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On the road, an impending storm 
presents a special challenge-one 
the driver of a Thunderbird is well­
prepared to accept. 

Thunderbirds electronically fuel­
injected engine provides the power. 
Steel-belted radial tires and rack 
and pinion steering provide the 
grip. And for further stability and 
road control,Thunderbird's shape 
helps reduce front and rear lift. 

Inside, you'll find the appointments 
of a true drivers car. Thunderbirds 
airflow management reduces wind 
noise and helps keep the windows 
clean. Seating areas provide lateral 
support for cornering. And to 
minimize the time your eyes are 
off the road, the instrument cluster 
provides vital information at a glance. 

Of course, Thunderbird does 
have its limits; it can't predict the 
weather. It can, however, make 
dealing with a storm a little easier. 
You can drive a Thunderbird at your 
nearby Ford Dealer. Have a nice day 

3-Year Unlimited Mileage 
Warranty. 

. 

The new 3-year unlimited mileage 
warranty covers major powertrain 
components on 1986 Ford cars. 

Warranty is limited and certain 
deductibles apply Ask to see the 
3-year unlimited mileage warranty 
when you see your Ford Dealer. 

Best-built American cars. 

"Quality isJobI:'A 1985 survey 
established that Ford makes the best­
built American cars.This is based on 
an average of problems reported by 
owners in a six-month period on 
1981-1984 models designed and built 
in the U.S. 

Have you driven a Ford ... 
lately? 
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THE COVER 

The illustration on the cover is a computer-generated image of the magnet­
ic field that would be generated in the inner core of a superconducting mag­
net at the proposed Superconducting Supercollider (sse) (see "The Super­
conducting Supercollider," by J. David Jackson, Maury Tigner and Stanley 
Wojcicki, page 66). If construction is approved, the sse would be the world's 
largest particle accelerator, and it would enable physicists to investigate 
matter at previously unattainable scales of length and energy. Superconduct­
ing magnets are a key element in the design of the machine. They are to 
bend two counterrotating beams of protons into a ring some 52 miles in 
circumference and focus the two beams before they are made to collide. The 
computer-generated image is color-coded to show the field intensity of one 
of the bending magnets in cross section, as it might appear to a proton in 
the evacuated beam pipe. The protons in the pipe pass through the central, 
blue part of the cross section, about four centimeters in diameter, where the 
intensity of the field is greatest and most uniform. The intensity of the field 
in the magnetic coils surrounding the pipe varies rapidly from point to point 
(blue, white, purple). The intensity of the field decreases in the iron yoke 
surrounding the coils (orange, brown), and it is essentially zero outside the 
core (not shown). The image was made with the computer program POISSON 

by Shlomo Caspi and Michael Helm of the Lawrence Berkeley Laboratory. 
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Cover image by Shlomo Caspi and Michael Helm 
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LETTERS 

To the Editors: 
"The Development of Software for 

Ballistic-Missile Defense," by Herbert 
Lin [SCIENTIFIC AMERICAN, December, 
1985], is the latest of several articles by 
authors who predict that the job is like­
ly to be impossible. These critics en· 
courage the image of a monolithic pro­
gram of 10 million or more lines of 
code that must operate flawlessly on 
first use, in spite of inadequate testing 
and "unknowable" requirements, oth­
erwise the entire defense system will be 
rendered useless. 

Although the Strategic Defense Ini­
tiative (sm) will test our capabilities, 
there are reasons to be optimistic. Bat­
tle management and other functions 
can be implemented with a number of 
relatively uncoupled programs that in­
dividually are modest in size. This ap­
proach relieves cost and complexity 
(scaling, or the relation of level of ef­
fort to program size, will be more near­
ly arithmetic than exponential), limits 
the detrimental effects of code modifi­
cations and adds to system robustness. 

An sm system cannot be expected 
to operate flawlessly. The architecture 
can be compartmentalized, however, 
employing multiple sensor and weap­
on systems for each of several defense 
layers, with minimum linkage between 
the layers and between systems with­
in a layer. The resulting protection 
against single point failures can be en­
hanced by the use of multiple, dissimi­
lar software codes for key functions. 

The sm will not be the first develop­
ment in which fully stressed operation­
al testing was not possible. The devel­
opment of strategic offensive weapons 
and the landing on the moon are other 
examples. The historically successful 
process of incremental system valida­
tion, in which increasing proportions 
of the actual system are combined with 
increasingly realistic testing scenarios 
and environments, is particularly com­
patible with the evolutionary develop­
ment planned for an sm system. The 
surveillance mode will operate contin­
uously, and other functions such as 
the tracking of boosters and the recon­
figuring of fictitiously damaged com­
munications networks can be routine­
ly and non provocatively exercised. The 
armed forces and the National Aero­
nautics and Space Administration reg­
ularly use simulations of stressed and 
unanticipated scenarios in which "Red 
teams" confront a system with diaboli­
cal combinations of contingencies. 

Most of the sm requirements are 
knowable, having to do with weapons, 
sensors, communications and other sm 
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elements that are of our design, not the 
Soviets'. Although Red teams cannot 
anticipate all the threats, countermea­
sures, et cetera, that an enemy could 
deploy (a problem common to all mili­
tary systems), the laws of physics and 
Soviet budgets limit even those un­
knowns to a finite set. 

MALCOLM W. JOHNSTON 

Cambridge, Mass. 

To the Editors: 
. In considering the details of the ar­

gument in 'The Development of Soft­
ware for Ballistic-Missile Defense" it 
will be useful to draw distinctions 
,among three activities that prevent 
the development of the "reliable soft· 
ware" referred to in the subheading: 
problem definition, algorithm devel­
opment and computer-program design 
and coding. 

The first of those activities includes 
the identification of the threat. Diffi­
culties that arise in this area always 
pose a serious limitation to the ef­
fectiveness of defensive measures (re­
member the Maginot Line?), but they 
are not a problem of software relia­
bility. Yet a very considerable part of 
Lin's article, including the account of 
the mistaken classification of an Exo­
cet missile as "friendly," deals with 
such difficulties. By this logic a medi­
cation (software) must be condemned 
if it is inappropriately prescribed on 
the basis of a wrong diagnOSIs (threat 
identification). 

The second activity, algorithm de­
velopment, is not specific to software 
either; algorithms are also required, 
for example, for generating the eleva­
tion tables for field guns and determin­
ing the heading correction a pilot must 
apply while flying in a crosswind. Be­
cause algorithm faults usually mani­
fest themselves in systematic devia­
tions from the desired process, they are 
detected early in the test program and 
are rare (but not impossible) in opera­
tional computer programs. The envi­
ronment of a ballistic-missile defense 
may be more tolerant of such rare al­
gorithm faults than most other appli­
cations are. The multiple phases dur­
ing which incoming missiles can be de­
tected and destroyed give rise to fault 
tolerance, however: each phase can 
use independently generated and tested 
algorithms. Another mechanism for 
fau�t tolerance can be embedded in the 
software: current programming tech­
niq ues enco urage the incl usion of as­
sertions that can be used to detect 
faulty algorithms. If an aiming algo­
rithm is correct, for example, the time­
to-gO to encounter should decrease 

steadily (assuming a target that does 
not maneuver). If an error is detected 
by the assertion, an alternate algo­
rithm can be invoked. 

Finally, we come to what may prop­
erly be termed the software-reliability 
issue: the adherence of the computer 
program as delivered to the require­
ments imposed on it by the other activ .. 
ities I have mentioned. The two pri­
mary techniques for fault avoidance 
in this area are analytical verifica­
tion (proof of correctness) and testing. 
Their limitations are stated correctly 
in the article, but some mention should 
also have been made of the steady 
improvements in their effectiveness. 
Moreover, omitting any reference to 
software fault tolerance results in a 
significant misstatement of the capabil­
ities for producing reliable software. 

H.HECHT 

Los Angeles, Calif. 

To the Editors: 
In "The Development of Software 

for Ballistic-Missile Defense" Lin cites 
an incident in the Falkland Islands war 
in which the British destroyer H.M.S. 
Sheffield was sunk by an Exocet mis­
sile. Lin writes that "the ship's radar 
warning systems were programmed to 
identify the Exocet missile as 'friendly' 
because the British arsenal includes 
the Exocet." It should be noted that 
the British government has officially 
denied this. According to the Ministry 
of Defence, "the computers on board 
HM.S. Sheffield functioned effectively 
prior to and during the attack; allega­
tions that the Exocet missile was mis­
takenly identified as friendly are with­
out foundation." 

MARTIN J. MOORE 

Crestview, Fla. 

To the Editors: 
Mr. Johnston does not seem to real­

ize that the sm is not just another proj­
ect. If the goal of the sm were simply to 
reduce (rather than eliminate) the bal­
listic-missile threat or to provide a de­
fense for U.S. missile silos, his opti­
mism might have some basis in reality. 
But the stated goal of the President's 
sm program is the wholesale defense 
of population against the threat of nu­
clear missile attack, at a level of reli­
ability known in advance to be suffi­
cient to render these weapons impotent. 

It is highly unlikely that an sm-de­
veloped ballistic-missile defense (BMD) 
would provide such a shield if it were 
actually put to the test. The fundamen-
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ill! 
The most convincing way to describe a 
new design is to show it to someone. The 
Innovative Design Fund exists to help you 
dojust that. Innovation takes intelligence 
and talent; but constructing a prototype 
takes money as well. If you have an idea 
for an innovative design, you're invited to 
apply for a cash grant of up to $10,000 to 
fabricate a prototype. 

Any strings attached? No, but there are 
two constraints. We fund only designs 
that address the "immediate designed 
environment" -clothing, home furnish­
ings' textiles. No sports cars or space sta­
tions. And all designs must be ready for 
prototyping (we cannot fund research). 

For application gUidelines and more 
in formation, write to: Innovative 
Design Fund, 866 United Bations 
Plaza, BewYork, B.Y.I0017 

The Innovative DeSign Fund, Inc. is a public foundation, sup­
ported in part by the National Endowment for the Arts, the 
New York State Council on the Arts and the Charles E. 
Culpeper and R.H. Macy Foundations. 

tal reason is simple. As Johnston notes, 
an SOl system cannot be expected to 
operate flawlessly. Whereas other sys­
tems with less demanding require­
ments can tolerate small or infrequent 
flaws, a "small flaw" in a large-scale 
defense of population can have enor­
mous consequences. Furthermore, no 
known or foreseeable technology will 
enable us to know prior to actual use the 
actual level of performance a BMO sys­
tem wQuld achieve in action. If the best 
that can be said of a BMO system that is 
the linchpin of u.s. security is that it 
might work were it put to an actual test, 
the threat of nuclear missiles has not 
been eliminated' nor have the weapons 
been rendered impotent. 

Both Johnston and Mr. Hecht point 
to fault-tolerant software (involving 
weak coupling between modules, inde­
pendent development of modules and 
recovery block programming) as at 
least partial solutions to the problem 
of software reliability. They are right: 
a complex system that makes use of 
these techniques is much more likely 
to be reliable than a system that does 
not. But the use of fault-tolerant tech­
niques cannot ensure that the result­
ing system will indeed be fault-toler­
ant. Indeed, the history of complex 
systems (software and others) provides 
clear counterexamples. For instance, 
independently written programs devel­
oped from the same specifications do 
not fail independently. 

Hecht argues that problem defini­
tion and algorithm development are 
not properly included under the rubric 
of software reliability. He is wrong: de­
ciding what task is to be done and how 
it should be done is a very important 
part of assessing the extent to which 
computers for BMO will do the job 
we want them to do. Hecht's assert"ion 
does provide a good example of the 
way very difficult problems are often 
"solved" by redefining the problem. 

Mr. Moore notes my omission of the 
denial by the British Ministry of De­
fence ofthe report about the Exocet/ 
Sheffield incident. I had thought that 
the qualifier "According to one report, 
the ship's radar warning systems . . .  " 
would be enough to alel't the reader 
that the statement was not unchal­
lenged, but in retrospect I realize I 
should have noted the official position 
as well. In any event, I leave it to the 
reader to judge the plausibility of the 
story or the denial. 

Finally, a much longer monograph 
describing the development of soft­
ware for BMO is available from me for 
readers interested in further details. 

HERBERT LIN 

Cambridge, Mass. 
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The Spirit of America . 

Somewhere west of Laramie, men still ride 
from dawn 'til dusk. And settle down to a shot of Bourbon 

against the chill of the night. Old Grand-Dad stiff makes that I�carlil Bourbon, the only truly American whiskey, just as 
we did 100 years ago. It's the spirit of America. 

Old Grand-Dad 
Kentucky Straight Bourbon Whiskey. 86 Prool. Old Grand-Dad Distillery Co., Frankfort, KY 40601. 

© 1986 SCIENTIFIC AMERICAN, INC



50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

MARCH, 1936: "The progress of 
television in the past few years has 
been most unsatisfactory from the 
standpoint of the general public. Now 
comes a ray of hope. Television has 
been under the sympathetic eye of the 
Federal Communications Commis­
sion, and in a recent report to Congress 
the Commission stated that television 
is practically ready for public use. 
But-and this is a big 'but'-the Com­
mission went on to state that the var­
ious experimenting companies have 
been working on so many different 
types of transmission systems that to 
receive even the experimental trans­
missions requires a different receiver 
for each. What is the answer? The 
Commission states: 'In order to give 
television service, it is necessary for 
the different manufacturing compa­
nies to standardize their transmissions 
and prod uce receivers that can receive 
all programs transmitted.'" 

"There is a great tendency today to 
add vitamins to foods. The wisdom of 
this is doubtful, for the ordinary well­
balanced diet supplies all the vitamins 
that human beings usually need. The 
American Medical Association not 
long ago denounced the crude and un­
scientific character of vitamin therapy. 
It said there was no more reason for 
people to take varied dosages of sever­
al vitamin concentrates incorporated 
in food or drug products than for them 
to dose up on any other individual, un­
related dietetic components." 

"Travelers by bus or in their own 
automobiles will soon be able to enjoy 
custom-made weather wherever they 
go. Details of a newly perfected system 
that provides air cooling or year-round 
conditioning similar to that in use on 
railroads, in theaters and in stores were 
outlined recently. The system calls for 
the use of a refrigerating compressor 
driven directly by the car motor, which 
supplies a special refrigerant to an 
evaporator or a cooling coil." 

"Aviation weather service has made 
notable advances in the development 
of radio meteorography. The aeronau­
tical meteorologist needs daily and 
even hourly cross sections of the at-

mosphere with regard to its pressure, 
temperature, humidity, wind direction 
and velocity up to great heights. The 
ideal method of observation is the 
sounding balloon equipped for radio 
transmission, so that there is no lim­
itation as to height and so that infor­
mation is instantly transmitted to 
the weather station; in other words, 
a sounding balloon provided with a 
'radio meteorograph.' '' 

MARCH, 1886: "Professor Huxley, 
in his presidential address before the 
Royal Society, said that 'of late years it 
has struck me that those who have 
toiled for the advancement of science 
are in a fair way of being overwhelmed 
by the realization of their wishes. It 
has become impossible for any man 
to keep pace with the progress of the 
whole of any important branch of sci­
ence. It looks as if the man of science 
of the future were condemned to di­
minish into a narrower and narrower 
specialist as time goes on. It appears 
to me that the only defense against 
this tendency lies in the organization 
and extension of scientific education 
in such a manner as to secure breadth 
of culture without superficiality; and, 
on the other hand, depth and precision 
of knowledge without narrowness.' '' 

"The growth of the telephone is one 
of the most remarkable in the histo­
ry of inventions. In August, 1877, the 
number of instruments in use in this 

country was only 780, while in Feb­
ruary, 1885, there were 325,574. The 

number of exchanges has grown from 
100 in 1880 to 782 in 1885. In January 
last there were 137,223 miles of tele­
phone wire in this country." 

"A trial has just been made at Ports­
mouth of an installation of the elec­
tric light, which has been fitted on 
board the imperieuse by Messrs. Sie­
mens Brothers & Company, who are 
also about to provide similar installa­
tions on board the Warspite, Edinburgh, 
Collingwood and Rodney. The lights on 
board the imperieuse comprise 375 in­
candescent lamps of 20 candle power, 
which are disposed so as to illuminate 
all parts of the ship, and also a couple 
of search arc lights, placed at the bows 
and at the stern, which are each equal 
to the power of 25,000 candles. The 
initial trial was very satisfactory." 

"Ten years ago writing machines 
were little used, were practically un­
known to the great majority of writers 
and were held by the few who knew 
something of them to be mechanical 
toys rather than the great time and la­
bor savers they have since proved to 
be. Up to 1881, when the American 
Writing Machine Company of Hart­
ford, Conn., introduced the caligraph, 
double-case writing machines were in­
complete, being so constructed as to 
compel the operator to shift the car­
riage by a gratuitous stroke for capi­
tal letters and figures. The caligraph, 
however, prints each character in both 
capitals and small letters at a single 
finger stroke." 

The caligraph writillg machille 
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THE AUTHORS 
RICHARD K. LESTER ("Rethink­

ing Nuclear Power") is associate pro­
fessor of nuclear engineering at the 
Massachusetts Institute of Technolo­
gy. Born in England, he was graduated 
from the Imperial· College of Science 
and Technology in London. A Ken­
nedy Memorial Trust Scholarship en­
abled him to come to the U.S. in 1974 
for graduate studies in nuclear engi­
neering at M.LT. In 1977 he took a 
·leave from M.LT. to spend a year and 
a half as a visiting research fellow in 
the Division of International Relations 
of the Rockefeller Foundation. He got 
his Ph.D. from M.LT. in 1979 and 
joined the faculty there as assistant 
professor; in 1982 he became associ­
ate professor. Lester has written exten­
sively on issues relating to world nu­
clear-energy development. 

EDWARD W. HONES, JR. ("The 
Earth's Magnetotail"), is a geophysi­
cist at the Los Alamos National Labo­
ratory. His undergraduate and gradu­
ate degrees are from Duke University: 
a B.S. (1943) in mechanical engineer­
ing and an M.S. (1949) and a Ph.D. 
(1952) in physics. He did space-physics 
research at the Convair Corporation, 
the Institute for Defense Analyses and 
the University of Iowa before join­
ing the staff at Los Alamos in 1965. In 
addition to his work in space phys­
ics Hones pursues interests in cosmol­
ogy and laboratory plasma physics. 

RICHARD M. LAWN and GOR­
DON A. VEHAR ("The Molecular 
Genetics of Hemophilia") are senior 
scientists at Genentech, Inc. Lawn 
was graduated from Harvard College 
in 1969 with a degree in astronomy. 
After beginning graduate work he 
switched fields and earned a doctorate 
in molecular biology from the Univer­
sity of Colorado at Boulder in 1977. 
Lawn did postdoctoral research at the 
California Institute of Technology, 
where he took part in the construction 
of the first human genomic library, and 
joined Genentech in 1980. Vehar has a 
B.A. (1970) from Bowling Green State 
University and a Ph.D. (1976) from 
the University of Cincinnati. He began 
his work on the antihemophilic factor 
while he was a postdoctoral fellow in 
the department of biochemistry at the 
University of Washington. Since 1980 
he has been at Genentech. 

J. DAVID JACKSON, MAURY 
TIGNER and STANLEY WOJCICKI 
("The Superconducting Supercollid­
er") are members of the Central De-
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sign Group for the Superconducting 
Supercollider (sse). Jackson, a deputy 
director of the Central Design Group, 
is professor of physics at the Universi­
ty of California at Berkeley. He holds 
a B.Sc. (1946) in physics and mathe­
matics from the University of West­
ern Ontario and a Ph.D. (1949) in 
physics from the Massachusetts Insti­
tute of Technology. He taught at Mc­
Gill University and at the University 
of Illinois at Urbana-Champaign and 
moved to Berkeley in 1967. Tigner, the 
director of the Central Design Group, 
is professor of physics at Cornell Uni­
versity;, He got a B.S. at the Rensselaer 
Polytechnic Institute in 1958 and a 
Ph.D. in experimental physics and elec­
trical engineering from Cornell Uni­
versity in 1962. He has long been in­
volved in the design, construction and 
operation of particle accelerators in 
both the U.S. and Europe. Wojcicki is 
chairman of the physics department at 
Stanford University. A native of Po­
land, he received his bachelor's de­
gree at Harvard College in 1957 and 
his doctorate from Berkeley in 1961. 
After doing research abroad and at 
Berkeley he became a member of th!! 
faculty at Stanford in 1966. Wojcicki is 
a deputy director of the Central De­
sign Group. 

KARL J. NIKLAS ("Computer­
simulated Plant Evolution") is asso­
ciate professor of biology at Cornell 
University, with appointments in the 
sections of ecology and systematics 
and of plant biology. He received his 
B.S. in biology and mathematics at the 
City College of the City University of 
New York; his M.S. and his Ph.D., 
which he got in 1974, are from the Uni­
versity of Illinois at Urbana-Champ­
aign. He attended the University of 
London as a Fulbright-Hayes Fellow 
and became a curator at the New York 
Botanical Garden in 1975. In 1978 
Niklas joined the faculty at Cornell. 

RONALD A. FINKE ("Mental Im­
agery and the Visual System") is as­
sistant professor of psychology at the 
State University of New York at Stony 
Brook. He holds bachelor's degrees in 
physics (1972) and psychology (1974), 
both from the University of Texas at 
Austin. He earned his doctorate in psy­
chology at the Massachusetts Institute 
of Technology in 1979. In 1981, af­
ter doing postdoctoral work at Cornell 
University and at Stanford University, 
he accepted a position as assistant pro­
fessor of psychology at the University 
of California at Davis. In 1983 Finke 

moved to Stony Brook, where in ad­
dition to studying mental imagery he 
does research on distortions in visual 
memory and the psychology of belief 
in paranormal phenomena. 

. GLYNIS JONES, KENNETH 
WARDLE, PAUL HALSTEAD and 
DIANA WARDLE ("Crop Storage at 
Assiros") are members of the team 
that is excavating and studying the 
Bronze Age site at Assiros Toumba. 
J ones, who specializes in the study of 
plant remains, is a lecturer in the de­
partment of archaeology and prehis­
tory at the University of Sheffield in 
England. She studied zoology at the 
University of Wales, where she got a 
B.Sc. in 1971. After working at an 
archaeological-science laboratory in 
Athens, she pursued graduate studies 
in archaeology at the University of 
Cambridge, where she got her mas­
ter's degree in 1978 and a doctorate 
in 1983. Kenneth Wardle, the director 
of the excavations, is a lecturer in the 
department of ancient history and 
archaeology at the University of Bir­
mingham. He studied at the University 
of Cambridge and at the University of 
London, which granted him a Ph.D. in 
archaeology. Halstead, who specializ­
es in the study of animal remains, is 
a lecturer at Sheffield. Both his un­
dergraduate and graduate studies were 
done at Cambridge, where he received 
a B.A. in 1973 and a Ph.D. in 1984. 
Diana Wardle, who studies the cultur­
al material uncovered at the site, qual­
ified as an archaeological conservator 
and draftsman at the British Ministry 
of Public Building and Works, now 
known as the Historic Monuments 
Commission. She is director of the 
Mycenae Project, one of whose func­
tions is to introduce schoolchildren to 
Greek legend and prehistory. The au­
thors would like to express their grati­
tude to the British School at Athens 
and the Greek Archaeological Service 
for their support. 

CHESTER R. KYLE ("Athlet­
ic Clothing") is a sports-equipment 
consultant and adjunct professor of 
mechanical engineering at California 
State University at Long Beach. He got 
a bachelor's degree in mechanical en­
gineering at the University of Arizona 
and M.S. and Ph.D. degrees in engi­
neering from the University of Cali­
fornia at Los Angeles. He was head of 
the group that designed the bicycles 
used by the U.S. cycling team in 
the 1984 Olympic Games. Kyle is co­
founder and past president of the In­
ternational Human Powered Vehicle 
Association and has designed human­
powered vehicles that have set a num­
ber of world records. 
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OUR 3270 
WO ATION 

--......N'T FORG EN 
HOWID BEAPC. 

Unlike IBM®'s 3270-PC, the new 
Businessland 3270 workstation requires 
less memory to run . 

140K less to be exact. 
Which means your personal com­

puter is free to remain a fully functional, 
fully compatible desktop tool. Even 
while it's hosting conversations with 
your IBM or IBM compatible mainframe. 

The Businessland 3270 also 
provides additional functions you won't 
find on any other 3270-PC. Like 3287 
host printer emulation. 

It'll even run a variety of emulation 
software. From multiple session 3270-PC to IRMATM to IBM 3278/79. 

Plus, Businessland 3270 workstations support many popular file transfer 
programs. Like IBM, IRMA, or any number of IRMA compatibles. 

Or if you prefer, you can use the Businessland file transfer program, which 
we'll include at no extra charge. 

And while we're on the subject of expense, Businessland 3270 workstations 
start at less than $5,000� 

Of course, there are a few things at Businessland we simply cannot put a price 
on. Like the marketing representatives, technicians, and system engineers who've 
been specially trained to help you get the most out of your 3270 workstation. 

So call or stop by any one of our 66 nationwide locations and let us show you 
a videotape of the Businessland 3270 workstation in action. 

It could be the most unforgettable 3270 demonstration you'll ever see. 

BUSlIE.'SSf.ANl 
Where business people are going to buy computers. 

Call (800) 228-7463 for 66 Businessland centers nationwide_ 

·lBM PC XT, one 360 KB floppy, IBM mono display and adapter, 640 KB of memory. Upgrade kits available for your existing IBM PC, XT. AT, and compatibles starting at $1,195.Volurne purchase discounts available. 
IBM is a registered trademark of International Business Machines Corp. IRMA is a trademark of Digital Communications Associates, Inc. 
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COMPUTER 

RECREATIONS 

How a pair of dull-witted programs 
can look like geniuses on 1. Q. tests 

by A. K. Dewdney 

T
here is an old vaudeville comedy 
routine that pokes good fun at 
the strong-man act familiar from 

the circus and the state fair. A heavily 
muscled man takes the stage with his 
not so heavily muscled female assis­
tant. The man strains mightily against 
an enormous weight, and after tremen­
dous effort he manages to lift it above 
his head. The spectators cheer, but 
the cheers turn to laughter when the 
assistant casually picks up the weight 
in one hand and carries it offstage. 

There are two computer programs 
that leave one with a similar sense 
of comic deflation over the mental 
"muscle " allegedly displayed by a high 
score on the traditional I.Q. test. Both 
programs perform at or near genius 
level on two tasks widely used in the 
tests, the completion of numerical se­
quences and the perception of visual 
analogies. Yet both programs are sim­
ple to understand, and it is startling to 
realize just how dull-witted they are. 

Although I have no wish to offend 
readers who suppose themselves plen­
tifully endowed with mind stuff, I am 
twitting the I.Q. test with a serious 
purpose. The stated intent of the test 
is to measure intelligence, and few hu­
man qualities evoke such pride in their 
presence or anxiety over their absence 
as intelligence does. Nevertheless, the 
concept of intelligence presupposed by 
the traditional I.Q. test is seriously mis­
guided. The reasoning behind this as­
sessment is cogently set forth by Ste-

2 2 ----+ 2 

\ 
2 4 6 8 

2 4 8 14 � 

2 ,11, 48, 189, [1J 

phen Jay Gould of Harvard University 
in his book The Mismeasure 0/ Man. 
What it comes to is this: The tradition­
al I.Q. test rests on the unstated and er­
roneous assumption that intelligence, 
like strength, is a single quality of hu­
man physiology that can be measured 
by a graded series of tasks. 

Numerical-sequence completion is a 
good example: What is the next num­
ber in the seq uence 2, 4, 6, 8, ... ? In 
the sequence 2, 4, 8, 14, ... ? In the se­
quence 1, 2, 6, 24, ... ? The percentage 
of correct responses to a set of such 
questions measures your "general in­
telligence, " just as a strain gauge meas­
ures the weight you can 11ft and there­
fore the strength of your arm muscles. 
Note that if the results of the I.Q. test 
are to be interpreted as a measure of 
"general intelligence, " there must be 
some core ability, or some small set of 
core abilities, that provides an index 
of what one means by general intelli­
gence. Because the very idea of gener­
al intelligence presupposes a strong 
correlation among the core abilities, 
the precise kind of graded task adopted 
by the I.Q. test is relatively unimpor­
tant. One task is as good as another. 

One of the I.Q. programs presented 
here is derived from a more elaborate 
program written by Marcel Feenstra, a 
student living in Rotterdam. Feenstra's 
program is called HI Q, and it solves 
two kinds of numerical problems that 
often appear on standard I.Q. tests: 
sequence completion and numerical 
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Numerical-sequence completion by the pyramid method. Can the reader solve the lower two? 

14 

analogies. Feenstra recently tested HI Q 
on a number of sample I.Q. tests that 
appear in a book by Hans J. Eysenck 
of the University of London, Know 
Your Own 1.Q. The I.Q. of HI Q is appar­

ently in the neighborhood of 160. Al­
though the experiment was not exactly 
a carefully

' 
controlled one, it leaves lit­

tle doubt that the program would score 
quite well under real test conditions. 

The program I have in mind is called 
SE Q, and it duplicates HI Q's perform­
ances on numerical-sequence comple­
tion. Readers who write and run SE Q 
may consider their own numerical in­
telligence amplified, as it were, by 
proxy. The main idea of the program is 
straightforward. When one is given a 
sequence of numbers and told to find 
the next number in the sequence, one 
does not search for the number direct­
ly. Instead one searches for the rule 
that led to the numbers already pres­
ent. There is a mathematical aside to 
be made here: For any finite sequence 
of numbers, there are infinitely many 
rules that give rise to it. The search 
thus boils down to finding a simple 
rule for generating the sequence. 

There are just two kinds of rules 
considered by SE Q: additive and multi­
plicative. For example, to find the next 
n urn ber in the seq uence 2, 4, 8, 14, ... , 
one might look for an additive rule, 
and the best way to find the rule is to 
construct what I call a difference pyra­
mid [see illustration on this page]. At the 
bottom of the pyramid is the given se­
quence, and the pyramid is built up 
from bottom to top by finding the dif­
ferences between successive numbers 
in the preceding level or row of num­
bers. Thus the first number

' 
in the sec­

ond row of the pyramid is obtained 
from the first two numbers in the first 
row, namely 2 and 4. Their difference 
is 2, and so 2 is the first number in the 
second row. Similarly, the other num­
bers in the second row are 8 - 4, or 
4, and 14 - 8, or 6; the second row is 
the sequence 2, 4, 6. Continuing the 
same process to a third row of the pyr­
amid gives a sequence with only two 
numbers, and they are both 2's. 

The equality of all the numbers in 
some row of the pyramid is the signal, 
so to speak, to stop building the pyr­
amid upward and to start building it 
sideways. For example, suppose the 
third number in the third row is also 2. 
It is then reasonable to suppose the 
next number in the second row is ob­
tained from the preceding number, 
namely 6, by adding 2: the sum is 8. 
The newly derived number in the sec­
ond sequence can then be added to the 
last number given in the first sequence: 
14 plus 8 is 22, and 22 is indeed given a 
perfect score by the test makers. New 
numbers in each sequence percolate 
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So no one has to ask you how you're doing lately. 
The 1986 Grand Am LE Sedan is a new statement of Pontiac's road car philosophy. Its power 

rack and pinion steering, jive-speed gearbox and responsive 2.5 liter engine will handle the asphalt. 
Its sharply styled appearance will handle the rest. 

PONTIAC GRANDAM 
LET'S GET IT TOGETHER � BUCKLE UP 
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down the pyramid once a constant se­
quence is derived at the top. 

A great many questions on I.Q. tests 
about numerical sequences yield to 
this simple procedure. Readers who 
have more than a nodding acquaint­
ance with algebra will recognize the 
signature oCa polynomial in the ex­
ercise. Any polynomial evaluated for 
consecutive integers yields a sequence 
that generates a difference pyramid. 
Given enough values of the polyno­
mial, a row of identical numbers will 
eventually top off the difference pyra-· 
mid. The number of rows needed to 
build the pyramid up to a constant 
row, minus I, is the degree of the poly­
nomial. The sequence 2, 4, 8, 14, which 
gives rise to 3. constant row of 2's in the 
third level of the difference pyramid, is 
generated by successive values of the 
quadratic, or second-degree, polyno­
mial x2 - x + 2. 

Unfortunately one cannot solve all 
sequence questions by making differ­
ence pyramids. For example, the se­
quence I, 2, 6, 24, ... yields a differ­
ence pyramid with the numbers 3 and 
14 in its top row. The rapid growth of 

INITIALIZING AND INPUT INSTRUCTIONS 
� 

TRY DIFFERENCE FORMULAS 
ON FIRST AND SECOND ROWS 

LOOP FOR k 
LOOP FOR i 

b(i) <-a(i + 1) - [k x a(i)] 

c(i) <-b(i + 1) - b(i) 

COMPUTE SOLUTION? 
� 

TRY DIFFERENCE FORMULAS 
ON FIRST ROW AND QUOTIENT 
FORMULAS ON SECOND ROW 

LOOP FORk 
LOOP FORi 

b(i) <-a(i + 1) - [k x a(i)] 

c(i) <-b (i + 1) / b(i) 

COMPUTE SOLUTION? 
.J, 

TRY QUOTIENT FORMULAS 
ON FIRST AND SECOND ROWS 

LOOP FORk 
LOOP FOR i 

b(i) <-[a(i+ 1) -kJ/ a(i) 

c(i) <-b(i + 1 ) / b(i) 

COMPUTE SOLUTION? 
'* 

TRY QUOTIENT FORMULAS 
ON FIRST ROW AND DIFFERENCE 
FORMULAS ON SECOND ROW 

LOOP FORk 
LOOP FOR i 

b(i) <-[a(i + 1) - k]/ a(i) 

c(i) <-b(i + 1) - b(i) 

COMPUTE SOLUTION? 

COllceptual flow chart for SEQ 
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the numbers, however, strongly sug­
gests a geometric series: the consecu­
tive terms of a geometric series are 
related by multiplication instead of 
addition. Hence it seems reasonable to 
construct a set of quotients from the 
sequence instead of a set of differences 
[see illustration on page 14]. By taking 
quotients of successive pairs in the se­
quence I, 2; 6, 24, ... one obtains the 
second row in a pyramid, the sequence 
2, 3, 4, .... The second sequence hints 
at an abrupt rule change: the third row 
in the pyramid must be obtained by 
taking differences, not quotients. Who 
can doubt that the intended solution 
req uires a 5 at the end of the second 
row? The solution itself is thus 120: 
the product of 24, the last given num­
ber'in the first row, and 5. 

The sequence-solving program SE Q 
attempts to build pyramids by consid­
ering both the consecutive differences 
and the consecutive quotients of suc­
cessive pairs of numbers in a given 
row. Even more, it examines succes­
sive pairs of numbers in a sequence for 
more general additive and multiplica­
tive rules. In the additive rule the first 
member of each pair may be multi­
plied by a constant k before the usual 
addition is done, and in the multipli­
cative rule the constant k may be add­
ed just after the usual multiplication. 
Here is an easy piece for programming 
novices [see illustration at left]. 

The few simple formulas that give 
the general rules make up the core of 
SE Q. Suppose the given sequence has 
already been assigned to the four vari­
ables a(1), a(2), a(3), a(4). To obtain 
the second row, b(I), b(2), b(3), SE Q 
tries substituting either a generalized 
difference, of the form b(l) � a (2) -
k X a(I), or a generalized quotient, of 
the form b(I)� [a (2) - k]l a (1). In 
both examples k stands for any inte­
ger in some predetermined range. The 
program also tries analogous substi­
tutions for b(2) and b(3), each for 
the same value of k: for b(2) it tries 
a(3) - k X a(2) or [a(3) - kJ l a (2), and 
for b(3) it tries a (4) - k X a(3) or 
[a(4) - kJ l a (3). 

The third row, c(I), c(2), is devel­
oped even more simply: SE Q tries 
substituting only simple differences, 
c(1)�b(2) -b(1) and c(2)�b(3)­

b(2), or simple quotients, c(1) � b(2)1 
b(1) and c(2)�b(3)lb(2). Apparently 

it is rare for sequence-completion 
questions on I.Q. tests to get more 
complex than the formulas allow for. 

When SE Q develops a pyramid, it 
tries each generalized substitution for 
the set of b's with each simple substitu­
tion for the set of c's. Conceptually, 
therefore, SE Q is made up of four ma­
jor segments. Each segment is a loop 
with one combination of substitution 

formulas in it. For example, one such 
segment of the program first applies 
the three generalized quotient formu­
las, of the form b(l) � [a (2) - k]l a(I), 
to compute the values of b(1), b(2) 
and b(3) that make up the second row 
of the pyramid. The program segment 
then applies the two simple difference 
formulas, of the form c(1) � b(2) -

b(I), to obtain the values of c(l) and 
c(2) that make up the third row. The 
complete set of five formulas in this 
segment is embedded in what might be 
called a try-everything loop, in which 
different values of k are tested. Feen­
stra recommends allowing k to take 
on all integer values from - 5 to 5. 

Within the loop, each time new val­
ues for c(1) and c(2) are computed they 
are tested for equality. If they prove to 
be equal, their common value is stored 
in a variable called c and the current 
value of k is saved in a variable called 
kk. Just after the loop there are in­
structions that construct the solution 
to the original sequence (if one has 
been found) from the values of c and 
kk. In the example I am describing one 
obtainsb(4), the new member of the 
second row, by adding c to b(3). The 
solution, a(5), is then obtained by mul­
tiplying a( 4) and b( 4) and adding kk to 
the product. 

Two instructions at the end of each 
loop thus suffice to recover a solution 
from a successful search within the 
loop. The instructions appropriate for 
each loop depend on the formulas used 
in it, and I shall leave it to those who 
write SE Q to discover the instructions 
for themselves. Use a bit of algebra to 
isolate the variable of interest. In each 
case, if one of the loops in the program 
finds a solution, there must be an in­
struction to print it. The program may 
then skip the remaining loops and stop, 
or it may execute all the loops in an 
effort to find more than one solution. 
By executing all the loops Feenstra has 
detected several "bad" I.Q. questions 
that have more than one solution. If 
none of the four loops finds any solu­
tion, it is reasonable to include an addi­
tional output statement following the 
entire lot. The message it prints can 
vary according to taste; those who like 
to invest their programs with a little 
personality can have it print "Help!" 

One can try out SE Q on questions 
from sample I.Q. tests found in several 
widely available books. In Eysenck's 
book there are eight complete I.Q. 
tests, which allegedly enable the read­
er to discover his or her own I.Q. 
The tests incorporate several different 
kinds of questions that appear on stan­
dard I.Q. tests, including questions that 
involve a missing number, a missing 
letter, a missing word, an odd-man­
out, scrambled words and visual anal-
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Finally-a portable tp.at matches 
the performance of a desktop com­
puter. Our new Tandy 600 features 
a 16-bit microprocessor, an 80-
character by 16-line display, a built­
in 31/2" disk drive that stores 360K 
of data and 32K RAM (expandable 
to 224K*). 

Five Resident Applications 
With Tandy 600's larger display 

and memory, Multiplan spreadsheet 
analysis can hold more information. 
Word processing is as easy as using 
MS-Word. You'll have quicker ac­
cess to documents and better stor­
age with the built-in disk drive. File 
is an electronic data base for names 
and addresses, expenses, client bill­
ing, inventory and more. And you 
can keep a large number of differ­
ent files on the pocket size disk­
ettes. With Telecom and the Tandy 
600's built-in modem, you're able 

The new 
disk--based 
Tandy 600. 

A breakthrough 
in portable 

• computing power 
and versatility. 

to communicate with other com­
puters over phone lines. Telecom 
will even dial the phone number of 
anyone listed in the File program. 
Calendar helps you keep track of 
daily tasks and activities. 

The easy-to-Iearn resident Sys­
tem Manager lets you run each ap­
plication, exchange information 
between applications and manage 
the files created. You can even set it 
to turn itself on for unattended op­
erations. And you can add BASIC 
language ROM (26-3904, $129.95) 
to write your own programs. 

Tandy ... Clearly SuperiorTM 
If you've been looking at porta­

ble computers, compare them with 
the Tandy 600 (26-3901, $1599). 
You'll be amazed at what it can do! 
Visit a Radio Shack Computer 
Center today . 

Aval/able at over 1200 
Radio Shack Computer Centers and at 
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ogies [see illustration below]. A few sub­
types are usually found within each 
major category. For example, in Ey­
senck's book there are three kinds of 
questions that ask for a missing num­
ber, namely the ordinary numerical­
sequence problems I have already de­
scribed and two other kinds typified by 
the following examples: 

164 
224 

8 
6 
12 

(225) 
(-) 

3 
5 
2 

286 
476 

21 
25 

In each case the would-be genius must 
supply the missing number in accord­
ance with some perceived rules. Feen­
stra's HI Q program handles such 
questions by procedures that draw 
on the same kinds of formulas as the 
sequence-completion program does. I 
encourage readers to try them; next 
month I shall give the answers to the 
above two problems, as well as to the 
problems posed in the illustrations be­
low and on page 14. 

Although HI Q answers only one ma­
jor kind of I.Q. test question, the solu­
tions to other kinds of questions can 
also be mechanized. In fact, a program 
that solves visual analogies was writ­
ten more than 20 years ago by Thom-

as O. Evans as part of a Ph.D. dis­
sertation done at the Massachusetts 
Institute of Technology. Heavy as it 
sounds, the essential ideas of Evans' 
program are easy to understand. 

The visual analogies it solves all 
have the same form: figure A is to fig­
ure B as figure C is to one of, say, four 
figures listed as potential answers. The 
program selects the analogous figure 
by first determining a simple set of 
rules that can transform figure A into 
figure B [see illustration on page 21). It 
then repeats the procedure with figure 
C and each of the four potential an­
swers; in each case it generates a set of 
rules that can transform figure C into 
the potential answer. The figure ob­
tained from the transformation rules 
that most closely resemble the rules 
for transforming figure A into figure 
B is selected as the solution. 

Evans' program repeats essentially 
one operation five times. Two figures 
at a time, a source figure and a desti­
nation figure, serve as input. For each 
pair of figures the program then devel­
ops a three-part tabular description of 
how the source figure becomes the des­
tination figure. First the program lists 
the spatial relations among the parts of 
the source figure; it then lists the spa­
tial relations among the parts of the 
destination figure. Both descriptions 
consider only three spatial relations, 

1 . Insert the missing number. 3 7 16 35 __ 

2. Insert the miSSing letter. N Q L S J U � 

3. Insert the word that completes the first word and starts the second. GRO ( __ ) PER 

4. Underline the odd man out. 

ANIMAL ENGINE IDENTITY OCTAGON UNICORN 

5. Underline which of these towns is not in Italy. 

NORLEFEC DAR DIM SAIP LlMNA 

6. Which of the four numbered figures completes the top line? 

AS @6 ISlD 

I.Q. millitest based Oil questiolls from Hails J. Eysellck�� Know Your Own I.Q. 
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above, left and inside. Finally, the pro­
gram describes how parts of the' source 
figure change into parts of the destina­
tion figure in one of four basic ways: 
each part can be altered in size, rotat­
ed, reflected or deleted. 

Suppose figures A, B and C each 
have three parts, a circle, a square and 
a triangle. In figures A and B the pro­
gram may label the triangles a, the 
squares b and the circles c, but it 
makes no attempt to label the parts 
of figure C in the same way. Instead it 
arbitrarily assigns the labels x, y and z 

to the three parts of fig ure C. It then 
develops its three-part tabular descrip­
tion for the pair of figures A and Band 
four more descriptions, one for each 
pairing of figure C with a potential so­
lution. The last four tables all employ 
the labels x, y and z throughout. 

The final operation of Evans' pro­
gram is to make every possible substi­
tution of a, band c for x, y and z. Since 
x, y and z can be permuted in only six 
ways, there are six substitutions to be 
tried. One of the substitutions may 
convert the tabular description of the 
pair of figures A and B into the cor­
responding tabular description of fig­
ure C paired with one of the potential 
answers. The figure in this pair is the 
solution. Even if no perfect matches 
are found, however, the program can 
score the relative success of an analogy 
and so pick the substitution that yields 
the best match. 

Patrick Henry Winston describes the 
visual-analogies program in his book 
Artificial Intelligence. Winston states 
that the program "works well," and he 
attributes its success to the use of an 
effective framework for representing 
knowledge about the geometric fig­
ures considered by the program. For 
example, instead of specifying how re­
lations such as above, left and inside 
change from picture to picture, the 
program might have described how 
one figure in the first picture gets 
transformed into another figure in the 
second. Such a program might be ex­
tremely cumbersome, not to say in­
effective, because it would have to 
check a much larger number of poten­
tial substitutions than Evans' program 
does. Indeed, the search for a good rep­
resentation is a major theme of artifi­
cial intelligence: it is often the key that 
enables a computer to mimic some as­
pect of human problem solving. 

By analogy the representation of ob­
jects in the mind is also the subject of 
much current discussion among cogni­
tive scientists. In this context the study 
of artificial intelligence is often j usti­
fied as an attempt to exhibit an "exis­
tence proof" for the mechanistic de­
scription of human capabilities. Thus, 
goes the argument, if a computer pro-
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gram can be made to simulate some 
aspect of human behavior, the repre­
sentation of the behavior adopted by 
the program at least could serve as the 
underlying representation adopted by 
the brain. Nevertheless, it often seems 
that successful simulations of such be­
havior give little insight into how peo­
ple do the same things. For all one 
knows there may be no relation what­
ever between the way Feenstra's or Ev­
ans' I.Q.-test programs perform and 
the way people solve the same kinds of 
problems. Presumably human intelli­
gence deploys more general strategies 
in attacking particular problems. 

This point brings me full circle to the 
reconsideration of human intelligence: 
what it is and how it is measured. As 
I have noted, Stephen Jay Gould has 
characterized I.Q. as a mismeasure 
of man. His criticisms carefully docu­
ment two major fallacies that underlie 
the concept: the uncritical reification 
of an abstraction and the ranking of 
the reified abstraction along a single 
scale. Language itself accounts in large 
part for our tendency to make things 
of what are at best nebulous abstrac­
tions. Moreover, once we have persuad­
ed ourselves that we are dealing with a 
thing, our reflex is to measure it. 

In demanding a single numerical 
measure we succumb to the second fal­
lacy, namely ranking. We want to re­
duce complex phenomena to a single 
scale. Such practices have led to ex­
cellent physics, but they have also led 
to some poor social science. I.Q. test­
ing is a case in point; it is to the 20th 
century what craniometry was to the 
19th. In both instances entire racial 
groups found themselves mismeasured 
not only because the measure was al­
most meaningless to begin with but 
also because there were biases intro­
duced (either consciously or uncon­
sciously) in the process of measuring. 

Gould vigorously attacks biological 
determinism, the idea that human be­
havior is determined by genes, and he 
warns against viewing the capacities 
of our brains as direct products of nat­
ural selection. "Our brains are enor­
mously complex computers, " he writes. 
"If I install a much simpler computer 
to keep accounts in a factory, it can 
also perform many other, more com­
plex tasks unrelated to its appointed 
role. These additional capacities are 
ineluctable consequences of structur­
al design, not direct adaptations. Our 
vastly more complex organic comput­
ers were also built for reasons, but 
possess an almost terrifying array of 
additional capacities-including, I sus­
pect, most of what makes us human." 

With this last metaphor Gould has 
put his finger on what I find most un­
settling about a relatively simple com-
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puter program that can score at the 
,genius level on an I. Q. test. Does the 
score on the test measure the intelli­
gence of the computer? If it does not, 
just how does one go about measuriog 
the intelligence of a computer, wheth­
er it is made of silicon and plastic or of 
carbon and tissue? The answer: Proba­
bly not by running some I. Q. program 
through a battery of tests. 

Golomb rulers, the subject of last 
December's column, turned out 

to be the toughest project that readers 
have yet faced. Many were called but 
few were chosen, so to speak. Several 
readers even sought to claim a $100 
prize offered by the inventor of the rul­
ers, Solomon W. Golomb of the Uni­
versity of Southern Californ,ia. 

A Golomb ruler with n marks is the 
shortest ruler possible with the follow­
ing properties: it bears n distinct marks 
(including the endpoints) at integer po­

sitions, and it measures as many inte­
gral lengths as possible from 1 to the 
length of the ruler, each length in at 
most one way. A distance can be meas-

. ured by the ruler only if it is the dis­
tance between some pair of marks. If 
the same distance can be measured be­
tween more than one pair of marks, the 
ruler is not a Golomb ruler. 

At the time the December column 
was published, no Golomb rulers were 
known with more than 13 marks, and 
the shortest ruler known with 15 marks 
was 155 units long. Soon thereafter 
Douglas S. Robertson of the Nation­
al Oceanic and Atmospheric Adminis­
tration discovered a shorter 15-mark 
ruler only 153 units long. Then dur­
ing the Christmas holidays James B. 
Shearer of the IBM Thomas J. Wat­
son Research Center programmed an 
idle computer to search exhaustively 
for rulers, and the computer has now 
turned up Golomb rulers with 14 and 
15 marks. The 14-mark Golomb ruler 
is 127 units long and has marks at 0, 5, 
28, 38, 41, 49, 50, 68, 75, 92, 107, 121, 
123 and 127. The 15-mark Golomb 
ruler is 151 units long and has marks at 
0, 6, 7, 15, 28, 40, 51, 75, 89, 92, 94, 
121, 131, 147 and 151. Shearer writes 
that he saved much computing time by 
assuming the middle mark on the ruler 
is to the left of the geometric middle. 

Another problem posed by Golomb 
has genera ted the claims for the $ 100 
prize. The claims made so far are inval­
id, apparently because they are based 
on misunderstandings of the problem. 
Golomb has urged me to clarify mat­
ters by restating it. Find two different 
rulers (whether of minimal length or 
not), each having the same number of 
marks for some number greater than 6, 
that measure the same set of distances; 
again, no distance on either ruler can 

be measured between more than one 
pair of marks. Reflections, such as the 
ruler with marks at 0, 2, 5, 6 and the 
ruler with marks at 0, 1, 4, 6, are not 
counted as different. There are infinite­
ly many known pairs of rulers, almost 
all of them nonminimal, that solve the 
analogue of Golomb's problem for 
six marks. For example, one such pair 
have marks respectively at 0, 1, 4, 10, 
12, 17 and at 0, 1, 8, 11, 13, 17. They 
are nonreflecting, essentially different 
rulers, but they both measure all dis­
tances between 1 and 17 except 14 and 

ISTO 

15. The prize will go to the first per­
son who discovers such a pair of rul­
ers with more than six marks each. 

The advisory network to help pro­
gramming novices with projects stem­
ming from this department has run 
into unforeseen difficulties: there are 
hundreds of advisers but almost no ty­
ros. The name tyro may have been ill­
advised. Has it put people off who pro­
gram with little success? It is time to 
send me a card bearing your name, ad­
dress and telephone number, in care 
of this magazine. 

a ABOVE b 

a ABOVE c 

c INSIDE b 

b ABOVE c 

b ABOVE a 

a INSIDE c 

a: UNCHANGED 

b: REDUCED 

c: ENLARGED 

@n 
AS ISTO 

Y INSIDE x 

x LEFT z 

Y LEFT z 

@D 
x LEFT Y 

z LEFT Y 

z INSIDE x 

Y LEFT x 

z LEFT x 

z INSIDE Y 

x ABOVE Y 

z ABOVE Y 

x INSIDE z 

x LEFT z 

Y LEFT z 

x INSIDE Y 

x: UNCHANGED 

y: UNCHANGED 

z: UNCHANGED 

x: REDUCED 

y: ENLARGED 

z: UNCHANGED 

x: REDUCED 

y: UNCHANGED 

z: ENLARGED 

x: REDUCED 

y: ENLARG.ED 

z: UNCHANGED 

The solutioll of visual allalogies ill Thomas G. Evalls'dissertatioll 
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BOOKS 

A toolbox of musical instruments and 

a centennial celebration of Niels Bohr 

by Philip Morrison 

H
ANDBOOK OF INSTRUMENTA­

TION, by Andrew Stiller. 11-
lusrrations by James Stamos. 

University of California Press ($65). 
Hefty and typographically handsome, 
this volume is a startlingly comprehen­
sive field guide to the living instru­
ments of music. The author, a compos­
er at the State University of New York 
at Buffalo, plainly a fond and tireless 
investigator, and his artist collaborator 
have sought out and assayed the na­
ture and behavior of every instrument 
"currently in use for the performance 
of classical and popular music in 
North America." A couple of hundred 
instruments are drawn to careful scale 
in meticulous line. The washboard is 
no less carefully rendered than the in­
tricate keys of the heckelphone (a ten­
or oboe) or the strings and frame of 
the grand piano. This census is current 
and documented; it is not historical. 
Folk and non-Western instruments are 
excluded unless they have crept into 
wider use. 

Nine-tenths of the instruments pre­
sented can be heard anywhere on the 
planet that listeners might experience 
classical or popular works by such 
composers or improvisers as Domeni­
co Scarlatti, John Cage or the Grate­
ful Dead. Exemplary compositions are 
cited for each instrument. The intent is 
not at all that of a dictionary; it is to 
make the many sources of living mu­
sic into familiar tools for those who 
would compose music today. Mere 
listeners and players may of course 
eavesdrop; what they learn may not be 
particularly useful, but it is delightful 
in both depth and breadth. Builders 
and buyers of instruments will also 
find much of interest. 

The instruments are grouped chap­
ter by chapter into the familiar fami­
lies of the orchestra. The availability 
of adept players is estimated for every 
device, on a scale that runs from ubiq­
uitous to very rare. Specific notation, a 
brief historical and physical analysis 
of function and limitations, the vital 
statistics of range and loudness, and an 
earwitness account of the skilled play-

24 

er's entire battery of artifices form 
the entries. Among the appended ma­
terial there is even a list of a manu­
facturer or two for each instrument 

The wildly varied percussion family 
is treated in detail. Timpani, vibraslap, 
maraca and thunder sheet as well as all 
the rest, along with the brushes, sticks 
and mallets they severally demand, re­
quire a third of all the space given to 
modern instruments. A second, shorter 
part treats contemporary reconstruc­
tions of instruments from the past, all 
those recorders, krummhorns, sack­
buts, viols, harpsichords and lutes that 
again, often after centuries of neglect, 
pleasure the enthusias.ts. 

Summarizing a book whose strength 
is in its comprehensiveness is not of 
much value, but a few tasty kernels 
can be displayed. The voice is treated 
for its unequaled variety. Most of the 
sounds we can make find use in one or 
another natural language. The Interna­
tional Phonetic Alphabet is included, 
rather out of date for linguists now­
adays, inadequate for clicks and plo­
sives and Donald Duck noises, but still 
a "godsend to the composer." 

The ,·egisters of the untrained voice 
are surveyed, with a little helpful phys­
ics. The tension of the vocal cords fixes 
the pitch range; the cavity resonances 
of throat and mouth determine timbre. 
Four states of tension are available to 
the cords. They are called the regis­
ters; they differ both in pitch range 
and in harmonic content. The four are 
the whistle register, falsetto (or head), 
chest (normal speech) and growl. Clas­
sical voice training teaches the elision 
of most of the differences. The whistle 
register, thin and piping, is heard main­
ly in the shrieks of children at play. It 
has almost never been used in music; 
an exception is Mozart's Queen of the 
Night. Mixed with falsetto, it evokes 
"a spectacular kind of insanity." The 
growl register is performed more easi­
ly on the inhale; no lower limit on 
its pitch is listed. There is a table of 
differences between speech and song, 
to clarify such hybrids as sprech­
stimme. Special voice effects are pro-

duced by the buzzy kazoo, by the mail­
ing tube, whose resonance obscures 
the vowels and so dominates a song, by 
the bullhorn and even by the gallon 
jug. This section ends with a wistful 
note on whistling, a "great unexplored 
region" in music. Perhaps there are 
"one or two people in the world who 
can whistle and hum two different 
musical lines simultaneously." 

To the account of so important a 
topic affix a sample of unexpected mi­
nor points. Snare drums claim a few 
pages; they are the most Western of 
all drums. The two drumheads are dis­
sonantly tuned, and wire coils are 
stretched across the lower head. Those 
coils rattle as the drum is beaten, and 
the result is an almost unbroken band 
of white noise. The sledgehammer (cit­
ed from a piece of Alban Berg's) is 
used only on a massive slab of wood or 
metal kept on the floor. It takes two 
hands (give the percussionist room!) 
and is hardly to be swung very fast. 
The double-reed rackett "is surely one 
of the strangest creations of the hu­
man brain." Within the squat cylinder 
of the instrument's Baroque version 
the bore is folded on itself 10 times; 
many little tone holes are arranged in 
a loony fingering system for the nim­
ble player. It sounds like a bassoon of 
the period. 

Live electronic music is well treated. 
Its young audiences must now be the 
largest of them all. The "coarse and 
powerful" electric guitar in its several 
versions remains central, replete with 
fuzz, reverb, vibrato, wawa and phas­
er. The signal source consists of two or 
three magnetic pickups that take their 
input directly from metal strings; there 
is no sound box in an electric guitar. 
"Its genius is for melody, pure and sim­
ple." What you hear is a much am­
plified loudspeaker output, after in­
termediate processing to choice. The 
fuzz box prod uces a distortion that can 
make the second harmonic louder than 
the fundamental; it evokes the genu­
inely overdriven amplifiers of the past. 
Wawa is a low-pass filter with a pedal­
controlled cutoff. Reverb and vibrato 
are approximated by filter effects; the 
phaser is a kind of comb filter that 
eliminates by means of delayed recom­
bination harmonics that are mainly 
opposed in phase. East and West can 
unite around the rare electric sitar. 

The veteran Moog synthesizer is a 
modular organlike console sporting 
a thicket of patch cords. It has half 
a dozen standardized tunable oscilla­
tors, each capable of use as control 
voltages for other oscillators as well 
as for direct audio output. Thus they 
yield sawtooths, square waves, pul­
ses, ramps and triangular waveforms 
along a parametric continuum that 
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is under knob control. White- and 
pink-noise generators ("a bit like dis­
tant thunder") add their randomized 
nuances, and envelope controls modi­
fy attack and decay of the waveforms 
through flexible, voltage-controlled at­
tenuators. Nonlinear mixing, scram­
bling and clipping are frequently ap­
plied as well. With tape recording of 
such shenanigans, the distinction be­
tween composition and live perform­
ance has faded away. 

Of course all is change in the world 
of circuitry. Digital synthesizers under 
microprocessor control are in growing 
use. So far they have mainly generat­
ed discrete pseudomorphs of the ana­
log waveforms pioneered by the Moog. 
They pay their dividends in instrument 
compactness and cost. 

Yet chiefly it is the acoustic universe 
of boxes and membranes and tubes 
and strings that is celebrated here in an 
astonishing variety of scale, material 
and form. These artifacts and prac­
tices, at times beautiful, at times ab­
surd, manage to couple more tightly to 
the ancient art they all serve than they 
do even to the pulsing air itself. 

N
IELS BOHR: A CENTENARY VOL­

UME, edited by A. P. French and 
P. J. Kennedy. Harvard University 
Press ($27.50). "Dear Dad," wrote 
W. L. Bragg, then a physics student at 
Cambridge, to an older physicist: "I'm 
so glad you liked the notes on Jeans .... 
I got an awful lot from a Dane who 
had seen me asking Jeans questions, 
and ... came up and talked over the 
whole thing. He was awfully sound on 
it, and most interesting." The Dane 

was Niels Bohr at 26, a postdoc in 
the Cavendish, soon to make his way 
to Rutherford at Manchester, just as 
the nuclear atom was born out of 
the closely watched scattering of alpha 
particles. Bohr's own tussle with the 
ordered spectral pattern of the atom 
began then and there, in about 19 1 1. 

Long before, in 1885, J. J. Balmer 
had published his remarkable integer 
formula for the visible spectrum of 
atomic hydrogen. Bohr was born in 
that same year; it took physics three 
decades to explain those small integers 
in optical spectra. Bohr's atom model 
was crude and remained seriously in­
complete, but it was absolutely on the 
right track. When he made the first 
easy extension to the spectrum -of heli­
um, interest quickened. In October, 
19 13, he refined his mechanics a little 
to take account of the motion of the 
nucleus itself, since of course the sun­
like nucleus did not infinitely outweigh 
its planet electrons. It moved too. The 
outcome was a soon-confirmed fit to 
the measured line positions of helium 
accurate at the level of a couple of 
parts in 100,000. George de Hevesy, a 
close friend, wrote Bohr (in an orthog­
raphy all his own) of Einstein's reac­
tion to the news: "When he heard this, 
he was extremely astonished and told 
me: 'Than the frequency of the light 
does not depand at all on the frequen­
cy of the electron ... And this is an 
enormous achiewement. The theory of 
Bohr must be then wright." 

Of course it was not right. It resem­
bles the atom no more than a quick 
pencil sketch resembles a living face, 
as O. R. Frisch put it. The real Jacob, 

( 

quantum mechanics, appeared only 
in the mid-twenties. How much Bohr 
meant to this second coming, even 
more as a personal focus of under­
standing than in published papers, is 
the next high theme of this volume, 
glowing with affectionate recollections 
by half a dozen eminent physicists 
of the Copenhagen days between the 
wars. A warmth born of community in 
the long struggle for understanding is 
radiated from every reminiscence of 
Bohr. He was a friend in decisive ac­
tion no less than in spirit. It is moving 
to read of his' prompt tour of the Ger­
man universities during the fearful 
year of 1933 once the Third Reich rose 
in fire; as he went from city to city and 
physicist to physicist, he quietly set up 
"the lines of escape." 

The book contains Bohr's published 
masterpiece, that long review, half his­
tory, half reanalysis, of his decades of 
dialogue with Einstein over whether 
quantum mechanics can be a complete 
theory or is only a statistical shadow of 
a more causal but more hidden reality. 
He wrote it for Einstein's 70th birth­
day in 1949. The depth of the issue has 
kept it alive. Two or three shorter pa­
pers summarize and discuss the pres­
ent-day status of arrangements that al­
low the experimental choice between 
two interfering measurables to be de­
layed until the significant interaction 
seems long ended. Just as Bohr con­
tended, the new results fulfill the quan­
tum forecasts based on the indivisi­
bility of experiment, but they surely 
contradict less subtle versions of phys­
ical reality. 

The third great theme in Bohr's life 

Niels Bohr's 1921 I/otes for his I/ew atomic theory, which il/cluded penetrating electrol/ orbits 
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sounds yet in all our lives. It is fission. 
. That nuclear phenomenon entered the 
world with the year 1939. It was Bohr 
who first brought across the Atlantic in 
person the word of how Frisch and 
Lise Meitner had explained and con­
firmed the enigmatic report of the ra­
diochemists that uranium could ab­
sorb a neutron and then break into two 
heavy fragments with an unprecedent­
ed release of energy. Bohr and John 
Wheeler spent six months clarifying 
the physics of the process, in particu­
lar which isotopes would show fission. 
Their decisive fission paper appeared 
just as grim war broke out in Europe. It 
is reproduced here in part, along with a 
chronicle of the people and the events 
of that fateful year for physics and 
the world. 

Bohr faced the consequences too. 
First he escaped from Denmark in the 
bomb bay of a fast Mosquito, convert­
ed so that B.O.A.C. could fly civilians 
from neutral Sweden to Britain at alti­
tudes above the Luftwaffe's reach. He 
made his way first to Los Alamos and 
then soon to the side of Churchill and 
Roosevelt. The memorandums he 
prepared for the two leaders are here, 
again in a mix of anthology and new 
historical comment. His plea for an 
open world around nuclear energy re­
lease was not heard, during the war 
or afterward. The P.M. at once took 
a dislike to that man "with his hair 
all over his head" and even grumbled 
that "Bohr ought to be confined" as 
a"great advocate of publicity." 

A section learnedly treats Bohr's 
philosophy, again by means of old pa­
pers and new. It includes accounts of 
the Copenhagen views both as seen 
from a base in Sanskrit dialectic and as 
debated in the U.S.S.R. by the thinkers 
of Marxism-Leninism. (Hideki Yuka­
wa is cited as observing that in Japan 
Bohr's complementarity looked quite 
evident: "You see, we ... have not been 
corrupted by Aristotle.") 

The book is lighthearted in its admi­
ration, and it does not omit the times 
when Bohr fell into error: that bad year 
before the discovery of the Compton 
effect when he despaired of the conser­
vation laws, or the occasion when he 
guessed that success in molecular biol­
ogy would require complementarity at 
some deep functional level. Light was 
not the key to life. That turned out, as 
far as we now see it, to be more closely 
related to Schr6dinger's notion of the 
aperiodic crystal. But it is striking to 
read H. B. G. Casimir's remark that it 
was Bohr who steered him toward the 
zero-point energy of the photon field 
as a description of his wonderful deri­
vation of the forces between closely 
spaced conductors. Bohr seems rath­
er casually to have thought decades 

ahead, exploring a major puzzle alive 
in the sophisticated present. 

A few pages in context, picture and 
verse, are reproduced out of the 1932 
Copenhagen parody of Faust. writ­
ten essentially by Max Delbrilck. The 
parody's Mephistopheles was clearly 
meant to be Wolfgang Pauli; the Lord 
God rather resembled Bohr in a top 
hat. The entire script was published by 
George Gamow in his autobiographi­
cal Thirty Years That Shook Physics. 

Plainly an elderly physicist can en­
joy the volume, with its cargo of apt 
figures and citations. About a fifth of 
the text is giv�n to Bohr's own papers, 
another fifth to reprints of older stud­
ies; the rest has been written for the 
centenary year. Every student of phys­
ics will want some access to these in­
structive matters, access made so easy 
here that the volume is a fine buy for 
every library such students frequent, 
from high schools on up. The general 
scientific reader will alsO find much of 
interest in this diverse and well-pre­
sented collection of 40 papers. (Ob­
serve how useful are the notes the edi­
tors have provided, as their final admi­
rable contribution to the welfare of the 
International Commission on Physics 
Education, which will benefit from the 
royalties on the book.) 

B
LACK CARBON IN THE ENVIRON­

MENT: PROPERTIES AND DISTRIBU­

TION, by Edward D. Goldberg. John 
Wiley & Sons, Inc. ($29.95). The stuff is 
everywhere. What we know of it is in­
ferential at best; even a tight definition 
seems premature. Those black com­
plex particulates exist at micron scale, 
give or take a factor of 10. A typical 
particle is impure: a working majority 
of its atoms are always carbon, but hy­
drogen, oxygen, nitrogen and sulfur 
may also be prominent. Carbon par­
ticulates are the result of incomplete 
combustion. Such is the matter exam­
ined in this timely monograph. 

Nowadays we learn of black carbon 
copious worldwide in the clay layer 
that anciently sealed the Cretaceous, 
when somehow the stars threatened 
the dinosaurs; of late we quite reason­
ably fear a second coming in black 
wrath on our own heads. Edward D. 
Goldberg, a chemical, oceanographer 
at the Scripps Institution of Oceanog­
raphy, prepared his compact and var­
ied survey out of a scattered literature 
still in rapid growth, sometimes resting 
an entire chapter on a few sooty pa­
pers. In no way final, its rich data, here 
and there confused or even inconsis­
tent, present a view of these unexpect­
ed processes that is bound to be vivid 
and surprising to any reader who has 
a head for figures. 

Attend to the auditors of the world 

carbon accounts. The author and his 
colleagues measured fluxes of black 
carbon at sea in the coastal waters of 
the Pacific and on the open ocean as 
well. No doubt the material is born on 
land; the open oceans receive only a 
thousandth of what falls on the conti­
nents and on the sea surface near land. 
But the measured falls confirm re­
markably well the estimates of bio­
mass burning in all its variety that 
reckon from total areas of vegetation 
types, biomass densities and efficien­
cy of burning. It appears that during 
the decades 1960-80 roughly equal 
carbon-black contributions were made 
globally by the clearing fires of slash­
and-burn tropical agriculture and by 
the burning of farm and timberland 
wastes. Smaller but comparable inputs 
came from both the wild and the delib­
erate fires in savanna and bushland, 
and from wood fuels in households 
and industry. 

On greater Los Angeles the soot 
rains thick, the bulk of it from all those 
heavy diesel trucks, whose yield of 
black is tenfold their proportionate 
consumption of fossil fuel. Yet the flux 
density of carbon black on that restless 
engine-loud basin is only 10 times the 
density found over lonely coastal seas. 
A calculation concludes that all the 
burning of fossil fuels is by two or­
ders of magnitude a negligible global 
source of the black compared with bio­
mass fires widespread over farms, for­
ests and grasslands. The black country 
is grim but its area is minor. World 
satellite photographs recorded at night 
show farmlands burning more widely 
than the lights of all the bright cities, 
and the bush fires are much sootier 
than most of those fueled by oil and 
powdered coal. 

What is the carbon-black particle? 
Characterization is no simple matter, 
even though analytical methods are 
growing in power, from the electron 
microscope to the Raman spectrum 
and nuclear magnetic resonance. One 
submicron soot species, formed by 
burning hexane, is described in molec­
ular detail. A rough idea of this ob­
ject, not Claimed as typical, might be 
that it is a porous complex of careless­
ly stacked, tiny rafts of hexagonally 
packed hydrocarbon rings. Each raft 
consists of a few score such molecules, 
much infiltrated by other less regular 
and less carbonaceous rings; the inter­
stices host all kinds of open oxygenat­
ed carbon chains and folds. Crystalline 
precision is achieved only rarely. The 
resins of biomass burn to such soots, 
whereas the woody portions more like­
ly yield soots of elongated, even cellu­
lar form, the ruins of cells. 

The charcoal accounts by no means 
balance. The annual fallout of carbon 
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brack would amount to the total car­
bon of the biosphere in a geologic flash 
of less than 100,000 years' duration. 
The rate is probably too fast to accept 
even if there is a grand hidden methane 
input from the depths. The fire-born 
stuff is notoriously insoluble and re­
fractory. Yet something surely eats the 
surface-rich tiny carbon-black parti­
cles. There are signs of such processes, 
both of inorganic breakdowns by pho­
tochemical reaction and by slow oxi­
dation and of microbial degradation. 
One tracer study did show that soils 
full of healthy microorganisms gener­
ated carbon dioxide from labeled car­
bon blacks much more rapidly than 
sterilized samples of the same soils. 
But at best the changes are slow on the 
laboratory time scale, taking decades 
under realistic conditions. Their study 
is hence tedious and uncertain. 

The record in recent sediments is not 
yet entirely clear. The charcoal con­
tent of bottom samples from Lake 
Michigan is dominated for a centu­
ry before 1900 by the small particles 
from the burning of biomass. Then the 
count leaps upward and the particles, 
now coal soot, grow in size. A maxi­
mum comes in about 1960. It seems 
clear that the lake received increasing 
fallout from the smokestacks of grow­
ing Chicago land until stack controls 
came in. The ooze at the bottom of the 
Lake of Clouds among the green for­
ests of Minnesota records a steady 
charcoal influx, marked by meaningful 
fire peaks, over a period that extends 
some 1,000 years into the past. In Pa­
cific deep-sea cores the record is more 
than 50 million years old. Here too 
there is a steady rise of about a hun­
dredfold in charcoal input during that 
time. It reaches a plateau within the 
past few million years; it does not 

markedly reflect the coming of hu­
manity at all. Could that rise be a con­
sequence of wildfire in the grasses that 
spread over the Asian and American 
steppe during a million summers? 

The book closes with an interesting 
summary of analytical methods and 
a very diverse set of references. Few 
geochemical volumes can be so closely 
linked to the growth of human society. 
All the same, the strongest inference is 
that fire on a large scale is much older 
than our own lineage. That Promethe­
an gift, now potentially thermonuclear 
in scale, seems not yet quite safe in our 
hominid hands. 

COMMUNICATION AND NONCOMMU­
NICA TION BY CEPHALOPODS, by 

Martin Moynihan. Indiana University 
Press ($32.50). A decade ago these col­
umns noted an unusual small book 
on the behavior of the New World 
primates by Martin Moynihan, who 
worked then as now at the Smithsoni­
an Tropical Research Institute. That 
book was based on his 17 years of ob­
servation of our quick and clever little 
cousins in field and laboratory. 

What Dr. Moynihan described in 
its pages was largely a search for lan­
guage, arguably present among mar­
mosets and titis through a wide variety 
of social and even sequential squeaks, 
trills and grunts, filled out with many 
gestures and visual disp�ays. All of this 
was simply and evocatively drawn by 
the author. He was personal, theoreti­
cal and almost quizzical in his conjec­
tures and reflections. The conclusion 
was sharp enough: most of the patterns 
of language are there, but its essence 
may be absent. The patterns are innate 
and unvarying. Monkey utterances are 
not learned. Nor do the active crea­
tures show any sign of the generation 

Different coloration paUems of the squid Sepioteuthis lessoniana 
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of new combinations so plain, so indis­
pensable in human speech and even 
in gesture, the linguistic productivity 
on which human society rests. A hint 
of new postures and movements was 
seen for a few individuals under so­
cial stress. Their fellows ignored these 
quirks, although Moynihan could of­
ten learn to judge the state of the ani­
mals from their unusual behavior. 

It was natural then to refer to the 
author as a primatologist. Actually 
that inference was too narrow, since 
at about the time he wrote the earlier 
book he had left the green forest cano­
py to work in the blue-green offshore 
waters of the Caribbean reefs. There 
he has been watching the cephalo­
pods, in particular a gregarious spe­
cies of smallish squid. 

Once again Moynihan has prepared 
out of his field work and his reflections 
a personal, quizzical, breezy and theo­
retically sophisticated small book con­
cerning a specific form of animal com­
munication. The essential information 
is presented chiefly in a few dozen 
black-and-white wash drawings from 
life and from the literature on the cole­
oid cephalopods (those with a dwin­
dled internal shell), mainly the octo­
pus, the cuttlefish and the squid, all of 
warm shallow seas. The images are so 
striking in their bold contrasts amidst 
fluid forms that a reader might eas­
ily think he had opened a study of a 
trendy new school of art. But it is no 
human art; it is the mime theater of 
the living coleoids, the subtlest of all 
invertebrates, members of a lineage 
whose links of descent go back to a 
time before the coming of mammals. 

These marine creatures signal in si­
lence. They do not react to sounds ei­
ther in the laboratory or in the field. 
Perhaps they are thus protected from 
the powerful sonar pulses of their ce­
tacean predators. They see well, al­
though as the data now stand coleoids 
are said to be color-blind. A unique 
skin structure of a myriad dye sacs, 
each sac capable of voluntary change 
from pinhead invisibility to full expan­
sion as a patch of color, allows color 
changes in complex and controlled 
patterns to flash over the entire body 
surface within a fraction of a second; 
only fireflies and butterflies can change 
their appearance with anything like the 
verve and assurance of coleoids, and 
the insects' options are stereotyped 
in comparison. The painterly changes 
and a rapid control of coleoid body 
texture itself along with its color pat­
tern are unmatched. They can also give 
off into the water small clouds of pig­
mented fluid, the ink of the squid, dark 
or light. 

Ritualized, exaggerated pattern dis­
play is common. Some three dozen 
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patterns have been recognized among 
both squid and octopus, listed here 
from Colorless to Dymantic (eyelike) 
Spots and Zebra Stripes. The drawings 
are persuasive. One shows a squid pull­
ing arms and head deep into the mantle 
cavity, until the entire beast is shrunk 
to the form of a ball, and on the ball is 
flashed up a spotted man-in-the:moon 
face. "The models could only be verte­
brate." Another shows young squid in 
Dark color habit, their arms contort­
ed and upward curled, very like their 
own ink clouds, earlier discharged and 
floating slowly by. "The animals were, 
in fact, mimicking their own decoys." 

Ritual patterns are as often antidis­
plays as they are displays. They are 
meant to be seen, but to mislead and 
startle. Quick alternating sequences 
are frequent, usually directed at pred­
ators. These are baffle performances. 
The same patterns may be used toward 
other squid as part of sexual or social 
contact, but they do not then show the 
stereotyped sequences recorded in the 
baffle. "They can be trickier still." An 
entire group may alternate as one be­
tween Bars and Streaks as predators 
draw near. Yet a single performer is 
often firmly out of step, each time 
flashing the opposite. Is it trying to 
look different? "If so, it is reacting to 
its surroundings in a more ... sophisti­
cated way than even the most expert 
practitioner of crypsis." 

"Cleverness is not all." Coleoid visu­
al vocabularies are complex and orga­
nized. Pale seems correlated with fear, 
silver flashes with sex, for instance. 
There are clear signs of some kind 
of self-awareness: they must swiftly 
perceive both their surroundings and 
themselves-anyone who has seen co­
leoid performance in film can concur. 
Moynihan detects elements of a simple 
reef-squid grammar. There are strong 
signifiers, such as an outspread body 
form, and three weaker categories. 
Side Stripes or positional postures 
such as Head-down serve as modifiers. 
A standard background color suffuses 
the animal when it is undisturbed. Un­
ritualized performances are common; 
they appear to serve social purposes in 
the gregarious forms. Here species 
differ widely. One has no Basic back­
ground; it flickers constantly, chang­
ing tone at the slightest provocation. 
Again there is no evidence for those 
new strings of old symbols humans so 
easil y utter. 

Maybe it will yet appear. We need 
plenty of motion pictures, with both 
signalers and responders on camera. 
That has never been done. The com­
mon octopus, a superb mime that car­
ries the authority of a self-conscious 
artist to the untrained film watcher, is 
too solitary an animal. Signaling ex-

periments and imitation to elicit re­
sponse are both tough. "Not everyone 
can blush in streaks or bars." It will be 
a while before we can hope to recog­
nize in that dazzling costume theater 
of cephalopod form the oldest and 
most alien script the earth may hold. 

THE PICTURE BOOK OF QUANTUM 
MECHANICS, by Siegmund Brandt 

and Hans Dieter Dahmen. John Wiley 
& Sons, Inc. ($29.95). Look into a mir­
ror. The image, those watchful eyes 
themselves, the source of light-all 
are parts of an unchanging system in 
steady state. Mainly we think of the 
situation not only as steady but also as 
in fact static, involving time no more 
than do the geometric diagrams bris­
tling with rays that are usually used to 
explain it. Of course we can do better. 
Surely light pours out of the source, 
some portion of it to flow in turn to 
face, mirror and eye, if at indecent 
speed. Out of such an account the 
mind has a chance to unpack the caus­
al chain, to imagine the successive in­
teractions that physically partition and 
redirect the light. The steady-state ab­
straction is much simpler, but it offers 
a less satisfying intuitive grasp than the 
step-by-step narrative in time does. 

Two physicists at the University of 
Siegen in West Germany have filled 
their attractive text with such time se­
quences in computer-generated dia­
grams and with quantitative contour 
maps of apt solutions to key equations. 
Their aim is the presentation of the 
"principal ideas of wave mechanics " in 
such a visual way that students can 
build a quantum intuition out of their 
graphics, much as we all do for classi­
cal physics from the flight of balls or 
from wave patterns realized in the rip­
ple tank. 

Nine of the 14 chapters center on the 
strict causal development in time that 
wave mechanics presents even for phe­
nomena that in the end must be real­
ized in the discrete and chancy world 
of photons and atoms. It is instructive 
to see the march of a packet of light 
falling on a glass surface as the event is 
represented in half a dozen carefully 
placed and scaled graphs created by 
the authors' interactive program. The 
fields first reflected interfere with the 
still-oncoming tail end of the pulse, 
to create a wiggly structure that soon 
enough settles into two distinct parts: 
the small, smooth pulse coming back 
while the slowed and compressed main 
signal moves on into the glass. 

A few chapters later we are ready 
for a quite different yet recognizably 
related sequence in time. A Schroding­
er wave packet represents a particle 
bound within two rigid walls, all mo­
tion limited to the single dimension of 

a line. The particle pulse, which begins 
by bouncing back and forth between 
the walls, slowly spreads. Each wall 
acts the way the mirror surface did for 
light, so that interference patterns first 
appear in turn at the two walls, un­
til the packet has widened enough to 
show the effect near both walls at once. 
The fundamental role of the spectrum 
of individual energy states, whose su­
perposition represents the particle in 
the well, is soon manifest. 

Several chapters treat the motion of 
two coupled oscillators in one dimen­
sion. Not easy to puzzle out, but re­
warding, these contour maps display 
joint probability distributions shifting 
in close analogy with the familiar clas­
sical effect of the rhythmic transfer 
of energy back and forth between the 
interacting pair of particles. Here a 
striking extension is made to the ad­
ditional quantum interference effects 
that arise when the two oscillators are 
indistinguishable, namely the bosons 
and fermions that make up our mod­
ular world. 

The later chapters have less to say to 
the general reader, although they are 
fresh and helpful to students familiar 
with the mathematics of wave scatter­
ing. The cartoon strips of time devel­
opment are no longer available, since 
even at this level the physics demands 
two or three spatial dimensions. The 
plots therefore revert to steady-state 
representation, just as they do in the 
familiar time-free optics. Here the em­
phasis is on the spatial regions of phys­
ical interference that lie behind the 
common features of scattering cross 
sections, particularly resonance peaks. 
A little more attention to the time de­
lays imposed on particles traversing 
interacting regions in one dimension 
might have made an easier bridge to 
the more demanding, if more realistic, 
considerations of resonances in the 
higher-dimensional cases. 

Quantum states of well-defined en­
ergy do not vary in time. A good set of 
particle-probability clouds is plotted 
here for comparison with electrostatic 
reality. They depict both the real hy­
drogen atom and a couple of idealized 
model systems, in which simpler bind­
ing forces prevail. The book ends with 
a compendium of observed cross-sec­
tional curves. They range from infra­
red absorption in paraffin molecules, 
through neutron scattering from lead 
nuclei, up to the peaks that mark the 
transient appearance of quark and an­
tiq uark pairs in the scattering of elec­
trons from positrons at 10 gigavolts 
of kinetic energy. The phenomena are 
plainly kin over a dozen orders of mag­
nitude in energy. The quantum edifice 
erected before 1930 remains as sturdy 
and beautiful as when it was new. 
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Rethinking Nuclear Power 
A possible strategy for freeing nuclear power from its current 
impasse would be built around a new generation of lower-power, 
centrally fabricated nuclear reactors designed for inherent safety 

N
uclear reactors now gener­

ate nearly 15 percent of the 
world's supply of electricity. 

Nations such as France, West Germa­
ny and Japan, already heavily reliant 
on nuclear power, are planning further 
nuclear growth. So are most Eastern 
European nations as well as some less 
developed countries. Yet in the U.S., 
where light-water reactors (LWR'S), 
which provide most of the world's nu­
clear power, were first developed and 
where by far the largest number of 
LWR'S have been built, nuclear power 
is at a dead standstill. U.S. electric util­
ities, which in the early 1970's were 
enthusiastically embarking on large 
numbers of nuclear projects, had 
largely abandoned the idea of building 
any more nuclear plants a decade later. 
Today, in spite of an apparent need for 
large amounts of new generating ca­
pacity by the end of the century, nucle­
ar power cannot even claim to be, in 
former President Jimmy Carter's dole­
ful phrase, the "option of last resort." 
To the nation's utilities it is not an op­
tion at all. 

That there is nothing inherently 
unworkable about nuclear power is 
borne out by the success of nuclear 
projects overseas and indeed of many 
projects in the U.S. Moreover, al­
though a variety of alternative sour­
ces of energy are available to utilities, 
and several promising new nonnuclear 
technologies are under development, 
abandoning nuclear power might well 
render the nation's electricity supply 
substantially less efficient and envi­
ronmentally benign. Oil and gas, albe­
it currently plentiful, will eventually 
grow scarcer and costlier. Coal is dif-

by Richard K. Lester 

ficult to burn cleanly: acid rain and 
other by-products of coal combustion 
are causing serious damage to the envi­
ronment and will be expensive to con­
trol, and in the future the carbon diox­
ide released by the combustion of fos­
sil fuels may have a severe effect on 
the global climate. The potential of so­
lar electric technologies to compete 
economically outside a fairly narrow 
range of favorable sites or specialized 
uses has not yet been demonstrated. 

Under these circumstances giving 
up on nuclear power would not be 
a wise course for the nation. Nuclear 
power in America faces problems that 
are so pervasive and severe, however, 
that it is not likely to be revitalized 
without fundamental changes in both 
ind ustrial organization and the tech­
nology itself. The changes will be diffi­
cult to make. Paradoxically, however, 
the nuclear industry's current troubles 
and bleak prospects hold an opportu­
nity: a chance to reexamine old as­
sumptions and explore new initiatives. 
What steps could reverse the fortunes 
of nuclear power? And how likely is 
it that government and industry will 
take them? 

The partial meltdown of a power re­
actor at Three Mile Island, Pa., in 

1979 is commonly thought of as mark­
ing the turning point in the fortunes of 
the nuclear industry. The health effects 
of the accident were undetectable, but 
the fact that it took place at all and the 
often clumsy actions of the authorities 
in its aftermath dealt a sharp blow to 
public confidence in the safety of the 
technology. Moreover, by nearly de­
stroying the financial viability of the 

utility that owns the plant the accident 
greatly heightened the sensitivity of 
electric utilities to the risks of nuclear 
investments. 

For more fundamental reasons the 
enthusiasm of the utilities for nuclear 
power had begun to fade well before 
the accident. Modern nuclear plants 
are costly and large, with generating 
capacities of about 1,000 megawatts. 
The system of economic regulation to 
which utilities are subject has recent­
ly served to discourage investment in 
large capital-intensive power plants of 
any kind. For privately owned utilities, 
which supply almost 80 percent of the 
nation's electricity, state public-utility 
commissions and the Federal Energy 
Regulatory Commission control the 
return on investment by regulating 
rates. The regulators grant monopoly 
franchises to the utilities, which are 
obliged to provide an adequate supply 
of electricity to all consumers at rea­
sonable cost; in return they are allowed 
to charge prices that bring their share­
holders an adequate return. 

For much of this century, when the 
price of electricity in real dollars was 
falling, the arrangement worked fairly 
well. Since the early 1970's, however, 
when the cost of power from new 
plants began to exceed the historical 
average price of electricity, pressure 
from consumers has increased and re­
lations between utilities and regulators 
have soured. According to the utilities, 
revenues have often failed to keep 
pace with rising costs. More recently a 
growing number of state commissions 
have refused to allow utilities to recov­
er in rate increases the full construc­
tion expenses for projects deemed in 
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hindsight to have been unnecessary or 
poorly managed. ( Many of the proj­
ects at issue are nuclear power plants.) 
These developments have deeply erod­
ed investor confidence and have led 
most utilities to avoid major new con­
struction of any kind. 

Many of the other factors responsi­
ble for the misfortunes of the 

U.S. nuclear industry are unique to nu­
clear power. The continuing absence 
of facilities for the disposal of radioac­
tive waste discourages utilities from 
placing new reactor orders, and a con­
gressionally mandated timetable for 
the siting of both high- and low-level 
waste repositories continues to slip. 
Moreover, with some notable excep­
tions the performance of nuclear pow­
er plants has fallen well below expecta­
tions. Average annual plant-capacity 
factors (the percentage of their theo­
retical total output that nuclear plants 
actually produce in the course of a 
year) have for several years failed to 
exceed 60 percent, a figure well below 
the performance recorded in many 
other countries, including Japan, Swe­
den, Switzerland and West Germany. 

The most important reason utilities 
regard nuclear power as an unattrac­
tive prospect is that building a nuclear 
power plant is likely to cost too much. 
The 22 nuclear plants that began com­
mercial operation in the period from 
1983 through 1985 attest to the prob-

lem: their construction costs amounted 
to nearly $2,300 per kilowatt of gen­
erating capacity. In comparison, coal 
plants that entered service during a 
similar period cost on the average less 
than $1,000 per kilowatt. Such a large 
difference in capital costs between nu­
clear and coal plants more than offsets 
the lower fuel costs of nuclear power 
and has reversed its traditional eco­
nomic advantage over coal. 

There are exceptions to this picture, 
to be sure: several recently complet­
ed nuclear plants are cost-competitive 
with coal. It is typical cases rather 
than exceptions that shape the expec­
tations of utilities; however, and the 
figures for new plants are becoming if 
anything still more discouraging. An­
other 10 plants are expected to enter 
service in 1986, and according to re­
cent estimates their average cost will 
exceed $3,100 per kilowatt. 

Why have nuclear plants become so 
costly? A rapid increase in construc­
tion time is one cause; the nuclear 
plants that entered service from 1983 
through 1985 took an average of 10 
years to build, in contrast to the five 
years required for the coal plants that 
began operation during a similar peri­
od and the five to six years needed for 
similar nuclear projects in France and 
Japan. The impact of long lead times 
has been compounded by the high 
inflation and interest rates of recent 
years. Even in today's more benign 

economic conditions, if two identical 
plants were started at the same time 
and one was built in five years where- . 
as the other required the same amount 
of construction effort and materials 
but took 10 years to complete, the fi­
nal cost of the second plant would 
be about 40 percent higher, solely be­
cause of inflation and increased financ­
ing costs. Many analysts have identi­
fied reducing construction time as the 
highest priority for the ind ustry. 

The influence of increases in the 
costs of physical inputs-materials, 
equipment and labor-on total plant 
cost is not as widely recognized. Yet 
these direct costs, in dollars per kil­
owatt of generating capacity, have 
grown over the past decade at an annu­
al rate of 8 percent in real dollars, and 
even if it were not for the extended 
construction time, it is now question­
able whether new nuclear plants in 
general could compete with coal-fired 
ones. Moreover, the only two U.S. nu­
clear units to be completed recently in 
less than seven years indicate that rap­
id construction is po guarantee of a 
low-cost plant: one of the two, the Riv­
er Bend unit in Louisiana, is among the 
most expensive ever built. It is clear 
that more will be needed to restore 
the economic viability of nuclear proj­
ects than simply reducing construc­
tion lead times. 

What has caused the rapid increase 
in direct costs? All input categories 
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CHANGING FORTUNES OF NUCLEAR POWER in the U.S. 
are evident in graphs of the number of nuclear plants on order (col­
or) and in operation (black). Since the early 1970's, when orders for 
plants reached a peak, few utilities have called for new plants and 
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many have canceled earlier orders. (The last plant order not subse­
quently canceled was placed in 1973.) Nevertheless, the number of 
plants in service has increased steadily. The figures for the num­
ber of plants operating in 1986 and beyond (circles) are estimates. 
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have contributed to the increase, but 
. labor requirements have grown most 
spectacularly. According to recent es­
timates, the average amount of craft 
labor required for nuclear construc­
tion, measured in worker-hours per 
kilowatt of capacity, has increased 
fourfold since the early 1970's, and the 
needed investment of engineering and 
technical services has risen by a factor 
of more than 10. These two labor cate­
gories now account for two-thirds of 
the direct costs of nuclear construc­
tion. The growth of the labor require­
ment may have resulted in part from 
the general decline in the productivity 
of U.S. construction labor. In large 
measure, however, the trend reflects a 
potent combination of technological, 
organizational, managerial and regu­
latory factors that are unique to the 
nuclear industry. 

Nuclear plants have become much 
more complex in the past decade. 

Efforts to enhance reactor safety ac­
count for much of the complexity; a 
wave of new regulations promulgated 
since the early 1970's has affected vir­
tually all aspects of plant design and 
construction. Not only have systems 
and components multiplied but also 
design and construction reviews have 
grown more elaborate and regulato­
ry documentation has become corre­
spondingly more voluminous. More­
over, the Nuclear Regulatory Com­
mission (NRC) has applied many new 
req uirements retroactively to plants 
under construction, making it neces­
sary to redo much completed work. 

Because of its disjointed structure, 
the U.S. nuclear industry has been 
hard pressed to cope with this increas­
ingly complex technology. As in the 
construction of fossil-fuel plants, the 
task of designing and engineering a nu­
clear plant is divided among several 
organizations: a reactor vendor is re­
sponsible for the reactor and the other 
main nuclear systems and components, 
and an architect-engineer is responsi­
ble for most of the rest of the plant. A 
third contractor often undertakes the 
actual construction of the plant. Coor­
dinating several independent organiza­
tions, each of which has different con­
tractual terms and a limited technical 
purview, during a period of rapid tech­
nical and regulatory change would tax 
the skills of even the most seasoned 
project manager. 

Because the electric-power industry 
is also disjointed, few utilities have 
been able to gain the necessary experi­
ence. The nuclear program of almost 
half of the 55 companies with nuclear 
units in operation or under construc­
tion consists of only a single plant. 
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AVERAGE ANNUAL CAPACITY FACTORS of nuclear power plants in various coun­
tries indicate the percentage of their theoretical total output actually produced by the reac­
tors each year. The reasons for the comparatively low efficiency of nuclear power in the 
U.S. are not yet clear; in part it probably reflects the fragmentation of the nuclear industry, 
which has hampered the transmission of technical information that might have improved 
efficiency, and the lack of standardization in the technology, which limits the applicability 
of any given technical improvement. The utility-sponsored Institute for Nuclear Power Op­
erations has begun to play an important role in fostering greater coordination, and some 
U.S. reactors have consistently achieved performance records higher than the national aver­
age, apparently benefiting from strong management of plant operations and maintenance. 

Moreover, a utility that builds a sec­
ond plant may not profit fully from its 
earlier experience, because it will of­
ten be working with a different reactor 
vendor or architect-engineer. Four re­
actor vendors and 12 architect-engi­
neers have taken part in the U.S. nucle­
ar program, and several utilities have 
acted as their own architect-engineer. 
Only in rare cases has the same group 
of principals collaborated on several 
units in succession, a circumstance 
that has greatly retarded movement 
down the learning curve. 

Variations in experience seem to ex­
plain much of the strikingly wide range 
in the direct capital costs of the most 
recent nuclear power stations: a var­
iation of more than fourfold in cost 
per kilowatt. The least expensive plants 

were built by a utility, a vendor and an 
architect-engineer that had collaborat­
ed on several earlier projects. Most of 
the costliest units belong to utilities 
with no previous nuclear projects, and 
the remaining ones are the prod ucts of 
first-time collaborations between utili­
ties and their suppliers. 

The fragmented industrial structure 
has increased direct costs in another 
way: it has led to a lack of standardiza­
tion in the technology. Indeed, there 
are almost as many power-plant de­
signs as there are plants. The experi­
ence in France, where the national util­
ity and a single supply consortium 
have followed a strict policy of build­
ing long series of very similar plants, 
attests to the benefits forgone in the 
U.S. Design and engineering costs are 
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lower when they are spread out over 
many power plants; engineers and con­
struction workers grow more experi­
enced and hence more productive, and 
suppliers can use their manufacturing 
capacity and training facilities more 
efficiently. Although few other nation­
al industries are as monolithic as the 
French program, none approaches the 
degree of disaggregation found in both 
individual construction projects and 
the industry as a whole in the U.S. 

The fragme'lted industrial structure 
and the lack of standardization in the 
technology have also complicated the 
task of the NRC, which has confront­
ed a large population of utilities with 
widely varying capabilities, operat­
ing plants with varying characteristics. 
The NRC, moreover, is beset with in­
ternal problems rooted in its unwieldy 
organizational structure. Indeed, sev­
eral independ'ent investigative com­
mittees, including the Kemeny com­
mission, which examined the Three 
Mile Island accident, have concluded 
that the agency may be inherently inef­
fective in its present form. Its internal 
difficulties have contributed to arbi­
trary and inconsistent dealings with li­
censees, which have increased the cost 
and financial uncertainty of building 
nuclear plants. Industry officials have 
said repeatedly that until the financial 
risks associated with licensing new 
plants can be lowered, further nuclear 
orders are out of the question. 

If a competent team of designers, 
well informed about utility capabili-
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ties and preferences, regulatory trends 
and public opinion, were today to set 
out from scratch to develop a nuclear 
plant system tailored to the U.S. elec­
tric-power market, would the result 
resemble current LWR'S? The resem­
blance probably would not be close: 
the design would be likely to differ 
from the power reactors of today in 
three key respects. 

First, the generating capacity of the 
new reactor would be considerably 

less than the 1,000-megawatt capacity 
characteristic of present-day nuclear 
plants. Utilities built large units in the 
hope of realizing economies of scale. 
The results have been inconclusive, 
and some recent studies suggest that 
the greater complexity of plants larg­
er than about 800 megawatts may 
outweigh any such economies. Large 
plants have a clear economic disad­
vantage as well: by making utilities less 
likely to build several nuclear power 
plants in succession, they reduce the 
number of opportunities to gain and 
benefit from experience. 

The present climate of economic 
regulation discourage� investment in 
such large, capital-intensive plants, 
and most U.S. utilities are in any case 
too small, and are growing too slow­
ly, to accommodate 1,000-megawatt 
units easily. Such plants make match­
ing a utility's expansion in capacity to 
future growth in demand more dif­
ficult, particularly now that demand 
growth itself has become less predict-

1976 1977 1978 1979 1980 

able. In theory the joint ownership of 
large plants by several utilities could 
overcome these problems. As the par­
ticipants in several such ventures have 
recently found, however, what may 
at first appear to be a way of spread­
ing risks can turn into a mechanism 
for compounding them, particularly 
when the utilities are subject to differ­
ent state regulatory commissions. 

In the future, competition in the 
markets for wholesale power is likely 
to increase among established utilities 
and also between utilities and new 
power producers such as large indus­
trial cogenerators, which produce both 
electricity and heat for industrial proc­
esses. Heightened commercial risks 
will generally serve to discourage or­
ders for large central-station plants 
except by producers of proved compe­
tence and efficiency, and even they are 
likely to prefer adding capacity in in­
crements of less than 1,000 megawatts. 

The second key difference between 
the hypothetical design and current 
practice would affect plant construc­
tion. The design would allow much of 
the fabrication to be completed in a 
central manufacturing facility instead 
of at the construction site, as is done 
now. The result would be an increase 
in worker productivity and work quali­
ty, which typically are higher in the 
controlled environment of a factory 
than they are in the field. Centralized 
production would make it possible to 
apply advanced automated manufac­
turing and inspection techniques. 

1981 1982 1983 1984 1985 1986 

DIRECT COSTS OF CONSTRUCTION for coal-fired (black) and 
nuclear power plants (color) that entered service each year from 
1972 through 1984 are given in 1982 dollars per kilowatt of gener­
ating capacity. Projected direct costs are also shown for nuclear 
plants beginning operation in 1985 and 1986. Direct costs are a 

measure of the actual labor and materials required for construction; 
they do not include financing costs. Institutional problems and the 
enormous complexity of current nuclear power plants have com­
bined to drive their direct costs well above those of coal-burning 
plants, more than offsetting the lower fnel costs of nuclear power. 
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In perhaps the most important of its 
advantages, such centralization would 

. lead naturally to design standardiza­
tion and would hasten the buildup of 
experience, with its associated benefits 
in efficiency and economy. Constraints 
on the weight and volume of compo­
nents that must be transported suggest 
that centralized production might fa­
vor smaller power-plant size, but larg­
er plants could also be designed to a 
greater degree than they are now for 
production as prefabricated modules, 
to be assembled later at the construc­
tion site. 

The third novel feature of the design 
would be its safety philosophy. The 
goal of the change would be a reactor 
that was easier to site, more readily 
licensable and less susceptible to regu­
latory change than current LWR'S are. 
The trouble with current reactors is 
not that they are unsafe; numerous 
technical assessments have shown that 
they pose much less of a threat to pub­
lic health and safety than other com­
monly recognized hazards do. The dif­
ficulties arise because the technical ba­
sis of these findings is obscure and their 
accuracy is hard to demonstrate. 

The safety of any reactor depends 
on its ability to prevent significant 

amounts of radioactivity from escap­
ing to the environment. Because the 
radioactivity is normally contained in 
the fuel, the possibility of a major ra­
dioactive release arises only if core 
cooling fails and the fuel overheats or 
melts. Reactor cores are designed so 
that they cannot sustain fissioning once 
the temperature climbs much above its 
normal level; the reactor shuts down 
automatically when the core overheats. 
The inventory of radioactive fission 
products in the core continues to re­
lease large amounts of decay heat, 
however; if the heat is not removed, 
the temperature can continue to rise, 
leading to fuel damage. Even then ad­
ditional barriers that seal off the core 
from the environment, including for 
example a stout containment building, 
may prevent the escape of radioac­
tivity from the reactor. 

Current LWR'S derive their safety 
from a complex hierarchy of systems, 
some of them intended to prevent acci­
dental overheating of the fuel and oth­
ers to forestall the release of radioac­
tivity in case cooling fails and the core 
is damaged. Some safety features, such 
as the containment building, are pas­
sive, but many of the systems, such as 
emergency sprays that force water into 
the core, must be activated, either au­
tomatically or by an operator. Because 
neither operators nor electromechani­
cal components are completely reli-
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AVERAGE CONSTRUCTION TIME for U.S. nuclear power plants entering service each 
year from 1971 through 1986 has risen from less than five years to more than 10-about 
twice the time needed to build a coal-fired plant or to complete a nuclear plant in France or 
Japan. The extended construction time of nuclear projects has made them particularly sus­
ceptible to the effects of high interest rates and inflation and has driven up their total cost. 

able, designers have provided multiple 
backup systems to perform key safe­
ty functions. Multiple backups cannot 
completely eliminate the possibility of 
a major radioactive release, but they 
have reduced the probability to a very 
low level. 

Calculating the residual risk is a 
complex matter, however, which re­
quires identifying all the possible se­
quences of failures, electromechanical 
and human, that could lead to the re­
lease of radioactivity and estimating 
both their individual probabilities and 
their consequences. Such probabilistic 
risk assessments are unintelligible to 
most of the public. Moreover, major 
radioactive releases are so rare that it 
is not easy to verify the calculations by 
comparing them with actual experi­
ence. (The situation is different in oth­
er fields to which the same methods 
of risk assessment are applied, such· 
as aircraft safety.) The perceived cred­
ibility of the investigator or agency 
conducting the evaluations thus be­
comes practically the only basis most 
people have for judging reactor safety. 
Inevitably, events that appear to un­
dermine that credibility, such as the 
accident at Three Mile Island, assume 
a significance that far exceeds their 
technical impact. 

In part because of the novelty and 
complexity of the techniques of prob­
abilistic risk assessment, they have not 

had a central role in regulatory deci­
sion making until quite recently. In­
stead regulators have relied on engi­
neering judgments to set detailed tech­
nical and procedural standards for 
individual components and have made 
compliance with all the requirements 
a proxy for overall safety. The lack 
of a firm quantitative foundation for 
judging the safety value of individual 
requirements has given the regulatory 
process an ad hoc quality that has trou­
bled both the industry and its critics. 
Moreover, the reliance of the NRC on 
a large and increasing number of regu­
lations setting out, in exhaustive detail, 
just how plants should be designed, 
built and run instead of simply spec­
ifying general safety standards has 
brought about an unhealthy transfor­
mation in the relation between the 
industry and the regulator, in which 
the users of nuclear technology have 
ceded much of the responsibility for 
its management to a remote regulato­
ry bureaucracy. 

For the industry, the imperative 
of regulatory compliance has become 
paramount. Its creativity and initia­
tive have been sapped. There is little 
room even for innovative approaches 
to safety, since it is usually so much 
easier to follow accepted procedures 
than to gain approval of new ones. 
Unless the dominance that regulation 
has assumed as,a consequence of the 
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current approach to safety can be re­
versed, it is hard to see how nuclear 
power can regain commercial viability. 

What changes in reactor design . 
could mitigate these problems? 

A promising approach that has recent­
ly attracted attention both in the U.S. 
and overseas is to design the reactor so 
that if normal cooling fails, the heat 
generated by fission products in the 
core can safely dissipate through natu­
ral heat-transfer processes such as con­
vection or thermal radiation. The pas­
sive cooling would suffice to prevent 
overheating and core damage, elimi­
nating the need for external forced­
cooling systems and plant operators to 
activate them. 

Such a strategy would considerably 
simplify the design and construction of 
the plant, and in particular its nonnu­
clear systems, which today.are subject 
to strict regulatory standards because 
malfunctions there in theory can lead 

to core damage. A self-protecting re­
actor would make it possible tor the 
rest of the plant to be designed and 
built to the standards of conventional 
fossil-fuel plants, and the savings in 
equipment and labor costs would be 
substantial. 

Passive safety would also make 
judging safety risks a simpler matter, 
both by reducing the number of sys­
tems in a plant that need to be consid­
ered and by eliminating the trouble­
some problem of predicting the like­
lihood and effects of operator error. 
For the public the concepts of passive 
heat removal and "walkaway safety" 
would probably be more readily com­
prehensible than the complex safety 
features of conventional LWR'S, and 
they could certainly be demonstrated 
more compellingly, by subjecting an 
unattended reactor to all kinds of sim­
ulated accidental and intentional dis­
turbances. Finally, eliminating the risk 
of severe core damage could ease pro-
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spective plant owners' concerns about 
the enormous costs of coping with 
such an accident, even one with mini­
mal health consequences. 

Reactor designers have already be­
gun to explore evolutionary changes to 
conventional LWR'S in the directions of 
smaller size, increased factory fabrica­
tion and greater passive safety, and the 
utility-sponsored Electric Power Re­
search Institute (EPRI) has undertaken 
a program to define technical require­
ments for the next generation of LWR'S. 
The EPRI program, which focuses on 
large units, stresses the need for simpli­
fied plant designs and for reactors that 
would be easier to manage in an emer­
gency. If coolant circulation is inter­
rupted in a conventional pressurized­
water reactor, the water in the Core 
may boil away very quickly, leaving 
the fuel uncovered and allowing it to 
overheat. One of the steps toward 
greater passive safety that EPRI is con­
sidering is increasing the depth to 
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ADVANCED PRESSURIZED-WATER REACTOR, shown here 
in highly schematic form, shares its basic design with conventional 
pressurized-water reactors. Water in the primary cooling system 
flows through the cold-leg pipe into the pressure vessel and carries 
heat away from the reactor core through the hot-leg pipe to a steam 
generator, which sends steam to the plant's turbines. A pressurizer 
maintains the high pressure of the primary cooling circuit, prevent­
ing the coolant from boiling, and a loop seal protects the coolant 
pump from air bubbles. The new reactor design, the product of a 
collaboration among the Westinghouse Electric Corporation, the 
Mitsubishi Company, Japanese utilities and the Japanese govern­
ment, specifies a larger core and a deeper pressure vessel than those 
of current reactors (left). The increase in core size reduces the pow-
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er density of the reactor and consequently the density of fission 
products; thus the decay heat they release would raise the core tem­
perature more slowly if cooling failed than would be the case in cur­
rent reactors. The deeper vessel places the core well below the cold­
leg pipe and the loop seal, ensuring that loss of coolant through a 
small rupture in the cold-leg pipe would not uncover the core--a 
possibility in the reactors in service today. In cooling failures of 
every kind the increased volume of water above the core would take 
longer to boil off than it would in present designs, extending the 
time operators would have during which to react to the emergency. 
The reactor, which would produce somewhat more power than most 
of today's reactors do, would embody many other improvements, 
meant to lower fuel costs, improve efficiency and ease maintenance. 
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which the core is submt!rged within the 
.pressure vessel. In an emergency the 
water above the core would take long­
er to boil off than it would in cur­
rent reactors, and damage to fuel ele­
ments would be delayed. Such meas­
ures would not eliminate the need for 
backup cooling and containment sys­
tems, but they would give operators 
more time to respond in an emergen­
cy than they have now. 

New reactor concepts are emerg­
ing that go substantially further, 

particularly in the direction of passive 
safety. Among the most promising 
of these so-called inherently safe con­
cepts is a small, high-temperature 
gas-cooled reactor (HTGR) developed 
mainly in West Germany. The reactor 
has a "pebble bed" core, in which the 
fuel is embedded in small graphite 
spheres. The fuel can withstand tem­
peratures of up to 1,600 degrees Celsi­
us without releasing fission products; 
the small size and large surface-to-vol­
ume ratio of the reactor ensure that the 
core temperature would not exceed 
that value even if the reactor lost all its 
helium coolant while operating at full 
power. Fissioning would stop auto­
matically after an initial rise in tem­
perature, as it would in a conventional 
LWR. Fission products would continue 
to produce heat, but passive heat loss 
from the walls of the reactor vessel 
would be sufficient to stabilize the tem­
perature at a safe level. Because small 
size is crucial to the inherent safety of 
the design, such a reactor could pro­
duce no more than about 100 mega­
watts of electricity; a power station 
might consist of several HTGR mod­
ules. An HTGR of comparable size but 
different core design is under consider­
ation in the U.S. 

A Swedish concept, the Process In­
herent Ultimately Safe (PlUS) reac­
tor, envisions a radically reconfigured 
LWR. The reactor core, primary cool­
ing system and steam generators are 
immersed in a large pool of cold, bo­
rated water within a prestressed con­
crete pressure vessel. The pool and the 
primary cooling system are hydrau­
lically connected, but under normal 
conditions the pressure developed by 
the coolant pumps is just enough to 
keep the pool water from entering the 
core. Any disturbance in the cooling 
system would upset the balance, and 
the borate solution would flood the 
core. The boron in the water, an effi­
cient absorber of neutrons, would shut 
down the chain reaction, and the cold 
pool water would carry off the residual 
heat. Neither an operator nor an elec­
tromechanical device would be needed 
to set these events in motion. 
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PIUS REACTOR, designed by ASEA-ATOM of Sweden, consists of a core and a primary 
cooling system similar to those of a conventional pressurized-water reactor but immersed in 
a pool of cold borated water. The pool and the cooling circuit are hydraulically connected 
at interfaces that are naturally stable because hot coolant lies above the denser pool water. 
In normal operation the pressure developed by the coolant pump keeps the pool water from 
flooding the core. If coolant circulation were to fail, natural convection would carry the 
pool water into the circuit (black arrows). The boron in the water would absorb neutrons, 
shutting down the chain reaction, and the large volume of water would suffice to cool the re­
actor for several days without the intervention of operators or emergency cooling systems. 

A third kind of passively safe de­
sign has emerged from efforts to devel­
op breeder reactors: reactors that pro­
duce more fuel than they consume by 
transforming isotopes that are unsuit­
able as nuclear fuel, such as uranium 
238, into fissile isotopes such as pluto­
nium 239. Such reactors, which use 
liquid sodium as a coolant, were con­
ceived until recently in sizes rang­
ing from 1,200 to 1,500 megawatts. 
The development of such large breed­
ers continues overseas, particularly in 
France and the U.S.S.R. The expected 
steep increases in the price of uranium, 
which had been the main economic 
motivation for breeder development, 
now seem unlikely, however. U.S. de­
signers have recently begun explor­
ing much smaller liquid-metal reac­
tors sized, like the modular HTGR, to en­
able them to dissipate heat passively 
in an emergency from the walls of the 
reactor vessel. Like large breeders, the 
smaller reactors would produce sig­
nificant amounts of plutonium, which 

would be recovered by reprocessing 
the fuel. 

The need for fuel reprocessing re­
duces the appeal of small liquid-metal 
reactors as a possible alternative to 
conventional LWR'S. It would add sig­
nificantly to the cost of commercializ­
ing the reactor technology and to the 
technical and organizational complex­
ity of reactor-fuel production. More­
over, there is widespread concern that 
fuel reprocessing and the recycling of 
plutonium could contribute to the pro­
liferation of nuclear weapons. 

Many people in the American nu­
clear-power industry regard the 

idea of a major shift away from cur­
rent technology as unrealistic. They 
argue that it is wiser to improve the 
technology incrementally, drawing on 
the rapidly growing store of experi­
ence with LWR'S, than to turn to an 
unproved concept. Whatever the theo­
retical advantages of new systems are, 
they say, in practice the revolutionary 
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concepts would be sure to encounter 
a long stream of unanticipated prob­
lems, just as LWR'S did. The critics also 
question the wisdom of withdrawing 
from the international technological 
mainstream. France, West Germany, 
Japan and other countries are commit­
ted to LWR technology and have been 
devoting substantial resources to its 
improvement. By participating in in­
ternational joint ventures, as two U.S. 
reactor vendors are now doing with 
Japanese partners, the U.S. industry 
can benefit from foreign technologi­
cal advances even while the domestic 
industry remains depressed. 

A more sensible strategy than adopt-
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ing radical new technology, so the ar­
gument runs, would be to concentrate 
on dismantling the institutional barri­
ers that prevent LWR'S from achieving 
the same economic viability in this 
country that they have shown else­
where. The aims of the strategy would 
include increasing the predictability of 
nuclear safety regulation and reform­
ing the fragmented and disorganized 
industry. Greater standardization of 
reactor and power-plant designs and 
construction proced ures would ac­
company the organizational and man­
agerial steps. Some of the specific pro­
posals call for extensive institutional 
reform: the creation of regional nucle-
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MODULAR HIGH-TEMPERATURE GAS-COOLED REACTOR is cooled by pressur­
ized helium (color), which carries heat from the reactor core to a steam generator. In this de­
sign, proposed by Kwu/INTERATOM of Germany, the fuel consists of tiny uranium parti­
cles, individually coated in layers of graphite and silicon carbide and

-
embedded in "peb­

bles," or small graphite spheres. Hundreds of thousands of pebbles make up the core; new 
pebbles can be added continually while spent pebbles are discharged from the bottom of the 
reactor vessel, allowing the reactor to be refueled while it is operating. The fuel can with­
stand high temperatures without damage. Because the reactor is small and therefore has a 
large surface-to-volume ratio, heat loss from the outside of the reactor vessel by air cooling 
and thermal radiation would stabilize the core temperature at a safe level in the event of 
cooling-system failure. Such a reactor would produce about 100 megawatts of e.-ectricity; a 
full-size electric power station would combine several modules resembling the one shown. 
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ar operating companies or even of a 
Federal nuclear authority. Others en­
vision the consolidation of the nuclear­
power-plant supply industry and the 
assumption by suppliers of more of the 
financial risk that building nuclear 
plants entails. 

The debate can be summarized in a 
fundamental strategic question: Which 
is more likely to be effective-an at­
tempt to restructure political, industri­
al and regulatory institutions to ac­
commodate the special demands of 
present technology, or an effort to tai­
lor the technology to the capabilities, 
limitations and needs of the institu­
tions that now exist? 

The difficulty with the first approach 
is that the milder proposals seem un­
likely to suffice, whereas the more radi­
cal schemes imply a centralized nucle­
ar-power organization more akin to 
foreign programs than to the rest of the 
U.S. electric industry. The U.S. nu­
clear industry can go only so far in 
emulating its more successful foreign 
counterparts. The weakness of central 
planning and decision making in the 
U.S. economy, although it complicates 
the development of nuclear power, 
nonetheless reflects underlying social 
preferences that seem likely to persist. 

The relative abundance of other do­
mestic energy sources also sets the U.S. 
apart from foreign countries that are 
making a success of nuclear power. 
Thus nuclear power will continue to be 
seen in the U.S. not as the national eco­
nomic and political imperative it has 
become elsewhere but as one of sev­
eral competing energy technologies. 
A policy that seemed to give nucle­
ar power preferential treatment or re­
move it from the competitive arena 
would not be likely to attract strong 
support. Any U.S. nuclear program 
must also reckon with the fact that the 
U.S. is a more open, litigious society 
than most; attempts to shield its indus­
trial and regulatory institutions from 
direct public pressures are unlikely to 
work. Developing a new generation 
of products, better suited to U.S. mar­
ket conditions, may in the end be a sur­
er path to recovery for nuclear power. 

Astrategy of rethinking the tech­
nological options faces practical 

problems of its own. Even the alterna­
tives to conventional LWR'S that are 
well along-in their development could 
not become commercially available 
until the next century. The high costs 
and risks of commercializing a new 
power-reactor technology would deter 
private ind ustry from attempting to 
do so without significant Government 
support. Indeed, with most indus­
try leaders still publicly committed 
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to conventional LWR technology, the 
Government would inevitably find it-

o self leading, and not merely support­
ing, an effort to develop new reactors. 
The massive budget deficits and the 
lack of public enthusiasm for nuclear 
power rule out such an effort for the 
moment. 

The attempt would be premature in 
any event. Much recent experience 
warns that in trying to choose a tech­
nology for commercial development 
the Government runs a considerable 
risk of developing something industry 
does not want and will not use. The 
willingness of the utilities themselves 
to make a substantial commitment to 
research is a prerequisite for a serious 
effort to develop a new generation of 
reactors. Such an effort will probably 
have to wait until regulatory reforms, 
institutional changes and incremental 
improvements in LWR'S have been tried 
and the fate of current technology has 
become clearer. 

In the meantime the Government 
and the nuclear industry sh,\uld adopt 
the more modest goal of choosing, 
probably within the next three or four 
years, one of the promising passively 
safe technologies for development as a 
"proof of principle" device: a test plant 
intended not as a commercial demon­
stration but merely as a proof of tech­
nical feasibility. In particular, such a 
plant could demonstrate the principle 
ol passive safety at a relatively mod­
est cost. It could also serve as a vehicle 
for resolving key questions about the 
regulatory treatment to which passive­
ly safe systems would be subject. The 
engineering experience gained in the 
project would inform the later decision 
about whether to proceed to a com­
mercial demonstration plant, and un­
dertaking a proof-of-principle project 
now would allow that decision to be 
made in the mid-1990's, when the fu­
ture of conventional LWR'S will be con­
siderably clearer than it is today. 

The cost of such a project could be 
shared by the Government and a con­
sortium of utilities and suppliers, in­
cluding interested foreign suppliers; 
the willingness of suppliers and utili­
ties to share in the development costs 
would aid in determining which of the 
candidate design concepts should be 
selected. The project could be done 
with total annual expenditures that 
were less than recent annual outlays by 
the Federal Government alone for 
breeder-reactor development. 

The range of conceivable futures for 
nuclear power in the U.S. thus 

comes down to three broad possibili­
ties. One is a return to LWR technology 
in an improved form, perhaps in as lit-

tle as a decade. The revival of the tech­
nology would take place within a more 
streamlined industry, with fewer and 
more competent organizations oper­
ating in a stabler regulatory climate. 
Foreign LWR suppliers, having enjoyed 
livelier domestic markets in the mean­
time, would introduce many of the 
improvements and might figure com­
mercially in the U.S. revival. In the 
second scenario conventional LWR'S 

would fail to regain commercial ac­
ceptance, but after some years one or 
more second-generation reactor tech­
nologies conceived for small size, pas­
sive safety and centralized, modular 
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fabrication would reestablish nuclear 
power as a major source of electricity 
for the next century. 

At the moment it is not possible to 
say which of the first two scenarios 
represents the likelier outcome, and 
indeed there is no need to do so. Ef­
forts to reform existing institutions and 
to improve conventional technologies 
should go forward along with explora­
tions of radical new technologies. Ne­
glecting either approach will make all 
the likelier the third outcome: the dis­
appearance of nuclear power as an op­
tion for the future. That is a loss the 
nation can ill afford. 
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MODULAR LIQUID-METAL REACTOR has multiple cooling circuits. The liquid sodi­
um of the primary cooling system (dark color) is forced through the core by a pump in the 
vessel; at heat exchangers the sodium gives up heat to secondary sodium circuits (light col­
or), which drive steam generators (not shown). If the coolant pumps were to fail, sodium 
would continue to circulate through the reactor core because of natural convection. The 
reactor's small size would enable it to lose enough heat to air convecting through passages 
around the outside of the containment vessel to avoid core damage and the release of radio­
activity. The General Electric Company proposed this design; it would yield about 140 
megawatts of electricity. As in large liquid-metal breeder reactors, substantial amounts of 
nuclear fuel would be made in its core as neutrons transformed uranium 238 into plutonium. 
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The Earth's Magnetotail 

The solar wind sweeps the earth's magnetic field into a vast tail. 
Disruptions of the tail generate bright auroras at the earth and 
propel great bodies of magnetized gas into interplanetary space 

T
he earth resides in a vast magnet­
ic cavity. The cavity, called the 
earth's magnetosphere, exists be­

cause the solar wind, a gas of charged 
subatomic particles flowing continual­
ly from the sun, cannot easily pene­
trate the earth's magnetic field. Instead 
the solar wind stretches the field into a 
more or less cylindrical region extend­
ing from the earth into interplanetary 
space like a great wind sock millions of 
kilometers in length. This cylindrical 
region is the earth's magneto tail. 

Our current knowledge about the 
magnetotail is the outgrowth of a long 
effort to understand the auroral lights 
that glow in the skies at high latitudes, 
an effort that enlisted such notable in­
vestigators as Galileo, Halley, Celsius 
and Franklin. Progress was relatively 
slow until the arrival of the space age, 
about 30 years ago, when satellites 
bearing scientific instruments began 
to aid the study of the interplanetary 
space surrounding the earth. This led 
to the discovery and exploration of 
the earth's magnetosphere. The explo­
rations in turn have led to a broad 
concl usion: The solar wind and the 
magnetosphere form a vast electrical 
generator-one in which the interac­
tion of magnetic fields and plasma (the 
gas of solar-wind particles) converts 
the kinetic energy of the solar wind's 
motion into electricity. 

The electric power creates a wealth 
of phenomena. These include not only 
the beautiful and intriguing displays of 
auroras but also the Van Allen radia­
tion belts, which surround the earth. 
Another of these phenomena, discov­
ered in the magnetotail only three 
years ago from satellite data, con­
sists of huge plasma structures called 
plasmoids. A plasmoid is a body of hot 
plasma threaded and held together by 
loops of magnetic field. Magnetic field 
lines surrounding the plasmoids pro­
pel them from the magnetotail, like 
projectiles from a cannon, at speeds 
of millions of kilometers per hour. 
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by Edward W. Hones,Jr. 

The interaction of the solar wind 
with the magnetosphere begins at the 
surface of the magnetosphere, which is 
called the magnetopause. Its sunward 
point, where the solar wind's forward 
momentum is stopped by the earth's 
magnetic field, lies 10 earth radii "up­
stream" from the earth. (The earth's 
radius, 6,370 kilometers, is commonly 
used as a unit of distance in magneto­
spheric research.) Here, in the region 
sunward of the earth, the earth's mag­
netic field is compressed by the in­
teraction of the wind and the field. At 
the night side of the earth the field is 
stretched far downstream to form the 
magnetotail. The diameter of the tail 
is between 40 and 60 earth radii; its 
length exceeds 1,000 earth radii. 

The magnetotail consists of adjacent 
halves called lobes, which have oppo­
site magnetizations [see illustratioll on 
pages 42 and 43]. In the upper, or north, 
lobe the magnetic field points sunward 
and the field lines connect to the north 
polar region of the earth. (The di­
rection of the field is the direction in 
which the north end of a compass nee­
dle would point if the compass were 
placed in the field.) In the lower, or 
south, lobe the field points antis un­
ward and the field lines connect to 
the earth's south polar region. The two 
lobes are separated by a sheet of elec­
tric current that flows across the mid­
plane of the tail and then loops around 
the north and south lobes. These loops 
of current create the magnetic fields in 
the lobes. 

The solar-wind plasma is not com­
pletely excluded from this complex 
magnetic domain. Some plasma pen­
etrates the magnetosphere's sunward 
region and populates the surface re­
gions of the tail. From these regions 
the plasma flows through the lobes 
toward the midplane of the tail, where 
it forms a concentration of plasma 
called the plasma sheet. The plasma 
sheet is the site of the current separat­
ing the lobes. 

T
he processes that sustain the mag­
netotail are interactions of charged 

particles, electric currents, electric 
fields and magnetic fields. Acting to­
gether in the magnetotail, they create a 
highly complicated physics. Taken by 
itself, however, each type of interac­
tion is fairly straightforward. Thus an 
understanding of the individual inter­
actions can give insight into the struc­
ture their interplay creates. 

A magnetic field acts on a charged 
particle through what is called the Lo­
rentz force. The force is proportional 
to the magnetic field strength and to 
the component of the particle's veloci­
ty perpendicular to the field and is di­
rected at right angles to both [see top 
illustration on page 44]. In a uniform 
magnetic field the Lorentz force causes 
electrons and protons to move in cir­
cles, but in opposite directions. If a 
particle's original motion has a com­
ponent parallel or anti parallel to the 
field's direction, the addition of cir­
cular motion will shape the particle's 

ENERGY FROM THE MAGNETOTAIL released in the ionosphere, about 100 kilome­
ters above the surface of the earth, is responsible for the aurora borealis, or northern lights, 
shown (top to bollolll, left to right) in a sequence of photographs that Robert H. Eather of 
Boston College made at Churchill, on Hudson Bay in northern Manitoba, near midnight on 
an evening in March. Eather fitted his camera with a fish-eye lens, so that each image shows 
the entire sky from horizon to horizon; in each image the southern horizon is at the bottom. 
Electrons bombarding atoms in the ionosphere produce the auroral light. The electrons, ex­
pelled from the sun in a wind of charged particles (the solar wind), get trapped in the mag­
netotail and approach the earth when a "magnetospheric substorm" disrupts the magneto­
tail's resting configuration. The images span a 20-minute interval during such a disruption. 
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trajectory into a helix. As a particle 
moves, the center of its helical path is 
said to trace Ol,lt a line of the magnet­
ic field. In effect charged particles are 
"tied" to magnetic field lines: each par­
ticle spirals around a line. 

A second interaction of charged par­
ticles and fields' is called E-cross-B 
drift. When an electric field is imposed 
perpendicular to a magnetic field [see 
middle illustration on page 44], the spi­
raling particles tied to magnetic field 
lines experience a drift perpendicular 
to both the electric field (E) and the 
magnetic field (B). Positive particles 
such as protons and negative particles 
such as electrons drift in the same di­
rection and at the same speed; hence 

20 10 o 

the particles in a plasma (a gas of equal 
numbers of positive and negative par­
ticles) all drift as an ensemble. The 
magnetic field lines can be thought of 
as moving with the plasma; their speed 
is the E-cross-B drift speed of the parti­
cles. Under these conditions the mag­
netic field lines are said to be frozen 
into the plasma. 

There are circumstances in which 
the magnetic field becomes very weak 
or changes very sharply in space or 
time; then the plasma particles and 
the fi�ld lines no longer move in tan­
dem. Instead the field lines "diffuse" 
through the plasma. Under such con- \ 
ditions field lines of opposite direction 
can come together, break and recon-
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nect in new combinations. The proc­
ess, called magnetic reconnection, is 
crucial in the magnetosphere both for 
its acquisition of energy from the 
solar wind (a more or less continual 
process) and for its releases of energy 
from the magnetotail, creating auroras 
and plasmoids. 

M
agnetic reconnection takes place 

when regions of opposed mag­
netic fields come together. It can be 
visualized most easily in terms of 
the magnetic field changes that occur 
when two horseshoe magnets identical 
in size and strength are brought togeth­
er so that their opposite poles align 
(that is, the north pole of one horse-
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DISTANCE (EARTH RADII) 

SCHEMA TIC CROSS SECTION of the magnetosphere displays 
its chief magnetic and electric featnres. The solar wind is deflected 
along a front called the bow shock. It then flows around the magne­
tosphere in a region called the magnetosheath. The magnetotail is 
the part of the magnetosphere "downstream" from the earth; its 
snrface is called the inagnetopanse. In its upper, or north, lobe the 
magnetic field lines point toward the sun; in the lower, or sonth, 
lobe the field lines point antisunward. Between the lobes a sheet of 

plasma (a gas of positive and negative particles) extends across the 
tail; it carries a cross-tail electric current (color) that loops around 
the lobes. A magnetic neutral line resides about 100 earth radii 
downstream from the earth; it too crosses the tail (the drawing 
shows only its midpoint). At the nentral line the lobe field lines, 
carried toward the plasma sheet by electromagnetic forces, meet 
and reconnect; the reconnection converts the lobe lines into closed 
field lines (loops tied to the earth) and interplanetary field lines, 
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shoe faces the south pole of the other). 
The magnetic field arising from the 

. magnets changes, so that some of the 
field lines that had originally run from 
the north pole to the south pole of 
one magnet now run from the north 
pole of one magnet to the south pole 
of the other. 
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Magnetic reconnection in the earth's 
magnetosphere is more complex and 
less amenable to intuitive insight. The 
complexity arises because the mag­
netic regions of the magnetosphere 
are plasmas, which are fluid and read­
ily conduct electric currents. The cur­
rents create magnetic fields, which in 
turn reshape the plasmas. Neverthe­
less, the basic process is the same: mag-
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which extend out of the tail so that both 
ends reach into the solar wind. Magneto­
sheath plasma that enters the polar cusps 
occupies regions of the lobes called the plas­
ma mantle. The plasma drifts toward the 
plasma sheet and is injected into the sheet 
by the reconnection process. The tail ex­
tends at least 1,000 earth radii into space. 

netic reconnection takes place in the 
earth's magnetosphere when opposite­
ly magnetized regions of plasma come 
together. 

One site of magnetic reconnection in 
the magnetosphere is the plasma sheet. 
In fact reconnect ion continually re­
news the plasma sheet. The process be­
gins as solar-wind plasma gains en­
trance to the magnetosphere at sites 
such as the polar cusps (the places 
where the magnetosphere's magnetic 
field lines dip toward the earth over the 
north and south magnetic poles). Ini­
tially it flows downstream in the mag­
netotail along magnetic field lines in 
the outer levels of the north and south 
lobes, a region called the plasma man­
tle. As it flows it is subjected to an 
E-cross-B drift, which forces it to­
ward the plasma sheet, at the mid­
plane of the tail. The flowing plasmas 
carry with them the opposing, frozen­
in magnetic fields. At some location 
along the interface between the lobes 
the frozen-in field condition breaks 
down, producing a diffusion region: a 
place where the field lines can move 
through the plasma. 

Within the diffusion region, field 
lines of opposite direction begin to 
touch and reconnect across the plasma 
sheet. (Lines pointing sunward arrive 
from the north lobe and lines point­
ing antisunward arrive from the south 
lobe.) At the place where the opposing 
field lines touch, the net magnetic field 
strength is zero, owing to the presence 
of the opposite magnetizations. Hence 
the site of reconnect ion is called the 
magnetic neutral line. Normally it is 
situated in the plasma sheet about 100 
earth radii downstream from the earth. 
On each side of the neutral line, plas­
ma is ejected from the diffusion region 
along the midplane of the magnetotail 
jn a narrow, wedgecshaped jet. The jet 
ejected earthward renews the plas­
ma sheet; the jet ejected tail ward flows 
downstream, back into the solar wind. 

As a result of reconnection the mag­
netotail has three types of magnetic 
field line. (A fourth type, described be­
low, exists only transiently and forms 
the magnetic structure of a plasmoid.) 
Each type occupies a particular region 
of the tail, and each type is character­
ized by its relation to the earth. The 
first type consists of the field lines in 
the lobes. One end of each of these 
lines is attached to the earth; the oth­
er end extends downstream into the 
solar wind. Such lines are called open 
field lines. 

The second type is found in the plas­
ma sheet on the earthward side of the 
magnetic neutral line. Here each field 
line comprises the earthward ends of 
two lobe field lines that have recon­
nected. Thus each field line in the plas-

rna sheet on the earthward side of the 
magnetic neutral line is a loop, both 
ends of which are attached to the earth. 
Such lines are called closed field lines. 

The third type is found in the plasma 
sheet downstream from the magnetic 
neutral line. Here each field line com­
prises the downstream ends of two of 
the lobe field lines that have reconnect­
ed; thus they are loops completely free 
of the earth. Their ends extend antisun­
ward into interplanetary space. They 
are known as interplanetary field lines. 

T
his is not to say the magnetotail 
always maintains a magnetic pat­

tern consisting simply of these three 
types of magnetic field line. There are 
times when the interaction of the so­
lar wind and the earth's magnetic field 
overloads the magnetotail with energy, 
leading to the phenomenon called a 
magnetospheric substorm, which dis­
rupts the magnetic pattern. The sub­
storm is the mechanism by which the 
magnetosphere intermittently releases 
large amounts of energy that has been 
stored in the magneto tail. Some of 
this energy goes to create the _auroras, 
near the earth, while the rest is re­
leased downstream to the solar wind in 
the form of a plasmoid. (A substorm, 
which lasts for an hour or so, is dis­
tinguished from a geomagnetic storm, 
which lasts for a day or more and is 
caused when a solar flare initiates a 
shock in the solar wind.) 

To understand the substorm, the au­
rora and the plasmoids one must un­
derstand the details of how the solar 
wind transfers energy to the earth's 
magnetic field and how the energy 
stretches, and finally overstretches, the 
field. The crucial point is that the en­
counter of the solar wind with the 
earth's magnetic field generates elec­
tricity because the solar wind and the 
magnetosphere constitute a magneto­
hydrodynamic, or MHO, generator. 

In an MHO generator built by hu­
man hands an electromagnet generates 
a strong magnetic field between two 
plates, while plasma flows between 
the plates in a direction perpendicular 
to that of the field [see illustration on 
page 45]. The device that draws power 
from the generator is in an external 
circuit connecting the plates. As parti­
cles enter the field the Lorentz force 
deflects them, so that electrons move 
toward one of the plates and protons 
toward the other, creating within the 
plasma a migration of electric charge 
called the polarizing current. If the 
particles had enough space, the deflec­
tion would draw them into circular 
paths. Here, however, the charge-con­
ducting plates intervene. One plate col­
lects negative charge while the other 
collects positive charge. The charge 
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ELECTRON leaves the generator and flows through 
the external circuit as a so-called de­
polarizing current. 

In the magnetosphere the magne­
tohydrodynamic process generates 

electricity at two different locations. 
The more important generator arises 
as a consequence of magnetic recon­
nection at the sunward limit of the 
magnetopause. There the solar wind 
encounters the earth's magnetic field 
head on. The wind itself includes a 
magnetic field, which consists of field 
lines pulled outward from the sun. The 
direction in which the field lines point 
changes from time to time, seemingly 
at random. When the field lines point 
southward, the direction opposite to 
that of the earth's field lines at the 
sunward magnetopause, they can re­
connect with the earth's field and so 
become tied to the earth [see illustration 
on page 46]. The solar-wind plasma, 
flowing through this earth-tied field, 
then completes the basic elements of 
an MHD generator. The earth's iono­
sphere (the ionized, electricity-con­
ducting layer of the atmosphere about 
100 kilometers above the earth) consti­

tutes the low-resistance external cir­
cuit through which the polarization 
charge from the solar wind can flow. 

When the solar wind's field points 
northward, as it does about half of 
the time, magnetic reconnection at the 
sunward magnetopause is much re­
duced and the flow of electrical en­
ergy diminishes. Even then, however, 
the second, less powerful generator 
persists in its activity. At low latitudes 
some solar-wind plasma flows across 
the closed lines of the earth's magnetic 

THREE FORCES that share in creating 
and sustaining the structnre of the magneto­
tail are diagrammed. In a uniform magnet­
ic field the Lorentz force (top) causes elec­
trons and protons to move in circles in op­
posite directions, thus "tying" the particles 
to magnetic field lines. If an electric field 
is imposed perpendicular to the magnetic 
field, the charged particles acquire a further 
motion called E-cross-B drift (middle). The 
drift carries the centers of the particles' cir­
cular paths in a direction perpendicular to 
the directions of the fields. In this way plas­
ma in the lobes of the magnetotail is driv­
en toward the plasma sheet. Finally, plasma 
carrying an electric current that flows per­
pendicular to a magnetic field experiences 
a J-cross-B force (bottom). The force accel­
erates the plasma in a direction perpendicu­
lar to both the direction of the current and 
that of the magnetic field. The current is it­
self the source of a magnetic field, which 
d.istorts the original field, bending the field 
lines in the direction opposite to that of the 
force. The J-cross-B force resisting the flow 
of solar-wind plasma distorts the earth's 
magnetic field, producing the magnetotail. 
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field. The means of entry is not known, 
but it does not seem to depend strong­
ly on the direction of the solar wind's 
magnetic field. In any case, the entry 
again creates the conditions for mag­
netohydrodynamic power generation: 
plasma flowing at a right angle to a 
magnetic field, with a polarization dis­
charge path through the ionosphere. 

Through these instances of magne­
tohydrodynamic generation the solar 
wind injects electricity into the earth's 
magnetic field. In turn the electric cur­
rents stretch the earth's field lines. The 
stretching results from an electromag­
netic phenomenon called the J-cross-B 
force [see bottom illustration on opposite 
page]. Electric current (in this case the 
current produced by the magnetohy­
drodynamic process) flowing through 
a plasma at a right angle to a magnetic 
field exerts a force on the plasma in a 
direction perpendicular to the current 
(1) and to the magnetic field (B). At the 
same time it bends the magnetic field 
lines in a direction opposite to the di­
rection of the force. 

The degree to which the field lines 
are bent in an MHO generator depends 
on the strength of the magnetic field, 
the strength of the polarizing current 
and the size of the generator itself. In 
MHO generators being developed on 
the earth for electric-power generation 
the bending is inconsiderable. In the 
magnetosphere the bending is prodi­
gious. If the solar wind were to stop, 
so that energy transfer no longer took 
place, the earth's magnetic field would 
simply assume the familiar symmetri­
cal pattern of a dipolar field: the field 
of a bar magnet. Instead-and because 
of the J-cross-B force exerted by the 
wind-the antisunward side of the field 
becomes the magnetotail, a far more 
extensive magnetic arrangement and 
one that represents the storage of a 
great quantity of energy: about 1011 
megajoules, the amount of electrical 
energy consumed by the U.S. in sev­
eral days. The total rate at which the 
two magnetohydrodynamic mecha­
nisms supply energy to the magneto­
sphere is between 105 and 106 mega­
watts, or roughly the rate at which the 
U.S. consumes electrical energy. 

T
he deposit of some of this energy in 
the inner magnetosphere, near the 

earth, brings on intense auroral dis­
plays; it also injects energetic electrons 
and ions into orbits between about one 
and six earth radii from the earth, thus 
populating the Van Allen radiation 
belts. Still, a large part of the energy 
(and plasma) stored in the magnetotail 
is ultimately returned to the solar wind 
in the form of plasmoids. 

Photographs encompassing the en­
tire sky, made at one-minute intervals 
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MAGNETOHYDRODYNAMIC GENERATION of electrical energy from the kinetic en­
ergy of a flowing plasma is the mechanism by which the solar wind transfers energy to the 
magnetotail. In a magnetohydrodynamic generator, plasma (color) encounters a magnetic 
field; the Lorentz force propels the plasma particles in opposite directions (depending on 
charge), toward plates at the sides of the field .. The migration constitutes an electric current 
(polarizing current) perpendicular to the magnetic field; when the switch in the external 
circuit (bottom) is closed, the current flows continually. The J-cross-B force resists the 
plasma flow; the magnetic field caused by the polarizing current bends the device's field. 

by a network of Arctic observatories 
during the International Geophysical 
Year ( 1957-58), have done much to 
establish the terrestrial side of this in­
terconnected series of events. Accord­
ing to Syun-Ichi Akasofu of the Uni­
versity of Alaska at Fairbanks, who 
derived his model from the photo­
graphs, an auroral substorm (the as­
pect of a magnetospheric substorm 
that is visible in the polar regions of the 
earth) begins with the sudden brighten­
ing of an auroral arc. The auroras then 
spread eastward, westward and pole­
ward, reaching magnetic latitudes of 
between 75 and 80 degrees north and 
south in about half an hour. Next 
comes the recovery phase of the sub­
storm, which lasts for an hour or so, 
during which the auroras relax Equa­
torward. Observations made concur­
rently in the north and south polar re­
gions show that the substorm evolves 
simultaneously in both hemispheres. 

The magnetospheric phenomena of 
which the aurora is a terrestrial part 

are now at least partially understood. 
Indeed, by the early 1970's investiga­
tors at the University of California at 
Los Angeles, including Ferdinand V. 
Coroniti, Charles F. Kennel, Robert L. 
McPherron and Christopher T. Rus­
sell, had developed a theoretical mod­
el of the cause of magnetospheric sub­
storms that remains the basis of the 
views widely held today. The mod­
el, now ·called the neutral-line model 
of substorms, is an outgrowth of ideas 
presented by James W. Dungey of 
the University of Cambridge in the 
early 1960's. My own work, which 
supports and extends the model, has 
relied heavily on magneto tail-plasma 
measurements made from satellites 
by instruments developed by Samuel 
J. Bame, Sidney Singer and other col­
leagues of mine at the Los Alamos Na­
tional Laboratory. A notable aspect of 
the model is that it predicts the forma­
tion and expulsion of plasmoids. 

At the instant an auroral substorm 
starts at the earth, a new magnetic neu-
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tral line, called the substorm neutral 
line or the near-earth neutral line, 
forms spontaneously in the plasma 
sheet about 15 earth radii downstream 
from the earth, or about a fourth of the 
distance from the earth to the orbit of 
the moon [see illustration on opposite 
page]. The formation of the new neu­
tral line is usually preceded by an ex­
treme tail ward stretching of magnetic 
field lines at distances beyond about 
seven earth radii downstream from the 
earth. The stretching, which can devel­
op for an hour or so, results from an 
increased rate of field-line reconnec­
tion at the magnetopause and hence 
an increased transfer of energy from 
the solar wind to the magneto tail by 
means of magnetohydrodynamics. 

F
or its part, the formation of the new 

neutral line disrupts the electric 
current that normally crosses the plas­
ma sheet earthward of the line. As a 
result this part of the cross-tail current 

-

---... 

is suddenly reduced, so that the mag­
netic field lines in the region suddenly 
become less stretched and contract or 
"collapse" toward the earth, becoming 
more dipolar in shape. The sudden col­
lapse rains electrons into the upper at­
mosphere, producing the auroral lights 
when the electrons bombard the at­
mosphere's atoms some 100 kilome­
ters above the surface of the planet. 

Meanwhile the events that lead to 
the formation of a plasmoid have be­
gun. The stretched field lines meeting 
at the new neutral line start to recon­
nect. They form shortened closed field 
lines on the earthward side of the neu­
tral line (the field-line collapse men­
tioned above) and closed loops on the 
tail ward side of the neutral line. The 
latter span the distance from the sub­
storm neutral line to the presubstorm 
distant neutral line. The jetting of plas­
ma from the reconnection region car­
ries the closed loops tail ward and 
the shortened field lines earthward at 
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TWO SITES of magneto hydrodynamic generation arise from the interaction of the solar 
wind and the earth's magnetic field. Each drawing shows successive positions of a magnetic 
field line. In the top drawing (a vertical slice through the middle of the magnetosphere) the 
field line, which points southward (0), is initially part of the magnetic field carried outward 
from the sun by the solar wind. At the sunward limit of the magnetopause (color) the field 
line meets one of the earth's field lines and reconnects with it (1), becoming tied to the 
earth. The outer portion of the line is carried downstream (2-5) by the solar wind; the 
inner portion provides a path to the ionosphere through which polarization charges gener­
ated by magnetohydrodynamics can flow. In the bottom drawing (a side view of the magne­
tosphere) a field line at the side of the magnetosphere (0) is carried downstream (1-6) by 
solar-wind plasma that has penetrated the front surface of the magnetosphere. The plas­
ma, crossing field lines such as the one in the drawing, again creates the elements of a mag­
netohydrodynamic generator in which polarization charges have a path to the ionosphere. 
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speeds of several hundred kilometers 
per second. 

When the reconnections of closed 
field lines of the plasma sheet are com­
plete, a set of nested, closed loops is 
free of the earth. The length of this 
assemblage (at the instant it forms) is 
from 70 to 80 earth radii. Its width 
may be half the tail's width, or from 
20 to 25 earth radii. Its height should 
be the plasma sheet's height, say from 
10 to 12 earth radii. This remarkable 
magnetic structure, with the hot plas­
ma it confines, constitutes a plasmoid. 
After it forms, the surrounding open 
field lines in the lobes reconnect to 
form a sheath of interplanetary field 
lines, representing magnetic forces 
that act like a slingshot and propel the 
plasmoid tailward at a speed of some 
500 to 1,000 kilometers per second, or 
about five to 10 earth radii per minute. 
Between the neutral line and the de­
parting plasmoid only a very thin plas­
ma sheet threaded by interplanetary 
field lines remains. 

. 

So far only about 10 minutes have 
passed since the onset of the substorm. 
An interval of from 30 minutes to one 
or two hours then ensues, during which 
the neutral line remains in its near­
earth location and continues to be a 
site for the reconnection of field lines, 
forming a family of closed lines on 
the tailward side of the earth and con­
tinuing to cause bright auroras. The 
interval ends with the sudden, rapid, 
tail ward retreat of the neutral line. 
Plasma jetting earthward from the re­
treating neutral line refills the plasma 
sheet, returning it to its presubstorm 
configuration. 

The neutral-line model of the mag­
netospheric events associated with a 
substorm derived early support from 
satellite observations of magnetic 
fields, plasmas and individual energet­
ic particles in the part of the magneto­
tail extending from seven to 35 earth 
radii downstream from the earth. In 
fact, the model was developed partly 
as an interpretation of those observa­
tions. Then, in 1983, the satellite Inter­
national Sun-Earth Explorer 3, or ISEE-
3, launched by the National Aeronau­
tics and Space Administration, made 
traversals of the magnetotail at dis­
tances as great as 230 earth radii. The 
data it returned to the earth confirmed 
the neutral-line model in a dramatic 
fashion: they revealed the passage of 
the plasmoids the model predicted. 

T
he study of the earth's magneto­
tail has implications beyond the ef­

fort to account for electromagnetic 
phenomena nearby in space. Unique 
among plasma realms in its accessibili­
ty by satellites, the earth's magnetotail 
is in effect a laboratory where physical 
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processes in astronomical plasmas can 
be studied in unmatched detail. Mag­
netic reconnection is one such process; 
it is probably important in many as­
tronomical phenomena. An example is 
astrophysical jets: vast, narrowly colli­
mated streams of hot plasma extend­
ing from stars, and even from galaxies. 
Little is yet understood of their origin 
or their dynamics. On the other hand, 
astrophysical jets are known to con� 
tain magnetic fields, and some jets 
contain coherent substructures whose 
appearance suggests that the plasma 
within them is magnetically confined. 
Conceivably these substructures are 
cosmological variants on plasmoids. 

Magnetotails occur frequently in the 
solar system. They are formed wherev­
er a body that has an intrinsic magnetic 
field (as in the case of Mercury, the 
earth, Jupiter and Saturn) or a body 
that has an electrically conductive at­
mosphere (as in the case of Venus and 
comets) is embedded in a flowing, 
magnetized plasma. Under these con­
ditions the flow of plasma past the 
body is restrained by the electromag­
netic forces I have described, and ener­
gy is stored in the form of stretched 
magnetic fields in the space down­
stream from the body. The intermit­
tent release of the energy is likely to 
be achieved by magnetic reconnection, 
much as it is in the earth's magneto­
tail. Indeed, this explanation has been 
offered for disconnection events: the 
breaking of segments from comet tails, 
which is often observed. 

A further step in the study of the 
earth's magnetotail, a step in which 
I am taking part, is PROMIS: the Po­
lar Region and Outer Magnetosphere 
International Study. It will begin in 
mid-March and continue through mid­
June. The idea is to coordinate the ac­
tivity of European and American sat­
ellites already in space so that imag­
es of auroras made simultaneously in 
north and south polar regions of the 
earth can be related to data collected at 
the same time in the magnetotail, dis­
tant from the earth. 

Finally, it should be noted that mag­
netic reconnection and plasmoid for­
mation occur in laboratory plasmas as 
well as those in space. As part of the 
worldwide effort to harness the energy 
of nuclear fusion, test devices are be­
ing developed in which very hot plas­
ma is confined in magnetic fields while 
its constituent atomic nuclei interact. 
In some recent experiments magnetic 
field lines threading a body of plas­
ma are pinched off from their exter­
nal source by magnetic reconnection, 
leaving a plasma confined in closed 
magnetic loops. The result is a plas­
moid much like the ones the earth's 
magnetotail prod uces. 
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CREATION OF A PLASMOID is one way the magnetotail releases energy; the process, 
predicted by theory, was confirmed by satellite data collected in 1983. The first drawing (a) 
shows the magnetotail as it may look about an hour before the start of a magnetospheric 
substorm. The distant magnetic neutral line is about 100 earth radii downstream from the 
earth. The substorm begins when the transfer of magnetic energy from the solar wind to the 
magnetosphere overstretches the magnetotail's field lines and forms a substorm magnetic 
neutral line within the plasma sheet (color) about 15 earth radii downstream from the earth 
(b). Field lines reconnect rapidly at the substorm neutral line (c) until a plasmoid-hot 
plasma trapped in a nest of looping field lines-is free of magnetic attachment to the earth 
(d). Then field lines in the lobes (gray) begin to reconnect, forming a sheath of interplane­
tary field lines that acts like a slingshot, propelling the plasmoid downstream (e). The vari­
ous reconnections also form closed field lines that contract toward the earth, injecting 
energetic particles into the Van Allen radiation belts and depositing in the upper atmos­
phere the energy that causes the substorm's auroral displays. Finally, the substorm magnet­
ic neutral line moves downstream (f), reinstating the magnetotail's resting configuration. 
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The Molecular Genetics 
of Hemophilia 

Hemophiliacs bleed because a defective gene deprives them of a key 
blood-clotting protein. The protein has now been ma�e artificially 
by isolating the normal gene and then inserting it into cultured cells 

by Richard M. Lawn and Gordon A. Vehar 

A small defect in a single human .n. gene, and the resulting absence 
or deficiency of the protein it 

encodes, can lead to debilitating dis­
ease. Such a disease is hemophilia. He­
mophiliacs lack a crucial blood pro­
tein, one that takes part in the cascade 
of enzymatic reactions that causes 
blood to clot at the site of a wound. If a 
severely ill hemophiliac is not treated, 
he may suffer internal hemorrhaging 
after a minor bump; he will probably 
die at an early age from the effects of a 
bleeding crisis. 

Fortunately hemophiliacs can be 
treated with regular transfusions of a 
concentrate of the missing protein. 
Since the early 1960's, when this form 
of treatment first became available, 
the lives of hemophiliacs in developed 
countries have improved dramatically, 
and their life expectancy, once only 
about 20 years, is now nearly nor­
mal. The protein concentrate, however, 
has to be prepared from the pooled 
blood of a large number of donors, 
and so it is expensive. In the U.S. the 
amount required by a typical hemo­
philiac in a year costs between $6,000 
llnd $ 10,000; in poor countries the con­
centrate is often not available at all. 
Moreover, because it is made from 
pooled blood, it may spread viral dis­
eases. Most hemophiliacs are chroni­
cally infected with hepatitis viruses, 
and they risk contracting the acquired 
immune deficiency syndrome (AIDS). 

Hence there has been a strong inter­
est in finding a way to make the antihe­
mophilic protein by means of genetic 
engineering. In most cases hemophilia 
is caused by a defect in the stretch of 
DNA that encodes a clotting protein 
called factor VIII. Research groups at 
two biotechnology companies, includ­
ing our own group at Genentech, Inc., 
in South San Francisco, have recently 
succeeded in isolating the factor VIII 
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gene from the cells of healthy people 
and recombining it with the DNA of 
cells cultured in the laboratory. The 
recombinant cells replicate, and in so 
doing they make many clones, or cop­
ies, of the factor VIII gene. Each re­
combinant cell expresses the gene's in­
structions; together the cells synthesize 
a significant quantity of factor VIII. 

The bioengineered protein works. In 
laboratory tests it causes blood drawn 
from hemophiliacs to clot, and it has 
proved effective in hemophilic dogs. 
Both Genentech and the Genetics In­
stitute in Cambridge, the other firm in­
volved in this research, are now devel­
oping methods for synthesizing factor 
VIII on a commercial scale. Although 
the protein must still undergo further 
tests in animals and then in human pa­
tients, it seems likely that within a few 
years abundant supplies of pure, virus­
free factor VIII will be on the market. 

The availability of the cloned gene is 
already transforming the study of he­
mophilia, which had been hampered 
by the fact that factor VIII is extremely 
difficult to purify from blood. In addi­
tion to being scarce, factor VIII is an 
unusually large and unstable protein. 
When we began our work, its struc­
ture was not known, nor where in the 
body it is synthesized. Now that it can 
be synthesized in the laboratory much 
more of it is available for study. Fur­
thermore, the fundamental structure 
of the protein has been read from its 
genetic blueprint. In a few cases we 
and other workers have even been able 
to pinpoint the genetic mutations that 
give rise to hemophilia and are passed 
on from generation to generation. 

The knowledge that hemophilia is 
inherited goes back at least to the 

writers of the Talmud: they decreed 
that boys whose older brothers or 
cousins had bled to death after circum-

cision need not undergo the procedure. 
The distinctive inheritance pattern of 
the disease-generally only males are 
afflicted, but females may be carriers­
was first described accurately early in 
the 19th century. Perhaps the most cel­
ebrated carrier was Queen Victoria. 
One of her sons was hemophilic and 
at least two of her daughters were 
carriers. Through the marriages of 
her daughters Victoria's mutant gene 
spread to the royal families of Germa­
ny, Russia and Spain. 

It is now known that hemophilia is 
sex-linked because the gene for factor 
VIII happens to lie on the X chro­
mosome. Female cells contain two X 
chromosomes; male cells contain one 
X and one Y chromosome. Since a 
male has just one factor VIII gene, in­
herited from his mother, he will be he­
mophilic if the gene is defective. A fe­
male, in contrast, has two factor VIII 
genes, one inherited from each parent. 
She can therefore carry a defective 
gene without suffering from hemophil­
ia, because the normal gene on her oth­
er X chromosome protects her. Only 
rarely will both genes be defective, and 
so there are only a handful of female 
hemophiliacs. Carrier females will, on 
the average, pass their mutant gene to 
half of their daughters, who will be 
carriers, and to half of their sons, who 
will be hemophilic. 

The process of blood clotting that 
goes awry in a hemophiliac is under­
stood only in outline. It is initiated 
by platelets that adhere to the site of 
a wound. The platelets would be eas­
ily dislodged, however, were they not 
bound in place by strands of fibrin, an 
insoluble·polymer. The formation of a 
network of fibrin from its soluble pre­
cursor, fibrinogen, is the key event in 
clotting; it is the end result of a com­
plex cascade. of protein interactions 
that is somehow set in motion by an 
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injury to a blood vessel. At each step in 
the cascade a protein precursor is . 
cleaved to form an active enzyme 
called a protease. The protease there­
upon cleaves another protein, convert­
ing it into a protease. Most of the 
cleavage steps involve cofactors, which 
in some cases are themselves proteins 
that exist in both active and inactive 
forms. Factor VIII, in spite of its 
name, is such a cofactor. It helps the 
protease factor IX to activate factor X 
in the middle of the cascade. 

The clotting cascade incorporates 
positive-feedback loops to accelerate 
the clotting response and negative­
feedback loops to help stop clotting. 
For example, thrombin, the protease 
that converts fibrinogen into fibrin, 
also activates factor VIII. At the same 
time, though, it activates a protease 
called protein C. which deactivates 
factor VIII. Since the concentration of 
factor VIII in normal blood is extreme­
ly small (for every molecule of factor 
VIII there are about a million mole­
cules of albumin, the major blood pro­
tein), it may well be a limiting factor. 
In other words, the ready activation 
and deactivation of factor VIII may in 
part account for the delicate balance in 
healthy people between clot formation 
and the free flow of blood. 

In hemophiliacs the balance is dis-

rupted. About 85 percent of them, or 
roughly one male in 10,000, suffer 
from classic hemophilia (hemophilia 
A), in which the absence of functional 
factor VIII halts the clotting cascade 
before fibrin can form. Nearly all the 
rest suffer from hemophilia B, which is 
caused by a factor IX deficiency. The 
gene for factor IX has been cloned, 
and several biotechnology companies 
are trying to develop a bioengineered 
factor IX product. Bioengineered fac­
tor VIII is the greater prize, however, 
because hemophilia A afflicts more 
people than hemophilia B. 

Manufacturing a protein as large 
and as scarce as factor VIII of­

fered unprecedented technical chal­
lenges. The difficulties forced us to 
modify the standard method by which 
genes are cloned and manipulated to 
direct the synthesis of proteins. 

A protein such as factor VIII is a 
chain of amino acids; its gene is a 
stretch of DNA, that is, a chain of nu­
cleo tides. The sequence of amino acids 
is determined by the sequence of nu­
cleo tides. Each nucleotide carries one 
of four bases: adenine (A), thymine 
(1), guanine (G) or cytosine (C). A set 
of three bases, called a codon, specifies 
one amino acid. The structure of the 
bases is such that they form com ple-

mentary pairs: adenine forms hydro­
gen bonds with thymine, whereas gua­
nine binds to cytosine. Base pairing 
holds the two strands of the DNA dou­
ble helix together. It also governs the 
transcription of a gene into messenger 
RNA (mRNA) and the subsequent 
translation of mRNA into protein. 

In manufacturing a protein in the 
laboratory the key problem is to find 
the right gene among the thousands in 
a cell. Base pairing provides the solu­
tion. A small piece of DNA or RNA 
whose base sequence is complementa­
ry to part of the desired gene serves as 
a probe for the gene. A DNA probe 
can be made, for example, by reverse­
translating part of the desired protein's 
amino acid sequence according to the 
genetic code. The synthetic probe is la­
beled with a radioactive nucleotide. 
When the probe is mixed with the 
DNA in a gene "library," it "hybrid­
izes" only with the desired gene, which 
is thereby labeled too. 

The smaller the gene library is, the 
easier it is to select a specific gene. The 
commonest cloning method, called 
cDNA cloning, reduces the size of the 
library by taking advantage of the fact 
that not all genes are active in every 
cell. In a given cell only some genes 
are transcribed into mRNA and then 
translated into protein. If it is known 

FIBRIN STRANDS stabilize a blood clot at the site of a wound by 
trapping the platelets that form the bulk of the clot. The electron 
micrograph, which was made by Jon C. Lewis of Wake Forest Uni­
versity, shows a clot formed in a suspension of platelets and fibrin. 

A clot in the bloodstream is the result of a complex cascade of en­
zymatic reactions culminating in the conversion of fibrinogen, a sol­
uble protein, into insoluble fibrin strands. In hemophiliacs a crucial 
protein in the blood-clotting cascade is either missing or defective. 
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CLOTTING CASCADE begins when cell damage at a wound somehow activates the en­
zyme factor XII; it ends with the conversion of fibrinogen into fibrin by thrombin. At each 
step an inactive protein is converted into a protease, or protein-cutting enzyme (color), 
which activates the next protein. Some steps require cofactors such as factors VIII and V. 
The cascade includes positive- and negative-feedback loops (colored arrows). Thrombin acti­
vates factors VIII and V; it also deactivates them (by activating protein C), which helps 
to halt clotting. Some 85 percent of hemophiliacs lack factor VIII. The rest lack factor IX. 
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SEX-LINKED INHERITANCE of hemophilia results from the location of the factor VIII 
gene on the X chromosome. A male carrying a mutant factor VIII gene lacks normal factor 
VIII and is hemophilic. A female carrier is protected by the normal gene on her second 
X chromosome, but half of her daughters will be carriers and half of her sons will be he­
mophilic. In the case of a hemophilic father (not shown), his sons will not be hemophil­
ic, because they receive his Y (not his X) chromosome, but his daughters will be carriers. 
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which cells make the desired protein, 
one has only to screen the mRNA 
molecules from those cells. Among 
them there must be some transcripts 
of the desired gene. 

To find the gene one first copies all 
the mRNA back into DNA with the 
help of an enzyme called reverse tran­
scriptase. Individ ual pieces of copy 
DNA, or cDNA, are then enzymatical­
ly linked to the genetic material of a 
vector, which is often the bacterial vi­
rus phage lambda. The phages are in­
troduced into bacteria in such a way 
that each phage multiplies in a sepa­
rate region of a petri dish, producing 
a distinct plaque of phages and dead 
bacteria. Together the plaques consti­
tute a cDNA library. At least one of 
them contains the desired cDNA frag­
ment; that plaque is identified by hy­
bridization with a probe. 

The cDNA-c1oning strategy works 
only if one knows what cells in the 
body produce the desired protein. 
Moreover, it is most likely to be suc­
cessful if the protein is made in abun­
dance; in that case the cells will contain 
many copies of the mRNA, and many 
plaques in the cDNA library will con­
tain copies of the gene. Neither of 
these conditions applied to factor VIII. 
Factor VIII is scarce, and when we be­
gan our work, no one knew what or­
gans produce it. Had we tried to con­
struct a cDNA library, we might well 
have chosen the wrong cell type and 
ended up with a library that did not 
include the factor VIII gene. 

We therefore decided to look for the 
factor VIII gene where we could be 
sure of finding it: in a recombinant li­
brary derived from the genome, or 
complete set of genes, of a cell. A ge­
nomic library is constructed by ex­
tracting the chromosomes from cells, 
cleaving the DNA into fragments with 
enzymes and joining the fragments to 
phage-lambda DNA. Because a geno­
mic library contains hundreds of times 
more DNA than a cDNA library, it is 
more difficult to screen with a probe. 

Before we could make a probe we 
first needed to know part of factor 

VIII's amino acid sequence. Determin­
ing even a small part of the seq uence 
was no mean feat. The protein had not 
even been purified until 1980, when 
one of us (Vehar), working in the labo­
ratory of Earl W. Davie of the Univer­
sity of Washington School of Med­
icine, laboriously extracted several 
milligrams of pure factor VIII from 
25,000 liters of cows' blood. Subse­
quently Edward Tuddenham and his 
colleagues at the Royal Free Hospital 
in London obtained enough human 
factor VIII to enable workers at Ge­
nentech to sequence a short stretch of 
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the protein. A group at the Genetics 
Institute achieved similar results with 
porcine factor VIII purified by David 
N. Fass at the Mayo Clinic. 

The next step was to reverse trans­
late the protein sequence into DNA. In 
doing this one encounters a problem: 
the genetic code is redundant. An ami­
no acid can be encoded by as many as 
six different codons. (There are 64 pos­
sible three-base codons but only 20 
different amino acids.) One solution 
is to synthesize a pool of short (about 
17 bases long) DNA probes that cov­
ers all the possibilities. The shorter 
the probe, however, the more likely it 
is to match randomly with a stretch 
of DNA other than the desired gene. 
When many short probes are used to 
screen a large genomic library, the 
false-positive problem becomes acute. 

To avoid the problem we relied on a 
single, relatively long (36 bases) probe 
derived from a 12-amino-acid stretch 
of factor VIII. We had to choose 
among 147,45 6 ways of encoding this 
particular sequence. Fortunately we 
were able to make highly educated 
guesses, because we knew that some 
codons are more prevalent than others 
in mammalian genes. As it turned out, 
we got 30 of the 36 bases right, which 
was a close enough match. When we 
screened the genomic library, the syn­
thetic probe hybridized with overlap­
ping segments of factor VIII DNA, 
thereby identifying plaques contain­
ing parts of the gene. 

The entire gene is too large to fit into 
a single phage. To find the rest of it, 
William I. Wood, Jane Gitschier and 
other workers in our laboratory re­
screened the library, this time using 
fragments of the identified gene seg­
ments as probes. By repeating this pro­
cedure, known as chromosome walk­
ing, they eventually obtained a series 
of overlapping segments constituting 
the complete gene seq uence. 

The gene is 186,000 bases long. The 
information for factor VIII, however, 
is spread among 26 exons, or coding 
sequences,- that together account for 
less than a twentieth of the total length 
of the gene. The reason is that the ex­
ons are separated by 25 introns, or 
noncoding intervening sequences. Af­
ter the entire gene is transcribed into 
RNA in a living cell, the introns are 
cut out of the transcript. The exons 
are then spliced to form the mRNA 
that directs protein synthesis. To make 
factor VIII in cultured cells, we too 
needed a gene without introns. In other 
words, we had to find factor VIII 
mRNA and convert it into cDNA. 

With pieces of the real gene avail­
able as probes it became a straight­
forward task to find out what cells 
make factor VIII and its mRNA. If 
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GENE CLONING involves finding a specific gene among thousands in a human cell, The 
standard method, if one knows which cells make the desired protein, is to screen a copy 
DN A (cDN A) library derived by reverse transcription from the messenger RN A (mRN A) of 
those cells (right). In looking for the factor VIII gene, however, the authors did not know 
where the protein is produced. Hence they screened the entire human genome (left). Chro­
mosomal DNA fragments were joined to the DNA of the bacterial virus phage lambda. 
Each phage contained one human DNA fragment; each phage multiplied and formed a 
plaque in a distinct region of a bacterial culture. To identify the plaque containing the 
factor VIII gene, the phages were blotted onto filter paper and broken open to release their 
DNA. The DNA was exposed to a radioactive probe: a small piece of synthetic DNA encod­
ing part of factor VIII. The probe hybridized with part of the factor VIII gene, thereby 
labeling it. To produce factor VIII in cultured cells, it was still necessary to make factor 
VIII cDNA, which lacks the introns (non coding sequences) that complicate the full gene. 
Now fragments of the cloned gene could serve as reliable probes, first for identifying cells 
that make factor VIII mRNA and then for finding factor VIII cDNA in the cDNA library. 
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the mRNA from a particular cell type 
failed to hybridize with the probe, 
one could now be sure it was not be­
cause the probe was faulty; with the 
synthetic probe there would always 
have been uncertainty. A group led by 
Daniel Capon at Genentech found tiny 
amounts of hybridizing mRNA in the 
mRNA of a cultured cell line, while 
John J. Toole and his colleagues at the 
Genetics Institute identified liver cells 
as a source. Since then factor VIII 
mRNA has also been found in other 
tissues, including kidney, spleen and 
lymph cells, but the liver seems to be 
the primary source. Most of the factor 
VIII in healthy people is probably syn­
thesized in liver cells and secreted into 
the bloodstream. 

Once a source of factor VIII mRN A 
had been found, workers at both com­
panies constructed cDNA libraries. 
Again pieces of the cloned gene served 
as probes, this time to pick the rare 
factor VIII cDNA out of a library of 
thousands of clones. Actually the fac­
tor VIII eDNA had to be stitched to­
gether from several overlapping seg­
ments; the mRNA is about 9,000 bases 
long, and with current techniq ues it is 
not possible to copy so large a mole­
cule in one stretch. Finally, control 
seq uences had to be attached to the 
cDNA. Control sequences direct en­
zymes in the recombinant cell to start 
and stop transcribing a gene. 

Recombinant bacteria, usually Esch­
erichia coli. were suitable for manufac­
turing the first bioengineered proteins, 
such as insulin and interferon, because 
these molecules are relatively small. 
Bacteria are generally not equipped, 

EXONS 

however, to produce a large and com­
plex protein such as factor VIII. Nor 
do they always have the right enzymes 
for modifying or folding a large pro­
tein after it has been synthesized. 

For these reasons we chose to insert 
the cloned gene for factor VIII into 
hamster cells, which are easily grown 
in the laboratory. The recombinant 
hamster cells thereupon secreted hu­
man factor VIII into the culture broth. 
That is, we hoped it was factor VIII; we 
could not be sure the protein was fully 
functional until it had been shown to 
make blood from hemophiliacs clot 
normally. It was possible, for instance, 
that our bioengineered protein was just 
one part of a protein complex that is 
missing in hemophiliacs. It was even 
conceivable, given how difficult it had 
been to purify factor VIII, that we had 
cloned a gene encoding some impuri­
ty in the preparation. Such unsettling 
possibilities had to be considered, but 
neither proved to be true. Bioengi­
nee red factor VIII does clot hemophil­
ic blood. Indeed, it has been found 
to be equivalent in every way to the 
blood-derived protein. 

What is the structure of factor 
VIII? The advent of gene cloning 

has produced the novel situation in 
which some protein sequences are de­
termined indirectly, from the DNA se­
q uence of the gene. Such was the case 
with factor VIII, which is much too 
large and scarce to be sequenced di­
rectly in its entirety. Before its gene 
was cloned workers did not even agree 
on its approximate size; estimates dif­
fered by a factor of nearly 100. 

Now the question can be answered. 
The 9,000-nucleotide cDNA for fac­
tor VIII encodes a protein 2,35 1 amino 
acids long. (Nearly 2,000 bases at the 
ends of the gene are transcribed into 
mRN A but are not translated into pro­
tein.) The first 19 amino acids form a 
hydrophobic seq uence typical of se­
creted proteins. This "signal peptide" 
is generally cut off the protein as it is 
secreted, and so a mature factor VIII 
molecule must consist of the remain­
ing 2,332 amino acids. Its molecular 
weight must be about 330,000 daltons. 
(One dalton is 1.66 X 10-24 grams.) In 
comparison, a molecule of interferon 
is only 166 amino acids long and 
weighs about 19,000 daltons. The fac­
tor VIII gene is by far the largest ever 
cloned and expressed in foreign cells. 

An analysis of the amino acid se­
quence of factor VIII reveals that the 
protein is constructed of repeated sim­
ilar segments. Three of these are desig­
nated A. Of the roughly 35 0 amino ac­
ids that make up the sequence of each 
A segment, approximately a third are 
common to all three segments. A com­
parable level of homology also exists 
between the two 15 0-amino-acid seg­
ments designated C. which are not 
homologous to the A segments. Since 
there are 20 different amino acids, a 
one-third homology among sequences 
is almost certainly not a random oc­
currence; the homologous segments 
must be related. 

A surprising clue to the evolutionary 
history of factor VIII came from a 
computer-aided comparison of its se­
quence with that of other proteins. The 
three A segments turn out to be nearly 
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TREMENDOUS SIZE of the factor VIII gene, the largest gene 
cloned to date, forced workers to apply a cloning technique called 
chromosome walking. The factor VIII gene is 186,000 bases long. 
In contrast the interferon gene, which was cloned in 1980, incorpo­
rates only about 600 bases. Because the factor VIII gene is too 
large to fit into a single phage, segments of it were found in differ­
ent plaques in the genomic library. When the library was screened 
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with a synthetic DNA probe, the probe hybridized with overlapping 
segments (1). Pieces of the segments then served as probes to re­
screen the library and identify further segments (2). By repeating 
this procedure nearly all of the gene was identified (3, 4). (Its begin­
ning was found once factor VIII cDNA was available as a probe.) 
Less than one-twentieth of the gene consists of exons, or coding 
sequences (black bands); the 26 exons are separated by 2S introns. 
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as similar to the three domains of ceru-
. loplasmin, a protein that carries cop­

per in the bloodstream, as they are 
to one another. Previously there had 
been no reason to suspect a connec-

. tion between factor VIII and cerulo­
plasmin, but the homology of their 
domains suggests their genes evolved 
from a common ancestor. The an­
cestral protein may have consisted of 
three identical domains, precursors of 
the modern A domains. In ceruloplas­
min the three A domains are contigu­
ous and make up the entire molecule, 
whereas in factor VIII the second and 
third A domains are separated by near­
ly 1,000 amino acids. In the factor VIII 
gene this intermediate region is encod­
ed by a single huge exon, which may 
have been inserted into the ancestral 
gene. The regions encoding the C seg­
ments of factor VIII were also added 
to the end of the gene. 

Factor VIII purified from donated 
blood is almost never identical with 
the full, 330,000-dalton molecule en­
coded by the gene. It is now thought 
that factor VIII undergoes a series 
of cleavages, including the removal 
of the region between the second and 
third A domains (the B region), when it 
is activated in the bloodstream. Evi­
dence for this view was found by se­
quencing small parts of the active pro­
tein directly and comparing the results 
with the sequence of the cloned gene. 
Active factor VIII seems to consist of 
a 90,000-dalton subunit joined to a 
73,000-dalton subunit. The first sub­
unit consists of the first two A domains; 
the peptide bond between the two is 
cut but they remain linked. The second 
subunit consists of the third A domain 
and the two C domains. Just as the 
molecule is activated by cleavages, so 
too is it readily deactivated by further 
cleavages within the subunits. It is 
probably through these reactions that 
the clotting cascade is brought to a 
timely halt. 

The details of how factor VIII func­
tions in the cascade are far from clear. 
It is bound to a carrier protein called 
von Wille brand factor, which keeps 
factor VIII circulating in the blood and 
may help to position it on the surface 
of a platelet at the site of a wound. 
Once on the platelet, factor VIII prob­
ably separates from von Willebrand 
factor and forms a complex with fac­
tor IX and factor X. The binding sites 
on these proteins have not been found. 
All that is really known is that without 
factor VIII the activation of factor X 
by factor IX does not take place. 

A standard method of learning more 
about how a protein works is to study 
the abnormal forms that result from 
genetic mutations. We can now begin 
to apply this approach to factor VIII 

AMINO ACID SEQUENCE of factor VIII resembles that of the blood protein ceruloplas­
min. The three A domains of factor VIII have about a third of their amino acids in common 
and are also homologous to the three domains of ceruloplasmin. The two proteins must have 
evolved from a common ancestor. Factor VIII probably diverged from ceruloplasmin when 
a large exon (number 14) encoding the intermediate B segment was inserted into the ances­
tral gene; exons encoding the C segments were added to the end. When factor VIII is 
activated, the B segment is excised by proteases, and the two resulting subunits are held 
together by a calcium ion. Another cleavage takes place between the first two A domains. 

and at the same time identify the mu­
tations that cause hemophilia. The 
ultimate result will be an improved un­
derstanding of the disease and Im­
proved treatment for its victims. 

As expected, we and other workers 
n have found there is no single mu­
tation underlying hemophilia. Fifty 
years ago the British geneticist J. B. S. 
Haldane pointed out that serious dis­
eases linked to the X chromosome 
must constantly arise anew through 
random, spontaneous mutations; oth­
erwise the diseases would eventually 
die out. Indeed, roughly a third of the 
cases of hemophilia observed today 
occur in families with no history of the 
disease. A hemophilic gene is of course 
transmitted to offspril1g, but before 
the advent of effective treatment a 
particular mutation soon became ex­
tinct, simply because there were few­
er surviving children in hemophilic 
families. In contrast, a recessive muta­
tion on an autosomal chromosome, of 
which a cell has two copies, can spread 
through the population, because it af­
fects only those rare individuals who 
inherit two defective genes. 

In principle it is possible to identify 
the mutation that gives rise to hemo­
philia in an individual by isolating and 
sequencing his factor VIII gene. Since 
it would take several months to se­
quence each 186,000-base gene, how­
ever, the method is not practical. For­
tunately there is a quicker procedure, 
albeit one that is applicable to only a 
small set of cases. The procedure is 
based on a hybridization technique 
called Southern blotting. 

The first step is to extract the DNA 
from the blood cells of a hemophiliac. 
The DNA is cleaved into a million or 

so fragments with a restriction endo­
nuclease, an enzyme that cuts DNA 
wherever it recognizes a specific four­
to-six-base sequence. The fragments 
are then separated according to size by 
electrophoresis: the smaller the frag­
ment is, the farther it migrates through 
an agarose gel when an electric current 
is applied to the gel. Next the DNA is 
unraveled into single strands and blot­
ted onto special filter paper. In the 
process the fragments retain the rela­
tive positions they occupied in the gel. 
Finally the filter is bathed in a solution 
of radioactive factor VIII cDNA. The 
cDNA probe hybridizes with frag­
ments of the factor VIII gene. The 
sizes of the fragments can be deduced 
from their positions on the paper, 
which forll\ a distinctive pattern. 

To find factor VIII mutations, we 
and our colleagues compared the hy­
bridization patterns of normal and he­
mophilic DNA's. Two types of gene 
alteration can be detected with this 
method. The easiest to recognize is a 
gross deletion of part of the factor VIII 
gene; some of the hybridizing frag­
ments are missing or are altered in size. 
Occasionally, though, one can also de­
tect a change of a single DNA base, 
provided the change happens to occur 
within the recognition sequence of a 
restriction enzyme. Such a mutation 
prevents the enzyme from cleaving the 
gene. Two hybridizing fragments in 
the normal pattern are therefore re­
placed by a single larger fragment in 
the hemophilic pattern. (Conversely, a 
mutation can also change a blot pat­
tern by creating a new restriction site.) 

One example of a single-base muta­
tion will suffice to illustrate the proce­
dure. DNA from a severe hemophili­
ac, from his parents and from his three 
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siblings was cut with the restnctlOn 
enzyme TaqI, which recognizes the 
base sequence TCGA. The Southern 
blots of the five unaffected relatives 
all showed two hybridizing fragments, 
one consisting of 1,400 nucleotides 
and the other of 2,800 nucleotides. 
On the hemophiliac's Southern blot 
the two fragments were replaced by 
a single fragment 4,200 nucleotides 
long. Because we knew the sequence of 
the normal factor VIII gene, we could 
determine the position of the altered 
TaqI site. By cloning and sequencing 
that part of the hemophiliac's gene we 
found the DNA sequence of the TaqI 
site had been changed from TCGA to 
TTG-A. The mutation prevents TaqI 
from cleaving the gene at that point. 

More important-and coincidental­
ly-the mutation changes a codon for 
the amino acid arginine (CGA) to a 
"stop" codon (TGA), which brings the 
synthesis of factor VIII to a premature 
halt. The truncated protein is probably 
either inactive or too unstable to sur­
vive in the bloodstream. Since the he­
mophiliac's parents lack the muta­
tion, he did not inherit it. It must be a 
new mutation that occurred in the egg 
from which his cells developed. 

So far a total of 200 hemophilic fac­
tor VIII genes have been examined in 
our laboratory and by workers at the 
Genetics Institute and at Johns Hop-
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kins University. Seven different muta­
tions have been pinpointed, and none 
has been observed in more than one 
family. Four of the mutations are sin­
gle-base changes, of which three lead 
to a truncated factor VIII and severe 
hemophilia; the fourth causes the sub­
stitution of an incorrect amino acid 
and results in a relatively mild form 
of the disease. The other three muta­
tions are deletions of several thousand 
nucleotides from the gene. All three 
deletions cause severe hemophilia. 

In the future investigators may have 
access to more efficient techniques for 
locating single-base mutations. By an­
alyzing a large number of mutations 
one may be able to correlate types of 
mutation with the level of clinical se­
verity of the disease. It would be of 
particular importance, for example, to 
understand why some 1'0 percent of 
hemophiliacs suffer immune reactions 
to exogenous factor VIII; these people 
are the hardest to treat. 

In principle it would be possible to 
cure hemophiliacs by introducing 

functional factor VIII genes into their 
cells. Yet gene therapy f()r any disease 
is probably years away. One of the 
chief obstacles is the problem of con­
trolling the productivity of the inserted 
genes: too much factor VIII, for exam­
ple, may be as dangerous as too little. 
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The cloned factor VIII gene is al­
ready serving as the basis for J;llore reli­
able methods of diagnosing female 
carriers and of detecting hemophilia in 
fetuses. Essentially these methods in­
volve blot hybridization tests using the 
cloned gene as a probe to track the 
inheritance of a defective gene. The 
prenatal-diagnosis technique is being 
practiced at some 70 medical centers 
around the world. Although it is not 
yet applicable in all cases, it is more 
reliable than the old method of meas­
uring the concentration of factor VIII 
in fetal blood, and it does not require 
an incision. In addition, whereas a fetal 
blood test cannot be done before the 
20th week of pregnancy, DNA-based 
diagnosis is feasible in the eighth week. 
If the parents choose an abortion, it is 
less risky for the mother at that stage. 

Clearly the most significant immedi­
ate medical implication of the cloning 
of the factor VIII gene is the prospect 
of a safe and abundant supply of fac­
tor VIII. The bioengineered protein is 
scheduled to begin several years of 
clinical trials within a year or two. 
When it becomes commercially avail­
able, hemophili�cs will be liberated 
from the menace of transfused infec­
tion. Many of those who live in under­
developed countries, and who today 
still die young, will receive effective 
treatment for the first time. 
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HEMOPHILIA-CAUSING MUTATIONS in the factor VIII gene 
can be detected by Southern blotting (top) if they happen to change 
the way the gene is fragmented by a restriction enzyme. DNA from 
blood cells is cut into millions of fragments, in this case with the 
enzyme TaqI. The fragments are separated according to size by 
electrophoresis, unraveled into single strands and blotted onto filter 
paper. The filter is bathed in a solution of radioactive factor VIII 
cDNA, which hybridizes only with fragments of the 'factor VIII 

gene. The size of the hybridizing fragments is revealed by exposing 
X-ray film to the filter. In the example shown here a point mutation 
in the factor VIII gene of a hemophiliac (H) has eliminated a TaqI 
cleavage site. The 2,800- and 1,400-base fragments on the blot pat­
terns of his relatives (1-5) are replaced by a single, uncut 4,200-
base fragment. So far seven different mutations have been located 
on hemophilic factor VIII genes (bottom). Four are point mutations, 
or changes of a single base (dots); three are extensive deletions (bars). 
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collection of 12 Scientific American articles 
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SCIENCE AND THE CITIZEN 
Marketing SDI 

T
he Reagan Administration is 
apparently trying to reposition 
the Strategic Defense Initiative (SOl) . As the original goal of total 

population protection recedes into the 
indefinite future a new justification 
has begun to take shape. "The Strate­
gic Defense Initiative is a prudent and 
necessary response to the ongoing ex­
tensive Soviet anti-ballistic-missile ef­
fort," Secretary of Defense Caspar 
W. Weinberger and Secretary of State 
George P. Shultz write in the preface 
to a Government publication titled So­
viet Strategic Defense Programs. Yet an 
examination of the publication and 
of other information released by the 
U.S. Government raises the question 
of whether the Soviet program calls 
for anything like the heaven-storming, 
gigabuck effort being advocated by 
the Administration. 

Department of Defense reports indi­
cate that although advances made by 
the U.S.S.R. in such conventional tech­
nologies as radar and interceptor mis­
siles would seem to rival advances 
made by the U.S., the U.S.S.R. lags 
in the development of many critical 
and even essential new technologies. 
For example, it is reported that the 
U.S.S.R. is particularly weak in com­
puter and sensor technologies, two ar­
eas that are crucial to the raising of an 
effective shield against missiles. 

According to Soviet Strategic Defense 
Programs, the Soviet Union has the 
only operational anti-ballistic-missile 
(ARM) system in the world. The system, 
known as GALOSH, surrounds Moscow. 
It consists of a network of radars 
known as hen houses sited along the 
periphery of the U.S.S.R. and two 
phased-array radars called the dog 
house and cat house near Moscow. In 
spite of the apparent impressiveness of 
the system, it does have weaknesses. 
Eric Stubbs of Harvard University, an 
analyst for the Council on Economic 
Priorities, writes in a report published 
by the council that the size of the ra­
dars makes them particularly vulnera­
ble to attack. Although the U.S. is al­
lowed such a system by the ARM trea­
ty, the Nixon Administration conceded 
that it could be overwhelmed by a 
large enough attacking force. 

From a technological point of view 
the U.S.S.R.'s ballistic-missile-defense 
(RMD) system is not a state-of-the-art 
affair. In discussing it, Sayre Stevens, 
the former Deputy Director of Intel­
ligence for the Central Intelligence 
Agency, notes: "While the Soviet RMD 
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program has momentum and has 
made significant technological prog­
ress over the past decade, it really has 
only reached the level of technology 
that was available to the U.S. ten years 
ago. The major difference is that the 
Soviet technology is much closer to 
application." 

Soviet progress in the new "Star 
Wars" technologies appears to be un­
even. Although the U.S.S.R. has made 
significant advances in laser weapons, 
according to Government reports, the 
development of particle beams and ki­
netic-energy weapons (chemical guns 
and electromagnetic guns) remains in 
its infancy. Indeed, an assessment pre­
pared by the Department of Defense 
Program for Research, Development, 
and Acquisition indicates that the 
U.S.S.R. does not lead the U.S. in any 
basic strategic technologies. The as­
sessment holds that whereas the two 
countries are equal in five areas, in­
cluding directed-energy weapons (la­
sers and particle beams) and power 
sources, the U.S. leads the U.S.S.R. in 
16 areas. They include computer hard­
ware and software, electro-optical sen­
sors, optics and propulsion. For exam­
ple, a current Soviet computer, model 
ES 1060, was first prod uced in 1978 
and is roughly equivalent to the IBM 
360 computer introduced in the U.S. in 
the mid-1960's. 

An additional handicap facing the 
Soviet strategic defense is that the 
U.S.S.R. has not yet gathered its pro­
grams together under a central man­
agement, s uch as the Strategic Defense 
Initiative Organization (SOlO) . The sit­
uation in the U.S.S.R. could change. 
As Stubbs notes, further development 
of the "Star Wars" program in the U.S. 
could stimulate the Soviets to upgrade 
their technological capabilities "more 
aggressively. " 

Such a possibility, as well as a com­
parison of superpower capabilities, 
may provide a reason for the U.S. to 
move ahead at a more measured pace 
in the fields of research gathered under 
the SOlO'S control. After all, research in 
lasers, particle beams, sensor technol­
ogy and computer technology as well 
as in related fields would proceed with 
or without the SOl. If it does so at a 
normal rate instead of at the forced 
march promoted by SDJO supporters, 
such a program would have merits 
worth considering. Accor�ing to some 
experts, the effort could be kept se­
curely within the bounds of the ARM 
treaty and yet be robust enough to pro­
vide confidence that the Soviets would 
not be able to achieve a breakout. 

Equally important, such a program 
would not threaten the U.S.S.R. with 
the prospect that the U.S. is moving 
rapidly toward a situation in which this 
country could, from behind an impen­
etrable shield, threaten nuclear black­
mail or a first strike. The U.S. has as­
sured the Soviets that no thoughts 
could be further from its strategic 
mind. Unfortunately, as some experts 
in Soviet affairs point out, Kremlin 
planners-like their counterparts in the 
Pentagon-would probably feel bound 
to act on a worst-case assumption and 
develop appropriate countermeasures. 
Such a course, some argue, could ulti­
mately sap the effort by the Gorbachev 
government to cope with its internal 
economic problems, and perhaps even 
destabilize it. 

Falling Ax 

Federal outlays and commitments 
for research and development will 

drop precipitously this year as a res ult 
of the automatic budget-cutting pro­
cedure embedded in the Gramm-Rud­
man Act, which went into effect when 
Congress failed to meet its own tar­
get for red ucing the national deficit. 
The reduction is 4.3 percent across 
the board for nonmilitary spending 
on R&D in the fiscal year ending Sep­
tember 30, and from 7 to 14 percent 
in commitments for future spending. 
Deeper cuts are likely on the military 
side if the Department of Defense ex­
ercises its option to protect operation­
al strength and readiness at the expense 
of R&D and other programs. 

The cutbacks reflect the impact of 
the law adopted by Congress last year 
in an effort to achieve a balanced bud­
get by 1991. Under the law the deficit 
was to be reduced to $171.9 billion this 
year and is to be cut to $144 billion 
in fiscal 1987 and by $36 billion each 
year thereafter. Spending cuts go into 
effect when the normal budget process 
fails to meet these targets. 

Congress limited the mandatory cuts 
to $11.7 billion for this year; since 
the projected 1986 deficit is $220.5 bil­
lion, the entire $11.7 billion must be 
excised now. The law requires a flat 
reduction of 4.3 percent in every non­
military "program, project and activi­
ty," with certain exceptions such as So­
cial Security benefits and Medicare. 

Willis H. Shapley of the American 
Association for the Advancement of 
Science has analyzed the effect of the 
cuts on R&D in terms of outlay (ac­
tual spending this year) and budget au­
thority (commitments to support pro-
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SCIENCE/SCOPE® 

A new satellite provided the first telephone link between earthquake-stricken Mexico City and the 
Mexican consulate in Los Angeles, helping hundreds of anxious callers learn whether their relatives 
had survived the disaster. The consulate, located in the city with the largest population of Mexican 
citizens outside of Mexico City, was flooded with calls after the 7.8-magnitude quake on Sept. 19. For 
help, it turned to Hughes Aircraft Company, which had built the country's three-month-old Morelos 
communications satellite. Hughes engineers located a shipment of communications equipment en route 
to New York City and diverted it to the satellite ground station outside the Mexican capital. Meanwhile, 
an antenna at the Hughes ground station near Los Angeles was pointed at Morelos. To complete the 
phone line, the engineers established a microwave link between the ground station and company offices, 
then hooked into the local phone system to the consulate. The line was kept open 24 hours a day. 

A new processing technique eliminates impurities in an optical fiber that has promising uses in the 
mid-infrared region of 1 to 5 micrometers. Zirconium fluoride glass fibers, which are typically 
prepared in an atmosphere of inert gases, contain defects that scatter light transmissions and preclude 
their use in long fiber links. Scientists at Hughes Research Laboratories, however, have prepared 
molten glass at 850°C using a novel reactive atmosphere process. This special process competely 
eliminates the chemical interaction with impurities, which yield light-scattering defects. 

Although already advanced, North America's air defense system will be improved in the next few years 
to become even more vigilant in protecting US. and Canadian skies. The Joint Surveillance System, 
developed by Hughes for the US. Air Force, spans the continent from Alaska to Florida and Labrador 
to Hawaii. Already Hughes is developing a new computer, called the 5118MX, which has 3 million 
words of memory and will be at least three times faster than the current computer. Eventually, too, 
radar information from E-3A AWACS (Airborne Warning and Control System) aircraft will be fully 
integrated with JSS to expand coverage more than 200 miles beyond US. and Canadian borders. 

A private, domestic satellite system will carry telecommunications throughout Japan beginning in 
early 1988. The system will be owned and operated by Japan Communications Satellite Company, Inc., 
a joint venture composed of Hughes Communications, Inc. (a Hughes subsidiary) and Japanese 
partners C. Itoh & Company, Ltd. and Mitsui & Company, Ltd. The joint venture firm has ordered two 
large, high-power satellites based on the new Hughes HS 393 spacecraft. These satellites will allow 
users to receive voice, television, and data transmissions through small, low-cost ground terminals. 
Each satellite will have 32 transponders, providing capability to transmit 32 channels of TV 
programming or a mix of TV and other communications. The satellites are scheduled for launch in 
December 1987 and April 1988. Services are expected to begin in February 1988. 

Hughes Research Laboratories needs scientists for a spectrum of long-term sophisticated programs, 
including: artificial intelligence knowledge-based systems and computer vision; applications of focused 
ion beams; electron beam circuit testing; liquid-crystal materials and displays; nonlinear optics and 
phase conjugation; submicron microelectronics; plasma applications; computer architectures for image 
and signal processors; GaAs device and integrated circuit technology; optoelectronic devices; and 
materials and process technologies for high-speed infrared detection and optoelectronic applications. 
Send your resume to Professional Staffing, Hughes Research Laboratories,Dept. S 2, 3011 Malibu Canyon 
Road, Malibu, CA 9 0265. Equal opportunity employer. US. citizenship required. 

For more information write to: P.O. Box 45068, Dept. 79.t3, Los Angeles, CA 90045·0068 
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The personal computer 
that raised high performance 

to new heights. 

If you' work with high volumes of information, 
you need answers fast. 

You need a personal computer that's up 
to the task. 

Which is why IBM created the Personal 
Computer AT® system. It's changed a lot of 
ideas about business computing. 

The idea of "'fast" has become much 
faster. The idea of "'data capacity" has 
become far greater. 

There are new definitions of "power" in a 
stand-alone Pc. While phrases like "'sharing 
files" and "'multi-user systems" are being 
heard more often. 

And surprisingly, words like "affordable" 
and "'state-of-the-art"are being used together. 

Clearly, the Personal Computer AT is 
different from anything that came before. 
And what sets it apart can be neatly summed 
up in two words. 

Advanced Technology. 
If you've ever used a personal computer 

before, you'll notice the advances right away. 
To begin with, the Personal Computer AT 

is extraordinarily fast. That's something 
you'll appreciate every time you recalculate a 
spreadsheet. Or search through a data base. 

It can store mountains of information­
literally thousands of pages' worth-with a 
single "'hard file" (fixed disk ). And now you 
can customize your system to store up to 

30,000 pages with the addition of a second 
hard file. 

The Personal Computer AT runs many of 
the thousands of programs written for the 
IBM PC family. Like IBM's TopView, the 
program that lets you run and "window" 
several other programs at once. 

Perhaps best of all, it works well with both 
the IBM PC and PC/XT. Which is welcome 
news if you've already made an investment in 
computers. 

You can connect a Personal Computer AT 
to the IBM PC Network, to share files, 
printers and other peripherals with other 
IBMPCs. 

You can also use a Personal Computer AT 
as the centerpiece of a three-user system, 
with your existing IBM PCs as workstations. 

Most important, only the Personal 
Computer AT offers these capabilities and 
IBM's commitment to quality, service and 
support. (A combination that can't be 
cloned. ) 

If you'd like to learn more about the IBM 
Personal Computer AT, see your Authorized 
IBM PC Dealer, IBM Product Center or IBM 
marketing representative. For a store near 
you, call 1-800-44 7-4 700 (in Alaska, call 
1-800-447-0890). 

T he IBM Personal Computer AT, 
for Advanced Technology. 

IBM, Personal Computer AT. PC/XT and TopView are trademarks of International Business Machines Corporation. 
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THE SCIENCE OF WILDLIFE MANAGEMENT: I /' 

The Future of our WiLdlife Depends on It 
Research 
The precarious future that many species of North 
American wildlife faced around the turn of the 
century provided the impetus for the establishment of 
our first wildlife parks and refuges. Though initially 
effective, these early efforts aimed at helping wildlife 
soon developed serious shortcomings. The concept of 
providing complete protection, including the elimination 
of natural predators, to certain species was successful in 
building up threatened herds of animals, including elk 
and deer; however, as early as the 1920s, populations in 
many areas were outstripping their available food 
supplies. 

Such problems helped spur the rapid growth of the 
modern science of wildlife management. Early wildlife 
management professionals were the first to recognize the 
vital importance of vegetation and other aspects of the 
natural environment that supported wild animal 
populations. This new understanding of the 
relationship between wildlife and habitat helped 

lead to the practical steps necessary to ensure the long­
term abundance and health of certain kinds of wildlife. 

Extensive biological research is the foundation on which 
all management programs are built. Studies on animal 
numbers, their distribution, food preferences and the like 
provide a detailed picture of a species' needs and habits. 

Bird banding projects, such as these, help determine a 
species' seasonal and local movements and can provide 
information on age, longevity and other vital characteris­
tics important in developing successful conservation 
programs. 

Over the years, it has been the American hunter who, 
through license fees and excise taxes, has provided the 
lion's of the funds necessary for these conservation 

National Shooting Sports Foundation 
1075 Post Road 
Riverside, Conn. 06878 
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grams, mostly by spending in future 
years) . He estimates that outlay reduc­
'tions will average 4.6 percent for each 
nonmilitary, nonexempted program 
and 3 percent for military programs. 
Budget-authority cuts will range from 
7 to 14 percent for nonmilitary pro­
grams and from 4.5 to 9 percent for 
defense R&D. 

In 1987, when the full amount need­
ed to get the deficit down to $144 bil­
lion must be cut, the situation will be 
even more critical. "The prospects," 
Shapley says, "are for substantial, per­
haps deep, reductions in currently ap­
proved levels of R&D funding." 

Man Bites Dog 

The rejection of a grant by a univer­
sity is news for the same reason 

that a man biting a dog is news. And so 
Cornell University made news when it 
turned down a grant of $10 million 
from the Federal Government for a 
supercomputer. The refusal to accept 
the grant, university officials say, de­
liberately underscores the institution's 
opposition to the propensity of Con­
gress for awarding backdoor grants, 
thereby short-circuiting the normal 
merit-review process. If such a prac­
tice becomes the norm, Cornell and 
other university officials fear, merit 
will cease to be a factor in the funding 
of research proposals: the pork barrel 
will replace peer review. 

The impetus to seek funding outside 
the peer-review process has several 
sources. According to Robert Rosen­
zweig, president of the Association of 
American Universities, there is some­
times a sense of desperate need, arising 
from the fact that Federal funding for 
research has declined severely over 
the past 20 years. Sometimes Congress 
becomes a court of last resort when an 
institution believes it has been or will 
be slighted in the reviewing process. 

The appropriation for Cornell has a 
very different history. A conference­
committee report on the final version 
of a bill providing funds for the De­
partment of Defense mandated the 
apportionment of $65.6 million in re­
search grants among 10 universities. 
The provision included specific in­
structions· to the Defense Advanced 
Research Projects Agency (DARPA) to 
buy a supercomputer from Floating 
Point Systems of Oregon for use at 
Cornell. The author of the provision 
was Senator Mark Hatfield, the Ore­
gon Republican who is chairman of 
the Senate Appropriations Commit­
tee. None of the research grants had 
been through the merit-review proc­
ess, and some of them had not even 
been reviewed by the congressional 
committees concerned. 

When word of the $1 O-million grant 
reached the university, Frank Rhodes, 
the president, sent a "message to mem­
bers of the Congress" that Cornell 
"will not accept funding awards which 
bypass normal review procedures." 
John F. Burness, vice-president for 
university relations, said: "The issue is 
what's in the best interest of the coun­
try and science-grants based on the 
merits of the project or grants award­
ed through political influence." 

This time at least the price of prin­
ciple was low. As it happens, Cornell 
and Floating Point have been working 
together to develop the supercomput­
er, and the university has submitted 
to DARPA a proposal under which the 
machine would come to Cornell. Af­
ter the usual merit-review process it 
probably will, but in the right way 
from Cornell's point of view, and for 
the right reasons. 

Cosmic Cartography 

Astronomers from the Center for 
.f\. Astrophysics of the Harvard Col­
lege Observatory and the Smithsonian 
Astrophysical Observatory have con­
structed a three-dimensional map of a 
wedge of the universe that is causing 
their colleagues to review ideas about 
the birth of the cosmos. Analysis of 
the map indicates that the universe is 
made up of gigantic bubbles: spherical 
or slightly elliptical regions of space 
apparently void of matter, whose out­
er surfaces are defined by galaxies. "If 

we're right, these bubbles fill the uni­
verse just like suds filling the kitchen 
sink," comments John P. Huchra, one 
of the investigators. Huchra and two 
of his collaborators, Valerie de Lap­
parent and Margaret J. Geller, note in 
Astrophysical Journal Letters that the 
immense size of the bubbles suggests 
that powerful stellar explosions-and 
not the force of gravity as is widely 
thought-had the primary role in the 
formation of the universe. 

Working with a 1.5-meter telescope 
at the Fred Lawrence Whipple Obser­
vatory in Arizona, the investigators 
mapped more than 1,000 galaxies con­
fined within a pie-shaped wedge of the 
sky measuring 120 degrees by six de­
grees. The map is based on an under­
pinning of modern astronomy known 
as Hubble's law. According to a the­
ory proposed half a century ago by the 
American astronomer Edwin P. Hub­
ble and subsequently verified by count­
less observations, the universe is ex­
panding uniformly in all directions. 
Moreover, the velocity of any galaxy 
as seen from any other one is propor­
tional to the distance between them. It 
turns out that measuring the velocity 
of a galaxy is fairly easy: light emitted 
by a receding galaxy is shifted toward 
the red end of the spectrum. By meas­
uring the amount of the "red shift" of 
a galaxy one can therefore determine 
its recessional velocity and hence its 
distance from the observer's position 
in the universe. 

All the galaxies on the map are 300 

THREE-DIMENSIONAL MAP of a wedge of the universe shows galaxies (represented 
by dots) distributed on the surfaces of giant bubblelike structures. The apparent human 
torso at the center is a cluster of galaxies in the constellation Coma. The map was prepared 
by Margaret J. Geller, John P. Huchra and Valerie de Lapparent of the Center for Astro­
physics of the Harvard College Observatory and Smithsonian Astrophysical Observatory. 
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AS 
CONTEMPORARY 
AS IT IS 
CADILLAC. 

Here is a 1986 luxury car 
built for the 1990s. 

With state-of-the-art 
technology that contrib­
utes to your driving 
comfort. Aerodynamic 
styling for reduced 
wind noise. Plus an 
independent four-wheel 
suspension and a trans­
verse-mounted, front­
wheel-drive V8 engine, 
a Cadillac exclusive. 

It doesn't get any more 
contemporary than this. 

It's De Ville for 1986. 
It doesn't get any more 

Cadillac than this, either. 
With a new limousine­

style back window. Plus 
Cadillac comfort touches 
such as Electronic 
Climate Control and the 
increasingly rare luxury 
of room for six. And a 
4-year/SO,OOO-mile limited 
warranty. 
In some cases, a deductible applies. 
See your dealer for details. 

1986 DE VI LLE 
BEST OF AlL. . . IT'S A CADILLAC. 
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million light-years or less from the 
earth. They lie on thy surfaces of bub­
bles that measure from about 60 to 
150 million light-years across. (Our 
own galaxy, the Milky Way, measures 
about 60,000 light-years across.) Al­
though astronomers had earlier identi­
fied one of the largest such bubbles, 
they had believed it was an anomaly. 
"It now turns out that this type of 
structure is very common, but we 
couldn't see it before because we 
hadn't looked at a large enough vol­
ume of the universe," comments GeI­
ler. "We probably are sitting on the 
surface of a bubble. We can't see the 
other bubbles until we look deep 
enough." 

Prevailing theories of the history of 
the universe, particularly the so-called 
bottom-up and top-down (or pancake) 
theories, seem unable to account for 
the existence of the bubbles. Accord­
ing to the bottom-up theory, galaxies 
formed out of a gaseous soup; the gal­
axies subsequently coalesced to form 
clusters and superclusters. The top­
down theory, on the other hand, holds 
that matter in the universe initially col­
lapsed into vast pancakelike sheets; the 
pancakes then fragmented, giving rise 
to galaxies, clusters and superclusters. 
Neither model predicts the formation 
of bubbles that have the sharply de­
fined surfaces seen in the Harvard­
Smithsonian survey. 

The bubble theory goes back to 
1981. It was then that Jeremiah P. 
Ostriker of Princeton University and 
Lennox L. Cowie of the Space Tele­
scope Science Institute and Johns Hop­
kins University proposed that when 
the universe was about a billion years 
old, massive stars collapsed and ex­
ploded in supernovas. (The universe 
is widely held to be from 15 to 20 bil­
lion years old.) The explosions creat­
ed shock waves that drove matter into 
spherical shells. Although the shells 
predicted by the Ostriker-Cowie mod­
el are smaller than the observed 
bubbles, that discrepancy could be 
accounted for in several ways. Ostri­
ker notes, for instance, that the larg­
est bubbles may be consolidations of 
smaller ones. 

During the next few years the Har­
vard-Smithsonian investigators would 
like to increase the area covered by 
their map by a factor of 10. They 
would also like to determine whether 
the bubbles are really as empty as they 
appear to be. 

Tour de Force 

In modern physics no more than four 
fundamental forces have sufficed to 

explain the nature of everything in the 
universe-from the behavior of sub-
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atomic particles to that of the largest 
galactic supercluster. Recent analysis 
of data from three disparate experi­
ments, including one that was carried 
out at the beginning of the century, 
suggests that a complete picture of 
physical reality may require the exis­
tence of a fifth force. 

Ephraim Fischbach, currently at 
the University of Washington in Seat­
tle, Daniel Sudarsky, Aaron Szafer 
and Carrick Talmadge of Purdue Uni­
versity and Samuel H. Aronson of 
the Brookhaven National Laboratory 
have proposed in Physical Review Let­
ters the existence of an intermediate­
range force to complement the grav­
itational and electromagnetic forces, 
which are effectively infinite in range, 
and the so-called strong and weak nu­
clear forces, which do not extend be­
yond the radius of an atomic nucleus. 
Their suggestion is based on investiga­
tions that were originally spurred by 
the anomalous behavior of the sub­
atomic particles called K mesons in 
high-energy experiments done about 
10 years ago. The group was further 
intrigued by measurements appearing 
to show that gravity operates different­
ly on objects in deep Australian mine 
shafts than it does on objects at the 
earth's surface. 

Could the puzzling discrepancies in 
both experiments be related? The in­
vestigators thought they could. They 
postulated that a weak, repulsive force 
whose range is several hundred meters 
could account for the observed results. 
The K-meson experimental results sug­
gested such a force would have to de­
pend on hypercharge: a fundamental 
attribute, like charge or spin, that is 
assigned in integer units to the more 
massive subatomic particles such as K 
mesons or nucleons (the proton and 
the neutron). 

To test their hypothesis the group 
looked for other published results of 
experiments sensitive enough to reveal 
the subtle effect of a putative fifth 
force. One promising candidate was 
the set of experiments, carried out be­
tween 1889 and 1908, in which the 
Hungarian physicist Roland von Eot­
vos compared, with an accuracy of one 
part in a billion, the gravitational ac­
celeration of various materials toward 
the earth. 

In examining the data from the Eot­
vos experiment the investigators re­
port they did indeed find evidence of a 
force whose parameters fitted closely 
with those they postulated, including 
the dependence on hypercharge. Eot­
vos had dismissed small inconsisten­
cies in his data as being statistically 
insignificant. The workers found a sys­
tematic effect among them, however: 
the force exerted by the earth on vari-

ous materials appeared to vary slightly 
with the number of nucleons per unit 
of mass (which varies from element 
to element, and indeed from isotope 
to isotope). 

The reexamination of the 80-year­
old data has caused some furor be­
cause the Eotvos experiment has been 
held to provide conclusive evidence 
that the gross mass of an object, and 
not its specific composition, deter­
mines the force between it and the 
earth, which is to say its weight. The 
authors of the study stress the tenta­
tiveness of their analysis and empha­
size that further experimentation is 
necessary before any definitive state­
ment can be made about a new, hyper­
charge-dependent force. They suggest 
several possible tests. For example, the 
Eotvos experiment could be repeated 
with greater sensitivity. Or one might 
go 300 years further back in time to 
update, with modern instrumentation, 
the classic experiment in which Gali­
leo allegedly dropped test masses of 
differing composition from the same 
height and measured the time of flight. 

Expert on a Chip 

An integrated-circuit chip has been 
I\. made that can render so-called ex­
pert decisions with great speed on the 
basis of imprecise information. The 
device is designed for controlling auto­
mated machinery that must function 
under constantly changing and uncer­
tain circumstances. 

Expert systems have been around 
for a number of years in manufac­
turing processes and to some extent 
in medicine, embodied as specialized 
software for general-purpose comput­
ers. By distilling the knowledge of hu­
man experts into a set of simple, inter­
linked rules, software engineers were 
able to write computer programs that 
simulate an expert's reasoning. Such 
programs typically accept data and sift 
through the network of rules until a 
chain of rules linking the given input 
conditions to an appropriate output 
is found. 

Two major problems hamper such 
programs. Retrieval of the program's 
instructions and decision-making rules 
from an external memory requires a 
certain amount of time; such a system 
may not be suitable for "real time" 
applications in which input data keep 
changing. The other problem is that 
the data often require precise defini­
tion; if the input does not perfectly 
match situations described in the rules, 
many expert systems cannot respond. 

The expert-system chip designed 
and built by Masaki Togai and Hiro­
yuki Watanabe at the AT&T Bell Lab­
oratories also relies on a collection 
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of rules to come to a decision. But 
because its operating instructions are 
wired directly into the microcircuitry, 
the chip can function about 10,000 
times faster than conventional expert 
systems. Moreover, the chip makes use 
of what is called fuzzy logic, with the 
result that input conditions do not 
have to be accurately specified and 
rules do not have to be expressly writ­
ten for every possible situation. In the 
chip's logic "maybe" is just as legiti­
mate an input as "yes" or "no." 

The built-in fuzzy logic enables the 
chip to accept information that is not 
well defined and to compare it to all 
the stored rules simultaneously, as­
signing a weight to each rule according 
to how well each matches the data. 
The final decision is then based on 
the combined recommendations of the 
rules with the highest weights. As a re­
sult the chip reasons with human flex­
ibility-but at superhuman speeds. 

Destructive Sway 

Off the west coast of Mexico the Co­
cos plate, a moving piece of the 

earth's outer shell, dives eastward un­
der the North American plate, carry­
ing part of the Pacific floor with it. On 
the average the plates grind p�st each 
other at a rate of six centimeters per 
year. As they do so large strains de­
velop at points of high friction on 
the fault surface between them. Last 
September 19, at 7:18 in the inorning, 
roughly 15 kilometers under the coast­
al town of Lazaro Cardenas, one of 
those points ruptured. Within seconds 
the rock masses on opposite sides of 
the fault were offset by about two 
meters. Within a minute the rupture 
spread 170 kilometers along the fault. 
Although the resulting tremors regis­
tered 8.1 on the Richter scale, darnage 
within the rupture zone was compara­
tively slight. But 360 kilometers away, 
in Mexico City, violent ground mo­
tion damaged hundreds of buildings 
and claimed thousands of lives. The 
tragedy is now being attributed to un­
predictable geologic and architectural 
coincidences. 

The earthquake itself was not un­
expected, because it occurred on a 
stretch of the plate boundary where 
there had been no large rupture in 74 
years. In anticipation of a quake John 
G. Anderson, James N. Brune and 
their colleagues at the University of 
California at San Diego, along with 
Jorge Prince and his co-workers at 
the National Autonomous University 
of Mexico, had deployed an array of 
strong-motion accelerographs in the 
area. The peak ground acceleration 
near the epicenter on September 19 
was only 15 percent of gravitation-

al acceleration, which is surprisingly 
mild: accelerations as powerful as 1 
g have been recorded during much 
smaller quakes in California. 

The strongest ground motion was re­
corded not near the fault but in the 
center of Mexico City. The reason 
seems to be that most of the city was 
built on a layer of clay left by an an­
cient lake. Like any physical system, 
the clay layer resonates when it is stim­
ulated by vibrations of the right peri­
od. The resonance period can be cal­
culated from the thickness and seis­
mic velocity of the layer; according to 
James L. Beck of the California Insti­
tute of Technology, it turns out to be 
about two seconds. As a result seis­
mic waves with a two-second period 
are amplified dramatically in the clay. 
Whereas the ground motion observed 
in most areas after an earthquake dis­
plays a broad spectrum of periods, 
with most of the energy carried by 
waves with periods well below two sec­
onds, in Mexico City last September 
the ground motion was dominated by 
two-second waves. 

The period of the motion is just as 
important as its amplitude in deter­
mining how much damage it causes, 
because buildings too can resonate. A 
building's period can be estimated by 
allowing a tenth of a second per floor. 
By this rule of thumb buildings of 
about 20 stories should have sustained 
the most damage in Mexico City, but 
they did not. Most of the 300 or so 
damaged buildings had from six to 15 
stories. According to Beck, the reason 
was that a building's resonance period 
increases as it is shaken; internal parti­
tions and masonry give way and the 
building is in effect softened. Hence 
the middle-size buildings in Mexico 
City were pulled into resonance with 
the two-second ground motions, while 
taller buildings moved out of reso­
nance. Ironically, most of the low 
buildings built before the introduc­
tion of a modern building code in 
1957 remained intact. 

The authors of the building code 
were aware of the implications of the 
clay layer; the design requirements in 
Mexico City for buildings with long 
periods are more stringent than they 
are in the U.S. What the code drafters 
could not have foreseen, says Beck, is 
the' extraordinary duration of the Sep­
tember earthquake. Teleseismic rec­
ords analyzed at Caltech by Holly Eis­
sler, Luciana Astiz and Hiroo Kana­
mori suggest that the quake actually 
consisted of two distinct shocks about 
25 seconds apart, each about 16 sec­
onds long. The violent shaking in Mex­
ico City lasted for more than a minute. 
With each resonant cycle the ampli­
tude of the motion in the clay layer 

under the city increased, and more 
buildings were brought under its de­
structive sway. 

Unequal Work, Unequal Pay 

During the 1970's women made sig­
nificant gains in entering occu­

pations once dominated by men. Yet 
those gains have by no means eliminat­
ed the problem of sex segregation in 
the work force. Most men and women 
in the U.S. continue to work in jobs 
that are segregated by sex, resulting in 
lower pay for women. Furthermore, if 
the Federal Government abandons its 
role as an advocate of occupational in­
tegration, progress in the next decade 
could be very slow. 

Those are some of the conclusions 
of a report issued recently by the Na­
tional Research Council of the Nation­
al Academy of Sciences. According to 
the report, in 1980 some 48 percent of 
all U.S. women worked in Qccupations 
that were at least 80 percent female. 
Typical female occupations included 
those of secretary (99 percent female) 
and registered nurse (96 percent fe­
male). Among men segregation was 
even more extreme: 71 percent of men 
worked in occupations that were 80 
percent or more male. Male occupa­
tions included those of carpenter (only 
1 percent female) and engineer (4 per­
cent female). 

The division between men's work 
and women's is reinforced at the level 
of the individual company. The report 
cites a recent study of sex segregation 
among businesses in California. The 
study found that of 393 firms, 30 hired 
workers of one sex only. In 201 ad­
ditional businesses men and women 
shared no job titles. Only a small mi­
nority of companies appeared to be 
relatively integrated according to sex. 
EVen there the appearance was decep­
tive, because men and women worked 
side by side at the same job in only a 
few instances. 

Segregation by occupation is large­
ly responsible for the significant dif­
ference in income between men and 
women. In 1981 the median annual in­
come for men was $20,260; for women 
it was $12,001, or about 60 percent 
of men's earnings. If there had been 
no occupational segregation, women 
would have earned 75 percent of what 
men earned, the report concludes. If 
segregation within job categories at 
individual companies were also elim­
inated, much of the remaining 25 per­
cent discrepancy would disappear. 

Although such statistics seem dis­
couraging, women made more prog­
ress in the 1970's than they had in the 
preceding decades. From 1900 to 1970 
the index of occupational segregation 
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remained in the high 60's. (The index 
represents the proportion of male and 
female workers who would have to 
move to fields dominated by the oppo­
site sex for occupational segregation to 
be completely eliminated.) Between 
1970 and 1980 the index underwent 
the largest single decline of the centu­
ry-almost 10 points-and reached a 
level of about 60. 

Progress in the coming years may be 
slow, however. According to the re­
port, Federal intervention has been 
one of the most effective methods of 
overcoming occupational segregation. 
Employers have made voluntary ef­
forts to reduce segregation after ob­
serving the results of sex-discrimina­
tion lawsuits brought by Federal au­
thorities. The authors of the report 
conclude that the recent decrease in 
Federal efforts to enforce civil-rights 
legislation is likely to impede progress, 
largely because employers, no longer 
afraid of Federal sanctions, will fall 
back on discriminatory habits. 

Costs of Commercialization 

Hospitals affiliated with investor­
owned chains reap the benefits of 

centralized, high-caliber management 
and economies of scale, making them 
more efficient than their not-for-profit 
counterparts. So say many who favor 
investor ownership of hospitals, but a 
study published in the New England 
Journal of Medicine suggests otherwise. 
The authors, J. Michael Watt, Robert 
A. Derzon and James S. Hahn of Lew­
in and Associates, Inc., and Steven C. 
Renn, Carl J. Schramm and George D. 
Pillari of the Johns Hopkins School 
of Public Health, report that the in­
vestor-owned hospitals whose finan­
cial performance they examined in­
curred about the same costs per case 
as matched not-for-profit hospitals 
did. The investor-owned institutions 
earned higher profits, but only be­
cause they charged more for compara­
ble services. 

The sample included 80 general hos­
pitals belonging to investor-owned 
chains in eight southern and western 
states; each hospital was paired with a 
not-for-profit hospital that has similar 
services and a comparable size, loca­
tion and average length of stay. The 
authors also tried to control for differ­
ences in the quality of care. For each 
matched pair the authors reviewed fi­
nancial data for the fiscal years 1978 
and 1980. 

The study revealed little difference 
in the amounts the two kinds of hos­
pitals spent on most categories of in­
patient services other than drugs and 
medical supplies, which cost investor­
owned hospitals about $7 a day more 
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for each patient than they cost the not­
for-profits. The investor-owned insti­
tutions did spend less to operate and 
maintain their facilities. Those savings 
were more than offset by the expense 
of maintaining a corporate headquar­
ters and the higher plant-depreciation 
costs of the investor-owned hospitals, 
which often have newer facilities than 
not-for-profit hospitals. 

In spite of their comparable efficien­
cy and the fact that investor-owned 
hospitals must pay taxes and do not 
receive the charitable contributions 
and public funds available to some 
not-for-profit institutions, the investor­
owned group earned higher net in­
comes and profits. They did so, the in­
vestigators found, by charging a total 
of about 22 percent, or $401, more 
than the not-for-profit hospitals during 
fiscal 1980 for each patient admitted. 
Higher charges for ancillary services, 
such as laboratory services, drugs and 
oxygen therapy, accounted for most of 
the price difference; routine charges, 
such as the basic room rate, were only 
slightly higher at the investor-owned 
institutions. "These results," the au­
thors write, "suggest the existence of a 
strategy by the investor-owned chain 
hospitals of setting competitive prices 
for the more visible 'room and board' 
services while setting higher prices for 
ancillary services, which are less easy 
to compare from hospital to hospital." 

The authors suggest that the inves­
tor-owned chains' practice of maxi­
mizing profits by charging more rather 
than by pursuing operating efficiencies 
is not surprising in view of the tradi­
tional policies under which Medicare, 
Medicaid and private insurers have re­
imbursed hospitals either for the cost 
of providing services or for all billed 
charges. Since the period covered by 
the study many of those policies have 
been revised, however, so that both 
categories of hospitals will have to 
adapt to cost-containment measures. 
For the investor-owned hospitals, the 
authors write, "the major cballenge of 
the new cost-conscious environment 
will be the achievement of economies 
of scale that theory suggests should be 
possible through system operation." 

Enhanced Promotion 

All mammalian cells contain the gene 
I\. coding for insulin, and yet insulin 
is produced only by the beta cells of 
the pancreas. How is it that a differen­
tiated cell in a multicellular organism 
expresses only a particular fraction of 
its genetic inheritance? Some impor­
tant pieces of the puzzle have begun to 
come clear. 

One line of investigation has focused 
on uncovering the mechanisms that ac-

tivate the first step in gene expression: 
the transcription, or copying, of DNA 
into RNA for subsequent translation 
into the protein the gene encodes. As in 
bacteria, transcription in eukaryotic 
cells (the nucleated cells of higher or­
ganisms) is known to begin when the 
enzyme RNA polymerase, which me­
diates transcription, binds to promoter 
sequences adjacent to the site where 
transcription begins. Eukaryotic cells 
are subject to additional transcription 
controls, including what are known as 
enhancer sequences. These elements, 
originally observed in mammalian vi­
ruses, increase the activity of nearby 
promoters and the rate of transcrip­
tion, possibly by facilitating the bind­
ing of RN A polymerase to the promot­
er. Cellular enhancers identified thus 
far have been found to be cell-specific: 
they function only in a given cell type, 
presumably by interaction with pro­
teins present only in that cell. The pu­
tative activating proteins for cellular 
enhancers are still being sought. 

Among the most recently discov­
ered cell-specific enhancers is the one 
for the rat insulin gene, which was 
identified by William J. Rutter, Mi­
chael D. Walker and their colleagues 
at the University of California at San 
Francisco together with Thomas Ed­
lund of the University of Umea in 
Sweden. The group, which reported its 
findings in Science, identified the en­
hancer as a region of about 200 base 
pairs (the runglike subunits of the 
DNA double helix) immediately up­
stream from (to the left of) the promot­
er. They did so by systematically delet­
ing segments of the putative enhancer 
region and noting which were needed 
for 'transcription in beta. cells. 

The group went on to show that this 
enhancer region is selectively activat­
ed in beta cells. DNA containing the 
enhancer was attached to a "promiscu­
ous" viral promoter and a bacterial 
gene coding for a bacterial protein. 
When the recombinant DNA was in­
serted into various cell lines, it stimu­
lated high levels of bacterial-gene ex­
pression only in beta cells. Since the 
chosen promoter would have been ac­
tive in any cell type, the investigators 
concluded that the increased expres­
sion in the beta cell m4l't be caused 
by the only potentially selective ele­
ment: the enhancer. Then they showed 
that the insulin gene's promoter is also 
preferentially activated in beta cells. A 
bacterial gene fused to an insulin pro­
moter and a promiscuous enhancer 
was expressed 10 times as much in beta 
cells as in other cells. The investigators 
suspect that the combined selective ef­
fects of the enhancer and promoter 
may be greater than the sum of the 
parts, which could explain the very 
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YOUR SYSTEM: a time­
consuming, futile struggle 

to keep up with the 
information explosion. 

The classic texts are convenient 
references-but the information they 

contain is obsolete before publication. 

Like many physicians, you probably rely on 
the texts you first used in medical school. But 
even using the most recent editions, you find 
material that no longer reflects current clini­
cal thinking-and they lack the latest informa­
tion on such topics as herpes,oncogenes, 
AIDS, and photon imaging. 

Reading stacks of journals alerts you to 
recent developments-but can't give you 
quick answers on patient management. 

Struggling through the hundreds of journal 
pages published each month-even on only 
the really significant advances in the field-is 
arduous and memory-taxing. And it's a task 
that costs physicians valuable time-their 
most precious resource. 

Review courses cover clinical advances­
but, months later, do you recall the details 

of a new procedure or unfamiliar drug? 

Seminars can also be costly and make you lose 
valuable time away from your practice­
expenses that may amount to several thou­
sand dollars. And, the speaker's skill often de­
termines how much you learn. 
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high insulin output seen in pancreatic 
beta cells and, indeed, the high produc­

, tivity of selectively expressed genes in 
other highly specialized cells, 

Rutter's group and others believe 
isolation of enhancers will allow work­
ers to identify and isolate the activat­
ing proteins that are specific for each 
cell type (which Rutter has named dif­
ferentiators), Such discoveries should 
then lead to the identification of the 
genes encoding those unique proteins 
and ultimately, perhaps, to "master 
control" genes in each cell type that 
switch on the rest of a cell's controls, 

Eventually it might be possible to 
coax selected cells into carrying out 
new functions, For instance, in insulin­
dependent diabetes the cells prod uc­
ing insulin are destroyed, The disease 
might be treated by activating the si­
lent insulin genes in other hormone-se­
creting cells and causing them to pro­
duce insulin inside the body. 

A Case of Nerves 

Most of the considerable attention 
that has been devoted to AIDS has 

focused on the capacity of the causa­
tive virus to weaken the immune sys­
tem and render the victim fatally vul­
nerable to a host of other disorders. 
Now it appears that the virus, human 
T-cell lymphotropic virus III (HTLV-
1I I ) ,  is also capable of causing disease 
directly. Two reports in the New En­
gland Journal 0/ Medicine show that the 
virus can infect cells of the nervous 
system, causing meningitis and degen­
erative changes in brain tissues. 

The two studies may herald a signifi­
cant change in how clinical investiga­
tors regard the AIDS virus, Since its dis­
covery the virus has been known to 
have an affinity for some of the white 
blood cells known as lymphocytes. In­
deed, it is by subverting the lympho­
cytes called helper T cells (which have 
a critical role in triggering an immune 
response) that the pathogen under­
mines the body's defenses against dis­
ease, In the light of the recent findings 
it would seem the virus also has a 
strong affinity for cells of the central 
nervous system. 

Such affinity helps to explain the 
meningitis and diffuse degenerative 
changes in the brain that are common 
among AIDS victims. One New England 
Journal article reports the work of a 
group that cultured HTL V-II I from 
brain tissues, spinal-cord tissues and 
cerebrospinal fluid of AIDS victims 
who displayed neurological symp­
toms. Samples from seven of nine pa­
tients with meningitis and 10 of 16 
with dementia (resulting from brain 
degeneration) yielded the virus, Those 
findings are reinforced by the work of 

the second group, which found anti­
bodies to HTL V-II I in the cerebrospinal 
fluid of AIDS patients who had neuro­
logical disease. 

In order to reach the cerebrospinal 
fluid the virus must somehow cross the 
blood-brain barrier: the dense physical 
and physiological barrier that sepa­
rates the blood, and much of what it 
carries, from the cells of the central 
nervous system. How the passage is 
achieved is not yet known, according 
to David D. Ho of the Harvard Medi­
cal School, leader of the group that 
cultured the virus from brain tissues. 
According to Ho, it seems likely that 
HTL V-II I  first enters cells in the blood. 
Some blood cells are capable of cross­
ing the blood-brain barrier, and the vi­
rus may exploit them as vehicles to en­
ter the brain. 

The clinical effects of the virus in its 
passage from the bloodstream to the 
brain can vary greatly. Ho noted that 
some patients in his group's study had 
neurological symptoms but no immu­
nologic deficiency; others showed im­
munologic deficits but no brain symp­
toms; still others had both types of dis­
order. How the AIDS agent gives rise 
to such disparate clinical results is not 
yet known, 

The discovery that HTLV-I1I can in­
fect brain tissue has disturbing impli­
cations for potential AIDS therapies, 
Several viruses are known to be able to 
enter nerve cells and remain latent 
there without prod ucing symptoms, 
erupting periodically to cause episodes 
of disease, HTLV-l I I  is closely related 
to at least one such pathogen, the vis­
na virus, which causes a degenerative 
neurological disease in sheep. If the 
AIDS virus can retreat into the nervous 
system, it might be extremely difficult 
to eradicate, because the blood-brain 
barrier is impenetrable to many thera­
peutic substances. 

Demon Rum 

Ethyl alcohol, or ethanol, the active 
constituent of wine, beer and li­

quor (and thus the world's preeminent 
mood-altering drug), is earning a place 
among the knottier mysteries con­
fronting the neurosciences, A recent 
finding points up the difficulty of dis­
covering precisely what the drug does 
in the brain to bring on its effects, 

At the Scripps Clinic and Research 
Foundation in La Jolla, Jorge R. Man­
cillas, George R. Siggins and Floyd E, 
Bloom investigated (in rats) the action 
of ethanol on neurons in the hippo­
campus, a part of the cerebral cortex. 
Earlier work at Scripps had estab­
lished that the stimulation of neural 
signal paths leading to the hippocam­
pal neurons called pyramidal cells 

causes the cells to increase and then 
curtail their electrical activity: the 
cells are excited and then inhibited. 
Remarkably, the presence of ethanol 
in the hippocampus had proved to am­
plify both phases of the pattern, 

Mancillas, Siggins and Bloom un­
dertook to discover how this dual 
amplification comes about. Several 
neurotransmitters, or brain messenger 
substances, are known to act in the 
hippocampus; some are excitatory, 
others inhibitory. By means of micro­
pipettes the experimenters introduced 
small amounts of each neurotransmit­
ter into the vicinity of hippocampal 

, pyramidal cells, thus mimicking the re­
lease of neurotransmitter that consti­
tutes the dispatching of a signal from 
one neuron to another. They moni­
tored the electrical activity of the cells, 
When ethanol was introduced into the 
rats' bloodstream at concentrations 
sufficient to bring on intoxications 
ranging from mild to heavy, the trans­
mitter acetylcholine proved to gain in 
its ability to excite the pyramidal cells; 
somatostatin gained in its ability to in­
hibit the cells. The changes were evi­
dent some 10 or 15 minutes after the 
ethanol entered the animals' blood and 
faded within an hour or two, Other 
neurotransmitters showed no change 
in potency in the presence of ethanol. 

The hippocampus is known to be in­
volved in the ability to commit things 
to memory; thus the new finding may 
ultimately have a place in explaining 
the impairment of memory character­
istic not only of alcoholics but also, 
temporarily, of social drinkers. The 
hippocampus, moreover, is part of the 
limbic system, a set of brain structures 
that are known to influence mood, 
Still, the investigators, who report 
their finding in Science. "prefer not to 
generalize from observations of spe­
cific actions of ethanol on a given neu­
rotransmitter, brain region, or neuro­
nal type." Ethanol's "primary target" 
in the complexities of neuronal func­
tion remains to be named. 

Why is the action of ethanol proving 
so hard to identify? Siggins offers sev­
eral reas,ons, Ethanol is notably weak: 
almost all other psychoactive drugs 
are effective at far lesser concentra­
tions. Ethanol seems not to have recep­
tors: specific binding sites on the sur­
face membrane of certain neurons. It 
simply enters every neuron by diffus­
ing through the membrane. The action 
of ethanol depends markedly on the 
dose and on the time course of the ad­
ministration of the drug. The action 
varies from neuron to neuron, and 
even among parts of individual neu­
rons. Siggins is not surprised that "it's 
taking brain scientists so long to find 
out what's going on," 
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The Superconducting Supercollider 
An accelerator 20 times as powerful as any now operating could 
be built by 1995. It would probe matter in unprecedented detail 
and re-create conditions prevailing near the beginning of time 

by]. David]ackson, Maury Tigner and Stanley Wojcicki 

The year is 1995 . A pastoral land­
scape of farmland or prairie 
gives almost no hint that a tun­

nel, large enough to walk through 
and curved into a ring some 52 miles 
around, lies buried below the surface. 
Inside the tunnel there is a small tram­
way for maintaining two cryogenic 
pipelines, each about two feet in diam­
eter. Within each pipeline is a much 
smaller, evacuated tube that carries a 
beam of protons, which are kept on 
course by powerful superconducting 
magnets surrounding the tube. With 
every circuit of the ring the energy of 
the protons in the two beam pipes is 
boosted by a pulse of radio waves; in 
15 minutes the protons are accelerat­
ed around the ring in opposite direc­
tions more than three million times. 

Suddenly electromagnetic gates are 
opened and the beam paths are made 
to cross. Pairs of protons collide, and 
some of the energy of the collision can 
be transferred at a rate that far exceeds 
the instantaneous output of all the 
power plants on the earth into a re­
gion whose diameter is 100,000 times 
smaller than the diameter of a proton. 
There, for a time so brief that it is to 
the second what the second is to 100,-
000 times the age of the universe, we 
shall have a glimpse of the universe at 
the moment of creation. The energy 
that will be concentrated in that region 
at that instant is now found only in the 
rarest of cosmic rays, but such energy 
concentration was the prevailing state 
of the universe in the first 10-16 second 
after the big bang. New elementary 
particles that could materialize from 
the energy may show how to explain 
the origin of mass. 

It is remarkable that such a vision is 
well within the reach of 20th-century 
technology. The tunnel, the pipeline, 
the attendant operating systems and an 
initial complement of parti�le detec­
tors and computers can be built entire­
ly with available technology-albeit 
on a scale never before attempted-at 
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a cost of about $4 billion in constant 
1986 dollars. Indeed, the basic design 
of the instrument is already being test­
ed at an energy scale of about 1/20: the 
scale model is the particle accelerator 
known as the Tevatron, at the Fermi 
National Accelerator Laboratory (Fer­
milab). The scaled-up version would 
make it possible to study energetic 
processes that are not accessible to any 
other accelerator now in operation or 
seriously contemplated anywhere in 
the world. 

The proposed machine builds on the 
accumulated experience of more than 
50 years in designing and construct­
ing particle accelerators. Moreover, 
since 1982 the community of high-en­
ergy physicists has devoted considera­
ble thought and energy to the design of 
an economically realistic machine that 
will have the greatest chance of resolv­
ing outstanding theoretical questions 
about the ultimate constituents of mat­
ter. Because it is designed as a collid­
ing-beam accelerator and because su­
perconducting magnets play an essen­
tial role in minimizing its consumption 
of power, the instrument we are plan­
ning is called the Superconducting Su­
percollider, or sse. 

Energy and Luminosity 

Particle accelerators can set off the 
most highly energetic reactions one 
can study under controlled conditions. 
Because mass and energy are equiva­
lent, the maximum reaction energy fix­
es the maximum observable mass of 
the basic material entities that can be 
created in the laboratory. Hence the 
design of a particle accelerator deter­
mines the limits of direct, experimen­
tal knowledge about the fundamen­
tal structure of matter. The maximum 
observable energy and mass in a par­
ticle accelerator depend on the energy 
of the accelerated particle beams, the 
way the energy of the beams is re­
leased and the intensity of the beams. 

Energy can be released most effec­
tively for creating new particles of 
high mass if two beams of equal and 
opposite momentum are made to col­
lide. This conclusion follows from 
the law of conservation of momentum, 
which is strictly obeyed in all collisions 
between particles: the total momen­
tum of the products of a reaction must 
be equal to the total momentum of 
the reacting particles. If a particle in 
an energetic beam is made to collide 
with a particle in a target at rest, the 
forward momentum of the energetic 
incoming particle must be conserved. 
Thus much of the total energy of the 
two particles is needed for imparting 
forward momentum to the particles 
leaving the scene of the collision. 

In contrast, if the momentums of 
two colliding particles are equal in 
magnitute but opposite in direction, 
the total momentum of the pair is zero. 
In principle none of the total energy of 
the pair is needed for imparting mo­
mentum to the reaction products, and 
so much of that energy becomes avail­
able for creating new particles. Our de­
sign now calls for a machine in which 
two counterrotating beams of protons 
are each accelerated to an energy of 20 
trillion electron volts (Te V) and made 
to collide; the energy of a collision 
would be 40 TeV, or more than 20 
times the collision energy at the Teva­
tron collider. The energy available for 
creating new matter at the sse will be 
200 times the energy that would be 
available if only one such beam were 
directed at a fixed target. 

In a colliding-beam accelerator a 
good measure of the useful beam in­
tensity is the luminosity of the collider. 
Because the beams are made up of 
evenly spaced trains of equal bunches 
of particles, the luminosity is the num­
ber of particles per bunch in one beam 
multiplied by the number of intercept­
ed particles per unit area in the second 
beam, all multiplied by the frequen­
cy with which the bunches collide. Lu-
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minosity is thus an index of the aver­
age number of events per second for 

. any given reaction. A high luminosity 
is needed to guarantee that extremely 
rare high-energy reactions are generat­
ed often enough for physicists to con­
firm their existence. The current de­
sign of the sse calls for a luminosity 
of 1033 in standard units, about 1,000 
times that projected for the Tevatron. 

Throughout the development of this 
design we have been acutely aware of 
the need for economic optimization; 
indeed, the sse was recommended in 
1983 by the High Energy Physics Ad­
visory Panel to the U.S. Department of 
Energy only after an agonizing deci­
sion to abandon several other fund-

ing requests for particle accelerators. 
In response to the recommendation 
the Energy Department commissioned 
a research-and-development program, 
whose purpose is to prepare a techni­
cally realistic and economically opti­
mum design and to give a detailed cost 
estimate. The program, coordinated by 
the sse Central Design Group of the 
Universities Research Association, is 
being carried out at the Brookhaven 
National Laboratory, Fermilab, the 
Lawrence Berkeley Laboratory and 
the Texas Accelerator Center, in uni­
versities and in industry, with valu­
able assistance from abroad. We and 
our colleagues shall submit the report 
of that program next month, and it 

will serve as one important factor in a 
decision on further support of the sse 
by the Energy Department. 

Continued engineering development 
of the sse will further lower its cost. 
Strive as we will, however, the final 
cost will be high compared with the 
costs of other scientific instruments. 
That cost is driven primarily by one of 
the basic laws of nature: in order to 
probe the structure of matter at in­
creasingly fine resolution one must ac­
celerate particles to increasingly high 
collision energies. To justify the costs 
of such a probe we shall try to explain 
why particle physicists think the ex­
treme physical conditions available at 
the sse are important to explore and 

SIMULATED COLLISION of two protons, each accelerated to an 
energy of 20 trillion electron volts (TeV), gives rise to the shower of 
particles shown in the computer-generated image. Such energies ex­

ceed by a factor of 20 the energy that can be attained by the most 
powerful particle accelerators now in operation; they could be 
reached by the proposed accelerator, the SupercQnducting Supercol­
lider (sse). In the computer simulation a new particle called the 
Higgs boson, whose existence has been predicted by theory but has 
not yet been confirmed in an experiment, materializes out of the 
energy liberated at the site of the collision between the protons. The 
Higgs boson in the simulation has a mass of 300 billion electron 
volts (GeV), and it decays into a W+ and a W- boson, which medi-

ate the weak force responsible for beta decay. Neither the Higgs 
boson nor the W+ and W- bosons live long enough to be detected, 
and so their existence must be inferred from their decay products. 
The W+ boson decays into a positron (solid blue lille) and a neutri­
no (brokell yellow lille directed from cellter to upper left), and the W­
boson decays into two light quarks, each of which gives rise to a 
shower of composite particles that is made up mostly of pions (sol­
id green lilies). Various other collision by-products are encoded by 
other colors: red for photons, white for muons and purple for bary­
ons. The simulation was done by James Freeman of Fermi Nation­
al Accelerator Laboratory (Fermilab), using the ISAJET model de­
vised by Frank E. Paige, Jr., of Brookhaven National Laboratory. 
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how such conditions are made possible 
by the current design. 

The Standard Model 

In the past two decades remarkable 
progress has been made in identify­
ing the basic constituents of matter 
and the fundamental forces by which 
they interact. According to what is now 
called the standard model of elementa­
ry processes, all matter is made up of 
quarks and leptons, whose interactions 
with one another are mediated by the 
exchange of so-called gauge particles. 
It is also thought there are four basic 
kinds of interaction: electromagnetic, 
weak, strong and gravitational. 

For example, the electron is classi­
fied as a lepton, and its electromagnet­
ic interactions with the proton are me­
diated by a gauge particle called the 
photon. Beta decay, which is central to 
nuclear burning in the sun, is a result of 
the weak interaction, and it is mediated 
by the exchange of the gauge particles 
called weak vector bosons. The proton, 
the neutron and many other particles 
are classified as hadrons, and they are 
made up of three fractionally charged 
quarks. The quarks are held together 
by a strong interaction called the color 
interaction, and that interaction is me­
diated by the exchange of eight kinds 
of gauge particles called gluons. By 
analogy with these three interactions it 
is assumed that another gauge parti­
cle, the graviton, mediates the gravi­
tational interaction, but such a parti-

a 
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dO 

cle has not been detected. In all it is 
now believed there are at least six 
quarks and their six corresponding an­
tiquarks, each in three varieties of 
"color,;' six leptons and their six cor­
responding antiparticles, one photon, 
three weak vector bosons, eight glu­
ons and perhaps a graviton. 

The standard model is based mainly 
on data from the large proton synchro­
trons at Fermilab and at CERN, the Eu­
ropean laboratory for particle physics, 
from the Stanford Linear Accelerator 
Center (SLAC), from the electron-posi­
tron colliders at Cornell, Hamburg 
and Stanford and, recently, from the 
proton-antiproton collider at CERN. 
Delicate low-energy experiments have 
also made important contributions to 
understanding. The quarks were orig­
inally introduced purely as theoreti­
cal entities after hundreds of hadrons 
had been discovered, in order to re­
store some underlying organization to 
the proliferating "elementary" parti­
cles. Quarks acquired a certain shad­
owy reality from the results of a large 
variety of experiments; it was not until 
1974, however, that belief in their ex­
istence was firmly established by the 
simultaneous discovery at SLAC and 
at Brookhaven of the J /psi particle, 
which had been predicted on the basis 
of the quark hypothesis. 

A central component of the stan­
dard model is the electroweak theory. 
In the present versions of that theory 
the six quarks and the six leptons are 
grouped into three generations; a pair 

of quarks and a pair of leptons are as­
signed to each generation. The electro­
magnetic and the weak interactions are 
described as different aspects of one 
underlying interaction called electro­
weak. The electroweak theory makes 
precise predictions about a great va­
riety of phenomena, and it has been 
confirmed in detail by many experi­
ments. Its most spectacular confirma­
tion came at CERN in 1983 with the de­
tection of the three weak vector bos­
ons, the W+, W- and ZO particles. 

The electroweak theory maintains a 
tradition that has characterized scien­
tific thinking since its origins in ancient 
Greece: the unification of diverse phe­
nomena under a single set of concepts. 
Indeed, to many physicists it is the par­
adigm of the kind of theory that may 
one day succeed in giving a unified ac­
count of all four fundamental interac­
tions in nature. According to the elec­
troweak theory, the unification of the 
weak and the electromagnetic inter­
actions is manifest only at extremely 
high energies. At such energies the in­
teractions are equivalent because the 
masses of the gauge bosons that me­
diate the two interactions are effec­
tively zero. The full symmetry of the 
two interactions can come into play 
without inhibition. 

The hypothesis of such a symmetry 
at high energies contrasts sharply with 
the properties of the two interactions 
in the ordinary laboratory environ­
ment. There the range of the weak in­
teraction is roughly 1,000 times small-
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York metropolitan area drawn to the same scale (c). Hydrogen at­
oms are ionized and the protons that make up their nuclei are accel­
erated (purple) by a linear accelerator to an energy of .6 GeV. The 
protons then enter the synchrotrons and are accelerated to an ener-
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synchrotron for injection into the main collider rings. In a main 
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then made to collide and the collision by-products are monitored 
(see illset to c). Superconducting magnets are cooled by liquid heli­
um surrounded by liquid nitrogen, both of which are pumped out­

ward along the main ring from 10 refrigerator and power stations. 
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er than the diameter of the atomic 
nucleus, whereas the range of the elec­
tromagnetic interaction is infinite. Ac­
cording to the electroweak theory, this 
difference is a conseq uence of the fact 
that the weak gauge bosons are very 
heavy particles, whereas the mass of 
the electromagnetic gauge boson (the 
photon) is zero. The symmetry of the 
two interactions is said to break. 

The Origin of Mass 

Why is the symmetry of the weak 
and 'the electromagnetic interactions 
so badly broken at ordinary ener­
gies? The question becomes even more 
compelling because in the theoretical 
formulation of electroweak- symme­
try both the photon and the weak vec­
tor bosons initially have zero mass. 
Thus the observed heavy masses of the 
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weak vector bosons arise out of the 
electroweak symmetry breaking, and 
the above question becomes in effect: 
What is the origin of mass? 

The origin of mass is a problem cen­
tral to determining the fundamental 
capabilities of the sse. The analysis of 
electroweak symmetry breaking leads 
to a variety of potential theoretical 
scenarios, but they all share a common 
property: the evidence for or against 
any of them must become manifest at 
the' collision energies now proposed 
for the ssc. There are, to be sure, 
many other questions arising from is­
sues both within the standard model 
and beyond its scope that will be ad­
dressed by the ssc, and there are al­
most surely entirely unknown physical 
processes whose discovery the ssc will 
make possible. Nevertheless, most of 
the guidance we are able to get from 

2.0 

.5 

NEW QUARKS 
6.1 

1.8 

NEW GAUGE PARTICLES 
DISCOVERY LIMIT is the largest mass a new, hypothetical particle can have if it is to be 
detected by a colliding-beam accelerator of a given beam energy and luminosity. The graphs 
show how the discovery limits depend on accelerator beam energy and luminosity for four 
kinds of hypothetical particles. The graphs also show the lower limit for the mass of the 
Higgs boson: .18 TeV. A discovery is defined as the creation of 10 or more uniquely identi­
fied events in one year of data taking. The light-color graph for each particle gives the 
discovery limit for a proton-antiproton collider whose beam energy is 6 TeV and' whose 
luminosity is 3 X 1031 in standard units. Such a collider could be built with existing technol­
ogy in the 27-kilometer tunnel of the Large Electron-Positron ring at CERN, the European 
laboratory for particle physics. The light gray graphs give the discovery limits for a 20-Te V 
proton-antiproton collider whose luminosity is also 3 X 1031• The dark-color graphs show the 
discovery limits for the sse: a 20-TeV proton-proton collider whose luminosity is 1033• 
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theory as to the proper scale of the ssc 
comes primarily from considering the 
problem of the origin of mass. 

In the simplest version of electro­
weak dynamics the spontaneous sym­
metry breaking arises out of an elec­
trically neutral field called the Higgs 
field, named after Peter W. Higgs of 
the University of Edinburgh. The Higgs 
field, if it exists, must assume a uni­
form, nonzero background value even 
in the vacuum. The idea that the vac­
uum "contains" anything, even a uni­
form, nonzero field, runs counter to 
the popular notion of the vacuum as 
empty space. In quantum mechanics, 
however, the air of paradox about such 
a result has been dispelled for some 
time. The quantum-mechanical vacu­
um constantly fluctuates with activity, 
whether or not the Higgs field is real. 

The interaction of a particle with 
the Higgs field contributes to the ener­
gy of the particle with respect to the 
vacuum. That energy is equivalent to 
a mass. In the simplest model of the 
Higgs field the masses of the quarks, 
the leptons and the weak vector bosons 
are all explained as a result of the inter­
action with a single Higgs field. There 
is always a particle associated with a 
quantum-mechanical field, and so in 
the simplest form of the Higgs mech­
anism for symmetry breaking there is 
one Higgs particle associated with one 
Higgs field. If the Higgs particle exists, 
it should be possible to detect it, but 
searches so far have turned up nothing. 

The Higgs Particle 

One problem is that the mass of 
the Higgs particle is virtually uncon­
strained by theory. It could plausibly 
be as light as a few billion electron 
volts (GeV) or as heavy as 1 TeV. If 
the mass is less than 50 GeV, it should 
be found at the electron-positron col­
liders expected to be built and run­
ning by the end of this decade, such as 
the Stanford Linear Collider (SLC) or 
the Large Electron-Positron Collider 
(LEP) at CERN. If its mass is between 50  
and 200 GeV, the Tevatron collider at 
Fermilab should be able to produce it, 
although extracting firm evidence for 
it amidst a welter of other particles in 
that mass range may be experimental­
ly difficult. 

For Higgs masses much greater than 
200 GeV it becomes less appropriate 
to describe the Higgs as an elementary 
particle. Quantum mechanics teaches 
that the shorter the lifetime of a parti­
cle is, the less certainty there is about 
its energy, or equivalently its mass. If 
the Higgs mass is greater than 200 
GeV, it decays into two W or two 
Z particles, and its lifetime must be 
so short that its mass is effectively 
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"smeared out" over a broad range. 
. One is left to ponder what sense there 

is in regarding as a particle an entity 
that lacks definite mass. 

If the mass of the Higgs is as great 
as 1 TeV, the electroweak theory pre­
dicts that entirely new phenomena 
must emerge at energies of I TeV or 
more. In such circumstances the elec­
troweak interaction becomes strong. 
Since electroweak dynamics governs 
the interactions of leptons and quarks, 
such particles may combine at energies 
of 1 TeV or more into composite parti­
cles with startling new features. In any 
case, if one is to confirm or disprove 
the Higgs mechanism throughout the 
potential mass range of a recognizable 
Higgs particle, the sse will be needed. 

Many physicists think the simplest 
form of the Higgs mechanism for sym­
metry breaking is only a low-energy 
approximation to reality. One reason 
stems from the fact that the Higgs par­
ticle, if it exists, cannot have a spin. 
If the Higgs particle had a spin, the 
Higgs field would have spin as well, 
and the mass of an ordinary particle 
would depend on its orientation in the 
vacuum. No such rotational depen­
dence has ever been observed. 

In quantum mechanics the spin of a 
particle can take on only discrete val­
ues, and particles that have integral 
spins (0, 1, 2 and so on) are sharply 
distinguished from particles that have 
odd-half integral spins ( 1 /2, 3/2 and 
so on). Particles that have integral spin 
are called bosons, and so the spin-O 
Higgs particle is a boson, just like the 
observed spin-l gauge bosons such as 
the photon that mediate fundamental 
interactions. Particles having odd-half 
integral spin are called fermions, and 
they include all the quarks and leptons. 

To calculate the mass of the Higgs 
boson one must make certain assump­
tions about physical processes at high 
energies. If the Higgs boson is an ele­
mentary particle, its calculated mass 
varies widely even for small changes 
in such assumptions. Such mathemat­
ical sensitivity has no natural physi­
cal interpretation; furthermore, it is 
not a characteristic of the expressions 
for the masses of spin-l/2 particles. 
Hence some theorists have proposed 
that one can avoid the mathematical 
difficulty and retain the necessary spin­
O Higgs boson if the boson is a com­
posite particle instead of an elementa­
ry one, made up of two spin-l /2 fermi­
ons. Such composites are common in 
other domains of physics: the spin-O 
pion, for example, is a composite parti­
cle made up of two spin-l/2 quarks. 
The spins cancel to give a composite 
without spin because the two quarks 
spin in opposite directions. 

A composite Higgs boson would re-
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DETAIL OF MAGNET ASSEMBLY to be mounted in the tunnel of the sse is shown in 
schematic cross section. One of the proton beams passes through an evacuated beam pipe in 
the central, upper part of the assembly. The pipeline is surrounded by coils of supercon­
ducting wire; current passing without resistance through the wire creates the enormous 
magnetic field needed for bending the proton beam. The rest of the system enclosing the 
beam pipe serves to keep the magnet at the low temperatures necessary to maintain the 
superconductivity of the coils. The first layer of piping surrounding the magnet carries 
liquid helium refrigerant held at 4.35 degrees Kelvin; this layer is surrounded by piping that 
carries liquid nitrogen at 80 degrees K. Layers of insulating material surround the piping. 
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quire the existence of an entire new 
family of heavy, spin-l/2 particles 
called techniquarks. Such particles 
would be subject to a new strong inter­
action called the technicolor interac­
tion, understood by analogy with the 
strong, color interaction that binds 
quarks into hadrons. Not only would 
techniquarks bind to form the Higgs 
boson but also they would bind to 
form a plethora of other composite 
techniparticles such as technipions, 
technivector mesons and so on. Such 
new particles would be quite heavy, 
but at least some of them must have 
masses of roughly between 50 and 500 
GeY. At accelerators such as the Teva­
tron the number of such particles gen­
erated would be small, and they would 
be hard to detect against the back­
ground even if their masses are near 
the low end of the expected range. To 
test the theory one must emplby a col­
lider with a beam energy higher than 
several TeV, such as the ssc. 

Supersymmetry 

Another theoretical program with 
many attractive features is called su­
persymmetry, and it could provide an 
alternative to the simple Higgs mecha­
nism for explaining the origin of mass. 
In a supersymmetric world every par­
ticle, including the Higgs boson, has a 
partner identical in every way except 
in its spin. To every ordinary fermion 
there corresponds a supersymmetric, 
spinless boson; for example, the spin-
1/2 electron and quark have the spin-O 
partners selectron and squark respec­
tively. To every ordinary boson there 
corresponds a supersymmetric, spin-
1/2 fermion; for example, the super­
symmetric partner of the spin-l pho­
ton is the spin-l/2 photino, the part­
ner of the spin-l gluon is the spin-l /2 
gluino and the partner of the spin-O 
Higgs boson is the spin-l /2 Higgsino. 

If the supersymmetric particles ex­
isted in nature as exact copies of their 
counterparts except for spin, most of 
the supersymmetric particles would 
by now have been seen in abundance. 
Many searches have been made, how­
ever, and no evidence for the super­
symmetric partners has been found. 
One might therefore suppose the ap­
peal of supersymmetry would be on 

the wane, but that app'eal persists for 
a number of reasons. One is that the 
existence of the supersymmetric part­
ners would solve the problem of math­
ematical sensitivities in the theoret­
ical expression for the mass of the 
Higgs boson. A second reason not to 
abandon supersymmetry is that it may 
be a broken symmetry in our world, 
just as electroweak symmetry is. A 
broken supersymmetry might give rise 
to supersymmetric particles that are 
substantially heavier than their ordi­
nary partners. 

No one clearly understands how 
sensitive mass is to symmetry break­
ing. For example, it is already known 
experimentally that the mass of the se­
lectron, if it exists, must be at least 
40,000 times as great as the mass of 
the electron. Does this ratio imply that 
supersymmetry must be "badly" bro­
ken? No one knows. What is known is 
that if supersymmetry turns out to be 
correct, it too, like the technicolor the­
ory, introduces a new world of parti­
cles. Most of them must be quite mas­
sive; if they were not, they would al­
ready have been detected. Powerful 
new accelerators will undoubtedly be 
needed to find them. 

There is a third and more general 
reason not to abandon supersymme­
try, or for that matter any other theory 
such as technicolor that has a chance 
of explaining the mysteries of electro­
weak symmetry breaking and the ori­
gin of mass. 'No matter whether the 
Higgs boson is composite or elementa­
ry, whether or not it is embedded in a 
supersymmetric family of particles or 
indeed whether or not it exists at all, 
a general quantum-mechanical princi­
ple guarantees that new physical phe­
nomena, deeply related to the origin 
of mass, should begin to emerge at 
energies of about 1 TeY. These phe­
nomena must arise because if the ex­
isting standard model is extrapolated 
without any corrections into that en­
ergy domain, the probabilities cal­
culated by the theory for certain in­
teractions become greater than 1 .  
Because no real probability can be 
greater than 1, the theory as it stands 
cannot be complete. 

Since the correct theoretical exten­
sion of the standard model to very high 
energies is not known, the exact nature 

SIX HYPOTHETICAL INTERACTIONS at the ssc could lead to the discovery of some 
of the new elementary particles now postulated by theory. The gluino and the squark are 
the so-called supersymmetric partners of the gluon and the quark. If both particles exist 
and the mass of the gluino is greater than the mass of the squark, the particles could decay 
as is shown in the top two diagrams. If the mass of the squark is the greater, the particles 
could decay as is shown in the middle two diagrams. In both cases the gluino decay is shown 
at the left. Two kinds of decay of the Higgs boson are shown in the diagrams at the bottom. 
The process at the bottom right would predominate if the mass of the Higgs boson were 
about 50 Ge V; the one at the bottom left would be typical if the mass were 200 Ge V or more. 

of the new physical phenomena cannot 
yet be described. If the Higgs boson is 
quite massive, one possibility already 
mentioned is that the electroweak in­
teraction becomes a strong one. On the 
other hand, if the Higgs boson turns 
out to be light, its small mass could 
well be explained by super symmetry. 
In that case the energy domain of 
roughly a few Te V would abound with 
the supersymmetric partners of known 
particles. The ability to probe that en­
ergy domain is therefore an extremely 
important goal for the basic under­
standing of matter. 

The 20-TeV Requirement 

Theories such as technicolor and su­
persymmetry yield specific predictions 
for the discovery limit of a collider 
that has a given energy and luminosity, 
or in other words the largest mass a 
hypothetical particle can have if it is 
to be created and detected at the col­
lider. One might think a machine that 
brings about collisions of protons with 
a total energy of 40 TeV would make 
available roughly that amount of ener­
gy for the creation of new particles. 
Unfortunately only a fraction of the 
collision energy is actually released. 
All hadrons such as protons and anti­
protons are composite systems, each 
one rather like a sack of marbles. The 
total energy is divided among the 
quarks, antiquarks and gluons that 
make up each hadron, and a collision 
can release only roughly the amount of 
energy carried by any two colliding 
constituents. For example, the Teva­
tron, with a total energy of 1.8 TeV, 
can thoroughly explore a range of 
masses up to only about .3 TeV. 

To give some sense of how the larg­
est detectable mass varies with collid­
er design, consider the possible exis­
tence of the gluino and the squark. For 
a proton-antiproton collider whose 
beams are each accelerated to an ener­
gy of 6 TeV and whose luminosity is 
3 X 1031 in standard units, the heavi­
est detectable gluino or squark would 
have a mass of about .4 TeY. With 
existing' technology such a collider 
could be constructed in the LEP tunnel 
at CERN. At the ssc, where the luminos­
ity would be increased over such a LEP 
collider by a factor of 30 and the ener­
gy increased by a factor of three, the 
heaviest detectable gluino or squark 
would have a mass of about 1.5 TeV. 
Similarly, the ssc could detect Higgs 
bosons as heavy as 1 TeV, new quarks 
as heavy as 2 TeV and new gauge par­
ticles as heavy as 6 TeV [see illustration 
on page 70]. 

The numerous theoretical estimates 
and machine assumptions can be chal­
lenged in detail, but the message is 
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clear. To probe effectively into the 
range of particle masses on the order 
of 1 Te V, a collider with the design 
characteristics of the proposed sse is 
prudent. Less energy or less luminosity 
begins to compromise the discovery 
potential. Moreover, if the maximum 
available energy lies just below the 
threshold for the onset of some radi­
cally new physics, that physics will go 
undiscovered no matter what the lumi­
nosity is. The need for the highest fea­
sible beam energies is paramount. 

Proton Path 

In order to understand how the sse 
will achieve its design characteristics, 
it will be helpful to trace the path of 
the protons through the collider from 
their source to the sites of their colli­
sions [see illustrations on pages 68 and 
69]. The protons begin their journey 
as the nuclei of ionized hydrogen at­
oms in a gas. They are extracted from 
the gas by suitably arranged electrodes 
and emerge with a kinetic energy of a 
few thousand electron volts. 

From there they enter a linear ac­
celerator, a sequence of electrodes 
that accelerates the protons in a se­
ries of small pushes. In effect the pro­
tons are carried along by a precise­
ly timed wave of potential difference 
that moves across the electrodes. The 
acceleration elevates the beam ener­
gy to 600 million electron volts. The 
beam then enters the first in a cascade 
of four synchrotron rings. 

In synchrotron acceleration a uni­
form magnetic field forces the pro­
tons to follow a predetermined path. 
In a special section of the synchro­
tron ring the beam passes through a 
linear accelerator, and its energy is 
thereby increased with each circuit of 
the ring. As the energy increases, the 
strength of the magnetic field is also 
increased in order to keep the protons 
in their closed orbit. The frequency 
of the traveling wave that accelerates 
the protons within the linear-accelera­
tor section must be synchronous with 
the frequency at which the protons 
circle the ring; the frequency is in 
the radio region of the electromagnet­
ic spectrum. Modern acceleration sys­
tems are so efficient that the accelera­
tor section will occupy a length of 
only 75 feet along the entire 52-mile 
circumference of the sse. 

The cost of the magnets that steer 
the beam is proportional to the diam­
eter of the region in the beam pipe 
in which a uniform magnetic field is 
needed. The necessary field diameter 
depends on the diameter of the beam, 
and the beam diameter depends on, 
among other things, the ratio of the 
momentum of the particles in a direc-
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tion transverse to the beam to their 
momentum along the beam path. The 
ratio decreases continuously because 
the acceleration system increases the 
momentum of the particles only along 
the beam path. In a large synchrotron 
the decrease in the beam diameter is 
exploited to minimize the diameter of 
the uniform magnetic field needed at 
each stage in the acceleration and thus 
minimize the overall cost. In our cur­
rent design a cascade of synchrotrons 
sends the protons through a series of 
progressively narrower beam pipes. 
The first synchrotron will accelerate 
the protons from an energy of .6 GeV 
to about 8 GeV, the second will boost 
them from 8 to about 100 GeV and the 
third will boost them from 100 Ge V to 
1 TeV. The main, large synchrotron 
ring of the sse will accelerate them to 
their final energy of 20 TeV. 

At full energy the diameter of the 
beam will be a fifth of a millimeter. To 
enhance the luminosity of the collider 
the beams will then be focused at the 
collision points by powerful magnetic 
lenses into even tighter bunches. Af­
ter focusing the bunches will be slim 
cylinders about 10 micrometers in di­
ameter and 15 centimeters long. Each 
bunch will carry about 10 billion pro­
tons, and so the density of the bunch 
will be roughly one ten-thousandth 
the density of the molecules in the air 
at ordinary temperature and pressure. 
Because the probability of a collision 
between the protons in two counterro­
tating bunches is small, the bunches 
can interpenetrate repeatedly at the in­
teraction points for many hours with­
out need of replenishment. 

Superconducting Magnets 

The need to bend and focus the pro­
ton beam makes the magnet system a 
key element of any synchrotron, and in 
the past two years a considerable na­
tional effort has been devoted to stud­
ies of different kinds of magnets that 
might be adopted at the sse. In prin­
ciple it would be possible to build the 
sse with copper-cond uctor electromag­
nets such as the ones used in the syn­
chrotrons of the 1950's and 1960's. 
Such a ring, built to accelerate protons 
to an energy of 20 TeV, would con­
sume at least four billion watts of pow­
er and lead to impractically high op­
erating costs. Moreover, the magnetic 
properties of iron and the capacity of 
copper to carry electric current lim­
it ordinary electromagnetic fields to a 
strength of about 2 teslas, or 20,000 
gauss, which is roughly equivalent to 
the fields generated in the electric mo­
tors of home appliances. 

Superconducting magnets can min­
imize both problems. They can sharp-

ly reduce the total power consump­
tion of the acceleration system, and 
they can create magnetic fields several 
times stronger than conventional mag­
nets can. A stronger magnetic field 
makes it possible to confine the pro­
tons to a tighter orbit for a given ener­
gy, and so it reduces the required size 
of the synchrotron ring. 

In the conventional electromagnet 
wound with copper wire power is dis­
sipated in forcing electric current 
through the wire. When certain metals 
and metal alloys and compounds are 
cooled to below a certain critical tem­
perature, however, they become super­
conducting: they carry electric current 
without resistance. In a magnet wound 
with superconducting wire the only 
power required is that needed to main­
tain the wire below the critical super­
conducting temperature. The refriger­
ators needed for the sse would con­
sume about 30 million watts of power, 
which is somewhat less than the to­
tal required by the largest accelerator 
complexes today. 

In 1983 the first superconducting 
synchrotron, the Tevatron, went into 
service. Its successful operation since 
then has provided data that have been 
invaluable for planning the sse. Last 
September we and our colleagues in 
the sse Central Design Group reached 
a milestone by making our final choice 
for the design of the superconducting, 
bending magnets. The bending magnets 
will have a field strength of about 6.6 
teslas, and that strength will give a cir­
cumference of about 52 miles for the 
main synchrotron ring. 

Both the superconducting coil of the 
magnet and a surrounding yoke of iron 
will be held at a temperature of 4.35 
degrees Kelvin by a pressurized flow of 
liquid helium. Ten refrigerators will be 
spaced uniformly around the ring, and 
each one will supply a coolant stream 
along the ring out to about four kil­
ometers in both directions. An inter­
mediate heat shield of liquid nitro­
gen, maintained at 80 degrees K., will 
sharply reduce the heat energy that is 
.incident on the liquid helium. To stabi­
lize the entire system against temper­
ature changes and mechanical vibra­
tions the ring will be housed in a tun­
nel. The tunnel will then be covered 
with at least six meters of earth in or­
der to safely absorb any ionizing radi­
ation that' might be generated if the 
beam were to strike the walls of the 
beam pipe. 

Detection Apparatus 

Because the sse will explore a pre­
viously unknown energy regime, no 
one can predict with certainty the prop­
erties of the most interesting events. 
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Hence it is essential to maximize the 
. variety and flexibility of the particle 

detectors planned for the machine. Ex­
periments with the initial complement 
of detectors will guide the ultimate ex­
perimental program. 

The collisions between the counter­
rotating beams of protons will be gen­
erated by forcing them to intersect 
head on, or at a small angle, at one of 
several points along the ring. At such 
interaction points there will be elab­
orate detectors housed in experimen­
tal halls. The detectors will record the 
passage of particles emerging from the 
collisions and sift through them elec­
tronically in order to identify the ones 
of potential interest. 

We expect to generate up to 100 mil­
lion collisions per second in each inter­
action region of the sse, and so the 
electronic sifting is not at all trivial: 
one must find a needle or at most a few 
needles in a haystack of data. Further­
more, once such a potentially inter­
esting collision event is identified, the 
event must be subjected to additional, 
more detailed tests. If it still passes the 
tests, enough information must be col­
lected and recorded about the tracks 
emerging from the collision to allow a 

MAGNETIZED IRON 
CALORIMETER 

later reconstruction of what actually 
took place. The entire process must be 
done as quickly as possible to mini­
mize the "dead" time in which the de­
tector and its associated computer sys­
tems are not recording collision data. 

Since the need to minimize the dead 
time requires that one record only a 
small fraction of all the collisions, one 
must design an electronic trigger for 
the interesting phenomena. Here one 
is guided both by past history and by 
theoretical ideas. For example, the 
W+, W- and ZO bosons were signaled 
by the emission of energetic electrons 
and muons and, in the case of the 
two Wbosons, by the emission of neu­
trinos. The Higgs boson is expected 
to give rise to decay signatures simi­
lar to those of the weak bosons. The­
ory predicts it should decay into the 
most massive particles possible, such 
as heavy quarks or W bosons. The 
quarks or W bosons should in turn 
give rise to electrons, muons and neu­
trinos. Neither the Higgs boson nor 
the heavy quarks and W bosons can 
live long enough to be directly detect­
ed, and so one must infer their pres­
ence from their by-products. 

Because electrons and muons are 

electrically charged, their presence can 
be directly detected; the detection of 
the neutrinos, however, is subtler. The 
presence of the neutrino can be in­
ferred by measuring the total momen­
tum, in directions transverse to the 
proton beams, of the particles emerg­
ing from a collision. Since the total 
momentum of the colliding protons 
in directions transverse to the pro­
ton beams is essentially zero, the total 
transverse momentum of the emerging 
particles must also be zero. Thus the 
total momentum carried by particles 
in one direction transverse to the beam 
must be balanced by the total momen­
tum carried in the opposite direction. 
If it is not, one can assume the imbal­
ance was caused by the passage of a 
neutrino, a particle that interacts so 
rarely with matter that it is almost nev­
er detected. 

The first trigger at the sse might re­
quire only the passage of a moderate­
ly energetic electron or muon. Higher 
levels of decision making might then 
integrate increasingly sophisticated in­
formation from several kinds of detec­
tor about the energy and flight path of 
the emerging particles. For some kinds 
of triggering it may be sufficient to 

VERTEX DETECTOR 

MAGNETIZED IRON L���E����������tLUlUJ 
MUON DETECTORS 

MAGNETIZED IRON 
RETURN YOKE 

MAGNETIZED IRON 
CALORIMETER 

MAGNETIZED IRON 
MUON DETECTORS 

GENERAL-PURPOSE PARTICLE DETECTORS at the sse 
would be designed to cover the entire space surrounding tbe colli­
sion site of tbe two proton beams. The upper detector has no mag­
netic field around the central tracking chambers; the lower one in­
corporates a superconducting magnet that generates a field along 
the direction of the beam. Both detectors have a central part and a 
forward part; the forward part is designed to detect the particles 
moving almost parallel to the beam. The inner part of each detector 

VERTEX DETECTOR 

ENTRAL TRACKING CHAMBERS 

URANIUM AND LIQUID· 
ARGON CALORIMETERS 

is designed to measure various properties of each charged track; 
such properties can later be used to reconstruct the path of a parti­
cle. The outer part of each detector is a calorimeter, which meas­
ures the total energy deposited in each of its segments. The outer­
most subsystem in each detector is made up of magnetized layers of 
iron interspersed with tracking chambers; this subsystem identifies 
the muons and measures their energies. All other known particles 
except the neutrinos are completely absorbed by the calorimeter. 

7S © 1986 SCIENTIFIC AMERICAN, INC© 1986 SCIENTIFIC AMERICAN, INC



build a detector that surrounds only 
part of the collision site. In most cas­
es, however, general-purpose detectors 
are needed that surround the collision 
site as completely as possible. We can 
best illustrate the functions of a detec­
tor by describing the main features of 
the general-purpose detector. 

General-Purpose Detectors 

For a great many measurements a 
general-purpose detector with a mag­
netic field in its central region gives a 
decided advantage, but there is a price 
attached. The increased complexity of 
the tracking and the inert material 
needed for the magnetic coil make 
measurement hard, and the coil adds 
significantly to the cost. Hence an op­
timum design for the initial detectors 
at the sse might include one detector 
with a magnetic field and another de­
tector without one. 

The components of such detectors 
are quite similar [see illustration on pre­
ceding page]. The innermost compo­
nent will probably be a so-called ver­
tex detector, designed to measure the 
tracks of particles as precisely as possi­
ble near the vertex, or site, of the pro­
ton collision. The particles then pass 
outward into a central tracking cham­
ber that measures the direction and, if 
the magnetic field is present, the curva­
ture of the tracks of particles that carry 
electric charge. Just outside the track­
ing chamber, or perhaps interspersed 

sse 
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with it, there may be detectors that 
identify the electrons. 

The next group of active detectors 
are the calorimeters, which measure 
the total energy of all the particles 
emitted in directions greater than some 
critical angle to the direction of the 
incident proton beams. One purpose of 
the calorimeters is to infer the presence 
of high-energy neutrinos that result 
from "hard," or head-on, collisions be­
tween the constituents of two protons. 
Remember that in principle the neu­
trinos can be detected by finding an 
apparent violation of the conservation 
of transverse momentum. For parti­
cles moving close to the speed of light, 
momentum is equivalent to energy. In 
practice, therefore, one can detect an 
imbalance in the transverse momen­
tum of the collision by-products by de­
tecting an imbalance in their trans­
verse energy. 

The measurement of transverse en­
ergy could be done by individually 
measuring the energy of each particle 
coming out of the collision, Such a 
measurement, however, would be pro­
hibitively difficult. Each collision at 
the sse could easily generate more than 
1 00 particles, and many of the parti­
cles are expected to emerge in jets, 
or tight bunches, making them even 
harder to distinguish. Furthermore, 
a standard technique for determin­
ing the energy of a charged particle, 
which depends on measuring the cur­
vature of its path in a magnetic field, 

.-

cannot be applied to a neutral particle. 
The calorimeters measure the total 

absorption of energy in some medi­
um without distinguishing the separate 
contributions of individual particles. 
In spite of this limitation the direc­
tion of the energy deposits can be de­
termined by segmenting the calorime­
ters. Thus the total transverse energy 
and the direction of jets can be meas­
ured quite well, and from the data one 
can determine whether or not a neu­
trino was generated by the collision. 

The calorimeter in the general-pur­
'pose detector doubles as the first layer 
of the system for identifying muons, 
which are often important signals of 
interesting events. Outside it there will 
be several layers of magnetized iron, 
with tracking chambers interspersed 
among the layers. The aim in the de­
sign here is to allow for redundancy in 
the measurement of the momentum of 
the muons: relatively unimportant de­
cays can readily simulate the passage 
of an energetic muon, 

Frontiers of High-Energy Physics 

We have stressed that the creation 
and detection of particles having mas­
ses above 1 TeV at the sse will extend 
knowledge about elementary proces­
ses well beyond the compass of the 
standard model. In particular it will 
address the fundamental problem of 
the origin of mass and the problem 
of symmetry breaking in the electro-

) 
Q¢EXISTING 

¢¢FUTURE 

COLLIDING-BEAM ACCELERATORS now dominate the tech­
nology for high-energy experiments in physics. The map shows both 
existing and planned machines. The accelerators are labeled accord-

ing to the particles they make collide: e - for the electron, e + for the 
positron, p for the proton and p for the antiproton. The numbers 
give the maximum total collision energy in billions of electron volts. 

76 
© 1986 SCIENTIFIC AMERICAN, INC



weak theory. The sse will also make 
fundamental contributions, however, 
'to many other open questions. So far, 
for example, there appear to be three 
generations of quarks and leptons. 
Are there more? Why do the quarks 
and leptons have progressively greater 
masses in successive generations? Are 
the quarks always bound together to 
form hadrons or shall we ultimately 
see manifestations of free quarks? Are 
the quarks and leptons related, and if 
they are, how? Why do weak interac­
tions show a handedness? Are quarks 
and leptons really elementary entities 
or are they built up from some more 
basic constituents? Does quantum me­
chanics continue to apply at small­
er and smaller scales? Can gravity, as 
well as the color interaction, be treated 
in a consistent way by quantum me­
chanics and perhaps unified with the 
other known forces? 

In the past decade there have been 
several attempts to extend the partial 
unification found in the electroweak 
theory to a grand unification of the 
electromagnetic, weak and color inter­
actions. Even more recently a develop­
ment called superstring theory has ex­
tended the theory of supersymmetry to 
a mathematical formalism that may 
one day bring about an even grander 
unification: the unified understanding 
of all four fundamental interactions, 
including gravity. Out of such grand 
unified theories has emerged a realiza­
tion that particle physics has some­
thing to say about the earliest epochs 
in the history of the universe and that 
cosmology has something to say about 
particle physics. 

Astronomers now believe the uni­
verse began cataclysmically in the big 
bang. In the almost unimaginably hot, 
primordial universe just after the big 
bang the full symmetry of nature's 
laws must have been manifest. Both 
the study of the very large and the 
study of the very small thus converge 
on a common point of view: in order 
to continue probing nature's underly­
ing unity and simplicity one must build 
instruments that investigate domains 
of progressively higher energy. The 
discoveries in such domains cannot 
be fully anticipated, but experience 
teaches us it is often the unexpected 
discovery that triggers a deeper scien­
tific understanding of the world. The 
sse, ambitious yet feasible, would take 
us to domains of energy never before 
encountered, where the real discover­
ies can only be guessed at, and it would 
give us access to the events that took 
place almost immediately after the be­
ginning of time. The opportunity and 
the challenge presented by tl\e sse will 
excite all who share our desire to un­
derstand the natural world. 
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COlllputer-silllulated Plant Evolution 

Computers are appropriate tools for testing the inherently 

statistical hypotheses of evolutionary biology. A desktop 

computer can re-create the major trends in plant evolution 

E
volutionary biologists encounter 

a fundamental difficulty when 
it comes to testing theories: the 

hypotheses on which the theories are 
based often do not 1TIake specific and 
easily falsifiable predictions. Instead 
they attempt to describe general sta­
tistical trends that should be discerned 
in large populations over long periods 
of time. In addition both the organ­
isms in question and their environ­
ments may have vanished hundreds 
of millions of years ago-as in the 
case, for example, of the evolution 
of the earliest land plants. Therefore 
when the paleobotanist, the paleozool­
ogist or the geneticist have drawn the 
evolutionary history of a lineage in 
great detail, it may still be impossibie 
to give definitive answers to certain ba­
sic questions: Why do the observed 
patterns of evolution exist? How much 
of what is in the fossil record should 
be attributed to chance and how much 
to clearly defined biotic events and 
selective pressures? 

There is, however, an effective tool 
for testing evolutionary hypotheses: 
the computer. It can handle large sets 
of data and do rapid and repeated cal­
culations, and with it the investiga­
tor can model complex evolutionary 
processes. The techniques of computer 
modeling make it possible to examine 
many of the intuitive notions formed 
by biologists about the interactions 
among organisms and environments. 
It is this kind of work that has engaged 
my colleagues Vincent Kerchner and 
Thomas D. O'Rourke and me at Cor­
nell University. We have been testing 
the mathematical consequences of 
various notions about plant evolution. 

Computer simulations examine hy­
potheses by what has come to be 
known as the hypothetico-deductive 
method. The first step is to formulate a 
hypothesis. The various consequences 
of the hypothesis are then deduced 
and compared with observational evi­
dence. If the consequences agree with 
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the observations, the hypothesis is par­
tially confirmed. (A hypothesis cannot 
be "proved" in this way, only made 
more probable.) If one of the deduced 
consequences of the hypothesis does 
not agree with observation, the hy­
pothesis must be modified or rejected. 
The computer, which 'can produce a 
large "population of results" by re­
peating the same general type of com­
putation many times, is an ideal tool 
for testing the inherently statistical hy­
potheses of evolutionary biology. 

The first step is to formulate hypoth­
eses: statements about what factors 

have had the greatest effect on plant 
evolution. The computer can then be 
used to model the performance of 
plants having various primitive char­
acteristics and "score" the relative suc­
cess of each simulated plant in solving 
the problems presented by the hypoth­
esized selective pressures. Next, small 
or large changes ("mutations") that 
might make the primitive plants fitter, 
which is to say more able to cope with 
the hypothesized pressures, can be in­
troduced into the simulated plants. 
The mutated progeny are themselves 
scored and are then allowed to mutate 
further. This process is repeated many 
times. The final step is to compare the 
pattern of evolution thus simulated 

with the patterns found in the fossil 
record. If the two are in good agree­
ment, then the operation of the factors 
that were hypothesized to exert selec­
tive pressures is partially confirmed. 

This modeling procedure is based on 
two major assumptions, which can be 
regarded as the two major tenets of 
evolutionary biology. The primary as­
sumption is that the genetic character 
of individuals within a species, and 
hence of the species itself, changes 
with time. The second is that there is 
a degree of genetic continuity between 
an ancestor and its descendants. The 
changes within a species are therefore 
the result of selective pressures applied 
to many minor variations that arise 
between parent and offspring. 

In order to model the evolution of 
plants some specific hypotheses must 
be added to these assumptions. One 
such hypothesis is that the majority 
of plants can be seen as structural so­
lutions to constraints imposed by the 
biochemical process of photosynthe­
sis. Plants with branching patterns that 
gather the most light can then be pre­
dicted to be the most successful. Con­
sequently changes in the plant's shape 
or internal structure that increase its 
ability to gather light should confer 
competitive advantages. 

To be effective competitors for light 

EVOLUTIONARY DEVELOPMENT of the early land plants is simulated on a' computer. 
This simulated evolutionary sequence is based on the hypothesis that evolution was driven 
in part by a plant's need to minimize the mechanical stresses inherent in its branching 
pattern while exposing the maximnm photosynthetic snrface to the sun. In the simulated 
sequence, which exhibits some of the major trends seen in the actual evolution of plants, the 
most primitive plant (I) is low and sparsely branched. (Different colors indicate successive 
generations of branching; the light green branches are the ones most recently formed.) 
Later plants tend to have more branches (2) and to grow more vertically (3); vertical 
branching patterns present more photosynthetic surface and can grow above the shade cast 
by such obstructions as neighboring plants. The amount of shade the plant casts on itself is 
then reduced by the evolution of larger angles between branches, resulting in a plant with 
fuller growth (4). Later plants (5) have evolved a single central axis from which many 
lateral branches grow. The light-gathering ability of this configuration is increased by pla­
nation, or flattening, of the lateral branching systems (6). The similarity between the trends 
produced by such a simulation and the trends actually observed in the fossil record is a 
measure of the accuracy of the hypotheses on which the computerized simulation is based. 
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1 

SIMULATED GROWTH of a plant consists of a series of iterated 
stages. In each iteration the computer decides, based on the plant's 
inherent "probability of branching," which of the plant's "axes" 
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2 

will branch. It then considers the plant's other inherent characteris­
tics, such as the angles between branches, to determine the direc­
tions of the new axes, and it allows each to grow a short distance. 
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and space, plants must perform certain 
.other tasks. In particular they must be 
able to stay erect: to sustain the me­
chanical stresses involved in vertical 
growth. A second hypothesis, then, 
might be that the evolution of plants 
was driven by the need to reconcile the 
ability to gather light with the ability to 
support vertical branching structures. 
A third hypothesis might be that the 
evolution of plants is driven by the ex­
tent to which they are successful at re­
production, placing a premium on 
branching patterns that allow for bet­
ter dissemination of seeds or spores. 

With this set of assumptions and hy­
potheses, many of the major trends 
seen in the early evolution of land 
plants can be simulated by a desktop 
computer. The simulations completed 
so far refer only to the first phase of the 
spread of vascular plants (plants con­
taining internal tissues-xylem and 
phloem-that translocate fl uids and 
also help to support the plants' struc­
ture vertically). The period simulated 
is only about 60 million years long, 
from about 410 million to about 350 
million years ago. (In contrast, the di­
versification of the flowering plants, 
the most recent group of plants to 
evolve, took place over a period of 
about 100 million years.) Hypotheses 
related to terrestrial herbivores and 
pollinating insects have not been con­
sidered. Such hypotheses would be 
much more complex to model than 
those discussed here. With more pow­
erful computers it may eventually be 
possible to model these features and 
others that contribute to evolution, 

"such as the effects of climatic changes 
and catastrophic events. 

In order to simulate plant evolu­
tion one must develop mathemati­

cal techniques for quantifying the 
competitive advantages offered by 
various features. One such technique 
should determine how much a light a 
plant having a given structure could 
intercept. As far as is now known, 
the first vascular plants, which gave 
rise to the bulk of the earth's current 
flora, were leafless, with vertical pho­
tosynthetic axes. (Stems, which are 
axes bearing leaves, evolved later.) 
The axes tended to grow lengthwise, 
through the addition of new cells pro­
duced by a cluster of cells at an apex, 
or growing end; they generally added 
only a small number of new cells to 
their girth and so had a limited maxi­
mum diameter. Branching took place 
when a single axis bifurcated at its apex 
into two independently growing axes. 

Because many of these plants lacked 
leaves, the relatively stiff axes were the 
chief photosynthetic organs. Hence the 
geometry of a plant's branching and 

the way the surfaces of its axes were 
projected toward the sun were the 
most important factors in determining 
the plant's ability to gather light. Un­
like the leaves of today's plants, the 
axes of the first vascular plants could 
neither flutter appreciably in a breeze 
nor track the movement of the sun 
during the day. The light-gathering 
ability of the early plants can there­
fore be simulated by programs that 
determine the total amount of sunlight 
projected onto a static three-dimen­
sional branching pattern as the sun's 
position in the sky changes. 

Another parameter to quantify is 
the mechanical stability of vertical 
axes. Branching patterns that grow 
mainly in the vertical direction are 
more efficient at gathering light be­
cause they can reach beyond the shad­
ows projected by such obstacles as 
rocks, hillocks and other plants, but 
a plant with a vertical posture must 
be able to sustain the concomitant me­
chanical loading. The principal load­
bearing innovation of modern trees is 
the woody stem that increases in girth 
continuously as new cylindrical layers 
of cells are added internally. Without 
such secondary wood, the ability of 
the early vascular plants to sustain 

mechanical stresses depended solely 
on their primary growth: the relative­
ly slender, virtually un tapered axes 
produced when new cells were added 
only at the tips of preexisting·axes. 

It is rather easy to calculate the 
amount of load inherent in a branching 
pattern, as well as that pattern's ability 
to sustain the load, if the axes' weights, 
sizes and orientations are known. The 
programs that generate branching pat­
terns can also calculate the total strain 
and bending moment of a branching 
pattern, as well as the amount of sun­
light intercepted. This makes it possi­
ble to quantify the factors involved 
in the tradeoff between, on the one 
hand, presenting large areas of photo­
synthetic tissue to the sun and, on the 
other hand, bearing the resulting me­
chanical stresses. 

Another tradeoff to be considered 
n has to do with shading. Larger and 
more extensively branched plants have 
a greater capacity to shade neighbor­
ing plants and so gain an advantage 
over them. This capacity has a nega­
tive aspect as well, however: it is like­
ly to increase the plant's tendency to 
shade parts of itself, thereby reducing 
its own light-gathering efficiency. 

CUBICAL SPACE represents a "universe" of possible branching 
patterns. Each of the cube's three mutually perpendicular dimen­
sions represents a particular morphological characteristic, and each 
point within the cube represents a "species" of plant with a unique 
com bination of characteristics. The three characteristics represent­
ed are the probability of branching, the branching angle (the angle 
between adjacent branches) and the allowed range of rotation angles 
(the angle between the plane defined by a pair of new axes and the 
similar plane, formed during the previous generation of branching, 
defined by the axis from which the new axes have grown and that 
axis's sibling). The computer can simulate an "evolutionary trajec­
tory" (color) within the cube. The computer starts with the plant 
that most nearly resembles a primitive species. It then examines 
each of that plant's near neighbors in the cube and determines 
which is the fittest according to hypotheses selected by the investi­
gator. That neighboring plant is the next point on the trajectory, and 
the computer then scans all its near neighbors for a fitter plant. The 
procedure is repeated until the computer has located a plant that is 
fitter than any other plant in the universe of possible morphologies. 
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EVOLUTION OF ANCIENT PLANTS shows trends, such as an 
increase in the number of branchings, the emergence of a main axis 
and the planation of branching systems, that are also seen in simu­
lated evolutionary trajectories. (Many of the plants depicted are not 
directly related to one another, and so they illustrate general evolu­
tionary tendencies rather than the history of any particular lin­
eage.) One of the earliest vascular land plants was Stegallotheca 
striata (a), a sparsely branched plant that lived about 450 million 
years ago. RhYllia gWYlllle-vaughallii (b) and Homeophytoll iigllieri 
(c), both of which have more extensive branching structures than 
Stegallotheca has, may have been among its descendants. All three 
plants are part of the rhyniophyte group. The

. 
next major group, 
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which lived roughly 380 million years ago, was that of the trimero­
phytes, which included Trimeropllytoll robllstius (d), Psilophytoll 
charielltos (e), Psilophytoll dawsonii (J) and Pertica quadrifaria (g). 
(The exact taxonomic relations and sequence of occurrence of these 
trimerophytes are not known, and so they are depicted in a some­
what arbitrary sequence.) The trimerophytes seem to have a main 
vertical stem; in fact, this apparent main stem is the statistical re­
sult of a large number of "unequal branchings," in which one mem­
ber of a pair of new axes grows in an orientation closer to that of 
the pair's parent axis. A fernlike descendant of the trimerophytes, 
Rhacophytoll ceratallgium (II), does indeed have a main vertical 
stem; it also has planated prefronds, leaflike appendages that mark 

© 1986 SCIENTIFIC AMERICAN, INC



an advancement over planated branches. 
Another possible descendant of the trimero­
phytes is Archaeopteris (i). Plants of this ge­
nus had a central trunk bearing lateral 
branches, which in turn bore leaves. Still an­
other lineage, that of the lycopods, seems 
to have evolved independently from the rhy­
niophytes and the trimerophytes, passing 
through many (but not all) stages character­
istic of simulated evolutionary trajectories. 
Lycopods reached their apex in tree lyco­
pods, such as the genus Lepidodel/drol/ (j). 

The hypothesis that light-gathering 
ability was a primary driving force in 
the early evolution of vascular plants 
is certainly a simplification. There is 
a plethora of shade-tolerant plant spe­
cies in today's flora, and there is rea­
son to believe some early vascular 
land plants were shade-tolerant as 
well. Nevertheless, the fossil record 
does show long-term trends consistent 
with the hypothesis that competition 
for light was primary in the evolution 
of land plants. Among these trends 
are an increase in the stature of succes­
sively evolved plant groups, a transi­
tion to a growth pattern characterized 
by a single vertical axis bearing lateral 
axes and the appearance of planated, 
or flattened, lateral branching sys­
tems, which in some lineages mim­
icked the function of leaves. 

These trends have been re-created 
with some accuracy by simulations in 
which branching patterns "grow" in 
ways defined by certain "genetic" 
characteristics. During each stage of 
simulated growth, a plant goes through 
several phases of alteration. First ev­
ery axis grows a small distance. Then 
the computer selects on the basis of a 
predetermined genetic "probability of 
branching" how many (and which) 
axes will branch. On those that do 
branch, the directions of the new axes 
are determined by two "genetic" fac­
tors. One is the "branching angle" be­
tween the new axes. The other is the 
rotation angle: the angle between the 
plane defined by the two new axes 
and a plane formed by the previous 
generation of branching on the parent 
axis [see illustration on page 81]. 

In the simplest sim ulations of 
branching patterns the branching an­
gle is the same at all branching points; 
like the probability of branching, it is 
one of the pattern's "genetic" charac­
teristics. The rotation angle, on the 
other hand, may vary within a speci­
fied range; the range is a characteristic 
of the simulated plant. Plants that 
have a large allowed range of rotation 
angles tend to be full and bushy; in 
plants where the rotation angle cannot 
deviate very much from 0, groups 
of branches tend to fall on parallel 
planes. After the computer has been 
used to determine the location and di­
rection of each new axis, all the new 
axes are allowed to grow a short dis­
tance and the process of branching is 
repeated. The plants are considered 
complete and their growth is terminat­
ed after 10 cycles of branching. A 
simulated plant in which every axis 
branches during each of the 10 cycles 
of growth contains 1,024 axial ele­
ments. Larger plants can be simulat­
ed, but this would require computers 
with larger memories. Ten cycles of 

branching are enough to mimic the 
size and shape of the majority of fossil 
plants under consideration. 

The three characteristics-probabil­
ity of branching, branching angle 

and rotation angle-define a universe 
of possible branching patterns that 
characterizes the morphology of the 
earliest land plants. The simplest way 
to imagine this universe is as a cube. 
Each of the cube's three mutually per­
pendicular dimensions represents one 
of the three basic characteristics, and 
so every point within the cube repre­
sents all the plants that have a particu­
lar set of attributes. (Beca use of the 
random nature of branching, plants 
having exactly the same mathematical 
characteristics may be slightly differ­
ent morphologically.) 

For example, suppose the vertical 
dimension of the cube represents the 
branching angle. Then any point near 
the top of the cube would represent 
a "species" whose branches diverge 
from one another at a large angle, 
whereas a point near the bottom of the 
cube would represent a species that has 
a small branching angle. One corner of 
the cube represents a "species" of plant 
with a branching probability of nearly 
0, very small angles between branches 
and rotation angles that may not devi­
ate much from O. Points farther away 
from this corner in any of the three 
primary directions represent respec­
tively plants that have more branches, 
those with greater branching angles or 
those whose branches grow in a great­
er variety of directions. The combina­
tions of the three variables represent­
ed by the sites within the cube include 
virtually all the branching geometries 
of early vascular plants. 

Naturally the three-dimensional uni­
verse is an oversimplification of plant 
geometry. In reality many more fac­
tors than the three described here may 
influence plant shape. It is possible 
to simulate multidimensional univer­
ses of plant shape, incorporating such 
factors as the ability to change the 
length of axes or their girth as well as 
the ability to produce axes with differ­
ent probabilities of branching. In par­
ticular, a more sophisticated simula­
tion might consider a variable that al­
lows for a phenomenon called unequal 
branching: at each branching point one 
new axis may deviate more than the 
other new one does from the orienta­
tion of the axis from which they both 
grow. In this case there are actually 
two branching angles, each represent­
ing the angle between one of the new 
axes and the original axis. Multidi­
mensional universes, which incorpo­
rate such factors, are hard to visualize, 
but they can easily be simulated with 
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the aid of computers. For purposes of 
simplification, however, the cubical, or 
three-dimensional, universe of branch­
ing patterns is sufficient to describe the 
initial phases of plant evolution. 

Asimulated "evolutionary trajecto­
ry" of early land plants can be 

represented within the cube. First the 
location within the cube of the most 
primitive branching pattern (the pat­
tern most closely resembling that of 
the oldest plants) is determined. Then 
the computer selects from the plant's' 
nearest neighbors in the cube a spe­
cies that is more efficient at gather­
ing light. (The light-gathering effici­
ency of a species is estimated by 
allowing the computer to grow 10 ran­
dom samples of the species and finp 
their average light-gathering efficien­
cy.) The process is reiterated until the 
computer has identified a set of mor­
phological characteristics that is more 
efficient than any of the species' imme­
diate neighbors in the cube. A line 
drawn through all points representing 
the plant species selected by the com­
puter represents an evolutionary tra-

jectory based on competition for light. 
It is also possible to prod uce a trajec­

tory based on balancing the tradeoff 
between light-gathering efficiency and 
mechanical stress. In computing such a 
trajectory the computer, when it scans 
a plant's near neighbors to determine 
which species is next in the trajectory, 
chooses the species that has the highest 
ratio of light-gathering efficiency to 
bending moment, rather than simply 
the plant with the highest efficiency. 

The evolutionary trajectories thus 
simulated, both those based on light­
gathering efficiency alone and those 
designed to reconcile the tradeoff be­
tween gathering light and sustaining 
stress, bear a strong resemblance to 
trends in the fossil record. The most 
primitive branching pattern is char­
acterized by few levels of branching, 
wide angles between axes and nearly 
vertical planes of branching. The most 
advanced pattern has planated groups 
of lateral axes attached to a single main 
vettical axis. 

Intermediate geometries show how 
the transition from a primitive geome­
try to an advanced one takes place in 

the simulated evolutionary trajectory. 
First the amount of branching increas­
es. Then one axis in each successive 
branching grows closer to the vertical 
than the other axes do and so becomes 
a central axis. Finally, the resulting lat­
eral axes (the ones growing out from 
the central axis) come to lie on planes 
that are close to the horizontal. This 
sequence represents changes that max­
imize light-gathering efficiency and 
minimize mechanical stresses. Coinci­
dentally, it turns out to be virtually 
identical with the sequence that max­
imizes the amount of shade cast on 
neighboring plants while minimizing 
the amount of self-shading. 

Although the simulated evolutionary 
I\.. trends match trends found in the 
fossil record with reasonable accura­
cy, the correspondence between the 
simulated and the real trends in plant 
evolution could be merely coinciden­
tal and biologically irrelevant. Other 
hypotheses might account for the evo­
lutionary record more fully than the 
notion that plants are driven by pres­
sures to gather light and sustain me-

COMPUTERIZED WAR GAME simulates evolution driven by 
competition among species. The illustration shows six successive 
stages in the game; in each stage one or more plants of each of three 
species compete for light and space. The single species in each stage 
that gathers the least light is eliminated, and the other two are al­
lowed to disseminate spores. Half of the spores from the most suc­
cessful species mutate, forming a third species to compete in the 

next stage of the game. The ability to grow depends on the amount 
of "light" a plant receives (which in turn depends on the amount of 
surface it exposes and the degree to which it is shaded by itself and 
other plants). The number of spores a plant disseminates depends on 
the number of branch ends it has, and the area over which they are 
distributed depends on its height. Success in the game combines abil­
ity to gather light, to shade neighboring plants and to reproduce. 
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chanical stress. Surely, for example, 
the success of a species must depend 
in large part on its success as a re­
productive entity. Can the computer 
examine this hypothesis as well? 

To answer the question it is possi­
ble to simulate a "war game," in which 
branching patterns having different 
light-gathering capacities and repro­
ductive potentials compete with one 
another in a universe shown on the 
computer screen. The objective of the 
game is to declare an "evolutionary 
winner" on the basis of game rules that 
are really hypotheses about how evo­
lution might have proceeded. 

Each plant is given an area in which 
it can grow. The area is defined by the 
plant's ability to cast a shadow over 
neighboring plants. Each plant is also 
given an area of a different size, cen­
tered on the first, over which it can 
disseminate reproductive units, which 
in primitive plants were spores dis­
persed by the wind. Because many of 
the early land plants shed spores from 
the tips of their axes, the number of 
spores each plant produces is propor­
tional to the number of branch tips in 
its branching pattern; the area in which 
the plant may disseminate its spores is 
determined by its height. (This is aero­
dynamically reasonable, because the 
height from which any light or small 
object is released is critical in deter­
mining the distance a breeze will carry 
it from its point of origin.) The height 
of a plant depends not only on the 
number of branchings but also on the 
plant's branching angle; plants with 
smaller branching angles grow taller. 
Any spores that are distributed in a 
shadowed area, including the one cre­
ated by their own parent plant, fail to 
germinate. (This game rule is reason­
able too, because many of the lower 
living vascular plants can inhibit the 
growth of their own progeny.) 

Plants that have overlapping shad­
ow areas interfere with one anoth­
er's ability to gather light. Each plant's 
rate of branching, and therefore of 
growth, is determined by the amount 
of sunlight it receives. That depends 
in turn partly on its tendency to avoid 
self-shading, partly on how heavily it 
is shaded by other plants and partly 
on the amount of photosynthetic sur­
face it presents to the sun. 

As the game begins, equal numbers of 
I\. spores of plants having the three 
most distinct primitive branching pat­
terns are scattered on a level "playing 
field" and are allowed to grow. After 
each plant has grown to 10 levels of 
branching the computer determines 
the species whose members gathered 
the least sunlight and eliminates all 
plants of that species. The other two 
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species are then allowed to dissemi­
nate spores. Half of the spores from 
the species whose members gathered 
the most sunlight are allowed to mu­
tate: their "genetic" factors are al­
tered slightly in ways that increase 
the growing plant's ability to cast a 
shadow, to avoid self-shading, to pro­
duce spores or to disseminate spores 
over a large area. The resulting three 
branching patterns (the two most suc­
cessful patterns of the previous round 
and the new, mutated pattern) are 
then allowed to grow and the sequence 
is repeated. The game can be made 
more complex by introducing muta­
tions that are not advantageous, but 
this generally modjfies the results only 
a little, and it lengthens considerably 
the time necessary to finish the game. 

The game can take a long time to 
play, even on a computer, because 
thousands of calculations must be 
made for even a brief skirmish. The 
game ends when the last mutation has 
been selected from the repertoire of­
fered by the trajectory under study. 
The winners are the species that sur­
vive until the end. The game is thus, to 
be sure, artificially truncated. Real ev­
olution can produce not only changes 
in the shape of a plant's branching pat­
tern but also changes in the plant's 
physiology, such as the ability to toler­
ate shade or to grow secondary wood. 
Real evolution can also be punctuat­
ed by external events such as natural 
catastrophes, which restart the game 
with different proportions of play­
ers. Nevertheless, even this simple war 
game generates trends much like those 
found in the fossil record, and so the 
rules probably bear some relation to 
the biology of real plants. 

The trajectory emphasizing light­
gathering capacity and the trajectory 
reconciling tradeoffs between gather­
ing light and sustaining stresses are 
about eq ually good at indicating which 
mutations give rise to plants that do 
well in the war game. In both schemes 
the most primitive geometry has only a 
few levels of branching. With sporan­
gia (spore-bearing structures) borne at 
the tips of its axes, such a plant will 
have a small reproductive output. In 
both schemes the most advanced ge­
ometry consists of a single tall axis that 
bears many levels of lateral axes. Spo­
rangia of such a plant, if borne at the 
tips of its axes, would be numerous and 
many would be high above the ground, 
ensuring dispersal over a wide area. 

Observations of living plants indi­
cate that the kind of plant that suc­
ceeds in the war game is indeed suc­
cessful in natural competition as well. 
Studies of the population dynamics of 
living plant monocultures (cultures of 
many individuals of the same species) 

indicate that larger individuals have 
an advantage over smaller ones. As 
the population density of the plants in-. creases, the mortality rate increases 
as well, but a greater proportion of 
the small plants die than of the large 
plants. These phenomena have been 
observed in many species of plants as 
well as in the war game. 

The same pressures that give rise to 
these tendencies in living monocul­
tures may well have influenced the ear­
ly evolution of vascular land plants. 
When plants first invaded the land, the 
new habitat was probably sparsely oc­
cupied, and so the population densities 
were low. In time both the number 
of individuals and the number of spe­
cies at a site would have increased. 
Species that grew higher or faster 
would then have had an advantage. 
As the density of plant communities in­
creased, individuals and even species 
may have died out selectively, favor­
ing the survival of taller species. 

In this context it is interesting to note 
a seemingly contradictory point. Be­
cause of self-s1J.ading, added growth 
tends to red uce light-gathering effi-­
ciency: the plant gathers more light, 
but it gathers less light per axis. This 
loss of efficiency is counterbalanced, 
however, by the tall plant's increased 
tendency to cast shade on neighbor­
ing plants and their spores. The trend 
toward larger plants may therefore 
have conferred advantages on a spe­
cies even though it actually impaired 
the vegetative performance of individ­
ual plants. Apparently, then, the mere 
presence of many individuals of the 
same species can give rise to evolu­
tionary trends that will help the species 
to compete against others. 

Computer simulations have shown 
that the various hypotheses pro­

posed concerning plant evolution have 
consequences that can be verified in 
the fossil record. One cannot say that 
the hypotheses have been proved to be 
correct, only that they have been par­
tially confirmed. Moreover, the simu­
lated consequences of the several hy­
potheses are virtually identical. It is 
therefore impossible to determine the 
relative importance of the various 
criteria used to produce the simula­
tions; that can be done only when two 
hypotheses lead to conflicting predic­
tions. Moreover, we have yet to pro­
duce simulations modeling such im­
portant structural needs as the ability 
to translocate fluids and to dissipate 
heat. The general technique ofsimula­
tion offers great promise as a tool for 
the evolutionary biologist, but the suc­
cessful use of any tool requires prac­
tice and judgment, and the tool itself 
must be developed and refined. 
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Anti-lock braking pOl'I'er 
you can grade on a curve. 

You' re driving 55 MPH on a rain-slick curve. Suddenly the unexpected: You stand 
on the brake pedal and steer to stay in your lane. You might expect Europe's most 
exotic cars to handle such a crisis effortlessly. Yet for all its awesome straight-line 
braking ability, Ferrari 308 GT Si failed to negotiate a 150-foot radius curve at 
maximum braking in USAC-certified testing. Lamborghini Countach failed. Lotus 
Esprit Turbo failed. Porsche 944 failed. Only the 1986 Corvette demonstrated the 
ability to steer and stop in these conditions at the same time. Only Corvette made 
the turn while coming to a controlled stop. When conditions turn foul, Corvette's 
new computerized Bosch ABS II anti-lock braking system is designed to help 
improve a driver's ability to simultaneously brake and steer out of trouble. 
Why does the Corvette feature the world's most advanced braking technology? 
Because a world-class champion should give you the edge in an emergency. 
Corvette. A world-class champion. 
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Mental Imagery 
and the Visual System 

What is the relation between mental imagery and visual 

perception? Recent work suggests the two share many 

of the same neural processes in the human visual system 

P
eople often report that they can 
form mental images of an object 
that resemble the object's actual 

appearance. The act of constructing 
such images often produces visual sen­
sations that seem quite realistic. Imag­
ine, for example, that you are looking 
at an elephant. Does it have a curved 
trunk? What color are its tusks? How 
big are its eyes? Most people contend 
they attempt to answer such questions 
by "inspecting" a mental image in 
much the same way as they would in­
spect a real elephant. 

These informal observations about 
imagery naturally lead one to consider 
the extent to which imagery and visual 
perception might be related. They sug­
gest in particular that mental imagery 
may involve many of the same kinds of 
internal neural processes that under­
lie visual perception, a possibility that 
would have important theoretical and 
practical implications. If it could be 
established, for instance, that mental 
imagery shares with visual perception 
common neural mechanisms in the hu­
man visual system, one could begin to 
establish just how imagery may inter­
act with visual perception. This would 
make it possible to explore the various 
ways imagery could function to facili­
tate, enhance or even substitute for vi­
sual perception. 

For the past 10 years my colleagues 
and I have been developing techniques 
for investigating the functional rela­
tion between mental imagery and visu­
al perception. Because experimental 
subjects can often guess what ought to 
happen in an imagery experiment, we 
have striven to make our techniques 
precise enough to reveal subtle corre­
spondences between imagery and per­
ception. Our work has revealed that 
mental images display a much richer 
variety of visual properties than had 
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been previously thought, but also that 
imagery differs from perception in cer­
tain respects. 

Through introspection one can rec­
ognize that features of a mental 

image formed at a small size or a far 
distance are harder to distinguish than 
features of an image formed at a large 
size or a near distance. Try, for exam­
ple, to imagine an ant on a newspaper 
several feet away and then on the tip 
of a toothpick directly in front of your 
eyes. You should be able to mentally 
"see" many more of the ant's features 
(such as its head and body segments) 
when you imagine it at close range. 

Stephen M. Kosslyn of Harvard 
University explored this relation be­
tween image size and feature resolu­
tion by employing simple reaction­
time techniques. He found that the fea­
tures of an imagined animal, such as 
the eyes and ears of a cat, could be 
detected more quickly when subjects 
were instructed to fashion relatively 
large images or assume a relatively 
close vantage. The experiments were 
inspired by the common observation 
that features of real physical objects 
can be detected faster when they are 
viewed from a closer distance. 

More recently Howard S. Kurtzman 
and I have done experiments at Cor­
nell University to measure precisely 
how well the features of objects can be 
resolved, or distinguished, in imagery 
and in perception. We were particular­
ly interested in how the size of the fea-

tures, their spacing and their position 
in the visual field affected resolution, 
or the ability to distinguish among de­
tails. We predicted that across all these 
variations visual resolution in mental 
imagery should match the resolution 
in perception. 

Resolution in visual perception falls 
off continually as one observes an ob­
ject at locations progressively farther 
from the point of eye fixation. The 
amount of detail that can be distin­
guished is not the same in all direc­
tions, however. As a rule resolution de­
creases more slowly along the horizon­
tal axis of the visual field than along 
the vertical axis, and more slowly be­
low the point of fixation than above it. 
It is also known that bar gratings be­
come harder to resolve as the gratings 
become increasingly finer-more pre­
cisely, as their fundamental spatial fre­
quency increases. 

Our method for measuring limits 
of resolution in mental imagery was 
based on certain techniques common 
to visual psychophysics. Initially we 
showed our subjects a fiat disk whose 
upper half was filled with a series of 
vertical bars and whose lower half was 
filled with a series of horizontal bars. 
The bars in both gratings were the 
same width. We then instructed our 
subjects to form a mental image of the 
disk and to project the image on the 
center of a screen directly in front of 
them. On the screen eight lines extend­
ed radially out from the center. The 
subjects indicated how far they could 

WATERCOLOR LANDSCAPE was painted by a blind Scotswoman who works from her 
mental images. The artist, Carolyn James, suffers from a particularly acute form of the eye 
disease known as retinitis pigmentosa. Now 42 years old, she was registered blind at 21. To 
paint she lines up 24 watercolor jars in front of her in a memorized order. She moves from 
section to section on the paper, determining what she has just finished by detecting the mois­
ture with her fingertips. Each of her watercolors is typically composed of six layers of paint. 
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look away from their images along 
'each of the lines on the display before 
they could no longer tell the two halves 
of the imagined pattern apart. They 
reported that the gratings appeared 
fuzzy and indistinct as they were imag­
ined farther into the visual periphery 
and then could no longer be distin­
guished beyond a certain point. For 
comparison, the same judgments were 
also obtained in a perception condi­
tion, in which the same disk was actu­
ally projected on the center of the 
screen in front of the subjects. 

We repeated the experiment for 
each of three disks, The bar widths of 
the second disk were three times thin­
ner than those of the first; those of the 
third were three times thinner than 
those of the second. On the average the 
fields of visual resolution decreased in 
size with increasing spatial frequency 
(decreasing bar width), and they were 
virtually identical whether the gratings 
had been imagined or observed. The 
imagery and the perceptual fields were 
also very similar in shape: resolution 
decreased more slowly along the hori­
zontal axis than along the vertical axis, 

as well as more slowly below the point 
of fixation than above it. 

We then did a control experiment in 
which we showed a different group of 
subjects the original set of three disks 
and asked them to predict the image­
resolution fields. Their predictions 
differed considerably from what we 
had observed, arguing against a triv­
ial "guessing" explanation of our orig­
inal findings, 

We interpret the results as evidence 
that pattern discrimination in imagery 
is constrained in much the same way 
that it is in visual perception. We pro­
pose in addition that these mutual con­
straints are probably imposed at the 
pattern-processing levels of the visual 
system, where the properties of certain 
neural mechanisms may limit the abili­
ty to resolve small or narrowly spaced 
visual features. Kurtzman and I have 
done other experiments that are con­
sistent with this result, We found no 
correspondence between judgments of 
images and judgments of objects in­
volving differing amounts of visual 
contrast, or relative brightness, among 
features. These aspects of perception 

/ 

are thought to be constrained by more 
primitive kinds of neural processes op­
erating below the levels at which pat­
tern processing takes place. 

Our image-resolution findings were 
based on mental images of flat, 

two-dimensional patterns. Mental im­
agery is typically three-dimensional, 
however; it depicts how objects look in 
depth as they are viewed from various 
vantages. When most people imagine 
their living room, for instance, they 
can mentally "see" that certain pieces 
of furniture are in front of others, de­
pending on where in the living room 
they imagine themselves to be. 

To investigate the three-dimension­
al properties of images, Steven Pinker 
and I asked subjects to form and men­
tally rotate images of a configuration 
of objects in space. When one actually 
looks at a three-dimensional configu­
ration of objects from different per­
spectives, the objects are usually seen 
to shift their relative position in depth 
as the viewer moves or as the configu­
ration is rotated. Recall, for example, 
times when you may have watched 

/ 
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people riding on a merry-go-round. 
You probably noted that the people 
would appear to shift their locations in 
relation to your vantage as the merry­
go-round turned, perhaps forming 
familiar two-dimensional patterns at 
certain moments in much the same 

way that a constellation of stars often 
forms fiat, recognizable patterns. In 
our experiments, which we did at Har­
vard, we were particularly interested 
in finding out whether similar kinds of 
patterns would appear to emerge when 
subjects imagined looking at a rotated 

configuration of objects. The results 
indicate striking similarities. 

We asked our subjects first to learn 
the locations of four small plastic ani­
mals suspended at different heights in a 
transparent cylinder, and then to form 
mental images of each of them after 

3 9 

fil 30·-:-_"",,� 
� ���--
a: 
CJ 
LU 

e-
o 

25 
-' 
LU 
u:: 
-' 

:§ � 20 

u. 
o 

(/) 
:::J 

15 
� 15 

3 9 

AVERAGE FIELD 
DIMENSIONS 
(DEGREES) 

SPATIAL FREQUENCIES 
(CYCLES PER DEGREE) 

SPATIAL FREQUENCY OF GRATING 
(CYCLES PER DEGREE) 

I-------i 
10 DEGREES 

CONSTRAINTS on visual resolution, or the ability to distinguish 
details, were measured by means of the three patterns shown at the 
bottom left. Experimental subjects were instructed to form mental 
images of each pattern and to project their images onto the center 
of a large circular display (top left). The subjects then indicated how far 
they could look away from their images along each of the eight lines 
on the display before they could no louger tell the two halves of the 
imagined patterns apart. The visual fields within which the bar grat-

THREE-DIMENSIONAL PROPERTIES of mental images were 
explored with a transparent cylinder. Subjects were told to learn 
the locations of four small plastic animals suspended at different 
heights in the cylinder and then, after the animals had been re­
moved, to form mental images of them. As the empty cylinder was 
rotated 90 degrees, the subjects rotated their mental images (left). 
Although the appearance of the objects in the original viewing posi­
tion did not suggest that a parallelogram with each animal at a cor­
ner would emerge, the subjects detected such a pattern. Their draw-

90 

ings of the imagined patterns could be distinguished decreased in 
size with increasing spatial frequency, or decreasing bar width (col­
ored line ill middle). On the average these fields were elongated hor­
izontally and were larger below the direction of gaze than above it 
(colored shape at right). Virtually identical results (black lille ill mid­
dle alld black shape at right) were obtained when the patterns were 
actually projected on the display, indicating that similar constraints 
are imposed, on feature resolution in imagery and in perception. 
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ings of the pattern, however, showed small but systematic distor­
tions. An explanation for the occurrence of these distortions was 
suggested by another experiment, in which the subjects rotated the 
cylinder manually in order to align pairs of the imagined animals 
vertically (middle). To align the imagined animals, subjects rotated 
the cylinder by a consistently smaller amount (colored lille at right) 
than they did in a similar test with the animals physically present 
(black lille at right). In other words, the subjects had mentally ro­
tated their images ahead of their manual rotation of the cylinder. 
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they were removed. We next rotated 
the empty cylinder 90 degrees and in­
structed the subjects to draw the imag­
ined configuration as it now appeared 
from the new vantage. If they had 
imagined and rotated the animals with 
perfect accuracy as we rotated the cyl­
inder, the animals would have seemed 
to form a parallelogram. 

In every case the subjects' drawings 
revealed that their rotated mental im­
ages had depicted a pattern closely 
resembling the parallelogram, even 
though the appearance of the objects 
from the original viewing direction 
did not suggest that this particular 
geometric form would emerge. Curi­
ously, there were small but systematic 
distortions in the drawings. The nature 
of the distortions suggested that the 
mental rotations had been less than 
perfectly accurate. 

An explanation of these small dis­
tortions was suggested by another ex­
periment, in which the subjects manu­
ally rotated the cylinder in order to 
align pairs of the imagined animals 
vertically. To our surprise we found 
that the subjects aligned the imagined 
animals by consistently rotating the 
cylinder less than was necessary when 
the animals were physically present. In 
other words, the subjects had mentally 
rotated their images ahead of their 
manual rotation of the cylinder. This 
tendency to advance an image ahead 
by small amounts accounted for the 
minor distortions we had found in our 
subjects' drawings of the emergent pat­
terns. The experiment thus strength­
ened our contention that people can 
accurately imagine the visual perspec­
tives offered by three-dimensional 
displays. Moreover, it enabled us to 
measure properties of mental images 
that naive subjects would not ordinari­
ly expect. 

Showing that subjects cannot guess 
the outcome of an imagery exper­

iment does not, however, rule out 
the possibility that their performance 
could be based on unconscious knowl­
edge about changes in the visual ap­
pearance of objects-knowledge that 
could indirectly influence judgments 
about images. One method for ad­
dressing this problem is to have sub­
jects imagine events so atypical or un­
natural that the events could not have 
been previously experienced. If under 
these conditions behavioral respon­
ses obtained from imagery still corre­
spond to those obtained from percep­
tion, the imagery performance could 
not be attributed to the influence of 
earlier perceptual experiences. 

In a series of experiments I carried 
out at the Massachusetts Institute of 
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ADAPTATION TRIAL 

FUNCTIONAL VALUE of imagery was assessed by considering the role images might 
play in prism adaptation. Optical prisms displace the apparent location of an object. Sub­
jects wearing special glasses containing such prisms were instructed to point to a target (col­
ored marker ill top. row). As a result of the effect of the prisms they at first pointed about five 
centimeters to the right of the marker (gray marker). Since the prisms displace everything 
in the field of view, however, once the individuals had extended their arms they could see 
their error and correct for it in successive attempts (markers 1-3). The markers were then 
utilized by a second group of subjects known as the imagery subjects. They too wore the 
special glasses, but the space between them and the table holding the markers was covered 
by a board so that they could not see the fingers of their extended arms (secolld row). Their 
task was to imagine that they saw their pointing finger arrive under the appropriate error 
marker as soon as their arms were fully extended. Subjects in a third group, the control 
group, pointed to the colored marker without being able to observe their errors or being told 
to imagine them. The graph shows that a significant amount of error reduction ensued when 
the subjects imagined their errors-almost as much as when they actually saw the errors. 
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Technology, I attempted to provide 
this kind of evidence for the function­
al value of imagery by considering 
the possible role images might play in 
prism adaptation. Optical prisms dis­
place the apparent location of objects. 
A large body of research has shown 
that people quickly adapt to observing 
the world through such prisms provid­
ed they can move about and note their 
errors. When the prisms are removed 
following adaptation, people proceed 
to make errors of movement in the op­
posite direction, reflecting changes in 
their visual-motor coordination. My 
experiments demonstrated that prism 
adaptation can occur even when peo­
ple point at a target and merely imag­
ine they are making errors of move­
ment like those typically induced by 
displacement prisms. 

The subjects in my experiments 
wore special glasses containing opti­
cal prisms. I asked the subjects in one 
group to extend their right arms and 
point to a red marker positioned at eye 
level on a table in front of them. Owing 
to the effect of the prisms they at first 
pointed about five centimeters to the 
right of the marker. Since the prisms 
displace everything in the field of view, 
once the individuals had extended 
their arms they could see their errors 
and correct for them during a series 
of subsequent attempts. 

I measured and averaged the errors 
over consecutive groups of trials and 
then displayed the average error loca­
tions with three markers. The markers 
were for the use of a second group of 
subjects known as the imagery sub-
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jects. These subjects also wore the spe­
cial glasses, but the area between them 
and the table holding the markers was 
covered by a board so that they could 
not see the fingers of their outstretched 
arms. I instructed the imagery subjects 
to point to the red marker while look­
ing through the prisms and then to 
imagine they saw their pointing fin­
ger arrive under the appropriate error 
marker as soon as their arm was fully 
extended. 

The error markers, in other words, 
ensured that the imagined errors would 
correspond to the average pointing er­
rors made by the first group of sub­
jects. I also included a third group of 
subjects as controls. The individ uals 
in the control group pointed to the red 
marker without having the benefit of 
either observing their errors or being 
told to imagine them. 

Only the subjects in the perception 
and imagery conditions showed a sig­
nificant reduction in pointing error. 
Moreover, their rates of adaptation 
were similar. The results for pointing 
aftereffects, which take place when the 
glasses are removed, provide addition­
al support for a functional equivalence 
between observed and imagined er­
rors. Although the aftereffects in the 
imagery condition were smaller than 
those in the perception condition, the 
subjects in both groups pointed to 
the left of the red marker when nor­
mal viewing conditions were restored. 
I also found evidence of intermanual 
transfer: the subjects not only pointed 
to the left with their right hand (the 
"adapted" hand) but also pointed to 
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DISCRIMINATION TASK was assisted by mental imagery. Subjects were asked to deter­
mine whether a horizontal or a vertical line was the longer. In condition a the suhjects looked 
at a fixation point and were then shown the two lines centered at that point. In b they were 
first shown four dots surrounding the fixation point. In c they were shown the same dots as 
in b and were asked to form a mental image of a square frame connecting them. In d they 
were asked to form an image of an X through the four dots. The greatest facilitation in 
the length-discrimination judgments carne from i"magining the square frame in advance. 
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the left with their left hand (the "un­
adapted" hand). 

The findings have several implica­
tions. First, it is highly improbable that 
the subjects could have predicted the 
adaptation and transfer characteristics 
of prism-induced changes in their visu­
al-motor coordination. It also seems 
unlikely that they could have had 
any related kinds of visual experien­
ces providing them with unconscious 
knowledge of such effects. Second, the 
findings show that mental imagery can 
produce certain changes in visual-mo­
tor coordination that persist even after 
the images are no longer formed. They 
also suggest that the utilization of 
mental imagery to precipitate such 
cha,nges may have important practical 
applications. Professional athletes, for 
example, often report they find it help­
ful to rehearse their performance men­
tally; in the light of these experiments 
it is reasonable to expect that the suc­
cess of such techniques depends on the 
clarity and accuracy with which the 
performance is imagined. 

The research findings I have dis­
cussed so far illustrate many ways 

mental images can correspond func­
tionally to physically perceived ob­
jects and events. A question of greater 
practical significance is whether men­
tal imagery can directly facilitate on­
going perceptual processes, assuming 
that a functional equivalence occurs. 
Given that similar constraints are im­
posed on visual resolution in imagery 
and perception, would it be possible, 
for instance, to see an object more 
quickly if an appropriate mental im­
age of the object were formed in ad­
vance of its actual appearance? 

As proposed some 10 years ago by 
Ulric Neisser and Lynn A. Cooper, 
then at Cornell, and Roger N. Shepard 
of Stanford University, the process 
of forming a mental image can serve 
a perceptual anticipatory function: it 
can prepare a person to receive infor­
mation about imagined objects. Men­
tal imagery may therefore enhance the 
perception of an object by causing the 
selective priming of appropriate neu­
ral mechanisms in the visual system. In 
other words, forming a mental image 
of an object might initiate certain neu­
ral events that are equivalent to those 
occurring at the moment the object is 
seen, thereby facilitating the perceptu­
al process. . 

If an object appears that is different 
from the one imagined, however, the 
formation of the image might interfere 
with the normal operation of the visu­
al system. Suppose, for instance, that 
you are flying an airplane through 
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MENTAL IMAGES can be exploited to 
scan patterns. Subjects were first shown a 
dot pattern (1) and then an arrow in the 
same field. Their task was to say whether or 
not the arrow was pointing to any of the pre­
viously seen dots. They reported that in or­
der to make the judgment they had to gen­
erate an image of the dot pattern (2) and 
then scan the image along the direction indi­
cated by the arrow to see if any of the dots 
would be intercepted (3). The graph at the 
left shows that the larger the distance be­
tween dots and arrows was, the longer it took 
a subject to make the jUdgment. The depen-

3 4.5 6 7.5 9 10.5 12 dence of reaction time on distance provides 
evidence for a process of image scanning. IMAGE-SCANNING DISTANCE (CENTIMETERS) 

a cloud. You might see the runway 
sooner if you were to imagine it in ad­
vance at its proper location. If, on the 
other hand, you imagined the runway 
at a different location, you might take 
longer to see it correctly than if you 
had not imagined it at all. 

Some recent experiments I did at 
Stanford help to clarify the practical 
relation between image formation and 
object perception. In one of the experi­
ments subjects indicated whether they 
saw either a horizontal bar or a verti­
cal bar on a circular screen. These two 
alternative bars were known as target 
bars. I told the subjects to form, in 
advance, a mental image of an identi­
cally shaped bar oriented somewhere 
between the horizontal and the verti­
cal, or to form no mental image. In 
each trial, therefore, one of the two 
alternative target bars was superposed 
on an imagined bar (in those cases 
where a bar was imagined). I record­
ed the reaction time for identifying the 
target bar as a function of the relative 
alignment between it and the imagined 
bar. The reaction times for the no-im­
age trials served as a baseline measure. 

The subjects made the quickest bar 
identifications when the imagined bars 
were closely aligned with the target 
bars, within a range of about 10 de­
grees. As the angle between the imag-

ined and the target bars was increased 
to 45 degrees the identification time 
also increased. For angles greater than 
45 degrees the time decreased once 
again. In other words, the maximum 
interference in identification took 
place when the bars had been imag­
ined to lie exactly in between the two 
possible target orientations. 

Why did the rea,ction times simply 
not increase in direct proportion to the 
degree of misalignment between the 
imagined and the target bars? One rea­
son is that the subjects' selection of re­
sponses could have been based on a 
comparison between the mental image 
and the target. If the image matches 
the target, the response corresponding 
to the image orientation is quickly se­
lected. If the image and the target dif­
fer by 90 degrees, the comparison indi­
cates that the response opposite to the 
one corresponding to the image orien­
tation is correct. If the imagined bar 
is in between the two target orienta­
tions, however, the comparison be­
comes confusing and the image inter­
feres with the decision process. 

Asecond experiment supports this 
explanation. In it I instructed the 

subjects to indicate as quickly as possi­
ble whether either of the two target 
bars appeared. In the previous experi-

ment they had to distinguish between 
the two targets; in this case they only 
had to detect the presence of any tar­
get, without having to identify it. The 
results of this experiment clearly show 
that mental imagery did not affect sim­
ple detection judgments under those 
conditions. It seems, therefore, that 
even though image formation may in­
fluence the identification of visual pat­
terns, it may not influence the more 
elementary process of simply detect­
ing any stimulus change. 

Additional experiments that Jenni­
fer J. Freyd and I carried out at Stan­
ford provide evidence for a kind of 
image facilitation that cannot be ex­
plained on the basis of response selec­
tion. In these experiments we studied 
the effects of forming a mental image 
that could serve as a helpful or unhelp­
ful visual context for making difficult 
length discriminations. We presented 
our subjects with patterns consisting of 
two straight lines that formed a simple 
cross and asked them to indicate which 
line was longer. At the beginning of 
certain trials we told the subjects to 
form an image of an outlined square, 
which if actually superposed on the 
center of the line pattern would have 
enhanced the small differences in the 
lengths of the lines. During other trials 
we told the subjects to form an image 

93 © 1986 SCIENTIFIC AMERICAN, INC© 1986 SCIENTIFIC AMERICAN, INC



of an X (the endpoints of which cor­
responded to the four corners of the 
imagined square), which would pre­
sumably not have been as useful for 
making the discriminations. 

We found that forming a mental im­
age of the helpful context pattern (the 
square) reduced the time needed to 
make the length discriminations com­
pared with the time required when the 
unhelpful pattern (the X) was imag­
ined or when subjects were not told 
to form images. Moreover, the effects 
were similar to those obtained when 
the same context patterns were actual­
ly presented. 

We also found that subjects often 
chose to imagine the helpful context 
pattern when they were presented with 
positional cues they could use to im­
agine either pattern. Since the context 
patterns themselves could not have 

biased the selection of the two re­
sponse alternatives, this type of im­
age facilitation could not have result­
ed from an internal matching or re­
sponse-selection process. Instead it 
may be due to a mental synthesis of 
real and imagined features at some 
higher level of the visual system­
where the addition of context informa­
tion can enhance differences among 
objects that are being compared. 

In each of the techniques described 
up to this point experimental sub­

jects were told explicitly to form some 
kind of mental image. A possible diffi­
culty with this procedure is that it may 
encourage the subjects to try to per­
form as they would in a corresponding 
perceptual task, thinking that is what 
they are supposed to do. Although the 
problem can be largely avoided by at-

RETINAL 
INFORMATION 
PROCESSING 

LUMINANCE 
DETECTION 
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DISCRIMINATION 
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MODEL of how mental imagery may influence visual perception is based on the work of 
the author and other investigators. The perception of an object is a consequence of neural 
activation within a sequence of information-processing stages in the visual system, begin­
ning at the retinal level. The formation of an image of the object is determined by the knowl­
edge a person has about the features of the object, and presumably it occurs at the very 
highest levels. Once formed, an image may affect neural mechanisms, at intermediate visu­
al levels, that are responsible for feature discrimination and other more complex types of 
analyses, thus perhaps modifying perception of the object. Mental imagery probably does 
not influence visual levels below those concerned with feature discrimination, however. 
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tempting to measure subtle or unex­
pected perceptual effects, an even bet­
ter way is to show that images can be 
formed spontaneously for some spe­
cific purpose even when no imagery 
instructions of any kind are given. 

The importance of these considera­
tions follows from early studies done 
by Kosslyn and Pinker on mental-im­
age scanning. They asked subjects to 
inspect a configuration of objects (such 
as landmark items drawn on a map), 
form a mental image of the configura­
tion and "focus in" on one of the ob­
jects. The investigators then named a 
second object and told the subjects to 
mentally scan along a direct path from 
the first object to the second. Kosslyn 
and Pinker consistently found that the 
time required to complete the mental­
image scanning was directly propor­
tional to the original physical distance 
between the objects, and they there­
fore concluded that mental images 
preserve the spatial characteristics of 
a physical display. 

Their findings have been criticized 
because it would not be hard for ex­
perimental subjects to figure out that 
greater distances should require longer 
scanning times. Pinker and I have since 
developed a task that seems to avoid 
this problem by requiring a subject to 
form mental images and scan them 
without explicit directions to do so. 
After they had inspected a dot pat­
tern, our subjects were shown an arrow 
and were asked to indicate whether it 
pointed at any of the previously seen 
dots. We had predicted that, in order to 
see if any of the dots would be inter­
cepted, the subjects would have to scan 
a mental image of the pattern along the 
direction specified by the arrow. 

The experiment turned out to be 
successful. The decision times in­
creased linearly as distance along the 
scan path between the arrows and the 
dots increased. Moreover, nearly all 
the subjects reported that in order to 
perform the task they had to form and 
scan a mental image of the dot pattern. 
We thus showed that mental-image 
scanning can be useful whenever it 
is necessary to anticipate the conse­
quences of moving along a particular 
path from a given starting point. 

Suppose you were trying to figure 
out where a billiard ball would come 
to rest on a billiard table after you had 
aimed it in a certain direction. Even if 
you could not actually roll the ball 
across the table or determine the an­
swer mathematically, you could still 
imagine what would happen by men­
tally following the motion of the ball 
and its reflections off the cushions. 
Cooper and Shepard have reported 
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related findings for the imagined con­
sequences of rotating objects [see 
"Turning Something Over in the 
Mind," by Lynn A. Cooper and Roger 
N. Shepard; SCIENTIFIC AMERICAN, 
December, 1984]. 

In the light of these studies it seems 
reasonable to propose that when­

ever imagery and perception share 
common neural mechanisms in the 
visual system, imagery could facilitate 
the perceptual processes those mecha­
nisms support. One should therefore 
seek to determine the lowest visual lev­
els at which such mechanisms may be 
shared. If visual pattern perception, 
for instance, is conceived of as involv­
ing an orderly sequence of informa­
tion-processing stages ranging from 
the lowest to the highest levels of the 
visual system, one might begin by try­
ing to discover how far down in this 
sequence image formation can influ­
ence the underlying mechanisms. 

Starting at the very lowest, or reti­
nal, level, where the most primitive 
types of information-processing mech­
anisms are found, one would not ex­
pect mental imagery to have much ef­
fect. Nor would mental imagery be 
expected to alter information process­
ing at precortical levels, where mech­
anisms are responsible for detecting 
changes in brightness or contrast. Only 
at the somewhat higher levels respon­
sible for pattern discrimination (as in 
the visual cortex) does one begin to 
find evidence that mental images can 
influence perception. At �till higher 
levels the evidence is strong that imag­
ery can influence perception. 

Finally, at the very highest levels 
one may assume that perceptual proc­
esses interact with more abstract proc­
esses having to do with knowledge 
about and understanding of physical 
objects. Here it is helpful to make a 
distinction between the form and the 
function of a mental image. When a 
person decides to create a mental im­
age of a particular object, the kind of 
image that can be fashioned depends 
on the knowledge the person has about 
the object, such as its size, color and 
shape. Then once the image is formed 
it can begin to function in some re­
spects like the object itself, bringing 
about the activation of certain types of 
neural mechanisms at lower levels in 
the visual system. Accordingly, what­
ever constraints such mechanisms put 
on the quality of one's perception of 
the object are also placed on the quali­
ty of one's mental imagery. In this 
way mental images may come to ac­
quire visual characteristics and may 
serve to modify perception itself. 
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Crop Storage at Assiros 
At a site in northern Greece charred fragments of grain from crop 
storerooms that burned to the ground 3, 000 years ago are throwing 
new light on how the majestic Bronze Age Mycenaean palaces arose 

by GlynisJones, Kenneth Wardle, Paul Halstead and Diana Wardle 

The Bronze Age societies of the 
Aegean, including the Minoan 
culture of Crete and the Myce­

naean culture of the Greek mainland, 
were rich and complex. At their cen­
ter was the palace, which was the seat 
of government and the focus of reli­
gious ritual. The palace also served 
another crucial function: it was the 
place where agricultural surplus was 
stored. Indeed, the authority of Bronze 
Age rulers in the Aegean rested in 
large measure on their ability to com­
mand supplies of wine, grain, olive 
oil and other products from the sur­
rounding region. The economic and 
social arrangements underlying such 
an elaborate system of food storage 
must have taken a long time to devel­
op, and yet their history is not easily 
traced. The primary evidence-stored 
crops-is eminently perishable. Fur­
thermore, objects of clay, metal or 
stone have traditionally held greater 
interest than plant remains for archae­
ologists studying the Bronze Age. Con­
sequently the patterns of food storage 
that led up to the palace economy are 
not fully understood. 

Recently, however, the situation has 
begun- to change as students of the 
Aegean Bronze Age have acquired a 
keener appreciation of what can be 
learned from the botanical record. 
One result of the recent trend is that 
when we excavated a Bronze Age vil­
lage at Assiros in northern Greece, be­
ginning in 1975, our ranks included an 
archaeobotanist (Jones) throughom 
the dig. Her participation was amply 
justified by what we found. Careful 
sampling of seeds from the floors of 
buildings that had been destroyed by 
fire during the Bronze Age showed that 
some of those buildings were specifI­
cally devoted to storing crops. Crop 
storage at Assiros appears to have 
been communal, taking a form in­
termediate between storage by single 
families and the organized appro­
priation of surplus that was carried 
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out in the-mature palace economy. As­
siros may be the type of communi­
ty that would, under the right condi­
tions, have developed into a palatial 
center. Hence the excavation there 
may ultimately shed considerable new 
light on the origins of the great Bronze 
Age palaces. 

Assiros, the site that has provided 
Il. these new insights, is in Mace­
donia. Today Macedonia is part of 
Greece, but during the Bronze Age it 
lay on the fringe of the Mycenaean 
world. Mycenaean society was cen­
tered on the Aegean peninsula; its 
northern limit ran south of Macedonia 
through Thessaly. In the Bronze Age 
Macedonia was a cultural crossroads, 
subject to influences from the Danube 
region to the north, from Thrace to 
the east and from Albania to the west 
as well as from Mycenaean society. 
Among the varied influences, that of 
Mycenaean society was one of the 
strongest. It is clear, however, that the 
social development of the northerners 
was less advanced than that of their 
southern neighbors at Mycenae and 
Pylos on the mainland and at Knossos 
on Crete. Nothing found in Macedo­
nia can be compared to the great pal­
aces that have been uncovered at those 
sites and at others [see "Minoan Pal­
aces," by Peter M. Warren; SCIENTIFIC 
AMERICAN, July, 1985]. Such relative 
backwardness can be quite helpful to 
archaeologists, because it implies that 
findings from Assiros that are contem­
porary with the palaces can provide 

information about the preconditions 
of the palace economy. 

Indeed, one reason Assiros is such a 
good potential source of information 
about the antecedents of the palace 
economy is that the period of occupa­
tion there neatly straddles the Myce­
naean age of palaces. The era of pal­
aces reached its height between 1400 
and 1200 B.C., and our work at Assiros 
shows that the site was continuously 
inhabited for a millennium spanning 
those dates. The Bronze Age site we 
excavated is an oval mound called As­
siros Toumba not far from the modern 
Greek village of Assiros. The mound 
is about 14 meters high, and our ex­
cavation revealed that it is entirely 
artificial. The first inhabitants arrived 
in about 1800 B.C. and built a defen­
sive circuit wall enclosing dwellings 
on what was then a more or less level 
plain. During the next 1,000 years the 
circuit wall and the structures within it 
were rebuilt many times. With each re­
building the mound rose, and because 
its sides sloped inward, the habitable 
area inside the wall decreased. By 
about 800 B.C., early in the Iron Age, 
the site was abandoned, perhaps be­
cause the enclosed space was no longer 
large enough to accommodate the 
population of the settlement. 

Although the settlement was recon­
structed periodically, the methods of 
building employed by its residents 
seem to have remained more or less 
the same through much of the Bronze 
Age. As a result the village on the 
mound may have changed little in ap-

BRONZE AGE WALLS were uncovered by the authors in a large mound near the modern 
Greek village of Assiros. They have timber frames that are filled in with bricks made of sun­
dried mud. The walls formed a honeycomb of living quarters and storage rooms separated 
by yards and alleyways; the entire settlement was enclosed by a defensive circuit wall made 
of mud bricks. The rooms shown in the photograph were occupied by about 1200 B.C., in 
the late Bronze Age. Just under them are the floors of crop storerooms that were destroyed 
by fire in about 1350 B.C. From the charred rubble on the floors has come a rich haul of bo­
tanical remains c?nsisting of burned fra�ments of stored crops. The circular pit at the rear 
was for storage; the depres<ions" '1., ril'ht are the resuU of later digging in the Iron Age. 
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pearance with each successive rebuild­
·ing. The circuit wall was constructed 
of clay and of bricks made from sun­
dried mud. Within that wall stood rec­
tangular rooms, which had timber 
frames filled in with mud brick. (The 
timber frames may have been intend­
ed to strengthen the rooms against the 
earthquakes that plagued. Macedonia 
in the Bronze Age and continue to do 
so. ) Interspersed among the rooms, 
which served as dwellings and for oth­
er purposes, were yards. Groups of 
rooms and yards were divided by al­
leys, giving the settlement a rectilin­
ear plan. The alleys were surfaced 
with gravel but were too narrow to 
allow even a pack animal to be driven 
along them, much less a cart, and so 
it must be assumed they were mainly 
for walking. 

In the northern part of this honey­
comb of rooms, yards and walk­

ways we uncovered the storerooms. 

The discovery, which is in some ways 
the most stimulating of our findings, 
was completely unforeseen. At the 
start of the dig it was assumed that 
Assiros Toumba concealed a Bronze 
Age site, but neither the nature of the 
set.tlement nor the- duration of its oc­
cupation was known. Therefore the 
original plan was to dig about 10 per­
cent of the mound to a depth of three 
meters in order to document the se­
quence of occupation layers. In the 
course of that work we sampled each 
layer systematically for plant remains. 
In 1977, after the third digging season, 
study of the botanical remains in the 
laboratory showed that an area on the 
north edge of the site was yielding a 
particularly rich return of plant mat­
ter. The following season we concen­
trated our work there and found that a 
fortunate coincidence had preserved 
an intriguing collection of remains re­
lating to the agricultural economy of 
the Bronze Age settlement. 

It turned out that in about 1350 B.C. 
a fire had destroyed several rooms of 
the settlement. Scattered on the floors 
of the burned rooms were burned mud 
bricks and the charred remains of roof 
timbers. The people of Assiros had 
not bothered to clear the wreckage 
and reconstruct the floors of the 
burned buildings. Instead they mere­
ly smoothed the debris and used the 
newly leveled surface as the under­
pinnings of a new floor. The framing 
timbers from the burned building were 
cut near the base, and the stumps 
were used as foundations for the new 
rooms. As a result of this "new on 
old" method of building, a substantial 
amount of grain remained in the debris, 
above the old floor. Charred grains 
were scattered through the fallen mud 
brick. Even more grain was concen­
trated in a layer on the old floor; in­
deed, in some places the grain lay 
many centimeters deep. Three rooms 
(designated 9, 12 and 14) contained 
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ASSIROS AND MYCENAEAN SOCIETY had considerable contact during the period 
of the Bronze Age palaces. Assiros is in Macedonia, which now forms part of northern 
Greece. At the height of the age of palaces (from 1400 to 1200 B.C.) Macedonia constituted 
a separate cultural region; the northern border of Mycenaean society (broken line) lay south 
of Macedonia in Thessaly. There were Mycenaean palaces at Mycenae, Tiryns, Pylos and 
Thebes and perhaps also at Iolkos and Athens, altho
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thick layers of charred debris, as did 
an adjoining covered passageway. A 
fourth room and an adjacent yard 
seem to have been part of the same 
architectural unit, but they were not 
destroyed in the fire and therefore did 
not yield the same rich haul of botani­
cal remains. 

The botanical and non botanical ma­
terial found in the complex left little 
doubt that it comprised a set of crop 
storerooms. Among the non botanical 
remains were traces of a variety of ob­
jects associated with agricultural stor­
age. In the floor of Room 9 at least 
six pits, and perhaps more, had been 
cut. The pits, which are approximately 
30 centimeters deep, nicely match the 
pointed bases of clay jars found else­
where on the mound. Such jars, which 
were common Bronze Age storage ves­
sels, are known in Greek as pithoi (the 
singular is pithos). The floor of Room 
14 was better preserved, and it had 
more than 10 pithos pits. Although a 
piece of a clay disk that might have 
been the lid of a pith os was discovered 
in one room, few fragments of the jars 
themselves were found. It seems likely 
that the storage jars were not harmed 
in the fire and were salvaged. Much 
of the floor of Room 12 had been dis­
turbed by digging in the Iron Age, and 
no indentations for storage jars were 
found there. That room, however, did 
contain two storage bins whose wil­
low frames were covered with clay. 

After considering the evidence for the 
£\. number and type of containers, 
we were able to estimate the storage 
capacity of the complex, or at least of 
the three rooms where burned debris 
was found. It appears that rooms 9, 12 
and 14 were employed exclusively for 
storage and that the crops were put in 
pithoi, clay bins and perhaps also sacks 
or other perishable containers that 
have not survived. In making our com­
putation we assumed that the place­
ment of the pithoi on the floor of each 
storeroom followed the spatial pattern 
observed on the intact part of the floor 
of Room 9, where six pits were found. 
On the basis of these assumptions, and 
taking into account the fact that each 
pith os could hold between 100 and 150 
liters, it was calculated that rooms 12 
and 14 had a storage capacity of about 
1,000 liters each and Room 9 a capaci­
ty of from 2,000 to 3,000 liters. The 
total volume of between 4,000 and 
5,000 liters is more than enough to 
feed 20 people for a year. The concen­
tration of that much storage capacity 
in one area of the mound is remarkable 
for prehistoric Greece, where the dis­
persal of storage facilities in individual 
dwellings is the rule. The only parallel 
for the concentrated arrangement seen 
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STORAGE COMPLEX included three rooms that were destroyed 
by fire. In the floors were pits that could each have held the base of 
a storage jar called a pithos. Room 12 also contained the remains of 

two storage bins that had willow frames covered with clay. After the 

fire the residents salvaged the jars, leaving the grain. The burned de­
bris was then smoothed to form the base of a new floor. In some 
places the grain lay many centimeters thick on the old floor, pro­

viding the authors with excellent samples of the Bronze Age crops. 

at Assiros is to be found in the Bronze 
Age palaces of southern Greece. 

In the past an excavator who found 
storerooms like these would probably 
have assumed that the grain scattered 
about had been so thoroughly dis­
turbed during and after the fire that 
it could not possibly yield any infor­
mation about the original pattern of 
storage. At Assiros, however, detailed 
sampling enabled us to infer quite a lot 
about the number of stored crops and 
their spatial arrangement. Most of that 
information came from the old floor, 
which lay under the layer of charred 
debris. Although the grain mixed with 
the debris had been severely disturbed, 
the grain lying on the floor apparently 
had not. We found many areas where 
the scattered grain included a very 
high proportion of seeds from a single 
plant species. Those concentrations of 
one species, we reasoned, must have 
lain undisturbed after the fire. Any 
serious disturbance would undoubt­
edly have mixed the contents of sev­
eral containers, resulting in random 
mixtures of species rather than con­
centrations of one type. Therefore we 
inferred that these concentrations held 
significant information about the stor­
age pattern. Each one was analyzed in­
dividually. Samples were taken from 
the center and the periphery of the 
concentration as well as from the area 
between two concentrations. If a con­
centration was large, it was sampled 
many times. 

The botanical sampling first yielded 
the information that the residents of 
Assiros had cultivated at least seven 

species of plants. Three species of 
wheat were conclusively identified: 
einkorn (Triticum monococcum), em­
mer (T. dicoccum) and spelt (T. spelta). 
The seeds of two other species-bread 
wheat (T. aestivum) and macaroni 
wheat (T. durum)-are indistinguish­
able. Since grains of this type are pres­
ent, it is possible that both species were 
grown; on the other hand, perhaps only 
one of the two species was cultivated. 
At least two cereals were grown in ad­
dition to wheat: six-row hulled barley 
(Hordeum vulgare) and broomcorn mil­
let (Panicum miliaceum). There was 
also a pulse called bitter vetch (Vicia 

ervilia). (The pulses make up the group 
that includes peas and lentils. ) The sev­
en species probably supplied most of 
the diet of the Bronze Age inhabitants. 
The cereals may have been consumed 
as bread or as gruel. 

The potential of spatially intensive 
botanical sampling such as that 

done at Assiros extends far beyond 
providing a catalogue of plant species. 
Among the other things it can show is 
which crops were grown and stored in­
dividually. It is clear from the almost 
pure samples of einkorn, millet and 
bitter vetch that these three species 
were stored-and therefore presum­
ably grown-as separate crops. The 
overwhelming predominance of bread 
(or macaroni) wheat or hulled barley 
in some samples suggests these species 
were also grown separately. The case 
of emmer and spelt is more complex. 
Although the ratio of the two species 
varies from sample to sample, no-

where is one found without the other. 
It appears emmer and spelt were grown 
and stored together. In this they re­
semble the "maslin," or mixed, crops of 
wheat and barley grown today by some 
Greek peasant farmers. Since the two 
plants thrive in slightly different con­
ditions, combining them reduces the 
chance of complete crop failure. 

The overall diversity of crops grown 
at Assiros probably also had a benefi­
cial effect. Each of the six crops for 
which evidence has been found in 
the storerooms (einkorn, millet, bit­
ter vetch, bread-or macaroni-wheat 
and barley in addition to the mixture 
of emmer and spelt) is sown and har­
vested on a different schedule. There­
fore cultivating such a range of crops 
spreads the periods of intense agricul­
tural labor throughout the year. In ad­
dition each crop has slightly different 
requirements in terms of climate and 
rainfall, and growing a variety of them 
can give protection from the vicissi­
tudes of temperature and rainfall. The 
latter may have been particularly sig­
nificant for the residents of Assiros, be­
cause the eastern part of Greece has an 
arid climate in which rainfall can be 
quite capricious. 

The six crops not only were culti­
vated on different growing cycles but 
also were probably stored in different 
forms. Gordon C. Hillman of the Uni­
versity of London has studied how 
crops are processed today in simple ag­
ricultural settings, including Turkish 
villages. Because such economies are 
similar to those of Bronze Age Greece, 
HillmaIi.'s work can help to show how 
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crops were processed in prehistoric 
times. His findings suggest that some 
plants are generally fully processed 
before the useful portion is stored. 
At ancient Assiros that group would 
have included bitter vetch, barley, mil­
let, bread wheat and macaroni wheat. 
The processing of those plants re­
quires only a single threshing to de­
tach the seeds from the rest of the 
plant, followed by winnowing and 
sieving to retrieve the seeds. What 
goes into the storage bins is the grain, 
ready for cooking. 

Another group of plants requires 
two phases of processing, and the crop 
can be stored at more than one stage. 
In that group are einkorn, emmer and 
spelt. The seeds of those plants are 
tightly enveloped by thick husks called 
glumes, and the three species are 
known as glume wheats. Together the 
grain and its covering are called the 
spikelet; the spike, or ear of the grain, 
is made up of many spikelets attached 
to the central stalk. For the crop to 

be transformed into food the wheat 
must first be threshed to break the ear 
into individual spikelets. The mixture 
is then winnowed to retrieve the spike­
lets, leaving behind the inedible re­
mainder of the plant. The spikelets 
are threshed a second time to separate 
the wheat grains from the chaff, which 
consists mainly of the husks. The grain 
is then obtained either by a second 
winnowing or by sieving. 

The two-stage process affords two 
different points for storage. The 

crop can be stored after the first thresh­
ing as intact spikelets. Alternatively, 
the second threshing can be carried out 
and the crop stored as fully processed 
grain. Storing the spikelets is advanta­
geous on two grounds. Threshing is ar­
duous. Putting the spikelets in storage 
and then threshing them as the grain 
is needed spreads the work of thresh­
ing through the year. Moreover, the 
spikelets are more resistant to the at­
tacks of insects and fungi than the 

• EINKORN HULLED BARLEY 

• EMMER D BROOMCORN MILLET 

SPELT • BITTER VETCH 

D BREAD WHEAT 

grain is. The residents of Assiros ap­
parently exploited these advantages 
and stored some of their glume wheat 
as spikelets; we found glume-wheat 
samples containing intact spike lets and 
also samples with very high propor­
tions of chaff. 

So far we have described how spa­
tially intensive sampling of plant re­
mains has yielded information about 
the number and type of crops cultivat­
ed at Assiros and also about how the 
farmers there processed and stored 
what they grew. Can similar tech­
niques be used to answer more specific 
questions, such as how many jars of 
each product there were in a particular 
room of the complex? The answer is 
that they can. At least they can provide 
an estimate of the minimum number 
of storage containers of each crop in a 
particular area of the complex. For ex­
ample, if in a corner of one room two 
concentrations of barley are found to 
be separated by a concentration of ein­
korn, it follows that there must have 

ROOM 12 

SAMPLES OF GRAIN from the floors of the storerooms yielded 
considerable information about crop storage at Assiros. The seeds 
of at least seven species have been identified. Among them are four 

types of wheat: einkorn, emmer, speJt and bread wheat. There were 
two other cereals-hulled barley and broomcorn millet-and bitter 
vetch, which is a relative of peas and lentils. Each circle indicates 
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been at least three containers in that 
'corner: two filled with barley and one 
filled with einkorn, 

\ 
\ 

The reason such an analysis yields 
only the minimum number of storage 
vessels is that the concentration of, 
say, einkorn may contain a mixture of 
grains from two jars of einkorn that 
were adjacent when the fire broke out. 
By combining the minimum estimate 
with a count of the pithos pits, how­
ever, we can approximate a complete 
count of the containers of each grain 
type, The clearest instance of this 
method applies to Room 9, where sev­
en separate concentrations were found 
on the preserved part of the floor: two 
concentrations of einkorn, two of em­
mer with spelt, two of broomcorn mil­
let and one of bitter vetch. As we men­
tioned above, at least six pits for pithoi 

were found in the floor of Room 9, It 
seems reasonable to conclude that 
there were at least seven storage con­
tainers in the preserved area of Room 
9 and that the list of concentrations 

\ 
\ 

\ 
\ 

reveals the contents of those seven or 
so jars. Similarly, the floor of Room 14 
revealed eight concentrations of grain 
and perhaps as many as 10 pithos pits. 
It is more difficult to be certain of the 
distribution of containers here than in 
Room 9, since one or more of the con­
centrations of grain may have come 
from several containers. Nevertheless, 
the sampling procedure, when com­
bined with an examination of the non­
botanical remains, can give a plausi­
ble description of the storage pattern 
in each room. 

Analysis of the storage pattern in the 
individual rooms reveals the striking 
fact that each of the three storerooms 

'held a different range of crops. The 
list of concentrations given in the pre­
ceding paragraph for Room 9 excludes 
bread (or macaroni) wheat, since grains 
of that type were not found there. In­
deed, bread (or macaroni) wheat was 
stored only in Room 14. Bitter vetch, 
on the other hand, was put only in 
Room 9. Millet is absent from Room 

o 2 
. 

METERS 

the site of a sample and gives the proportions of the seven species in that sample. The fact 

that some samples are heavily dominated by one species suggests the grain has not been 
much disturbed since 1350 B.C. Consequently sampling can reveal the pattern of storage. 

12. The uneven distribution of prod­
ucts is quite significant for under­
standing how the storerooms func­
tioned. Several factors must be taken 
into account, however, before the full 
significance of that pattern becomes 
apparent. The first step is to note that 
the capacity of the storage complex is 
much greater than the capacity re­
quired for a single household. Since 
that is so, one must conclude that ei­
ther each storeroom belonged to a dif­
ferent family or the complex consti­
tuted a communal storage area. 

There is good reason to think the 
storerooms were not used by in­

dividual families, The list of crops 
in each storeroom omits at least one 
plant with highly desirable properties. 
For example, barley, which is com­
monly grown today in the Greek is­
lands as a low-risk crop, is absent from 
rooms 9 and 14. Millet (absent from 
Room 12) is sown in what is otherwise 
a slack period for farm work. Vetch 
(absent from rooms 12 and 14) is quite 
useful in schemes of crop rotation. 
Therefore any family that grew the 
range of crops represented in any 
one storeroom would have added 
considerably to its labor by failing 
to take advantage of the complemen­
tary properties of the full range of 
crops. Furthermore, the families that 
used rooms 12 and 14 would have had 
a diet that was far less than optimum. 
Vetch, which is absent from those 
rooms, is an excellent nutritional com­
plement to cereals. 

Suppose, on the other hand, that the 
three storerooms formed part of a sin­
gle unit. If that were so, the group con­
trolling the complex would have been 
exploiting the complete range of avail­
able crops. Support for the idea that 
the rooms formed a unit comes from 
the architectural record. The passag­
es connecting the storerooms, unlike 
most of the alleys in the settlement, 
were not covered with gravel. The ab­
sence of covering suggests the passages 
were originally under roofs that joined 
the rooms in one edifice. Yet who 
could have controlled that structure? 
The size and capacity of the store­
rooms suggest only the community as 
a whole, or a substantial part of it, 
could have been in possession of the 
crops stored there. It appears what we 
have found at Assiros is a truly collec­
tive phenomenon, which must have 
required a good deal of cooperation 
among the inhabitants. 

It should not be supposed that the 
products stored in rooms 9, 12 and 
14 necessarily exhaust the storage 
facilities at Assiros. Individual fami­
lies probably stored food in their own 
dwellings. Rather than providing the 
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total storage capacity of the communi­
ty, 'the complex we found was proba­
bly an area where a reserve of food 
was kept as a kind of communal insur­
ance policy against poor harvests or 
complete crop failure. Such a surplus 
may have been collected as obligations 

in kind from the community, and the 
stored produce may have been re­
turned to individual community mem­
bers for services in rebuilding the cir­
cuit wall or other communal tasks. 
The exact nature of the social mecha­
nisms accompanying such collective 

GLUME WHEATS are so. called fo.r the glumes, Dr husks, that surro.und the grains. The 
cro.ps gro.wn at Assiro.s included three species o.f glume wheat: einko.rn, emmer and spelt. 
Emmer is sho.wn in the iIIustratio.n. At the left is the spike, Dr intact ear. Each spikelet, co.n­
taining a pair o.f grains, is attached to. the rachis, the part o.f the central stalk that lies within 
the ear. In pro.cessing glume wheats the cro.p is threshed o.nce to. break the spike into. spike­
lets (middle). A seco.nd threshing separates grains fro.m chaff (right). The chaff co.nsists o.f 
light fragments and the to.ugh bo.tto.m parts o.f the glumes, which fo.rm the spikelet base. 
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CORRIDOR 
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ROOM 12 

o GRAIN 

.CHAFF 

RATIO OF CHAFF TO GRAIN in glume-wheat samples yields info.rmatio.n abo.ut ho.w 
tho.se cro.ps were sto.red. Glume wheat can be sto.red as intact spikelets after o.ne threshing 
Dr as fully pro.cessed grain after two. threshings. If it is sto.red after o.nly o.ne threshing, mo.st 
o.f the chaff still surro.unds the grain. The high pro.po.rtio.n o.f chaff in samples from Ro.o.m 
12 sho.ws that at least so.me o.f the glume wheat at Assiro.s was sto.red after a single threshing. 
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storage cannot yet be reconstructed. 
Yet the impression of cooperation is a 
strong one, and it helps to create a pic­
ture of what the settlement was like in 
the Bronze Age. 

The capacity for coordinated activi­
ty would seem to set Assiros above 

the level of a simple agricultural vil­
lage. Beyond that observation, how­
ever, it is not easy to specify the eco­
nomic and social structure of the com­
munity on the mound. One promising 
model for understahding the settle­
ment in its relation to the surround­
ing population is that of the redistribu­
tive system. Redistributive systems are 
known to have existed in early Near 
Eastern societies such as Sumer and 
Ugarit during the Bronze Age; the net­
work of relations around the Minoan 
and Mycenaean palaces has also been 
interpreted as a redistributive system. 

In a redistributive system the au­
thorities at the center, which may be a 
palace, a temple or a town, have the 
right to expect certain goods and serv­
ices from the local populace. In return 
the authorities are expected to provide 
material benefits, such as food or raw 
materials, and less tangible benefits, 
such as military protection or the ob­
servance of ritual. A crucial feature of 
such systems of reciprocal obligation, 
which have been documented in clay 
tablets found in Near Eastern temples 
and at Knossos and Pylos, is that they 
do not include money or markets. The 
expectations of each side are governed 
by customs that make it possible for 
goods and services to flow freely with­
out monetary exchange or barter. 

Assiros Toumba was clearly a much 
simpler place than the great Bronze 
Age palaces. Perhaps it is best under­
stood as "protopalatial": the kind of 
settlement that might, in the right cir­
cumstances, turn into a fully devel­
oped redistributive center. If that is the 
case, one can make certain predictions 
about what we shall find in the course 
of our further work. Any redistribu­
tive center, no matter how small or 
primitive, must have a network of con­
nections with surrounding settlements. 
To discover what settlements lay with­
in the orbit of Assiros Toumba we plan 
to survey the surrounding area on foot. 

Furthermore, the center generally 
holds only a fraction of the population 
of a redistributive system. If Assiros 
Toumba was such a system, perhaps 
only a small proportion of the popula­
tion needed to build and rebuild the 
circuit wall lived on the mound itself. 
The rest of the population would have 
lived in the outlying settlements and 
contributed their labor to the raising 
of the defensive wall in exchange for 
protection or food or other benefits. It 
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is possible that the population of As­
siros Toumba itself numbered only 
between 50 and 100 individuals. Fur­
ther digging within the circuit Wall 
will be needed to find out whether this 
was the case. 

Redistributive systems are currently 
the focus of a lively theoretical interest 
among archaeologists and anthropolo­
gists, and the work at Assiros Toumba 
could ultimately make a useful contri­
bution to that discourse. One signifi­
cant question is how redistributive sys­
tems originated. Although the question 
has not been answered, an intriguing 
hypothesis is that they protected agri­
cultural communities against famine 
by providing for the storage of a sur­
plus. Some impressionistic evidence 
for that hypothesis is provided by the 
biblical story of Joseph. In heeding his 
dream and storing the surplus of the 
seven fat years to provide for the seven 
lean years, Joseph was fulfilling the 
obligations of the center in a redis­
tributive system. 

If we find the storeroom complex 
supplemented rather than replaced 
storage in individual households, it 
would support the notion that redis­
tribution functioned to damp the oscil­
lations of the agricultural economy. 
The reason is that it would then seem 
the storage complex was intended to 
hold a reserve and not simply to be a 
centralized system of collective stor­
age for everyday use. In this way the 
work at Assiros Toumba might illumi­
nate some important theoretical ques­
tions. That possibility, however, lies in 
the future. 

For the present it should be said that 
the work on the mound has al­

ready far exceeded our expectations. 
We began our excavation knowing lit­
tle about what remains there were at 
Assiros. It seemed reasonable to think 
we would find the remains of a typical 
Bronze Age village containing some 
40 to 50 households. We expected 
those households to be independent 
entities, relying on their own labor and 
lacking the social mechanisms needed 
to bind them into a larger community. 
Instead we found a community that 
apparently had complex mechanisms 
for social cooperation, including per­
haps a redistributive system that sub­
sumed both labor and agricultural sur­
plus. In this light Assiros becomes far 
more interesting, because it resembles 
the great palace towns of southern 
Greece as much as it does a simple 
agricultural village. In the years to 
come much more will be learned about 
how the palace economies of the 
Bronze Age originated, and Assiros 
will undoubtedly make a full contribu­
tion to that enterprise. 
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Athletic Clothing 
The thorough attention now given to the design of athletic 

equipment has contributed to new records in the speed sports 

and to enhanced protection or performance in other contests 

A5o-year-old photograph of an 
athlete brings sharply to the 
viewer's eye the change that has 

taken place in that sport's clothing. A 
football player wears a skimpy helmet, 
loose-fitting pants and light padding, a 
baseball player has on a baggy wool 
suit and a woman plays tennis in a long 
skirt. It is evident that little considera­
tion was given to the suitability of the 
clothing for the sport. Today a good 
deal of thought goes into the design of 
clothing for athletes. Indeed, in the 
speed sports a properly designed outfit 
can provide the winning margin in a 
close race. In other sports the right 
clothing can make a distinct contribu­
tion to performance or increase the 
athlete's protection from injury. 

Each sport ha� distinctive req uire­
ments for clothing and equipment. It 
would be impossible to explore them 
all here and to describe the improve­
ments that have been made by utilizing 
new materials and approaching design 
from an engineering point of view. In­
stead I shall focus on a few examples: 
aerodynamic clothing and equipment, 
the running shoe and the helmet. 

Aerodynamic clothing and equip­
ment are of great importance to skiers, 
speed skaters and cyclists and to ath­
letes who compete in luge and bobsled 
races. Speeds are high enough in these 
sports to make wind resistance the ma­
jor retarding force. Tests in wind tun­
nels and in the field have shown that 
a reduction in aerodynamic drag will 
improve performance. 

Aerodynamic drag on the human 
body can be lowered in three ways. 
The commonest way is to change the 
position of the body in relation to 
the wind. The uncomfortable crouched 
posture of downhill skiers, speed skat­
ers and cyclists reduces the area of 
the body facing the wind and makes a 
more streamlined form. A diver exhib­
its the ultimate in streamlined posture 
and low frontal area. This extreme po­
sition is not practical in most sports, 
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although the nearly prone luge sled­
der approaches it. 

The second way of dealing with drag 
is to design equipment that helps to 
streamline the body. An example was 
the helmet worn by members of the 
U.S. cycling team in the 1984 Olympic 
Games; it changed the shape of the up­
per part of the head to resemble the 
canopy on a jet aircraft. 

The third method is to make cloth­
ing as smooth and tight as possible to 
minimize friction arising from contact 
with the air. That is why tight, smooth, 
aerodynamic costumes have become 
standard in the speed sports. The effect 
is evident in speed skating and cycling 
because an overall reduction of from 6 
to 10 percent in wind drag is possible 
if the competitor wears aerodynamic 
rather than conventional clothing. 

B
eginning in 1982 Paul VanValken­

burgh, Joyce S. Kyle (my wife) 
and my colleagues and I designed and 
tested clothing, helmets and bicycle 
components for the U.S. cycling team. 
We found that at 30 miles per hour on 
smooth, level pavement wind resis­
tance accounts for about 90 percent of 
the total drag force on a bicycle. Roll­
ing resistance of the tires and friction 
on the bearings account for the re­
maining 10 percent. About two-thirds 
of the aerodynamic drag force is due to 
the rider. Thus the greatest chance for 
gains in speed lies in improving the 
aerodynamics of the rider. It was this 
finding that led VanValkenburgh to 
design the bicycle helmet. 

In tests in the low-speed wind tunnel 
at Texas A&M University we found 
that our prototype clothing and hel­
met, compared with the best cycling 
outfits then available, could lower the 
overall wind drag by as much as 6 per­
cent. In the 4,000-meter pursuit race 
the reduction in drag would mean an 
improvement of as much as three sec­
onds in the record time. Indeed, Amer­
ican cyclists wearing similar clothing 

, 

have won many medals in internation­
al competition. 

VanValkenburgh, Peter R. Cava­
nagh, Jack Lambie and I also worked 
on streamlined cycling shoes. We cal­
culated that they would take another 
1.5 seconds off the 4,000-meter record. 
Up to now they have not been worn in 
competition because of difficulties in 
adapting the shoe to the human foot 
and the possibility that the shoes may 
be illegal according to internation­
al rules that prohibit most forms of 
streamlining in standard-bicycle races. 

In track and field it had not been 
shown until recently that clothing af­
fects running speed, even though many 
workers had pOinted out the impor­
tance of wind resistance in running. In 
middle- and long-distance running 
about 6 percent of the total energy is 
expended to overcome wind resis­
tance. In Olympic events the maxi­
mum running speed ranges from about 
12 m.p.h. in the marathon to 27 m.p.h. 
in the 100-meter dash. Recent wind­
tunnel tests I carried out showed that 
red uctions of from 2 to 6 percent in 
aerodynamic drag are easily achieved 
by simple changes in the shape a run­
ner presents to the wind. 

Loose jerseys and thick or long hair 
appear to be the primary sources of 
drag. Even long, rough socks generate 
1 percent more drag than bare legs. A 
tight cap will reduce the wind resis­
tance by about 4 percent. Swapping 
loose, rough clothes for tight, smooth 
ones will gain a further reduction of 
4 percent. 

That reductions in wind resistance 
will improve running times is hard 
to verify: the predicted differences in 
time are small and fall within the area 
of the variability a runner can exhibit 
from race to race. In one case, how­
ever, the effect of reduced wind resis­
tance has been demonstrated. In Mex­
ico City, where the altitude is 2,255 
meters (7,400 feet), the density of the 
air is about 20 percent lower than it is 
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at sea level. The wind resistance is 
therefore about 20 percent lower too. 
A. 1. Ward-Smith of Brunei Universi­
ty in England has shown that sprint 
speeds are an average of about 1. 7 per­
cent higher in Mexico City than they 
are at sea level. 

Employing mathematical models of 
sprinting and distance running, I have 
calculated that a drop of 2 percent 
in wind resistance can significantly 
change the length of a winner's lead. In 
a race between runners of eq ual ability 
the winner's lead varies from about 
four inches in the 100-meter dash to 
more than 30 yards in the marathon. 
On the international level winning 
margins are often less because the ath­
letes are very closely matched. An im­
provement in clothing can easily give a 
competitive advantage. Tight running 
costumes similar to those in the other 

speed sports were introduced recently 
and are being widely adopted. 

S
pecial footwear for running is also 

a fairly recent development com­
pared with the antiquity of the sport. 
Formal track and field meets began at 
Eton in 1837, and the first recorded 
dual meet was between Oxford and 
Cambridge universities in 1864. A pair 
of spiked running shoes from that era 
is preserved in the Central Museum 
and Art Gallery in Northampton, En­
gland. By 1894 the spiked shoe made 
of light leather had assumed a 'form 
that remained almost unchanged for 
more than 60 years. 

The first shoes for long-distance run­
ning had high tops of leather and heels 
and sales of leather or rubber; they did 
not differ much from standard walking 
shoes. Shoes for both distance running 

and sprints began to change signifi­
cantly in the late 1950's, but it was not 
until the 1970's that competition and 
new technology brought about a rapid 
proliferation of new designs. 

In large part the radical changes in 
running shoes result from what has 
been learned in the past decade about 
the basic mechanics of running. Ex­
perts in biomechanics have employed 
high-speed photography, video cam­
eras, pressure plates, load cells, devic­
es for measuring oxygen consumption 
and other instruments to study in de­
tail the important variables in running. 
Tht! variables include the motions of 
the feet and legs, the time for each seg­
ment of motion, the forces on the run­
ner and the level of energy required by 
various types of running. 

This work has revealed that several 
critical changes take place as running 

AERODYNAMIC EQUIPMENT designed by the author and his 
colleagues for bicycle racers includes streamlined shoes and a hel­
met shaped like the canopy of a jet aircraft. They and the tight 

clothes reduce the aerodynamic drag on the rider by as much as 10 
percent. The rider, photographed in the Los Angeles Velodrome, is 
Steve Hegg, who won a gold medal in cycling at the 1984 Olympics. 
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TIGHT, FINE­
WOOL JERSEY 

NO COVERING 

TIGHT COTTON 
JERSEY 

SHOES WITH 
EXPOSED LACES 

HAIR ON ARMS 
AND LEGS 

CREW SOCKS 

CAP OVER 
SHORT HAIR 

CAP OVER 
LONG HAIR 

ROUGH-WOOL 
JERSEY 

SHORT HAIR 

LOOSE COTTON 
JERSEY 

LONG HAIR 

o 2 3 4 5 6 7 

INCREASE IN AERODYNAMIC DRAG (PERCENT) 

AERODYNAMIC EFFECT of various kinds of clothing on a runner is charted. The wool 
jersey ranks ahead of no covering because it functions like the dimples on a golf ball. 

speed goes up. They include the action 
of the legs and feet, the forces on them 
and the metabolic costs of running. 

As speed increases, the frequency 
and the length of the stride increase. 
So does the flight time: the periods 
when both feet of a runner are off the 
ground. A sprinter running flat-out can 
have both feet off the ground more 
than half of the time. 

As speed increases, the center of 
pressure of the foot's contact moves 
forward. Usually someone running 
slowly begins a foot strike on the rear 
outside edge of the foot, whereas a 

100 
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400 
(j) cr: ill 800 f-ill 
6 1,500 ill 
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10,000 

42,195 
(MARATHON) 

sprinter lands on the forward outside 
edge. Yet about 20 percent of distance 
runners are forefoot strikers. Cav­
anagh, one of the pioneers in the de­
tailed study of the running shoe, has 
ascertained in his work at Pennsylva­
nia State University that the Ameri­
can marathoner Bill Rodgers does not 
touch the ground with the rear of his 
foot (when the course is level). He 
could wear a heelless shoe. 

The forces entailed in running be­
come more significant ,with increasing 
speed. The velocity at which the foot 
strikes the ground increases, as does 

o 4 8 12 16 20 24 28 32 36 0 2 3 4 5 6 7 

DISTANCE (METERS) TIME (SECONDS) 

DECLINE IN WIND RESISTANCE can increase the lead of the winning runner in a race 
and decrease the winning time. The table reflects the results of a 2 percent reduction in the 
resistance arising from wearing aerodynamic clothing or -from running at a high altitude. 
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the maximum force of the foot's con­
tact with the ground. The energy lost 
in the shock of contact also increases. 
The angle and the rate of flexion of 
the knees and hips change with higher 
speeds. This is probably an automatic 
adjustment made to help absorb the 
heavier shock without injury. 

At higher speeds the foot supinates, 
or rolls outward, increasingly before 
striking the ground. After striking the 
ground the foot pronates, or rolls in­
ward, and the center of pressure moves 
forward and toward the midline of the 
foot. Because of the high pressure and 
force generated, shock absorption be­
comes one of the most important func­
tions of the running shoe. Workers at 
Nike, Inc., have found that the maxi­
mum force on the foot after ground 
contact is as much as three times the 
weight of the body and that the accel­
eration transmitted to the leg can be 
10 times greater than normal gravity. 

The metabolic cost of running rises 
linearly with speed. As a result, since 
the average speed decreases as the dis­
tance of the run increases, the energy 
consumed remains between 70 and 90 
kilocalories per kilometer. 

These findings and additional ones 
have given rise to a variety of track 
and running shoes. A sprinting shoe 
is extremely light and has fine spikes. 
They are necessary because the trac­
tion force needed by a sprinter ap­
proaches the weight of his body. (In 
distance running the typical traction 
force is about 40 percent of the body 
weight, so that spikes are not neces­
sary.) The spikes are designed to mini­
mize energy losses while damaging the 
running surface as little as possible. 
Since a sprinter lands on the outside of 
the foot, traction ridges are placed on 
the side of the shoe to prevent slipping. 
The high-jump shoe has spikes on the 
takeoff foot; they are positioned ac­
cording to the athlete's jumping style. 
The opposite shoe is much lighter and 
has no spikes. 

T
he modern shoe for distance run­

. ning has several features to reduce 
injury and increase performance. It 
has a midsole made of expanded foam 
to absorb shocks. The raised heel 
wedge is designed to reduce stress on 
the Achilles tendon, thereby prevent­
ing tendinitis there. The flare of the 
sole, the stiff heel counter and the vari­
able hardness of the sole material all 
help to control excess motion of the 
foot after it touches the ground. 

Some of these components are still 
fairly soft. Soft materials allow the 
foot to shift and to pronate excessive­
ly. This kind of movement is thought 
to be the cause of some knee injuries. 
Consequently much of the current ef-
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fort in the design of running shoes is 
aimed at controlling excessive prona­
tion. The hardness of the outsole and 
the pattern of the tread can be designed 
to keep the foot from rolling inward. 
Moreover, the inner part of the heel 
wedge can be made harder than the 
outer part. This feature and the arch­
supporting inner liner serve together to 
control excessive pronation. 

The bottom of the shoe is made of 
a harder and more durable material 
than the midsole. It can be specifically 
designed for traction, flexibility, long 
life, foot control, shock absorption 
and several other req uirements. Inside 
the shoe a soft, flexible inner liner is 
shaped to give support to the arch 
-a feature that was once incorporated 
only in orthopedic running shoes. 

4 

The upper part of a running shoe 
serves no purpose except to hold the 
sole on the foot. If it were possible to 
attach the sole to the foot with a non­
irritating adhesive, the upper could 
be eliminated. Such a bizarre shoe, 
however, would probably last for only 
one race and might cause injuries. 

The upper, which usually accounts 
for about 30 percent of the typical run-

RUNNING TEST shows the pressure generated by a runner's bare 
right foot on a hard surface and on a foam pad during a period of 
about 500 milliseconds after the foot makes contact with the ground. 
The height of the grid lines is proportional to the contact pressure. 

In each case the reading from a hard surface appears above the 
reading from the pad; the times are comparable. The pad, like a 
running shoe, spreads the pressure and absorbs shock. The tests 
were made by Peter R. Cavanagh of Pennsylvania State University. 
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ning shoe's weight of nine ounces, is 
designed to be as light as possible. It 
must provide adequate ventilation and 
endure constant pounding and abra­
sion. The typical upper made of nylon 
mesh and a composite material serves 
the purpose well. 

In seeking to improve running shoes 
technologists are looking for light­
weight materials that absorb shocks 
adeq uately. Lighter shoes in general 
mean a lower expenditure of energy 
by the runner. Measuring submaximal 
oxygen consumption of runners, Ed­
ward C. Frederick and Jack Daniels 
of Nike have found that each one­
ounce reduction in the weight of a 
single shoe causes a decrease of . 28 
percent in the energy required for run­
ning. They also found, however, that 
cushioning affects energy consump­
tion. Paradoxically, a light shoe that 
has improper cushioning will raise the 
energy n�quirement. 

I
deal running-shoe materials should 

be able to absorb shock without 
breaking down. The foams now em­
ployed are compressible; use eventual­
ly destroys their resilience. Several 
shoe manufacturers have experiment­
ed with soles that have compressed 
gas embedded in foam. Unfortunate­
ly such "air soles" weigh more than a 
standard foam sole does. 

The shock-absorbing capacity of a 
substance depends mostly on its thick­
ness. Thicker materials afford greater 
protection. In theory a material that 
crushes uniformly and gives a constant 
rate of deceleration through the dis­
tance of crushing will result in a mini­
mum force of contact. Such a material, 
however, would absorb all the ener­
gy, returning none to the foot. The re­
sult would be low running efficiency. 
On the other hand, a perfectly elastic 
spring would return all the energy to 
the foot but would in theory cause 
twice the maximum force of a crusha­
ble material. Real materials fall some­
where between these limits, returning 
approximately 40 percent of the ener­
gy to the foot. 

A study by Richard Bunch of Con­
verse Inc. and his colleagues seeks to 
tune the response of the shoe to the 
runner's stride so that a maximum 
amount of energy is returned to the 
foot. The trick is to make the com-

RUNNING SHOE designed for distance 
running is shown complete at the top and 
then broken down into its major compo­
nents. The construction is intended to absorb 
shock, snpport the arch and prevent the foot 
from pronating, or rolling inward, exces­
sively after it makes contact with the gronnd. 
Pronation is thonght to cause knee injuries. 
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pressed material of the sole rebound at 
tl)e same rate as the foot when the 
foot leaves the ground. The principle 
has been applied to the design of run­
ning tracks. Beca use runners differ 
from one another in weight and in 
weight distribution and have widely 
varying foot-strike patterns: however, 
the concept would seem to require cus­
tom-made shoes and would therefore 
be applicable only to the manufacture 
of footgear for outstanding athletes. 

An intriguing thought is that runners 
could run without shoes on the com­
pliant artificial materials now found 
widely on outdoor tracks. Nothing is 
lighter than the bare foot, and it does 
not pronate. On hard surfaces, how­
ever, shoes are essential. 

T
he helmet is probably the most ad­
vanced piece of protective equip­

ment in sports. The first organized ef­
fort to test helmets scientifically in the 
U.S. was made by the Snell Memorial 
Foundation in Wakefield, R. I. It is 
named for Peter Snell, a racing-car 
driver who died of head injuries sus­
tained during a race. George G. Snive­
ly and Clinton O. Chichester, who with 
Snell had owned the car in which the 
driver was injured, set up the founda­
tion in 1957. The foundation devised 
testing methods and standards for mo­
torcycle and automobile helmets, first 
publishing them in 1966. The stan­
dards were later adopted by automo­
bile- and motorcycle-racing associa­
tions throughout the U.S. Snell now 
publishes standards for ski, bicycle, 
motor and equestrian helmets. 

One standard test ascertains how 
much a helmet absorbs a blow to the 
head. In the test the helmet is mounted 
on a head form, which is then dropped 
from a height of about three meters 
onto a flat or hemispherical anvil. An 
accelerometer mounted at the center 
of gravity of the assembly measures 
the peak negative acceleration (decel­
eration) of the head form on impact. 
Work in physiology has established 
that concussion and other compressive 
injuries to the head will be minimized 
if the measured peak instantaneous de­
celeration is less than 300 g (300 times 
normal gravity). The Snell standard 
for allowable peak deceleration is 285 
g; most automobile and motorcycle 
helmets will keep deceleration below 
that. Moreover, because the metal 
head form is not a replica of the more 
compliant human head, the peak de­
celerations seen in the Snell tests prob­
ably represent actual decelerations to 
a human head of less than 200 g. 

A helmet is inadequate if it does not 
stay on the head and if it can be broken 
or punctured. Additional tests there­
fore measure the strength of the chin 

HEAD FORM is used to test helmets in the laboratory of Bell Helmets, Inc., in Norwalk, 
Calif. In this double exposure both the form and a helmet under test by the hemispherical 
anvil can be seen. The test measures the deceleration of the head form. A comparison of 
that number with the helmetless deceleration shows how much the helmet absorbs the blow. 

strap and the ability of the helmet's 
outer shell to resist penetration by a 
sharp object. Usually the outer shell is 
made of fiberglass or injection-molded 
plastic. Fiberglass is the stronger and 
more durable of the two materials. 

Most modern helmets for the mo­
tor sports have a crushable expanded­
polystyrene liner or a flexible or rigid 
polyurethane foam to absorb shock. 
As in shoes, crushable materials are 
ideal energy absorbers. In the motor 
and equestrian sports and in skiing, cy­
cling and baseball a helmet can be de­
signed for a single high-energy impact, 
so that a crushable liner is suitable. 
In contact sports such as football and 
hockey the helmet must provide pro­
tection against many impacts; the liner 
must be made of resilient material. 

In many sports tradition and the 
thought that the helmet may impede 
high performance seem to have more 
influence on the type of helmet than 
safety does. Standards for the batting 
helmet in baseball require that it pro­
tect the batter from a fastball thrown 
at 60 m.p.h., yet many pitchers even at 
the high school level throw at higher 
speeds. Since the type of impact is fully 

predictable, it is well within the capa­
bility of modern technology to devel­
op a helmet that could protect a play­
er against today's fastball. 

A similar situation exists in cycling. 
Tradition is so strong that many riders 
either do not wear a helmet or put on 
an inadequate leather "hair net" that 
does not meet the Snell standards or 
those of the American National Stan­
dards Institute. Since racing speeds are 
higher than 25 m.p.h., contact with the 
pavement in a crash can cause death or 
serious injury. A test in which a com­
monly used leather helmet is exposed 
to a two-meter drop onto a flat an­
vil suggests that the head of a cyclist 
wearing the gear could be exposed to 
an impact shock greater than 700 g. 
Several manufacturers produce bicy­
cle helmets that give far better protec­
tion: their products hold the impact 
shock in the same test to between 170 
and 270 g. 

H
ead protection in football has 

been the subject of study over the 
past 15 years by Voigt R. Hodgson of 
the Wayne State University School of 
Medicine and his colleagues. Their 
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work led to the publication of stan­
dards in 1973 by the National Oper­
ating Committee on Standards for 
Athletic Equipment. Somewhat later, 
rule changes prohibited initial contact 
with the head in blocking and tackling. 
Since these two events the number of 
skull fractures, concussions, paralyz­
ing neck injuries and other serious 
head injuries in football has declined 
by more than 50 percent. 

Studies at Wayne State and else­
where have made use of cadavers to 
measure the severity of impact re­
quired to fracture the skull or cause 
neck injuries. In later tests pressured 
dye in the cranial arteries of cadavers 
showed how blood vessels rupture 
when the head receives a blow. The 
tests revealed that a wide range of 
shock intensity led to head injury; the 
differences arose from differences in 
bone strength and vascular condition. 

Most of the serious head injuries did 
not occur until peak accelerations of 
from 100 to 200 g were reached. The 
longer the duration of high accelera­
tion, the more severe the injury. From 
this information a head-injury criteri­
on was devised to define the danger 
zone of acceleration. 

Hodgson and his associates devel­
oped a head model to test impact accu-

FOOTBALL 

BASEBALL 

rately. The model has the same shape, 
weight, mass distribution and dynamic 
response as the human cadaver head. 
This model in drop tests served to 
measure the effectiveness of football 
helmets. Now all players of organized 
football in the U.S. must wear helmets 
that pass the resulting standards. They 
are based on a calculation of accelera­
tion v. time. 

Even the most carefully designed 
helmet cannot prevent all head inju­
ries. For example, twisting and other 
forms of rotational acceleration often 
cause the rupture of blood vessels in 
the head and other serious damage. 

A sport where head protection could 
be of benefit is boxing. Hodgson is 
studying the interaction of gloves and 
head protectors to devise improved 
helmets for amateur boxers. Perhaps 
boxing may someday resemble fencing 
in that a potentially deadly sport is 
made safe and winning or losing is 
judged solely on technique and points. 

Unfortunately athletes are often re­
luctant to wear protective gear be­
cause of the weight and discomfort or 
because they assume that its use re­
flects adversely on their physical cour­
age. Objections to weight and discom­
fort could be overcome by reducing 
the weight of protective gear. For ex-

MOTORCYCLE 

HOCKEY 

ample, a goalie in hockey could move 
faster and make more saves if he wore 
light padding that gave as much pro­
tection as the equipment that is now 
standard. This is an area that would 
benefit from further research. 

S
everal major forces are promoting 

rapid change in sports equipment. 
The first one is money. The industry 
making and selling sports and athletic 
apparel in the U.S. has annual sales 
that approach $4 billion. Sporting­
goods firms compete briskly to sign 
professional and amateur athletes to 
contracts binding them to the exclu­
sive use of certain prod ucts. The idea is 
that winning athletes will help the sales 
of the equipment they use. This strate­
gy creates intense pressure to improve 
equipment to give sponsored athletes 
an advantage over their competitors. 

Another force for change comes 
fro.m governments and national athlet­
ic organizations, which believe their 
reputations can be enhanced by victo­
ries in international competition. Fi­
nally, coaches and athletes constantly 
call for better equipment. In combina­
tion these forces have made technolo­
gy an increasingly visible and impor­
tant partner in the design of athletic 
clothing and equipment. 

BICYCLE 

SKIING 

ARRAY OF HELMETS indicates how the design differs according 
to the sport. Each helmet except those for football and hockey is de-

signed to protect against a single high-energy impact. The helmets 
for football and hockey are designed to absorb mnltiple impacts. 
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THE AMATEUR 

SCIENTIST 

Methods and optics of perceiving 

color in a black-and-white grating 

by] earl Walker 

I
n 1965 Celeste McCollough of 

Oberlin College reported a puz­
zling phenomenon: a situation in 

which the human visual system impos­
es color on a black-and-white grat­
ing. You first study a grating of black 
stripes interspaced with a color. Later 
you look at a black-and-white grating 
identical in orientation and spacing 
with the first one. The grating's white 
stripes set;m to be tinted with the com­
plement of the color in the first grating. 

The apparent color is surprising for 
several reasons. It appears only if the 
second grating has the same orienta­
tion and spacing as the first one. Al­
though the apparent color may grow 
fainter with time, it appears even if 
the observer delays viewing the second 
grating for hours, days or weeks. (Its 
strength after a delay depends partly 
on the dietary and sleeping habits of 
the observer.) 

A person who has normal color vi­
sion should be able to see the McCol­
lough coloration by viewing the grat­
ings on the next few pages. Begin with 
the colored gratings on the opposite 
page. Note that the black stripes of 
the horizontal gratings are interspaced 
with green and those of the vertical 
gratings are interspaced with magenta. 
Be sure the illustration is well illumi­
nated. Do not fix your gaze but shift it 
so that you see each differently colored 
region for about the same amount of 
time. After five minutes or more exam­
ine the colorless gratings on page 115. 
The demonstration works better if the 
illuI\lination is now low. You should 
perceive faint, unsaturated colors su­
perposed on the white stripes. 

The colors you perceive are associ­
ated with the orientation of the black 
stripes. Whereas previously the hori­
zontal stripes were interspaced with 
green, they are now interspaced with 
magenta. The vertical stripes change 
color in preCisely the opposite way. 
You can verify the fact that the colors 
are associated with the orientation of 
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the stripes by rotating the illustration 
90 degrees. Again magenta appears 
with horizontal stripes and green with 
vertical stripes. The shapes of the re­
gions are not important; the associa­
tion of the color is with orientation. 

One should not mistake the Mc­
Collough effect for the phenomenon 
known as a negative afterimage. The 
color in that phenomenon is fleeting 
compared with the McCollough color­
ation. To demonstrate a negative after­
image fix your gaze on a field of green 
color for about five minutes and then 
on a white, featureless surface. For a 
short time you will perceive magenta. 
If you delay viewing the white surface 
by 10 minutes or more, the afterimage 
fails to appear. 

When you look in a normal way at a 
white surface, all the color sensors in 
the retina send signals of color to the 
brain. Somewhere along the way the 
signals are analyzed according to pairs 
of complementary colors that com­
pete. If you see equal amounts of the 
colors in a pair, they result in a per­
ception of no color. For example, 
green and magenta compete. If equal­
ly strong green light and magenta light 
reach the eye, the competition is a 
draw and you perceive white, that is, 
a colorless illumination. 

The normal afterimage is often at­
tributed to fatigue of some of the reti­
nal color ·sensors. For �xample, if you 
view green, the sensors responsible for 
sending that signal to the brain come to 
be less responsive. Suppose you view a 
white surface just after the green sen­
sors become fatigued. Although equal­
ly bright green and magenta enter the 
eye, the weak response by the green 
sensors allows the magenta to prevail. 
You perceive magenta in the white re­
gion. When the fatigue wears off, the 
competition between the two colors is 
again a draw and you see white. 

The McCollough coloration also 
differs from the normal afterimage in 
that drugs can alter its duration, sug-

gesting it depends on the neurotrans­
mitters in the visual pathway that ex­
tends from the retina to the brain. C. C. 
D. Shute of the University of Cam­
bridge reported that caffeine acceler­
ates the decay of the effect whereas 
fresh ginseng tea (not the instant vari­
ety) delays it. Bamidele o. Amure of 
the University of Cambridge reported 
that nicotine prolongs the effect. In 
addition D. M. MacKay and Valerie 
MacKay of the University of Keele in 
England demonstrated that the decay 
can be postponed by sleep and that the 
strength of the coloration can depend 
greatly on how well the observer sleeps 
before looking at the colored grating. 

I did experiments with the McCol­
lough effect by preparing several grat­
ings of black stripes and photocopy­
ing them on a machin'e that retained 
the solid black character of the stripes .. 
N ext I colored the spaces between the 
stripes. Most often I tested a grating of 
horizontal black lines interspaced with 
green. I looked at the grating for about 
five minutes and then waited five min­
utes before looking at a colorless grat­
ing. The delay ensured that coloring 
due to a negative afterimage would 
not appear. The afterimage was nor­
mally not a problem anyway since I 
did not fix my gaze. I had more tr04-
ble with the need to allow the McCol­
lough coloration to decay completely 
between experiments. On occasion the 
decay took as long as a day. 

Does the McCollough effect require 
straight edges? I made a set of gratings 
identical with the previous ones except 
that the black stripes were replaced by 
rows of small black dots. No McCol­
lough coloration appeared. I replaced 
the dots with rows of solid black cir­
cles but again found no McCollough 
coloration. 

I thought perhaps the spacing of the 
grating altered the coloration. Condi­
tioning my eyes to the original green­
and-black grating, I then looked at a 
colorless grating that had the same 
orientation but on which the black­
and-white stripes were scaled down to 
about half the original size. No colora­
tion appeared. 

I wondered how much of the field of 
view must be occupied by the original 
grating to condition the eyes properly 
for the color effect. Covering most of 
the original grating with opaque paper, 
I gazed at the small amount still visible 
and then examined the colorless grat­
ing without covering any of it. No col­
oration was present. Apparently one 
must see enough of the original grating 
to recognize it as a grating before the 
McCollough effect will work. 

Next I reversed the procedure, look­
ing at the full original grating and then 
examining only a small part of the col-
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orless one, most of which was covered 
with opaque paper. The faint magenta 
appeared. Indeed, it seemed to be there 
even when I covered up all but a small 
segment of one or two black stripes. 
Some students of the McCollough ef­
fect have suggested that if the stripes 
of a grating are widely spaced in one's 
view, the visual system focuses on the 
edges of the stripes. If instead the 
stripes are closely spaced in one's view, 
the system focuses on the periodicity 
of the stripes. When I examined the 
small part of the colorless grating, the 
McCollough coloration was probably 
associated with the edges rather than 
with the periodicity. 

In 1974 Charles F. Stromeyer III of 
Stanford University reported that the 
McCollough coloration is perceived 
better if the colorless grating is exam­
ined in dim light. The coloration can 
be seen even when the illumination is 
so low that the retinal cones, which are 
responsible for color information, do 
not function. I tested these results by 
conditioning my eyes to the black-and­
green grating in bright light and then 
dimming the illumination. As my eyes 
adjusted to the dim light the magenta 
coloration in the colorless grating be­
came more pronounced even though I 
could not see color anywhere else in 
the room. 

Stromeyer also reported that the 
spacing of the grating can determine 
the McCollough coloration. An ob­
server first looks at a green-and-black 
grating with wide spacing. Then he 
views a closely spaced magenta-and­
black grating. The orientations of the 
two gratings are identical. Some time 
later he looks at colorless gratings 
that have the same orientation as the 
first two. If a colorless grating has the 
same spacing as the first one, he per­
ceives magenta. If instead it has the 
same spacing as the second one, he per­
ceives green. Somehow the observer 
has stored color along with the infor­
mation about spacing. 

Gratings that condition the eye for the McCollough effect 
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How is the McCollough effect pro­
duced? No one knows in detail, but a 
few elementary models have been sug­
gested. One of them, which has been 
put forward by a number of students 
of the visual system, is shown in the 
upper illustration on page 118. The 
model is crude in that details of how it 
works are not known. At the left is a 
section of retina illuminated with a 
horizontal grating of black-and-green 
stripes. The circuitry at the right repre­
sents the early stages of vision. Sig­
nals move toward the right to reach 
the higher levels of processing by the 
brain. Keep in mind that the illustra­
tion is only representative. I do not 
know where the analyzing sections of 
the visual system exist, if indeed they 
can even be localized. I also am uncer­
tain about how they function. 

Signals relating to the color of the 
green stripes are initiated by cone pho­
toreceptors in the retina. The cones 
come in three types, each of which is 
sensitive to a different part of the visi­
ble spectrum. Once the cones are ex­
cited their signals are compared and 
other signals are relayed deeper into 
the visual system. These new signals 
indicate luminosity and the relative 
strengths of red v. green and of yellow 
v. blue. At some later stage, which is 
probably within the brain, the new sig­
nals are compared in terms of the com­
peting complementary colors. 

For example, the colors green and 
magenta compete in this later stage of 
analysis. Consider the competition in 
terms of numbers assigned to the sig­
nal strengths: green positive, magenta 
negative and an even mixture zero. 
When the eye sees green, the signal 
strength might be, say, +200. When it 
sees magenta, the strength might be 
-200. If equal amounts of green and 
magenta are detected (as when you see 
white), the strength of the color signal 
IS zero. 

The edges of the stripes are detected 
by groups of photoreceptors lying at or 
near the place where the image of the 
edge falls on the retina. The informa­
tion from many edge detectors feeds 
into a grating detector, which sends 

Complementary colors 
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deeper into the visual system a sig­
nal that a grating of a certain orienta­
tion and a certain periodicity is being 
viewed. No one is certain about how 
the grating detector works. Assume 
that it recognizes a grating by com­
paring it with some standard gratings. 
Once a match is made a signal is sent 
along an output line. The output line 
chosen depends on which of the stan­
dard gratings matches the one being 
viewed. If a horizontal grating of a cer­
tain spacing is viewed, a signal is sent 
along one of the output lines. If the 
grating is rotated to be vertical, the sig­
nal is sent along another line. If the 
spacing of the grating is varied enough 

to make a match with a different stan­
dard grating necessary, the signal is 
sent along a third line. \ 

The McCollough effect might be ex­
plained in terms of this model. As you 
view a horizontal grating of black-and­
green stripes, strong signals are sent 
along two lines. One signal concerns 
the green of the light and the other sig­
nal concerns the· orientation and spac­
ing of the grating. An inhibiting in­
terconnection begins to build between 
the two lines, somewhat weakening 
the signal of green. The inhibition is 
not large enough for you to notice it 
in normal room light. Although the 
strength of the interconnection builds 

Gratings that prodllce the McCollollgh effect 

up within five minutes or so, it may last 
for hours or even longer. 

Suppose you look later at a colorless 
grating that has the same orientation 
and spacing as the first one. On the 
color line the signal strength is zero 
because the grating has white stripes. If 
the color signal continued to be zero, 
the perception would be of white. The 
inhibition imposed by the interconnec­
tion, however, makes the strength of 
the signal negative. The color signal 
then registers magenta, and you per­
ceive m.agenta on the colorless grating. 

Inhibition is imposed on the color 
line only if the grating detector" ac­
tuates the output line that has the 
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strengthened interconnection. If some 
other output line is actuated, the color 
line is unaltered. Suppose you rotate 
the grating until it is vertical. The sig­
nal from the grating detector moves 
along another output line. the color 
line is not inhibited and the McCol­
lough coloration disappears. 

Although this model fits many of 
the experiments done with the McCol­
lough effect, it is unsatisfactory. Why 
should the output line of a grating de­
tector inhibit the color line? I am also 
troubled by the following experiment. 
If the model is correct, the inhibiting 
interconnection should be built up if 
you shift your gaze over a colorless, 
horizontal grating alongside a green 
region. Yet such an arrangement ac­
tually fails to produce a McCollough 
coloration. 

For the fun of it I devised a different 
model for the McCollough effect [see 
lower illustration on page 118]. I do not 
know if this model has been studied 
before. It differs from the preceding 
one in that the grating detector is itself 
color-sensitive, sending a color signal 
into the analyzer that compares com­
plementary colors. The analyzer sums 
the signal from the grating detector 
and the principal color signal coming 
directly from the retina. The strength 
of the color signal from the grating de­
tector depends on the recognition of 
the grating. 

The color sensitivity of the grating 
detector may be an unavoidable conse­
quence of the fact that it and the edge 
detectors analyze signals from color­
sensitive retinal cells. In part the detec­
tion of an edge may depend on the con­
trast of color on its two sides. Hence a 
signal from the grating detector about 
color is not surprising. 

Suppose you view a horizontal grat­
ing of black-and-green stripes. After 
making a match with a standard grat­
ing, the grating detector sends a: signal 
out along an output line concerning 
the orientation and periodicity of the 
grating. Because of the match, the de­
tector sends to the color analyzer a sig­
nal about the green in the grating. Sup­
pose the direct signal is +200 units and 
the green signal from the grating detec­
tor is + 10. The signal that emerges 
from the color analyzer is + 2 10 units, 
which is perceived as green. 

As you continue to examine the grat­
ing, the detector grows less responsive 
to both the grating and its color. After 
a while the detector begins to reduce 
its signal about the grating characteris­
tics and you get a poorer perception of 
the grating. The detector also begins to 
inhibit the signal of green, sending in­
stead a signal of magenta 'to the color 
analyzer. Suppose the strength of the 

magenta signal is - 10 units. If the di­
rect signal of green is again + 200, the 
signal emerging from the color ana­
lyzer is + 190: a slightly weaker green 
than before. 

When you replace the colored grat­
ing with a colorless one of the same 
spacing and orientation, the grating 
detector recognizes the grating and 
again sends a signal of magenta to the 
color analyzer because of its inhibition 
to green. Note that at this point the 
color from the grating detector is trig­
gered by the recognition of the grating, 
not by the strength of any color signal 
arriving from the edge detectors. If the 
magenta signal has a strength of - 10 
and the direct color signal is zero (be­
cause of the whiteness of the stripe be­
ing viewed), the color analyzer sends 
out a signal of - 10: a faint magenta. 
Hence when you view the colorless 
grating, you perceive a faint magenta 
superposed on the white stripes. This 
coloration is the McCollough effect. 

What if you look at the colorless 
grating in dim light? The coloration is 
more prominent not because of greater 
signal strength but because the illumi­
nation from the white stripes is weak­
er. You can then pick out the magenta 
coloring better. The coloration is still 
apparent even if the light is so dim that 
the cones no longer function. In such 
light the visual cells called rods pro-

' 

vide vision. They send no color infor­
mation, but they do serve to detect 
edges and thus feed a signal to the grat­
ing detector. Since the grating detec­
tor is still fatigued because you had 
looked at a grating earlier, the signal 
it sends to the color analyzer is still 
- 10 units of magenta. You still per­
ceive the coloration. 

From the model I figured that under 
the proper lighting conditions a signal 
of magenta from a fatigued grating 
detector might cancel a small, direct 
signal of green. For example, if the 
magenta signal is - 10 and the direct 
green signal is + 10, they sum in the 
color analyzer as zero. A green stripe 
in the grating would then appear to be 
gray: it is both colorless and dim. Does 
this graying actually take place? If it 
does, would the green reappear if I ro­
tated the grating so that the stripes 
were vertical and the grating detector 
therefore was forced to carry out a 
new task of recognition? Suppose an 
isolated green mark lay in another part 
of my field of view. Would I still see it 
as green even if the green of the grating 
had turned gray? 

I prepared for the experiment by 
adding some extra marks just to one 
side of the usual green-and-black grat­
ing. Some of the marks were black and 
some were green. Some were small and 
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others were stripes as long and wide 
as those in the grating. I lowered the 
room lights, waited for 15 minutes so 
that my eyes would adjust to the illu­
mination and then examined the grat­
ing for another 20 minutes. 

Although I could initially distin­
guish the green in the grating, the color 
soon began to fade into gray. The grat­
ing itself became harder to perceive. 
At this point the grating detector in my 
visual system must have become less 
responsive and its color sensitivity 

must have switched to an inhibition of 
green. Still, I wondered whether per­
haps the gray resulted from a decrease 
in the direct signal of green because 
the cones were becoming fatigued by 
the color. I checked this possibility by 
shifting my gaze to the isolated marks 
of green on the paper. Their green was 
still perceptible. I also checked by ro­
tating the grating until the stripes were 
vertical. The green of the stripes im­
mediately reappeared. For these rea­
sons the gray of the stripes in the ini-

tial orientation seems to be due to 
the inhibition of green within the grat­
ing detector. 

Many additional experiments with 
the McCollough effect have been de­
scribed in published work. Perhaps 
you can devise some of your own and 
can construct a better model than the 
ones I have considered. If you can, I 
should like to hear about your work. 
I would be particularly interested in 
experiments that disprove my model 
of a color-sensitive grating detector. 
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