse the two reflections will result in
distinct echoes. The interval between
the echoes corresponds to the length of
the target.

s a conventional radar surveys
broad areas of sky it can gather
information about a large number of
objects. Inevitably, however, there is a
substantial lag between successive ob-
servations of individual targets. The
update rate, the rate at which a radar
takes new readings of a target, is for
most mechanically steered radars no
faster than the rate at which the radar
dish turns on its shaft. On an air-traffic-
control radar, for instance, the radial
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green stripe that sweeps around the
cathode-ray-tube display, leaving be-
hind it updated positions and other in-
formation about the aircraft within the
range of the radar, turns at the same
rate as the physically rotating radar
dish. The update rate of such radars is
typically only about once every six sec-
onds, and even advanced military ra-
dars rarely achieve update rates great-
er than twice a second.

There are circumstances that de-
mand more frequent readings of target
position and movement. A single me-
chanically steered radar can provide
continuous data on one or a few close-
ly spaced objects by tracking them, ro-
tating to match their movement. For
many military and intelligence purpos-
es, however—shipboard tracking of
several missiles attacking from dif-
ferent directions, for example, or the
close scrutiny of a number of separate
payload components in the test of an
intercontinental ballistic missile—each
of a large number of targets must be
watched continuously. Until recently
only groups of radars, each assigned to
one or several of the targets, could
serve that purpose. Today a single
phased-array radar can do what previ-
ously might have required a battery of
mechanically steered dishes. To give
a concrete example, a phased array
code-named the COBRA DANE, which
observes Soviet ballistic-missile tests
from its site on the edge of the Bering
Sea, can follow hundreds of targets
scattered through a volume of space
spanning 120 degrees in azimuth and
about 80 degrees in elevation. In effect
it watches them simultaneously, elec-
tronically redirecting its beam from
target to target in a matter of microsec-
onds (millionths of a second).

The electronic beam steering that
underlies such remarkable capacities
takes advantage of a simple physical
principle. When adjacent sources radi-
ate energy simultaneously at the same



PAIR OF PHASED ARRAYS make up a Janus-faced radar at
Otis Air Force Base on Cape Cod (top). Known as the PAVE PAwS
and built by the Raytheon Company, the installation is designed to
provide early warning of attacks by submarine-launched ballistic
missiles and to aid in tracking satellites. In contrast to the steerable
dishes of conventional radar, no part of the PAVE PAwS antenna
moves. Instead its beams are steered electronically by the interfer-
ence of the separate signals emitted by 1,792 radiating elements
on each 102-foot-wide face. The twin antennas, facing 120 degrees
apart, each capable of scanning 120 degrees of azimuth, combine
to give the radar the 240-degree field of view outlined on its com-
puter-synthesized display (/eff). Within that angle it can follow a
large number of objects almost simultaneously by electronically
shifting its beam from one target to another within a few millionths
of a second. At its 3,000-nautical-mile range the PAVE PAWS instal-
lation can detect objects with a frontal area of 10 square meters.
The light pen enables an operator to summon data about the tar-
gets to the screen and to change the information in the data files.
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frequency, the resulting wave patterns
will interfere. When two wave patterns
from separate sources are superposed,
their relative phase, a measure of the
relation between their waveforms, de-
termines how they will interact. If crest
coincides with crest and trough with
trough, the patterns will combine to
produce a strengthened sum signal, a
phenomenon known as constructive
interference. If the waveforms are out
of phase and their crests and troughs
do not match, destructive interference
will result: the two signals will yield a
weakened sum signal or will cancel
each other entirely.

A phased array is typically made up
of a flat, regular arrangement of radi-
ating elements; each element is fed a
microwave signal of equal amplitude
and matched phase. A central oscilla-
tor generates the signal; transistors or
specialized microwave tubes such as
traveling-wave tubes amplify it. If the
signals all leave the array in phase,
they will add up in phase at any point
along a line perpendicular to the face

ARRAY ANTENNA

1

! SOURCE

7
o N N O |

ANTENNA ELEMENT

of the array. Consequently the signal
will be strong, capable of producing
detectable echoes from objects that
lie in its path, along the array’s bore-
sight, or perpendicular axis, and with-
in a small angle to each side.

At greater angles to the boresight in-
dividual signals from different radiat-
ing elements must travel different dis-
tances to reach a target. As a result
their relative phases are altered and
they interfere destructively, weaken-
ing or eliminating the beam. Thus out-
side the narrow cone, centered on the
array’s boresight, in which construc-
tive interference takes place, objects
produce no detectable echoes. Because
of the characteristics of interference
patterns, the width of that cone is di-
rectly proportional to the operating
wavelength and inversely proportion-
al to the size of the array. With every
element radiating in phase, the beam
is in effect steered straight ahead.

Now suppose the signals from each
of the radiating elements are delayed
electronically by amounts that in-

TARGET ——>

ANTENNA ELEMENTS IN A PHASED ARRAY emit separate microwave signals.
When all the elements radiate precisely in phase, yielding wave crests that move forward in
step, the waves become superposed along the perpendicular axis of the array. They interfere
constructively to produce a strong sum signal, resulting in a beam directed straight ahead.
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crease steadily across the face of the
array. Each delay causes a signal to lag
a fraction of a wavelength behind the
signal from the adjacent element. A
change in the relative phases of the sig-
nals is the result. Now the zone in
which the individual signals add up in
phase to produce a strong sum signal,
capable of detecting targets, lies not
straight ahead, down the boresight of
the antenna, but off to the side in the
direction of increasing phase delay.
The angle of the beam reflects the
magnitude of the phase shift, the size
of the array and the wavelength of the
signals. Again the beam takes the form
of a slender cone surrounded by re-
gions of destructive interference. The
radar beam has been deflected without
a physical movement of the antenna.

When an echo returns from a target
that lies along this new, electronic
boresight created by the progressive
phase delays, the circuitry that delayed
the transmitted signal introduces a
new set of delays into the separate sig-
nals received at each of the radiating
elements. As the returning wave front
sweeps obliquely across the face of the
array, the elements that transmitted
last—those nearer the target—receive
the reflected pulse first. Therefore the
same set of delays that steered the
transmitted pulse brings all the echo’s
constituent signals back into phase,
ready for the processing that extracts
information about the target.

Phase-lag steering enables a typical
array to deflect its beam by as much as
60 degrees from its perpendicular axis,
giving it a field of view 120 degrees
across: a third of the way around the
horizon and, if the array face is tilted
sufficiently, from the horizon to well
past the zenith. Since the steering
entails no mechanical readjustments,
moving the beam through its full range
takes only a few microseconds. With
a computer calculating the proper
phase shifts for the desired beam an-
gles and controlling the delaying cir-
cuitry, aphased array such as the COBRA
DANE can track several hundred tar-
gets simultaneously.

he electronic hardware crucial to

phase-lag steering, the device that
creates the appropriate delay in the
microwave signal fed to each ele-
ment, is known as a phase shifter. The
phase shifter consists of precisely sized
cables or waveguides and works in
the following manner. Increasing the
length of cable through which a signal
must travel on its way from oscillator
or amplifier to radiating element intro-
duces a delay in the transmission of the
signal. In practice it is unworkable to
allow the length of cable feeding each
radiating element in a phased array to
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ELECTRONIC BEAM STEERING requires progressive shifts in
signal phase. Radiating in phase, every antenna element emits a
signal that propagates in all directions. Away from the array’s
boresight, or perpendicular axis, the crests and troughs of the sepa-
rate signals do not coincide (fop). In this direction the individual
signals are out of phase; the radar pulse is therefore weakened
through destructive interference and will not produce a detectable
echo from an object. To shift the region of constructive interference
toward the object, in effect steering the beam, the individual signals
are delayed by fractions of a wavelength. The result is a series of

i

phase shifts that increase across the face of the array. The phase-
steered signals now coincide at an angle to the boresight (middle),
interfering constructively to produce a strong signal. To deflect the
beam further the increment between successive phase shifts must
increase. To reduce the necessary circuitry the delays never exceed
a full wavelength; instead steep increases from zero delay to the
maximum phase shift of about one wavelength occur repeatedly
across the face of the array (botfom). The result is a beam in which
the crests of individual signals coincide at an extreme angle to the
boresight, resulting in constructive interference and a strong signal.
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be varied infinitely, yielding continu-
ously variable phase delays. Instead
the phase shifting proceeds in steps. A
hierarchy of cables, each a different
length, is attached to each element. A
particular combination of the cables is
switched into each circuit to achieve
the phase shifts necessary for the de-
sired deflection of the beam.

The coBRA DANE intelligence ra-
dar, for example, uses three-bit phase
shifters: phase shifters with three path
lengths. Each shifter contains three
lengths of stripline, a kind of wave-
guide that channels microwave energy
along a narrow copper strip centered
between two copper ground planes.
One of the striplines adds half a wave-
length to the path of the signal, about
six inches, at the COBRA DANE’s operat-
ing frequency of about a gigahertz
(one billion cycles per second). It thus
introduces a phase shift of 180 degrees
with respect to an undelayed signal.
Another stripline delays the signal by a
fourth of a wavelength, for a phase
shift of 90 degrees, and the third is
equivalent to an eighth of a wave-
length, or a 45-degree phase shift. In
combination the three striplines can
change.the phase of a signal by any
multiple of 45 degrees, from zero to
315 degrees.

Stepped phase delays would seem to
imply blind spots. How can a mere
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TIME DELAYS keep a very brief radar pulse, needed to determine
the size of an object, from being stretched and distorted when it is
transmitted at a sharp angle to the boresight of the array. A five-
nanosecond (five billionths of a second) pulse measures about five
feet from beginning to end when it is aimed straight ahead, but when
it is deflected sharply through phase shifts, represented by multiples
of D (the delays in the individual waveforms are omitted for clari-
ty), it may become stretched to several times that length (/eft). Pro-
gressive delays, represented by multiples of 7 and amounting to
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eight possible phase delays, at inter-
vals of 45 degrees, result in a contin-
uously steerable radar beam? The an-
swer is inherent in the characteristics
of interference patterns. Each time the
difference in phase between the signals
radiated from opposite sides of the ar-
ray is increased by 360 degrees, or one
wavelength, the region of constructive
interference that makes up the beam
will move by approximately its own
width. To shift the perpendicular beam
that results when all the signals are in
phase to a contiguous position, leaving
no intervening blind spot, the total
phase shift across the face of the array
must be about 360 degrees.

Whether the individual phase shifts
increase steadily across the array face
or in steps of 45 degrees is unimpor-
tant; coarser increments merely re-
sult in a slight drop in beam strength
and in antenna sensitivity. To achieve
finer steering an antenna equipped
with three-bit phase shifters can make
use of smaller total phase changes:
180 degrees, for example, in four steps
of 45 degrees.

If the beam is to be deflected by
more than its width from the perpen-
dicular, the total phase change across
the array face must increase beyond
360 degrees. Because of the periodic
character of electromagnetic waves, a
phase shift of multiple wavelengths is
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equivalent to a 360-degree shift. For a
total phase change of more than 360
degrees the linear increase in phase de-
lay from zero to 360 degrees must be
repeated a number of times across the
face of the array. The first series of
phase lags shifts the phase by a total of
one wavelength; the second increases
it from one wavelength to two wave-
lengths, and so on. A graph of phase
lag versus distance across the array
face would resemble a series of saw-
teeth; the steeper their sloped sides are
and the greater their number is, the
sharper the beam deflection will be.
Simple geometry shows that the ef-
fective area of the antenna decreases
with increasing steering angle. As are-
sult the sensitivity of a phased array to
echoes returning from a target drops
rapidly at angles beyond about 60 de-
grees away from the array’s perpendic-
ular axis. By itself a phased array can-
not match the ability of a mechanically
turned dish to scan in all directions.
One solution is to link a number of
arrays facing in different directions.
Another means of expanding the cov-
erage of a phased array is to mount
the array horizontally under a domed
lens that refracts the beam, an arrange-
ment that increases its angular deflec-
tion. When the array produces a beam
aimed 60 degrees from the zenith, the
lens might bend it further until it trav-
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many times the lags used for phase steering, preserve the pulse’s
shape and dimensions (middle). To avoid the complexity of sepa-
rate time-delaying circuitry for each of hundreds or thousands of
antenna elements, many phased arrays are divided into subarrays,
each one steered through phase shifting. At sharp steering angles
the subarrays produce distorted signals, but they are coordinated
through time delays so that the distortion is not compounded
across the face of the array. The dimensions of the pulse remain
fairly accurate and fewer time-delaying circuits are needed (right).



els at right angles, straight toward th¢
horizon. The lens thus gives the array
the capacity to survey the entire hemi-
sphere of sky. Such a lens can con-
sist of a specialized ceramic or plastic
that refracts microwaves; it can also
take the form of a second set of phase

shifters, preset to introduce addition- -

al phase lags into the signal they re-
ceive from the array.

hen phase steering is used to di-

rect a brief pulse of radar energy
at a large angle with respect to the
boresight of the array, the emerging
pulse is inevitably distorted: stretched
in time and space. Assume an antenna
transmits a pulse lasting for five nano-
seconds (five billionths of a second). If
the radar is steered straight ahead, the
pulse that leaves the antenna has a
rectangular cross section, its breadth
equal to the width of the array and its
length equal to the distance electro-
magnetic waves travel in five nano-
seconds, about five feet. If, on the other
hand, phase shifting has sharply de-
flected the beam from the boresight of
the array, the pulse will take the shape
of a parallelogram. From the perspec-
tive of a target the length of the pulse
will be greater than five feet since its
component signals, instead of striking
simultaneously, will reach the target in
a sequence. The echo that returns will
also be stretched.

For detecting and tracking targets a
radar ordinarily transmits much long-
er pulses—1,000 nanoseconds long, for
example—and a few nanoseconds’ dis-
tortion is of little consequence. The
stretching has little effect on the capac-
ity of the radar to glean information
about position and velocity from the
echo. A brief pulse must be transmit-
ted, however, to resolve objects travel-
ing in close formation. A brief pulse
is also crucial in radars designed to
gauge the size of a target from the dis-
tinct reflections that return from its
fore and aft surfaces when it is illumi-
nated by an extremely short pulse. If a
brief transmitted pulse is stretched suf-
ficiently, echoes that might otherwise
be distinct can merge, obscuring such
information.

A procedure similar to phase-lag
steering overcomes this difficulty by
preserving the shape of the pulse. In
phase steering it is necessary to delay
signals by only fractions of a wave-
length; the delays necessary to avoid
pulse stretching are equivalent to mul-
tiple wavelengths. In effect the individ-
ual signals are given head starts pro-
portional to their distance from the
target; the effect is the same as if the
array were rotated to place the target
on the boresight. The process is known
as time-delay steering; like increment-
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PHASE SHIFTER routes the microwave signal that is supplied to each antenna element
through cables of varying length. The cables delay the signal, thereby shifting the relative
phase of the output. Because microwaves, like all electromagnetic radiation, travel at a
fixed speed, the delay each pathway creates is proportional to its length. The illustration
shows the three basic delays each phase shifter can introduce. The shortest of its three
pathways results in a delay of 45 degrees, or an eighth of a wavelength (zop). If that
pathway is bypassed and the next pathway is switched in, the phase shift is 90 degrees, or
a quarter of a wavelength (middle). The longest of the three pathways yields a delay of 180
degrees, or half a wavelength (bottom). Combinations of the pathways can produce phase
shifts, in increments of 45 degrees, of up to 315 degrees. For each steering angle of the
radar beam the central computer calculates the proper phase delay for each of the ra-
diating elements and switches in the appropriate combination of phase-shifter pathways.

al phase lags, it yields a signal at the
desired steering angle that is coherent
and therefore strong.

Such long delays, the equivalent of
many feet of signal travel, require that
proportionate lengths of cable be in-
corporated into the path the signal fol-
lows from the oscillator or the amplifi-
er to the radiating element. A large
phased array can include many thou-
sands of radiating elements; if each of
them incorporated time-delay circuit-
ry, an enormously elaborate and ex-
pensive radar installation would re-
sult. Radar designers instead strike a
compromise between accurate pulse
shape, even at high deflection angles,
and engineering simplicity. The result
is an array steered by both phase shift-
ing and time delays.

In the coBrA DANE, for example,
each of the 15,360 radiating elements
is linked to a three-bit phase shifter;
hence each of the signals is phase-shift-
ed individually. In searching for tar-
gets the radar transmits 1,000-nano-
second pulses and is steered only by
means of phase lags. Since the purpose
of the radar is to monitor Soviet ballis-
tic-missile tests, however, it must gath-
er information on size once it has lo-
cated an object. To that end its anten-
na is organized into 96 subarrays, or
blocks, of 160radiating elements each.
Once the radar has detected a target
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it begins to transmit extremely short
pulses, and time delays are introduced
into the signals fed to each subarray.
The time-delay circuitry is a larger an-
alogue of the phase shifters: it consists
of coaxial cable in a range of fixed
lengths, any combination of which can
be switched into the circuit to achieve -
time delays of from one wavelength to
64 wavelengths—about 64 feet, at the
COBRA DANE’s operating frequency of
about a gigahertz.

Because the subarrays measure only
about nine feet across, in contrast to
the 95-foot diameter of the complete
array, the distortion that arises within
each subarray at sharp steering angles
is moderate. Each produces a signal in
the shape of a parallelogram, but those
signals are summed through time-de-
lay steering, and so their individual
distortion is not compounded. The re-
sult is reasonable preservation of the
shape of the pulse, and the need to use
only 96 time-delay units rather than
15,360. In terms of material, time-de-
lay steering in the COBRA DANE requires
only about a mile of additional cable
rather than the 100 miles that would
otherwise be needed.

he replacement of a single, mov-
able antenna with an immobile ar-
ray of radiating elements can offer
more mundane advantages than elec-

99



"Are you ready
to do statistical
analysis on
your Apple I1?"

—Virginia Lawrence, Ph.D.
Chief Executive Officer

BALES FOM 4 SeLES TERME

T -

i
[E]

3
S~ /
—

TEarS

SRLES (v166E)

You can easily do professional statistics
with THE STATISTICS SERIES™ for Apple Il
with 48K, 1 or 2 disk drives, DOS 3.3, ROM
Applesoft.

STATS PLUS $200

Complete General Statistics Package
Research Data Base Management
Count, Search, Sort, Review/ Edit

Add, Delete, Merge Files

Compute Data Fields, Create Subfiles
Produce Hi-Res Bargraphs, Plots

1-5 Way Crosstabulation

Descriptive Statistics for All Fields
Chi-Square, Fisher Exact, Signed Ranks
Mann-Whitney, Kruskal-Wallis, Rank Sum
Friedman Anova by Ranks

10 Data Trdnsformations

Frequency Distribution

Correlation Matrix, 2 Way Anova

r, Rho, Tau, Partial Correlation

3 Variable Regression, 3 t-Tests

ANOVAIII $150
Complete Analysis of Variance Package
Analysis of Covariance, Randomized Designs
Repeated Measures, Split Plot Designs
1to 5 Factors, 2 to 36 Levels Per Factor
Equal N or Unequal N, Anova Table
Descriptive Statistics, Marginal Means
Cell Sums of Squares, Data File Creation
Data Review/Edit, Data Transformations
File Combinations, All Interactions Tested
High Resolution Mean Plots, Bargraphs

REGRESS |l
Complete Multiple Regression Series
Stepwise, Simultaneous Solutions
Forward, Backward Solutions
Auto Power Polynomial Solutions
Data Smoothing, Transformations
Correlation and Covariance Matrices
Residuals Analysis, Partial Correlation
Research Data Base Management
Count, Search, Sort, Review/Edit
Add, Delete, Merge Files
Curve Fit, Hi-Res X-Y Plot

iSE,

HUMAN SYSTEMS DYNAMICS

To Order— Call
Toll Free (800) 451-3030
In California (818) 993-8536
or Write
HUMAN SYSTEMS DYNAMICS
9010 Reseda Bivd. Suite 222/Dept. SCA

= Northridge, CA 91324

Dealer Inquiries Invited

$150

100

tronic steering. Reliability is one of
them. A fixed array does not depend on
fallible mechanical components such
as bearings and motors. Furthermore,
most mechanically steered radars use
one or at most a few very large micro-
wave tubes to amplify their signal. To
take one example, the Marconi Mar-
tello, a British-made air-defense radar,
is built around a single tube with a
power output of about three mega-
watts. If the tube fails, the system fails
with it. Such defense and intelligence
radars, however, can switch quickly to
auxiliary sources of power.

The COBRA DANE, in contrast, is pow-
ered by 96 tubes, each of which pro-
duces 160 kilowatts of power. The out-
put of each tube passes through a di-
vider and thence to the 160 radiating
elements of one subarray. Tube failure
in the COBRA DANE therefore incapaci-
tates only one ninety-sixth of the array,
leaving the radar as a whole still func-
tional, at slightly reduced perform-
ance. Moreover, the smaller tubes are
easier to replace than the single large
tube of the Martello radar.

Solid-state phased arrays can deliver
still higher levels of reliability and
ease of maintenance. The radars code-
named PAVE PAWS, which are designed
to detect sea-launched ballistic mis-
siles from vantages on Cape Cod and
in California and from planned sites
in Georgia and Texas, generate their
power using transistors. Four 100-watt
transistors are hooked in parallel in a
separate module driving each radiat-
ing element. Thus on each of the twin
PAVE PAWS antenna faces the job of
amplifying the signal is divided among
the 1,792 antenna elements rather than
among 96 tubes, so that the effect of a
single failure on the performance of
the radar is smaller still. Moreover, the
mean time between failures for a sol-
id-state module is considerably long-
er than that for a COBRA DANE tube:
100,000 versus about 20,000 hours.
When the foot-long, 28-volt modules
do fail, they are much easier to replace
than the CoBRA DANE’s five-foot-high,
40,000-volt tubes.

In the PAVE PAWS, as in many solid-
state radars, the amplification takes
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PULSE CODING AND COMPRESSION enable a radar to transmit a long pulse but
obtain size and distance information that is as accurate as when a short pulse is used. A
short pulse usually requires impractically high transmission power for adequate range. In
| pulse coding a very brief signal consisting of a range of frequencies passes through a

dispersive delay line in which its components are delayed in proportion to their frequency.
In the process the pulse is stretched; for example, a five-nanosecond pulse might be
lengthened by a factor of 200,000 to a duration of one millisecond. It is then amplified and
transmitted; an echo returns from the target and is itself amplified. A pulse-compression
line retards the echo by amounts that vary inversely with frequency to reduce the signal to
its original five-nanosecond length. The compressed echo yields all the information that
would have been available if an unaltered five-nanosecond pulse had been transmitted.
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place after the signal has been divid-
ed among the antenna elements and its
phase has been shifted. As a result the
power losses that result when an am-
plified signal passes through divider
and phase-shifter circuitry are elimi-
nated. For this gain in efficiency, how-
ever, and for all the other advantages
of solid-state technology, there is a
trade-off: in general, solid-state circuit-
ry yields lower peak powers than those
available to a tube-powered radar.
Emitations on signal power have add-

ed to the importance of techniques
known as pulse coding and pulse com-
pression, which enable a radar to sim-
ulate a brief, high-powered pulse by
emitting less powerful signals for a
longer period of time. That capacity
is important even for high-powered
tube radars, both mechanically steered
dishes and phased arrays, in gleaning
certain kinds of information about dis-
tant targets.

The distance at which a radar of a
given sensitivity can detect an object
of a particular size and reflectivity de-
pends on the total energy of a pulse.
The shorter the pulse is, the higher the
peak transmission power must be if the
range of the radar is to remain un-
changed. The COBRA DANE can detect a
metallic object the size of a grapefruit
at a distance of 1,000 nautical miles; to
do so with a five-nanosecond pulse it
must radiate a peak power of three tril-
lion watts—more than enough power
to destroy all its circuitry.

Yet a brief pulse is essential if the
radar is to gauge an object’s size or
distinguish a number of objects flying
in close formation. The fact that range
is a function not of peak power but of
total pulse energy implies a solution:
stretching the pulse, reducing the nec-
essary peak power correspondingly, in
a process known as pulse coding, then
compressing the echo in order to ex-
tract from it all the information an ac-
tual brief pulse would have supplied.
In the COBRA DANE, for example, a five-
nanosecond pulse is stretched by a fac-
tor of 200,000, to a duration of one
millisecond, before it is amplified and
transmitted. The peak power required
drops by an identical factor: from
three trillion watts to 15 megawatts,
the COBRA DANE’s actual power.

In a typical instance of pulse coding
a five-nanosecond pulse composed of
a range of frequencies passes through
a dispersive delay line, which retards
its components by amounts that in-
crease with frequency: the lowest fre-
quencies in the pulse receive no de-
lay, whereas the highest frequencies
receive the maximum delay of a mil-
lisecond. Now one millisecond long,
the pulse is amplified and transmit-

ted; an echo of equal duration returns.

The echo is fed through a receiver
compressor network, which adds a sec-
ond set of delays. This time the delays
follow an inverse relation to frequen-
cy. The lowest frequency in the pulse
receives a millisecond of delay and
the highest frequency no delay at all.
Each of the signal’s components has
been subjected to the same total delay
(one millisecond) through pulse cod-
ing and compression. The result is an
undistorted five-nanosecond echo.

If the one-millisecond-long trans-
mitted pulse, which measured about
186 miles in length, struck a substan-
tially shorter object, it returns as a pair
of overlapping echoes. Ordinarily such
echoes cannot be separated and their
relative timing cannot be used to gauge
the object’s size. When the pulse-coded
echo is compressed, however, the over-
lapping echoes resolve themselves into
two distinct five-nanosecond signals.

Pulse coding and pulse compression
play a parallel role in solid-state ra-
dars. Even when there is no need to
determine the size of the object from
which the radar signal reflects, an ac-
curate determination of distance re-
quires a reasonably short pulse. With-
out pulse compression a one-millisec-
ond pulse can resolve the distance of
an object only to within 93 miles.
Moreover, long pulses are suscepti-
ble to “clutter”’—extraneous reflec-
tions from precipitation and from the
ground. Yet the high powers needed
for adequate range at shorter pulse du-
rations are beyond the reach of many
solid-state radars. Pulse coding and
pulse compression enable such radars
to reconcile range and resolution with
low power.

The first phased-array radars to be
installed, dating from the 1960’s and
1970’s, serve military and intelligence
purposes. There are circumstances in
the civilian world in which the same
requirement arises that spurred the
development of the military technolo-
gy: the need for frequent data on a
number of fast-moving objects. One
example occurs near the end of airport
runways, where incoming aircraft line
up for their final approach. There
precision-approach radars transmit
pulses to incoming planes, simultane-
ously tracking their distance and posi-
tion in relation to the end of the run-
way and guiding them down. Increas-
ingly, such radars make use of the
technology of phased arrays.

With smaller numbers of radiating
elements the cost of a phased array de-
clines. For most uses the number of
radiating elements is necessarily high.
A small array transmits a beam that is
less focused and hence wider. This fac-
tor reduces the angular resolution of
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the array, and the small antenna area
reduces the array’s sensitivity to ech-
oes. When it is not necessary that a
broad area of sky be surveyed, how-
ever, both drawbacks of a small array
can be surmounted by combining the
array with a large reflector.

The field of view of a precision-ap-
proach radar need not be large: typi-
cally it must scan about 10 degrees of
azimuth and from seven to 14 degrees
of elevation. As a result a hybrid of
phased array and traditional reflector
works well. In one design an array of
443 radiating elements is combined
with a reflecting dish measuring 15 by

13 feet. The array is positioned near
the focus of the dish, which reflects the
beam at every steering angle. In the
process the reflector acts as a lens, fo-
cusing the beam while reducing its an-
gular deflection. The reflected beams
are narrower and are confined within a
narrower angle of space; as a result the
ability of the array to resolve two tar-
gets lying within a small angle, as well
as its ability to determine the precise
bearing of a single target, is improved.
The dish also increases the radar’s
sensitivity to echoes.

Future phased-array radars will re-
flect advances in circuit technology.

FIXED
PHASE
SHIFTERS

«—  REFLECTOR

DOME

FEED ARRAY

HYBRID RADARS combine a phased array with a lens that alters the characteristics of
the beam. In a limited-scan phased array (fop), a design increasingly used for airport
approach radars, a small phased array, which produces a relatively broad beam, emits its
energy into a hyperbolic reflector. The beam is pictured at two steering angles to show how
the reflector focuses it, reducing its dispersion while also reducing its angular deflection.
The reflector thus increases the angular resolution of the array but narrows its field of
view. The arrangement allows a smaller, cheaper array to be used in circumstances that do
not demand a broad scanning angle. A dome-shaped lens that covers a horizontal array in
an experimental military radar (bottom) has the opposite effect, increasing the deflection of
the beam. The lens consists of either a specialized ceramic or plastic material that refracts
microwaves or a domed configuration of phase shifters that add fixed increments of phase
delay to the beam they receive from the feed array, in effect resteering it at a sharper angle.
Such a radar can electronically scan from the horizon to the zenith in every direction.
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The introduction into radar engineer-
ing of the equivalent of digital inte-
grated circuits will considerably re-
duce the number and size of the com-
ponents needed to generate, receive
and process the signal. Known as
monolithic microwave integrated cir-
cuitry (MMIC), this new technology
unites phase shifters, switches and
transistorized amplifiers on gallium
arsenide chips. A complete transceiv-
er (transmitter/receiver) module, con-
taining all the circuitry needed for a
single radiating element in a phased
array, can already be assembled from
only 11 mMmic chips. In contrast, the
solid-state transceiver modules cur-
rently in use require hundreds of parts.

Itimately such a module may also
include a microprocessor that will
control the phase shifting, calculating
the proper phase delay when a cen-
tral computer specifies the elevation
and azimuth of the beam. In present
phased arrays that function devolves
on the central computer, which se-
quentially calculates the phase chang-
es for the thousands of radiating ele-
ments. Phase-change calculation and
control at individual elements would
eliminate the thousands of cables cur-
rently used to carry the phase-shift
commands from the computer to in-
dividual antenna elements. With ad-
vances in circuit technology the proc-
ess of phase shifting itself may eventu-
ally become a digital process, done as a
mathematical operation on a signal in
digital form. Such an advance would
allow the width of the beam to be
changed at will: broadened for the
scanning of broad areas of sky or fo-
cused for precise tracking. Meanwhile
similar digital processing of the echo
would aid in the elimination of inter-
ference from a jamming signal.
Increasing simplicity and compact-
ness, with concomitant reductions in
weight and increases in reliability, will
soon make phased arrays suitable for
duty in space. Orbiting phased arrays
might serve to map the earth’s surface,
monitor shipping traffic and icebergs
and perform military and surveillance
duties. The National Aeronautics and
Space Administration’s next genera-
tion of mapping radars, to be carried
on board the space shuttle, will be
phased arrays, and both the Navy and
the Air Force are considering launch-
ing a satellite-borne phased array.
Many of the radars launched to date
could not be steered; they surveyed
only a narrow strip in the course of
each orbit. The swift, unconstrained
electronic steering of a phased array,
in contrast, would put vast swaths of
the earth’s surface within the compass
of its beam.
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The Functional Replacement

of the Ear

Implantable prostheses designed to deliver electrical stimulr directly

to the auditory nerve hold considerable promise for people with a type

of deafness in which the sensory hair cells of the inner ear are damaged

ecent advances in the fields of
R electronics and neurophysiolo-
gy have led to the emergence of

the new field of neural control. This
experimental discipline relies on the
exchange of information between an
electronic circuit and a nervous system
for the purpose of studying or supple-
menting a biological function. One of
the main objectives of such research
is the development of prosthetic de-
vices for replacing defective parts of
the human nervous system. Much of
the progress in this area has resulted
from long-term collaboration between
teams of investigators engaged in both

basic and applied research under the’

aegis of the Neural Prosthesis Pro-
gram of the National Institute of Neu-
rological and Communicative Disor-
ders and Stroke. My own work on the
functional replacement of the human
ear has been done as part of such a
project with a team at the University of
California at San Francisco.

The cochlear implant, the particular
neural prosthesis that is the subject of
this article, is intended for patients
with sensorineural deafness. In such
patients the functioning of the senso-
ry hair cells of the cochlea, the snail-
shaped structure at the core of the in-
ner ear, is impaired. In normal hearing
sound travels through the external ear
canal to the tympanic membrane, or
eardrum, which transmits the vibra-
tions in the air to a system of small
bones in the middle ear. The inner-
most of these bones, called the stirrup,
contacts the oval window, a mem-
brane-covered opening in the base of
the cochlea, relaying the vibration to
the fluid-filled interior of the cochlea,
where it is sensed by the hair cells in a
structure known as the organ of Corti.
The hair cells are arranged in four long
rows on the basilar membrane, a flex-
ible partition at the bottom of the or-
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by Gerald E. Loeb

gan of Corti that separates two of the
cochlea’s three parallel, spiral canals.
The hair cells convert the vibration of
the basilar membrane into an electri-
cal signal, which travels along the au-
ditory nerve to the brain.

Several kinds of cochlear implant

have been designed to circumvent this
elaborate transmission process in pa-
tients with sensorineural deafness. All
the devices have four features in com-
mon: a microphone for picking up the
sound, a microelectronic processor for
converting the sound into electrical
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EXPERIMENTAL HEARING AID developed by workers at the University of California
at San Francisco is shown implanted in a patient’s ear in the cutaway drawing at the left.
An enlarged interior view of the cochlea, the snail-shaped structure at the core of the inner
ear, appears at the right. (The rows of sensory hair cells, included in this view, would be ab-
sent in a typical patient with sensorineural deafness.) The particular cochlear implant de-
picted is an eight-channel, bipolar device: it delivers stimuli at eight different frequencies
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signals, a transmission system for re-
laying the signals to the implanted
components, and a long, slender elec-
trode that a surgeon snakes into the
inner recesses of the cochlea so that the
device delivers the electrical stimuli
directly to the fibers of the auditory
nerve in one or more places.

One such device, a comparatively
primitive single-channel model, hasre-
cently been approved by the Food and
Drug Administration for implantation
in patients with sensorineural deaf-
ness. Developed by William House of

ORGAN OF CORTI

OUTER
HAIR CELLS

the House Ear Institute of Los Ange-
les, it is manufactured by 3M [see
“Tuning a Deaf Ear,” “Science and the
Citizen”’; SCIENTIFIC AMERICAN, No-
vember, 1984].

More sophisticated single- and mul-
tichannel devices, currently in the re-
search stage, promise to provide more
realistic sound perception to such pa-
tients. The intensive study of the re-
sponses of these patients and of experi-
mental animals to various patterns of
electrical stimulation from such devic-
es has the added benefit of providing

fresh insights into the normal encoding
and decoding of acoustic information
by the nervous system.

In one sense the structure of acoustic
information is very simple. The sig-
nal picked up by a microphone or an
ear can be fully described by a single
function of time, which characterizes
the motion of a single point in space,
such as the center of the microphone’s
diaphragm or the cochlea’s oval win-
dow. In spite of its simplicity, such
a signal typically contains complex

VESTIBULAR CANAL
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VESTIBULAR
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MEMBRANE
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to separate groups of auditory-nerve fibers in the cochlea by means
of eight closely spaced pairs of electrical contacts distributed along
the length of the implanted electrode. Multichannel devices of this
kind, currently in the clinical testing stage, are expected to provide
more realistic sound perception to patients with sensorineural deaf-
ness than the single-channel devices now available. The operation

AUDITORY NERVE

of the main components of a four-channel “driver” for this device
is shown in the illustration on page 108. Although the present dri-
ver has only four channels, the electrode (which may not be readily
replaceable because of scar tissue) has been designed to accommo-
date eight channels; a surgically accessible connector in the base of
the driver facilitates its replacement with improved versions.
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information about the source of the
sound; the nervous system is able to
analyze the signal to extract the infor-
mation. In the case of a human speak-
er the analysis is usually sufficient to
identify the particular speaker and his
words. The addition of a second in-
formation channel at a separate point
in space—the other ear—makes it pos-
sible to distinguish multiple sound
sources by their relative positions.

In the course of this analysis the one-
dimensional function must be bro-
ken down into its component frequen-
cies. The separation of such a complex
waveform into its spectral components
by means of the time-honored mathe-
matical method of Fourier analysis is
now a common practice in electronics
and is often available in modern test
instruments at the push of a button.
Since the late 19th century it has been
assumed that the brain must be em-
ploying a comparable form of signal
analysis in at least the first stages of
hearing. It has also been recognized
that the channels through which infor-
mation flows in the nervous system,
the individual neurons, are inherently
very slow. Somehow an analytic sys-
tem built up of a large number of in-
formation channels, each channel lim-

b ST R R Y W— -

ited to about 300 pulses per second,
must provide an accurate and almost
instantaneous spectral analysis of sig-
nals covering a bandwidth of between
20 and 20,000 hertz (cycles per sec-
ond). Furthermore, in spite of the
presence of considerable noise in each
channel, the overall performance of
the system must not be seriously de-
graded over a dynamic range of a mil-
lion to one (120 decibels) from the
threshold of hearing to the beginning
of pain.

How does the ear accomplish this
demanding task? Hermann von Helm-
holtz was one of several 19th-century
physicists who recognized that the or-
gan of Corti could be involved in some
way in sampling sounds that were sep-
arated physically into their spectral
components by the sympathetic vibra-
tion of the basilar membrane. Pioneer-
ing studies of the motion of the basilar
membrane by Georg von Békésy in the
1950’s established that when sound of
a given frequency is applied to the base
of the cochlea, it causes the basilar
membrane to vibrate with the largest
amplitude at a particular place, which
is mechanically tuned to the frequen-
cy of the applied sound. A complex
acoustic waveform, a composite of

IMPLANTED COMPONENTS of three auditory prostheses are compared. At the top is a
single-channel cochlear implant developed by William House of the House Ear Institute in
Los Angeles. Manufactured by 3M, it is the first such device to receive the approval of the
Food and Drug Administration. The implanted components consist of a simple wire coil
leading directly to a pair of ball-shaped electrodes, one of which is inserted in the tympanic
canal at the base of the cochlea. (The other electrode is grounded to a nearby part of the
middle ear.) In the middle is a more advanced single-channel device developed by Inge J.
Hochmair-Desoyer and Erwin S. Hochmair of the Technical University of Vienna and cur-
rently being tested by 3M. The receiver circuitry can be seen inside the clear plastic enclo-
sure; in this case both ball electrodes are designed to be placed outside the cochlea in the
middle ear. At the bottom is a multichannel device developed by Graeme M. Clark and his
colleagues at the University of Melbourne and manufactured by Nucleus Limited. The her-
metically sealed titanium enclosure of this device contains the complex circuitry needed to
decode a transmitted signal that selects and actuates one of 22 contacts along the electrode.
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many individual sinusoidal frequen-
cies, generates a spatial distribution of
sympathetic vibration peaks along the
basilar membrane; the higher frequen-
cies are represented at the base of the
cochlear spiral and the lower frequen-
cies at the apex. The hair cells of the
organ of Corti transduce the mechani-
cal motion of the basilar membrane
into electrical activity in the adjacent
auditory-nerve fibers. As a result low-
frequency impulses are generated in
the parallel array of auditory-nerve fi-
bers. Each fiber transmits information
only about the amplitude of the vibra-
tion in a particular place.

This “place pitch” theory of sound
perception underlies the design of
most multichannel cochlear prosthe-
ses, although it will become apparent
from what follows that the place-pitch
mechanism is probably not sufficient
to account for many important psy-
chophysical phenomena of hearing, in-
cluding some critical attributes of nor-
mal speech perception.

Acochlear implant relies on the fact
that many of the auditory-nerve
fibers often remain intact in patients
with sensorineural deafness. As in the
case of most electrically excitable
cells, the surviving neurons can be
stimulated to fire actively propagat-
ing nerve impulses by applying ex-
ternal electric currents of the prop-
er strength, duration and orientation.
Such “evoked potentials” arrive at the
brain looking just like the impulses
generated by acoustic signals that in-
tact hair cells transduce; accordingly
the brain interprets them as sound.

The loudness of the sound perceived
depends roughly on the number of
nerve fibers activated and their rates of
firing. Both variables are functions of
the amplitude of the stimulus current.
The pitch is related to the place on the
basilar membrane from which those
nerve fibers once derived their acoustic
input, in agreement with the place-
pitch theory. In principle, with enough
independent channels of stimulation,
each controlling the activity of a small,
local subset of the auditory-nerve fi-
bers, one could re-create the normal
neural response to acoustic stimuli of
any spectral composition. The brain
would then process that information in
its usual manner and the subject would
“hear” the “sounds.”

The problem faced by the designer
of a neural ‘prosthesis is that all the
auditory-nerve fibers are swimming in
the same pool of electrically conduct-
ing tissues and fluids. An electric cur-
rent injected into this medium tends to
spread out symmetrically from. the
source; as a result the current density



decreases as the square of the distance
from a monopolar source. For such a
stimulus to selectively activate a par-
ticular subset of the auditory-nerve fi-
bers the electrode must be much closer
to those fibers than to other fibers.
This constraint is a difficult one. The
auditory-nerve fibers spread out to
their greatest extent as they enter the
organ of Corti on the basilar mem-
brane. A longitudinal array of elec-
trodes can be inserted in the tympanic
canal and passed along the basilar
membrane for a distance of about 25
millimeters from a second opening in
the base of the cochlea, called the
round window. Distributed along the
path are the fibers that normally trans-
mit information about sound frequen-
cies above 500 hertz. The shortest dis-
tance from the auditory-nerve fibers to
the best location in the tympanic canal
(along the medial wall) is on the order
of one millimeter. A pulse of stimula-
tion current four times the threshold
for fibers at one location (character-
ized as having a moderate loudness)
will start to influence fibers two milli-
meters away in both directions.
When natural variations in the size
of the fibers and their susceptibility to
stimulation are factored in, the stim-
ulus spread is probably even great-
er. Obviously only a small number
of independent stimulation sites with
any appreciable dynamic range could
be accommodated along the available
length. For speech perception the crit-
ical bandwidth is between 500 and
3,000 hertz, representing a distance
along the basilar membrane of less
than 14 millimeters; this distance is ca-
pable in turn of accommodating per-
haps two or three independent stimula-
tion sites that can contain a reasonable
dynamic range. Experiments in which
speech is simulated by means of a
small number of amplitude-modulat-
ed single-tone generators, on the other
hand, suggest that at least six channels
must be available for intelligibility.

ne way to effectively divide the
fibers into an adequate number

of discrete channels is to apply bipo-
lar stimulation. In this approach the
source and the sink of the current
pulse are placed close to each other.
(In monopolar stimulation the current
sink needed to complete the circuit is
a large, remote contact that acts as a
ground for all sources.) The current-
density lines around a pair of bipolar
electrodes look like the magnetic-flux
lines around a bar magnet: they have
an elliptical shape whose major axis is
oriented parallel to the line between
the poles [see illustration on page 109].
Since the activation of neurons re-

quires the induction of longitudinal
currents along their processes, bipolar
electrodes oriented at right angles to
the long axis of the tympanic canal (ra-
dially to the spiral) can selectively ac-
tivate the local nerve fibers passing
immediately over them. Furthermore,
the gradient of current density in the
tissues that extends outward from a
pair of bipolar electrodes is much
steeper than it is for a monopolar elec-
trode, reducing the stimulus spread
even at high intensities. Tests in both
animals and patients with a cochlear
prosthesis have shown that such radi-
al bipolar electrodes produce a more
localized activation over wider dy-
namic ranges than monopolar or lon-
gitudinal bipolar configurations do.

The actual number of independent
channels that can be established and
their dynamic ranges depend on the
condition of the remaining auditory-
nerve fibers. These sometimes die back
some distance from the organ of Corti,
reducing their proximity to an elec-
trode array in the tympanic canal. In
some patients, however, it appears that
radial bipolar pairs can be positioned
about two millimeters apart without
significant interaction. This spacing
makes it possible for eight independent
channels to span the speech-frequency
sites lying between 10 and 24 millime-
ters from the round window.

There are several technical prob-
lems involved in actually delivering
these eight bipolar stimulation chan-
nels to the human auditory nerve. The
first 24 millimeters of the basilar mem-
brane are coiled into one and a half of
the two and a half turns of the cochle-
ar spiral. The round window into the
tympanic canal lies at the back of the
middle-ear cavity, forcing the surgeon
to work through the long, narrow ex-
ternal-ear canal. This means the elec-
trode must be held in a straightened
configuration as it is fed into the coch-
lea. It cannot, however, simply be
pushed into the cochlear spiral as if
it were a plumber’s snake passing
through a curved drainpipe. The half-
cylindrical cross section of the tym-
panic canal causes a flexible object
pressing against the side wall to be de-
flected upward against the extremely
fragile basilar membrane. The fluid in
the cochlear canal just above the mem-
brane has a high potassium content,
making it toxic to the auditory-nerve
fibers in the event that it leaks into the
tympanic canal.

One solution has been to use a very
slender, flaccid electrode, which ideal-
ly can be coaxed into position with
a minimum of trauma. Nevertheless,
it is difficult, if not impossible, to
control the exact orientation of the
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PLACE-PITCH THEORY explains how
the cochlear sound-detection system sepa-
rates a complex acoustic waveform into its
spectral components. In this representation
of the theory a composite sound wave prop-
agating in the cochlear fluid causes a sym-
pathetic vibration of the basilar membrane,
the thin, flexible partition separating two of
the cochlea’s three spiral canals. The vibra-
tion peaks are distributed spatially along the
membrane; as shown here, the higher fre-
quencies are detected at the base of the coch-
lea and the lower frequencies at the apex.

stimulation contacts of such an elec-
trode; it tends to lie against the outer
wall, far from the nerve fibers that
need to be activated. The selectivity
and dynamic range of the radial bi-
polar-electrode array depend on ac-
curately positioning each pair on the
medial wall.

his task can be achieved only by

using a comparatively thick elec-
trode with a “memory” of a spiral
shape that causes the electrode to hug
the medial wall around the turns.
Such handling properties have been
achieved in an eight-bipolar-pair ar-
ray designed by the research team at
the University of California at San
Francisco. It combines the mechanical
properties of a silicone-rubber carrier
and specially flattened and stacked
platinum-iridium lead-out wires from
the 16 electrode contacts distributed
along the spiral form [see illustration
on pages 104 and 105].

The delivery of stimulation current
from electronic circuits to biological
tissues is also a delicate matter. Elec-
tric currents in metal conductors are
carried by electrons, whereas in the
aqueous body fluids they are carried
by ions. The electrochemical reactions
at the interface of even the most bio-
compatible metals and the complex
soup of the body’s fluids is fraught
with danger for both the electrodes
and the tissues. Electrolytic corrosion
of many supposedly inert metals is
rapidly enhanced by the chelating ac-
tion of chloride ions, the major nega-
tively charged ions in extracellular flu-
ids. This process changes the electrical
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properties of the interface and releases
highly toxic heavy-metal ions into
the immediate vicinity of the neurons,
which are among the most sensitive
cells of the body. The electrolysis of
water alone can produce mechanically
disruptive bubbles of hydrogen and
oxygen, leaving behind local concen-
trations of hydroxyl and hydronium
ions that can reach toxic levels of alka-
linity and acidity respectively.

It is only in the past few years that
these reactions and their consequences
have been studied on a quantitative
level, largely by S. Barry Brummer and
his colleagues at the EIC Laboratories,
Inc., in Norwood, Mass. These studies
have established certain rather strict
conditions for which electric currents
passing through certain metals such

as platinum and iridium can safely
induce ionic currents in body fluids
by reversible, nontoxic electrochemi-
cal reactions.

Once the electrodes are in place and
the stimulation current is safely
delivered, what does the patient hear?
The results to date have been a gener-
ally encouraging but somewhat con-
fusing mixture of the expected and the
unexpected.

By far the largest sample of patients
have been tested with single-channel
stimulators. Moderately filtered wave-
forms taken directly from a micro-
phone are transmitted to an implanted
stimulator, which activates some audi-
tory-nerve fibers near the base of the
cochlea. Predictably, the sensations

are those of a complex, amplitude-
modulated noise. There is only the
broadest sense of pitch and only at
stimulation frequencies below a few
hundred hertz. Nevertheless, a sense
of the rhythm and the loudness of the
sounds heard is strong. In patients who
are profoundly deaf, for whom even
the most powerful conventional hear-
ing aid is no help, such sound informa-
tion can provide quite helpful cues for
everyday living. The lowest frequen-
cies of the acoustic spectrum include
important information about the pres-
ence and nature of ambient noises such
as the sounds of telephones and auto-
mobiles, and about the loudness and
cadence of speech, both for the sub-
ject’s own vocalizations and for those
of a person he or she may be trying to
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OPERATION OF A FOUR-CHANNEL IMPLANT is outlined.
Sound is picked up by a lapel microphone and sent for processing
to a box worn by the patient and equipped with standard hearing-
aid controls for tone and loudness. An automatic-gain-control cir-
cuit on a microelectronic chip in the box first reduces the wide fluc-
tuations in loudness that characterize normal ambient sound to the
much more limited range suitable for electrical stimulation of the
inner ear. A set of band-pass filters then divides the complex alter-
nating-current waveform into four frequency channels correspond-
ing to the major formants produced by the human vocal system in
making vowel sounds. The resulting narrow-band signals (one of
which is zero in this example) modulate the amplitude of four inde-
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pendent radio-frequency oscillators mounted in the antenna-coil
assembly. The transmitting antennas are held in place on the scalp
over the implanted receiver coils by mating pairs of ceramic mag-
nets. Each receiver circuit acts as an independent AM-radio set to
demodulate the carrier frequency and recover the original narrow-
band signal for direct transmission to a pair of stimulation con-
tacts on the electrode, which is inserted in the tympanic canal. Such
a scheme is limited to a fairly small number of channels. A group
at Stanford University has recently developed an improved eight-
channel system in which the detailed characteristics of each chan-
nel’s output signal are digitally encoded for transmission on a single
carrier frequency and decoded in the implanted receiver circuitry.
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lip-read. Most patients with either con-
genital or adult-onset deafness have
been enthusiastic users of even the
simplest single-channel prostheses.

Efforts are now under way to im-
prove the quality of the sound by more
sophisticated preprocessing and better
fidelity in the transmission system that
serves to convey the signals from the
patient’s control unit to the implant-
ed electrodes. One important devel-
opment has been the realization that
most, if not all, of the single-channel
capabilities can be realized with extra-
cochlear stimulation in the middle ear.
This finding bodes well for the conser-
vative but important clinical applica-
tion of the technology to many pa-
tients (particularly children) during a
period of uncertainty over evolving
and conflicting multichannel designs.
It is generally acknowledged, however,
that single-channel stimulators cannot
deliver enough information to the ner-
vous sytem to enable a patient to con-
verse without visual aids.

he effectiveness of the various mul-

tichannel prostheses now availa-
ble is less clear. The devices are in-
herently complex, and only a few pa-
tients who use them have been thor-
oughly studied. Moreover, the ranks
of these patients include individuals
in whom the cause of deafness var-
ies widely, as does the condition of
the remaining auditory nerve.

When a small, local subset of the
auditory-nerve endings along the coch-
lea is activated with a multichannel
device (by either low-intensity mono-
polar stimulation or bipolar stimula-
tion), the noisy sensation takes on a
definite pitch. When several physical-
ly separated subsets are activated se-
quentially, the subject has little diffi-
culty ordering them into a musical
scale. It is important to realize that the
psychophysical term “pitch” refers to
a subjective judgment by the observer,
usually of a highly complex acoustic
waveform that may carry little or no
spectral energy at the actual frequen-
cy corresponding to the stated pitch.
Patients with a multichannel pros-
thesis have likened what they hear to
the quacking of ducks or the banging
of garbage cans. Such sounds can be
ranked by pitch, but they are not at all
like the pure tones that are perceived
in the case of a sinusoidal acoustic
waveform.

It is not clear whether these complex

auditory sensations are combinable in-

the same way as pure sine waves are
combined in the speech-simulation ex-
periments. The normal auditory ner-
vous system has an extraordinary
capacity for extracting underlying in-

SPREAD OF EXCITATION from a given stimulation site within the cochlea to distant
parts of the auditory nerve is the most critical factor limiting the number of channels in a
multichannel cochlear prosthesis. The problem is particularly troublesome in the case of
monopolar contacts (/eft). Increasing the intensity of the stimulation current delivered by
such a contact causes the current to spread in a radially symmetric pattern within the fluid-
filled chambers of the inner ear, allowing the excitation to reach parts of the auditory nerve
that normally serve different places on the cochlea and thereby giving rise to different pitch
sensations; stimulation currents from other contacts in these regions would in turn inter-
fere with the pattern shown, making the separate stimulation channels noisy and difficult
to resolve. One way to confine the spread of stimulation current is to employ radial bipo-
lar contacts, which tend to produce a much more localized pattern of excitation (right).

formation from noisy signals and gen-
eralizing across only distantly related
spectral patterns. That is why one can
understand human speech by a bass
and by a soprano, at a whisper and at
a shout, and from speakers with wide
variations of accent, nasality and in-
flection. In fact the spectrographic pre-
sentation of a given word is so complex
and variable that even an experienced
analyst cannot identify most words
from such visual records.

Two approaches to utilizing the
place-pitch dimension of acoustic in-
formation are now being investigated
clinically. One is related to the fre-
quency-channel, or vocoder, simula-
tion of speech sounds, in that it fil-
ters the acoustic signal into a set of
bands, each corresponding approxi-
mately to the pitch perception generat-
ed by one of the available bipolar elec-
trode pairs. For eight such electrodes
there would be eight independent
time-varying activations of the audito-
ry-nerve subsets, each activation con-
veying information about the instanta-
neous, relative intensity of sound ener-
gy in its own band. In principle the
particular amplitude-modulated wave-
form used to activate each channel
should not matter. For several rea-
sons, however, the actual waveforms
transmitted by each band-pass filter in
the sound processor are usually ap-
plied directly to the electrodes. Special
preprocessing steps are added to com-
pensate for the narrow dynamic range
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and the frequency-dependent sensitiv-
ity of the neurons to electric currents.

The number of independent, parallel
stimulation channels is expected to
have a significant effect on the intel-
ligibility of speech. This effect, how-
ever, will be apparent only if each
such channel actually does activate a
spatially well-localized subset of the
auditory-nerve fibers over the dynam-
ic ranges and temporal patterns typi-
cally encountered in normal hearing.

A least five separate teams of in-
vestigators have studied patients
equipped with between three and 12
stimulation channels each. In general,
differences in surgical approach, elec-
trode configuration and waveform se-
lection, together with individual pa-
tient variability, overwhelm any mean-
ingful comparison. In a few cases a
single patient has been tested with
systematic variation of the division
of the speech spectrum into different
numbers of bands and channels. Ad-
ditional channels lead to dramatic and
immediate improvements in word rec-
ognition for subjects whose electrodes
allow such localized activation. The
identification of words from a random
sampling has been reported as high
as 80 percent with just four-channel
stimulation, a level that approaches
functional rehabilitation, given the re-
dundancy and contextual cues availa-
ble in ordinary conversation.

An alternative approach to the
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place-pitch encoding employed in

most multichannel devices relies on a
| multichannel electrode array that con-
| tinuously varies the point of applica-
tion of a single channel of stimulation.
Both the electrodes and the transmis-
sion system are considerably simpler
in this scheme, but the processing of
the speech signal is much more com-
plex. Even closely spaced monopolar
electrodes tend to have an orderly se-
quence of place-pitch sensations when
they are activated singly, apparently
because the central nervous system has
little difficulty identifying the mid-
point of a comparatively broad gradi-
ent of activated neurons.

The amplitude modulation and fre-
quency modulation of certain parts
of the speech spectrum, such as the
formants produced by the shape of
the mouth cavity, convey particularly
useful information for discriminating
many acoustic elements of speech. A
speech processor based on a micro-
computer chip can identify and track
one such spectral feature, known as the
second formant, and select the best
stimulation site and intensity, based on
a stored map of the sensations pro-
duced by eachelectrode in a particular
subject. The frequency of the stimula-
tion applied at the currently activated
site can be used to encode the funda-
mental frequency of vocal-cord vibra-
tion, which corresponds to the low-fre-
quency range for which subjects report
a vibrationlike sensation of pitch. A
system of this type with 22 individual
electrodes, developed by Graeme M.
Clark and his colleagues at the Univer-
sity of Melbourne, has been implanted
in about 20 patients. Again, the varia-
bility among patients overwhelms any
attempt to compare results with sin-
gle-channel electrodes or with multi-
channel designs, but at least some sub-
jects have achieved significant scores
on word-recognition tests.

To improve performance, informa-
tion channels corresponding to the first
and third vowel formants, together
with high-frequency consonants, will
be needed. Perhaps two or even three
| simultaneous stimuli might be deliv-
ered without significant channel inter-
action, if they could be kept far enough
apart. It remains to be seen whether
this general approach to the basic
trade-off between the number of chan-
nels and their independence will pro-
vide the necessary information in a
form that is compatible with the infor-
mation-processing capabilities of the
auditory nervous system.

he complexity of the sensations
evoked by even the most localized
stimulation of the cochlea has sur-
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prised and intrigued many investi-
gators. The place-pitch theory in its
simplest form predicts that local acti-
vation will elicit a fairly pure tonal
sensation, corresponding to the local
resonant frequency of the basilar
membrane. Changes in the frequency
and waveform of the electrical stimu-
lus should result only in simple changes
in loudness and only to the extent that
such changes affect the average rate
of firing among the active neurons.
How then do spectrally complex sen-
sations such as buzzes and clangs
arise? Can they be systematically con-
trolled to provide another form of
prosthetic information transfer?

It has long been known that the audi-
tory-nerve activity transmitted to the
brain contains rather detailed tempo-
ral information about the exact phase
of the motion of the basilar mem-
brane. For sound frequencies below
5,000 hertz the exact timing of each
neural impulse in an auditory-nerve fi-
ber is locked to the phase of the me-
chanical motion sensed by the particu-
lar hair cell providing its sole input.
Even though the fiber must pause for
two or three milliseconds between im-
pulses, a spectral analysis of the activ-
ity in any single fiber will reveal the
frequency of the stimulation that acti-
vated it, whether or not the frequency
corresponds to the characteristic reso-
nant frequency of that place on the
basilar membrane. Some of the central
neurons receiving an input from the
auditory nerve have a specialized syn-
aptic structure that can transmit and
preserve such high-resolution tempo-
ral information in spite of the limita-
tion on the overall firing rate of about
300 impulses per second. Further-
more, subjects in psychophysical stud-
ies appear to be able to extract precise
spectral information even when the
loudness of the acoustic stimulus caus-
es the firing rate to be saturated over
extended regions of the cochlea. In re-
cent years Murray B. Sachs and Eric
D. Young of the Johns Hopkins Uni-
versity School of Medicine have em-
phasized the potential importance of
this temporal information for the dis-
crimination of vowel sounds. Their
findings suggest that the nervous sys-
tem might well be capable of extract-
ing this phase-locked spectral informa-
tion, and that the failure to correctly
reproduce such temporal patterns may
give rise to complex, noisy sensations.

What are the critical temporal cues?
If many phase-locked neural signals,
each with a low overall firing rate, are
combined, the frequency of the acous-
tic source signal can be reconstruct-
ed. This approach, however, begs the
question of how any particular central



neuron receiving such high-frequency
driving senses what the frequency is.
One way to think of a receiver neuron
that is selectively tuned to a particular
repetition frequency of its input pat-
tern is to imagine that it is designed
to operate by a technique known as
temporal autocorrelation. In this ap-
proach the input signal is delayed by a
time equal to one cycle of the frequen-
cy to be detected, and the delayed and
undelayed signals are multiplied to-
gether. Models of auditory perception
often postulate an array of such peri-
odicity detectors in the first few synap-
tic relays of the brain stem.

Biophysical theory predicts and ani-
mal experiments have demonstra-
ted that electrical stimulation with ei-
ther sinusoidal or pulsed alternating-
current waveforms causes significant
phase-locking of auditory-nerve fibers
for frequencies ranging up to at least
3,000 hertz. Yet prosthesis users con-
sistently report very little change in
pitch and only subtle changes in the
quality of the sound as the frequency
of the stimulus is increased above 300
hertz. Even when the natural resonant
frequency of the stimulus site and the
repetition frequency of the stimulus
waveform coincide, there is no sudden
improvement in the weak tonality of
the sensation.

Such observations are forcing a re-
examination of the class of mecha-
nisms whereby networks of neurons
might extract temporal information on
a time scale that is much finer than
their usual synaptic and conduction
processes. One possible model, pro-
posed by Mark W. White, Michael M.
Merzenich and me, calls for spatial
cross correlation to detect particular
configurations of basilar-membrane
motion caused by the progress of trav-
eling waves of a given frequency. The
process is analogous to the localization
of sounds in space based on different
signal delays between the two ears;
indeed, the two processes might share
some of the same neural circuitry. The
temporal resolution of both sound lo-
calization and phase-locked frequency
discrimination is on the order of 10
microseconds.

Obviously whether or not one can
prosthetically control these processes
and the sensations to which they give
rise will depend on the critical input
cues for each process. Such control
may require finer spatial and temporal
control of the electrical stimulation
than one can ever hope to achieve. Al-
ternatively, some simple trick of elec-
trode configuration or stimulus timing
that has not yet been tried may turn
out to do the job.
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Damascus Steels

They contained more carbon than most modern steels. Along with

skillful forging, this property accounted for the renowned strength

and toughness of Damascus swords and for their beautiful markings

by Oleg D. Sherby and Jeffrey Wadsworth

of the Christian crusaders’ adven-

tures in Palestine, Sir Walter Scott
tells of a meeting between Richard
the Lionhearted and the Saracen king
Saladin. The two adversaries were ex-
tolling the virtues of their swords. To
demonstrate the strength of his heavy,
two-handed straight blade, Richard
cleaved a steel mace. In reply Saladin
took a silk cushion and “drew [his]
scimitar across the cushion... with so
little apparent effort that the cushion
seemed rather to fall asunder than to
be divided by violence.” The startled
Europeans suspected a trick, but Sala-
din then emphasized his point by slic-
ing through a limp cloth veil in mid-
air. As Scott describes it, the Saracen’s
marvelously sharp and wieldy weapon
had ““a curved and narrow blade which
glittered not like the swords of the
Franks, but was, on the contrary, of a
dull blue color, marked with ten mil-
lions of meandering lines.”

Although this description contains
some poetic license (Saladin’s sword
could not, for example, have been a
scimitar, because curved blades were
not introduced until several hundred
years after the purported encounter
with Richard in 1192), it is a substan-
tially accurate portrait of a type of
blade used throughout Islam in Sala-
din’s time. These blades were excep-
tionally strong in compression—that
is, they were hard enough to retain a
sharp cutting edge—but they were also
tough enough to-absorb blows in com-
bat without breaking. They owed their
mechanical virtues, as well as their
beautiful wavy surface markings, to
the material from which they were
forged: Damascus steel. By the time of
the Crusades, Damascus swords and
armor were the stuff of legend. For
centuries thereafter they remained ob-
jects of fascination and frustration for
European smiths, who tried in vain to
reproduce consistently the distinctive
damask, or surface pattern.

In The Talisman, a fictional account
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Uncovering the secret of Damascus
swords was a challenge that also at-
tracted the attention of eminent Eu-
ropean scientists. Among them was
Michael Faraday, a blacksmith’s son,
who attributed the unique properties
of a Damascus steel he analyzed in
1819 (before he invented the electric
motor and the electric generator) to
small amounts of silica and alumina.
Although his conclusion was errone-
ous, Faraday’s paper inspired Jean
Robert Bréant, Inspector of Assays at
the Paris Mint, to undertake a series of
experiments in which he added a vari-
ety of elements to steel. It was Bréant
who first realized, in 1821, the essential
metallurgical point about Damascus
steels: that their uncommon strength,
toughness and beauty arise from their
high carbon content. Bréant identified
the white areas in the damask as “car-
bureted steel”; the dark background he
referred to simply as “steel.”

Bréant succeeded in making swords
with a damasklike pattern, but he nev-
er explained the procedure in detail.
Moreover, he could not have under-
stood the importance of all the steps
involved. The basis for a complete
scientific understanding of Damascus
steels was not established until the turn
of the century, when a series of inves-
tigators worked out the phase tran-
sitions that steels undergo as a func-
tion of temperature and carbon con-
tent. Even today, when the iron-carbon
phase diagram is well known, the art of
Damascus swordmaking is a patent-
able discovery under American law.

Our own interest in the subject stems
from our research on modern ultra-
high-carbon steels. Such steels, which
contain from 1 to 2.1 percent carbon,
are rarely used in commercial appli-
cation because they are assumed to
be brittle. The proportion of carbon
in Damascus swords, however, ranges
from 1.5 to 2 percent. Their undisput-
ed reputation for toughness suggests
that the brittleness ordinarily induced
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by high carbon content can be avoided
through proper processing. At Stan-
ford University we have manufactured
ultrahigh-carbon steels that, like the
swords, are both strong and ductile at
room temperature. We have also been
able to reproduce the legendary dam-
ask. The procedures followed in our
laboratory are essentially similar to
those invented in the smithies of the
ancient Near East.

he earliest description of Damas-

cus blades dates from A.p. 540, but
they may have been in use as long ago
as the time of Alexander the Great
(about 323 B.c.). Their name derives
not from their place of origin but from
the place where Europeans first en-
countered them during the Crusades.
The steel itself was made in India,
where it was known as wootz. It was
widely traded in the form of castings,
or cakes, that were about the size of a
hockey puck. The best blades are be-
lieved to have been forged in Persia
from Indian wootz, which was used to
make shields and armor as well. Al-
though the geographic distribution of
Damascus steels generally followed
the spread of the Islamic faith, they
were also known in medieval Russia,
where they were called bulat.

Like all steelmaking processes, the
manufacture of wootz involved the re-
moval of oxygen from iron ore, which
is an oxide; the addition of carbon to
the reduced iron strengthens it and
transforms it into steel. The carbon
source was charcoal, wood or leaves.
Typically iron ore and charcoal were
mixed and heated to about 1,200 de-
grees Celsius in a stone hearth. Oxygen
was removed from the ore by reactions
with carbon in the charcoal. Depend-
ing on the amount of charcoal in the
mixture, the product was a wrought
iron, which has a very low carbon con-
tent, or a pig iron containing more than
4 percent carbon. The Indian steel-
makers manufactured wootz either by



SURFACE MARKINGS on a Persian scimitar (top and middle)
reflect variations in carbon content within the ultrahigh-carbon
steel: the whitish areas of the damask are iron carbide (cementite),
and the dark background is iron containing considerably less car-
bon. The pattern became visible only after the finished blade was
polished and etched with an acid that preferentially attacked the
iron background. The cementite network is clearly visible in the
micrograph of a modern ultrahigh-carbon steel (bottom); layers of

cementite also alternate with iron layers in the background struc-
ture. Damascus steels were toughened by forging, which dispersed
the cementite and gave the surface pattern its final form. The ef-
fects of forging are recognizable on the Persian sword: the vertical
markings in its unusual damask, called Mohammed’s Ladder, re-
sulted from local hammer blows. The sword, which dates from the
17th century or later, is in the Metropolitan Museum of Art in New
York. The magnification in the micrograph is about 200 diameters.
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TYPICAL MANUFACTURING PROCEDURE for a Damascus
sword began with the casting of an ultrahigh-carbon steel, called
wootz, in Indian foundries. Iron ore and charcoal were mixed and
heated to about 1,200 degrees Celsius in a shallow stone hearth. The
iron was reduced (stripped of oxygen) by reactions with carbon from
the charcoal, and it acquired a spongy consistency. Impurities were
expelled from the sponge iron by hammering; the result was bits of
wrought iron, which has a low carbon content. The carbon content
was then increased by heating pieces of wrought iron with charcoal
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in a clay crucible, which was sealed to prevent the iron from oxidiz-
ing again. When a sloshing sound indicated the presence of some
molten matter, the crucible was allowed to cool slowly in the fur-
nace. Wootz was widely traded in the form of cakes several inches
in diameter. Near Eastern smiths forged a Damascus blade from
an individual cake that was probably heated to between 650 and
850 degrees C.; ultrahigh-carbon steels are ductile in that tempera-
ture range. The craftsmen hardened the finished blades by reheating
them and then quenching them in water, brine or some other liquid.
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adding carbon to wrought iron or by
removing carbon from pig iron.

The procedure for producing wootz
from wrought iron is better under-
stood than the procedure for produc-
ing it from pig iron. Small pieces of the
metal were mixed with charcoal in a

sealed clay crucible about three inches’

in diameter and six inches tall. The
crucible was then heated to roughly
1,200 degrees C. At this temperature
wrought iron is still solid, but its crys-
tals have a face-centered cubic struc-
ture that can accommodate carbon at-
oms in the spaces between the iron
atoms [see top illustration at right].
Thus carbon diffused gradually into
the iron, forming an alloy known to-
day as austenite.

The addition of carbon lowered the
melting point of the metal. When the
carbon content at the surface of the
wrought-iron pieces had increased to
about 2 percent, a thinmoltenlayer of
white cast iron began to form on each
of the pieces. The presence of molten
matter was recognized by a “sloshing”
sound as the crucible was shaken; it
indicated that a significant amount of
carbon had dissolved in the iron.

At that point the crucible was cooled
very slowly, sometimes over a period
of days. The slow cooling produced a
homogeneous distribution of from 1.5
to 2 percent carbon throughout the
steel. When the temperature of the
metal fell below about 1,000 degrees
C., some of the carbon precipitated
out of solution, forming a network
of cementite, or iron carbide (FesC),
around the austenite grains. Because
the slow cooling allowed the grains to
grow relatively large, the cementite
network was coarse.

It was this coarse network that ulti-
mately led to the visible markings on
Damascus swords. Cementite, how-
ever, has certain negative qualities.
Although it is very hard, it is also
extremely brittle at room tempera-
ture. The brittleness would have been
made worse by the network structure,
which provided ready avenues for
crack growth. Yet Damascus swords
were the opposite of brittle: they were
tough. Wootz acquired toughness only
after it had been forged and the ce-
mentite network had been broken up
by extensive hammering.

amascus steels were apparently

hammered into blades at a fair-
ly low temperature. Medieval black-
smiths could not precisely measure the
temperature inside a hearth or a forge,
and so they used the color of the metal
as a guide. The forging range for steels
typically extended from white heat
(1,200 degrees C.) down to orange (900
degrees), but wootz seems to have been

AUSTENITE FERRITE MARTENSITE

IRON CRYSTALS in ultrahigh-carbon steels can exist in three forms. At temperatures
above 727 degrees C. the stable configuration is a cubic lattice with iron atoms at the center
of each face. The face-centered arrangement can accommodate carbon atoms (dark balls)
between the iron atoms. Thus at high temperatures carbon dissolves in the iron; the solution
is called austenite. If the steel is then cooled slowly to room temperature, the iron crystals
convert into a body-centered cubic form in which there is little room for carbon; this phase
is called ferrite. If the steel is cooled rapidly (quenched), carbon atoms are trapped in dis-
torted, tetragonal body-centered crystals, called martensite, that are harder than ferrite.
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IRON-CARBON PHASE DIAGRAM is the basis for understanding the properties and
the manufacturing process of Damascus swords. When wrought iron and charcoal were
heated to 1,200 degrees C. in a crucible, the iron converted into face-centered austenite ().
Carbon from the charcoal could then dissolve in the iron, decreasing its melting tempera-
ture. Molten cast iron formed at the surface of the iron particles when the carbon content
of the surface layer exceeded 2 percent (2). Slow cooling allowed the carbon to diffuse
through the metal, producing a steel with an average carbon content between 1.5 and 2 per-
cent (3); it also allowed the austenite grains to grow to a coarse size. When the temperature
fell below about 1,000 degrees C., carbon precipitated out of solution as cementite at the
grain boundaries (4). The coarse cementite network was the source of the whitish damask
markings. As the temperaturc fell below 727 degrees, face-centered austenite converted into
alternating layers of cementite and carbon-poor, body-centered ferrite (5). The blades were
hardened by being reheated above 727 degrees and then quenched, which converted aus-
tenite into martensite. Medieval smiths gauged the metal’s temperature from its color.
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HOWA MOMENT OF
LEARNING CAN
INSPIRE A LIFETIME
OF ACHIEVEMENT.

Watch a child the moment
a fresh idea begins to take
hold. Curiosity gives way to
discovery. And with it comes
the exhilaration of knowing
something special and new.

Thus the reason for a series
of films about math, science,
and economics, all funded
and distributed by Phillips
Petroleum. In them, learning
is pictured

asa
survival

: “skill but as a
lifelong passion that can thril|
inspire, andultimately, reward.

Since 1976 millions of young
people have seen "American
Enterprise”and "The Search
for Solutions.” Shortly, many
will be secing ' The Challenge
of the Unknown.” To find out
more about these films, write:
Phillips Petroleum Company
Public Affairs Department
Bartlesville, Oklahoma 74004

It's our hope that with the
help of a little illumination,
whether from a film, teacher,
or just an experience, young
people can be encouraged to
think, and do, the impossible.

Phillips Petroleum Company
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EFFECTS OF FORGING on Damascus steels were simulated by rolling a modern ultra-
high-carbon steel. The steel is shown magnified 130 times (fop) and 6.5 times (bottom). Be-
fore rolling (/eft), the light cementite network is continuous; its dimensions are roughly the
same in all directions. After rolling (right), the network is elongated in the rolling direction
and is broken up into spheroidal particles. As a result the steel is tougher (less brittle).

forged at temperatures between cher-
ry (850 degrees) and blood red (650
degrees). Higher temperatures would
have caused the cementite to dissolve
again in the austenite. Hammering the
wootz cake at a temperature below
850 degrees, on the other hand, broke

up the continuous cementite network
into spheroidal particles. The carbide
particles still served the function of
strengthening the steel, but because
they no longer formed a continuous
network, the metal was not brittle.
Damascus swords show evidence of

THICKNESS SECTIONS of a Damascus blade (/e¢fr) and of a rolled ultrahigh-carbon
steel (right) show similar microstructures, suggesting they were processed in a similar way.
Mechanical working compresses the cementite network; the space between the layers is
about 100 micrometers. Rolled steels have a less intricate damask than the forged blades.
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having been well forged; the height of
the ingot seems to have been reduced
by a factor of three to eight in the
pounding out of the blade. An experi-
ment we did demonstrated that ultra-
high-carbon steels are indeed ductile
and easily forged at a temperature of
850 degrees C. We subjected ingots
with carbon contentsof 1.3, 1.6 and 1.9
percent to large strains, compressing
them in a single step by a factor of
three. None of the ingots showed any
signs of cracking. In contrast, a cast-
iron ingot, whose higher carbon con-
tent (2.3 percent) rendered it brittler,
cracked around the edges under the
same strain.

One of the reasons European smiths
had so much trouble reproducing Da-
mascus blades, even from imported
wootz, may have been that they were
accustomed to working with low-car-
bon steels, which have a higher melting
point. As a result they may have tried
to forge the Indian steel at a white heat,
when it would have been partially mol-
ten. The likely outcome of such an ef-
fort was described by Bréant, who ob-
served that “at a white heat [Damascus
steels] crumble under the hammer.”

After forging, Damascus blades were
usually hardened by heat treat-
ment. Thermal hardening of a steel is
achieved by heating it above 727 de-
grees C. (the temperature at which
body-centered ferrite begins to be con-
verted into face-centered austenite)
and then quenching it (cooling it rap-
idly) in water or some other medi-
um. When ultrahigh-carbon steels are
allowed to cool slowly from the aus-
tenite phase, as in the initial casting of
wootz, the austenite is converted into
pearlite: alternating layers of soft, car-
bon-poor ferrite and carbon-rich ce-
mentite. If the steel is quenched, how-
ever, the transformation of austenite
into pearlite is suppressed. The iron
crystals become body-centered, but
they are stretched from a cubic form
into a tetragonal one. This structure,
called martensite, still has room for
carbon atoms, and so it is hard.
Medieval smiths seem to have fol-
lowed a variety of procedures in heat-
treating Damascus blades, often giving
considerable weight to considerations
that seem immaterial to the modern
engineer. Some smiths, for instance,
insisted that swords be quenched in the
urine of a redheaded boy or in that of a
“three-year-old goat fed only ferns
for three days.” One of the most de-
tailed descriptions of a procedure for
hardening Damascus steel (bular) was
found in the Balgala Temple in Asia
Minor: “The bulat must be heated un-
til it does not shine, just like the sun ris-
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STRENGTH AND DUCTILITY of ultrahigh-carbon steels can be greater than those of
conventional steels. Tensile strength is the maximum tensile stress a standard piece of metal
can withstand before fracturing. Elongation is a measure of ductility: it is the amount by
which the metal can be stretched before fracturing. When ultrahigh-carbon steels (a) are
rolled during cooling to produce an ultrafine microstructure, they are stronger (for a given
ductility) than conventional low-carbon steels (5) and high-strength steels containing small
quantities of special alloying elements (c). They also outperform certain advanced steels (d).

ing in the desert, after which it must
be cooled down to the color of king’s
purple, then dropped into the body
of a muscular slave...the strength of
the slave was transferred to the blade
and is the one that gives the metal
its strength.”

The instructions may be reinterpret-
ed as follows. The blade was heated
to a high temperature, presumably
above 1,000 degrees C. (“sun rising

in the desert”’), and then air-cooled’

to a temperature of about 800 de-
grees (“king’s purple”). Finally, it was
quenched in a warm (37 degrees),
brinelike medium.

This particular procedure would
probably not have yielded the best Da-
mascus blade. Heating the blade above
1,000 degrees C. would allow the ce-
mentite to dissolve again in the face-
centered austenite; on being cooled
to 800 degrees, the coarse network
structure, which had been eliminated
by forging, would reemerge. The high
temperature would also have gener-
ated relatively large steel grains. Both
effects would have reduced the tough-
ness of the blade. A sword manufac-
tured according to the Balgala pre-
scription would have been hard, but it
mightalsohave been too brittle to sur-
vive the impact of a Damascus blade
that had been heated to only just above
727 degrees before being quenched.
Such a blade would have been tough
as well as hard.
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In general, according to modern met-
allurgical theory, the strongest and
toughest steels are those with the fin-
est grains and particles. Ironically,
this suggests that the best Damascus
swords of all might have been ones
that lacked a damask pattern. Medie-
val smiths undoubtedly used the char-
acteristic surface markings as a form
of quality control: the damask was evi-
dence both of a high carbon content,
which made the blade strong, and of a
well-forged structure, which made it
tough. A damask would only be visi-
ble, however, if the cementite particles
in the steel were coarse and unevenly
distributed. Blades whose microstruc-
ture was so fine that it produced no
visible surface markings would have
been stronger and tougher still.

In order to test our ideas about the
composition and processing of Da-
mascus steels, we attempted to repro-
duce the damask in the laboratory.
First we heated a small steel casting,
whose carbon content was 1.7 percent,
to a temperature of 1,150 degrees C.
(light yellow) for 15 hours. The pro-
longed heating dissolved the carbon
and produced a very coarse austenite.
Next the casting was cooled at arate of
about 10 degrees per hour. The slow
cooling allowed a coarse, continuous
cementite network to form at the aus-
tenite grain boundaries.

Finally we reheated the casting to
800 degrees C. and rolled it, reduc-
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ing its height by a factor of eight.
This step, which simulated forging,
stretched the grains in the rolling direc-
tion and broke up the carbide network.
When the steel was etched with an acid
that attacked the iron matrix preferen-
tially over the carbide, a damask was
visible to the unaided eye. The micro-
structure of the casting was strikingly
similar to that of Damascus steels [see
bottom illustration on page 118].

The procedure described here is one
way of manufacturing a Damascus
stéel; there probably were many oth-
ers. The Near Eastern artisans may
even have made superior ultrahigh-
carbon steels that lacked a damask.
We did just that in the laboratory by
rolling the casting as it cooled from
1,100 degrees C. through the austenite-
plus-cementite phase. The mechanical
working refined the austenite grains
and caused the cementite to precipi-
tate out of solution as fine, uniformly
distributed particles rather than as a
coarse network. Thus the finished steel
bore no surface markings.

Such damask-free ultrahigh-carbon
steels are stronger and more ductile at
room temperature than conventional
automotive steels. Furthermore, they
are superplastic (that is, they behave
like molasses or semimolten glass) at
temperatures of 600 to 800 degrees C.
As a result they can be shaped with
precision into complicated objects,
such as gears, with a minimum of ex-
pensive machining and by processing
methods that are adaptable to mass
production. This suggests they might
find wide industrial application.

We are not the first to claim to have
rediscovered the lost art of Da-
mascus steelmaking. In addition to
Bréant and Faraday, one of our prede-
cessors was the Russian engineer Pavel
P. Anosoff, who in 1841 published a
two-volume monograph titled On the
Bular. So enthusiastic was Anosoff
about his findings that he proclaimed:
“Our warriors will soon be armed with
bulat blades, our laborers will till the
soil with bulat plowshares, our artisans
will use tools fashioned of bulat, and
bulat will supersede all steel employed
for the manufacture of articles of spe-
cial sharpness and endurance.”

His forecast was not realized. To-
day the enormous potential of ultra-
high-carbon steels remains largely un-
exploited. Although our optimism is
more tempered than Anosoff’s, we be-
lieve the situation will change and the
secret of Damascus steel will become
common knowledge in modern indus-
try. In the words of an old Russian
proverb, “The best of the new is often
the long-forgotten past.”
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Bidwell’s ghost and other phenomena

associated with the positive afterimage

by Jearl Walker

dapt your eyes to indoor darkness

for 10 or 15 minutes and then

set off a bright flash of light.

Keep your gaze steady as the glare sub-

sides. Within a few seconds you will

see what resembles a snapshot of the

room. Details lost in the dazzle of the

flash are now readily apparent. This is

an afterimage (a positive one because

itreproduces the light and dark regions

in the scene that was illuminated). It

lasts for tens of seconds if you keep
your eyes steady.

I first learned of this kind of after-
image from Peter Hasselbacher of
the University of Louisville School of
Medicine, who had seen it at parties
when he was in college. One of the
earliest reports of the afterimage was
made in 1894 by Shelford Bidwell, a
British physicist who did research on
vision. When he illuminated an object
with the flash from an electric dis-
charge, he perceived the object in
an afterimage about .2 second later.
Sometimes the afterimage faded and
reappeared several times.

In another experiment Bidwell made
a gas-discharge tube rotate at about .4
revolution per second. The tube was
periodically illuminated with a flash
of light. When he viewed the rotation
with a steady gaze instead of tracking
it with his eyes, the tube appeared to be
followed by a dim blue or violet ghost
light. When the rotation stopped, the
ghost light caught up with the dis-
charge tube. The afterimages Bidwell
saw in each of his experiments have
since been called Bidwell’s ghost.

Bidwell also shone a light on the
hole of a rotating disk so that a spot of
light circled a screen on the other side
of the disk. The room was otherwise
dim. He perceived a ghost light follow-
ing the spot at a delay of about .2 sec-
ond. When the original light was white,
blue or green, the ghost light was vio-
let. When the light was orange or yel-
low, the ghost light was blue or blue-
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green. Red light, however, did not pro-
duce a ghost.

In 1934 William Stewart Duke-El-
der, a British surgeon and ophthalmol-
ogist, described how an afterimage can
be produced while an observer looks
toward a spot of light with a card
blocking the view. When the card is
rapidly moved in and out of the line of
vision, the observer perceives a posi-
tive afterimage of the light. “So viv-
id, indeed, may be the impression of
the original afterimage,” Duke-Elder
wrote, “that the card appears transpar-
ent, and details which were not noted
in looking at the light are brought to
the attention in the afterimage.”

Iinvestigated the afterimage with an
electronic flash from my camera. Af-
ter a few minutes in a dark room (well
before my eyes were adapted to the
dark) I opened a magazine on a table.
The room was so dark that I could
see nothing of the magazine. Having
placed the flash to one side of my head
so that it pointed toward the magazine,
I triggered it. (I was careful not to point
the flash unit directly into my eyes. At
such close quarters the light might
damage the retina.) The glare was daz-
zling, but I was able to make out the
general outline of the magazine pages.

Within seconds a positive afterim-
age of the magazine appeared. (I call it
a snapshot afterimage.) The image was
bright enough for me to recognize
photographs and read the headlines. I
“saw” the smaller print but could not
read it. The image soon blurred and

" faded, finally disappearing after about

15 seconds. The darker sections (the
photographs) disappeared first and the
lighter sections last.

What came next was a vaguer but
much more persistent negative after-
image in which the bright and dark re-
gions were reversed. I believe the nega-
tive afterimage results from a retinal
fatigue caused by the snapshot after-
image. The bright portions of the illu-
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minated scene create much activity in
the regions of the retina where their
images fall. When that activity dies
out, those regions seem dark com-
pared with the areas that had less ac-
tivity. Hence the positive afterimage
fades into a negative one.

I continued flashing the light and ex-
amining the snapshot afterimages for
the next half hour. For the first 15 min-
utes they improved steadily in quality
as my eyes continued to adapt to the
darkness. Both the snapshot and the
negative afterimages were always col-
orless even when the objects in view
were colored. Once the snapshot after-
image was so vivid that I tried walking
across the room as if I could really see.
I quit when I walked into the edge of an
open door that seemed to be distant.

Improving the quality and duration
of the snapshot afterimage took some
practice because the flash tended to
make me blink. A blink or a movement
of the eyes across the scene usually
weakened or erased the snapshot after-
image. Moving my head did not seem
to matter if I did not appreciably move
my eyes with respect to my head.

I checked the steadiness of my gaze
during the afterimage by looking at a
dark television screen. The flash of
light made the screen glow faintly. I
then perceived the glowing screen su-
perposed on the snapshot afterimage
of the dark set. The two images slowly
separated, indicating that in the dark-
ness after the flash I had unwittingly
let my eyes drift, apparently without
affecting the afterimage, which was
fixed in place on my retina.

Nearly all the literature on this type
of Bidwell’s ghost says the gaze must
be kept steady if the afterimage is to be
maintained. With a few trials I discov-
ered that a steady gaze is usually not
crucial in the early stages of the pro-
ceeding. If I move my eyes during the
flash of light or in the next several sec-
onds, the afterimage disappears mo-
mentarily but soon returns, apparently
as sharp as it would have been if I had
kept my eyes still. If I move my eyes
later, the afterimage disappears imme-
diately and permanently. No one has
been able to explain how such a move-
ment of the eyes erases the afterimage.

The negative afterimage was much
less fragile, appearing even if I could
not keep my gaze fixed. It usually per-
sisted for several minutes. If I flashed
the light in order to produce another
snapshot afterimage, an old negative
afterimage would sometimes be super-
posed on it.

The perception of a snapshot after-
image often conflicted with my com-
mon sense. Once I illuminated my
hand while it was in front of my face



and then moved it behind my back.
When the snapshot afterimage ap-
peared, I had a clear perception that
my hand was in front of me and an
equally clear feeling that it was behind
my back.

In another experiment I squatted,
looking toward my feet and the floor
while I triggered the light. Then I stood
up, while continuing to look at the
floor. The snapshot afterimage con-
vinced me that my head was near my
feet, but I knew that I was standing up.

The reverse arrangement was equal-
ly unsettling. I flashed the light toward
the floor while I looked down from an
upright position. Before the afterim-
age appeared I squatted. The contrast
between what I perceived and what I
felt was startling. Just as disconcert-
ing was a snapshot afterimage of my
face when I looked into a mirror dur-
ing the flash of light.

By triggering the flash unit twice
within a few seconds I could superpose
two snapshot afterimages. In one ex-
periment I held my hand in front of my
face while I flashed the light. Immedi-
ately Imoved my hand to the right and
triggered the light again. When the
snapshot afterimages appeared, I saw
both positions of the hand. I knew the
hands were mine, but neither image
made sense because my hand was then
at my side. If I held my hand with the
palm toward me in one flash and away
from me in the next, I saw a remark-

able hand with 10 fingers, half curled
toward me and half curled away.

I next sat with my right leg crossed
over my left. With my head down I
illuminated my legs with a flash, quick-
ly crossed them the other way and illu-
minated them again. In the resulting
afterimage I perceived a leg extending
to the left and another one extending to
the right.

The ability to superpose snapshot
afterimages enabled me to stroboscop-
ically freeze an object moving through
my field of view. I held a coin in front
of me, released it and then flashed the
light twice while the coin was falling.
In the afterimage I saw my hand and
two positions of the coin.

I wondered if an afterimage from
one eye could be superposed on an af-
terimage from the other. I triggered
the light while only my left eye was
open. Then I closed that eye, opened
the other one and triggered the light
again. The two views were indeed su-
perposed.

If I moved my head between one
flash and the next, the scene was usual-
ly too cluttered to be clearly recogniz-
able. Sometimes I created two images
that I could fuse to produce a weak
stereoscopic effect. Normal stereopsis
yields a perception of depth that is cor-
rect because the brain is accustomed to
the usual separation of the eyes. In my
experiment the views from the eyes
were made with a different separation,

immediately distingushable

giving rise to a different perception
of depth.

I next experimented with several cel-
lophane filters to check for color de-
pendence in the snapshot afterimages.
I covered the flash unit with a filter,
but I could just as well have looked
through the filter. With a green or blue
filter the snapshot afterimages were
vivid. With a red filter they were dim
and brief or did not appear at all.

I then investigated the ghost image
reported by Bidwell for a moving spot
of light. I moved a small orange spot of
light (the trigger button of my camera
flash) rapidly across my field of view
while I kept my gaze fixed. After a no-
ticeable delay a dim blue spot raced
along the same path, running into the
orange spot where I had stopped it.
The trail behind the ghost spot glowed
dimly (it may have been blue, but I was
not sure) for tens of seconds. When I
moved the orange light through an in-
tricate pattern, the delayed ghost spot
raced along the same path, leaving the
entire path glowing slightly.

If the ghost image were due merely
to the persistence of vision, it would
appear simultaneously with the stimu-
lus light, and the path just behind the
stimulus would glow. Hence the ghost
is an afterimage. As the spot of light is
brought across the field of view, its im-
age on the retina moves across photo-
receptors that were previously unillu-
minated. The sudden supply of light

ot afterimage soon fades.

- Afterimage last:

Variations of the positive afterimage
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provokes the afterimage, but only af-
ter a short delay. If you track the stim-
ulus light, the same photoreceptors are
continuously illuminated and no trail-
ing ghost appears.

Returning to my camera flash, I illu-
minated a page of print with only my
right eye open. I was careful to keep
gazing toward the left side of the page.
Looking at the snapshot afterimage
with both eyes, I noticed that the image
was poorer on the left side. In normal
viewing an object looked at produces
an image on the fovea, a small area of
the retina that is densely packed with
cones. The region lacks rods, the oth-
er type of photoreceptor. Because the
snapshot afterimage of the page was
unclear in the area on which my eye
focused, I concluded that rods must
produce the afterimage.

There should be a second unclear
spot in an afterimage. Toward the tem-
ple side of the field of view the eye has
a blind spot because that is the part of
the retina where the nerves enter the
eye. The area has no photoreceptors
and cannot transmit an image to the
brain. In normal viewing the blind spot
is ignored because the region not seen
by one eye is seen by the other. When I
exposed only one eye to the briefly illu-
minated page, I expected the afterim-
age to have an indistinct area toward
my temple. In some cases I thought I
perceived such an area, but I was never
quite certain.

Sometimes I replaced the flash unit
with a standard stroboscope set to a
low frequency. After a flash or two I
turned off the stroboscope to examine
the afterimage. (Do not look directly
into a flashing stroboscope. The light

Dimly glowing
trail

-

/ Trailing ghost light,
delayed by .2 second

/ Orange
/ stimulus light

r’

Bidwell’s ghost
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might be intense enough to harm your
eyes. If you are subject to seizures
when viewing flashing lights, avoid a
stroboscope.)

In one experiment I generated a
snapshot afterimage with my camera
flash unit, closed my eyes and then
turned on the stroboscope for about 30
seconds. Light came through my eye-
lids with each flash, creating a diffuse
red background (red because of the
blood in the eyelids). Against the back-
ground I perceived a negative image of
the scene that had been illuminated by
the camera flash unit. When I turned
off the stroboscope, I was surprised to
find a snapshot afterimage long after it
should have disappeared.

With more experimentation I con-
firmed that this technique prolonged
the snapshot afterimage. I do not know
why, but I can offer two hypotheses.
The diffuse light transmitted through
the eyelids might boost the chemical
changes induced by the original flash,
making them persist longer. Alterna-
tively, what I perceived after turning
off the stroboscope might have been
an afterimage that was the contrast of
the negative one that would have been
there anyway. Since the contrast to
a negative image is positive, I per-
ceived a snapshot afterimage when
the stroboscope was turned off.

In some classic experiments done
with other types of afterimages an ob-
server can vary his judgment of the
size of the afterimage if he sees it
against a background that changes dis-
tance. Suppose he perceives something
occupying one degree of arc in his field
of view. His decision about the size of
the object is determined in part from
the apparent distance to the object. If
enough clues convince him that the ob-
ject is distant, he concludes it must be
large. If the clues convince him that
the object is close, he concludes it must
be small.

I had a vague sensation of how the
size of the snapshot afterimage can de-
pend on such clues. In a dimly lighted
room I illuminated a food can with my
camera flash. Then I held a sheet of
paper in front of my open eyes. The
snapshot afterimage of the can was
superposed on the dim outline of the
page. When I moved the page away
from me, the can did seem to be slight-
ly larger. The experiment was difficult
because I tended to focus my eyes on
the page. The eye movement erased
the afterimage.

Other research on the snapshot af-
terimage suggests that such a varia-
tion in the judged size of an object can
arise in total darkness. Supposedly the
observer alters the judged size as he
moves his hand (unseen in the dark-
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ness) from just in front of his eyes to
full arm length. I suppose one imag-
ines the hand to be a viewing plane
for the afterimage even though the po-
sition of the hand can only be felt. I
failed to create this illusion.

The positive afterimage following a
brief flash of light has been recently
investigated by Edward H. Adelson of
RCA’s David Sarnoff Research Cen-
ter, drawing on work done indepen-
dently by Barbara Sakitt of the Massa-
chusetts Institute of Technology and
Wilson S. Geisler III of the University
of Texas at Austin. Adelson attributes
the afterimage to the retinal rods. In
his experiments an observer adapted
to darkness was exposed to a green
square on a circular red background.
The flash of light lasted for .01 second.
The square occupied 4.5 degrees in
the observer’s field of view; the back-
ground occupied 11 degrees. The pat-
terns were centered about 15 degrees
off the observer’s line of sight, and so
their images on the retina were away
from the fovea.

The afterimage depended on the in-
tensity of the light. Some of the results
are depicted in the illustration on the
preceding page. The top row is a se-
quence of the observer’s impressions
when the intensity was low. The square
was immediately visible as the glare
of the flash subsided, and the after-
image was brief. The second row, a se-
quence resulting from intermediate in-
tensity, indicates a brief delay before
the square could be distinguished. This
time the afterimage lasted longer.

The sequence in the bottom row is
from high-intensity light. Several sec-
onds went by before the square
emerged from the background. The af-
terimage lasted longer than the others.
It is evident that the observer’s ability
to distinguish parts of the afterimage is
delayed when the intensity of the flash
is increased. The increase also gives
rise to a longer afterimage.

Adelson found in addition that both
patterns may seem to brighten as the
square emerges from the background.
I saw all these results in my exper-
iments with snapshot afterimages of
magazine covers and pages.

Adelson suggested how the rod sys-
tem can be saturated by the flash of
light. When the outer segment of a rod
absorbs light, a series of chemical reac-
tions generate a substance blocking the
flow of sodium ions through a mem-
brane in the outer segment. When the
sodium flow is totally blocked, the sig-
nal sent to the brain is at maximum
strength and the rod is said to be sat-
urated. During this stage additional
light will not augment the signal.

Hence the initial flash of light can



saturate the rod system so that the
signal from the rods stimulated by
the square is as strong as the signal
from the rods stimulated by the back-
ground. As the signals decay, however,
they eventually differ in strength, en-
abling the observer to distinguish the
square. When the flash of light is in-
tense, the rod systems remain satu-
rated longer, delaying the emergence
of the square.

In one series of experiments Adelson
tested the color dependence of the pos-
itive afterimage. The background was
kept red-orange while various colors
were chosen for the square. With each
trial the observer adjusted the intensi-
ty of the square so that in the after-
image the square was barely distin-
guishable from the background. When
the choices of intensity were plotted
against the wavelength for the color
of the square, the graph matched the
wavelength dependence of rods, indi-
cating that the rods were responsible
for the afterimage.

Adelson also ran trials in which the
color of the square was kept green
while the background color was var-
ied. This time the observer adjusted
the intensity of the background until
the square was just visible in the after-
image. Again the graph of the results
matched the wavelength dependence
of the rods.

Are rods also responsible for the
ghost light trailing a moving stimulus
light? I think they are, but I am puzzled
by the color of the trailing ghost.

I can suggest a possible solution. The
color of the ghost may come about be-
cause rods interfere with the color sig-
nal from cones during the afterimage.
(Rods cannot directly signal color but
cones can.) Bidwell’s observation that
ared stimulus light does not generate a
ghost is probably attributable to the
fact that rods are not excited by deep
red. Therefore such a stimulus does
not create the chemical activity in rods
that generates a ghost.

A stimulus light of any other color
excites the rods so that they generate
an afterimage. Their activity inhibits
the color signal (then weak but still
present) from the cones that were ex-
cited by the stimulus light. Such an in-
hibition sends a signal to the brain that
the cones are intercepting the comple-
mentary color of the stimulus light.

Suppose the stimulus color is yel-
low. It will excite the rods and those
cones designed to detect yellow. As the
stimulus light passes over a region of
these cones yellow is perceived.

Within about .2 second the rods cre-
ate an afterimage. Their activity inhib-
its the signal of yellow from the cones;
a signal of blue (the complementary
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Can is large if'it is scen as being distant.

J

.Can is small if ifis
L 7 seen as being nearby.

Variations in the apparent size of an object in an afterimage

color of yellow) is sent to the brain.
The trailing ghost created by the rods
is colored blue by their interference
with the cones. That subtle coloring
is lost if the rods are saturated, as
they are when a snapshot afterimage
is made. I checked this conclusion by
searching for a trailing ghost from an
orange stimulus light just after I cre-
ated a snapshot afterimage. I saw the
orange light but no ghost.

Daniel H. Kriegman and Irving
Biederman of the State University of
New York at Buffalo have recently in-
vestigated the extent of information
available in the snapshot afterimage.
Earlier investigators had tested an ob-
server’s recall after glimpsing a dis-
play of 12 letters under normal lighting
conditions. Usually an observer can
recall only three or four letters. The
rest are lost because the visual image

’ iy Camera flash

ey ==

Red point of

light for ﬂxa’rion? XKA'S\/

rapidly fades and because the mem-
ory is inadequate.

Kriegman and Biederman wondered
if recall would improve when the ob-
server was adapted to darkness and
was then shown an array illuminated
with a flash of light triggered by the.
observer. The brightness was adjusted
by filters of neutral density placed in
front of the flash unit.

The arrays were prepared by typ-
ing 14 consonants and numerals on a
blank index card. The observer record-
ed his observations by speaking into a
tape recorder. The five vowels and the
letter Y were avoided to make for un-
ambiguous pronunciation. G, Q and
zero were also eliminated because
they could be visually confused. The
letter B was eliminated because it
might sound like P.

The arrays of the displays were typed

/

o

R17

SVC@ I\
\NJ

Small flashlight

———

The arrangement devised by Daniel H. Kriegman and Irving Biederman
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in three rows. The middle row had
four figures, the top and bottom rows
five each. The blank at the center of
the middle row was a point of fixation
for the observer. In that spot he saw a
point of dim red light made by a small
flashlight on the other side of the card.
This light was too feeble to illuminate
any of the letters on the card.

Six observers took part in the experi-
ments. Each person sat about a foot
away from the array and adapted to
the dark for about 12 minutes. Then a
trial of exposure and recall was done
every 30 seconds. The first 10 trials
of the session and the first three trials
with each filter were for practice. Fifty
trials were recorded for each observer.
In some sequences the observer began
with the dimmest filter and progressed
to the brightest. In others the progres-
sion was reversed.

The best recalls were made when the |

light from the flash was brightest. Bet-
ter recall also resulted from the se-
quence beginning with the dimmest
filter. With the brightest filter the ob-
servers were able to recall an aver-
age of 12.4 figures out of the 14 in
the array. In nine trials at the highest
brightness the observers gave perfect
reports. (Some of the success may, of
course, have been due to increasing fa-
miliarity with the figures.)

Apparently accurate and full report-
ing requires some practice. An observ-
er must keep his gaze steady in order to
maintain the afterimage. He must also
ignore variations in the illumination of
the card that might otherwise interfere
with the reading of the figures. With
proper concentration observers were
able to read the figures in the afterim-
age even though they did not see them
well in the initial flash.

When I repeated this experiment
with a similar arrangement, I found
that reading the letters in the afterim-
age was quite strange. Normally one
reads by moving one’s eyes across the
page. With the afterimage I had to
gaze steadily to avoid erasing the pic-
ture. I do not understand how I then
read the letters off to the side. Some-
how I thought about what was there
and could then recognize the figures.
I moved my concentration instead of
my eyes.

Bidwell’s ghost would still repay in-
vestigation. Is the trailing ghost actual-

ly related to the snapshot afterimage? |

What causes the colors in the ghost?
Why are the snapshot afterimages
colorless? Why are they weakened or
erased if your eyes move appreciably?
Why are they prolonged if the eyes
view a diffuse, flickering field? I would
enjoy hearing about what you find to
further explain this phenomenon.
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We were delighted to read these observ-
ing notes sent to us by Dr. Stanley Sprei of
Ft. Myers, Florida, and thought you too
might find them interesting.

"I enjoy working near the theoretical
limits of my Questar, and recently a
moonless, dry and empty sky afforded
an opportunity to seek out some faint
planetaries.

"The first target was NGC 1502, an
open cluster forming two diverting
chains of stars, one chain containing an
easy 7th magnitude pair, which served
as a guidepost. Two degrees of declina-
tion away is the 12th magnitude plane-
tary NGC 1501, which appeared as a
disc seen best at powers from 60 to
130x. I found it again the following
weekend despite humid atmosphere
and the presence of a 3-day old moon
in the west. .

“In Gemini I observed NGC 2158.
Burnham’s gives 12th magnitude for this
open cluster, but its brilliance in the
Questar would indicate that it is prob-
ably brighter than 12th.

“The most difficult object I have
observed so far is NGC 2438, the
planetary nebula within M46. Although
Burnham'’s lists it as magnitude 11, I
found it more difficult than 1501 which
is supposedly one magnitude fainter. I
was glad to have seen it, as the Cam-
bridge Deep Sky Atlas lists it as an
object for at least a 6-inch scope."”

1984 QUESTAR CORPORATION

QUESTAR

Box 59, Dept. 208, New Hope, PA 18938
(215) 862-5277
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Direction

® The line or course along which something is
moving; e.g., a company approaching $10 bil-
lion in sales, a leader in growth markets,
zeroed in on the future.

® A governing or motivating process; aware
management guiding highly resourceful and
diverse businesses.

® A channel or course of action, like record
performance nine straight years.

Rockwell International is moving fast
and smart into the decade ahead. We're

leading the way with high technology applied

across four diverse business areas.

To keep us moving in the right direction, we’ve spent

$2.2 billion for capital expenditures over the last five years.
And we're continuing the pace for ’85. To learn more

about us, write: Rockwell International,
Department 8155-66, 600 Grant Street,
Pittsburgh, PA 15219.
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