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This transverse image of the brain was generated by a GYROSCAN magnetic 
resonance imaging system. It shows hydrocephalic ventricles 

and peri ventricular plaques characteristic of multiple sclerosis. 
The GYROSCAN is currently classified as an investigational device. 
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Medical technology is moving forward on many fronts, and Philips continues 
to be a prime mover. Innovation has marked our contributions to vascular and car� 
diovascular imaging. Radiography and fluoroscopy. CT scanning. Ultrasonic and 
magnetic resonance imaging. And radiation therapy. In every field, the changing 
needs of the medical community and the growing pressures of cost containment 
provide the focus for our worldwide research efforts. The result has been clinical sys
tems that assure physicians 'of optimum diagnosis and ultimately, improved health� 
care to all. Philips Medical Systems, Inc. Shelton, Connecticut 06484. 
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THE COVER 

The painting on the cover shows the human-powered aircraft Monarch B in 
flight. Monarch B was designed and built at the Massachusetts Institute 
of Technology (see "Human-powered Flight," by Mark Drela and John S. 
Langford, page 144). Generally the pilot powers the aircraft by pedaling a 
chain drive that turns the propeller. At .5 horsepower the aircraft attains 
speeds of 19 to 23 miles per hour. To provide the additional horsepower 
needed for climbing, the pilot starts an electric motor powered by a battery 
that he has charged before flight by pedaling a generator. The pilot's hands 
grasp a control stick by means of which he can cause the craft to climb, 
descend or turn. Monarch B has a wingspan of 61 feet and is 40 feet long. 
At cruising speed the propeller makes about 210 revolutions per minute. 
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legend in its own brief lifetime. 

Note the texture of the canvas that 
never gives up; yet that bends and 
stretches to let you stuff far more into 
the case than it was ever meant to hold. 
Note the zipper ring that's merely the 
self-starter to the smoothest, longest
running zipper ever made by mortal 
man. Zi-i-ip it's open. Zi-i-ip, it's 
shut. Beautiful. 

Like the people who carry it, 
it's a "piece of work." 

Some of the world's most interesting 
people carry this remarkable little bag. 
Not merely because its padded handles 
are easy on the hands, and the optional 
carry strap spares your shoulder. No. 
They do so because it suits their every 
mood and need. 

It accompanies young athletes on 
the way to the gym. It goes along on 
overnights. It rides commuter trains in 
both New York and Chicago; and it 

peeks out from under seats on the 
nation's airlines. And were you able to 
peek through the smoked glass 
windows on those stretch limos, you'd 
find our Lands' End attaches on the pin
striped laps of top executives. It's so 
much more practical than those 
expensive leather cases their spouses 
give them for Christmas. 

The price: (are you sitting down?) 
just $37.50. 

That's correct. Just $37.50, and you, too, 
can put our great little Lands' End 
attache to your own personal uses. 
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LETTERS 
To the Editors: 

Figures from the 1985 Statistical Ab
stract a/the United States and from U.S. 
budget documents fail to confirm C. 
Arden Miller's argument ["Infant 
Mortality in the U.S.," SCIENTIFIC 
AMERICAN, July] that funding for 
Federal programs relevant to infant 
mortality (1M) has been decreasing. 
Figures for Aid to Families with De
pendent Children have shown small 
increases each year and will continue 
to rise through 1989 under Adminis
tration proposals. The budget for food 
stamps rose from 1980 through 1983, 
decreased 9 percent in 1984, decreased 
between 1 and 2 percent in 1985, and 
is scheduled to rise between 4 and 10 
percent each year through 1989. The 
Child Nutrition Program held steady 
from 1982 through 1985 before a 10 
percent drop scheduled for 1986. The 
budget for Women-Infant-Children, 
which Miller shows as rising by 4 per
cent from 1982 through 1985, actually 
rose 88 percent in that period. Feder
al Medicaid funding rose 32 percent 
from 1982 thr,ough 1985 and will con
tinue to rise through 1989. State Med
icaid has been rising almost as fast. 
Alleging that decreases in funding 
through 1985 (future) caused a slow
down in improvement of 1M in 1983 
and 1984 (past) is inappropriate. 

Even if Miller's allegations about 
program funding are granted, $28 bil
lion in cuts would be responsible for 
the difference between the observed 
1984 1M rate of 10.6 per 1,000 live 
births and the rate of 10.2, expected 
if the 5 percent annual decline had 
continued. This translates into about 
1,500 lives, achieved at a cost of $1.8 
million each. The assumption that 
identifiable programs can inexpensive
ly improve 1M rates is unwarranted. 

The variables important for 1M 
(race, age, prenatal care, weight gains, 
smoking, drug use, education, mari
tal status and income) make it clear 
that cultural changes must occur if 
1M rates are to continue to improve. 
In any case, closer analysis of state 
health programs in states where 1M 
rates have suffered setbacks (21 states 
in 1983-84, including Alabama, Colo
rado, Georgia, Hawaii, Nebraska, New 
Hampshire, Utah and Vermont) might 
yield more useful results. 

Miller's citation of China as a posi
tive example is questionable because 
of the difficulty of collecting data on 
China, the lack of any independent 
verification of 1M gains and the possi
bility that hidden female infanticide 
lowers documented 1M. Why Cuba is 
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cited now that we have the analyses 
reported by Nick Eberstadt in the Wall 
Street Journal (December 10, 1984; 
page 26) showing that Cuba has sys
tematically falsified 1M data, I cannot 
imagine. Cuban 1M may still exceed 
40 per 1,000, as it did 20 years ago. 

RA YMOND R. WHITE 

Palo Alto, Calif. 

To the Editors: 
The political bias displayed in Mil

ler's report should have no place in 
Scientific American. After listing n umer
ous factors involved in infant mortali
ty, most of which he concedes have not 
been studied statistically or in detail, 
he cites the reduction in Federal pro
grams as the cause for the slowed rate 
of decline. He might just as well have 
claimed that the rise in births out of 
wedlock, shown in one of his charts, 
has leveled off as a result of the reduc
tion in Federal funds. 

W. BRYSON SCOTT 

Lovingston, Va. 

To the Editors: 
The writers raise four issues, which 

these comments address: 
1. Government spending. Dr. White 

is correct in pointing out that Federal 
spending for programs important for 
infant survival, after declining in 1982, 
has increased in recent years. These in
creases have come about because of 
the growing proportion of the popula
tion in poverty. Even as total welfare 
expenditures have increased, however, 
the eligibilities and benefits for the 
programs have been cut back. This 
means that a diminishing proportion 
of people in need are actually served 
by the programs, and those people 
who are served receive fewer benefits. 
When measured against 1981 levels 
of service, Women-Infant-Children is 
the only program that increased (by 
about 4.4 percent); the programs that 
decreased include Aid to Families 
with Dependent Children (AFDC), food 
stamps, child nutrition and maternal 
and child health. 

The Congressional Budget Office re
ported in testimony on April 28, 1983: 
"In the last three years, benefits have 
declined significantly relative to the 
number of potentially eligible fami
lies, and in 1982 alone spending levels 
fell by about 5 percent in real terms. 
Two offsetting factors have affected 
outlay levels in this period. On the one 
hand, the number of low-income fami
lies has increased considerably since 

1979, causing both eligibility and ap
plications for benefits to rise. On the 
other hand, major cuts in these pro
grams would have reduced outlays on 
them substantially had the recession 
not increased the number of beneficia
ries. Even so, between 1981 and 1982 
nominal expenditures for AFDC and 
food stamps for families with children 
each dropped by about $200 million." 

White's reckoning of the cost of pre
venting one infant death fails to take 
into account the fact that the infant 
mortality rate serves as a surrogate 
measure for morbidity among infants 
who survive. Cost-benefit studies have 
generally favored programs that im
prove services and supports to preg
nant women. 

2. Cultural changes. Again, White 
is correct in pointing out that cultur
al changes affecting, for example, the 
age of childbearing, marital status and 
substance abuse would have an impor
tant impact on infant survival. Until 
our society knows how to bring about 
such changes while still preserving 
freedoms that most of us cherish, I 
believe the best we can do is to im
plement supports and services that 
help to mitigate the ill effects of demo
graphic and behavioral trends. Coer
cive societies approach these problems 
with less trepidation. 

3. Vital-statistics data. The reliabili
ty of vital-statistics data is always sus
pect. The 1984 UNICEF report gives an 
infant mortality rate for Cuba of 19 in 
1981 and 70 in 1960. In an excellent 
review of vital statistics for 1983 (Pe
diatrics, Vol. 74, No.6, pages 981-990; 
December, 1984) Myron E. Wegman 
reports that the rate for different re
gions varies between 10.8 and 21.4. 
The destruction of some female in
fants in some regions of China is de
plorable but can hardly account for 
China's impressive record for overall 
infant survival. 

4. Political bias. Mr. Scott is correct 
in pointing out that my article is politi
cal, rather than a pure exercise in sta
tistical inference, and that it is biased. 
Public policy in this country derives 
from negotiation among competing 
interest groups, each promoting differ
ent social values. Statistical inference, 
while producing data that may elevate 
the quality of negotiations, will not 
by itself lead to policy that is better
understood or better-formulated. A 
consideration of social values must en
ter the analysis. My bias is that the 
most vulnerable people in our society 
need protections only government can 
assure. I am also biased in believing a 
national interest is served by promot
ing the health and vigor of our people. 

C. ARDEN MILLER 
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50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

NOVEMBER, 1935: '' 'Visual hear
ing' is receiving considerable attention 
at Ohio State University. 'Lip-reading' 
(a misnomer, since the movements and 
expressions of the whole face and oth
er parts of the body enter into visual 
hearing) has long been used by the 
hard-of-hearing, but its use in supple
menting minor defects of hearing is 
a fairly recent development. For stu
dents with hearing loss the university 
provides a course of training whereby 
their latent visual-hearing ability can 
be strengthened considerably. A mo
tion-picture method for accomplishing 
this result has been in successful use 
for the past five years." 

"One of the main reasons for the 
alarming decline of wildlife in the 
United States is the lack of organiza
tion on the part of sportsmen. There 
are millions of individuals interested 
in fish and game, yet there is no articu
late voice to speak for them. Now, 
however, there appears a light in the 
cloudy picture of conservation. Jay N. 
('Ding') Darling, well known for his 
two years of work as the chief of the 
Bureau of Biological Survey, appears 
as one of the guiding spirits of the 
American Wildlife Institute. The func
tion of this organization is to influence 
and guide the inarticulate sentiment 
for the preservation of wildlife." 

"The scheduled operations of Amer
ican air transport lines are showing re
markable growth. The figures on pas
senger-miles for the first six months of 
three years are so striking as scarcely 
to need comment: 1933-73,288,579; 
1934-88,955,113; 1935-160,013,357. 
Each month this year shows an in
crease in activity over the preceding 
month and over the corresponding 
month of 1934." 

"In the first six months of this year 
851 airplanes were produced in the 
United States, a 14 percent increase 
over the corresponding period in 1934. 
These new planes include 517 for do
mestic civil use, 173 for military pur
poses and 161 for export." 

"That especially far-reaching devel
opments are about to be made in the 

fields of mmmg, power-plant equip
ment, television, aviation and automo
biles is indicated by a barometric read
ing of the annual volume for the fif
tieth year of the Engineering Index. It 
records engineering advancement in 
all its branches in all parts of the 
world for the past year." 

NOVEMBER, 1885: "The National 
Academy of Sciences met at Albany, 
N.Y., on Nov. 10, and enjoyed a large 
and distinguished attendance. During 
the four days of the session a substan
tial number of papers were presented; 
many of them were of more than ordi
nary interest. Prof. Young gave a re
sume of the history of that erratic star 
in Andromeda and quoted Monck's 
hypothesis accounting for its luminosi
ty on the ground that it may be a dark 
star passing through the nebula. Prof. 
Pickering's paper 'Stellar Photogra
phy' attracted marked attention. He 
cited a recent victory in gaining the 
impression of stars so distant or so 
minute as to be beyond the discovery 
of the most powerful telescope yet 
constructed. Major Powell's descrip
tion of the stone ruins on the Colorado 
and the Rio Grande pointed to the 
conclusion that the arid regions now 
so characteristic of the interior of the 
continent were once fertile and well 
watered. Prof. Graham Bell made a 
report on hereditary deafness." 

"The new submarine boat which has 
been built at Stockholm upon the plans 
of Mr. Nordenfelt has had an interest
ing and successful trial. Ever since the 
American civil war, naval engineers 
have been striving to solve the prob
lem of submarine navigation, but until 
now with very little success. Mr. Nor
denfelt's invention, however, appears 
to fulfill the numerous requirements 
for overcoming the dangers and dif
ficulties of maintaining, driving and 
directing a boat beneath the water. 
The boat is built of steel and is cigar
shaped, with a glass conning tower in 
the center, from which the commander 
can keep a lookout. There are three 

engines, one to work the screw in the 
stern, which propels the vessel, and 
two to work the propellers on each 
side, which compel the boat to sink and 
maintain her at a certain depth. The 
motive power is steam. When the boat 
sinks, the fires have to be sealed, and 
reserve steam is used, which is kept at 
high pressure in two tanks. With this 
the boat has been driven for five hours 
at a speed of three miles an hour. Her 
speed on the surface is eight knots. The 
crew numbers three. During their sub
marine existence they have to subsist 
on the amount of air they take with 
them in the hull. Four men have sub
sisted for six hours without any incon
venience. The boat is 64 feet long and 
the central diameter is 9 feet." 

"We are apt to regard the rain sole
ly as a product of distillation and, as 
such, very pure. Yet a great number of 
industrial processes, domestic com
bustion of coal, natural changes in 
vegetable and animal matter, terrestri
al disturbances such as tornadoes and 
volcanic eruptions, vital exhalations, 
etc., are discharged into the atmos
phere and, whether by solution or me
chanical contact, descend to the sur
face of the earth in the rain. The acid 
precipitation around alkali and sul
phuric acid works is well known; the 
acid character of rains collected near 
and in cities and the remarkable am
moniacal strength of some local rain
falls have been fully discussed." 

"A few months since, we gave an 
account of the experiments which 
were being made by the Central Pacific 
Railroad Company with petroleum as 
fuel on some of their steamboats. Since 
that time they have been able to deter
mine more in detail concerning the re
sults. On the freight steamer Thorough
fare they saved $7,000 in the cost of 
fuel in the five months they were using 
oil as compared with the five months 
of the same season last year, when they 
were burning coal. Besides saving 44 
per cent in actual fuel they got rid of 
four firemen, which makes an addi
tional saving of $240 per month. The 
oil costs $1. 70 per forty-gallon barrel, 
or about four cents per gallon. Coal 
costs about $7 per ton." 

Norden/elt's submarine 
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Summary: 
Even the smoothest voice is dis
continuous, especially in con
versation. Data communications 
has bursts of message and peri
ods of silence, too. Even TV has 
some "bursty" traits. GTE scien
tists are isolating silences and 
inserting other messages into 
them. This permits voice and 
data to coexist on the same 
channel at the same apparent 
time. The development stems 
from parallel research in mi
croelectronics, silence detec
tion, speech, voice compression 
and signal processing. 

Without basic change, or vast 
growth, telephone networks will be 
unable to cope with the anticipated 
traffic of the 1990's. The prolifera
tion of personal computers and data 
terminals has already placed a strain 

on switching and transmission facili
ties. It has also placed demands on 
networks that are much different 
from the original voice-communica
tions concept, in which average time 
of connection was three minutes. 

Today, far shorter and far longer 
connections abound, more subscriber 
lines are in demand, and there are 
growing needs for enhanced services 
and faster switching. 

Out of research dating from 1979, 
GTE has developed a switching sys
tem that promises not only to triple 
present transmission capacity but 
also to process calls 20 times faster. 
The system is called Burst Switching. 

The nature of speech. 
Our world is full of holes. Matter is 

mostly empty space. Conversation is 
mostly silence. But, even though 
speech is 213 silence interspersed 
with bursts of sound from 0.1 to 1.5 
seconds long, if that speech goes over 
a telephone line, the line is locked up 
for the duration. 

But, with Burst Switching, we can 
shoehorn other messages into the si
lences, automatically easing the 
pressure on transmission facilities. 
Theoretically, in fact, we triple 
transmission capacity. 

VHSIC. 
Through Very High-Speed Inte

grated Circuits (in which we are cur
rently researching devices with 
sub micron feature size), we are able 
to make and break telephone con
nections at increasingly high speeds. 
Voice lines need be dedicated only 
for the very brief duration of voice 
bursts. At other times, channels are 
available for other voice messages, 
or for data streams which are also 
"bursty" in nature. In addition, 
video, because of its built-in redun
dancy, can be considered to have 
bursts, too. 
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of silence. 
Message compression. 

The capacity needed to transmit 
speech can be made even smaller if 
the information that must be sent to 
make it recognizable can be mini
mized. Our scientists have reduced 
the 64 kb/s signals to 16 kb/s while 
retaining high quality. 

Thus, transmission-capacity re
quirement is reduced by a factor of 
four. 

We are working, as well, on tech
niques for compressing video signals 
from 90 Mb/s to 64 kb/s. This will 
have special relevance for such ac
tivities as video conferencing. 

So transmission capability grows 
and switching becomes faster-and 
we can now envision future tele
phone systems able to carry billions 
of simultaneous calls. 

The box at the right lists some of 
the pertinent papers GTE people 
have published on Burst Switching 
and related subjects. For any of 
these, you are invited to write GTE 
Marketing Services Center, Depart
ment TPIIE, 70 Empire Drive, West 
Seneca, NY 14224. 

Burst Switching experimental model. 

data 

Pertinent Papers. 
Burst Switching-An Introduction, 
IEEE Communications Magazine, 
November 1983. 
New Switching Concept Integrates 
Voice and Data Bursts, PROFILE, 
September 1983. 
A PCM Frame Switching Concept 
Leading to Burst Switching Network 
Architecture, IEEE Communications 
Magazine, September 1983. 
Application of the Burst Switching 
Technology to the Defense Communi
cations System, Proceedings 1983 
IEEE Military Communications Con
ference, MILCOM '83, Washington, 
D.C. 

Performance Evaluation of a Distrib
uted Burst-Switched Communications 
System, Proceedings Second Annual 
Phoenix Conference on Computers 
and Communications, March 1983. 
A Complementary Speech Detection 
Algorithm, Proceedings of GLOBE
COM '83, November 1983. 
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THE AUTHORS 
JOHN CAIRNS ("The Treatment 

of Diseases and the War against Can
cer") is professor of microbiology at 
the School of Public Health of Har
vard University. After getting his med
ical degree from the University of Ox
ford he moved to Australia, where he 
studied the multiplication of viruses 
and the structure of DNA molecules. 
He then came to the U.S. and, until 
1968, served as director of the Cold 
Spring Harbor Laboratory of Quanti
tative Biology. In 1973 he returned to 
England to write Cancer: Science and 
Society (W. H. Freeman and Company, 
1970). At Harvard, Cairns divides his 
professional attention between study 
of problems in public health and re
search on the origin of mutations. 

P. KEVIN MAcKEOWN and 
TREVOR C. WEEKES ("Cosmic 
Rays from Cygnus X-3") have collabo
rated on research projects in physics 
since their undergraduate days. Mac
Keown is professor of physics at the 
University of Hong Kong. He has a 
B.Sc. (1962) from University College 
in Dublin and a PhD. (1965) from 
the University of Durham. He held re
search positions at the Tata Institute 
for Fundamental Research in Bom
bay, the University of Maryland at 
College Park and Louisiana State Uni
versity before moving to Hong Kong 
in 1970. In his work MacKeown has lit
erally gone to extremes: cosmic-ray 
stations at 17,500 feet above sea lev
el in the Andes and neutrino experi
ments 8,000 feet down in a gold mine. 
Weekes is an astrophysicist at the 
Smithsonian Institution's Fred Law
rence Whipple Observatory in Arizo
na. Like his coauthor he did under
graduate work at University College, 
where he also received a Ph.D. in 1966. 
He then went to Arizona to work at 
the Smithsonian Astrophysical Obser
vatory as a National Research Council 
postdoctoral fellow. In 1967 he joined 
the staff of the Whipple Observatory. 
From 1969 to 1976 he was the resident 
director of the observatory. Weekes 
was granted a D.Sc. by the National 
University of Ireland in 1978. 

ERNESTO CARAFOLI and JOHN 
T. PENNISTON ("The Calcium Sig
nal") are professors of biochemistry 
respectively at the Swiss Federal Insti
tute of Technology and at the Mayo 
Medical School. Carafoli was born 
and educated in Italy. He earned his 
medical degree in 1957 from the Uni
versity of Modena and then worked 
at the university's Institute of Gener-
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al Pathology. While he was associated 
with the institute he spent some years 
at Johns Hopkins University as a post
doctoral fellow. In 1973 he took his 
current position. Carafoli spent much 
of this year as Fogarty Scholar-in-Res
idence at the National Institutes of 
Health (NIH); he will return to the 
NIH for part of next year. Penniston 
received a Ph.D. from Harvard Uni
versity in 1962 for work on nucleic ac
ids. After a year of teaching chemistry 
at Pomona College he moved to the 
Institute for Enzyme Research of the 
University of Wisconsin at Madison, 
where his research focus shifted to cell 
membranes. From 1971 to 1976 he 
was associate professor of chemistry 
at the University of North Carolina at 
Chapel Hill. He then accepted a posi
tion as consultant in molecular medi
cine at the Mayo Clinic and associate 
professor of biochemistry at the Mayo 
Medical School. Penniston was made 
professor and consultant in cell biolo
gy in 1979. 

DAVID G. HOWELL ("Terranes") 
is a research geologist for the U.S. 
Geological Survey. He was graduated 
from Colgate University in 1962 and 
did graduate studies at the University 
of California at Santa Barbara, where 
he got a master's degree in 1969. He 
served three years in the U.S. Army 
before earning his Ph.D. from Santa 
Barbara in 1974. He then joined the 
Geological Survey. In 1980 he took a 
concurrent post as consulting profes
sor at Stanford University. 

MARTIN E. FEDER and WAR
REN W. BURGGREN ("Skin Breath
ing in Vertebrates") are respectively 
assistant professor in the department 
of anatomy at the University of Chica
go and associate professor in the de
partment of zoology at the University 
of Massachusetts at Amherst. Feder 
was graduated from Cornell Universi
ty in 1973 and received a Ph.D. from 
the University of California at Berke
ley in 1977. He spent two years as a 
postdoctoral fellow at the University 
of Chicago and a year as visiting re
search professor at Silliman Univer
sity in the Philippines before taking 
his present position. Burggren did his 
undergraduate work at the University 
of Calgary and his graduate work at 
the University of East Anglia. After 
two years as a postdoctoral fellow at 
the University of British Columbia he 
joined the faculty of the University of 
Massachusetts. In 1982 Burggren 
was made associate professor. 

MARK DRELA and JOHN S. 
LANGFORD ("Human-powered 
Flight") are doctoral candidates in the 
department of aeronautics and astro
nautics at the Massachusetts Institute 
of Technology and have collaborated 
on two human-powered aircraft proj
ects. Drela got his bachelor's and mas
ter's degrees from M.LT. Drela's aca
demic specialty is computational fluid 
dynamics. Langford's undergraduate 
and graduate degrees are also from 
M.LT.: a B.S. (1979) and an M.S. 
(1984) in aeronautics and astronautics, 
as well as an M.S. (1983) in political 
science and public policy. He is cur
rently employed by the Institute for 
Defense Analyses in Alexandria, Va.; 
his job meshes with his research inter
ests, which center on areas where aero
nautics and public policy meet. Drela 
and Langford are now working on the 
Daedalus project, a feasibility study of 
a human-powered flight between Crete 
and the Greek mainland. 

ROBERT McIVOR ("Smart 
Cards") is a manufacturing manager at 
Motorola, Inc., in Austin, Tex. He was 
educated at Kirkaldy Technical Col
lege and the University of Strathclyde 
in his native Scotland. He joined Mo
torola in 1970, and after rising to 
the position of operations manager in 
Scotland he came to the U.S. His re
sponsibilities in his current position in
clude all operations and production 
control for microprocessor manufac
turing, as well as the management of 
projects for major customers. McIvor 
plays a leading role in coordinating 
and managing Motorola's participa
tion in the development of smart cards, 
and he belongs to the national commit
tee that is setting uniform standards 
for the devices. 

JEAN S. AIGNER ("Early Arctic 
Settlements in North America") is pro
fessor of anthropology at the Universi
ty of Alaska in Fairbanks. She began 
her undergraduate studies at the Uni
versity of California at Los Angeles, 
but the enjoyable experience of an ar
chaeological field trip to the Aleutian 
Islands prompted her to transfer to the 
expedition's sponsoring institution, the 
University of Wisconsin at Madison. 
There she completed her B.A., M.A. 
and Ph.D. degrees. While she was at 
Madison she developed interests in 
early circumpolar settlements and an
cient Chinese archaeology. In 1969 she 
joined the faculty at the University of 
Connecticut. In 1977, following a sab
batical in the Federal Republic of Ger
many and Czechoslovakia, she moved 
to Alaska. In 1980 and 1983 Aigner 
did archaeological research in the Peo
ple's Republic of China. 
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The 1986 Cadillac Cimarron. 
Luxury car? Sports sedan? 
This new Cimarron is out 
to prove it's both. 

Let's talk about 
the luxury part .  

What other luxury car in 
Cimarron's class gives you 

all this, and more, 
standard? 

Air conditioning' Cruise 
Control· Leather seating 
areas' Leather-trimmed tilt 

steering wheel' Power 
windows and door locks, 
power antenna, power six
way driver's seat, power 
trunk release, power out
side rearview mirrors, and 
power rack-and-pinion 
steering' AM/FM stereo 
radio, with seek and scan 
(may be deleted for credit) 

• Full instrumentation, 
including tachometer 
• Alloy wheels 

These available features 
can be added to transform 

its character. 
Here's how to make your 
Cimarron even more of a 
sports sedan: 

2.8 liter multi-port, fuel
injected V6 engine with 14" 
aluminum alloy wheels 
and Goodyear Eagle GT 
high-performance radials, 

Delco gas-charged twin
tube front struts and 
Bilstein-Delco gas-charged 
rear shocks, Electronic 
instrument cluster 
• Grooved lower-body side 
accent molding 

Put all that together and 
your new 1986 Cimarron 
moves, handles, and looks 
every bit the performer it is. 

One last word . 
Fun. 

Maybe most of all, that's 
what the 1986 Ci marron is 

all about. Whether it's your 
first Cadillac. Or the car 
you choose because you 
know a good thing when 
you see it. 

And the place to see it 
(and drive it) is at your 
Cadillac dealer . 
That's where the fun starts. 

1986 CIMARRON 
(fa \ BEST OF ALL. .. 
� IT'S A CADILLAC. 
Let's Get It Together ... Buckle Up. 
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"If you cant make your point with a Macintosh, 
you maynot have a point to make:' 

On August 10, 1984, in a federal building in Philadelphia, an attorney named 
Jim Burger and a computer named MacintoshlM won their very first arbitration. 

Hands down. 
We like to refer to the case as: jim & Macintosh vs. The Surprised Lawyer & 

His Art Department. 
It involved an airline/labor dispute. And 

enough paperwork to cover the entire floor of 
Jim's office in the weeks before the hearing. 

- . 

���:� - -..... 

::w:: 
,.-..-----== 

:;: .... .--= 
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T here were binders full of industry MulJipkm Chart Word 

comparatives on profit and loss. Copies of wage agreements. Wage disagree
ments. Testimony. Research notes scrawled on legal pads. 

It was too complicated a job to recruit help from legal assistants. Too 
urgent to wait for the usual secretarial face-lift. 

T here was only one source Jim could tum to for help: his Macintosh. 
In a succession of 16-hour days, using powerful, easy to use soft

ware like Microsofts Multiplan, Chart and Word, MacDraw lMand T hink
Tank 512,Jim turned an undeniable mess into an indisputable case. 

In part, by presenting the arbitrator with a 50-page document 
containing exhibits like the one exhibited here. 

"It gave me a tremendous amount of confidence having that 
document under my arm',' Jim remembers. 

Of course, the opposing lawyer had brought a few ex
hibits of his own. Unfortunately, all his charts succeeded in 
demonstrating was that his art department had been in a 
hurry to do them. 

To make a long arbitration short, when all had been 
, 

said and done and objected to and overruled, the arbitrator 
v 

decided in favor of Jim's client. 

Macintosh 

Jim's client decided in favor of buying som�e �M�ac�in!t!os!hi�ii 
computers of his very own. 

And we decided it all made another 
great case for Macintosh. 
© 1985 Apple Computl!l; Inc. Apple and the Apple logo are registered tradl!lllal'ks Q{ Apple Computer, Inc. MacDraw is a trademark Q{ Apple Computer, Inc. Macint!1ih is a tradwark Q{Mclnt!1ih 
Laboratory, Inc. and is being used with its express permission MicrrJSoji and Multiplan are registl!l'ed tradwarks Q{Microsoji Corporation TbinkTank 512 is a tl'adwark Q{Living Videotext, Inc. 

For an authorized Apple deall!l' near you, call (800) 446-3000. III Canada, call (800) 268-7796 or (800) 268-7637. 
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COMPUTER 
RECREATIONS 

Exploring the field of genetic algorithms 
in a primordial computer sea full of Ribs 

by A. K. Dewdney 

I
magine an abstract sea inhabited by 

abstract organisms called finite 
living blobs, or flibs. Each flib is 

equipped with the simplest decision
making apparatus possible. This is the 
biological equivalent of what comput
er scientists call a finite automaton. 
Each flib also contains a single chro
mosome consisting of a string of sym
bols that encodes the automaton. The 
flibs inhabit a primordial, digital soup 
in constant flux. These changes must 
be predicted accurately by the flib if it 
is to survive. 

In the primordial soup J recently set 
simmering in my computer, flibs that 
predicted poorly died out. The best 
predictors left progeny that sometimes 
improved on ancestral performance. 
Eventually a line of perfect predictors 
evolved. 

Flibs and their evolutionary tenden
cies illustrate nicely a form of pro
gramming known as the genetic algo
rithm. Pioneered by John H. Holland 
of the University of Michigan in the 
1960's, the technique is sometimes 
able to solve difficult problems by 
evolving a sequence of approximate 
solutions. New solutions are produced 
by mating the best of the old solu
tions with one another. Before long a 
new solution that is superior to its par
ents appears and joins the list of pre
ferred breeders. Genetic algorithms 
have been applied with some success 
to pattern recognition, classifier sys
tems, pipeline operation, symbolic lay
out and a small number of other prob
lems. In my computer soup the tech
nique yielded superior flibs. Was this 
success due to the general efficacy of 
the genetic-algorithm method or to 
the simplicity of the predictive task 
facing the flibs? The question is hard 
to answer. It can be pondered and the 
underlying phenomenon can be repro
duced by any interested reader who 
has a computer within reach. 

it to change automatically from one 
state to another. The kind of automa
ton used in a flib also generates signals. 
Incoming and outgoing signals are rep
resented within the automaton by sym
bols. When a signal is received, the au
tomaton changes state and emits a sec
ond signal. 

A state-transition table is useful for 
representing the process. For exam
ple, a finite automaton that is capable 
of assuming three states, A, Band C. 
and that can handle afferent and ef
ferent O's and 1 's fits nicely into a 
3-by-4 table. For each state the au
tomaton might find itself in, and for 
each symbol it might receive, there 
are two entries. The first entry gives 
the corresponding output symbol; the 
second entry gives the state that the 
automaton next assumes: 

A 

B 

C 

o 1 
�r-"--, 

1 B 1 C 

0 C 0 B 

1 A 0 A 

The automaton represented by this ta
ble might well find itself in state C at 
some time. If the automaton receives 
a 1, the table tells us the automaton 
will generate a 0 and enter state A. 

Another representation, easier for 

humans to read, is the state-transition 
diagram, in which circles represent 
states and arrows represent transi
tions. If an automaton goes from one 
state to another when it receives a 
specific symbol, an arrow should be 
drawn from one state circle to another. 
The arrow should be labeled both with 
the input symbol that caused the tran
sition and with the resulting output 
symbol [see illustration below]. 

A finite automaton always begins its 
operations in a specific state, called the 
initial state. At each tick of an imagi
nary clock a new symbol arrives, a new 
symbol leaves, and a new state is en
tered. The automata used in my flibs 
all send and receive the same two sym
bols, 0 and 1. 

How is one to interpret the behavior 
of a flib if so little is known about the 
creature's biology? Therein lies the joy 
of abstraction. The symbols received 
by the automaton are merely senso
ry messages from the environment. In 
corresponding fashion, an output sym
bol can be viewed as a response by the 
organism to the environment's most 
recent condition. 

The concept of a flib is so flexible 
that input and output can represent a 
great variety of specific biological phe
nomena. For example, an input signal 
could represent a chemical or temper
ature gradient. The corresponding out
put symbol could be a command to an 
effector that controls cilia, or a spore
forming mechanism. A task of great 
importance to a creature wishing to 
evolve to some minimally acceptable 
level (say that of a university profes
sor) is to predict the environment. To a 
flib the environment is a seemingly un
ending sequence of O's and 1 'So Insofar 
as symbols received indicate signifi
cant events, there is clearly some ad
vantage in the ability of a flib to pre
dict the next symbol, particularly if 
under some more specific interpreta
tion of flib functioning the flib's sur
vival were enhanced. 

Most flibs are rather poor at pre
dicting their environment in this sense. 
For example, the flib described by the 

A finite automaton has a finite num
ber of states; an input signal causes A state·trallsition diagram (left) alld a correspolldillg jlib with its chromosome (right) 
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state-transItIOn table given above re
sponds to the environmental sequence 

0111000010110 ... 

with the outputs 

1000011001000 ... 

At each stage of its operation the flib's 
output is its prediction of the next sym
bol to arrive from the environment. To 
find the number of correct predictions 
shift the output sequence one symbol 
to the right and compare it bit by 
bit with the input sequence. Count 
the number of matching symbols. In 
this case the ftib predicted correctly 
only six of the 12 incoming symbols, 
a score that is no better than might re
sult from random guessing. 

One can easily demand too much 
from a finite automaton. Indeed, it is 
unfair to ask a fEb to predict any non
periodic environment. Readers might 
like to ponder this point for a moment. 
Why must a perfectly predicted se
quence of input symbols consist of the 
same basic string endlessly repeated? 

(19 
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For example, the 3-state ftib that failed 
the prediction test just set for it suc
ceeds brilliantly on the following envi
ronmental sequence: 

0100 II 0 I 00 II 0 I 00 II . . .  

Here the environment marches to the 
beat of a simple repetition, 010011. 

There are several dozen 3-state ftibs, 
but only a few of them can predict this 
sequence perfectly. Among ftibs that 
have more than three states perfect 
predictors for a given environmental 
sequence are rare and become more so 
as the number of states increases. Pre
dictability depends heavily on the peri
od of the sequence: no n-state ftib will 
ever be able to predict the sequence 
that results from continued repetition 
if the basic string of symbols is too 
long. There is evidently a relation be
tween the number of states a ftib can 
have and the largest period in a se
quence that it predicts perfectly. Read
ers might enjoy discovering the rela
tion for themselves. What is the long
est period an n-state ftib can predict? 

A ftib is more than a finite automa-
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HIGHEST SCORES 

/ LOWEST SCORES 

A soup of 10 jlihs (top) e,'olves a perfect predictor (bottom) 

ton trying to predict its environment; it 
has a chromosome. Flibs periodically 
breed (by some unknown method). An 
examination of the chromosome in its 
relation to a flib's finite automaton 
shows how the inherited genes deter
mine the behavior of the offspring. 
Start with the state-transition table and 
strip away the rows, one at a time, 
from top to bottom. Join the rows to
gether end to end and then join the 
beginning of the string to its end. The 
result is a circular chromosome. 

Before the final joining operation, 
the chromosome of our 3-state exem
plar appears as a string of 12 genes: 

IBICOCOBIAOA 

Strictly speaking, the symbols in this 
string are alleles. An allele is a specific 
form of a gene that appears at a given 
locus. As such, a gene can be specified 
either by its name or by its locus. Thus 
the seventh symbol from the left con
trols a ftib's output symbol when it is in 
state B and a I is received from the 
environment. The locus here is 7. 

I recently set up a primordial soup 
containing 10 4-state ftibs in my per
sonal computer. Before 1,000 of the 
time units I call chronons had passed 
none of the original ftibs was alive. 
All had been replaced by superior pre
dictors. The display screen showed 
the highest and lowest scores attained 
in the current popUlation. The lowest 
score ftuctuated a good deal; the high
est score crept slowly upward [see illus
tration at leftl. Just when I was begin
ning to give up hope that a perfect 
predictor would evolve, one suddenly 
appeared, whereupon the highest score 
jumped to 100. 

All of this raises the question of just 
how ftibs evolve in my computer soup. 
Periodically a cosmic ray zips through 
the broth and strikes a random chro
mosome at a random locus; the result 
is that a specific gene is changed from 
one allele to another. For example, in 
the following 4-state ftib chromosome 
the gene at locus 3 controls the output 
symbol for the transition from state A, 
when the creature receives a I: 

ODICODOBIAOCIBIA 

A cosmic ray striking this gene chang
es the chromosome slightly: 

ODOCODOBIAOCIBIA 

Mating is the other source of varia
tion in the ftib gene pool. During the 
mating season the highest-scdring ftib 
shuffles genes with a randomly select
ed ftib. The offspring bears a compos
ite chromosome. One part comes from 
the superior parent, the other from 
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Silent 
• 

partnerSln 
world health 
Schistosomiasis affects as many as 200 million people in 
Mrica, Asia, the Middle East, Puerto Rico and Latin 
America. It is often called "snail fever" because at one 
stage of their life cycle, Schistosoma worms infect snails 
that live on the bottom of rivers and streams. These para
sites invade the skin of humans who drink, wash or swim 
in contaminated waters. They can cause severe itching, 
fever, diarrhea, and eventually irreversible damage to the 
liver. For 16 years, researchers visiting the island of St. 
Lucia in the Caribbean have been testing the practicality 
of various methods of control. Three approaches have 
proven to be most effective. 

First, a public health team sprayed the rivers and streams 
of St. Lucia to get rid of infested snails. New plumbing 
facilities were constructed to assure a supply of uncon
taminated water. Finally, treatment of people carrying the 
parasite was greatly facilitated by a drug developed and 
supplied by Pfizer. While previous treatments had to be 
given by injection, this drug was given orally only once, 
making it much simpler to reach a large number of peo
ple. The total control and elimination of the parasite is 
not yet a reality, but this combined medical and environ
mental program has done much to make life better for the 
people of the island. 

Developing a drug such as this is a significant task that 
takes a decade or more and tens of millions of dollars. It 
generally involves the synthesis of hundreds of com
pounds in the organic chemistry laboratory. These com
pounds are then screened for antiparasitic activity. If one 
or more of them shows promise, the next step is to do 
toxicity studies and learn all about how the potential new 
drugs behave in laboratory animals. Only after comple
tion of extensive, time-consuming animal studies can the 
drug be tested for safety and effectiveness in humans. And 
clinical trials in human patients can last for several years. 
If the clinical trials indicate that the drug should be made 

available, new technology must be developed to produce 
it on a mass basis, and in cases like this, with little if any 
profitability for the developer. 

Drug research and development isn't always "good the
ater?' And it's largely a team endeavor generally without 
charismatic heroes. The days of Paul Ehrlich and his 
"magic bullet" are long past. The work of the pharma
ceutical industry isn't usually the stuff of TV documenta
ries. More often, the industry has been the silent parmer 
of government agencies, physicians, nurses and their asso
ciates working together to improve public health in St. 
Lucia and other developing countries. 

In the Third World, pharmaceuticals are perhaps even 
more important than in advanced industrial countries. 
Often they are the only form of advanced medical tech
nology which is practicable. Other forms of care, such as 
surgery, are often too cumbersome and too demanding of 
scarce resources. Drugs, by comparison, are portable, rel
atively inexpensive and comparatively simple to use. 

The vast majority of drugs for the Third World and also 
for developed countries originate in the pharmaceutical 
industry. The government agencies do not have the broad 
expertise or resources for drug development, and medical 
schools and universities have different missions. Only the 
major research/pharmaceutical companies have the nec
essary skills and resources. Most manufacturers of generic 
drugs lack the research capabilities to create new drugs 
and test them for safety and efficacy. And that's only one 
reason an economically viable research-based pharma
ceutical industry is important to all of us. 

Pfizer is pleased to have been a parmer in helping to 
reduce the hazards of one of the world's more widespread 
health problems. Pfizer is also pleased to be working on 
other solutions to similar health problems around the 
world. 

PHARMACEUTICALS' A PARTNER IN HEALTHCARE 
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Crossover of two flib chromosomes, and the resulting chromosome of the offsprillg (right) 

the winner of the mating lottery. The 
composition resembles a phenomenon 
called crossover that takes place in real 
chromosomes. In flib chromosomes 
crossover can be illustrated by com
bining the first (unaltered) chromo
some listed above with another: 

1A1BOD1AOC1D1BOC 
T T 

Arrows indicate randomly selected 
crossover points. The offspring's chro
mosome is identical with that of the 
second parent as far as the first cross
over point. Between points it is identi
cal with the first parent's chromosome. 
After the second point it is again iden
tical with the chromosome of the sec
ond parent [see illustration above]: 

1AICODOBOCID1BOC 

Before actually writing and testing 
the primordial program, I was some
what skeptical of the value of cross
over breeding. I was surprised to find, 
however, that if the first parent is a 
reasonably good predictor, the off
spring tends to be as well. 

Readers may judge the issue them
selves by writing a program called AU
TOSOUP. Listed, the program does not 
extend much beyond a single page. It 
consists of four modules embedded 
in a loop. A limit that defines the top 
score should be set. As long as the top 
score is less than the limit the pro
gram should continue to run through 
the four modules. 

In the first module the 10 flibs are 
scored on a sequence of 100 environ
mental symbols. The second module 
identifies the flibs with the highest 
and lowest scores that result. In the 

24 

third module the top-scoring flib is 
bred with a randomly selected mate. 
The offspring of this union replaces 
the bottom-scoring flib. In the fourth 
and last module a cosmic ray arrives, 
strikes a random flib and causes a 
mutation. Just before the program in
vokes the third (breeding) module a 
random number is selected. If the num
ber falls below a certain threshold, the 
program will skip around the breed
ing module and execute the mutation 
module immediately. The threshold 
can be set to any level. Certain set
tings, however, are better than others; 
if the breeding module is executed too 
often, the small population quickly be
comes dominated by the genes of the 
top-scoring flib. The gene pool los
es diversity and evolution slows to a 
painful crawl if not to a downright 
standstill. Evolution slows down, in 
any event, as the scores get higher. 
The top-scoring flib remains on the 
scene for a lengthening period because 
it becomes increasingly unlikely that 
flibs superior to it will evolve. 

Four arrays are useful in AUTOSOUP. 
They are called chrom, state, score and 
e. Chrom is a two-dimensional array of 
10 flibs and 16 genes. Chrom(i,j) refers 
to the jth gene of the ith flib. State and 
score contain the current state and 
score of the 10 flibs. The fourth array, 
e, contains the basic string used to gen
erate environmental symbols. This ar
ray is received from the keyboard at 
the beginning of the program. 

Flibs are evaluated by means of a 
double loop. The outer loop generates 
100 environmental symbols and the in
ner loop increases the score of each flib 
if it correctly predicts the next symbol. 
One can test 4-state flibs adequately 
on environments of period 6, a chal-

lenge of intermediate difficulty. Perfect 
predictors may require a day's run 
to evolve in a period-8 environment, 
whereas period-4 environments are al
most no challenge at all. Two tricks are 
useful in this module. The first trick 
retrieves the next environmental sym
bol from the outer-loop index i by 
computing i modulo 6; the result is the 
remainder of i on division by 6. The 
number can be used to index the array 
e. As i runs from 1 to 100 the comput
ed index runs through the array repeat
edly, producing the proper sequence 
of environmental symbols. Given the 
index of the current symbol, the next 
symbol is easy to compute and look 
up. This symbol is compared with the 
prediction made by each flib in turn. 

The second trick enables the pro
gram to find the flib's next state quick
ly and determine its output merely by 
scanning the chromosome. Instead of 
representing the four states by A, B, C 
and D, the numbers 0, 1, 2 and 3 are 
used as entries in the array state. If the 
environmental symbol is called symb, 
the output of the ith flib can be found 
by first using a simple formula: 

I = 4 X state (i) + 2 X symb . 

Then chrom(i,l) should be identified. 
The locus I on the ith flib's chromo
some yields its output when the crea
ture is in state i and is receiving in
put symb. The next state occupies the 
locus 1+ 1. 

The module that determines the 
top and bottom flibs uses an exercise 
common in elementary programming 
courses: given an array of n numbers, 
write a program that finds the largest 
number. The solution involves setting 
a variable called top to 0 and then scan-
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TAKE VAN NOSlRAND'S 

SCIENDFIC ENCYCLOPEDIA 
for on� 812.95! 

When you join The Library of Science-the oldest and most respected science book club in the world. You si mply agree to buy 3 more books-at 
handsome discounts-in the next 12 months. 

fur over 40 years, this unique sin
gle-volume sourcebook has been 
acclaimed for the breadth and 
depth of its knowledge, accuracy, 
clarity and practicality. Now its 
coverage has been dramatical ly 
expanded to bring you compre
hensive information on 7,300 en
tries, including (he latest discover
ies in science and tech nology. 

i""What'snew about the new edition of the " 
SCIENTIFIC ENCYCLOPEDIA? 

About The Ubrary of Science ... 
The Library of Science is the na
tion's oldest and most respected 
science book club. Dedicated to 
ser ving both professionals and ser
ious amateurs, it sur veys the entire 
field of published sources on scien
tific subjects to m ake the very finest 
works available to club members at 
substantial savings. 

• 500 additional pages, for a total count 
of3�OO 

• Comprehensive coverage of 7,300 topics 

A nd to give you "instant access" to 
this vital data, the format of the 
SCIENTIFIC ENCYCLOPEDIA 

• 2,550 photographs, diagrams and 
charts, plus 600 tables to give you vital 
details ata glance 

• Contributions by over 200 international 
experts 

• Over 2.3 million words 
• Extra-sturdy binding for durability 

has been revised so it's easier than 
ever before to read and cross reference. 
You'l l learn ter ms and def initions; 
theories and their practical applica
tions-on a vast range of topics such as: 

• energy sou rces 

• mathematics 

• medicine and anatomy 

• physics • animal life 
• astronomy 

• biosciences 

• chemistry 
• computer science 
• earth science 

• plant sciences 

This entire 3,100 page ENCYCLOPE
DIA-a $107.50 value-can be yours for 
only $12.95. 

MEMBERSHIP BENEFITS· In addition to 
getting VAN NOSTRAND'SSCIENTIFICEN
CY CLOPEDIA for only $12.95 when you join, 
you keep saving substantially on the books you 

buy-up to 30% and occasionally even more . • Also. 
you will immediately become eligible to participate in 
our Bonus Book Plan, with savings up to 70% off pub
Iishers' prices . • At 3-4 week intervals (I6 times per 
year), you will receive The Library of Science News, 
describing the coming Main Selection and Alternate 
Selections together with a dated reply card . • If you 
want the Main Selection, do nothingand it will be sent 
to you automatically. ·If you prefer another selection, 
or no book at all, simply indicate your choice on the 
card. and return it by the date specified.· You will have 
at least 10 days to decide. If. because of late mail deliv
ery of the News, you should receive a book you donot 
want, we guarantee return postage. 

Reply card removed? Please write: The Library of 

Science, Dept. 2-BD6-85755, Riverside, N.J. 08075 for 

membership information and an appitcatIOn . 
Scientific American 11/85 
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The critical thing to know 
. about a comButer . 

any is how 
theykno 

about you. 
It goes without saying that computer 

companies know computers. T he question is 
how much do they know about your busine 

Consider Burroughs, the computer 
company committed to the simple ........ "......,. 

that in order to help your business, we 
first have to understand it. 

To that end, Burroughs has spent 
years analyzing specific industries 

finance, manufacturing and distribution, 
health care, government, education 

and others. 
Many of our people have spent 

years as professionals in these 
industries. So it's not surprising 

that their expertise combined 
with Burroughs' innovative 

technology has resulted in 
total systems that solve 
the problems of the busi

nesses they' re designed for. 
And, in the true spirit of all 

businesses, every system is designed to 
raise productivity while reducing 

operating costs. 
So why go with a company that knows 

computers but not your business, when you 
can go with Burroughs and have both. 

=$: Burroughs 
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ning the array within a simple loop. 
Each entry is then compared with 

. top. If it is larger than top, top should 
be replaced by that entry. The index 
should be saved as well. The same pro
ced ure can be inverted and used to find 
the bottom score. This time a variable, 
bot, should be set at 100 and replaced 
by entries that are smaller. 

The third module breeds the top
scoring flib with a randomly selected 
member of the population. The only 
difficulty in writing this segment arises 
in the selection of the two crossover 
points. I think it is easiest to select two 
random integers Cl and C2 from the 
range 1 through 16. If Cl is greater than 
C2, their values should be exchanged. 
With just a little finesse readers will 
discover how three loops that range 
from 1 to Cb Cl to C2 and C2 to 16 sup
ply the machinery to move elements 
of chrom on the breeding rows into the 
destination row, which is occupied by 
the doomed flib with the lowest score. 

In the fourth module a random flib 
index and a random locus should be 
selected. The parity of locus deter
mines whether a state gene or an out
put gene is to mutate. If the value is 0, 
then 1 modulo 2 should be added to 
the number already stored there. This 
flips the bit, so to speak. If the locus 
value modulo 2 is 1, then 1 modulo 4 
should be added to the array entry. 
This changes the state stored there. 

Have I cheated? Surely a systematic 
change of state from 0 to 1 to 2 to 3 and 
back again is hardly a random effect. 
My answer is that it is random enough: 
the number of states is small enough so 
that one cannot expect the final out
come of the program to be much dif
ferent from the outcome when more 
randomly selected states prevail. In
deed, I also cheated in a mild way by 
choosing Cl and C2 so carelessly: the 
method guarantees an advantage for 
certain substrings in relation to oth
ers. Again, I think differences between 
AUTOSOUP and a statistically corrected 
crossover selection procedure would 
be slight. Either way there is so much 
juggling of genes and cracking of chro
mosomes that the top flib is hard put 
to recognize its own grandchildren. 

The only parts of AUTOSOUP as yet 
unspecified are its beginning and its 
end. The flibs initially occupying the 
soup should be selected randomly. 
For each gene in each flib an integer 
should be selected from the appropri
ate range and assigned to that gene. 
Finally, when a flib first exceeds the 
limit set in the outer loop, AUTOSOUP 
should print it. 

Readers embarking on this genet
ic adventure are warned that there is 
much exploring to do. Perhaps some 
explorers will become addicted. Ques-

tions to be answered concern the pres
ence of evolution and its speed. When 
an environment period is too long for 
a 4-state perfect predictor to evolve, 
how fit do the flibs get? How do 
changes in the length of the period af
fect the amount of time it takes a per
fect predictor to evolve? Nothing in 
the AUTOSOUP description prevents ex
tending the program to 5- and 6-state 
flibs. One can even· alter the program 
to .explore nonperiodic environments 
or ones that occasionally change their 
basic string. 

Automaton soup was inspired by a 
book that appeared in the early 1960's. 
Titled Artificial Intelligence through Sim
ulated Evolution, the book describes 
a series of experiments in the evolu
tion of automata by Lawrence J. Fogel, 
Alvin J. Owens and Michael J. Walsh. 
Automata were asked to predict peri
odic seq uences and were allowed to 
evolve much the same way as our flibs. 
No breeding or crossover was allowed 
in this austere study, however. 

It was Holland who suggested that I 
add the crossover facility to the au
tomaton soup. As noted above, Hol
land is the acknowledged father of the 
genetic algorithm. Practitioners of the 
discipline, growing steadily in number, 
met at their first large-scale, funded 
conference, held at Carnegie-Mellon 
University. They discussed a wide 
range of theory and applications. A 
problem explored in several papers 
serves as an interesting introduction to 
the subject of genetic programming. 

c 

a _--"----++---"" 
d 

Called the traveling salesman prob
lem; it poses the following challenge: 
Given a map of n cities connected by a 
network of roads, find the shortest tour 
of the n cities. Such a tour can then be 
used by a salesman or saleswoman to 
minimize travel expenses. In spite of 
my inclusion of salespeople of both 
sexes, the foregoing description has a 
1940's ring to it. But more modern 
methods of travel and actual costs are 
easily incorporated without changing 
the mathematical skeleton implicit in 
the statement. 

It is entirely possible that a tour 
of minimum length can be made to 
evolve just as perfect flib predictors 
evolved from lesser flibs. Each tour 
should be encoded in a chromosome. 
The shortest tours should be bred in 
the hope of obtaining yet shorter off
spring. Crossover yields the chromo
somes of the progeny. 

It is a beguiling task to choose a 
good representation for a tour. For ex
ample, if one simply uses a list of the 
cities in the order visited, the offspring 
may not even be a tour. To get around 
this difficulty the authors of one paper, 
John Grefenstette, Rajeev Gopal, Bri
an Rosmaita and Dirk Van Gucht of 
Vanderbilt University, propose an in
genious chromosome. The representa
tion for a five-city tour such as a, c, e, d, 
b turns out to be 12321. To obtain such 
a numerical string reference is made to 
some standard order for the cities, say 
a, b, c, d, e. Given a tour such as a, c, e, 
d, b, systematically remove cities from 

c 

a_--'---E--+-+---� 

b 12
X

/321 

11 / 121 

b 

c 

d 

b 
Two parent salesmall tours (top), alld all offsprillg (bottom) resultillg from genetic crossover 
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A THOROUGH EXPLAN ATION OF THE 
16-VALVE SAAB 900 ENGINE. 

This is for all those 
people who were not far
sighted enough to take 
Auto Shop as an elective in 
high school. 

W here do we start? 
Well, let's begin with the 
familiar: the car you're 
presently driving. 

The overwhehning odds 
are that for each cylinder 
your car has, it has two 
valves. One to let the fuel 
in and run the engine; the 
other to let the gases out 
after they've been burned. 

Hence the rule: Make 
the valves bigger and you 
increase what's called the 
volumetric efficiency. (In 
plainer English, the larger 
the valve, the easier it is 
for gas to come in and 
exhaust to go out.) 

Unfortunately, the big
ger you make the valves, 
the farther away you move 
the spark plugs from the 
center of the combustion 
chamber. And that starts to 
wreck what's called the 
thennal efficiency. 

The problem: How to 
increase one efficiency (the 
volumetric) without de
creasing the other (the 
thermal). 

Engineers had been solv
ing that problem for years 
in their competition and 
rally cars. Instead of just 
making the valves bigger, 

they simply doubled the 
number of valves. 

Each cylinder, then, 
gets two valves to ingest 
the fuel and two valves to 
throw off the exhaust. 

Getting back to your 

1986 SAAB 900S 
PlJWeToutput: ..... 125HP192 kw@5500rpm 

Max. torque: .. 123jt.lbs.ll66NM@3()(]()rpm 

ComjJressUm ratio: ..... . .. . .. ... . .. . 10.1:1 

Fuelinjectian: ........... BoschUl ei£ctronic 

IgnitUm: ... Bosch ei£ctronic with knock dei£ctor 

1986 SAAB 900 TURBO 

PlJWeToutpui: . ... 160 HP 1118 kw @5500rpm 

Max. torque: .188jt.lbs.1255NM@3()(]()rpm 

Compressil:m ratio: . .......... .. .. . ... 9.0:1 

Fuel injectian: ........... BoschUl ei£ctronic 

IgnitUm: ......... Boschei£ctronic, Halleffect 

car. If it has a four-cylinder 
engine, it probably has 
eight valves. 

Whereas a Saab 900S 
or Turbo (the descendants 
of rally and competition 
cars) has sixteen. 

Back in the days of 
cheap gas and free glass
ware, none of this engineer
ing cleverness was needed. 
(Well, it was needed; it just 
wasn't called for.) 

All you had to do then 
was worry about perfor
mance (V-8 engines and 
the like) and throw effi
ciency to the wind. 

Today, Saab throws 
nothing to the wind. 

Engine weight: On a 
football field, 180-pound 
cornerbacks are faster than 
290-pound defensive tack-

les. They have less weight 
to carry around. So, too, 
the four-cylinder, two-liter 
Saab engine block. Every
thing is attuned to keeping 
that weight down: The cyl
inder head, camshaft 
cover, and intake manifold 
are built from lightweight 
aluminum alloys instead of 
clunkier materials. 

Fuel injection: The fuel 
is not burried mindlessly; 
the computer-like Bosch 
fuel injection always main
tains the most efficient mix
ture of gas and air. 

Even the stroke the 
piston makes is only this 
long: 

3.07 inches. So hours 
and hours and hours and 
hours of high cruising 
speed don't create lUIDec
essary wear and tear on 
the engine. 

Saab offers both turbo
charged and 16-valve natu
rally aspirated engines. 

In the legendary Saab 
Turbo. And the not-yet
legendary new Saab 900S. 

They prove that there 
are more ways ilian one to 
achieve what is more 
appropriate to poets than 
to engineers: the picture of 
driving exhilaration you see 
on the right. 

' 
. . .  SAAR· 

The most intelligent cars ever built. _ 
5aobs range in price from $12,285 for the900 3-door 5·speed IiJ$lB,695 for the900 3-dbor5-speed. 16-valve Turbo. Manufacturer's suggested refllil prices. Not including taxes, license./reight, dealer charges 
oropiUms. TIrer< Il1l a limited number of Turbo models available with 5aab's ExclusiveAppointments group, which includes: IMIher upholstery, fog lights, and electric sunroof at addiliimal cost. 
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A MORE THOROUGH EXPLANATION. 
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Expected. 
It's come up before. 
It will come up again. 
And that's what's wonderful 

about it. Some of the best things in life 
are predictable, repetitive, expected. 
Thank heaven they are. 

Even in business, it's nice to 
have some things you can count on. 
Things that work so dependably, so ex
pectedly, they're completely forgettable. 

Well, let's hope not completely 
forgettable. 

When it comes to "expected" 
performance in printers for personal 
computers, the name is Okidata. Our 
record for reliability-for dependable, 
day-in, day-out performance-has set 
the industry standard. 

Or, to put � more expectedly, 
we think it's the best. 

Okidata printers work ex
pectedly with IBM'", Apple'", and all 
other personal computers. 

OIQ��I� 
We put business on paper. 

Okidata is a registered trademark of OKI AMERICA, Inc. IBM is a registered trademark of International Business Machines Corp. Apple is a registered trademark of Apple Computer, Inc. 
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the standard list in the order of the 
given tour: remove a, then c, e and so 

·on. As each city is removed from the 
special list, note its position just be
fore removal: a is first, c is second, e is 
third, d is second and, finally, b is first. 
Hence the chromosome 12321 emerg
es. Interestingly, when two such chro
mosomes are crossed over, the result 
is always a tour [see illustration on 
page 27]. With such a representation 
tours can now be bred, so to speak, 
for fitness. 

Most practitioners of the art of ge
netic algorithms readily admit that the 
traveling salesman problem is one of 
their greatest challenges. Although ex
periments with the representation just 
described were not very encouraging, 
there are other genetic algorithms that 
perform better on the problem. 

Still, no genetic algorithm has ever 
been able to conquer the traveling 
salesman problem in any well-accept
ed sense. This is undoubtedly owing 
to the difficulty of the problem itself. 
Because it is what theorists call NP
complete, it may be doomed to eternal 
insolubility in the practical sense. 

Since its appearance in this column 
last August the MANDELZOOM pro

gram has been incarnated in hundreds 
of homes, schools and workplaces. Al
though the program has apparently 
awed adults, intrigued teenagers and 
frightened a few small children, to 
my surprise the mail on iteration dia
grams, the secondary topic, nearly 
equals that on the Mandelbrot set. 

Many readers have lost themselves 
in the colored intricacies of the Man
delbrot set by zooming ever deeper. 
Some readers who are determined to 
have their own color images but who 
lack color-display equipment have 
been ordering pictures from John H. 
Hubbard of Cornell University. I have 
been told by Heinz-Otto Peitgen, the 
Mandelbrot explorer whose images 
graced the August pages, that those 
images too are for sale; they are in
cluded with dozens of others in a col
or catalogue from Design-BUro-Weis
ser, Lothringer Strasse 23, 0-2800 
Bremen 1, West Germany. Hubbard 
and Peitgen together learned the art of 
image generation from Mandelbrot. 

For readers whose equipment is lim
ited to black and white, I should have 
ttiought of shades of gray. Such pic
tures can be nearly as inspiring as their 
colored counterparts. The best gray 
images were produced by David W. 
Brooks, who works with equipment 
at Prime Computer, Inc., in Framing
ham, Mass., to compute and plot his 
pictures. In his fabulous and delicate 
riots of halftones each shade of gray is 
rendered by tiny black squares of a 

certain size; the sq uares are made by a 
laser printer. Brooks has been search
ing for the tiny filaments that are 
thought to connect miniature Mandel
brots to the main set. So far they have 
not appeared at any magnification 
used by Brooks. Mandelbrot has ad
vised him that they are probably in
finitesimal. 

Those with less sophisticated equip
ment can still work with shades of gray 
on a black-and-white monitor. John B. 
Halleck of Salt Lake City varies the 
density of points per pixel to indicate 
different shades. 

Another approach depends on black 
and white contours. Yekta Gursel of 
Cambridge, Mass., has generated 
views of the Mandelbrot set that rival 
the ones Brooks generates. Gursel re
places a discrete spectrum of colors 
with alternating bands of black and 
white. Gary J. Shannon of Grants 
Pass, Ore., suggested the same tech
nique and Victor Andersen of Santa 
Clara, Calif., took it to an extreme. 
He suggested changing from black to 
white (or the converse) whenever the 
count variable changes from one pixel 
to its neighbor. 

Two other explorations are worth 
mentioning. James A. Thigpenn IV of 
Pearland, Tex., uses height instead of 
color. The Mandelbrot set becomes an 
immense plateau seen from an angle, 
with a complicated arrangement of 
spiky hills approaching the plateau in 
various places. Richard J. Palmaccio 
of Fort Lauderdale dispenses with the 
set altogether. His interest is in track
ing individual complex numbers in the 
course of iteration. Their choreogra
phy near the boundary can result in 
spiral ballets or circular jigs. 

The function z2 + c gives rise to the 
Mandelbrot set. Naturally other func
tions are possible, but they produce 
other sets. For example, Bruce Ikenaga 
of Case Western Reserve University 
has been exploring what appears to 
be a cubic cactus. The function z3 + 
(c - 1) z - c produces a prickly and 
uncomfortable-looking set (at least in 
stark black and white) surrounded by 
mysterious miniature spiral galaxies. 

There are mysteries in iteration di
agrams as well: when the integers 
modulo n are squared, each number 
migrates to another, in effect. The it
eration diagram appears when each 
number is replaced by a point and 
each migration is replaced by an ar
row. I raised several questions about 
such diagrams. How many compo
nents do they have? Readers sent dia
grams documenting their explorations 
for various values of n. 

The largest diagrams were complet
ed by Rosalind B. Marimont of Silver 
Spring, Md. She examined the integers 

Suddenly, a can opener is the most impor' 
tant gardening tool you can own. Inside Norm 
Thompson's new Wildflower Meadow you'll 
find enough seed to generously cover 1500 
sq. ft. with a continuous carpet of beautiful, 
fragrant blossoms. 

Don't be misled by meadow mixes offering 
mora ounces. Net weight really doesn't mat· 
ter. What's important is the species and ac· 
tual wildflower seed·count. Norm Thompson's 
new Wildflower Meadow contains over 2 mil· 
lion wildflower seeds (both annual and peren· 
niall to ensure you have a virtual explosion 
of color beginning in earty spring with Siberian 
Wall Flowers and lasting late into faH when 
Cosmos gives its autumn show. 

E •• y to pl.nt. ... nywh.re. •.• nytime. 
A great gift idea, Norm Thompson's Wild· 

flower Meadow can be planted any time of 
the year by following the easy, step·by·step 
instructions. Use a little or the whole cen. Net 
wt. 8 oz. $14.95 ppd. 

�Nonn 
Dept. 06·04, P.O. Box 3999, Portland, OR 97208 
� ORDER TOLL FREE 1·800·547·1160 
M 0 Send FREE "ESCAPE 

from the ordinary"® catalog. 
Wildflower Meadow No. 9717F 
Oty ______ _ 

Total $ ____ _ 

DCheck DVISA DM.Card DAm. Ex. o Diners/C.B. 

Card # ___________ _ 

Exp. __ Phone _______ _ 

Name 

Address ___________ _ 

City 

State _____ Zip 

L _____________ _ 
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Jogging, Swimming, or Cycling ... 

ordlcjrack 
Jarless Total Body 

Cardiovascular Exerciser 
Duplicates X-C Skiing for the 

Best way to Fitness 

Cross-country skiing is often cited by physiologists 
as the most perfect form of cardiovascular exercise 
for both men and women. Its smooth, fluid, total 
body motion uniformly exercises more muscles so 
higher heart rates seem easier to attain than when 
jogging or cycling. NordiCfrack closely simulates the 
pleasant X-C skiing motion and provides the same 
cardiovascular endurance-building benefits-right 
in the convenience of your home, year 'round. 
Eliminates the usual barriers of time, weather, 
chance of injury, etc. Also highly effective for weight 
control. 
More Complete Than Running 
NordiCfrack gives you a more complete work out
conditions both upper body and lower body 
muscles at the same time. Fluid, jarless motion does 
nOl cause joint or back problems. 
More Effective Than Exercise Bikes 
NordiCfrack's stand-up skiing mOl ion more uni-

formiy exercises the large leg muscles and also adds 
important upper body exercise. Higher pulse rates, 
necessary for building fitness, seem easier to attain 
because the work is shared by more muscle mass. 

Even BetterThan Swimming 
NordiCfrack more effectively exercises the largest 
muscles in the body, those located in the legs and 
buttocks. When swimming, the body is supported 
by the water, thus preventing these muscles from 
being effectively exercised. The stand up exercising 
position on the NordiCfrack much more effectively 
exercises these muscles. 
A Proven, High Quality Durable Product 
NordicTracks have been in production since 1976. 
NordicTrack is quiet, motorless and has separately 
adjustable arm and leg resistances. We manu-
facture and sell direct. l\vo year warrantee, 
30 day trial period with return privilege. 

Folds and stands on end 
to require only 15" x 17" 
storage space_ 

Cl PSI NORDICTRACK 1984 PSI.141F Jonathan Blvd_. Chaska. MN 55318 

INVEST 

YOURSELF 

vIrA Putting Resources 
to Work for People 

1815 North Lynn Street. Arlington. Virginia 22209-2079. USA 

A windmill to pump water for "salt farm
ing" in India. More efficient wood burning 
stoves for the Sahel. Photovoltaic irrigation 
pumps for the Somali refugee camps. 

All these are solutions to technical prob
lems in developing countries. Devising 
such solutions is no simple task. To apply 
the most advanced results of modern sci
ence to the problems of developing areas 
in a form that can be adopted by the people 
requires the skills of the best scientists, 
engineers, farmers, businessmen-people 
whose jobs may involve creating solid state 
systems or farming 1000 acres, but who 
can also design a solar still appropriate to 
Mauritania or an acacia-fueled methane 
digester for Nicaragua. 

Such are the professionals who volun
teer their spare time to Volunteers in Tech
nical Assistance (VITA), a 20 year old pri
vate, non-profit organization dedicated to 
helping solve development problems for 
people world-wide. 

Four thousand VITA \k)lunteers from 82 
countries donate their expertise and time 
to respond to the over 2500 inquiries re
ceived annually. Volunteers also review 
technical documents, assist in writing VIT.A:s 
publications and bulletins, serve on tech
nical panels, and undertake short-term 
consultancies. 

Past volunteer responses have resulted 
in new designs for solar hot water heaters 
and grain dryers, low-cost housing, the 
windmill shown above and many others. 
Join us in the challenge of developing even 
more innovative technologies for the future. 

modulo 1000 and reported four pairs 
of components in the resulting itera
tion diagram_ Each component sport
ed a single attractor, as usual, and the 
largest attractors had 20 numbers. 'As 
a mathematician Marimont is allowed 
to conjecture that the integers modulo 
10k will produce k + 1 pairs of com
ponents and that the largest attractors 
will have 4 X 5k-2 numbers. 

Stephen Eberhart of Reseda, Calif., 
investigated the case where n is a Fer
mat priIJle (a prime number of the 
form 22 + 1). Here the number 0 
forms an attractor by itself and the re
maining numbers all lie in one single, 
grand tree. A number-theorist friend 
affirms that this will always be the 
case for Fermat primes and that the 
tree is binary: each internal point has 
two incoming arrows_ 

Iteration diagrams, like numbers, 
can be multiplied. If n is the product of 
two relatively prime numbers, say p 
and q. the iteration diagram for the in
tegers modulo n is the product respec
tively of the diagrams for p and q. This 
interesting observation was made by 
Stephen C. Locke of Florida Atlantic 
University_ Locke has also described a 
fascinating relation between the nth it
eration diagram and a diagram of a 
seemingly different kind, one in which 
the numbers, instead of being squared, 
are merely doubled. When n is a prime, 
the latter diagram for the integers 
modulo n - 1 is the same as our nth 
iteration diagram, except for a single 
isolated number forming an attractor 
by itself_ Much the same observation 
was made in number-theory terms by 
Noam Elkies of New York City. 

A powerful tool for analyzing the 
(squared) iteration diagrams was de
veloped by Frank Palmer of Chicago. 
Apparently all the trees attached to a 
given attractor are isomorphic. This 
means essentially that they have pre
cisely the same form. 

Finally, Bruce R. Gilson of Silver 
Spring, Md_, and Molly W. Williams 
of Kalamazoo, Mich., examined a 
quite different generalization of the 
numbers from 0 through 99. These 
may be regarded as numbers to differ
ent bases. As numbers to the base 3, 
for example, one would count 00, 01, 
02, 10, 11, 12,20,21,22 before arriv
ing once more at 00. Such numbers 
also produce iteration diagrams that 
look like those arising for integers 
modulo n_ Gilson proved the diagrams 
always have paired components when 
n is even but not a mUltiple of 4. 

There was an error in the iteration 
diagram presented in the August col
umn for the integers from 0 through 
99. Two arrows were missing from 
two components and the direction of 
one attractor was reversed. 
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BOOKS 
A glowing coma of books presages the 
apparition of Halley's faithful comet 

by Philip Morrison 

H
ALLEY'S COMET: A BIBLIOGRA

PHY, compiled by Ruth S. 
Freitag. Library of Congress, 

from Superintendent of Documents, 
U.S. Government Printing Office, 
Washington, D.C. 20402 ($26). FIRE 
AND ICE: A HISTORY OF COMETS IN 
ART, by Roberta J. M. Olson. Pub
lished for the National Air and Space 
Museum by Walker and Company, 
N.Y. ($24.95). MANKIND'S COMET, by 
Guy Ottewell and Fred Schaff. Astro
nomical Workshop, Furman Univer
sity, Greenville, S.C. 29613 (paper
bound, $20). COMET, by Carl Sagan 
and Ann Druyan. Random House 
($24.95). THE COMET BOOK: A GUIDE 
FOR THE RETURN OF HALLEY'S COMET, 
by Robert D. Chapman and John C. 
Brandt. Jones and Bartlett Publishers, 
Inc. (paperbound, $14.95). HALLEY'S 
COMET, by Francis Reddy. AstroMe
dia Corp. Distributed by Tide-Mark 
Press, P.O. Box 813, Hartford, Conn. 
06142 (spiralbound, $9.95). Welcome 
to Comet Halley. Just about now it has 
passed northward through the plane of 
the earth's orbit to spend half a year 
nearby after a lifetime spent far on the 
southern side. It is this constancy we 
mark, the Newtonian fidelity of mo
tion, not the fickle appearance of that 
night plume, mostly dust motes danc
ing in the distance, at best an uncertain, 
faint and much touted spectacle. 

Suppose a heavy late-winter fall of 
snow were to blanket the entire East 
from Cincinnati to Boston. Were it 
magically to free itself from the pull 
of the earth before packing too solid
ly, such a blanket might be rolled very 
lightly into one gigantic, fluffy snow
ball four miles in diameter. (Its own 
minute self-gravity presses no more 
heavily than the weight of a down 
comforter.) Assume that it had been 
prepared for launching at a certain 
spot in the cold dim distances of plane
tary space, far southward of the flat
tened region the planets travel. Let the 
snowball be thrown not quite straight 
toward the sun, at a determinate if 
rather leisurely speed, so that in 1948 
it begins a return voyage. The ball is 
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spinning slowly on its axis a couple of 
rotations per day. It progresses coun
ter to the direction of revolution that 
all the planets share. By this Christ
mas your snowball, falling faster and 
faster, will have only slightly overshot 
the focal sun, to arch back past it 
again under the strong attraction of 
that ringmaster, which was once so far 
away and is now nearby. The earth or
bits in that inner neighborhood; we 
shall pass close to the moving snow
ball twice, first in early December, 
1985, on its way in, and again in mid
April, 1986, on its way back out. In 
April we shall approach the comet to 
a distance of about 30 million miles, 
about a third of our nearly constant 
radius from the sun. (In 1910 earth and 
comet passed each other within half 
that distance, and the earth traveled 
through the end of the gaseous tail.) 

That fanciful orbiting snowball is a 
fairly realistic model of Halley's com
et (in the jargon, Comet P /Halley, the 
P standing for periodic). Periodic it is 
of old, requiring about a human life
time for each full orbital passage; our 
calculations can date with precision 
45 rhythmic returns to our neighbor
hood, their beat slightly syncopated 
under the pull of Saturn or Jupiter as 
those planets occasionally pass near 
the comet's path. The earliest visit for 
which there is probable witness was in 
240 B.C., recorded in the youth of the 
book-burning tyrant of Ch'in, the rul
er with that famous funeral escort of 
terra-cotta warriors. The annals of the 
time record a "broom star" during the 
years before he unified much of China 
to establish the imperial pattern that 
endured until 1910, a year that saw 
another return of P /Halley. 

No hair, no comet. The very word 
comes from the Greek for hair. We 
speak of the tail of the comet, but the 
locution is a poor one. A comet's hair 
streams always outward from the sun, 
whether the comet is falling in or mov
ing away. Two winds fly out from the 
sun, photons and protons, and two 
kinds of tail fly with those winds. The 
orbital motion has little effect. The ir-

regular surface of dirtied snow sub
limes to vapor and dust whenever that 
snowball, the cometary nucleus, ven
tures close enough to the sun to feel the 
heat. Then a gassy halo grows, frbm 
which a streamer of plasma emerges to 
glow blue in the proton wind, knotted 
and kinked by magnetic fields borne 
out from the sun. An accompanying 
diffuse stream of dust-no such celes
tial snowball can be really pure and 
clean-may feather out gracefully too 
under the pressure of radiation, a long 
plume of dust motes lit by golden sun
light. A comet wastes its substance to 
provide the glory of the tails. But the 
matter of the showy tails is extreme
ly dilute: the snow P /Halley will lose 
during this apparition amounts to only 
as much of its model snow blanket as 
might cover Long Island. 

There is a third significant emana
tion from every bright comet. We 
might call it the comet's tale. Human 
residents on the earth eye these celes
tial tourists by no means quietly. Com
ets inhabit myth worldwide; books 
on comets abound in every printed 
tongue; images multiply in all the me
diums of art. The comet is for human 
culture less a real outsize snowball 
than it is form, portent and metaphor. 
Among the tidal bulge of three dozen 
books that have risen this year out of 
American publishing to greet P /Hal
ley (the standard of quality held so 
high that most of them are competent 
volumes) we have chosen to describe 
a diverse and appealing subset. 

Two works bring meticulous schol
arship to their subject. The first of 
these is a thick annotated bibliography 
that lists 3,235 references to this com
et, the latest of which run through the 
middle of 1984. They have been culled 
by Ruth S. Freitag from those five or 
10 gigapages of print held in the Li
brary of Congress. The learned com
piler makes no claim that her listing is 
comprehensive, yet few if any work
ers can have cast a wider net. English
language texts dominate an assem
blage in which the languages of all 
Europe are also plentiful, and tongues 
farther eastward are not ignored. The 
profound and the absurd both occur; 
daily cartoons jostle thick tomes of 
dry calculations. Surely Puck would 
have found enough here to support 
his estimate of us mortals. 

Consider only a few citations. In 
1682 young Edmund Halley made 
notes and calculations about the Sep
tember comet. His notebook page was 
published by Arthur Eddington in 
1910 (it is reproduced in the Freitag 
book). Two decades later Halley came 
to realize that the 1682 comet shared 
an unusual orbit with bright comets 
that had been seen earlier, in 1607 
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and in 1531. The comet, one comet 
now, was his in a new way, and it just
ly still bears his name. 

Meanwhile at Marburg in Hesse in 
1682 a hen laid a marvelous egg 
marked with a starry design; it was 
duly recorded by one Johann G. Brand 
(Hessisches Cometen-Ey . . .  , with en
gravings). Marvelous eggs turn out to 
be just as periodic as comets. On May 
17, 1910, P /Halley present again in the 
sky and on every tongue, Mme Haydee 
Bouyard reported that one of her hens 
had produced an egg "with a distinct 
image of a comet on the shell." Watch 
for the comet egg of 1985-86! The phe
nomenon is not at all a trivial corre
lation; it is causal. At all times there 
are eggs that bear marks; we can ac
cept the 1910 report from France. A 
marked egg is of interest only in comet 
season, preadapted to fit the news, in a 
paradigm not very different from the 

working of the immune system or even 
of organic evolution itself. 

One can with some effort follow the 
rise of the special fear of mass asphyxi
ation that marked the 1910 return. The 
zealous popularizer Camille Flamma
rion forecast that the earth would 
pass through the comet's tail in May. 
The spectroscopists had by January 
already identified the bands of cyano
gen (CN) in the tail. The reporters did 
the rest. They knew all about cyanide. 
Public reassurances were many, but 
further alarms, even from prophetic 
astronomers, were not few. The conse
quences were pills and panic-real, an
ticipated and feigned. In Cardiff they 
noticed strong odors "like old boots 
burning" during the very night of tail 
passage: the comet's gases. Or perhaps 
only old boots? In China the end of the 
ancien regime was close at hand. There 
comets had long announced the man-

A comet accentuates the horror of William Blake's The Ghost of a Flea 
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date of heaven; collapse and not cyan
ogen was the issue. 

Roberta Olson is the art historian at 
Wheaton College who recognized in 
1978 that it was Halley's comet Giot
to portrayed in a famous painting [see 
"Giotto's Portrait of Halley's Comet," 
by Roberta J. M. Olson; SCIENTIFIC 
AMERICAN, May, 1979]. In a superb 
fresco at the Scrovegni (Arena) Chapel 
in Pad ua, a cometary star of Bethele
hem glows brightly above the Wise 
Men who have come to adore the Vir
gin and Child. The comet's apparition 
in 1301 had been awesome and much 
remarked in northern Italy. The artist 
painted the fresco between 1303 and 
1306, the intricately executed image 
an "advanced artistic statement" with
out precedent in his or any other's 
work. "Comets are nature's icons," Ol
son says at the beginning of her strik
ing chronicle of comets in Western art. 

The book comes at the time of the 
exhibition Olson has arranged for the 
National Air and Space Museum dur
ing the months P /Halley is near. The 
text is helpful in the interpretation 
of the 120 images she has collected, 
from Roman coins and seals up to the 
present day. Artists are at work for 
this apparition too. They will have 
to achieve extraordinary success to 
match two images here that trapped 
a reviewer's eye. One was William 
Blake's painted panel of The Ghost 0/ a 
Flea, the powerful human figure with 
scaly skin and red "eagre tongue" 
standing for all such men "as were 
by nature bloodthirsty to excess." The 
baleful comet streams huge across the 
night sky behind that wicked soul. The 
image speaks loud to our grim times. It 
is a relief to then come on a Miro au
tumn landscape, golden comet in a 
playful orbital dance across an orange 
sky, above a crimson-headed hare that 
resembles a toy dragon. 

Three books, all well written and 
well produced, offer up-to-date sum
maries of the science of comets and of 
Halley's comet. They differ in style 
and scope in interesting ways. Guy 
Ottewell and Fred Schaff are two gift
ed and assiduous amateurs of astrono
my. Their volume, handsomely com
posed, all in black and white, centers 
sq uarely on P /Halley. Intended for the 
cultivated nonscientific reader, it has 
a fascinating section giving an account 
of each of the comet's apparitions. 

The "grand sequence" ranges from 
the Shang dynasty through Octavius, 
Pliny, Attila, Norman William and 
English Harald, past Giotto, Apian, 
Kepler, Halley, down to 1910, when 
the comet served as material for Mark 
Twain and H. G. Wells. The witty 
chronicle gradually turns from the tale 
of emperors and their follies to the 
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growth of modern astronomy, a strobe 
light on human history. Then the au
thors render the orbit of each of 48 
passages (a couple are still to come) 
both in a geocentric perspective (that 
is, against the stars) and in a three
dimensional Copernican perspective. 

This leads to a typology of encoun
ters, no simple matter but artfully spun 
out of examples. During this encoun
ter our view is not an excellent one, al
though it is not wholly mediocre. The 
brightest meeting we know was that 
of April, A.D. 837. The comet then 
passed only three or four million miles 
away from the earth. The recitation is 
a work of geometric passion, beauti
fully executed; the meaning of the 
earth's axial precession and perturba
tions in comet motion are made real 
by their long-term presence. Another 
page neatly examines the proper pro
nunciation of the name Halley. The 
cautious verdict is: Unsure, but on bal
ance likely to rhyme with valley. There 
is much more, a store of devotion and 
wit in the amateur's finest style. 

The volume by Carl Sagan and Ann 
Druyan is the joint work of a veteran 
professional planetary scientist and a 
writer of talent. One must begin by ob
serving that Professor Sagan has be
come deservedly so widely known in 
American life that his publishers can 
confidently invest in a volume of un
usual largesse. There are more than 
300 illustrations, the majority in color; 
a score or more of these are vivid 
paintings of astronomical scenes never 
perceived but arguably and carefully 
imaged by knowing artists such as Jon 
Lomberg, Don Davis and Anne Nor
cia. A comet plunges into the fiery 
solar surface, another impacts the an
cient ocean, a shower of comets con
fronts a dinosaur: these are striking 
constructions, although for some read
ers they are tinged with the uneasiness 
of undeclared approximations. 

The text shares that imaginative 
quality. Ten chapters treat the nature 
of comets, recounting the history of 
our knowledge; there is a splendid 
chapter on Halley himself, and an un
usual bestiary of bizarre cometary 
forms and visits. Seven more chapters 
deal with the origin and fate of comets, 
including the issue of their relation to 
the widespread extinctions that punc
tuate the fossil record. 

The last few chapters take up the 
future of comets. They begin with the 
future near at hand, describing the sat
ellites that will probe right into the 
comet. Twin Soviet spacecraft have 
caromed off Venus toward the comet. 
Among their instruments is a clever 
dust analyzer designed and built in the 
U.S. The analyzer will fly to mutual 
benefit but not because the govern-
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ments so agreed; such cooperation has 
lapsed by American intent. It happens 
that Roald Sagdeev of Moscow and 
John Simpson of Chicago are friends 
and colleagues close enough to get 
around such obstacles. Simpson, under 
official eyes, anxious to give no scandal 
by impermissible "technology trans
fer," did not embody the state of the 
art in his design. The Soviet engineers 
were puzzled that the American instru
ment was the only one their probe car
ried that lacked any microprocessor. 
All the Soviet instruments used them. 
"Simpson smiled." 

There is also a shadowy prophecy 
about comets. Perhaps we shall mine 
them for their water content, or board 
them to establish space colonies. These 
ably written extrapolations draw in 
even a skeptical reader. The focus in 
Sagan and Druyan is not on Comet 
Halley; it is on generalization, on be
ginnings and endings, on comparisons 
and metaphor that can lend content to 
numbers otherwise not significant to 
readers with little training. A special 
quality is added by their wide-ranging 
view of culture; the quoted poems and 
sayings often come from sources much 
fresher than the established classics 
of European worthies. We are given a 
wider look at the human record, and it 
is a pleasure. 

Theories are nicely handled, particu
larly in the realm of the solar system. 
A number of excursions into the possi
ble origin of myth and symbol-Why 
are comets so fearful?-are interesting 
even when they are not immediately 
compelling. It is not easy to accept 
the origin of the swastika found in so 
many cultures as the relic of a multijet 
comet spinning nearby a few millenni
ums back. Anyone who likes to make 
marks might well invent the cross after 
a dozen marks, and the swastika after a 
dozen crosses. Independent invention 
is easy to believe for so symmetrical a 
symbol-one, moreover, carrying two 
opposing meanings and a dual form. 

Altogether this is a book as full of 
new ideas as it is packed with worth
while images. It gives a first-rate sum
mary of the received material in addi
tion, particularly the newly seen possi
bilities of comets: objects that may 
have repeatedly wreaked destruction 
on life on the earth, just as they may 
have given that life in the first place. 

Robert D. Chapman and John C. 
Brandt are two professional comet
ary scientists at NASA'S Goddard Space 
Flight Center. They have written plain
ly, in a style more narrative than text
booklike, a compact but quite full 
book on comets. One section goes 
into some detail on P /Halley's orbit 
shown from a geocentric standpoint 
and includes sky maps for finding our 

visitor. Diagrams and spectra abound; 
there is a brief section of colpr plates 
that reproduce good comet photo
graphs, as well as the Bayeux tape.stry 
and the Giotto fresco. A listing of the 
identified atomic and ionic species in 
comets along with formulas is about as 
technical as the material becomes. The 
book is a bargain both in dollars and in 
the quickness with which it satisfies cu
riosity. Treatment of the human back
ground is brief; the lives of Newton 
and Halley are covered in two or three 
pages each, rather than in a chapter. 
The space probes now on the way are 
adroitly-if succinctly-handled. 

Francis Reddy's attractive spiral
bound book has large, colorful pag
es. The brief and easy text is divided 
about equally between the nature and 
the history of Comet Halley. The book 
offers pictures of the Bayeux tapestry, 
Giotto's fresco and a 3D cutout mod
el of the orbit. There are also some 20 
celestial maps and other aids to finding 
our visitor, drawn for skies north and 
south, winter and spring. These are 
about the most attractive and the easi
est for beginners to use among many 
published charts. Here the aim is to 
make Halley's comet accessible for the 
newcomer to sky-watching. There is 
one major task for those who want to 
see the object: first find your way to a 
dark sky, beyond any lighted city. Un
less from your vantage you can clearly 
see the Milky Way, travel. Otherwise 
television will have to suffice. 

We close .with a few words about 
those who have studied comets. Two 
seniors among contemporary astrono
my come first. One is Jan Oort of Ley
den. He worked out the dynamical ar
guments, persuasive if unverified by 
observation, showing that comets are 
stored by the trillion, slowly circling 
in a vast, invisible circumsolar sphere 
so far away that the sun they obey ap
pears to be only the brightest among 
a number of similar stars. Gravitation
al nudges from passing stars continu
ally disturb a few comets so that they 
fall inward, to become trapped and 
soon waste away in our radiant neigh
borhood. Fred Whipple of Harvard 
has convinced us that the comets are 
physically the dust-laden snowballs 
discussed above, mountain-size frag
ments in planetary space, spinning, 
outgassing, even splitting as they fly 
by. (His own new book on comets will 
appear in time for the Halley visit.) 

Both our modern cometeers share 
with Edmund Halley, in whose name 
P /Halley now makes its round, the ad
miration and friendship of their astro
nomical generation. Halley the man 
orbits forever in the shadow of the un
matched Newton, but he was a gifted, 
original, versatile and productive sci-
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entist, and a human being as adven
turesome, generous, loving and sweet 
,as Newton was retiring, cold, solitary 
and austere. 

It is a fine year to think of Halley; it 
is in his spirit to hope that by 206 1 
when his comet next returns to perihe
lion we shall have detected the Oort 
cloud and sampled and analyzed many 
a snowy comet confected according to 
Whipple's recipe. Perhaps we humans 
shall even have learned how to survive 
as knowing watchers for a good many 
more passages of Comet P IHalley. 

FIRE, by John W. Lyons. Scientific 
American Books, Inc. (available to 

members of the Scientific American 
Library, $24.95). Our fascination with 
flame is manifested on the jacket of 
this original work for the general read
er, which reproduces the portrait by 
Georges de la Tour of a notorious 
young woman lost in reflection and re
gret before a tranquilly burning lamp. 
Such a simple flame, from oil lamp or 
candle, has long stood as metaphor for 
life itself. It is evidently a steady-state 
phenomenon, responsive to small dis
turbances but resistant to them, not 
something inert and stone-hard. Pat
ently it feeds on its fuel, to release heat 
and wastes. In a limited sense it is even 
self-reproducing; a candle flame will 
kindle another just like itself if it makes 
contact with the right substrate, an 
unlit candle. 

It was Michael Faraday who first 
used the familiar candle flame as vehi
cle for a classical essay introducing the 
methods and results of science. Dr. 
John W. Lyons knows a good thing 
when it is glowing; his first full chapter 
follows Faraday's wonderful lead, in 
up-to-date terms. We see the interplay 
of the two flows, heat and mass, learn 
something of the chemistry of wax 
combustion (by no means a closed 
chapter in science) and form some un
derstanding of the physiology of this 
proto-organism. 

The source of the flame is that tiny 
pool of molten wax, Thence come the 
vapors diffusing upward to decom
pose, first to simpler reactive radicals 
that emit the faint blue spectral light, 
then down to the carbon atoms that 
condense into particles of black soot. 
The opaque soot is hot enough to glow 
bright yellow with thermal radiation. 
The tiny carbon particles oxidize in 
turn in the fresh air, plentiful at the 
upper end of the flame, to enter the 
final gaseous products of combustion, 
water vapor and carbon dioxide con
vected upward beyond the luminous 
region. Of course, the air is a necessary 
if dilute combustion partner. Eighty 
percent of it is the inert gas nitrogen, 
merely a sink for heat. A candle light-

At 6:35AM on 
July 22, 1985 

"The Information Age" 
began. 

Repeated 10 times each week for your 
convenience by NYNEX Corporation. 

"The Information Age." 
The first regular TV show 
dedicated exclusively to bring
ing you the latest news plus 
regular features on the ever 
changing information indus
try. Brought to you by 
NYNEX Corporation. 

"The Information Age" on your 
Financial News Network Station. 

M 6:35AM 7:35 PM 

T 7:35 AM 11:45 AM 

W 9:35AM 7:35PM 

TH 12:15 PM 5:45PM 
F 2:45PM 6:35 PM 

NYN I Y.. It pays to know us. 
©NYNEX Corporation 1985 
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SOME HISTORIC BREAKTHROUGHS· 

DON'T TAKE As MUCH EXPLAINING 

As COMPUSERVE. 
But then, some historic 
breakthroughs could only 
take you from the cave to 
the tar pits and back again. 

CompuServe, on the other hand, 
makes a considerably more civilized 
contribution to your life. 

It turns that marvel of the 20th 
century, the personal computer, into 
something useful. 

Unlike most personal 
computer products you 
read about, CompuServe 
is an information service. 
It isn't software. It isn't 
hardware. And you don't even have 
to know a thing about programming 
to use it. You subscribe to CompuServe 
-and 24 hours a day, 7 days a week, 
it puts a universe of information, 
entertainment and communications 
right at your fingertips. 

A few of the hundreds 
of things you can do with 
CompuServe. 

COMMUNICATE 
EasyPlex ™ Electronic Mail lets even 
beginners compose, edit, send and 
file messages the first time they get 
online. It puts friends, relatives and 

business associates-anywhere in 
the country -in constant, conven
ient touch. 

ultimate in interactive excitement. 
And there are board, parlor, sports 
and educational games to play alone 

CB Simulator features 
72 channels for "talking" 
with thousands of other 
enthusiastic subscribers 
throughout the country 

,....------'--, or against other subscribers 
throughout the country. 

Movie Reviews keep that big 
night at the movies from being a 
five star mistake. 

SHOP and Canada. The chatter 1...-----.-...) 
is frequently hilarious, the "handles" 

THE ELECTRONIC MALe gives 
you convenient, 24-hour-a-day, 

unforgettable, and the friendships 
hard and fast . 

More than 100 Forums welcome 
your participation in "discussions" 
on all sorts of topics. There are 
Forums for computer owners, 

gourmet cooks, veterinarians, pilots, 
golfers, musicians, you name it! Also, 
Electronic Conferencing lets busi
nesses put heads together without 
anyone having to leave the shop. 

Bulletin Boards let you "post" 
messages where thousands will see 
them. You can use our National 
Buliletin Board or the specialized 
Bulletin Boards found in just about 
every Forum. 

HAVE FUN 
Our full range of games includes 
"You Guessed It!", the first online 
TV-style game show you play for real 
prizes; and Mega Wars III, offe

.
ring the 

7 -day-a-week shopping for name 
brand goods and services at discount 
prices from nationally known stores 
and businesses. 

SAVE ON TRIPS 
TravelshopperSM 

lets you scan flight 
availabilities (on 
virtually any 
airline - world
wide), find airfare 

-_....... bargains and order 
tickets right on your computer. 

Worldwide Exchange sets you up 
with the perfect yacht, condo, villa, 
or whatever it takes to make your next 
vacation a vacation. 
A to Z Travel/News Service 
provides the latest travel news plus 
complete information on over 20,000 
hotels worldwide. 
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MAKE PHI BETA KAPPA 
Grolier's Academic American 
Encyclopedia's Electronic Edition 
delivers a complete set of <>n{'\Trllf"\n,,,,_ 
dias right to your living 
room just in time for 
today's homework. It's 
continuously updated . . .  
and doesn't take an inch 
of extra shelf space. 
The College Board, operated by the 
Col lege  Ent rance Examination 
Board, gives tips on preparing for the 
SAT, choosing a college and getting 
financial aid. 

KEEP HEALTHY 
Healthnet will never replace a real, 
live doctor-but it is an excellent and 
readily available source of health and 
medical information for the public. 
Human Sexuality gives the civiliza
tion that put a man on the moon an 
intelligent alternative to the daily 
"Advice to the Lovelorn" columns. 
Hundreds turn to it for real answers. 

BE INFORMED 
All the latest news is at your 
fingertips. Sources include the AP 
news wire (covering all 50 states plus 

national news ), the 
Washington Post, 
USA TODAY Update, 
specialized business 
and trade publica
tions and more. You 

can find out instantly what Congress 
did yesterday; who finally won the 
game; and what's happening back in 
Oskaloosa with the touch of a button. 
And our electronic clipping service 
lets you tell us what to watch for. We'll 
electronically find, clip and file news 
for you . . .  to read whenever you'd like. 

INVEST WISELY 
Comprehensive investment help 
just might tell you more about the 
stock you're looking at 
than the company's 
Chairman of the Board 
knows. (Don't know who 
he is? Chances are, we 
can fill you in on that, 
too. ) CompuServe gives you com
plete statistics on over 10,000 NYSE, 
AMEX and OTC securities. Historic 
trading statistics on over 50,000 

stocks, bonds, funds, issues and 
options. Five years of daily com
modity quotes. Standard & Poor's. 
Value Line. And more than a dozen 
other investment tools. 

Site II facilitates business 
decisions by providing you 
with demographic and sales 
potential information by state, 
county and zip code for the 
entire country. 

National and Canadian business 
wires provide continuously updated 
news and press releases on hundreds 
of companies worldwide. 

GET SPECIALIZED 
INFORMATION 

Pilots get personalized flight plans, 
weather briefings, weather and radar 
maps, newsletters, etc. 

Entrepreneurs use CompuServe 
too for complete step-by-step guide
lines on how to incorporate the IBMs 
of tomorrow. 

LalVYers, doctors, engineers, mil
itary veterans and businessmen 
of all types use similar specialized 
CompuServe resources pertinent to 
their unique needs. 

And now for the 
pleasant surprise. 

Although CompuServe makes the 
most of any computer, it's a remark
able value. With CompuServe, you 
get low start-up costs, low usage 
charges and local phone-call access 
in most major metropolitan areas. 

Here's exactly how 
to use CompuServe. 

First, relax. 
There are no advanced computer 

skills required. ..r:- "'" 

Q,:r. "' � 

In fact, if you know r(..y, � I 
how to buy breakfast, (��\\ 
you already have the Vs 'C�� 
know-how you'll need ( e> 
to access any subject (' I r I I I 

in our system. That's because it's 
"menu-driven;' so beginners can 
simply read the menus (lists of 
options ) that appear on their 
screens and then type in their 
selections. 

Experts can skip the menus and 
just type in "GO" followed by the 
abbreviation for whatever topic 
they're after. 

In case you ever get lost or con
fused, just type in "H" for help, and 
we'll immediately cut in with instruc
tions that should save the day. 

Besides, you can either ask ques
tions online through our Feedback 
service or phone our Customer 
Service Department. 

How to subscribe. 
To access CompuServe, you'll 

need a CompuServe Subscription 
Kit, a computer, a modem to connect 
your computer to your phone, and 
in some cases, easy-to-use com
munications software. (Check the 
information that 
comes with your 
modem. ) 

With your Sub
scription Kit, you'll 
receive: 
• a $25 usage credit. 
• a complete hardcover Users Guide. 
• your own exclusive user ID 

number and preliminary password. 
• a subscription to CompuServe's 

monthly magazine, Online Today. 
Call 800-848-8199 (in Ohio, 

614-457-0802 ) to order your Sub
scription Kit or to receive more 
information. Or mail this coupon. 

Kits are also available in computer 
stores, electronic equipment outlets 
and household catalogs. You can also 
subscribe with materials you'll find 
packed right in with many com
puters and modems sold today. 

I DpI� �� m� a;;;;;ti;;;;-al�fo;:;;;ation.
- - l 

I 0 Please send me a CompuServe Subscription Kit. I 
I 0 I am enclosing my check for $39.95. plus $2.50 I 
I handling. (Add sales tax if delivered in Ohio) I 
I Please make check payable to CompuServe I Information Services, Inc. 

I 0 Charge this to my VISA/MasterCard I 
I # I 

I 
Expiration Date _______ I 

Signature I 
Name I 
Mdress I 
City I 
State Zip I 
MAil TO: : CoInpuServd: 
Customer Service Ordering Dept. I p.o. Box l-4n 

LCo��u�O�O�260 __ .!�-�3!2. J 
An H&R Block Colll>any 

EasyPlex and ELECTRONIC MALL are trademarks of CompuServe, 
Incorporated. Travelshopper is a service mark of TWA. 
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QUESTAR® 
• • • the priceless telescope 

Some people say a Questar telescope 
is expensive; others say it is a priceless 
possession. We say that its price is a fair 
one, based on our maufacturing costs, 
with only a modest profit added. We 
think it is a price that the serious 
astronomer is willing to pay for the 
finest instrument he can own. Not only 
is he acquiring optical resolution that 
many claim surpasses theory, but, in 
addition, will enjoy a mount designed to 
accomplish all the motions of a great 
observatory telescope with the utmost 
ease, on a table top. 

Some would say the price of perfec· 
tion comes high, but we are not sure 
about that either. In the thirty years we 
have been making Questars we have 
seen the price of cars increase sixfold. 
Questar's price for perfection has slight· 
Iy more than doubled. 

So why not have a Questar telescope? 
It will give you 

• admission to the stars 
• a membership card to all the sky 

spectaculars 
• an intimate look into the shadows 

of the moon 
• access to the secret lives of 

nature's world 
• travel opportunities with an easily 

portable telescope in its own hand 
luggage 

• free special indoor entertainment 
at ten feet in full color 

A Questar is not only a priceless 
telescope, it is a unique experience. 

LET US SEND YOU OUR UTERATURE DESCRIBING 
QUESTAR. THE WORLD'S FINEST MOST VERSATILE 
TELESCOPE. PLEASE SEND S2 TO COVER MAILING 
COSTS ON THIS CONTINENT. BY AIR TO SOUTH 
AMERICA, S3.SO; EIIROI'E AND NORTH AFRICA. 54: 
ELSEWHERE, S4.SO. INQIIIRE ABOt.:T OIJR EXTENfl. 
ED PAYMENT PLAN. 
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We were delighted to read these observ
ing notes sent to us by Dr. Stanley Sprei of 
Ft. Myers, Florida, and thought you too 
might find them interesting. 

"I enjoy working near the theoretical 
limits of my Questar, and recently a 
moonless, dry and empty sky afforded 
an opportunity to seek out some faint 
planetaries. 

"The first target was NGC 1502, an 
open cluster forming two diverting 
chains of stars, one chain containing an 
easy 7th magnitude pair, which served 
as a guidepost. Two degrees of declina
tion away is the 12th magnitude plane
tary NGC 1501, which appeared as a 
disc seen best at powers from 60 to 
130x. I found it again the following 
weekend despite humid atmosphere 
and the presence of a 3-day old moon 
in the west. 

"In Gemini I observed NGC 2158. 
Burnham's gives 12th magnitude for this 
open cluster, but its brilliance in the 
Questar would indicate that it is prob
ably brighter than 12th. 

"The most difficult object I have 
observed so far is NGC 2438, the 
planetary nebula within M46. Although 
Burnham's lists it as magnitude 11, I 
found it more difficult than 1501 which 
is supposedly one magnitude fainter. I 
was glad to have seen it, as the Cam
bridge Deep Sky Atlas lists it as an 
object for at least a 6-inch scope." 

, 1984 QUESTAR CORPORATION 

QUESTAR 
Box 59, Dept. 208, New Hope, PA 18938 

(215) 862-5277 

ed in pure oxygen is a lively piece of 
fireworks. 

The capillary wick is essential to 
candle flame. It draws fluid wax up
ward into the midst of the radiant flux 
of blue light that surrounds the wick. 
There the absorbed energy can both 
vaporize that fluid and initiate flame 
reactions. The hotter, brighter yellow 
flame region stands too high above the 
candle to'sustain the flame on its own; 
only a few percent of its isotropic ener
gy flux can strike and hence warm the 
candle top. Without a wick a small disk 
of candle wax or an oil lamp will not 
sustain combustion: not enough ener
gy is fed back from the radiant flame. 

Scale matters; a large enough pool 
of oil will indeed support sustained 
flaming, since the region of bright 
flame a few centimeters above the sur
face sees down to the wide sustaining 
surface over nearly half of the direc
tions in space. Now the feedback is 
strong enough; a sufficiently broad 
pool of oil will burn freely without a 
wick. Candle design, however, is still 
no science but a subtle empirical art. 

The next chapters take a similar 
look, first at wood fires on the hearth 
and in stoves, then at industrial fur
naces, at the cylinders of automobile 
engines, at the big gas turbines and fi
nally at the six-million-kilowatt flame 
of a Saturn C-5 rocket. Wood burns 
by induced thermal decomposition to 
combustible gas; the burning surface is 
both self-heated and heated by neigh
boring surfaces. The balance between 
rates of air supply and net heat loss by 
radiation and to the flowing air is crit
ical. An open fireplace is only about 6 
percent efficient; 10 times as much 
warmed room air as is needed for the 
fire floods up the chimney as waste. If 
the ambient air that enters the room is 
cold enough, the crackling fire can be
come overall not a source of but a 
sink for room heat. 

The latter half of the book centers 
on Dr. Lyons' professional work. He 
has for a long time been responsible 
for large-scale engineering research 
on the prevention and control of un
wanted fires. Obviously the dauntingly 
complicated geometry and fuel mix of 
a burning house or hotel are taxing to a 
field of engineering not mature enough 
to design even a candle from scratch. 
Expensive and intricate experiments at 
full scale, model studies done at quar
ter scale and quite elabprate computer 
simulation have nonetheless enhanced 
understanding of the process. 

Like other growth phenomena the 
room fire surprises by its nonlinearity. 
It grows slowly at first; escape seems 
feasible. Then it rapidly transforms to 
full combustion at all the fuel surfaces 
within the room, including furniture 
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and wood walls and floors. A frighten
ing sequence in color shows this flash
over in an instrumented experimental 
room. The flames first rose two min
utes after a burning cigarette fell into 
the upholstery, so to say. Two minutes 
later a thick layer of hot gas occupied 
the space at the ceiling. At six minutes 
that hot layer became deep enough to 
pour out at the top of the open door 
and enter the corridor. A minute and 
five seconds later every surface in the 
room burst into flames. There can be 
no more growth in burning area; the 
process proceeds rather steadily but at 
high rates, controlled by the mecha
nisms of burning at depth. All at once 
escape becomes doubtful. 

Diverse materials and their forms 
interact. Flow patterns are beyond 
simple rules. Yet computer models can 
now predict with an accuracy of about 
15 percent the time to flashover for a 
much studied type of room. The soft
ware to handle real cases is at hand; 
often the simulation takes a few thou
sand iterations, with half a million 
equations solved in each example, cou
pl�d volume element by volume ele
ment. Supercomputers do the work ef
ficiently. One sequence of photographs 
shows an impressive graphic simula
tion of the spread of a room fire (al
though it is not captioned explicitly 
enough for easy understanding). It is 
time to put this gain into practice as 
part of computerized urban fire codes 
of a new, more interactive, more quan
titative and more expert kind. 

Volatile gases emanating from in
complete room combustion can spread 
rapidly through big fireproof build
ings. The gases flow through corridors 
along partially burning ceilings. Sur
vivors often report that suddenly "the 
fire was everywhere." Most likely it 
spread not as flame but as hot un
burned gases flowing from enclosures 
where the oxygen had been depleted, 
to ignite suddenly as soon as it entered 
the fresh air of new open spaces. One is 
reminded of the urban fire storm that 
can result from simultaneous fires ig
nited over a large section of a city by a 
host of small incendiary bombs, as in 
Dresden and Tokyo, or by the fearful 
radiant fireball of a nuclear weapon. 

Today more than half of the victims 
of fires die not from flame but from 
inhalation of the toxic gases them
selves, mostly carbon monoxide, but 
laced with hydrogen cyanide, hydro
gen chloride and irritant aldehydes. 
Ducted ventilation schemes for pres
surizing the fire stairs and exhausting 
air from the floor that is burning, all 
under computer control, might be a 
valuable strategy at least for large 
buildings of many stories. The Federal 
Building in Seattle is a pioneer in this 
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tuCK 
How do you give information access to some and deny others? 

That's the secret that makes SCOMP click. This data security technology 
produced by Honeywell is the first computer system ever awarded 

the top Al security rating by the Department of Defense. 
Put a lock on sensitive data as strong as the Pentagon's. Talk to us. 
For a white paper on our data security technology, write Security, 

c/o Honeywell, Honeywell Plaza, Minneapolis, MN 55408. 
Or call1-800-328-5I11, ext. 2760. 

Together. we can find the answers. 

Honeywell 
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Meteorites 
Nothing on earth like it! 

The Robert A. Haag 
meteorite collection is being 
offered for sale. Select iron 
and stone meteorites are 
available to astronomers, 
schools and private collections. 

This is 
truly a once-in
a-lifetime opportunity. 
Authenticity is assured. 
Interested persons please 
send one dollar U.S. for 
a fu II color catalog and 
first class mailing to: 

Rohert A. Haag Collection 
Meteorites 
P.O. Box 27527 
Tucson, AZ 85726 
(602) 882-8804 

POWERED 
BY THE 
DALLAS 
SYMPHONY 
When American Airlines offered to help.the 
Dallas Symphony, it helped their Texas 
ticket sales take off. To learn just how your 
business can form a successful partnership 
with the arts, contact: 

BUSINESS COMMITTEE FOR THE ARTS 
SUITE 510·1775 BROADWAY, 
NEW YORK, NY. 10019· (212) 664-0600 
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line. The good idea of reducing the 
sources of toxic gases by controlling 
the nature and amount of the ubiqui
tous polymer foams and films offers 
limited hope; wood itself turns out to 
be bad enough, although we have only 
sparse data and not much from direct 
bioassay. Big old wood houses that 
burn kill many poor children in inner 
cities. Mobile homes newly built un
der Federal regulations are safer. 

We are beginning to acquire some 
ability to control what was once left to 
fate. What we do not yet control is the 
structure of society, the subtle system 
that allocates risk and resources by its 
action and inaction alike. The engi
neer-author, an energetic analyst and 
strategist, concludes somberly on rath
er a note of resignation: "Perhaps there 
will be a resurrection of public inter
est, in another decade or after a partic
ularly catastrophic fire." Automobile 
accidents, after all, are worse, and we 
know that war is potentially far more 
threatening. 

THE NATURAL HISTORY OF THE PRI
MATES, by J. R. Napier and P. H. 

Napier. The MIT Press ($ 19.95). The 
British primatologists John and Prue 
Napier have during two decades pre
pared both popular books and strin
gently technical volumes within their 

irresistible and active discipline. Now 
they have compiled another hand
somely illustrated brief survey. Half 
of the book is a compact, full profile 
of these our kin, primates figured ,and 
described genus by genus the world 
around. The rest presents a clear and 
current account of the classification, 
origin, structure and behavior of the 
most distinctive order of mammals. 
The last chapter reviews the current 
understanding of human evolution, 
the jigsaw puzzle of our own origin 
that we crave to assemble out of so 
fragmentary a set of fossil pieces. 

On their title page the N apiers re
peat a drawing of a fond pair of dusky 
titis, small monkeys of the South 
American rain forest, their long tails 
entwined in a droll and endearing inti
macy, a ritual "of social rather than 
sexual significance." Titi couples live 
as a nuclear family group; the two par
ents share alike the care of their single 
offspring almost from birth. Primates 
dwell in social units of quite varied na
ture. For 50 years it was held that sex
ual attraction bound primate groups, 
since the females were thought to be in 
continuous estrus throughout the year, 
in contrast to the short seasonal recep
tivity of most mammalian females. 
True for some important forms, such 
as humans, this does not hold for 

Male, female alld illfallt proboscis mOil keys ill the Twycross Zoo 
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many of the primates observed nowa
days, who nonetheless live in coherent 
groups. Primate social adaptation has 

. complex roots in advantages we can 
so far only surmise. 

The little vervet monkey of Kenya 
sounds four distinct calls of alarm cod
ed for the predators leopard, eagle, 
snake and baboon. On hearing the 
eagle alarm the vervets look upward 
and run for cover. The snake alarm in
duces them to scan the ground near
by. The leopard signal makes them 
run up a nearby tree. (One timid ver
vet infant touchingly sounded the ea
gle alarm for a falling leaf.) Far less 
than language, this modest communi
cation system is on the way there. 

The primate genus of the wily ma
caque monkeys is remarkable. The 
macaques have adapted to the chal
lenge of ground living, although they 
still resemble in form and locomotor 
style the quadrupedal African monkeys 
constrained to climbing in trees. Their 
16 species have learned to live almost 
anywhere and to eat almost anything, 
from tree bark to crabs. As "Barbary 
apes" their presence sustains imperial 
Gibraltar, we are told, while other ma
caque species abound across all North 
Africa, around tanks and temples any
where eastward from the Indus, thence 
overseas to Indonesian rain forests and 
the light snows of a Honshu winter. 

The precision grip that daily serves 
us so well is not lacking in baboons or 
macaques, although no hands are as 
deftly prehensile as our own. The char
acteristic striding heel-and-toe hu
man gait is marked in ashy footprints 
at Laetoli. Those early walkers more 
than three million years ago had crani
al cavities still apelike. The celebrated 
studies of our chimpanzee cousins in 
the field have shown they are some
times able to cooperate. 

The primate talent is for specialized 
and subtly apt behavior realized by 
visible anatomical structures that re
main plastic and unspecialized. This 
statement points to neuroelectronics 
as the locus of selection. The N apiers 
are skeptical that any single behav
ioral threshold was key to the patent 
for humans. Hands, toolmaking, lan
guage, culture-these and more are 
shared to a degree by primates still far 
from human. That the genus Homo has 
evolved so rapidly probably shows at 
work the selective cultural feedback 
loop that grew along with the succes
ses of cultural behavior. It is the swift 
rise in the combinatorial richness of 
our behavior that has made us hu
man, not this or that particular clever 
trait. Prove all things, counseled St. 
Paul, and-here we primates modify 
his preachment-hold, but not too fast, 
that which is good. 

HI MUST GET OUT OF THESE WET 
CLOTHES AND INTO A DRY MARTINI:' 

So exclaimed Alexander 
Woollcott one rainy day to his 
cronies at the famous old 
Algonquin Round Table. 

Woollcott was not alone 
among the literary lions in 

his regard for America's favorite cocktail. 
Somerset Maugham and Alec Waugh 

were both avowed martini men. 
But none, including Woollcott, was really 

inclined to save his martini for a rainy day. 
After all, New York has been known to 

go weeks without rain. 

BEE��GIN 
The Crown Jewel of England.'" 

tune in 
It will make you a little righter too. 

Tuesdays on PBS 
Check your local listings. 
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Honda has a way of bringing out the 
best in everyone. It's called the Accord. 

W henever we introduce a new Accord, 
everyone else returns to the drawing board. 
To try their best. Now we've done it again. 

Ths is the new Honda Accord LX 
4-Door Sedan. There's nothing else like it. 

The hood is lower for aerodynamic 
efficiency. Also, you can see better over it. 
The reason we can make the hood so low 
is that the car has a unique suspension. 
A double wishbone on all four wheels. It's 
the first time this suspension system has 
been used on a front -wheel-drive car. Race 
cars, however, have used it for years. 

III © 1985 American Honda Motor Co., Inc. 

The new suspension does more than 
give the car a beautiful shape. It gives it a 
lovely ride, too. The handling is outstanding. 
We promise you'll be impressed. 

You'll also be very comfortable. There 
is more headroom even though the roofline 
is lower. The car is also wider. 

You'll also see through a lot more glass 
because the windows are larger. They all 
fit flush to the doors and body 
so there's less wind noise. 
The body itself is rigid 
and solid. The car 
is stable. 
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Conveniences have been well 
considered. TIlls luxurious car comes with 
air conditioning. A new electronic stereo 
system with a cassette player. There are 
power windows and door locks. A power 
radio antenna. Dual power remote mirrors. 

You might call the engine more of a 
powerhouse. Its size has been increased 
to two liters. And its mounts have been 

redesigned to absorb vibrations. It's smooth. 
Variable-assist power steering takes the 

rough work out of parking. Cruise control 
makes long trips even more relaxing. And 
the trunk is substantially larger so you can 
carry more luggage. 

W hile these extras might be available 
as optional equipment on other cars, they 
come standard on this car. We invite your 
companson. mm�mm 

The NewAccord 
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The newlyweds were off to live in America. She had put off 
saying good-bye until the very last moment. 

As always, he had something for her: an antique cameo 
brooch. "It was your mother's," he said. "I know she'd want you 
to have it. " Then she tried to put her feelings into words. 

But how do you begin to tell the person who single
handedly raised you how much you love him ? 

The last 
time she saw 

Call England. Ten minutes can 
E I d Saying good-bye is never easy-but saying hello is, with AT&T. n an .  average iust 74( a minute: 

9 A ten-minute phone call to England can average as little as 74¢ a minute. 
Just dial the call yourself any night from 6 pm until 7 am. 
If you don't have International Dialing in your area, you'll still get 

the same low rate as long as special operator assistance is not required. 

AT&T International Long Distance Service. 
England 

Rate Level Average Cast Per Minute For a IO-Minute Call" Hours 
Economy .74 6pm-7am 

D i scount . 9 2  1 p m-6pm 

Standard $ 1 . 2 2  7am - 1 pm 

* · Average cost per  m i n ute varies depending on length of c a l l .  F i rst m i n ute costs more;  addit ional  m i n utes cost less.  A l l  
rates a re f o r  c a l l s  d i a l e d  d i rect f r o m  cont i nental  U .S .  d u r i n g  h o u r s  l i sted.  A d d  3% Fe deral  E x c i s e  Tax .  F o r  f u rther i n for
matio n ,  cal l  o u r  I nternational  I nfo rmation Service, tol l  free 1 800 874·4000. 

" D u r i n g  Economy t i m e  per iods.  © 1985 AT& T Communications 

--

ATlaT 
The right choice. 
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The Treatment of Diseases 
and the War against Cancer 

To judge the progress in the war against cancer one must understand 
the role of trial and error in the evolution of medicine and know 
something about the natural history of the commoner forms of cancer 

Cancer is a disease that will touch 
most of us, directly or indirect
ly. One in three Americans gets 

cancer at some time in his or her life, 
and one in five dies of it. This article 
measures the progress that has been 
made in the treatment of cancer. Be
cause it is a rather controversial sub
ject, I describe how such judgments are 
made and what sources of information 
are available. Before discussing can
cer, it is useful to consider briefly the 
problem of developing a treatment for 
any disease. 

The molecular biology of all living 
creatures shows an underlying unity, 
even though the particular form of 
each species reflects chance events in 
its evolutionary history. We can be 
confident that any newly discovered 
animal will prove to have the same 
kinds of informational macromole
cules and the same genetic code as oth
er forms of life, but even if we were 
given a complete description of the an
imal's habitat, we could not predict ex
actly what the animal would look like 
because that would depend on the his
tory of its ancestors. Still less could we 
predict the animal's diseases. For ex
ample, who could have guessed that 
Homo sapiens would share with the 
humble guinea pig the unenviable dis
tinction of being incapable of synthe
sizing ascorbic acid or share with 
armadillos a susceptibility to the bac
terium that causes leprosy, or that in
testinal cancer usually occurs in the 
large intestine of humans and in the 
small intestine of sheep? 

by John Cairns 

If we cannot predict the existence 
and salient characteristics of each dis
ease, we certainly have no basis for 
deciding a priori how diseases should 
best be treated. It would seem to be a 
short step, therefore, to conclude that 
the treatment of diseases ought to be 
based on the results of some rational 
system of trial and error. Yet this is a 
rather new idea in the annals of med
icine. For example, a famous early 
19th-century comparison of the fate of 
a group of patients with pneumonia, 
who were bled at various stages of 
their disease, showed that bloodletting 
did not affect either the average dura
tion or the fatality of their disease. 
Most were ill for two to three weeks, 
and about 25 percent of them died. 
The author of the study did not go so 
far as to suggest that these patients 
might actually have done better if they 
had been left alone, but still he was 
attacked for daring to think that pa
tients could be compared with one an
other. As one of his critics put it, "By 
invoking the inflexibility of arithmetic 
in order to escape the encroachments 
of the imagination, one commits an 
outrage upon good sense." (In the ab
sence of proper clinical trials the issue 
remained in doubt, and it was not until 
well into the 20th century that blood
letting fell completely out of favor.) 

With diseases such as pneumonia or 
cancer, which are sometimes fatal and 
sometimes not, there may be no way 
of determining whether any particular 
patient's survival was predestined or 
should be attributed to the treatment. 

And so it becomes necessary to com
pare the response of groups of patients 
rather than the response of one or two 
individuals. Some 100 different kinds 
of human cancer are recognized. Each 
has its characteristic behavior that in
cludes average age of onset, rate of 
growth and tendency to spread and to 
be lethal. Each must therefore be con
sidered as if it were a separate disease. 
Furthermore, most cancer patients are 
already well into middle or old age, so 
that some way must be found to cor
rect for other, "competing" causes of 
death. After all, even the most success
ful treatments would not be expected 
to protect a 90-year-old patient from 
all forms of mortality. Like the 19th
century doctor who studied pneumo
nia, the work of the modern clinician 
starts therefore with an investigation 
of what happens to patients with each 
type of cancer and how their life ex
pectancy compares with that of people 
who do not have cancer. 

Cancer arises when some cell in the 
body starts to multiply without 

restraint and produces a family of de
scendants that invade the surrounding 
tissues. Such invasion may be followed 
by metastasis, or spread to distant 
sites, by way of the lymphatics and the 
bloodstream. This process of metasta
sis is the main reason for the lethality 
of cancer, because it puts the disease 
beyond the reach of surgery and local 
irradiation. Some cancers, for reasons 
not knowri., are incapable of metastasis 
(for example, most forms of skin can-
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cer). These cancers are easily dealt 
with, unless of course the process of 
local invasion is itself lethal (as it can 
be, particulary in certain forms of 
brain cancer). At the other extreme, 
the normal cells of the bone marrow 
and lymphatic system are already pro
grammed to move around the body, 
and so it is not surprising that cancers 
arising among these cells (the leuke
mias and lymphomas) are likely to 
be disseminated throughout the body 
from the start. Most forms of cancer 
lie between these extremes. 

Although it has recently become 
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possible to study directly the changes 
in gene structure and function found in 
certain cancer cells [see "A Molecular 
Basis of Cancer," by Robert A. Wein
berg; SCIENTIFIC AMERICAN, Novem
ber, 1983], we still know little about 
what controls the multiplication and 
territorial restraints of most cells and 
tissues. For the time being, therefore, 
our knowledge of the behavior and 
prognosis of each type of cancer re
mains largely empirical. Over the past 
century pathologists have built up a 
classification of human cancers ac
cording to the origin and category of 
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YEARS AFTER DIAGNOSIS 

SURVIVAL OF NORWEGIAN MEN who had various types of cancer is compared with 
the survival of similarly aged males in that nation's population as a whole. In the years af
ter diagnosis lip cancer caused a negligible decrease in life expectancy, whereas cancer of 
the esophagus was nearly always rapidly fatal. The survival rates for patients who had can
cers of the bladder and the stomach fell somewhere between those extremes. The statistics 
cover the years from 1953 through 1964 and come from the Cancer Registry of Norway. 
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cell involved, and they have further 
subdivided each type of canc�r accord
ing to the appearance of the cells and 
their general growth pattern. This clas
sification is important because the dif
ferent cancers behave in very different 
ways. Some tend to be rapidly fatal 
and some are not; most kinds occur 
predominantly in old age but a few oc
cur only in children; some are common 
and some are rare; some are common 
in rich nations and rare in poor ones, 
and for others the reverse is true. 

Since World War II cancer registries 
have been set up in several states and 
nations to record the changing trends 
in cancer incidence and mortality. The 
records collected by some of these reg
istries yield a rather precise picture of 
the natural history of cancer, and that 
is the necessary starting point for any 
discussion of treatment. The Cancer 
Registry of Norway has published its 
findings in book form and is therefore 
a particulary accessible source. Nor
way has a population of about 3 .5 mil
lion, and the registry has followed the 
fate of the 200,000 cancer .cases diag
nosed there since 1953. As a sample of 
these statistics, the illustration at the 
left shows the pattern of survival of 
men with four kinds of cancer, chosen 
to demonstrate how differently various 
cancers behave. At some sites, such as 
the lip, cancer is associated with a neg
ligible decrease in life expectancy; at 
other sites, such as the esophagus, it is 
nearly always rapidly fatal. 

A group of patients can be consid
ered cured of their cancers if they die 
at about the same rate as the gener
al population, which they would if, 
thanks to their treatment, they had 
been returned to the common pool. 
The essential step, therefore, in deter
mining how often a particular type of 
cancer can be cured or controlled is to 
estimate from statistics what fraction 
of cancer patients die at the same age 
as they would have died if they had not 
had the cancer (that is, what fraction 
are dying from causes unrelated to 
their cancer). The survival rate of Nor
wegian women who have colon cancer, 
for instance, has been compared with 
the survival rate of the general popula
tion of women characterized by the 
same age distribution. Most of the pa
tients die rather soon after diagnosis, 
but a sizable minority, about 30 per
cent, die at the same rate as the general 
population (that is, behave as if they 
have been cured). That is what we 
would expect if some of the patients 
die of their cancer and some do not. 

The Norwegian registry lists 40 ma
jor sites of cancer for males and 43 
for females. Similar calculations can 
be made for each site. By summing the 
estimates I calculate that about 25 per-
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CANCER PATIENTS are considered cured if they die at about 
the same rate as the general population. The graph at the top left 
compares the survival rate of Norwegian women who had colon 
cancer (colored dots) to the survival rate of the general population 
of women who had the same age distribution (black dols). The solid 
gray line shows that the general population had a half-life of about 
13 years. (A half-life is the time required for half of a given popula
tion to die.) The solid colored line is the summation of the two bro
ken lines and shows that the women with colon cancer can be con
sidered to fall into one of two categories: 70 percent had a half-life 
of eight months and 30 percent had a half-life of 13 years. In other 

words, a subgroup consisting of 30 percent of the women died at 
the same rate as the general population. Some cancers, on the other 
hand, show no such subgroup and in this sense should perhaps be 
considered incurable by present methods. Cancer of the prostate is 
one example; the graph at the top right compares the survival rate 
of Norwegian men who had prostate cancer (colored dots) to the 
survival rate of similarly aged men in the general population (black 
dots). The solid gray line shows that the general population had a 
half-life of eight years, the solid colored line that the cancer pa
tients had a half-life of three years. About a third of these can
cer patients suffered no loss of life span as a result of their disease. 

cent of all male cancer patients and 
about 40 percent of all female cancer 
patients died of causes unrelated to 
their cancer. In other words, about a 
third of all Norwegian cancer patients 
suffered no loss of life span as the re
sult of their disease. 

In these statistics from the 1950's and 
1960's we are looking at the results 

of treatment by surgery, occasionally 
backed up by X-irradiation when the 
primary tumor was inaccessible to sur
gery. It is the picture of what used to 
happen before the advent of screening 
programs, chemotherapy and numer
ous clinical trials. The major ancillary 
aids to surgery, such as blood transfu
sion, antibiotics and improved forms 
of anesthesia, had been developed and 
disseminated by the early 1950's, so 
that the deciding issue, for nearly ev
ery patient, had by then become the 

extent of spread of the cancer at the 
time of surgery. Once a cancer had me
tastasized to sites beyond the reach of 
surgery or radiotherapy, the patient's 
fate was almost entirely determined by 
the rate of growth and further spread 
of the residual cancerous cells. Only 
through the intervention of some other 
cause of death would the patient be 
spared from death by cancer .. 

The importance of the extent of 
spread at the time of operation is 
shown in the illustration on the next 
page, which gives the survival of wom
en with colon cancer according to the 
state of their disease. Plainly the pa
tients' chances were least good if their 
cancer had already spread when it was 
first diagnosed. There are, however, 
two possible explanations for this ef
fect. The first and more obvious inter
pretation is that the crucial determi
nant is the time of diagnosis; according 

to this. view, the cancers that have al· 
ready metastasized when they are first 
seen have simply been left too long, 
but they could have been diagnosed 
earlier while they were still localized. 

The less obvious explanation is that 
we are seeing here not so much a varia
tion in time of diagnosis as a variation 
in ability to spread and prod uce me
tastases. In other words, the localized 
cancer might have been destined to 
stay localized for many years after it 
had become detectable, whereas the 
cancer that had metastasized might 
consist of cells so apt to spread that the 
cancer would already have produced 
metastases when it was very small and 
still undetectable. If the first explana
tion is the correct one, earlier diagnosis 
could bring great benefit; if the second 
is correct, there might be negligible 
benefit. The actual benefits of earli
er diagnosis must therefore be deter-
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mined by properly controlled trials, 
and this must be done for each kind of 
cancer since what is true for cancer of 
the breast may not be true for lung 
cancer, and so on. 

Afamous example of a trial to meas
ure the effect of early diagnosis 

was the study of breast cancer started 
20 years ago in New York and funded 
by the National Cancer Institute. The 
study followed 62,000 women aged 40 
to 64 who were covered by the Health 
Insurance Plan of Greater New York. 
The women were separated into sever-
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al categories according to age, family 
size and income. Each category was 
then evenly and randomly divided into 
two groups. Those in one group, the 
"test" group (consisting of 3 1,000 
women), were offered a free annual 
check by physical examination and 
X-ray mammography for early evi
dence of breast cancer. The remaining 
3 1,000 women, the "control" group, 
were given no special encouragement 
to be examined and were left undis
turbed. The annual checks of the test 
group were continued for four years, 
and the study has monitored the sub-
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YEARS AFTER DIAGNOSIS 

EXTENT OF METASTASIS, or spread, of a cancer has a large impact on the chance of 
long-term survival after diagnosis. The data shown here are from a study of Norwegian 
women between the ages of 55 and 74 who were diagnosed as having cancer of the colon. 
In some of the patients (top curve) the cancer was localized in the gut wall, and two-thirds 
of these women appear to have suffered no loss of life expectancy. When the cancer was 
seen to have spread to the local lymph glands (middle curve), only a third of the patients 
had a normal life expectancy. When the cancer was seen to have undergone metastasis to 
distant sites (bottom curve), the prospects for long-term survival were most unfavorable. 
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sequent fate of both groups since then. 
The trial was therefore designed to 

answer the following practical q ues
tion: Does the act of offering such free 
annual examinations bring any mea
surable benefit (that is, is it possible 
to intercept breast cancers before they 
have spread, and will a high enough 
proportion of women agree to be ex
amined)? The answers were promising 
indeed. Two-thirds of the women in 
the test group had at least one exami
nation, and in the nine years of follow
up the test group as a whole suffered 
significantly fewer deaths from breast 
cancer (9 1 deaths compared with 128 
in the control group). 

The study also showed how impor
tant it is to have randomly select
ed control groups. Overall, the two 
groups showed about the same inci
dence of breast cancer and the same 
general mortality from causes other 
than cancer-as they should, since the 
groups were chosen at random. The 
remarkable finding was that in the test 
group the 10,200 women who refused 
to be examined had a higher gener
al mortality, but a slightly lower inci
dence of and mortality from breast 
cancer, than the 20,800 women who 
agreed to be examined. 

The explanation lies in the fact that 
the separation of the test group into the 
examined and the unexamined was 
the result of self-selection. The women 
who refused to be checked were less 
interested in their health and proved to 
have a lower level of education than 
the women who agreed to be checked. 
Because breast cancer is commoner 
among the well-educated than it is 
among the indigent and less-educated, 
these differences between the two self
selected categories of women are actu
ally not surprising. There is therefore 
an important lesson to be learned here. 
If the comparison had been simply be
tween the women who were examined 
and those who refused to be, the study 
could have reached the ludicrous con
clusion that annual examination for 
the early signs of breast cancer lowers 
general mortality and slightly raises 
mortality from the very disease the ex
ercise is designed to prevent. But be
cause a randomly selected control was 
included, the study produced a reli
able estimate of the actual benefits of 
screening for breast cancer. 

To summarize the results, the New 
York Health Insurance Plan's study 
(and a similar trial, recently report
ed from Sweden) suggests that about 
a fourth of the total mortality from 
breast cancer (that is, a fourth of some 
35,000 deaths a year) might be pre
vented if all women in the U.S. over 
the age of 50 were offered a free exam
ination every one to three years. The 
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DEATHS FROM OTHER BREAST CANCERS DEATHS FROM BREAST 
CAUSES IN FIRST DETE C TED IN FIRST CANCER IN FIRST 

FIVE YEARS FIVE YEARS NINE YEARS 

NUMBER OF DEATHS INCIDENCE DEATHS 
WOMEN IN NUMBER PER 1,000  NUMBER PER 1,000 NUMBER PER 1,000  

EACH GROUP WOMEN WOMEN WOMEN 

EXAMINED 20,800 421 20 225 11 63 3.0 

TEST RE F USED 10 ,200 429 42 74 7 28 2.8 
GROUP 

TOTAL 31 ,000  850 27 299 10 91 2.9 

CONTROL TOTAL 31 ,000 877 28 285 9 128 4.1 
GROUP 

SCREENING FOR EARLY DIAGNOSIS of breast cancer can 
sometimes intercept the disease before it has spread, as a study 
funded by the National Cancer Institute indicates. The study fol
lowed 62,000 women between the ages of 40 and 64 who were cov
ered by the Health Insurance Plan of Greater New York. The wom
en were divided randomly into two groups: a test group and a con
trol group. Those in the test group were offered a free annual check 

by physical examination and X-ray mammography for early evi
dence of breast cancer. About two-thirds of the women in that 
group chose to have at least one examination during a four-year 
period. Those in the control group were given no special encourage
ment to be examined and were left undisturbed. After nine years 
of follow-up the test group suffered significantly fewer deaths 
from breast cancer (91 deaths) than the control group (128 deaths). 

expense of such a program (more than 
$100 million per year) has stopped it 
from being widely adopted, but at least 
the estimates are there, ready to be 
brought into any calculation of priori
ties, costs and benefits. 

The other main screening procedure 
currently in use is the Pap smear, 

or Papanicolaou test, for the early di
agnosis of precancerous changes in the 
cervix. Overall, on a worldwide basis, 
carcinoma of the cervix is the com
monest lethal cancer of women. Like 
most other forms of cancer, but unlike 
breast cancer, it is much commoner 
among the poor and the less-educated 
than it is among the educated. In the 
U.S., for instance, the rates in the high
est and the lowest social classes differ 
about fivefold. 

The Pap smear was invented in the 
late' 1920's by Aurel Babes in Bucha
rest and developed by George N. Pa
panicolaou of the Cornell Universi
ty Medicjil College. The test involves 
the microscopic examination of cells 
scraped from the surface of the cervix, 
at the entrance to the uterus. In the 
years following World War II the Pap 
smear came into use as a way of detect
ing the early stages in the development 
of cervical cancer. By now it has been 
applied one or more times to at least 75 
percent of the adult women in the U.S. 
No \lttempt was made to set up a prop
erly controlled trial like the breast
cancer trial, and for this reason the 
benefits of the test have not been pre
cisely established. Indeed, the issue is 
complicated. 

The mortality from cervical cancer 

in the U.S. has been steadily declining 
probably since the 1930's, presumably 
because during this period the average 
levels of hygiene, affluence and educa
tion have gone up. Since the Pap smear 
was introduced in the U.S. at a time 
when cervical cancer was already on 
the decline, overall national mortality 
figures cannot be used as evidence for 
its success. Nor is it fair simply to com
pare the mortality among women who 
have been tested with the mortality 
among those who have not; in the ab
sence of strong pressure the better-ed
ucated will be more likely to agree to 
testing than the less-educated, and so 
they would be expected to have a low
er mortality from cervical cancer even 
if the test were of no benefit. 

The case for the effectiveness of the 
Pap smear rests on two separate obser
vations. First, whenever it is possible 
to compare otherwise similar popula
tions of women who were offered test
ing programs that started at different 
times (for example, the women in the 
different provinces of Canada or the 
different Scandinavian countries), it 
does seem that the decline in mortality 
from cervical cancer invariably accel
erated at the time testing became wide
spread. Second, women who are found 
to be in the early stages of cervical can
cer but who do not then return to the 
clinic for treatment subsequently ex
perience a much higher mortality from 
cervical cancer than the women who 
do return for treatment. Neither of 
these arguments is absolutely ironclad, 
but together they are strong enough to 
make it no longer ethical to conduct a 
proper trial of the Pap smear. 

At various times attempts have been 
made to establish programs for the 
early diagnosis of other kinds of can
cer. Screening programs for cancer of 
the skin and mouth have proved effec
tive. Unfortunately few of the sites of 
the common lethal cancers are as ac
cessible as the breast, the cervix, the 
skin and the mouth, and there is little 
sign so far that any of the other pro
grams will prove worth applying on a 
large scale. In principle, screening pro
grams can succeed only for those can
cers characterized by an early pre
cancerous state that is detectable or 
for those cancers that commonly go 
through a prolonged stage in which 
they are detectable but still have not 
spread beyond the reach of surgery. 

Regrettably, not all types of can
cers fall into either of these categories. 
Some years ago, for example, a large
scale trial of the early diagnosis of lung 
cancer indicated that no great benefit 
comes from having the disease detect
ed by chest X rays before it has pro
duced any symptoms; it seems that by 
the time most lung cancers are detect
able they have spread too far to be 
treated. For each type of screening 
program,it is therefore important to 
set up, early on, a proper trial on a 
randomly selected group of subjects, 
because there is no intuitive way of 
knowing which cancers can be inter
cepted by early diagnosis. 

To summarize, screening programs 
for earlier diagnosis sometimes bring 
benefits and sometimes do not. Aside 
from questions of efficacy, however, it 
seems unlikely that any country--even 
one as rich as the U.S.-will ever be 
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able to afford to test the majority of 
its population annually for the earliest 
signs of each of the major cancers. 

I t remains a depressing truth that few
er than 50 percent of cancer pa

tients can be cured by surgery. A tre
mendous effort has therefore gone into 
discovering adjuvant forms of treat
ment that can be given following sur
gery. The three widely employed tech
niques of adjuvant therapy are hor
monal. treatment, X-irradiation and 
chemotherapy. 

Hormonal treatment is the obvious 
form of adjuvant therapy to apply to 
cancers that arise in hormone-respon
sive tissues such as the breast and the 
prostate gland. Beginning in the 1890's 
the ovaries were removed from wom
en who had spreading breast cancer in 
the hope that the consequent drop in 
circulating estrogens would slow the 
growth of the cancer cells. To achieve 
the same effect without removing the 
ovaries certain structural analogues 
of estrogen such as tamoxifen are now 
employed, which work by blocking the 
estrogen receptors of the cancer cells. 
Similarly, the growth of prostate can
cer can often be slowed or inhibited 
by removing the testes or by giving 
the patient estrogens. Although not all 
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breast and prostate cancers respond to 
hormonal control, one advantage of 
this form of adjuvant therapy is that 
its side effects are usually minor. 

Soon after Wilhelm Roentgen dis
covered X rays in 1895, investigators 
found that the radiation could damage 
human tissues. As a result X rays were 
soon being tested as a means of treat
ing breast cancers that had undergone 
local recurrence after surgery. X -ir
radiation is now one of the mainstays 
in cancer therapy. But there are limits 
to its use. Excessive whole-body irradi
ation damages the immune system, the 
bone marrow and the lining of the in
testines. It is the damage to these tis
sues that is the basis of radiation sick
ness. (We now interpret most of the 
effects of radiation in terms of damage 
to the genetic material, DNA, and this 
will presumably tend to be greatest in 
the tissues undergoing the fastest cell 
division because the more often a cell 
divides, the less time it has available 
for the repair of any damage to its 
DNA.) The treatment of cancer by X 
rays therefore depends on the relative 
sensitivity of the cancer compared 
with the normal tissues that surround 
it and on whether the radiation can be 
concentrated on the cancer. 

How much radiation can be tolerat-
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YEARS AFTER DIAGNOSIS 

CHEMOTHERAPY has greatly improved the prospects of survival for children who have 
leukemia. Only about 10 percent of the children diagnosed in 1956 as having leukemia were 
still alive two years after diagnosis; by 1978 the number of two-year survivors was roughly 
70 percent. The data are from Denman Hammond of the Children's Cancer Study Group. 
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ed by each part of the body is now 
accurately known. Furtherm,ore, it is 
feasible, with the high-energy X rays 
available today, to concentrate radia
tion into any target organ quite pre
cisely. It has therefore become possi
ble to treat the more sensitive cancers 
such as Hodgkin's disease, cancer of 
the cervix and one kind of testicu
lar cancer without producing an un
acceptable level of radiation sickness. 
The majority of cancers, however, can
not be cured by radiation because the 
dose of X rays required to kill all the 
cancer cells would also kill the patient. 

The next major contribution to the 
treatment of cancer, cytotoxic 

chemotherapy, originated with the ob
servation that one of the long-term 
toxic effects of the mustard gases used 
in World War I was damage to the 
bone marrow. (Incidentally, just like 
X rays, these highly reactive, toxic 
chemicals proved capable of damaging 
DNA.) Not long after World War II, 
when the mutagenicity of mustard gas
es ceased to count as a military secret, 
trials were undertaken to test the effi
cacy of such radiomimetic chemicals 
(chemicals that produce effects similar 
to those of radiation) in treating can
cer. The early results were encourag
ing, and in the next 20 years many 
more chemicals were added to the list 
of drugs used for chemotherapy. 

At present a large number of chemo
therapeutic agents are employed, in 
one combination or another, for the 
treatment of cancer. Some are pre
pared synthetically (for example cy
clophosphamide, certain nitrosoureas 
and more recently certain organic met
al compounds such as cis-platinum). 
Others are natural toxins (for example 
plant alkaloids such as vincristine and 
fungal toxins such as the actinomy
cins). Nearly all these reagents bind to 
DNA and cause damage that the cell 
cannot repair properly. This seems to 
be the basis of their toxicity, for both 
the cancer cells and the normal tissues 
of the body. The other group of chemi
cals currently in use are certain anti
metabolites that block the synthesis 
of DNA or its precursors (for exam
ple fluorouracil, cytosine arabinoside 
and methotrexate). 

The first efforts at chemotherapy 
concentrated on childhood leukemias 
and lymphomas for two reasons. First, 
these cancers, because they are dis
persed from the outset, were almost 
inevitably fatal. Second, the patients, 
because they were young, had much 
more to gain from a cure than old peo
ple. Although it proved quite easy to 
achieve a temporary remission with 
chemotherapy, in nearly every in
stance the cancer eventually returned, 
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and it subsequently resisted further 
chemotherapy. This was not really sur
prising because even the smallest de
tectable cancer consists of at least a 
billion cells; any population of cells as 
large as that can be expected to contain 
some variants that are better at grow
ing in the face of selection pressure. As 
a result two principles have become 
established that-rightly or wrongly
have determined the subsequent devel
opment of most kinds of chemothera
py. If all the cells in a cancer are to 
be destroyed, it may be necessary not 
only to use each chemical agent at the 
highest tolerable level but also to use 
different agents simultaneously. 

With suitable combinations of chem
icals it is now possible to cure many 
kinds of childhood cancer that would 
otherwise be rapidly fatal. For in
stance, most children with leukemia 
can now apparently be cured; to be 
more precise, a minority relapse and 
die during or soon after the end of their 
course of chemotherapy, but the ma
jority enter what at the very least is a 
prolonged period of relapse-free sur
vival. The hope now is that these survi
vors will prove to have a normal life 
expectancy. Similar results have also 
been recorded for other childhood 
cancers. The best measure of these suc
cesses is to be found in the national 
mortality statistics. In the early 1950's 
in the U.S. about 1,900 children under 
the age of five died of cancer each year. 
The rate is now down to about 700 per 
year, suggesting that two-thirds of all 
children with cancer are now being 
cured of it. 

The reduction in the annual mortali
ty of older children and young adults 
has been less spectacular, with the fol
lowing notable exceptions. Hodgkin's 
disease used to be inevitably fatal, but 
now most patients can be cured. This 
represents a saving of some 1,000 lives 
in the U.S. each year for all age groups 
combined. About 35 percent of testic
ular cancers were fatal before chemo
therapy, but now roughly a third of 
these deaths can be prevented, a saving 
of some 3 00 lives a year. Finally, cho
riocarcinoma, a rare cancer of the 
placenta that occurs about once per 
40,000 pregnancies in the U.S., can 
now be cured by chemotherapy, a sav
ing of perhaps 20 to 3 0  lives a year. 
Overall, however, the gains have been 
limited. The latest figures for the U.S. 
show about 7,000 deaths per year from 
cancer under the age of 3 0, compared 
with the 10,000 we would have expect
ed if the death rate had remained un
changed since the 1950's. 

It is important to note that so far in 
this discussion there is no discrepancy 
between the total number of cures esti
mated from the apparent cure rates for 

certain cancers and the actual change 
in the inventory of deaths recorded at 
the national level. Each year about 
3 ,000 patients under the age of 30 
are being cured by chemotherapy who 
otherwise would have died. 

Only 2 percent of the patients who 
die of cancer are under 3 0, how

ever. For the vast majority of cancers, 
which arise in older patients, the re
sults of chemotherapy are much more 
controversial. The figures on mortali
ty, assembled and published by the 
statisticians at the National Cancer In
stitute, show several major changes in 
the past 25 years. Deaths from lung 
cancer are on the rise, particularly in 
women, as the delayed result of the 
increase in cigarette smoking. Deaths 
from cervical cancer are going down, 
thanks in part to the Pap smear. The 
death rate for stomach cancer contin
ues its unexplained downward trend, 
which started in the 1930's, and many 
less common cancers are drifting 
slightly in one direction or another. 
Apart from the success with Hodgkin's 
disease, childhood leukemia and a few 
other cancers, it is not possible to de
tect any sudden change in death rates 
for any of the major cancers that could 
be credited to chemotherapy. For the 
old and middle-aged, therefore, the 
picture is more one of stability than it 
is one of change. 

Those who organize cancer centers 
and supervise the many clinical trials 
of chemotherapy look for ways to 
circumvent these relentless statistics. 
Sometimes they explain away the un
changing statistics for mortality by 
pointing out that the national statistics 
are inevitably a few years behind the 
times and therefore do not reflect the 
most recent advances in treatment. Al
though this point is absolutely correct, 
it has been made repeatedly in the past 
10 years but has never been vindicated 
by national statistics when these even
tually became available. For the most 
part, however, the organizers disre
gard the figures for mortality and sim
ply point out that the fraction of pa
tients who are still alive five years after 
diagnosis has been steadily increasing 
for nearly every kind of cancer. They 
attribute this increase in five-year sur
vival to steady improvements in meth
ods of treatment. 

Before we conclude that the statis
tics for mortality are unreliable we 
should, however, consider whether 
there could be any systematic error in 
the national figures for survival rates. 
As we have seen, it is possible to trans
late the results of clinical trials into 
numbers of lives saved on a national 
scale when considering cancers such as 
childhood leukemia, where the diag-

nosis is not in doubt and the outcome 
depends entirely on whether the treat
ment is successful or not. But for can
cers that are not invariably fatal the 
calculation is fraught with difficulty 
because it turns out that we have no 
certain way of estimating how many 
lives are waiting to be saved. 

To take one rather extreme example, 
a fourth of all U.S. males over the age 
of 70 who have died from other causes 
can be shown on routine postmortem 
examination to have small cancers of 
the prostate. We know from incidence 
data, however, that fewer than 10 per
cent of those cancers were destined 
to produce symptoms and still fewer 
would have proved fatal. Therefore 
any campaign to detect and treat pros
tate cancers while they were still small 
and before they had produced any 
symptoms is certain to include many 
"cancers" that would not have been 
detected except for the campaign. 
Even if the campaign saved no lives, 
the inclusion of these additional, non
fatal "cancer" cases would inevitably 
increase the proportion of "patients" 
who survived. 

Something like this appears to have 
happened in the U.S. over the past 30 
years. Although clinical trials have 
failed to demonstrate any major ad
vances in the treatment of cancer of 
the prostate since the introduction 
of hormone therapy in the 1940's, the 
five-year relative survival of cases is 
reported to have gone up from 43 to 63 
percent. The national statistics, how
ever, show that it is the reported inci
dence of new cases that has changed, 
going from 400 per million men per 
year in the late 1940's to about 700 
per million per year in the late 1970's; 
the death rate has remained steady at 
about 210 deaths per million per year. 
The survival rate has therefore in
creased not because fewer men are dy
ing from prostate cancer but because 
more men are being classified as hav
ing prostate cancer. 

Similar artifacts probably affect the 
survival rates for many other types 
of cancer, particularly cancer of the 
breast. It has therefore become a prin
ciple, at least among many cancer epi
demiologists, that the comparison of 
the survival of patients in different eras 
is not in general an acceptable measure 
of therapeutic success (unless, as in the 
case of childhood leukemia, it is clear 
that there has been no change in the 
definition of what constitutes disease). 
For most forms of cancer, therefore, 
physicians are forced back once again 
to the "inflexible arithmetic" of clini
cal trials. Groups of patients must be 
separated at random and given the 
various rival treatments. The average 
survival rates of the subgroups will 
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then show which treatments do good 
and which do harm. 

The best-studied case concerns the 
use of various adjuvant therapies 

following surgery for breast cancer. 
Recently the results from a large num
ber of trials have been brought togeth
er and summarized. Altogether the tri
als covered about 5,000 women who 
were treated with various toxic chemo
therapeutic agents. A similar number 
of women, selected at random, re
ceived no extra treatment after sur
gery. The patients have now been fol
lowed for between one and 10 years. 
During this period the treated group as 
a whole has had about 25 percent few
er deaths than the control group; for 
women under the age of 50 the reduc
tion has been by about a third. Wheth
er these patients have really been 
cured by their treatment will not be 
known until the two groups have been 
followed for many years, but even if 
there has been only a postponement 
of death, this may have been worth
while. In any event, the chemotherapy 
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of breast cancer can offer real benefits, 
although so far they are rather modest 
and not to be compared with the re
sults for certain childhood cancers. 

Armed with just these facts, it would 
be tempting to conclude that chemo
therapy should be given to every wom
an with breast cancer; after all, one
third fewer deaths among women un
der 55 could conceivably be translated 
into saving 2,000 or 3,000 lives each 
year in the U.S. alone. The actual sto
ry, unfortunately, is more complicated 
than these statistics suggest. A six- or 
12-month course of chemotherapy not 
only is a very unpleasant experience 
but also has its own intrinsic mortality. 
Furthermore, many of the drugs used 
are known to be carcinogenic, and one 
of the long-term effects of chemother
apy is that somewhere between 5 and 
10 percent of the surviving patients die 
of leukemia in the first 10 years after 
treatment. These may seem like rela
tively minor hazards for a patient who 
has an advanced and rapidly growing 
cancer, but they would be serious con
siderations for a woman who has a 
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small and apparently localized cancer 
of the breast. Her chance of dying of 
her cancer within five years is only 
about 10 percent even if she receives 
no additional treatment after surgery. 

Still other considerations come into 
the decision.. The same set of trials also 
included a large study of treatment 
with the estrogen-inhibitor tamoxifen. 
This too produced a significant reduc
tion in the number of deaths, although 
perhaps not as large as the reduction 
brought about by chemotherapy. (It 
is interesting that tamoxifen seemed 
to be most effective in women over 
50, whereas cytotoxic chemotherapy 
seemed to be most effective in younger 
patients.) Since tamoxifen generally 
produces only minor side effects, its 
widespread use could be advocated 
more readily than the widespread use 
of cytotoxic drugs. The issue now is to 
decide whether cytotoxic chemothera
py has anything to offer patients with 
breast cancer that cannot be achieved 
with tamoxifen. Judging from the 
available trials, the likeliest answer is 
that many young patients can be bene
fited, but for patients over 50 the com
bination of chemotherapy and tamoxi
fen does not seem to produce better 
results than tamoxifen alone . 

The role of chemotherapy in the 
treatment of the other major can

cers of adults is much less well docu
mented. Various trials have suggested 
that in adults some cancers such as 
ovarian cancer do sometimes respond 
to chemotherapy. In addition chemo
therapy and local irradiation can be 
used to shrink cancers that arise in in
accessible sites such as certain regions 
of the head and neck. Overall, how
ever, in terms of duration of survival 
the results have been more often nega
tive than positive. One recent report, 
for example, described a trial of chem
otherapy in the treatment of colon 
cancer. More than 600 patients who 
had received standard surgery were 
randomly allocated to various forms 
of adjuvant therapy. Roughly half of 
the patients received cytotoxic chemo
therapy (fluorouracil and an alkylating 
agent), but their survival proved to be 
indistinguishable from the survival of 
the controls, who received no addition
al treatment. Of the roughly 190 pa-o 1945 1950 1955 1960 1965 1970 1975 1980 tients who had chemotherapy and did 
not die of their cancer in the six-year 
trial period, one patient died from the 
immediate consequences of the treat
ment and seven died of leukemia. 

INCREASE IN SURVIVAL of cancer patients occurs if the definition of what constitutes 
a cancer is widened to include conditions that are not destined to be fatal. This appears to 
be the explanation for the reported increase in survival of men with cancer of the prostate. 
Between the late 1940's and the late 1970's the mortality rate in the U.S. (black dots) has 
remained steady at about 210 deaths per million men per year. In the same period, however, 
the number of reported cases has risen from about 400 per million per year to about 700. 
(The colored dots show the incidence recorded in various national surveys and the colored 
line shows the increase recorded in Connecticut.) The increase in incidence is presumably 
the reason the five-year survival of men with cancer of the prostate has increased from 43 
to 63 percent over 30 years although trials have not shown any major advance in treatment. 
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In spite of these rather sobering find
ings several cytotoxic drugs are now 
commonly employed. The Connecti
cut Cancer Registry, for instance, re
ports that about a fourth of all cancer 
patients are recorded as having some 
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form of chemotherapy during their ini
tial stay in the hospital. The National 
Cancer Institute estimjites that more 
than 200,000 patients receive chemo
therapy in the U.S. each year. For a 
dangerous and technologically exact
ing form of treatment these are dis
turbing figures, particularly since the 
benefit for most categories of patients 
has yet to be established. Furthermore, 
the number of patients who are being 
cured can hardly amount to more than 
a few percent of those who are treated. 

All told, adjuvant treatments now 
Il. avert a few thousand (perhaps 2 or 
3 percent) of the 400,000 deaths from 
cancer that occur each year in the U.S. 
Even without the invention of any ad
ditional drugs this figure might con
ceivably be pushed up to 5 percent; an 
extra 1 percent, for example, could 
possibly come from the treatment of 
breast cancer with cytotoxic agents. 
These are very real gains and a fitting 
memorial to the many thousands of 
patients who took part in the early tri
als of chemotherapy. 

The fortitude and altruism of these 
patients have not, however, been 
matched by any comparable sense of 
responsibility on the part of those who 
determine national policies. By the 
1960's cigarette smoking had been es
tablished as the major cause of lung 
cancer. Since then, however, few na
tions have made much of an effort to 
contain the further expansion of the 
tobacco industry. Unfortunately there 
are huge financial incentives for na
tions to sit back and do nothing. The 
cigarette is a readily taxable commodi
ty; in the U.S. it provides the Federal 
and the state governments with about 
$6 billion a year. More important (at 
least for the British government, and 
perhaps also in the eyes of the U.S. 
Government), smoking cuts down the 
bill for old-age benefits because it re
duces life span. 

At the price of a slight increase in 
costs for health care the current smok
ers in the U.S. will on the average each 
have saved the U.S. Government 
about $35,000 in Social Security pay
ments simply because they will on the 
average die sooner than nonsmokers; 
most of the deaths occur after retire
ment and are not from cancer but from 
cardiovascular disease and chronic 
lung disease, the incidence of which is 
also raised by smoking. The loss of life 
span represents a total saving of some 
$10 billion a year over the next half 
century or so. 

Some countries have banned all to
bacco advertising, and this has had an 
almost instant effect on tobacco sales. 
The failure of the U.S. Government to 
take such a step far outweighs all the 

advances made in the treatment of 
cancer since the advent of modern sur
gery. From 1953 on lung cancer has 
been the commonest fatal cancer in 
American males, and about now it is 
expected to surpass breast cancer and 
become the commonest fatal cancer in 
females. The waste of life is truly as
tonishing. Thanks to the cigarette, the 
U.S. now suffers a completely unnec
essary additional 100,000 deaths per 
year from lung cancer. These numbers 
dwarf the 5,000 to 10,000 lives that are 
being saved by chemotherapy. So far 
the war against cancer is being lost be
cause (to stay with the metaphor of 
war) we continue to tolerate the pres
ence of a fifth column in our midst. 

The conquest of the commonest of 
all lethal cancers depends, therefore, 
on the will power of governments and 
not on the skill of physicians or the 
ingenuity of scientists. Fortunately the 
affluent and better-educated are now 
smoking less than they used to. Be
cause they tend to set the pace, the 
trend may eventually spread to the 
population as a whole. 

For the other major cancers the is
sues are less clear-cut. In order 

of descending numerical importance 
these are cancer of the large intestine, 
breast, prostate and pancreas. Because 
each cancer is common in some coun
tries and rare in others, each must 
be driven by external causes that are 
prevalent in some parts of the world 
and rare or absent in others. Even 
within the U.S. it is possible to find 
certain groups of people for whom the 
death rate from cancer is only about 
half the average national rate. Surely 
this proves that most forms of cancer 
are preventable. 

This is not a very startling conclu
sion. None of the important causes 
of death has been primarily controlled 
by treatment. The death rates from 
malaria, cholera, typhus, tuberculosis, 
scurvy, pellagra and the other scourg
es of the past have dwindled in the 
U.S. mainly because humankind has 
learned how to prevent these diseases, 
not simply because they can be treated. 
Indeed, even cardiovascular mortality 
(the commonest of all forms of death 
in developed countries) has begun to 
decline in the U.S., suggesting that 
some change in circumstances or life
style is tending to prevent its occur
rence. And so there are many grounds 
for believing that when any major dis
ease is tackled on a national scale, the 
chief effort should be to prevent its oc
currence. To put most of the effort into 
treatment is to deny all precedent. 

Cancers of the cervix and of the liver 
are usually due to a viral infection, and 
each should be preventable by immu-

nization. This could save 14,000 lives 
per year in the U.S. and perhaps as 
many as 500,000 in the world as a 
whole. The causes of most of the other 
important cancers are not yet known 
well enough for anyone to predict how 
or when they will be prevented. But 
eventually they will be, because they 
do have causes that await discovery. 

The prospects for great advances in 
the treatment of cancer are not as obvi
ous. The available cytotoxic drugs are 
not particularly discriminating in their 
action, being toxic for any rapidly di
viding cell. Indeed, it is at first sight 
surprising that chemotherapy should 
ever be successful. It is important to 
remember, however, that the cancers 
most effectively treated by chemother
apy fall into rather special · classes. 
First, there are the cancers that arise in 
cells left over from the process of em
bryogenesis (the cancers special to in
fants), in cells of the germ line (certain 
testicular and ovarian cancers) and in 
fetal cells trapped in the mother (cho
riocarcinoma of the placenta). These 
cancers have in common the unusual 
feature that they are cells in an alien 
environment. It is quite possible that 
the body has mechanisms for de
stroying such leftovers, particularly if 
chemotherapy has somewhat reduced 
their numbers. 

The only other cancer readily cur
able by chemotherapy is Hodgkin's 
disease. This is a most unusual cancer 
because it is made up of a mixture of 
several types of cell and until recently 
was actually classified as some form of 
chronic infection. In short, the extreme 
peculiarity of the list of cancers known 
to be cured by cytotoxic drugs suggests 
that the present forms of chemother
apy may be seldom if ever sufficiently 
specific to kill every cell in a cancer 
and yet spare the normal tissues of the 
patient. Whether any of the common 
cancers can be cured by chemotherapy 
has yet to be established. 

What then can be said about the 
long-term prospects? No one 

knows what new forms of chemother
apy may be invented, or when they 
will be invented. While such discover
ies are awaited, more effort should be 
directed to certain proved forms of 
screening.and much more effort to pre
vention. It seems bad cost-accounting 
for the Federal Government to sub
sidize chemotherapy of the common 
cancers of adults and not to subsidize 
the screening of women for breast can
cer. Worse, it is surely an act of folly t6 
pour hundreds of millions of dollars 
every year into giving a growing num
ber of patients chemotherapy while 
doing virtually nothing to protect the 
popUlation from cigarettes. 
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Cosmic Rays from Cygnus X-3 
After decades of fruitless search astronomers ha ve found a source 
of high-energy particles and gamma rays bombarding the earth. 
The object is thought to be a binary star at the edge of the galaxy 

by P. Kevin MacKeown and Trevor C. Weekes 

F
ew questions have perplexed as
trophysicists for as long, or chal
lenged their imagination as in

tensely, as that of the origin of cosmic 
radiation. The properties of the ra
diation have been revealed gradually 
over the decades since 19 12, when its 
existence was first demonstrated by 
the Austrian physicist Victor F. Hess. 
It consists primarily of atomic nuclei 
stripped of electrons and moving at 
close to the speed of light. The nuclei 
are so energetic that the power gener
ated in our galaxy in cosmic rays is 
thought to be far greater than the out
put radiated in, say, X rays or radio 
waves. Yet whereas many of the most 
exciting advances in astronomy have 
come from the detailed analysis of X
ray and radio sources, until recently 
the source of cosmic rays was largely a 
matter of speculation. They seem to 
come from everywhere, raining down 
on the earth from all directions at a 
uniform rate. 

Now at last a major source has been 
found. The object is called Cygnus X-3 
because it is the third-brightest X-ray 
emitter in the constellation Cygnus; it 
was first observed by X-ray' astrono
mers in the late 1960's. It gained noto
riety in 1972 when it underwent a vio
lent outburst in which the intensity of 
its radio emissions increased a thou
sandfold. Recently it has also been 
shown to be a source of high-energy 
gamma rays. It is the gamma rays 
that have identified Cygnus X-3 as a 
source of cosmic radiation: they can 
have been produced only by charged 
particles moving at close to the speed 
of light. 

There is still no consensus on how 
the particles an� accelerated to such 
high speeds; several models of the 
process have been proposed. Most 
workers agree that Cygnus X-3 is a bi
nary star system lying at least 37,000 
light-years away, roughly at the edge 
of the galaxy. In visible light it can-
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not be seen even with the largest tele
scopes, because dust clouds in the spi
ral arms of the galaxy obscure it from 
view. The emissions observed at other 
wavelengths, however, indicate that 
it is intrinsically one of the two or 
three most luminous objects in the 
Milky Way. 

Any source of cosmic radiation 
.f\. would have to be a powerful par
ticle accelerator to account for the tre
mendous energy of the individual cos
mic rays. The most energetic of them 
have energies greater than 1020 elec
tron volts. (That is 100 million times 
more than the energy expected to be 
imparted to particles in the proposed 
Superconducting Supercollider, which 
would be the most powerful manmade 
particle accelerator.) The other end of 
the cosmic-ray energy spectrum is de-

o fined somewhat arbitrarily: any quan
tum greater than 108 electron volts 
arriving from space is considered a 
cosmic ray. The definition encompas
ses not only particles but also gamma
ray photons, which are quanta of elec
tromagnetic radiation. 

Fewer than . 1  percent of all cosmic 
rays are gamma rays, however; the rest 
are particles. Electrons account for 
about 1 percent of the total flux, and a 
few positrons (anti-electrons) and anti
protons are also present, but the vast 
majority of cosmic rays are atomic nu
clei. Some 92 percent of them are hy-

drogen ions, which are simply individ
ual protons stripped of their electrons. 
Helium, the second-lightest element, 
accounts for about 6 percent of the 
flux. The other common elements are 
present in much smaller amounts. 

The most important fact concern
ing the chemical composition of cos
mic radiation is that it closely resem
bles, over most of the observed energy 
range, the composition of the galaxy as 
a whole. The point may seem trivial, 
but actually it eliminates several hy
potheses about the origin of cosmic 
rays. For example, they cannot all be 
relics of the big bang, which produced 
hydrogen almost exclusively. Nor can 
they all come from old, highly evolved 
stars, because then a much higher frac
tion of them would be expected to be 
heavier nuclei. (The elements heavier 
than helium are thought to have been 
synthesized inside stars and during su
pernova explosions by means of fusion 
reactions.) Cosmic rays either must 
come from an object of typical compo
sition or must originate in a large 
number of quite different objects that 
together produce an average mixture 
of elements. 

Other observations exclude the pos
sibility that the cosmic radiation bom
barding the earth today could be the 
result of a single local, catastrophic 
event, such as a solar outburst or the 
explosion of a nearby supernova. First, 
an examination of the ionization trails 

MODELS OF CYGNUS X-3 assume that it is a binary star system in which one compo
nent is a dense neutron star. In one model the neutron star is a rapidly spinning pulsar (top). 
The pulsar accelerates protons to cosmic-ray energies and ejects them in all directions. 
Some protons strike gas nuclei in the outer layer of the companion star, generating high
energy gamma rays that continue along the proton trajectory. The gamma rays are detect
ed on the earth during two phases of the pulsar's orbit. In the accretion model (bottom) the 
neutron star's gravitational field draws matter off the companion star, and its magnetic 
field induces an intense electric field in the rotating disk of accreted matter. Protons are ac
celerated to cosmic-ray energies along the electric field lines; some collide with gas nuclei 
in the accretion stream and produce gamma rays. High-energy gamma rays from Cygnus 
X-3 have identified it as a source of cosmic radiation at least 37,000 light-years away. 
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left in meteorites by charged cosmic
ray particles suggests that the density 
of the rays in the solar system has re
mained fairly constant over the past 
billion years. The ionization trails are 
visible as defects in a meteorite's crys
tal structure; the number of them, 
along with the age of the meteorite 
(which is known from radioisotope 
dating), yields the average rate at 
which the meteorite has been struck by 
cosmic rays. 

Second, the cosmic-ray density in 
the solar system appears to be typical 
of the entire galaxy. The evidence for 
this conclusion is indirect: it comes 
from the observation throughout the 
galaxy of synchrotron emissions at 
radio wavelengths. Synchrotron radia
tion, which has a characteristic polari-

SUPERNOVA 
REMNANT 

� 

zation, is generated primarily by rela
tivistic electrons moving in a magnetic 
field. A relativistic electron in space is 
a cosmic ray; by assuming that elec
trons and other cosmic-ray particles 
are present in synchrotron-emission 
regions in the same proportions ob
served near the earth, one can arrive 
at a rough estimate of the overall 
cosmic-ray density in distant parts of 
the galaxy. 

If one knows how long high-energy 
particles travel in space before collid
ing with interstellar gas nuclei, one can 
even calculate the rate at which the 
galaxy must be producing cosmic rays 
in order to maintain the observed den
sity. Estimates of the cosmic-ray life
time are based on a detailed exami
nation of the composition of the ra-

MOLECULAR CLOUD-

�o 

GAMMA RAY 

CHARGED PARTICLES 

ORIGIN OF COSMIC RAYS has been explained in two ways. According to the Fermi 
model (top), cosmic rays are produced in interstellar space. Low-energy particles emitted 
by ordinary stars are accelerated to cosmic-ray velocities when they collide with moving 
clouds of magnetized gas or with expanding shock fronts from supernova explosions. An al
ternative view is that cosmic rays come from a small number of exotic objects capable of ac
celerating particles to high energies (bottom). The charged nuclei forming most of the radia
tion are deflected by the galactic magnetic field, and so their directions do not indicate their 
source. In contrast, gamma rays are electrically neutral and travel straight from the source. 
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diation. Although the composition is 
broadly similar to that of the galaxy as 
a whole, the light elements lithium, be
ryllium and boron are present at en
hanced levels. These elements are not 
expected to be produced by fusion 
reactions in stars. They almost certain
ly result from the fragmentation of 
heavy elements that have collided with 
stationary gas atoms in interstellar 
space. From their relative abundance 
in cosmic radiation and from an esti
mate of the density of interstellar gas, 
one can calculate how long the average 
cosmic ray has been in space: about 20 
million years. 

This figure, together with the ob
served energies, leads to an estimate of 
the power output of the galaxy in cos
mic radiation. Obviously any such cal
culation contains large uncertainties, 
but the correct value is thought to lie in 
the range of 1040 to 1041 ergs per sec
ond. The galaxy generates less energy 
in the form of cosmic rays than it radi
ates as visible light ( 1044 ergs per sec
ond) but more than it radiates as radio 
waves ( 1039 ergs per second) and X 
rays (2 X 1039 ergs per second) com
bined. Whatever the source of cosmic 
rays may be, it is clear they are pro
duced at a prodigious rate. 

Historically there have been two 
major schools of thought on the 

origin of cosmic radiation. The first 
view, originally put forward by the 
physicist Enrico Fermi, holds that cos
mic-ray nuclei are injected into space 
with comparatively low energies and 
then are accelerated to high velocities 
through collisions with clouds of mag
netized gas, shock fronts from super
nova explosions or other large, ener
getic features of the interstellar medi
um. Low-energy nuclei are known to 
be ejected by ordinary stars; according 
to the Fermi model, such nuclei might 
acquire cosmic-ray energies step by 
step, in a long random walk through 
space. Thirty years ago this "distrib
uted acceleration" model was widely 
favored because it avoided the need 
for postulating exotic and as yet un
discovered objects capable of impart
ing relativistic velocities to particles 
all at once. 

In recent years the Fermi model has 
fallen out of favor. Detailed calcula
tions have shown that the energies of 
nuclei are likely to increase enough 
on their journey through interstellar 
space to account for the observed cos
mic-ray energies. Since Fermi first pro
posed the model, moreover, observa
tions of the exotic and the extremely 
energetic have become commonplace 
in astronomy. No one in 1950 could 
have foreseen the discovery of, say, 
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pulsars: dense, rapidly spinning neu
tron stars with magnetic fields trillions 
of times as intense as the magnetic 
field of the earth. 

Today many investigators adhere to 
a second school of thought: the notion 
that cosmic rays receive all their ener
gy from discrete sources, with inter
stellar space acting only as a diffusive 
medium. Many types of source have 
been proposed, including pulsars, su
pernova explosions and T Tauri stars 
(young, variable stars that sometimes 
undergo rapid increases in brightness). 
Some of these objects are numerous 
enough to account for the total energy 
contained in cosmic radiation. They 
seem, however, to be incapable of pro
ducing the entire energy spectrum. 

A number of workers have therefore 
argued that cosmic rays, or at least the 
most energetic ones, must come from 
outside our galaxy. Synchrotron emis
sion from other galaxies shows that 
they too contain cosmic rays. A rela
tively small number of galaxies have 
violently active cores, some of which 
expel particles in relativistic jets; qua
sars are thought to be extreme exam
ples of such "active galaxies." An ac
tive galactic core might conceivably 
accelerate particles to energies that 
are beyond the reach of an individual 
star or a binary in our own galaxy. On 
the other hand, this does not imply, as 
some workers have suggested, that all 
cosmic rays must originate outside the 
Milky Way. 

One might think the sources of cos
mic rays could be identified easily 

enough by making a few simple obser
vations with a cosmic-ray telescope. 
Such is not the case. Cosmic-ray nuclei 
come from all directions at almost ex
actly the same rate-not because the 
sources lie everywhere but because the 
particle trajectories are scrambled by 
the galactic magnetic field. Since the 
nuclei are electrically charged, they do 
not travel in straight lines through in
terstellar space; instead they are con
strained to spiral along the lines of the 
magnetic field, about which little is 
known other than that it is disordered 
and chaotic. When the particles arrive 
at the earth after 20 million years of 
wandering in the galaxy, their paths 
are hopelessly tangled. 

In order to pinpoint a source one 
must study components of the radia
tion that are relatively unaffected by 
magnetic fields. The obvious candi
dates are electrically neutral particles. 
Neutrons can be excluded from con
sideration, because they would decay 
to charged particles (protons and elec
trons) long before they could reach 
the earth from a cosmic-ray source. 

PROTON 

GAS NUCLEUS 
------ ----- v 

_----------- v 
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GAMMA RAYS FROM CYGNUS X-3 are thought to be produced by the collision of 
high-energy protons from the neutron star with gas nuclei from the companion star. Some 
of the kinetic energy of the proton is converted into unstable particles called pions. Each 
charged pion produces a neutrino and a muon, which decays into two more neutrinos and 
an electron or a positron. The np.utral pion decays into two highly energetic gamma rays. 

Neutrinos are more promlSlng; they 
would certainly be generated in the 
nuclear reactions occurring at a cos
mic-ray source, and their ability to 
penetrate obstacles without being ab
sorbed is well known. Unfortunately 
the same property makes them very 
difficult to detect. As yet there are no 
telescopes capable of detecting high
energy neutrinos from cosmic sources, 
although such devices are planned. 

The approach taken by us and by 
other workers-one that has now borne 
fruit with the confirmed detection of 
cosmic radiation from Cygnus X-3-
is to observe gamma-ray photons, 
which like neutrons and neutrinos are 
electrically neutral. An object that ac
celerates particles to cosmic-ray ve
locities will almost inevitably produce 
gamma rays as well; conversely, high
energy gamma rays are emitted only 
by relativistic particles. Gamma rays 
are therefore an effective probe of 
the source of cosmic radiation even 
though they account for less than .1 
percent of the total flux. At most 
wavelengths, moreover, they interact 
very little with the thin interstellar 
gas, so that they arrive in the solar 
system virtually unattenuated. 

Cosmic gamma rays do not, how
ever, reach the surface of the earth. 
Before they have penetrated more 
than a fortieth of the dense atmos
phere they interact with gas nuclei. 
Hence they can be detected directly 
only by instruments carried above the 
atmosphere. Furthermore, satellite 
instruments are limited in size, and 
so they cannot detect fluxes smaller 
than one photon per square meter per 
month. The flux of the gamma rays 
whose origin is most puzzling, those 
with energies greater than 1012 elec
tron volts, is below that limit. They 
cannot be studied directly. 

Fortunately these gamma rays can be 
studied indirectly from the ground 

because they initiate observable show-

ers of secondary particles and photons 
in the atmosphere. An air shower (also 
called an electromagnetic cascade) be
gins when a cosmic gamma ray inter
acts with the electric field of a gas nu
cleus in the upper atmosphere, typical
ly at an altitude of 20 kilometers. The 
energy of the gamma ray is converted 
into matter: usually into an electron 
and a positron, each of which carries 
roughly half of the energy of the gam
ma ray. After a short distance each of 
the two fast-moving particles is itself 
deflected in the electric field of a gas 
nucleus, and some of its energy is radi
ated as a gamma-ray photon in the' 
process known as bremsstrahlung (a 
German word meaning braking radia
tion). The secondary gamma rays then 
produce more electron-positron pairs. 
In this way the energy of the primary 
gamma ray is shared among a geomet
rically increasing number of particles 
and photons. The cascade peters out 
when the energies of the individual 
quanta are so low that other absorptive 
processes compete with bremsstrah
lung and pair production. 

If the primary gamma ray is an ul
trahigh-energy photon (1014 electron 
volts or more), the air shower may 
reach the ground. By then it consists 
of thousands of particles and gamma 
rays spread over hundreds of square 
meters. It can be detected by an ar
ray of Geiger counters (in which the 
charged particles ionize gas molecules, 
allowing a current to flow between two 
electrodes) or scintillation counters (in 
which flashes of light triggered by the 
particles in a suitable medium are 
registered by photomultiplier tubes). 
When the arrival direction of the pri
mary gamma ray is vertical, the sec
ondary particles strike all the detectors 
in an array simultaneously. If the pri
mary gamma ray strikes the atmos
phere at an angle, its arrival direction 
can be deduced from small differences, 
typically less than one ten-millionth of 
a second, in the arrival times of shower 
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particles at different detectors. The en
ergy of the primary gamma ray can be 
estimated from the number of parti
cles striking the detectors. 

The air shower precipitated by a 
very-high-energy gamma ray (between 
1011 and 1014 electron volts) does 
not reach the earth's surface. Before 
the shower particles are absorbed in 
the atmosphere, however, they trigger 
flashes of visible bluish light that can 
be detected from the ground. The light, 
called Cerenkov radiation, is generat
ed whenever a particle moves through 
a medium at a speed exceeding the 
speed of light in the medium; it is actu
ally emitted by electrons in the medi
um itself, which are disturbed by the 
passage of the particle. Cerenkov radi
ation is an electromagnetic analogue 
of the bow wave generated by a pow
er boat moving faster than the speed 
of wave propagation in water. It is 
beamed along the particle trajectory 
and reaches the ground as a disk of 

VERY-HIGH-ENERGY 
GAMMA RAY(1012 eV) 

SECONDARY 
GAMMA RAYS 

CERENKOV 
LIGHT 

OPTICAL A 

light. Because the light is in the visible 
range, it is attenuated only slightly by 
the atmosphere. 

On moonless nights flashes of Ce
renkov light can be detected with a 
simple, inexpensive system consisting 
of a mirror that focuses the light onto a 
phototube. More elaborate devices, in
cluding the one in use at the Fred Law
rence Whipple Observatory in Arizo
na, consist of many mirrors assembled 
into a dish that focuses light onto an 
array of phototubes. Such devices not 
only detect Cerenkov light· but also 
map its intensity. The arrival direction 
of the cosmic gamma ray, which corre
sponds roughly to the axis of the Ce
renkov light disk, can then be deter
mined to within less than a quarter of a 
degree of arc. In contrast, the resolu
tion of current particle-detector arrays 
is only about one degree of arc. Be
cause particle detectors can be used 
24 hours a day, however, and not just 
on dark nights, they remain the prin-

-- 20 KIL OMETERS --

cipal method for observing cosmic 
gamma rays with energies of 1015 
electron volts or more. 

Both types of device suffer from a 
serious weakness, in that they do not 
allow one to say of a particular air 
shower that it was initiated by a gam
ma ray. The problem is that charged 
cosmic-ray particles interacting with 
atmospheric nuclei set off showers 
similar to those caused by gamma 
rays. Yet as a result of the influence of 
the galactic magnetic field, the flux 
of charged cosmic rays is essentially 
equal in all directions. A source of cos
mic gamma rays may therefore reveal 
itself as a directional anisotropy: an 
excess of air showers coming from a 
particular direction. The anisotropy 
would necessarily be minute, because 
charged cosmic-ray particles account 
for about a thousand times as many 
air showers as gamma rays do. That is 
one of the reasons it has req uired years 
of painstaking gathering and analysis 
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AIR SHOWERS triggered by cosmic gamma rays make it possible 
to determine the arrival direction of the gamma rays. A gamma ray 
does not usually reach the earth's surface; instead it iuteracts with 
au atmospheric nucleus at an altitude of about 20 kilometers. The 
energy of the gamma ray is converted into an electron and a posi
tron. Each particle emits a secondary gamma ray when it is deflect
ed in the electric field of another nucleus. The secondary ray then 
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gives rise to another electron-positron pair, and the process contin
ues until the energy of the primary ray is dissipated. An air shower 
triggered by an ultrahigh-energy gamma ray may reach the ground, 
where the particles can be observed with Geiger counters or other 
detectors. The air shower from a very-high-energy gamma rays is 
absorbed in the atmosphere, but some fast-moving secondary parti
cles generate visible Cerenkov light that is detectable on the ground. 
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of data to identify a source of cos
mic rays. 

The story of Cygnus X-3 begins well 
before the recent recognition of its 

importance as a source of cosmic rays. 
It was discovered as an X-ray source in 
1966 by Riccardo Giacconi, Paul Gor
enstein, Herbert Gursky and J. R. Wa
ters, who were working at American 
Science and Engineering, Inc., in Cam
bridge, Mass. With the help of a rock
et-borne telescope (required because 
X rays too are absorbed by the atmos
phere) the workers identified three X
ray sources in Cygnus. Although the 
emissions from Cygnus X-3 were con
siderably weaker than those from the 
other two sources, they did hold a clue 
to its energetic nature. The emissions 
were deficient in low-energy X rays, 
which are preferentially absorbed by 
interstellar gas. The deficiency sug
gested that Cygnus X-3 is much more 
distant and hence that it must be 
intrinsically brighter than the other 
two sources. 

When the National Aeronautics and 
Space Administration launched its first 
satellite X-ray telescope (Uhuru) in 
1970, many X-ray signals, including 
the one from Cygnus X-3, were found 
to vary with time. The Cygnus X-3 sig
nal varied cyclically with a period of 
4.8 hours. The observation suggested 
that the object consisted of two stars 
locked in a binary orbit; the periodic 
drop in the intensity of the emissions 
was attributable to the passage of one 
star in front of the other. Equally im
portant, at a time when the position of 
X-ray sources could be specified only 
crudely, the periodicity of Cygnus X-3 
provided a way to determine whether 
it radiated at other wavelengths. Infra
red studies of the Cygnus area subse
quently revealed a point source with 
the distinctive 4.8-hour period. The 
more precise positional fix yielded by 
the infrared studies in turn enabled 
workers to identify Cygnus X-3 as a 
variable (although not a periodic) ra
dio source. 

Then on September 2, 1972, a fortui
tous discovery ended the relative ob
scurity of Cygnus X-3 by showing just 
how dramatically variable its radio 
emissions could be. Early in the eve
ning, while waiting for his main target 
to rise above the horizon, Philip C. 
Gregory, working at the Algonquin 
Radio Observatory in Ontario, decid
ed to pass the time by pointing his ra
dio telescope at Cygnus X-3. Ordinari
ly a weak radio source, it was on that 
night one of the brightest objects in the 
sky, radiating at a thousand times its 
normal intensity. An equivalent phe
nomenon for an optical astronomer 

CERENKOV-LIGHT TELESCOPE used by the authors and their collaborators at the 
Fred Lawrence Whipple Observatory in Arizona is known as the lO-meter reflector. It con
sists of 248 mirrors that focus light onto a hexagonal array of 37 phototubes. On dark 
nights the instrument can easily detect the flashes of Cerenkov light set off by air showers. 

CERENKOV-LIGHT MAP of an air shower was made with the lO-meter reflector at the 
Whipple Observatory. The circles represent the phototubes. The numbers are proportional 
to the intensity of the light recorded by each phototube; the colored lines are intensity con
tours. From such a map the axis of the air shower and hence the arrival direction of the 
cosmic ray can be calculated. In this case the axis of the shower is parallel to the axis of the 
detector and displaced from the detector toward the lower left. (The map records only a 
part of the edge of the conical shower, which may be hundreds of meters in diameter.) Cos
mic gamma rays from Cygnus X-3 are found as an excess of showers from that direction. 
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would be a dim star that suddenly be
came as bright as Jupiter. 

Gregory immediately telephoned 
his colleague Robert M. Hjellming at 
the National Radio Astronomy Obser
vatory in Green Bank, W.va. Hjell
ming confirmed the observation. That 
same night, fearing the outburst might 
end before it could be adequately doc
umented, the two worker-s called as 
many other astronomers as they could. 
Within a few days news of the Cygnus 
X-3 outburst had spread to nearly ev
ery observatory in the world. Regular 
observing programs were interrupted, 
and telescopes of all types-radio, 
infrared, optical, X-ray and gamma
ray-were aimed at Cygnus. Never be
fore had there been such a concentra
tion of effort on a single object. 

The complex radio signal proved to 
be particularly informative. For 

one thing, the signal contained ab
sorption lines attributable to specific 
clouds of interstellar hydrogen whose 
approximate locations in the galaxy 
are known. (Hydrogen absorbs radia
tion at a wavelength of 21 centime
ters; because the interstellar clouds 

are moving at different velocities, each 
cloud has a characteristic absorp
tion line that is Doppler-shifted from 
the 21-centimeter line by a different 
amount.) The absorption lines estab
lished a lower limit on the distance 
of Cygnus X-3: it must be more dis
tant than the farthest hydrogen cloud, 
which is believed to lie about 37,000 
light-years away, near the edge of the 
galaxy. From the minimum distance 
and the observed X-ray luminosity of 
Cygnus X-3 one can calculate its in
trinsic X-ray luminosity. The calcu
lation confirms that it is one of the 
brightest sources in the galaxy, with a 
power output of at least 2 X 1037 ergs 
per second. 

Furthermore, the spectrum of the 
radio emissions observed during the 
1972 outburst indicated that Cygnus 
X-3 was ejecting high-energy particles. 
Several days after Gregory's discovery 
the radio emissions reached a peak 
of intensity. They then began to wane 
in a distinctive way: the emissions at 
the longest wavelengths, which corre
spond to photons of the lowest ener
gies, persisted for the longest time. The 
pattern is characteristic of synchrotron 

X-RAY IMAGE OF CYGNUS X-3 was prepared by Rick F. Harnden, Jr., of the Center 
for Astrophysics of the Harvard College Observatory and the Smithsonian Astrophysical 
Observatory from data gathered by the orbiting Einstein Observatory. Cygnus X-3, which 
was discovered as an X-ray emitter, is the largest and brightest source on the image; it is 
one of the brightest sources in the galaxy. The other sources are all young, massive stars. 
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radiation from relativistic electrons in
jected into a weak magnetic field. As 
the electrons spiral around' the field 
lines they emit photons, initially at 
short wavelengths but eventually, 'after 
much of their energy has been radiat
ed, only aJ longer ones. The decline in 
intensity of the radio emissions from 
Cygnus X-3 was interrupted by new 
bursts of radio activity, including a 
major flare-up about a month after 
the initial outburst; apparently the 
ejection of energetic particles was an 
ongoing process. 

Indeed, 10 years later, in 1982, 
another giant outburst was recorded. 
Robert Geldzahler and his colleagues 
at the Naval Research Laboratory 
took advantage of the event and of the 
newly completed Very Large Array 
radio interferometer in New Mexico 
to make the first maps that showed 
Cygnus X-3 to be anything other than 
a point source. The radio-emission re
gion was elliptical, and as the outburst 
progressed the ellipse grad ually be
came more elongated. Geldzahler and 
his co-workers interpreted the elonga
tion as evidence that Cygnus X-3 was 
emitting jets of particles at velocities 
of about a third the speed of light. 
Radio jets emanate from the cores 
of a number of active galaxies, but 
only one other source in our galaxy 
has been observed to emit them: the 
strange object called SS 433. 

Asource of high-energy particles 
would be expected to emit gam

ma rays; hence it is not surprising 
that gamma rays from Cygnus X-3 
were first detected during the 1972 
radio outburst. Using a balloon-borne 
instrument, A. M. Galper and his col
leagues at the Moscow Engineering 
Physical Institute observed a strong 
flux of low-energy gamma rays from 
the direction of Cygnus. The energy of 
the gamma rays was about 4 X 107 
electron volts. Later in 1972 the NASA 
satellite SAS-2 recorded gamma radia
tion with an enel'gy of 108 electron 
volts. In analyzing the signal Richard 
C. Lamb, Carl E. Fichtel, Robert C. 
Hartmann, Donald A. Kniffen and Da
vid J. Thompson of NASA'S Goddard 
Space Flight Center found a 4.8-hour 
periodicity that clearly identified the 
signal as coming from Cygnus X-3. 

Nevertheless, it was still not obvious 
that Cygnus X-3 was very pertinent to 
the problem of the origin of cosmic 
rays. Gamma rays with energies of 108 
electron volts are at the low end of 
the cosmic-ray spectrum; conceivably 
they might be generated by processes 
not associated with high-energy par
ticles. To be considered a significant 
source of cosmic rays an object would 
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have to emit gamma rays of at least 
1012 electron volts. 

The first such gamma rays from 
Cygnus X-3 were observed by Arnold 
A. Stepanian and his colleagues at the 
Crimean Astrophysical Observatory. 
Since 1970 they had searched for 
galactic sources of very-high-energy 
gamma rays by detecting Cerenkov 
light from air showers; their equip
ment consisted of four army-surplus 
searchlight mirrors with phototubes at 
the foci. On hearing news of the Cyg
nus X-3 outburst in September, 1972, 
the Crimean workers aimed their mir
rors toward Cygnus. In 11 nights of 
observation they detected a strong flux 
of 1012 electron-volt gamma rays. The 
signal exhibited the characteristic 4.8-
hour periodicity, although the peak 
was sharper than the peaks at other 
wavelengths and also came at a differ
ent phase of the cycle. 

At this point Cygnus X-3 should 
have attracted the attention of cosmic
ray theorists, but it did not. The results 
of the Crimean group were largely ig
nored, perhaps in part because they 
were not published in the issue of Na
ture in which most of the papers on 
the outburst appeared. The fact that 
the prevailing theoretical models of x
ray sources did not provide for the 
emission of very-high-energy gamma 
rays may also have contributed to the 
neglect. In defense of the theorists 
one must acknowledge that observa
tions of air showers had produced 
some false alarms in the past. 

The Crimean workers nonetheless 
continued their observations. In every 
observing season between 1972 and 
1979 they measured the signal from 
Cygnus X-3; the amplitude declined 
and the shape of the light curve (the 
time vanatlOn of the emissions) 
changed, but the signal was always 
there. Finally, in 1980, the Crimean 
results were independently confirmed. 
Sean Danaher, David Fegan and Neil 
A. Porter of University College in 
Dublin, collaborating with one of us 
(Weekes) at the Whipple Observatory, 
detected the emissions from Cygnus 
X-3 with a small Cerenkov telescope. 
In the following two years observa
tions by two other groups established 
beyond a doubt that Cygnus X-3 is a 
source of 1012 electron-volt gamma 
rays and thus of high-energy particles. 

Since then data gathered by particle
detector arrays have shown that 

Cygnus X-3 also,emits ultrahigh-ener
gy gamma rays. Between 1976 and 
1980 workers at the University of Kiel 
in West Germany kept such an array 
in continuous operation. Their primary 
purpose was not to search for a cos-
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NEAR-INFRARED IMAGE OF CYGNUS X-3 (bars) was made by one of the authors 
(Weekes) and John C. Geary of the Center for Astrophysics using a charge-coupled de
vice attached to the Multiple Mirror Telescope, on Mount Hopkins in Arizona. The vis
ible light from Cygnus X-3 is absorbed by intervening dust clouds in the galaxy, but its 
infrared emission suggests that it is intrinsically fairly bright in the visible range as well. 

mic-ray source; instead it was to study 
high-energy interactions in air showers 
generated by cosmic rays in the energy 
range from 1015 to 1016 electron volts. 
In order to determine the distribution, 
of the secondary particles, the workers 
had to measure the arrival direction of 
cosmic rays to within about one de
gree of arc. As a result their data base 
was also well suited for identifying di
rectional anisotropies in the cosmic
ray flux. 

In 1983 Wilhelm Stamm and Man
fred Samorski undertook the labori
ous task of searching through five 
years of data for evidence of gamma
ray emissions from Cygnus X-3. They 
found a clear excess of air showers 
originating in the correct general di
rection, but the margin of error in 
the determination of arrival directions 
was too large to allow a definite state
ment that Cygnus X-3 was the source 
of the signal. The concl usive evidence 
lay in the arrival times of the showers. 
When Stamm and Samorski analyzed 
the times for the showers originating in 
the direction of Cygnus X-3, the famil
iar 4.8-hour periodicity emerged. 

Soon after these results were report
ed they were confirmed by a group at 
the University of Leeds. The angular 
resolution of the array operated by the 
Leeds investigators from 1978 to 1982 
was not as good as that of the Kiel 
experiment, but it was good enough to 
detect a strong signal from Cygnus X-
3. In addition the Leeds group deter
mined that Cygnus X-3 shows no de-

tectable emissions at energies above 
1016 electron volts. 

The object is nonetheless extraordi
narily luminous at ultrahigh energies. 
Its observed flux in the energy range 
from 1015 to 1016 electron volts is 
6 X 1036 ergs per second, which is on 
the order of a thousand times greater 
than the output of the sun at all wave
lengths. Moreover, gamma rays of 
energies near 1015 electron volts are 
preferentially absorbed in interstellar 
space; they are thought to be annihilat
ed in collisions with the low-energy mi
crowave photons that pervade the uni
verse as a result of the big bang. Hence 
the flux actually emitted by Cygnus X-
3 must be larger still. Assuming Cyg
nus X-3 lies at the minimum distance 
of 37,000 light-years, its output in ul
trahigh-energy gamma rays must be 
about three times more than the ob
served flux, or roughly 2 X 1037 ergs 
per second. 

Furthermore, gamma rays are only 
a small part of the total flux of cosmic 
radiation from Cygnus X-3. The vari
ous theoretical models of the object 
agree that the gamma rays are proba
bly emitted in high-energy interactions 
of charged nuclei, mainly protons. In 
such interactions only some 3 percent 
of the released energy would go into 
gamma rays; the rest would be car
ried away by electrons, positrons and 
neutrinos. If Cygnus X-3 is radiating 
2 X 1037 ergs per second in ultrahigh
energy gamma rays, it must be ejecting 
at least 30 times as much energy, or 
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6 X 1038 ergs per second, in the form 
of charged cosmic-ray particles. 

The estimate is conservative; be
cause it is based on the gamma rays 
observed arriving at the earth, it does 
not take into account the likelihood 
that Cygnus X-3 emits cosmic rays in 
all directions. Since the galactic output 
in cosmic radiation is only between 
1040 and 1041 ergs per second, a small 
number of sources like Cygnus X-3-
say a few dozen-would explain most 
of the observed flux of cosmic rays. 
Only the cosmic rays with energies 
above Cygnus X-3's apparent limit of 
1016 electron volts would remain to be 
explained. They may well come from 
other galaxies. 

What makes Cygnus X-3 such a 
powerful particle accelerator? 

Because of its periodic emissions, most 
workers agree it must be a binary star 
system. X-ray binaries are not uncom
mon in the galaxy. They are thought 
to consist of a dense, collapsed star or
biting a massive normal star. If the 
orbit is close enough, the intense grav
itational field of the dense star can 
pull matter off the surface of its com
panion. As the gaseous matter falls to
ward the dense star it is accelerated 
to tremendous velocities; collisions 
between molecules heat the gas to 
tens of millions of degrees Celsius, 
and some of the thermal energy is ra
diated as X rays. 

In the case of Cygnus X-3 the ener
gy needed to accelerate particles to 
cosmic-ray velocities must also come 
from the dense star, which is probably 
a neutron star. A neutron star is more 
massive than the sun but is only about 
10 kilometers in diameter; it is the 
collapsed core of a massive star 
whose outer shell has been blown off 
in a supernova explosion. The col-

lapse compresses the star's magnetic 
field, increasing its intensity by as 
much as a trillion times. The star's 
rotation rate also increases, because 
its angular momentum is conserved 
during the collapse. In the ensuing 
millenniums the spinning star may 
gradually slow down. 

In a model of Cygnus X-3 proposed 
by Thomas Vestrand of the University 
of New Hampshire and David Eichler 
of the University of Maryland at Col
lege Park the neutron star is still spin
ning rapidly: it is a pulsar. The energy 
imparted to the cosmic rays comes 
from the rotational kinetic energy lost 
by the pulsar as it slows down. Pul
sars emit synchrotron radiation, and so 
they must be capable of accelerating 
electrons, at least, to relativistic ener
gies. Although the details of the proc
ess are murky, the spinning magnetic 
field would induce an electric field 
that might then accelerate charged 
particles-protons as well as elec
trons-from the surface of the pulsar. 

According to the model advanced 
by Vestrand and Eichler, the Cygnus 
X-3 pulsar ejects high-energy protons 
in all directions. Most of the protons 
escape into space but some enter the 
gaseous outer layer of the companion 
star. When a proton strikes a gas n ucle
us, it produces three kinds of pion, of 
which one kind decays into two gam
ma rays. The gamma rays travel close 
to the original trajectory of the proton, 
and the model predicts they will be 
beamed toward the earth at just two 
points on the pulsar's orbit around the 
companion star. This would explain 
the twin-peak light curve recorded in 
some observations of Cygnus X-3 at 
energies of 1012 electron volts. In addi
tion A. Michael Hillas of Leeds has 
shown that the pulsar model can ac
count for the observed intensity of the 
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RADIO OUTBURST from Cygnus X-3 in September, 1972, showed that it was capable of 
accelerating particles to high energies. The outburst was discovered shortly before it peaked, 
at which point the radio flux from Cygnus X-3 was a thousand times more intense than usu
al. Here the outburst at a frequency of 8,085 megahertz is plotted. At lower frequencies 
(and lower energies) it lasted longer, a pattern characteristic of synchrotron radiation from 
relativistic electrons. The peaks suggest Cygnus X-3 was ejecting new bursts of particles. 
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gamma rays emitted by Cygnus X-3 
at all energies from 1012 to 1016 elec
tron volts-provided the pulsar accel
erates protons to an energy of 1017 
electron volts. 

That energy is 100 times greater 
than what is ordinarily considered the 
upper limit of a pulsar's acceleration 
capability. The Vestrand-Eichler mod
el requires pulsars to be much more 
efficient at accelerating particles than 
they are generally thought to be. It also 
assumes the pulsar in Cygnus X-3 is 
spinning extremely rapidly, between 
100 and 1,000 times a second. So far 
only two pulsars have been observed 
with a rotation rate in that range. The 
discovery of a fast pulsar in Cygnus X-
3 would obviously lend strong support 
to the pulsar model. 

Asecond model, proposed by Ga
nesar Chanmugam of Louisiana 

State University and Kenneth Brecher 
of Boston University, does not require 
the neutron star to be spinning rapidly. 
Instead the energy converted into cos
mic rays derives from the process that 
is also responsible for the X-ray emis
sion: the accretion of matter by the 
neutron star from its massive compan
ion. As the accretion disk rotates about 
the neutron star, the star's magnetic 
field ind uces an electric field in the 
plane of the disk. Protons are acceler
ated radially outward along the elec
tric field lines. Some of the protons 
penetrate the accretion stream, where 
they collide with gas nuclei and gener
ate gamma rays. This model too has its 
drawbacks. For instance, the electric 
field has to be intense, and it is not 
clear whether such a field can be sus
tained in the gaseous disk. 

The Chanmugam-Brecher model 
would explain why high-energy gam
ma-ray emissions seem to have been 
detected from two other X-ray bina
ries (Vela X-I and Hercules X-I) that 
do not contain fast pulsars. Still, deci
sion between the two models of cos
mic-ray production-and a final un
derstanding of Cygnus X-3-is proba
bly not imminent. Much has still to be 
learned, and some of it will doubtless 
be surprising. 

For example, the cosmic radiation 
from Cygnus X-3 may teach investi
gators something new about particle 
physics. Although the excess of air 
shuwers coming from the direction of 
Cygnus X-3 is attributed to high-ener
gy gamma radiation, no one has ever 
positively identified gamma rays as the 
cause of the excess; the conclusion is 
reached by eliminating neutrons and 
neutrinos, the only other known can
didates. But are all the candidates 
known? Is the physics of interactions at 
1015 electron volts, an energy far be-
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yond the reach of manmade accelera
tors, really understood? Or might the 
flux of cosmic radiation from Cygnus 
X-3 include a new type of particle? 

Recent reports from two proton-de
cay experiments, one in the Soudan 
mine in Minnesota and one in the tun
nel under Mont Blanc, are at least sug
gestive of something new. Both experi
ments are designed to detect the decay 
products of the proton, which may in
clude muons (short-lived, negatively 
charged particles). As a result the ap
paratus also records the arrival direc
tions of muons generated in cosmic
ray air showers. From these data one 
can glean the arrival directions of the 
cosmic rays themselves. 

After analyzing a year's worth of 
data the Soudan group has reported an 
excess of cosmic rays from the direc
tion of Cygnus X-3. The signal bears 
the characteristic 4.8-hour periodicity. 
A similar periodicity is seen in data 
from the Mont Blanc experiment. Air 
showers triggered by gamma rays, 
however, are expected to contain very 
few muons and should not produce a 
measurable signal in these detectors. 
The results thus suggest that some un
known particle emitted by Cygnus X-3 
may be causing air showers. Alterna
tively, and more conservatively, the in
teractions of high-energy gamma rays 
in the atmosphere may not be under
stood; perhaps they can produce a lot 
of muons after all. 

Such uncertainties should not ob
scure our central point: For the 

first time a significant source of highly 
energetic cosmic rays has been identi
fied. After decades of rather uncon
strained speculation, astrophysicists 
now have a prototype of a cosmic-ray 
accelerator, even if they do not fully 
understand how it works. In the com
ing years more sensitive gamma-ray 
telescopes may detect new cosmic-ray 
sources that are simply weaker ver
sions of Cygnus X-3. The end of a long 
search seems close at hand. 

PERIODICITY of gamma-ray emISSIOns 
from Cygnus X-3 matches the 4.8-hour pe
riodicity observed at X-ray wavelengths. 
The periodicity is attributed to the orbit of 
the binary star. The gamma-ray flux curves 
are averages made by superposing emissions 
from successive 4.8-hour time intervals. If 
the signal varied randomly, the superposi
tion would yield a flat curve. Peaks in the 

superposition imply that the peaks in the 
signal recur at the same phase of successive 
time intervals; thus the signal is periodic. 
The phase difference between the lOs-elec
tron-volt emission and the emission at high
er energies suggests that the signals are from 
different regions of the binary star system. 
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The Calcium Signal 
The calcium ion controls processes ranging from muscle contraction 
to cell division. An array of proteins that are specialized for binding 
calcium regulate its concentration in the cell and mediate its effects 

by Ernesto Carafoli and John T. Penniston 

Acommon trigger precipitates bio
logical events as diverse as the 
contraction of a muscle and the 

secretion of a hormone. The trigger is a 
minute flux of calcium ions. Calcium 
is one of the body's "second messen
gers": it relays electrical and chemical 
messages that arrive at a cell's surface 
membrane to the biochemical machin
ery within the cell. To control cellu
lar processes effectively, calcium itself 
must be regulated. Thus cells have 
evolved an elaborate system of pro
teins that interact with the calcium ion, 
governing the transmission and re
ception of the intracellular message. 
Knowledge of these intricacies may 
lead to greater clinical control over in
tracellular calcium, a possibility that 
has broad implications for the treat
ment of disease. 

Several other ions besides calcium 
are common in the biological environ
ment; they include the doubly charged 
magnesium ion and the singly charged 
sodium, potassium and chlorine ions. 
Why, in the course of evolution, was 
calcium chosen as a second messen
ger? For a substance to act as an in
tracellular messenger a target protein, 
usually an enzyme, must be able to 
bind it tightly and with high specific
ity. The binding alters the conforma
tion of the enzyme molecule, thereby 
changing its state of activity. To alter 
the number of affected molecules the 
messenger must undergo large swings 
in concentration. A tenfold increase 
in concentration may be needed to 
change the state of an enzyme in a cell 
from "off " to "on." 

A simple ion such as calcium cannot 
be created or destroyed easily. Instead 
its free concentration in the cytosol 
(the watery medium in which the in
tracellular organelles are suspended) 
must be regulated by compounds that 
alternately bind the ion, removing it 
from solution, and release it so that 
it can carry its message. To be able 
to distinguish the messenger ion from 
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other ions in the cell and hold it tight
ly, such binding compounds must be 
structurally complex. A cellular func
tion that demands a structurally com
plex substance is almost always served 
by a protein. 

Calcium is far better suited to tight 
and specific binding than other com
mon ions are. Ions of potassium and 
chlorine are relatively large in radius. 
They do not fit into compact binding 
sites on proteins. The sodium ion has a 
smaller radius, about the same as that 
of the calcium ion, but because it bears 
only a single charge, sodium is bound 
relatively loosely in the complexes it 
forms with proteins. The very large 
polyatomic ions common in the bio
logical milieu, such as phosphate and 
bicarbonate, are even less able to 
form tight complexes. 

This process of elimination leaves 
the magnesium and calcium ions. Both 
of them are small ions with a double 
charge, capable of binding tightly to 
other compounds. What explains the 
evolutionary preference for calcium? 
Robert J. P. Williams of the Univer
sity of Oxford has examined the bind
ing chemistry of calcium and magne
sium. In complexing with a protein 
both ions readily bind to six electron 
donors, usually oxygen atoms, in an 
octahedral arrangement. One donor 
occupies each vertex of the octahe
dron and adjacent bonds lie at right 
angles. The calcium ion, which is larg
er than magnesium and has a more 
complex electronic structure, can also 
form bonds with a total of seven or 
eight electron donors. 

Because of its small size, the magne
sium ion attempts to draw the oxygens 
of a protein with which it forms a com
plex into a very tight and regular con
figuration. A protein is not sufficient
ly flexible, however, to form a reg
ular cavity that is compact enough 
to match the small dimensions of the 
magnesium ion. Instead of establish
ing a full set of six bonds with the pro-

tein, a magnesium ion will also link 
with water molecules. The substitu
tions greatly weaken the strength of 
the binding, because fewer bonds be
tween the ion and the protein must be 
broken to free the magnesium. Calci
um requires a less drastic change in 
conformation of the binding protein; 
hence the ion can form a full six bonds 
with the protein. 

Calcium binding not only is tight
er than that of magnesium but also 
is more specific. Because of its larg
er radius and variable number of 
bonds, calcium can adapt to irregular
ly shaped binding sites. Thus a protein 
can bind calcium very tightly while 
excluding magnesium, which is pres
ent in the cytosol in a concentration a 
thousand times as high. In contrast, a 
protein that will bind magnesium will 
often accommodate calcium equally 
well Or better. Both tightness and spec
ificity of binding are essential to serv
ice as an intracellular messenger; only 
calcium meets both requirements. 

The proteins that bind calcium fall 
into two classes: proteins incorpo

rated in the membranes of the cell, 
where they govern the passage of calci
um into and out of the cytoplasm and 
the interior of intracellular organelles, 
and soluble proteins in the cytoplasm 
and in the organelles themselves. The 
proteins of the second class play some 
role in controlling the concentration of 
calcium in the cell, but the amount of 
calcium a soluble protein can bind is 
limited by the number of protein mole
cules. Membrane-bound proteins can 
regulate calcium concentration more 
efficiently because they act as trans
porters: a single protein molecule can 
bind a calcium ion on one side of the 
membrane, move it to the other side, 
release it and repeat the process indefi
nitely. The major role of the soluble 
proteins in the cytosol and the organ
elles is instead to mediate the signal's 
intra cell ular effects. 
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In some cases a cytosolic calcium
binding protein itself is responsible for 
,the effects of the calcium signal. Usu
ally the calcium-binding protein acts 
as an intermediary, activating other 
enzymes. Such a protein was first iden
tified in 1967 by Setsuro Ebashi and 
his co-workers at the University of To
kyo, They described a protein that en
ables calcium to trigger contraction in 
skeletaL muscle and named it troponin. 
Subsequent studies showed that tropo
nin is a complex of three distinct sub
units, of which one, troponin C, is the 
calcium receptor. The protein com
plex is an integral part of muscle fiber. 
When the muscle cell is at rest, a part 
of the troponin molecule acts as an in
hibitor, preventing myosin, the con
tractile protein of muscle, from linking 
with actin, the filamentous protein. 
When the C subunit binds calcium 
ions, the shape of the troponin mole
cule changes and the inhibitor part 
swings aside, allowing myosin to bind 
with actin so that the muscle tissue 
can contract. 

Study of a second cytoplasmic pro
tein, parvalbumin, which is abundant 
in the skeletal muscles of fishes, rep
tiles and amphibians, helped to estab
lish how proteins bind calcium. Parv
albumin's function is not certain, but 
Robert H. Kretsinger and his associ
ates at the University of Virginia used 
X-ray crystallography to determine its 
three-dimensional structure. The parv
albumin molecule contains three simi
lar regions, each of them consisting of 
a calcium-binding loop 10 to 12 amino 
acids long flanked by two helical se
q uences about 10 amino acids long. 
Within each calcium-binding loop be
tween six and eight oxygen atoms on 
the side chains of the protein and on 
the protein's peptide backbone donate 
electrons to bind the ion. One loop is 
inactive because two of the amino ac
ids needed to bind calcium have been 
replaced by other amino acids. 

Until very recent crystallographic 

CALCIUM-BINDING PROTEINS are es
sential to the element's role as an intracel
lular messenger. Some of the proteins that 
interact with calcium control its concentra
tion in the cell, thereby producing signals; 
others receive the signals. Shown here is tro
ponin C, a protein of skeletal and heart mus
cle. When calcium ions bind to the molecule, 
the protein's shape changes, triggering the 
physiological events that lead to muscle con
traction. In this computer-generated image 
the spheres correspond to individual atoms 
and the colored regions represent side chains 
having distinct chemical characteristics. Os
nat Herzberg and Michael N. G. James of 
the University of Alberta based the image 
on data from X-ray analysis of the protein. 
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PARVALBUMIN, a protein found in fishes, reptiles and amphibiaus, is typical of the pro
teins that bind calcium tightly and with high specificity. The molecule (top) has six helical 
regions (color) interspersed with three calcium-binding domains; a pair of helixes and the 
domain they flank constitute a "hand." The hand including helixes A and B is nonfunction
al; bound calcium ions are shown in the other two hands, which encompass helixes C and 
D and helixes E and F. The details of calcium binding in the EF hand are shown (bottom 
left). The ion forms bonds with six oxygen atoms on the side chains of the protein and 
one on the protein's backbone (color). An eighth bond links the calcium with the oxygen in 
a water molecule (gray). The bond lengths and the angles between adjacent bonds vary. A 
hypothetical attempt to fit a magnesium ion, calcium's main competitor for binding sites 
on protein, into the hand (bottom right) shows why it has a much higher affinity for calcium. 
The magnesium ion's electronic structure and its smaller size demand that its six bonds de
fine a compact octahedron. Since parvalbumin is not sufficiently flexible, the ion must sub
stitute bonds with two water molecules for bonds with the protein, weakening the binding. 
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studies revealed the structures of oth
er calcium-binding proteins only their 
amino acid seq uences we're known. 
Comparison with the amino acid se
quence of parvalbumin made it'possi
ble, however, to anticipate the crystal
lographic results. In such comparisons 
the region of the protein containing he
lixes E and F and the calcium-binding 
loop they flank (together known as the 
EF hand) served as a model in the 
search for the calcIUm-binding sites on 
other proteins. 

Such studies have shown that other 
calcium-binding proteins generally 
resemble parvalbumin. In particular 
they have more than one calcium
binding domain. It is likely that the 
shape of the protein changes depend
ing on the number of occupied binding 
sites. Each of the resulting range of 
forms could interact with a different 
target protein or have a different effect 
on the same target. 

It is thought that calmodulin, a third 
important calcium-binding protein, 
may function in this way. Calmodulin 
has four binding sites; recent crystal
lographic studies have shown that all 
resemble the EF site of parvalbumin. 
A calmodulin molecule with only one 
or two occupied sites may have dif
ferent properties from one in which 
calcium occupies all four sites. Such 
variation in calmodulin's properties 
could help to explain the vast number 
of proteins with which it interacts. It 
appears to be the commonest transla
tor of the intracellular calcium mes
sage, and it is present in all kinds of 
mammalian cells. 

Calmodulin acts on enzymes that 
catalyze the making or breaking of 
bonds between phosphorus and oth
er atoms common in biochemicals. 
Among such enzymes are the protein 
kinases, which can phosphorylate (add 
phosphate groups to) other proteins. 
Phosphorylation is often the switch 
that turns an enzyme on or off. Hence 
calmodulin regulates numerous cellu
lar functions. Recent research has im
plicated it in the release of hormones 
from endocrine glands. It also affects 
cell shape and division, probably by 
acting on the microtubules, slender tu
bules made up of the protein tubulin 
that form an intracellular framework. 
Calmodulin can, for example, trigger 
the breakdown of microtubules when 
other regulatory proteins are present. 
Since cancer cells differ from normal 
ones primarily in their shape and rate 
of division, calcium-activated calmod
ulin may play a role in the biochemis
try of the disease. 

In skeletal muscle calmodulin's reg
ulatory function is well established. A 
rise in intracellular calcium triggers an 
instantaneous response that is mediat-
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ed by troponin: the contraction of the 
muscle. It also results, however, in a 
·Ionger-term metabolic change mediat
ed by calmodulin. Calcium-activated 
calmodulin mobilizes a protein kinase 
that phosphorylates a second enzyme. 
Thus activated, the second· enzyme 
catalyzes the breakdown of glycogen, 
a storage form of glucose. The cell 
then metabolizes the glucose to pro
vide energy for muscular work. 

Calcium binding by protein is cru
cial to the generation of the intra

cellular calcium signal as well as to its 
reception. The calcium-binding pro
teins that reside in the plasma mem
brane of the cell and in the membranes 
of two kinds of organelle, the endo
plasmic reticulum and the mitochon
dria, are the main regulators of the free 
calcium level in the cytosol and the 
organelles. By binding the ion and 
moving it in and out of the cytosol 
the proteins control the swings in con
centration that constitute the calcium 
message. They also keep the normal 
concentration within the cell almost 
infinitesimally low. In a typical mam
malian cell the concentration of free 
calcium is about 0. 1 micromolar, or 
four millionths of a gram per Iiter
about a ten-thousandth the concentra
tion in the blood plasma. (The molari
ty of a solution is the number of grams 
of solute per liter, divided by the sol
ute's atomic or molecular weight.) 

In 1976 Annemarie Weber of the 
University of Pennsylvania pointed 
out that low intracellular calcium is a 
necessary condition for the phosphate
driven metabolism that is characteris
tic of higher organisms. The energy
rich fuel for most cellular processes 
is adenosine triphosphate (A TP). Its 
breakdown releases inorganic phos
phate. If the intracellular concentra
tion of calcium were high, the phos
phate and the calcium would combine 
to form a precipitate of hydroxyapa
tite crystals-the same stony substance 
that is found in bone. Ultimately calci
fication would doom the cell. 

A low calcium concentration also 
makes the use of the ion as an intracel
lular messenger energetically inexpen
sive. The movement of calcium ions 
across membranes requires energy, 
usually supplied by ATP. If the resting 
level of calcium in the cell were high, a 
large number of ions would need to be 
transported into the cytoplasm to raise 
the concentration by the factor of 10 
that is ordinarily needed to activate an 
enzyme; afterward the excess calcium 
would have to be expelled from the 
ceil. The normal very low calcium lev
el means that relatively few ions need 
to be moved, with a relatively small 
expenditure of energy, to regulate an 

enzyme. In contrast, the energetic cost 
of regulation by the other important 
intracellular messenger, cyclic adeno
sine monophosphate (cyclic AMP), is 
high: it must be synthesized and bro
ken down each time it carries a mes
sage, and both steps require a signifi
cant investment of energy. 

The membrane-bound proteins that 
control intracellular calcium make up 
at least seven distinct transporting sys
tems, encompassing four different bio
chemical mechanisms. They are found 
both in the plasma membrane that en
velops the cell as a whole and in the 
membrane of organelles: the endoplas
mic reticulum (found in most cells), 
the related sarcoplasmic reticulum 
(found in muscle cells) and mitochon
dria. The transporters also vary in 
function: some admit calcium to the 
cytosol in response to an external stim
ulus, generating the calcium message, 

whereas others remove the calcium 
and maintain the low intracellular con
centration that makes the messenger 
system efficient. 

Among the transporters that export 
calcium from the cytoplasm another 
distinction holds. Some of the proteins 
bind and transport the ions only when 
calcium has reached a concentration 
of one micromolar or so, well above 
the resting level, but they typically 
can transport large numbers of ions. 
These low-affinity transporters pre
sumably serve to remove calcium from 
damaged or stimulated cells. Other 
transporters bind calcium at much 
lower concentrations but have a lower 
transport capacity. These high-affinity 
transporters fine-tune the level of cal
cium in an unstimulated cell. 

The plasma membrane of the cell 
contains two transporters responsible 
for expelling calcium from the cell. 
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CALCIUM IN SKELETAL MUSCLE has a dual role. Mobilized when a nerve impulse 
triggers an action potential at the plasma membrane, calcium ions diffuse into the cell (heavy 
arrows) and interact with two calcium-binding proteins, troponin C and calmodulin, con
verting them from an inactive (black) into an active form (color). Troponin C causes the 
muscle to contract. Calmodulin combines with inactive synthase-phosphorylase kinase 
(SPK) to produce a partially active form (light color). SPK in turn catalyzes the conversion 
of phosphorylase b into its active form, phosphorylase a. (Broken arrows indicate catalytic 
processes.) Phosphorylase a catalyzes the breakdown of glycogen into glucose, which the 
cell metabolizes to produce ATP; ATP supplies the energy required for muscular contrac
tion. Calcium ions act in �ynergy with cyclic AMP, another intracellular messenger. When 
a hormone such as epinephrine binds to a cell-surface receptor, adenylate cyclase catalyzes 
the synthesis of cyclic AMP. Cyclic AMP diffuses into the cell and triggers enzymatic steps 
that lead to the phosphorylation of SPK. Phosphorylated SPK (SPK-P) is a partially ac
tive form; when it combines with calcium-carrying calmodulin, it becomes fully active. 
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The high-affinity system is an A TP
ase: an enzyme that splits A TP to de
rive energy. The energy enables it to 
move calcium out of the cell up the 
steep concentration gradient that pre
vails across the plasma membrane. 
The transporter contains, in a single 
molecule, all the machinery needed to 
transport calcium: a part that splits 
A TP and a part that binds and trans
ports the ion. The pump was first dis
covered, by H. J. Schatzmann of the 
University of Bern, in red blood cells. 
Since then we and many other workers 
have shown that such a pump is pres
ent in virtually every kind of mamma
lian tissue. 

One of the mechanisms by which 
this calcium-pumping ATPase is regu
lated enabled us, working with Verena 
Niggli of the Swiss Federal Institute 
of Technology in Zurich, to purify 
the protein from red-cell membranes. 
When intracellular calcium links with 
calmodulin, the calmodulin activates 
the calcium pump by binding to it. The 
pump then lowers the intracellular cal
cium concentration. Although a sin
gle red-cell membrane contains only 
about 5,000 calcium-pump molecules, 
which amount to only a thousandth of 
the total membrane protein, the spec i-

TRANSVERSE 
TUBULE 

ficity and tightness with which calmod
ulin binds to the transporter molecules 
made it possible to isolate them from 
the membrane. 

We linked calmodulin to a solid 
support and exposed it to calcium 

and an extract from human red-cell 
membrane. The ATPase bound to the 
immobilized calmodulin and became 
temporarily insoluble. We washed the 
insoluble pump protein using a cal
cium-containing solution, which re
moved other proteins. Rinsing with 
another solution, this one free of cal
cium, released the purified protein by 
removing calcium from the calmod
ulin, which then freed the ATPase. 
We incorporated the purified pump 
into artificial membranes and showed 
that it was still capable of splitting 
A TP and pumping calcium. 

Niggli examined the properties of 
the purified pump and showed that 
as it ejects calcium from the cell, 
the pump imports protons (hydrogen 
ions), probably in a ratio of two pro
tons for each calcium ion. Since a 
calcium ion carries a double positive 
charge, the exchange makes the pump 
electrically neutral. It is therefore not 
affected by the difference in electric 

charge that prevails across the plasma 
membrane of many cells. 

Our study of the purified ATPase 
showed it may also be activated by 
substances other than calmodulin. One 
is an acidic lipid in the cell membrane 
called phosphatidylinositol bisphos
phate, which decreases in abundance 
when a cell is stimulated by certain 
hormones. Since the same hormones 
also cause an influx of calcium, a de
crease in the amount of the lipid stimu
lating the pump following hormonal 
stimulation may leave the cell with a 
higher free-calcium level than is nor
mal. Because of its high calcium level, 
such a cell would be easier to stimulate 
a second time. It would in effect re
member its stimulation history, an im
portant feature for certain nerve cells. 

It also seems likely that in the living 
cell the splitting of the ATPase by pro
teolytic enzymes (enzymes that break 
down proteins) may act as a regulatory 
mechanism. The pump protein in the 
plasma membrane of red blood cells is 
one of the largest single-chain proteins 
known. A reduction of 50,000 in its 
molecular weight of 13 8,000 does not 
prevent it from operating; indeed, re
moval of the extra protein activates 
the purified protein just as calmodulin 
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PUMPS, EXCHANGERS AND CHANNELS, seven in all, con
trol the level of calcium in the cytosol (the fluid of the cytoplasm) of 
a heart-muscle cell. Calcium enters the cell through calcium chan
nels (green) in the plasma membrane; calcium channels are abun
dant in the transverse tubule (an invagination of the plasma mem
brane) and are concentrated where it approaches the sarcoplasmic 
reticulum. An influx of calcium from the transverse tubule caus
es the sarcoplasmic reticulum to release more calcium, probably 
through similar membrane channels concentrated in the ends of the 

reticulum. The calcium triggers contraction of the muscle myofibril. 
A slow, continuous release of calcium from mitochondria occurs by 
means of a sodium-calcium exchange system (blue). Calcium is ex
pelled from the cell by an enzyme known as a calcium-pumping 
ATPase (red) and by a sodium-calcium exchanger. An ATPase in 
the membrane of the reticulum returns calcium to the interior of 
that organelle. In the inner mitochondrial membrane a uniporter 
(purple), so called because it moves calcium without compensato
ry transport of other ions, also removes the ion from the cytosol. 
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or acidic lipid does. The apparently 
superfluous protein presumably has a 
regulatory role or takes part in other, 
unknown functions of the molecule. 

A fourth regulatory mechanism has 
been shown to operate in heart-mus
cle plasma membrane. It is the phos
phorylation of the pump protein by 
a protein kinase, which is activated 
by cyclic AMP. The relative impor
tance in living cells of the four means 
of activating the plasma-membrane 
calcium pump is not known, but the 
number of mechanisms testifies to 
the importance of the pump in cell 
physiology. 

The plasma membrane ATPase, a 
high-affinity pump, responds to 

minute increases in intracellular calci
um. More drastic swings in concentra
tion activate the other calcium-remov
al system of the plasma membrane, the 
so-called sodium-calcium exchanger. 
This transporter protein is particularly 
abundant in excitable cells: nerve and 
muscle cells, which repeatedly experi
ence rapid influxes of calcium in re
sponse to electrical impulses. The sodi
um-calcium exchanger, which was first 
identified in squid heart muscle and 
nerves, does not generate the energy 
for calcium transport independently, 
unlike the calcium-pumping ATPase. 

Instead the exchanger derives some 
of the energy needed to drive calcium 
out of the cell from the concentration 
gradient of sodium. Like calcium, so
dium is more abundant in the fluid 
surrounding the cell than it is in the 
cytoplasm. The ratio of sodium's con
centration outside the cell to its con
centration in the cell is about 10 to 
one, whereas the ratio for calcium is 
greater than 1,000 to one. By itself the 
small sodium gradient contains barely 
enough energy to force calcium out
ward against that ion's steep concen
tration gradient. 

It has been established, However, 
that three singly charged sodium ions 
move into the cell for every doubly 
charged calcium ion that is export
ed. The charge imbalance enables the 
transport process to tap the energy em
bodied in the membrane potential: the 
gradient of voltage across the mem
brane of an excitable cell. In the resting 
state of the cell the inside of the mem
brane has a negative charge of 90 milli
volts. In effect the transport process al
lows charge to flow down the gradient, 
because the net effect of one cycle of 
the exchanger is to move one positive 
charge into the cell. Thus both chemi
cal and electrical gradients drive the 
exchanger. 

The capacity of the exchanger is 
high: in a single heart cell the protein 
can remove as many as 3 X 109 calci-
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DETAILS OF CALCIUM TRANSPORT across a muscle cell's three calcium-transport
ing membranes vary. The molecular structures of the transporter proteins are obscure but 
their modes of operation are known. Calcium channels in the plasma membrane (top) open 
when the voltage across the membrane changes; they allow calcium ions to flow into the 
cell down the steep gradient of concentration that prevails across the plasma membrane. 
The sodium-calcium exchanger exports calcium from the cell, depending in part on the 
concentration gradient of sodium to drive calcium ions; in addition, because it generates a 
charge imbalance (importing three singly charged sodium ions for each doubly charged cal
cium it expels), the exchanger is powered by the voltage gradient across the membrane. The 
calcium-pumping ATPase also expels calcium, deriving energy for the process by splitting 
ATP into adenosine diphosphate (ADP) and inorganic phosphate (Pi). The membrane of 
the sarcoplasmic reticulum (middle) is thought to release calcium through channels similar 
to those of the plasma membrane; the release is driven by a concentration gradient. A cal
cium-pumping ATPase accepts energy from ATP to drive calcium back into the reticulum. 
Calcium release through the inner mitochondrial membrane (bottom) takes place through 
a sodium-calcium exchanger, driven by the opposing gradients of sodium and calcium. Mi
tochondria import calcium by means of a uniporter, which allows the positively charged cal
cium ions to migrate toward the negatively charged interior of the organelle. A third trans
porter in the inner mitochondrial membrane imports phosphate ions, which react with cal
cium in the mitochondria to form hydroxyapatite, the same substance that mineralizes bone. 

75 
© 1985 SCIENTIFIC AMERICAN, INC



um ions per second from the cytosol. It 
does so only when the intracellular 
concentration is quite high; the ex
change reaches half its maximum ve
locity at a calcium concentration of at 
least one to five micromolar, more 
than 10 times the resting level. Such 
findings confirm that the exchanger 
serves mainly to remove large quanti
ties of calcium from excitable cells fol
lowing stimulation. 

How does calcium enter the cell? In 
both excitable and nonexcitable cells 
the ions enter through calcium chan
nels: molecular pores in the membrane 
that allow large numbers of ions to 
move down the concentration gradient 
and into the cell. In excitable cells cal
cium channels open in response to the 
action potential: a reversal in the nor
mal voltage gradient across the mem
brane. An action potential is triggered 
when a messenger molecule (usually a 
neurotransmitter) binds to a receptor 
at the surface of the cell, causing an 
initial depolarization, or change in the 
voltage gradient. Voltage-sensitive so
dium channels in the membrane then 
open, admitting positively charged so
dium ions into the cell. The influx 
causes the charge inside the membrane 
to change from negative to positive. 

Calcium channels, which normally 
are closed, are sensitive to the mem
brane potential. They begin to open as 
the potential rises above - 3 0  milli
volts; at a potential of + 3 0  millivolts 

about 70 percent of a cell's calcium 
channels are open. The action poten
tial peaks at about +40 millivolts. At 
that point other ionic events (including 
an outflow of potassium ions) return 
the membrane potential to - 90 milli
volts, and the influx of calcium ends. 
To explain the sensitivity of calcium 
channels to voltage it is widely as
sumed that one of their protein com
ponents, of which there are probably 
three, acts as a voltage sensor. Such a 
protein would have an electrical polar
ity, which would enable it to reorient 
itself in the mouth of the channel as the 
electrical field changed. 

The voltage-sensitive calcium chan
nels remain open for only about a 
millisecond, during which they admit 
about 3 , 000 calcium ions. Even when 
the membrane potential is at its high
est, the calcium channels in a cell's 
membrane are continually opening 
and closing, with 70 percent of them 
open at a given instant. That percent
age can increase significantly under the 
influence of cyclic AMP. Cyclic AMP, 
which is made at the plasma mem
brane when hormones bind to cell-sur
face receptors, activates enzymes that 
phosphorylate the calcium channels. 
Phosphorylation greatly increases the 
probability that a channel will open. 

Since nonexcitable cells do not expe
rience action potentials, their calcium 
channels cannot be controlled by volt
age. In such cells calcium channels 

DEPOSITS OF CALCIUM in the form of hydroxyapatite are enlarged 30,000 diameters 
in this electron micrograph of mitochondria in a mouse kidney cell. Mitochondria absorb 
calcium from the cytosol and store it as hydroxyapatite when its concentration rises far 
above the normal level. In this case the high intracellular level of the ion was achieved by 
treating a mouse with parathyroid hormone, which reduces calcium excretion from the kid
neys. Feroze N. Ghadially of the University of Saskatchewan provided the micrograph. 
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may stay open permanently, or they 
may be regulated by cyclic AMP, 
which could gradually opeI). and close 
them. In either case the number of 
channels or their calcium conductance 
would need to be quite small to pre
vent large influxes of calcium. Never
theless, the calcium channels of nonex
citable cells share several important 
properties with the channels of excit
able cells. Calcium-channel blockers, 
drugs widely used in heart disease be
cause of their ability to modulate 
heartbeat, inhibit both kinds of chan
nel, as do ions such as cobalt, which 
inactivate the channels by binding 
tightly to their calcium receptors. 

In principle mechanisms that trans
port calcium in and out of the cell 

through the plasma membrane could 
suffice to control intracellular calcium. 
In cells such as those of muscle, how
ever, in which calcium triggers a quick 
and transient response, the release and 
removal of the ion must take place 
very rapidly. A system of release and 
uptake situated in the cell interior, in 
an organelle, suits the purpose better 
because it is closer to the calcium's 
site of action. Moreover, the traffic of 
calcium within the cell may require 
less energy than transport between the 
cytoplasm and the extracellular space: 
the concentration gradients across the 
membranes of organelles may be less 
steep than the gradient across the plas
ma membrane. 

In heart-muscle cells investigators 
have measured the area of the calci
um-transporting membranes and com
bined the results with information on 
the activity of the transporter proteins 
in each membrane. The calculations 
have shown that in heart muscle in
tracellular calcium movements, rather 
than transport across the plasma mem
brane, account for most of the calcium 
that is injected into or removed from 
the cytosol. 

Two of the mechanisms engaged in 
intracellular calcium movement reside 
in the endoplasmic reticulum and the 
sarcoplasmic reticulum. Both kinds of 
reticulum consist of a network of flat
tened tubes that encloses a separate 
space within the cell; one function of 
the space is to sequester calcium from 
the cytosol. In tissues other than mus
cle the endoplasmic reticulum also has 
other functions, such as the synthesis 
of proteins and the detoxification of 
foreign compounds. In muscle cells the 
major function of the sarcoplasmic re
ticulum is to govern the short-term 
fluctuations in free calcium that cause 
the contraction of muscle fibers. 

It now seems likely that the sarco
plasmic reticulum releases calcium 
through channels analogous to those 
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of the plasma membrane. It appears 
that the opening of the channels in the 
reticulum follows an initial surge of 
calcium into the cytoplasm through 
plasma-membrane channels opened 
by an action potential. Calcium chan
nels are particularly concentrated in a 
feature of the cell membrane known 
as the transverse tubule, which extends 
into the muscle fiber near an enlarge
ment of the sarcoplasmic reticulum. 
Thus the initial influx occurs very near 
the site of later intracellular release. 

It is not known how the influx of 
extracellular calcium leads to calci
um release from the sarcoplasmic re
ticulum of muscle cells. In other cells 
recent studies have shown that a 
breakdown product of phosphat idyl
inositol bisphosphate, the same mem
brane lipid that activates the calcium
pumping ATPase in the plasma mem
brane, triggers a flow of calcium from 
the endoplasmic reticulum. Hormones 
that bind to cell-surface receptors 
cause splitting of the lipid. One frag
ment, diacylglycerol, presumably re
mains part of the membrane. There, in 
combination with another factor, it 
binds calcium and activates certain 
protein kinases that have regulatory 
functions. The other breakdown prod
uct, inositol trisphosphate, dissolves in 
the cytoplasm and causes the calci
um release. Workers are currently in
vestigating whether such a mecha
nism also operates in muscle, and 
what its relation might be to the ini
tial current of calcium that is a pre
requisite of contraction. 

The calcium that triggers muscle 
contraction is pumped back into the 
sarcoplasmic reticulum by a calcium
pumping ATPase. Like the ATPase of 
the plasma membrane, the transporter 
responds quickly to small increases in 
cytosolic calcium concentration, but it 
differs from the membrane protein in 
many details of its structure and regu
lation. The transporter protein is ex
tremely abundant in muscle cells. In 
rabbit skeletal muscle, for example, 
up to 90 percent of the sarcoplasmic 
reticulum consists of the protein. 

Whereas the sarcoplasmic reticu
lum functions as a swift and sen

sitive modulator of intracellular calci
um, the other organelle that controls 
calcium, the mitochondrion, acts as a 
long-term, large-scale regulator. Mito
chondria are the site of cellular respi
ration, part of the process that liber
ates energy from foodstuffs. That they 
are also able to accumulate and release 
calcium was discovered in 196 1 by 
Frank D. Vasington and Jerome V. 
Murphy of Johns Hopkins Universi
ty. It is now generally agreed that mi
tochondria are unable to effect rap-

CONCENTRATION 

MEMBRANE PERCENT OF TOTAL (MICROMOLAR) 

(CALCIUM-REMOVAL SYSTEM) CALCIUM-TRANSPORTING .1 1 10 
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CALCIUM UPTAKE 

CELL SURFACE .8 
(CALCIUM-PUMPING ATPASE) 3.6 .2 .07 

(SODIUM-CALCIUM EXCHANGER) 27 3 1.9 

SARCOPLASMIC RETICULUM 
12.1 69 90 47 (CALCIUM-PUMPING ATPASE ) 

MITOCHONDRION 
(UNIPORTER) 87 0 6.4 51 

COMPARISON OF AREAS AND ACTIVITIES of calcium-transporting membranes in 
a heart-muscle cell shows that calcium transport into organelles, rather than export from 
the cell, is the primary means by which this cell controls the ion's concentration in the cy
tosol. (In other cell types export is more important.) At concentrations of .1 and one mi
cromolar (typical respectively of a resting and a contracting cell) the sarcoplasmic retic
ulum accounts for most calcium removal. When the concentration reaches 10 micromo
lar, a level found only in an injured or diseased cell, the mitochondria become dominant. 

id, minute (submicromolar) changes 
in calcium concentration. Instead mi
tochondria are crucial in preventing 
large fluctuations of cellular calcium 
above and below the range of concen
tration that is normal. 

Mitochondria are enclosed by two 
layers of membrane. The outer mem
brane is permeable to ions, and so its 
role in calcium transport is passive. 
Calcium uptake across the inner mem
brane is powered by the mitochondrial 
membrane potential of about 180 mil
livolts, in which the charge inside the 
membrane is negative. The potential 
enables a putative transporter protein 
embedded in the membrane to move 
the positively charged calcium ions in
ward, toward the region of negative 
charge. The transporter acts as a uni
porter, moving calcium without com
pensatory movements of other ions. 

In isolated mitochondria maintained 
under conditions similar to those in the 
living cell the uptake of calcium reach
es half the maximum rate only when 
the concentration of the ion in the cy
tosol rises to 2 5  micromolar, a value 
well above the normal intracellular 
level. Hence the mitochondrial calci
um uniporter is of low affinity. Its 
transport capacity, however, is high: 
the convoluted inner mitochondrial 
membrane represents about 90 per
cent of the total calcium-transporting 
membrane in most of the cells of high
er organisms. 

Mitochondria have a storage capaci
ty for calcium that matches their up
take ability. Separate transporters in 
the inner membrane move phosphate 
ions from the cytosol into the mito
chondria. There the phosphate and 
calcium form masses of hydroxyapa
tite. In this way the mitochondria can 
accumulate large amounts of calcium. 

Normal cells usually do not retain 
much calcium in mitochondria. In
jury to a cell, however, generally re
duces the ability of the plasma mem
brane to exclude calcium. Injured cells 
take on large amounts of calcium from 
the extracellular medium; mitochon
dria absorb the excess. 

The buffering ability of mitochon
dria is finite; sufficiently large amounts 
of intracellular calcium eventually 
overcome their storage capacity. Cal
cium, normally a vital carrier of sig
nals, then becomes an ionic assassin 
of the cell. The reactions calcium ordi
narily modulates proceed continuous
ly and uncontrollably, and the excess 
ions activate other reactions that do 
not occur in a normal cell. 

In less cataclysmic situations, dur
ing which the mitochondria are not 

swamped, they buy time for the cell by 
absorbing the excess calcium; after the 
calcium storm has abated they release 
the ions at a rate that does not disturb 
cell metabolism. The release takes 
place through a transporter that, like 
the exchanger of the plasma mem
brane, catalyzes the exchange of sodi
um and calcium. In contrast to the 
plasma-membrane exchanger, which 
creates a charge imbalance by bringing 
in three sodium ions for every calcium 
it exports from the cell, the mitochon
drial exchanger is electrically neutral: 
it transports sodium and calcium ions 
in a ratio of two to one. Neutral charge 
enables it to release calcium from 
the mitochondrion slowly in spite of 
the high membrane potential, which 
would tend to accelerate an electri
cally unbalanced exchange. In some 
types of mitochondria, such as those 
in liver cells, the sodium-calcium ex
changer protein is scarce or absent and 
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the mechanism of calcium release is 
uncertain. 

In heart-muscle cells both the uni
porter and the sodium-calcium ex
changer seem to operate continuously, 
at a low level, cycling calcium into and 
out of the mitochondria. The opposing 
transport processes constitute a futile 
cycle. The cycle wastes some energy 
by dissipating the mitochondrial mem
brane potential, which is generated by 
respiration. But the ceaseless opera
tion of the transporters ensures that 
the mitochondria are prepared to de
fend the cell against a calcium surge. 

The calcium stored in mitochondria 
is not inert; it also has a metabolic role. 
Richard M. Denton of the University 
of Bristol recently showed that when 
mitochondrial free calcium reaches a 
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concentration above about one micro
molar, it affects the activity of at least 
four enzymes in the organelle. The en
zymes catalyze steps in the production 
of substances that carry chemical ener
gy derived from the oxidation of food
stuffs to the respiratory chain. The 
respiratory chain, a series of electro
chemical processes taking place across 
the inner mitochondrial membrane, 
transfers the energy to the cellular 
energy carrier, ATP. The effect of cal
cium is to speed up the metabolic 
processes that supply the respiratory 
chain thereby increasing the produc
tion of ATP. 

This chain of events may serve as a 
feedback mechanism that helps the 
cell to defend itself against excessive 
levels of the ion. When the cell is chal-
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CALCIUM QUICKENS RESPIRATION, the process by which mitochondria synthesize 
ATP. Calcium stimulates (colored arrow) an enzyme that activates pyruvate dehydrogenase 
(PDH); it inhibits (heavy black arrow) the enzyme that inactivates PDH. The increased sup
ply of active PDH speeds the conversion of pyruvate (a breakdown product of glucose) into 
acetyl coenzyme A, which is the raw material for the series of reactions known as the Krebs 
cycle. Increased acetyl coenzyme A speeds up the Krebs cycle, as do other effects of calci
um: stimulation of two enzymes that catalyze steps in the cycle. The net result is that more 
of the energy-carrying compound NADH is supplied to the respiratory chain on the inner 
mitochondrial membrane. There oxidation releases the energy, powering A TP synthesis. 
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lenged by very high intracellular calci
um, it needs to operate all its calcium
removal mechanisms. All of them 
require energy generated by the respi
ratory chain. The two calcium7trans
porting ATPases use ATP directly. 
The plasma-membrane sodium-calci
um exchanger taps the energy stored 
in the membrane potential, which is 
maintained by a sodium-potassium 
pump that is also an ATPase. The 
mitochondrial uniporter exploits the 
mitochondrial membrane potential, 
which is generated by respiration. 
Through its metabolic effects an ini
tial rise in calcium in the mitochon
dria ensures that energy for continued 
calcium transport will be available. 

The mechanisms that regulate calci
um in the cell do not operate in 

isolation. Networks rather than simple 
pathways typify cell physiology, and 
intracellular signaling systems are no 
exception. The modification by cyclic 
AMP of calcium channels and the cal
cium-pumping ATPase in the plasma 
membrane is one example of the in
teractions among messenger systems. 
Calcium regulation is also intertwined 
with that of other ions. Fluxes of sodi
um and potassium, by initiating and 
ending action potentials in excitable 
cells, control the opening and closing 
of calcium channels. In turn the in
tracellular calcium that builds up fol
lowing a series of action potentials 
can open potassium channels in the 
plasma membrane, changing its elec
trical character and thereby making 
the membrane more resistant to sub
seq uent depolarization. 

The intricacies of calcium regula
tion are only now being unraveled. 
But one of the oldest of all drugs, digi
talis, exemplifies the clinical impor
tance of the interactions. In the 18th 
century William Withering, an English 
physician, described the drug's ability 
to strengthen the heartbeat. It is now 
known that digitalis and the related 
substances in use today raise the level 
of intracellular calcium in the heart. 
They do not act directly on the calci
um transporters; instead they affect 
the sodium-potassium pump in the 
cell membrane. The drugs inhibit the 
pump, raising the level of sodium in 
the cell. Higher intracellular sodium 
reduces the sodium gradient across 
the plasma membrane but increases it 
across the mitochondrial membrane. 
Thus the plasma-membrane sodium
calcium exchanger ejects little or no 
calcium while the mitochondrial ex
changer injects calcium into the cyto
sol at an increased rate. The result is 
higher intracellular calcium and, for 
many heart patients, a longer and 
more secure life. 
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How the Matsushita Earth Sensor 
harnesses infrared rays from Earth 
to guide a satellite 22,000 miles in space. 
Component technology i s  changing the 
way we see, feel and hear the universe 
around us.  From tiny infrared sensors that 
steer a satellite through space. To cameras 
that take pictures with a microchip instead 
of film. In the microworld of components, 
Matsushita (pronounced Mot-SOOSH-ta) 
Electric is  making great strides. 

Putting a satel l ite in space is  one thing.  Keeping it 
in precise orbit is  another. Matsushita sensors de
tect faint i nfrared rays that emanate from carbon 
dioxide in the Earth's atmosphere . Then convert 
these rays into electrical signals that keep the sat
el l ite in a precise orbit .  

COMPONENTS THAT SAVE YOU R  LI FE. 
Closer to home, Matsushita sensors can also steer 
workers away from danger in nuclear power plants , 
research i nstitutes, and hospitals .  About the size of 
a credit card, our Thermoluminescent Dosimeter 
Radiat ion Detect i o n  System has a sensor that 
automatically measures radiation around workers . 
It goes off before they do. 

Other Matsushita sensors let you breathe easy. 
The sensor i n  our Air Pol lution Monitor Telemetry 
System measures pollutants in the environment. 

COMPONENTS THAT SEE IN TH E DARK. 
You r  i ndu str i al security p i cture w i l l  always b e  
b r i g h t .  Our pate nted Extended- Red Newv i c o n  ® 
tubes allow our Lunar-Lite cameras to see in  pitch 
black, as l ittle as 30/ 1 ,000,OOOths of a footcandle . 
Perfect for areas too impractical to light. 

Because Newvicon tube cameras see what other 
cameras can't, they're u sed by broadcasters and 
consumers . The u nique Newvicon tube shoots in 
l ight as low as one birthday candle with excellent 
picture quality. This has helped make Panasonic the 

"" Visit our pavilion at the 1985 
.s:ll International Exposllion, 

EXPO'85 Tsukuba, Japan. No IV·E·OOO2 

leading brand of consumer video cameras. 
Sometimes no tubes i s  good news . Like our cam

era that uses a single-chip image sensor i nstead . It 
works where conventional cameras won't, even in  
extreme heat and pounding vibration . It takes a 
beating and keeps on shooting.  

Then there's our "fi Imless " color sti l l  camera.  
Images are turned into electronic signals .  Stored 
on 'a l . 85 "  floppy disc.  Played back on a TV moni
tor. And retrieved as hard copies through a color 
printer. Imagine the possibi l ities for i nformation 
storage. For medicine. For educati on . For i ndustry. 

COMPONENTS THAT SAVE A MEMORY. 
A power failure of a mere mill isecond can wipe out 
a mi l lion-dollar computer program . Matsushita can 
prevent this with the first rechargeable l i thium bat
tery power supply. Rechargeable up to 1 ,000 times. 
And 50% more voltage than NiCad batteries .  

Matsushita was also first to develop the world's 
smallest  p in-type pri mary l i th i u m  battery. How 
small? So smal l that our Bone Conducti on Hearing 
Aid fits i nto the stem of an eyeglass frame. No 
wonder Matsushita i s  one of the world 's largest 
battery manufacturers . Producing over 1 ,500 types. 

"Look after the components and the products 
w i l l  look after the m selve s ," said  Konosuke 
Matsushita, our company founder, more than 60 
years ago.  That's why Matsushita has one of the 
largest research and development budgets of any 
Japanese corporation.  Expenditures of $820 mil
l ion in 1984. Up 15% from the preceding year. With 
over 18,000 Matsushita employees developing new 
technologies and new products in 39 research and 
development organizations. 

This commitment to R&D has resulted in more 
than 14,000 innovative products . Sold worldwide 
under the Panasonic, Technics, Quasar and National 
brand names. Down on Earth or in  outer space, 
Matsushita is in orbit  for the fu ture .  

MATSUSHITA ELECTRIC 
PANASONIC TECH NICS QUASAR NATIONAL 
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TH E AUTHORS 

The 1 985 ed it ion of "japanese Tech
nology Today" was written by Gene 
Adrian G regory and Akio Etor i .  

M r .  G regory is  Professor of I nterna
tional Bus i ness in the Department of 
Comparative Culture at Sophia U n iversi
ty.  H e  is  a former associate editor of u. s. 
News & World Report, a contributor to 
Far East Economic Re view and author of 
The Japanese Challenge in Europe. 

M r. Etor i  i s  an award-w i n n i ng and re
spected writer on science and tech nolo
gy, having covered these areas for over 
2 0  years.  H e  is  managing editor of 
Saiensu, the japanese-language ed it ion 
of Scientific A merican and japan's lead
ing science publ icatio n .  

TH E COV E R  

Photographer Lynn S t .  j o h n  d ramati
cal ly  h igh l ights th ree d ie lectric ceramic 
fi l ters developed by M atsush ita E lectric .  
Com b i n i ng crystal titan i u m  d ioxide with 
a ceramic compound made of bari um
oxide-titan iu m-dioxide- Ianthanu m  d iox
ide, these die lectric ceramic fi lters 
achieve excel lent temperature and t ime 
stab i l ity along with a reduction i n  s ize by 
a lmost 90 percent compared to conven
t ional  components.  Such properties are 
i mportant in h igh-freq uency com mun i 
cat ions i nc lud ing cel l u lar mob i le  phones, 
telemetry and sate l l ite transmiss ions .  
These components and addit ional  i nfor
mation are avai lable in the U .S .  from 
Panasonic  I ndustrial Company, ECD,  
Dept. Ceramics .  

Art d i rection and supervis ion of the 
text and i l l u strat ions were provided by 
Ted Bates Advertis ing/  New York.  

j4  

Tsu kuba Expo '85  marked a new ep
och for japan . j ust as the M eij i Restora
tion launched japan on its cou rse of 
modernization, and the postwar recon
struction served to sh i ft japanese re
sou rces and energies to bu i ld ing a pro
d uctive c iv i l  i nfrastructu re, th i s  th i rd 
stage of japan's modern era w i l l  necessi
tate chart ing a new cou rse. 

Having caught up  with other ad
vanced cou ntries in appl ied research and 
development, the Cou nc i l  for Science 
and Technology (CST) noted i n  its No
vember- 1 984 recom mendation to the 
govern ment, japan no longer has any 
model to fol low i nto the future. I t  is ,  
therefore, absolutely i m perative for ja
pan to take the i n itiative i n  push ing for
ward to fash ion the future. Particu larly, 
the Cou nc i l  noted in i ntroduc ing the 
gu idel i nes for that crucial task, japan 
must stake its existence upon the i ntel
lectual c reat iv ity of its people, the sole 
resou rce of the nation .  Even more than 
other nations b lessed with more abun
dant and d iversified resou rces, japan's 
future i s  l i n ked to the further develop
ment of science and technology. The 
chal lenge i s  therefore c lear .  

In  a period of relative stagnation of the 
world economy, advanced Western na
tions are confronted with severe con
strai nts on their growth, largely due to an 
excessive a l location of resou rces to m i l i 
tary pursu its w h i c h  no longer assure the 
advance of c iv i l ian  science and tec h nol
ogy and tend to d iss ipate v ita l  economic 
forces . japan must contr ibute not  on ly  to 
global economic revita l ization, but also 
to the forward thrust of a l l  science and 
technology. To achieve these obj ectives 
and to assu re their widest poss ib le bene
fits, it i s  essential that they be pursued 
cooperatively with not only the lead i ng 
industrial cou ntries, but also the develop
ing countries of the Th i rd Worl d .  

TH E N EW TECH N O LOG I ES 

Research w i l l  take few new d i rections .  
Rather, fresh ideas w i l l  come to the fore, 
based upon a conti n u ity of work a l ready 
u nder way. Unexpected ins ights may 
emerge to spur new levels of exploration 
through the combi nation of new technol
ogies, but bas ica l ly  the way ahead is  
c lear ly pointed toward reaping the fu l l  
benefits o f  m icroelectronics,  genetic en
gi neeri ng, new materia ls ,  quantu m phys
ics and astronautics a l ready fu l l y  i n  view. 

I f  the d i rection of future development 
i s  d i scern ib le  i n  R&D programs a l ready 
wel l advanced, the pace of change is  
i nd icated i n  the momentum they have 
gathered in  their formative stages. Over 
the years, the momentum has increased 
as successive new waves of tech nology 
have jo i ned i n .  As a resu lt, in the fou r  

Advertisement 

decades s i nce the end of World War I I ,  
the pace o f  innovation i n  japanese indus
try has accelerated stead i ly; overtaking 
and surpassing the most advanced level 
of tec hnology i n  the West . 

The m i ss ing characters i n  th is  d rama of 
rapid tech nological change, it has been 
commonly observed, were the scient ists.  
U n i versity laboratories were u nder
equ i pped and starv i ng for funds .  And 
govern ment research i n st itutes worked 
q u ietly in modest fac i l it ies, spread out 
randomly over metropol itan Tokyo. 

But, as i f  the u rgent need for enhanced 
emphasis on basic research were fore
seen, by 1 983 a new Science City 
emerged, fu l l -b lown, on the Tsu kuba 
p la in  some 60 k i lometers north of Tokyo. 
Where j ust a decade before half  a dozen 
cou ntry towns were c lustered amid pine 
forests and farmland,  51  governmental 
and private research i n stitutes, plus two 
new un iversities, compris ing more than 
1 , 700 bu i ld i ngs, brought together more 
than 1 1 , 000 researchers in what is gen
era l ly  agreed to be one of the world 's  
largest and best-eq u i pped research cen
ters.  Bely ing its reputation for pars imony 
i n  expenditu res on bas ic  research fac i l i 
ties, the  japanese government invested 
more than $ 5 . 3  b i l l ion in the Tsukuba 
i nstal lat ions from 1 9 70 to 1 983 ,  provid
ing the necessary condit ions and equ i p
ment for creativity in advanced science. 

By early 1 985 ,  the fou ndations for a 
massive creative effort by japanese i n 
dustry were i n  place. I n  t h e  past two 
years, there has been a fever ish rush to 
estab l i sh  laboratories for basic research .  
Large i ntegrated f i rms such a s  H itac h i  
Ltd . ,  N EC Corp. ,  Tosh iba Corp . ,  Fuj itsu 
Ltd . ,  and M atsush i ta E lectric, have a l l  
upped R & D  genera l ly, budget ing approx
i mately 2 0  percent of their  col lective 
R&D outlays for fundamental researc h .  

Moreover, t h e  cu rrent boom i n  basic
research i nvestment i s  not confi ned to 
electron ics .  B iotech nology and new ma
ter ia ls are the other main f ie lds of high 
technology targeted by the majqrity of 
the new basic-research laboratories as 
the most i m portant for corporate survival 
i n  the 2 1  st century. Pharmaceutical, 
chemical ,  and food compan ies such as 
E i sa i  Co., M itsub ish i  Chemical  I ndustries, 
Asah i  Chemical  I ndustry, Kyowa Hakko, 
and Aj inomoto, are devoting sharply i n 
creased resou rces t o  fundamental re
search in f ie lds such as prote in  engineer
ing for the production of artif ic ia l  pro
teins  and new d rugs. 

With this vastly increased flow of cor
porate funds i nto basic research, govern
ment spend ing w i l l  i ncrease apace in se
lected fields of science and tec h nology in 
the com i ng years.  Together, pr ivate and 
governmental R&D outlays are expected 
to rise to 3 . 5  percent of national i ncome, 
which is considerably h igher than the 
cu rrent average of 2 . 8  percent for West-
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1986 TOYOTA CRESSIDA. 
The measure of a true luxury 
car's value l ies in its tangible 
assets . And nowhere are assets 
more tangible than in the 1986 
Toyota Cressida. 

And with appropriate reason . 
Inside. you ' lI enjoy lavish 

comfort. Automatic climate con
trol system . Speed-sensing 
power 
steer
ing. 
Power 
win� 
dows 
and 
door locks. 
A state-
of-the-art nics * AM Stereo/ 
FM/MPX with integral cassette 

'�=:d'b==. seats , 
and a refined Theft Deterrent 
System . And of course, there's 
a tilt/slide sunroof available. 

Cressida 's 2 .8  liter. Electroni
cally Fuel-Injected , dual overhead 
cam, 6-cylinder engine unleashes 
1 56 charging horses for more 
driving excitement. Stopping 
power is no less superb thanks to 
new power-assisted ventilated 
4-wheel disc brakes. 

Your Electronically Controlled 
4-speed automatic overdrive 

transmission adjusts to your 
driving I)eeds. Choose " Normal " 
for fuel savings or .. Power" for 
acceleration.  All at the touch of 
a button . 

And its 4-wheel fully 
independent suspension treats 
road obstacles with the disdain 
they 
deserve. 

The 
new 1986 
Toyota 
Cressida . 
It puts you i nto the lap of luxury 
without requiring a lapse of 
fiscal acumen . 

"'Technics is a trademark of the Matsushita Electrical 
Industrial Co .. LTD. 

GET MOR E FROM LIFE-BUCKLE UP!  
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JAPANESE 
TECHNOLOGY 

TODAY 

ern cou ntries . Th is  amou nts to a quan
tum increase over the 1 . 7-percent level 
of 1 9 77 ,  when the gross national i ncome 
was much smal ler than at present. 

But domestic expenditures no longer 
reflect the total R&D effort, part icu lar ly  
for  m u lt i national  corporations .  A grow
i ng n u m ber of japanese f i rms are also 
budget ing for basic research i n  thei r sub
s id iaries abroad . Kyocera, the Kyoto
based ceramics h igh-flyer, has construct
ed a research center in Wash i ngton state 
to be staffed by both japanese and 
American researchers . S u mitomo E lec
tr ic w i l l  estab l i sh  a combi ned produc
t ion-research fac i l ity for optical fi bers in 
N orth Caro l i na .  U .S . -based fac i l it ies are 
u nder way for R & D  in both office eq u ip
ment for Ricoh and automotive electron
ics for N i ppon Denso. And a n u m ber of 
j apanese are fu nd ing research at major  
Amer ican and European u n iversit ies. 

In short, a whole new tech nological 
system i s  emerging in japan to chart new 
d i rections i nto the 2 1  st century. L i ke the 
japanese manufactu ri ng systems that de
veloped d u ri ng the 1 9 70's  and 1 980's ,  
th i s  new synthesis  of sc ience and tech
nology to accelerate the processes of 
creat ivity has its d i st inctive features.  

Among them is  a systematic approach 
to identify R&D priorit ies. Comprehen
sive su rveys have been conducted by 
government agencies, private research 
i nstitutes, ban ks, and other firms dea l i ng 
i n  secu rit ies to assess the i m portance and 
the development of v i rtua l ly  al l  i ndustr ial  
technologies, present and future. Those 
which are most advanced i n  japan are 
targeted for further R&D necessary to 
susta in  the lead, and those which are at 
once lagging beh ind the u .s .  and suscep
tible to more rapid development in j apan 
are identif ied for major  efforts to bridge 
the gap (see Table 1 ) . 

Ant ic ipati ng the 1 984 recommenda
t ions of the CST, M IT I  designated 1 2  
R & D  projects i n  its v is ion for the 1 980's,  
to develop basic technologies for i ndus
tries expected to f lour ish i n  the 1 990's .  
I n  each i ndustry, the key technologies 
req u i re 1 0  or more years' i nvestment for 
development, which is  too risky for pr i
vate enterprise. The technologies select
ed as the focus of M IT I  assistance were 
all cr it ical to the further development of 
microelectron ics, new materia ls ,  and 
biotechnology (see Table 2 and Table 3 ) .  

j 6  

On the face o f  th i ngs, noth ing seems 
very special  about these major  c l u sters 
of tech nologies earmarked for major  
growth to become the backbone of new 
industries of the 1 990's  and the 2 1  st cen
tury.  They seem no d i fferent from those 
of other advanced countries. But  the 
management of each of these c lusters of 
technologies d i ffers s ignif icant ly from 
that in the U .s .  and E u rope. Fu rther
more, the synerg ism ach ieved in i nte
grated i ndustr ia l  structu res dr iven by the 
dynamic process of creative destruction 
and d iversif ication i nto higher val ue-add
ed production makes a d i st i nctive pat
tern and d i rect ion for accelerated tech
nological  change. 

E lectronics technologies make up  by 
far the most i mportant c luster. H eavy 
emphasis i s  bei ng given to computers, 
commun ications, and consumer elec
tron ics .  Automotive and med ical e lec
tron ics, and office and factory automa
tion, are also fields of i ntensive R&D.  
And these a re  a l l  supported by massive 
investments in microelectronics and op
tical electron ics .  

But  what i s  amazing about a l l  of th is  i s  
the  fo l lowing: As of  1 984, of  the total 
expenditures on electronics R & D, ap
proxi mately 95 percent was funded by 
pr ivate industry, compared with about 
5 0  percent private funding in the U .S .  
A n d ,  i n  spite o f  t h e  fact that t h e  total 
spend i ng on research was considerably 
less than i n  the U .S . ,  the j apanese elec-

tronics i ndustry has taken the lead in an 
expanding range of tec h nologies-across 
the board in consumer electron ics, i n
c lud ing h igh-defi n it ion televis ion as wel l 
as other video and audio technologies; i n  
optical com mun ications  a n d  facs im i le  
technology; i n  robotics and factory auto
mation; and in most passive components 
and commodity semiconductor devices . 

Second on ly  to electron ics, b iotech
nology has become a h igh-prior ity focus  
of  the  japanese R & D  effort. N ervous  ob
servers i n  the U .S .  see the poss ib i l ity of 
japanese tech nology's moving i nto the 
forefront of a f ie ld that m ight replace 
chemistry in i m portance before the end 
of the decade. This could happen . 

japanese b iotechnological research 
beg ins  with solid fou ndations  in h igh ly  
soph i sticated fermentat ion technology, 
which i s  deeply  i mplanted in the j apa
nese experience. M o re i m portant, i t  is 
precisely those f i rms with one to three 
centuries of experience in tradit ional  fer
mentation technology that are lead i ng 
the development of the new biotech no
logical syste m .  By jo in ing  trad it ional and 
new biotechnologies in the same f irms, 
japanese research benefits from a rare 
synthesis of men, money, and pfOduc
t ion capabi l i t ies, which i n  turn enables 
these f i rms to br ing new technologies to 
market more rap id ly  and at less cost than 
can the smal ler-scale, ventu re-capital
backed bus inesses i n  the U .S .  

M ateria l s  technologies form a th i rd 

TA BLE 7. JAPA N ' S  COM P ET IT IVEN ESS I N  H I G H  TEC H NO LOG I ES 
T E C H N O LOG I ES J A PA N  U .s .  E U ROPE 

E L ECTRON ICS 
I ndustrial Robots X 
CAD X 
Computer Services X 
F ixed Disk Drives X 
Medical E lectronics X 
Sensors X 
VLS ls  X X 
Semiconductor-Prod . Equ ipment X 
CATV (service and equ i pment) X X 
Comm u n ication Sate l l ites X X 
Videotex X X X 

N EW M AT E R IALS :  
E ngi neering P lastics X 
H igh-Performance Polymers X X 
F ine Ceramics (fu nctional )  X 
F i ne Ceramics (structura l )  X 
Amorphous Al loys X 
H igh-Pu rity S i l icon X X 
Gal l i um Arsenide X X 

B IOTEC H N O LOGY: 
Plant Factories X X 
B iopharmaceuticals X X 
Biotech Equ ipment X 

"X" indicates relative lead . 
Source: I nd ustrial  Bank of Japan 
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plan stay that way. 
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This picture was taken by setting the N2000 in the 
programmed mode, focusing and pushing the shutter button. 

N i kon 
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Simple. 

l':1 
If you're new to 35mm 
SLR photography, 
theres no better place 
to begin than with the 
new Nikon N2000. 

Its auto-wind, auto
load, and can automatically set the film speed. 

And with programmed exposure control, all you 
have to do is focus and shoot. 

This picture was taken in the manual mode, with a Nikon 
15 mm super-wide angle lens, between f ll and f l6 at l,4 second. 

Exposure compensation of + 1/2 stop, flash fill and skylight filter. 
Not so simple. 

But you won't be a beginner forever. So the N2000 
also has a high-speed programmed mode, aperture 
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c luster i n  the emerging system of re
search-i ntensive i ndustries . In recent 
years, j apanese i ndustry has focused re
sou rces on the development of a wide 
range of new ceramics, engineering p las
tics, amorphous metals,  and carbon fi
bers. Chemical  compound semiconduc
tors,  particu lar ly gal l i u m  arsenide; the 
hyd rogen-storing a l loy essential for de
r ivi ng energy from hyd rogen i n  a practi
cal way; the optical f iber which forms 
the s i news of i nformation network sys
tems; ceramics used in m icroelectron ic  
device substrates and packagi ng; and en
gi neering p lastics used i n  video tape re
corders: a l l  have undergone rapid devel
opment in recent years to become the 
driving force of h igh-fly ing entrepreneur
ia l  f i rms such as Kyocera and to revita l ize 
entrepreneur ia l  companies epitomized 
by S u mitomo E lectric, the copper-cable 
maker that has emerged as a world lead
er i n  optical-fiber technology. 

I mprovi ng the ut i l ity of ceramics is 

clearly a major th rust of research .  More 
than 300 companies, i nc lud ing major  
electron ics, metals,  and trad it ional  indus
tr ia l  ceramics f irms, are push ing forward 
the state of the art. Made from metal 
oxides that constitute 90 percent of the 
earth's  c rust and thus assure an a lmost 
inexhausti b le supply of raw materia l ,  f ine 
ceramics have many appl icat ions and 
are crit ica l ly  i m portant to h igh-tech nolo
gy areas such as semiconductor pro
duction, development of new energy 
sou rces, optical electron ics, b io logical 
m i metics, and aerospace man ufactu r ing.  

But  i n  addit ion, f ine ceramics hold 
promise for a wide variety of more 
down-to-earth appl icat ions i n  i nternal 
combustion engi nes, machi nery, tools,  
and magnetic materia ls .  H eat-resi stant 
and structu ral ceramics are also being 
perfected for use i n  h igh-temperatu re gas 
turbi nes, n uclear reactors, and magneto
hydrodynamic ( M H D) power generating 
systems.  

I n  spite of delays, mai n ly  due to qua l i 
ty-control problems, the fi ne-ceramics 
market i n  japan had reached ¥630 bi l 
l ion i n  1 983 ,  and is  expected to grow to 
between ¥ 1 . 2 4  tri l l ion  and ¥ 1 . 4 1  tri l l ion 
i n  1 990 and to more than ¥3 tr i l l ion  in 
2000.  In the process of development, 
fi ne-ceramics technology w i l l  serve as an 
i nstru ment of revita l ization for the mate
r ia ls industry, resu lt ing in a considerable 
reduction i n  petroleum consu m ption and 
a more sparing use of rare meta ls .  

Two other c lusters of tech nologies tar
geted for i ntensive basic R & D, alterna
tive energy and aerospac�, may not 
come to fru it ion as soon as microelec
tron ics, biotechnology, and f ine ceram
ics.  But the pervas ive appl ication

' 
of the 

latter th ree technologies wil l  set the stage 
for a rad ical restructu ri ng of the energy 
busi ness, based upon a widen i ng range 
of alternative energy sou rces-from fuel 
cel l s  and photovoltaics to nuc lear fusion 
and M H D. 

T H E  N EW SY N T H E S I S  

W h i l e  microelectronics technologies 
are now wel l advanced in j apan, and the 
large, vertical ly  i ntegrated and h igh ly d i 
versified electronics / commun ications / 
computer manufactu rers now have th i rd
or fou rth-generation laboratories that are 
excel lent ly equ ipped and churn i ng out 
new prod ucts at a d izzyi ng pace, bio
tech nology and new materia ls are on ly  
now on the verge of commercia l  appl ica
tions, or wi l l  be with i n  a decade or so. 
M ost i m portant, however, i s  the rea l iza
t ion that the fu l l  effect of these th ree 
basic tech nologies, a long with new ener
gy and aerospace, comes not from isolat
ed spec ia l ization but from i n novative 
juxtaposit ion or combi nation .  

japanese industry has proven particu
lar ly adept at  managing th is  synthesis of  

TA BLE 2. BAS IC TECH NOLOG I ES FOR F U T U R E  I N D U STR I ES :  M IT I ' S  P ROJ ECTS 
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T H E M E  

N EW MATE R IALS :  
1 .  H igh-performance ceramics 
2 .  Synthetic membranes for 

new separation tec hnology 

3 .  H igh-performance plastics 
4 .  Synthetic metals  
5 .  Advanced al loys with contro l led 

crysta l l i ne  structu res 

6. Advanced com posite materia ls 
B I OTEC H N OLOGY: 

7 .  B ioreactors 

8. Large-scale cel l cu lt ivation 
9. Ut i l iz ing recombi nant D N A  

FUTU R E  E L ECTRON DEVICES :  
1 0 . Superlattice devices 

1 1 .  Th ree-d i mensional  ICs 
1 2 . Fortified ICs for extreme condit ions 
Tota l 1 2  themes 

TRG = Technology Research G roup 
R & D  A .  = R & D  Association 
' Partici pants are l i sted i n  Table 3 
Source: M IT I  

F I SCAL YEARS 1 98 1 -1 990 (Costs i n  b i l l ions  of yen) 
T E R M  B U DG E T  D E V E L .  
[ Y R S J  FY ' B 3  C O S T  R E C I P I E N T '  

1 0 .00 

1 0 .00 

1 0 .00 
1 0 .00 

8 .00 

8 .00 

1 0 .00 

9 . 00 
1 0 .00 

1 0 .00 

1 0 .00 
8 . 00 
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0.84 

0 . 5 2  

0 . 3 3  
0 . 3 0  

0 . 5 6  

0 . 6 5  

0 . 4 5  

0 . 3 8  
0 . 3 6  

0 .42 

0 . 73 
0 . 3 0  
5 . 84 

1 3 .00 

1 0 . 00 

5 .00 
6 .00 

8 . 00 

1 1 .00 

1 1 .00 

5 .00 
1 0 .00 

8 .00 

9 .00 
8 . 00 

1 04 .00 

TRG ( F i n e  Cer . )  

TRG ( H igh
Polymer I nfra . )  

do 
do 

R&D A.  ( N ext Gen .  
Com po  M ateria ls  

do 

TRG ( B iotech 
Deve l . )  

d o  
d o  

R & D A.  ( N ew 
E lectron Device) 

do 
do 
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high tech nologies.  Optics has been com
bi ned with electron ics  to obta in  an excit
ing and m i nd-bogg l ing range of new 
prod ucts cutti ng across the boundaries of 
exist ing industries and giving b i rth to new 
ones . Mechanics has been b lended with 
electronics i n  myriad appl ications to pro
duce new fam i l ies of robots, mach ine 
tools,  and home appl iances i n  exponen
tial  profus ion .  Photovolta ics us ing s i l icon 
wafers have been l i n ked to the prod uc
tion of microelectron ic  devices and solar 
batteries used i n  pocket ca lcu lators and 
wristwatches. And the combi nation of 

microbiology and electronics i s  about to 
produce sti l l  other synthetic technolo
gies, bioelectronics and bio-optical e lec
tron ics, to probe the frontiers of the un
known . 

Although th is  trend toward synthesis is  
evident i n  Western countries, thei r ob
sessive em phasis on specia l ization sti l l  
tends t o  com partmenta l ize h i g h  tech nol
ogies i n  smal ler  production u n its man
aged by h igh ly qual ified P h . D . ' s  and f i 
nanced by ventu re capita l i sts .  In  j apan, 
synthesis has become the predomi nant 
pattern . Vertical ly  integrated, horizontal
ly  d iversified f i rms and the japanese ca
pacity for team play combine to provide 
the necessary condit ions for the most ef
f icient management of synthes is .  N ot co
i nc identa l ly, then, it is  the j apanese who 
are add i ng to Western vocabularies zany 
new terms such as " mecha-tron ics" and 
acronyms such as "C&C" to express the 
strategic marriage of computers and 
com m u n ications i n  a common industrial 
strategy. 

As a resu lt, previous ly c lear i ndustr ia l  

TA BLE 3. BASIC TECH NOLOG I ES FOR FUTURE I N DUSTR I ES :  
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PARTIC I PANTS I N  M ITI 'S  PROJ ECTS 
T H E M E  

1 .  H igh-performance ceramics 

2. Synthetic membranes for 
new separation technology 

3 .  H igh-performance plastics 

4 .  Synthetic metals 

5. Advanced al loys with 
control led crysta l l ine 
structures 

6. Advanced composite 
materials 

7 .  Bioreactors 

8. Large-scale cel l cu ltivation 

9. Uti l iz ing recombinant DNA 

1 0 . Superlattice devices 
1 1  . Three-dimensional ICs 

1 2 . Fortified ICs for extreme 
conditions 

Source: M ITI 

PART I C I PA N TS 

Tosh iba, Showa Denko, Denka, 
Kyocera, Shinagawa Hakurenga, 
Asahi G lass, Toyoda Koki, Kobe 
Steel, N i hon Tokushu Togyo, 
Toyota Motors, I noue japax, I H I , 
Kurosaki Yogho, N i hon G lass, 
Sumitomo Denko 
Asahi  Chemical, Asahi Glass, 
Kuraray Sumitomo Denko, 
Toyobo, Daiseru, Teij in, Toray, 
M itsubishi Kasai 
Asahi Chemical, Sumitomo 
Chemical, Sumitomo Denko, 
Teij in,  Toray 
Asahi Chemical, Teij in ,  Toray, 
M itsubishi Kasei, M itsubishi  Yuka 
H itachi ,  Kobe Steel,  Daido Steel,  
M itsubishi Metal, H itach i  Metal ,  
Sumitomo Denko, I H I  
FABR ICATIO N :  M itsubishi  Heavy 
I ndustries, Fuj i Heavy Industries, 
Toyota Motors, Toshiba Kikai, 
I H I ,  M itsubishi Denki, Kawasaki 
Heavy I ndustries 
H I G H  POLY M E R :  Teij in,  Toray, 
M itsubishi Kasei, N i hon Carbon 
Kao, Daiseru, Denka, M itsui 
Chemical, M itsubishi Kasei, 
M itsubishi Gas 
Asahi Chemical, Aj i nomoto, 
Kyowa Hakko, Takeda 
Pharmaceutical, Toyo jozo 
Sumitomo Chemical, M itsui 
Toatsu, M itsubishi Chemical 
Fuj itsu, H itachi,  Sumitomo Denko 
N EC, Oki, Toshiba, M itsubishi  
Denki, Sanyo, Sharp, Matsushita 
Tosh iba, H itachi, M itsubishi 
Denki 
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l i nes are becom i ng b lu rred, making it v i r
tua l ly  i m poss ib le to d isti nguish the new 
ones as they emerge. The .embryonic 
bio- ind ustry i n  japan, for example, is  
composed not of spec ia l ized, new bio
technology busi nesses, but rather of 
f i rms that are c lassified as sake brewers, 
soy-sauce makers, food and dairy proc
essors, chem ical companies, pharma
ceutical houses, text i le  manufactu rers, 
steel makers, or electrical -eq u i pment 
producers . A company i n  the forefront of 
biotech nology research may a l so appear 
among the leaders in new-mater ia ls tech
nology. Appl iance makers with  wide ex
perience in mecha-tron ics  are emerging 
as leaders i n  the robotics race. 

Combin ing technologies, d riven main
ly by the i mperative of d i versification to 
assu re contin ued growth and susta i ned 
employment, has also enabled japanese 
engi neers to use thei r experience to de
sigl'l h igh-qual ity new prod ucts. Take 
copiers, for i nstance. When j apanese 
camera makers began making copiers, 
q u ite natu ra l ly  engi neers bu i l t  them the 
same way they had made precis ion opti
cal equ i pment.  "We conceive copiers i n  
the way w e  conceive cameras, " Sam Ku
sumoto, president of M i nolta's U .S .  sales 
subsid iary, reflects . "Copiers have 
lenses, camera obscu ra, and papers in 
stead of  fi l m .  A l l  sorts of  mechanisms are 
assembled in a very l i m ited space to 
form a compact un it .  That i s  why japa
nese copying machi nes are more elabo
rate than those of U .S .  makers . "  

N o w  the experience o f  computeriz ing 
cameras is  being appl ied to copiers .  The 
idea is  to develop a mach ine that can 
i nstantly make a copy of i nformation 
stored i n  a computer, without converti ng 
that i nformation i nto graphs or charac
ters.  Cu rrently, computer data must fi rst 
be projected on a screen before being 
copied . But the i ntel l igent copier wil l  skip 
that process. "With further progress, " 
Kusumoto adds, "we w i l l  eventua l ly  
have newspapers transmitted via data 
commun icat ions networks to computer 
term ina ls  and produced on copiers. 
Copiers can also be attached to every TV 
set to reproduce i n  hard copy anyth ing 
that appears on the screen that the v iew
er wants to keep. I n the futu re, the copy
ing mach ine wi l l  be one of the more 
i ntel l igent of computer and com m u n ica
tions term ina l s ."  

The logic of  synthesis i n  the  manage
ment of high technology is eq ua l ly  com
pel l i ng .  Not only is  the combi ned impact 
of the various technologies far greater 
than the i m pact of each managed sepa
rately, d ramatica l ly  broadening the range 
of products and accelerati ng the pace of 
innovation; but th is  broadened product 
range and accelerated i n novation are 
also functions of mu lt ip le relat ional syn
theses: those of government and indus
try, of companies i n  the same industry 
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The special considerations of ]AL Executive Class. 
Preflight , inflight,  postflight, no other airline 

shows more consideration to business travellers. 
Find out how we can make your next business 

trip to the Orient a more profitable experience .  
Call (800) 835-2246, Ext . 164 in the Continental 
US. for your free 'JAL Executive Service" guide . 

JAPAN AIR LINES 

Consideration. With us, it's a tradition. 
From New York Chi cago Los Angeles San Fran c isco Seattle Honolulu Anchorage Vancouve r  Mexico City Sao Paulo Rio de Janeiro 
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A medical breakthrough: Hitachi computed tom ography yields clear color pictures 
of both bones and organs, such as this cross-section of a human skull, by combining 
images obtained by using X-rays and superconductive magnets. 
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I mag e-process ing tec h n o logy was fi rst app l ied 
in the 60 's  and 70 's  to c reate clear i m ages of the 
Earth and Mars ,  and to locate n atu ral resou rces 
via sate l l ite . Yet it was H itac h i 's entry i nto th is  ex
c i t ing n ew field that made h ig h-acc u racy imag i n g  
poss i ble . I n  less than te n yea rs, H itac h i -d evelo ped 
systems red uced abso l u te locatio n  error to a 
world-reco rd 80 mete rs . Then 30 mete rs . A n d  the 
i n novations had o n ly j u st beg u n .  

You can see where with software 

Today, H itac h i ' s  i m ag i ng sk i l l s  a re bei ng app l ied 
in ever-wid e n i n g  variety. Rem ote-se ns ing  sate l l i te 
syste ms aid f is he ries by detecti ng d iffe ren ces 
i n  ocean water tem pe ratu res and d isp layi ng l i ke ly 
fi s h i n g  zones as co lo r-coded maps o n  C RT 
sc ree n s .  Ro bots m o u nted o n  c rawlers a re ab le  
to move aro u n d  and " see" m uc h  l i ke h u mans do 
th roug h co mbi nations of  cameras and co m pute rs 
that can ca l c u l ate d istances to objects . 

O u r  resea rc hers have beco m e  pacesette rs 
i n  the imag e-p rocess i ng f ie ld by j o i n i n g  the com
pany's p roven stre ngth i n  hardware w ith the i r 
own u n i q u e  software. They are us ing sophisticated 
H itac h i  eq u i pm e nt,  such as sen so rs ,  com puters 
and co lor  d isp lay term ina ls ,  to c reate i nteg rated 
systems.  And they are deve lop ing new alg orith m s  
fo r rectify i n g ,  i nte rpreti ng , re-o rg a n izi ng and 
d isp layi ng the i mage data these syste m s  receive . 

I n  fact, we are co nstantly com i ng u p  with 
i n n ovat ions and new a p p l ications .  M ost rece ntly :  

A m ethod of  prob ing the h u man body wi th  X-ray 
co m puted to mog ra p h y, then reco n structi ng the 
d ata obta i ned as th ree-d i m ensional  color i m ages 
of i nte rnal  o rgans ,  m u scles and bones.  

These exam ples demon strate a few of the 
ways i n  which H itac h i  is  i m p rovi ng u pon basic 
tec h n o logy. Then u s i n g  it to c reate p ractical  too ls  
that meet yo u r  needs . . .  and those of  p rofess ionals  
i n  ocean og rap h y, m ed ic i n e ,  m a n ufactur ing and 
vi rtua l ly  eve ry other  f ie ld you can n a m e .  

The best of worlds is yet to come 

O u r  visio n of the future inc l udes co m puterized 3-D 
si m u lations  of surg ical operatio n s .  I nstant i mag i n g  
o f  i nte rnal  med ical probl e m s ,  s u c h  a s  cancer and 
ca rd iovascu lar d i seases . Th ree-d i mensional  
charts of i n accessi b le te r rai n .  Rem ote mapp ing 
of  Ve n u s ,  Satu rn , J u piter and the other  p lanets of 
o u r  solar syste m .  A n d  m uc h ,  m uch m o re .  

We'd l i ke you to s hare i n  the benefits o f  o u r  
scientif ic resea rc h ,  cover ing the next g e n e ratio n  
o f  new mate r ia ls ,  lasers and other e lectro n ic 
d evices. Fo r i m proved busi n ess eff ic ie ncy. For a 
h ig h e r  q u a l ity of l i fe . Two g oals we've p u rsued fo r 
7 5  yea rs as pa rt of o u r  co m m itment to 
a bette r world th ro u g h e lectro n ics.  

WE BELIEVE IMAGING GIVES EYES TO HUMAN IMAGINATION 

� HITACH I  
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engaged i n  cooperative research proj 
ects, of customers and man ufactu rers, of 
the laboratory and factory f loor, of d i ffer
ent d iv is ions with in  a company, and of 
management and labor with i n  the enter
prise.  Each of these relat ionsh ips, when 
imaginatively managed, serves to attai n  
t h e  opt imal  synergism b y  synthes iz ing 
complementary resources and actions .  

To the amazement of foreign observ
ers, in the much-touted very- Iarge-scale
i ntegration (VLS I )  project of the late 
1 9 70's, j apanese semicond uctor makers 
spent vast sums on the development of 
new production technologies which 
were then shared with  smal ler  equ i p
ment makers at l ittle or no cost to the 
latter .  Th is  conti n u i ng col laborative rela
t ionship, the synthesis of customer and 
equ i pment vendor, assures the rapid d i f
fusion of new microelectron ics  i nterac
tive technology and accelerates progress 
in j apanese microelectronics tech nology 
as a whole.  

But  i ndustr ial  equ ipment i s  not the 
only sector i n  which this synthesis of user 
and vendor i s  a determ inant for manu
factu r ing.  M edical-equ ipment manufac
ture i s  in a class by itself. 

Few med ical-equ i pment makers have 
managed this critical synthes is  of pro
ducer and user more effectively than has 
Olympus Optical Co., Ltd . ,  in the devel
opment of fiberscope technology. S i nce 
1 9 5 0, when 3 0  gastroenterologists gath
ered at the fi rst "gastrocamera" meet ing 
i n  Tokyo, Olympus has systematical ly  
worked c losely wi th  d i st ingui shed mem
bers of the med ical com m u n ity the 
world over to perfect a wide range of 
f iberscope instruments, com b i n i ng ex
pert ise i n  optics and electronics with the 
latest developments i n  medic ine and re
lated sciences. "Our working relat ion
sh ip  with the med ical com m u n ity i s  most 
i m portant, " Olympus President Tosh i ro 
Sh i moyama observes . "We learned th is  
f rom our  experience with microscope 
manufactu re. We can design micro
scopes by ou rselves, of cou rse . But i t  is 
much more i mportant that professors, 
doctors, and lab techn ic ians who use 
these i nstruments part ic i pate in the de
sign stage, to assure thei r usefu l ness. Nor  
can we leave th is  part ic ipation to 
chance.  We organize our  external com
mun ications and cooperat ion very care
fu l l y  to assure professional user inputs to 
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the design and production at a l l  cr it ical  
stages.  

" I n  the development of our  f iber
scopes and related eq u ipment, we have 
i nvited not on ly  j apanese doctors to con
tr ibute to th is  process, " S h i moyama 
notes, "but doctors from other cou ntries 
as wel l .  Many doctors have come from 
European cou ntries, even Eastern coun
tries-many from Russia, Ch ina-at our 
i nv itat ion,  to study the use of the gastro
camera and fi berscope at research cen
ters i n  japan .  And this process has con
t in ued for over 30 years.  

"We do not confine th is  cooperation 
to the eq u i pment itself, " he expla ins  fu r
ther.  "Our research laboratories also 
have c lose working relat ions with u n iver
sities for the development of semicon
ductor devices needed for the eq u ip
ment.  Take our  static-i nd uction trans is
tor. It was developed by Professor 
N ish izawa of Tohoku U n i versity, to our 
specif icat ions .  H e  i n vented the device 
and we make it .  And we have s i m i lar 
working relat ionships with johns H op
k ins  U n i versity and others throughout 
the worl d . "  

As a resu l t  o f  t h i s  mutual  effort, today 
thousands of doctors arou nd the globe 
are using Olympus fiberscope instru
ments.  Few wou ld  consider any alterna
tive. Olympus has succeeded i n  devel
oping a u n ique tech nological sensit ivity 
to doctors' needs and an ab i l ity to adapt 
its products to meet med ical requ i re
ments.  An 80-percent market share is a 
powerful  test imonia l  to the effective syn
thesis of equ i pment maker and user.  

For tech nology to respond appropri
ately to conti n u i ng feedback from users, 
i t  i s  essential  that i t  be appl icat ions-ori
ented and that the ent ire process be con
ceived of as an incremental change. And 
the focal point of change is  the factory 
floor, where ideas are transformed i nto 
usefu l products. Th is  pervas ive pragma
t ism, rather than any cu l tura l  constrai nts, 
expla ins  the japanese rej ection of the 
"big bang" approach to invention and 
the apparent lack of i nterest i n  gargan
tuan leaps forward i nto the u n known . 

Experience in the sem iconductor in 
dustry confi rms to  managers and pol icy
makers the wisdom of th is  approac h .  
japanese i ntegrated-circuit  ( lC )  makers 
have succeeded in moving ahead in the 
race to pack i ncreas i ngly h igher dens ities 
of elements and c i rcu itry on a m i n uscule 
s i l icon ch ip, at least i n  part because they 
have approached the i n novative process 
i ncrementa l ly, bu i ld ing step-by-step on 
exist ing tech nology and know-how rath
er than attempting to stretch their  c re
ative powers to the l i m its at each stage i n  
t h e  process.  A s  a resu lt, new generat ions 
of i ntegrated c i rcu its have been pro
duced eff ic ient ly and up  to the necessary 
qual ity levels sooner than the competi
t ion abroad . Fuj i tsu America pres ident 
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Masaka Ogi poi nts out, " i n  areas such as 
fi ber optics or semicond uctors, we can 
compete with or  even su rpass American 
companies . "  Epson America president 
Yasuh i ro Tsubota agrees, "the stmngest 
advantage of j apanese manufactu rers i s  
the i r  production technology which en
ables them to  produce h igh qua l ity at 
low cost . "  

Step-by-step i n novation d raws deeply 
on past experience at al l  stages of the 
organ ization, from the laboratory to the 
poi nt of sale, thus obtai n i ng opti mal ad
vantage of the learn i ng process. 

The new emphasis on basic research 
does not represent a fu ndamental depar
ture from this practice, but rather w i l l  
ma in ly  constitute i t s  broaden ing and ex
tens ion .  Th is, as often as not, w i l l  enta i l  
i nj ecting new technology i nto o ld prod
ucts. j ust as M itsub ish i  H eavy I ndustry is 
design ing sh ips by computers to be navi
gated by computers, M itsubish i  M otors i s  
bu i ld ing advanced electron ics  and new 
mater ia ls  i nto its futu re models of pas
senger cars; home computer term i nals  
are bei ng bu i l t  i nto what once was a 
p la in  old telephone; facsi m i l e  devices are 
being added to telev is ion receivers; and 
a l l  are bei ng combined i nto i ntegrated 
i nformation systems.  

j ust as qua l ity and eff ic iency are the 
busi ness of everyone i n  an enterprise, so 
i s  new-product development.  H ere i s  the 
u lt i mate synthesis, f rom the laboratory to 
the consu mer, with the factory f loor as  
the v i ta l  l i n k .  

A t  Sumitomo Metals, Executive Vice 
President H i roshi  Koj i ma reflects, this 
synthesis i s  achieved through the jishu 
kanri (J K )  system, which seeks to com
bine i nd iv idua l  development and work 
satisfaction through qua l ity control and 
creativ ity at a l l  levels  of the company.  
"These voluntary, smal l -group jK activ i 
t ies  trace their  origi n to the Amer ican ZD 
[zero-defects] movement, " Koj i ma 
poi nts out.  " B ut the objectives of th is  
movement have been adapted to the 
j apanese way of people work ing togeth
er i n  smal l  groups .  Our  excel lent person
nel themselves should,  i n  my view, be 
taken as a sort of technology i n  the wid
est sense of that term . "  

This  synthesis f inds its most effective 
expression not in formal funct ional struc
ture or profit-center organ ization u n its, 
but in project teams i nvolv ing represen
tatives of a l l  u n its of the company con
cerned with the development of a part ic
u lar  product or tech nology.  At H itach i ,  
th is  project-team approach to  R & D  man
agement i s  formal ized i n  a system cal led 
tokubetsu kenkyu (specia l  research) ,  or 
s imply tokken for short, i n  which th ree 
or fou r  project teams are formed each 
month, d rawi ng their  members from the 
appropriate d iv is ions or subs id iaries of 
the grou p.  Teams may work together for 
two, even five, years d rawi ng on re-
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INTRODUCING MINOLTA 

AUTOFOCUS SYSTEM 

ONLY THE HUMAN EYE FOCUSES FASTER. 
Today, you ca n experience a q ua ntu m lea p  i n  35mm 

SLR photogra phy. 
M i no lta 's new Maxxum is the easiest SLR ever; the 

o n ly one with a utomatic foc us ing b u i lt r ight i n .  
I magine!  You don 't have to fidd le  with a focus ing r ing.  

With u nca n ny speed a nd a maz ing accu racy, M i nolta 
M axxu m actua l ly sees you r  s u bject a n d  a utomatica l ly 
s n a ps it i nto perfect focus for sharp p ictu res every t ime.  
A l l  you d o  is  com pose and shoot. 

Maxxu m 's b u i lt- i n  M otorized F i l m  Contro l ,  with DX 
ca pa b i l ity, loads ,  adva nces, rewi nds the fi l m  a n d  a l lows 
you to shoot u p  to two fra mes a second .  

Maxxu m 's excit i ng a rray of  Autofocus lenses i nc l udes 
five versati le  zooms.  I ts exc l us ive Automatic M u lt i -

Be certa i n  that t h e  va lua ble M i nolta 
U.S .A .  2-year camera/5-year lens l i r n ited 
warra nty cards a re packaged with you r  
products. For more i nformation,  s e e  you r  
M i no lta d e a l e r  or write, M i no lta Corporat ion.  
Dept.  MX-7 . 10l Wi l l iams D rive. Ram sey. NJ 07446. 
In Canada,  M i nolta Canada.  Inc .. Ontario.  
© 1985 M i nolta Corporat ion.  
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progra m for the  lens you choose. And it a utomatica l ly 
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ity or Creative M a n u a l  to ca l l  you r  own shots . 

Th is  s peed , ease a n d  flexi b i l i ty spr i ngs from brea k
through tech nology protected by over 300 patents, 
i nc l u d i ng more tha n 30 Wor ld 's F i rsts in ca mera e ngi 
neeri ng.  I t's a system so soph isticated that,  with 
Maxxu m Flash u n its , i t  even focuses in the da rk.  

Exper ience Maxx u m  now. Get perfect p ict u res in the 
b l i n k  of an eye . 
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sou rces of the var ious organ izat ional  
u n its represented to carry out their  R & D  
work. E lectron-beam l ithography was a 
project of one such tokken team work
i ng i n  tandem with the f ive-company co
operative VLS I  research assoc iation in 
the latter half of the 1 9 70's .  Synthesis of 
resou rces, expertise, and energy was 
thus obtai ned on two levels of interor
ganizational cooperat ion :  fi rst, i n terde
partmental with i n  the group, and sec
ond, intercorporate between the lead ing 
makers i n  the semiconductor industry. 
Both of these were u l t i mately able to 
d raw upon the basic research work done 
at M IT I ' s  E lectronics Tech n ical  Labora
tory i n  Tsukuba. 

I n  industry, the effect of th is  tokken 
system is to enhance the entrepreneur ia l  
capacity of large-sca le enterprises. The 
net effect i s  of s ingu lar  i m port, giving to 
japanese i n novation a sustai ned renew
ing force and ab i l ity to carry through that 
i s  often absent i n  the u .s .  and Western 
Europe . S i nce large-scale f i rms are pre
pared to invest in R & D  and accept the 
r isk of developing new technologies, 
there is  l i tt le need to call on ventu re capi
ta l .  New ventu res are lau nched with i n  
estab l i shed organ izations .  

"Ventu re capital i n  the U . S . , "  ob
serves Yutaka Sasaguch i ,  president of N i 
kon 's  N e w  York-based subs id iary, " i s  
ma in ly  concerned with making a fortune 
fast. Typical ly, venture capita l  wagers on 
an origi nal  design or concept and ex
pands i t  rap id ly  i nto a very large f i rm, 
without t ime to bui ld up  a prod uction 
base. And, to bui ld market share fast, 
manufactur ing is  often located in coun
tr ies l i ke S i ngapore, Ta iwan, or Mexico, 
where production costs are lower, " Sa
saguchi  expla ins .  " . . .  But  when they grow 
to compete with j apanese companies on 
an equal  footi ng, they i nevitably expose 
their  weakness . "  

I n  sharp contrast, when the req u i re
ment for new approaches to m icrol itho
graphy in  the VLSI era became evident in 
1 9 74, N i kon, a fi ne-optics company in 
search of opportu n i ties for rational  d iver
sif ication, lau nched a long-term R & D  un
dertaking to develop the req u i red tech
nology and production base. " I n  our  
case, " Sasaguch i  recal l s, "the stepper 
technology was developed over a period 
of 1 0  years before we entered the mar
ket . I t  consists of many k inds of i ntricate 
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techn iq ues and i ncorporates more than a 
few orig inal  designs.  I n  japanese bus i ness 
and manufactu ri ng, speaking of my own 
field of optical equ ipment, our develop
ment, processi ng, and marketi ng tech
n iq ues are a l l  proprietary know-how. "  
B u i ld i ng on sol id technological  fou nda
t ions and manufactu r ing experience 
leads not only to origi na l i ty but a l so to a 
superb new production capabi l ity. 

These advantages over the ventu re
capital approach are c lear ly man ifest i n  
both microelectronics a n d  b iotechnolo
gy. Although U .S .  f i rms that use ventu re 
capital have been known for thei r ab i l ity 
to develop new technologies and br ing 
thei r products to market, they often lack 
the necessary h u man and capital re
sou rces for sustained development, par
t icu lar ly in volati le markets or industries 
marked by rad ical ,  cyc l ical  demand 
swings. Nor  do specia l ized f i rms us ing 
ventu re capital have the opportu n it ies for 
synthesis and instant in-house d iffus ion 
of technologies that vertica l l y  i ntegrated 
and d iversif ied f i rms have. 

This capacity of major  firms for invest
ment in R & D  has sti l l  another i mportant 
consequence that d i sti nguishes the j apa
nese approach to i n novatio n .  S i nce pr i
vate industry i s  able and compel led,  by 
market forces, to i nvest heav i ly  i n  new
technology development, government is 
rel ieved of much of the burden . The em
phasis on opti mal  synthesis in R & D  man
agement, then,  i s  at once a cause and an 
effect of the predomi nant role of private 
enterprise. 

As a resu lt, i n  1 985 a l most th ree 
fou rths of the total ¥ 7 .  9 tri l l ion  spent on 
R&D wi l l  be in the private sector .  More
over, in high-technology industries such 
as e lectron ics, that percentage i s  as h igh 
as 9 5  percent-a stark contrast to the 
50-percent contri bution of publ ic fund
ing for R&D i n  the U .S .  electronics i ndus
try,  where much of the m i l itary-related 
R&D has l i m ited poss ib i l it ies for synthe
s is  with in  organ izations or with other 
technological developments.  

Nor  i s  th is  pattern expected to change 
substantia l ly  with the increased emphasis  
on bas ic research .  On the contrary, CST 
recom mendations specifica l ly  ca l l  for 
govern mental measu res to extend prefer
ential  tax treatment to investments in ba
sic research, and to credit guarantees to 
encou rage private f inancia l  i n st itut ions to 
grant l i beral loans for R&D funding.  Oth
er means of encouraging greater and 
more eff icient use of capital markets for 
h igh-tec h nology f i rms are a l so contem
plated . 

But money without men is not very 
usefu l in  the promotion of new technolo
gies.  And here the japanese approach to 
hu man-resou rce development has its d i s
t i nctive features.  

For wel l over a decade now, japanese 
un iversit ies have been graduating more 
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engineers per capita than any other ad
vanced country. In fact, by 1 980, more 
engineers grad uated from japanese un i 
versities than  from U .S .  un iversit ies. Th i s  
means, s i nce the  populat ion of  the  U .S .  i s  
twice as large as that  of japan, the num
ber of new engineering graduates per 
capita was over 200 percent of the 
American leve l .  

Equal ly  i mportant, japanese industry i s  
i n  a posit ion to invest more i n  the contin
ued education of engineers.  With i n  three 
years after employment, new engi neers, 
whose col lege trai n i ng has been ren
dered obsolete by the rapid pace of tech
nological  change, beg in  a l ifelong pro
gram of education with i n  the major  com
panies.  Relyi ng on i n-house expertise, 
these tra in ing programs play a cr it ical  
role i n  the management of technology 
synthes i s .  

The situation is  not  the same i n  basic 
sciences, however.  Not only i s  the num
ber  of  graduates i n  the various scientif ic 
f ields relatively low, but neither the gov
ern ment, the un iversit ies, nor private 
f i rms are geared to the needs for conti nu
i ng education of scient ists .  As a resu lt, 
there i s  cu rrently a d i re shortage of qua l i 
fied and experienced scientif ic research
ers. This must be corrected if basic re
search is to develop, as ca l led for by the 
CST recom mendations .  

japanese u n iversit ies are moving to in
crease postgraduate cou rses i n  both ba
s ic sciences and engineeri ng, with sup
port from government agencies and in 
dustry. And to i nvolve these students i n  
practical  research d u ring thei r postgradu
ate tra in i ng, both government and indus
try are being actively encouraged to 
commiss ion more of their  research work 
to academic institutions .  The govern
ment- industry-academia  synthesis w i l l ,  
therefore, be  an i mportant featu re of  the  
new era  of  creativity.  

japanese pol icymakers u nderstand fu l l  
wel l  that t h e  new synthes is  must b e  un i 
versal to  be opti mal . And they seem de
termi ned to pursue the logic of that syn
thesis to its u l t i mate rea l izat ion .  

Such a pursuit  necessar i ly  enta i l s  the 
global ization of structures: the opti m iza
t ion of technology on a global bas i s .  Nei
ther microelectronics nor biotechnology 
nor new-mater ia ls  technology lends itself 
to development with i n  restricted national  
markets.  Economies of scale and learn ing 
can be ach ieved for basic technologies 
only on a global sca le .  H igh investment 
in R&D and capita l- i ntensive products 
must be f inanced globa l ly, in competitive 
market ing condit ions.  Customer service 
and market access often req u i re both 
downstream assembly and production of 
components or other materia ls  near the 
point of consumpt ion .  Effective manage
ment of R & D  su rpasses corporate and 
national capacit ies and often can be 
achieved on ly  through synergy of re-
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sou rces that cut across national bound
ar ies .  

Th is  new synthesis must be sought 
through global strategies.  Thus, in 1 984, 
the top n i ne japanese electronics compa
n ies reported ly had 2 3 2  man ufactu ri ng 
fac i l i t ies abroad, account ing for approxi
mately 60 percent of the total n u m ber of 
overseas production u n its of a l l  japanese 
electron ics  companies.  In biotechnology 
and new materials,  however, g lobal iza
t ion has taken qu ite a d i fferent form.  
S i nce japanese f i rms  abroad are a l l  en
gaged in the development of new tech
nologies, begi n n i ng from j ust about the 
same levels of tech nological develop
ment and capita l- i ntens ive R & D, there 
has been a tendency to spread r isk and 
pursue synergies through cross- l i cens i ng, 
i nvestments in jo int  research, or jo int 
prod uction and market ing ventures. 

What has gone a l most u n noticed i s  a 
change not merely i n  the geographical  
pattern of production and i nnovation 
but, even more fundamenta l ly, i n  the en
t i re approach to market bu i ld i ng .  Power
ful forces have compel led japanese f irms 
to redef ine eff ic iency i n  global terms 
which take i nto accou nt secondary, not 
merely pr imary, effects, and which are 
cons istent with a wide range of econom
ic, soc ia l ,  and human ist ic concerns . 

When the japanese electron ics  i ndus
try began developing its global strategies 
in the 1 950's, it approached the task 
with remarkable adaptabi l ity. New pro
duction systems were developed to 
match new sol id-state-electron ics  tech
nology to the exigencies of market ex
pansio n .  Rather t�an approach Southeast 
Asian markets with trad it ional  mercant i le 
strategies that sought max i m ization of 
short-term profits and a qu ick  return on 
investments, japanese electron ics com
pan ies  sought to external ize labor  costs 
and benefits by a do-it-yourself approach 
of downstream production . 

M atsush ita E lectric began th is  process 
of external ization over 25 years ago, 
with the estab l i sh ment of its fi rst over
seas production un i t  in Ta iwan to pro
d uce trans istor rad ios and telev is ion re
ceivers. Today, the lead ing japanese 
consumer-electronics company has 4 7  
manufactu r ing compan ies and 3 6  sales 
companies i n  37 countries . "The pol icy 
of M atsush ita E lectric , "  says Dr .  S .  K i 
saka, Executive Vice President of M atsu-
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sh ita E lectric I n dustr ial  C o . ,  " i s  t o  estab
l i sh  a company which w i l l  contri bute to 
the cou ntry in which we operate . Our 
main a im i s  to be welcomed by the local 
people, not to make a lot of money there 
and br ing i t  back to japa n .  Our  basic idea 
is to estab l i sh  a company which w i l l  be 
run by local people for local people ."  

Overseas i nvestments have grown 
apace with Matsushita's tech nological 
advance. In the 1 9 60's and fi rst half of 
the 1 9 70's, i nvestments were mai n ly  in 
developi ng cou ntr ies.  With M atsush ita's 
lead i n  color-televis ion tech nology, pro
duction fac i l it ies were estab l i shed in the 
U . S .  and Western Europe. " But VTR 
[video-tape-recorder) technology has 
had the greatest i nf luence on the compa
ny's i nternal ization ,"  accord i ng to M at
sush ita America Vice Pres ident Ak i ra Yo
koi .  Matsushita's strong posit ion in the 
American market has been susta ined by 
domestic production backed up by a 
conti nued h igh level of japanese R & D  
i nvestment.  T h e  key, Yokoi bel ieves, i s  
Matsushita's long-range v iew.  "This  i s  
t h e  fou ndation o f  our tech nological 
strength, " he asserts . " RCA and other 
U .S .  compan ies developed some good 
VTR and videodisc tech nology, but s i nce 
the development of these products did 
not progress as qu ick ly  as expected, 
R & D  budgets were cut. We made many 
m istakes over the years, but we perse
vered . And the accumu lated technology 
has now borne fruit .  The i m portant th ing 
about R&D is conti nu ity . "  

Sign if icantly, t h e  development o f  VTR 
technology at M atsush i ta began about 
the same t ime the fi rst i nvestments were 
made in overseas production .  In a very 
rea l sense, conti n u ity of R&D becomes 
the fu lcrum of global strategies, and glob
a l  strategies i n  turn assure the cr it ical  re
sou rces that make such conti n u ity possi
ble. The two are m utua l ly  rei nforc ing .  

The M atsush ita pol icy of val ue-added 
external ization through foreign d i rect in 
vestments i s  not  the on ly  way to opti
m ize global returns from R&D invest
ments, of course. R icoh is  the c lass ic ex
ample of an i n novative f i rm that has 
sustai ned a h igh level of R & D  by cooper
ative development and origi na l-eq u i p
ment-manufacturer (OE M )  supply .  Ac
cord i ng to Yuki h i ro Wada, President of 
Ricoh America, u nder cooperative de
velopment agreements with AT&T, Digi
tal Equ ipment Corp. ,  and Hewlett- Pack
ard, his company suppl ies pr i nters, fac
s im i le  term i na ls, and copiers for sale 
under the buyer's brand .  The U .S .  part
ners provide the software and marketi ng, 
in most cases, and part ic ipate in the 
product-development process; R icoh's  
main contr ibut ion is  production of the 
hardware, employing technologies de
veloped through heavy investment i n  
R & D .  From its i nception a s  a creat ion of 
the renowned I n stitute of Chemical and 
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Physical Research, Ricoh has sought to 
max im ize market strength through i n no
vation,  pr imari ly  by susta i n i ng a h igh lev
el of research activity.  

What we see, then, i s  a pattern cutt ing 
across many h igh-technology i ndustries : 
increas ing external ization through in
creas ing i nvestment i n  overseas prod uc
t ion or tech nological cooperat ion .  U lt i 
mately, th is  susta ins  a h igh level  of i n no
vative R&D.  

At  what po in t  and for  what i ndustries 
and i n  what cou ntries wil l  this external
izat ion be extended to i nc l ude R&D it
self? Developing cou ntries ins ist that 
R&D i nvestments should be made in 
their  cou ntries by m u lti nationals,  i nc l ud
ing japan, to assure the transfer of tech
nology. In advanced ' cou ntries, foreign 
R&D laboratories are viewed as a m i xed 
bless ing: They may be receptors rather 
than transmitters of technology. 

Clearly, external ization of R&D m ust 
be rat ional and m utual ly  benefic ia l . At 
present, on ly  the largest j apanese elec
tronics companies find i nternationa l iza
tion of R & D  necessary and practica l .  H i 
tach i ,  M atsush ita, a n d  S o n y  have labora
tories in the U . S .  Sony America president 
Kenj i Tam iya points out, " i t  wou ld be too 
troublesome and ti me-consu m i ng if  we 
tried to develop new products in Tokyo 
in response to requests from our Ameri
can customers . "  B ut, as Dr .  Yah i ko Ya
mada of H itach i  America's Technology 
P lan n i ng G roup cand id ly  adm its, "The 
main pu rpose of R&D i n  the U n ited 
States i s  to gather i nformation on the 
most advanced tec h nologies developed 
in S i l icon Val ley and adapt them q u ick
ly ."  Observes JVC's general manager for 
corporate p lan n i ng and development i n  
New jersey, j u n ic h i  Egawa, "the scale of 
our bus i ness is becoming larger every 
year, and we can not keep abreast of de
velopments un less we are in constant 
contact with engineers of lead ing com
panies in the U n ited States . "  

S i m i lar  i nvestment patterns are emerg
i ng in the automotive industry, but for 
d ifferent reasons .  Research by japanese 
automakers in the U .S . ,  for example, 
aims main ly  at adapt ing cars to the tastes 
and techn ical standards of the market. 
"We have estab l i shed an i n stitute in Los 
Angeles to design cars and work on other 
projects, " M itsub ish i  M otors Executive 
Vice President S h i nj i  Seki expla ins .  "We 
have also establ i shed a laboratory i n  the 
States to perform research concern i ng 
exhaust gas. But  there is very l i ttle tech
nology i n  the U .S .  which we need to 
learn about. . . .  " 

TH E M I C RO E L ECTRO N ICS 
REVO L U T I O N  

O f  t h e  th ree main  technologies poi sed 
for major  growth in the remai nder of th i s  
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TRY A LITTLE HELP FROM A FRIEND 
A t Epson , we think a good personal computer is one 

that you can tu rn to even i n  the most u n l i kely 
s ituations And you should be able to consult it not 

j ust for b ig ,  important decis ions,  but for someth ing as 
playfu l  as a fun game of chess. 
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essential and what is not .  Sure,  
we ' re as tech nolog ical ly 
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competit ive as eve rybody else.  ! 
But we don 't stop there. 

Others may t ry to impress you with fancy 
fr i l l s .  We strive for s impl ic ity instead , and 
concentrate on c reat ing products that 
respond and relate to you i n  a d i rect 
and dependable way. 

And wh i l e  others may offer you soph isticated 
featu res and capab i l i t ies,  we offer these same featu res 
in computers that you can take anywhere. 

I n  other  words,  Epson products are designed to be 
big on featu res but smal l  i n  size. Which is  why you ' l l  
f ind just the r ight combination o f  performance, easy 
operation and cost eff ic iency in every personal 

computer, pr i nter or any other product from Epson.  
Checkmate? Try a l itt le help from you r Epson . 

I t may be a l l  you need to wi n .  
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century and wel l  i nto the next, micro
electronics has made the most remark
able advances i n  j apan, provid ing a fore
taste of what can be expected from the 
other two. The japanese electronics in
dustry has a l ready become the world ' s  
most d iversified producer of  e lectron ic  
equ ipment. A relatively recent entrant to 
the industrial scene, e lectronics manu
factur ing and related software now ac
count for more than ¥ 2 2  tri l l ion  in reve
nue each year, which is five times what it 
was in 1 9 7 5 .  And by the year 2 000, 
output of e lectronic products in j apan i s  
expected to reach ¥ 1 5 3  tri l l ion .  Th is  wi l l  
make it japan's  largest industrial sector, 
surpassing the tota l output of steel ,  
chemicals,  and cars .  E lectronic mach in
ery, i nc lud ing equ ipment and compo
nents, wi l l  al ready su rpass automobi les 
in size of production by the end of this  
decade. 

With the completion of the world ' s  
fi rst major cooperative research u nder
tak ing in microelectronics, from 1 9 7 6  to 
1 9 79,  the japanese electronics industry 
developed the lead ing-edge VLS I  tech
nology in  the field-not based on tech
nology i mported from abroad but rather 
from orig ina l  researc h .  

Duri ng t h i s  stage, j apanese R&D i n  
e lectronics sh ifted emphasis from mai n ly  
incremental improvements of  exist ing 
technologies to the development of origi
nal technologies. 

The most sign ificant change to come 
from th is  sh ift i s  a sharp i ncrease i n  R & D  
a l locations.  T h e  electronics industry as a 
whole invests a substantia l ly  higher share 
of total sales than a l l  others: 4 . 9  percent, 
compared to 3 . 3  percent in the chemical 
industry, 2 . 7  percent i n  the automotive 
industry, 2 . 6  percent in the mach i nery 
industry, and 1 . 6 percent i n  the steel in
dustry. Accord ing to a recent report, 
" Key Players in the j apanese E lectronics 
Industry, " by Dodwel l  M arketing Con
su ltants, R&D expend itu res by the j apa
nese electron ics industry w i l l  su rpass a 
tri l l ion yen by the end of 1 98 5 . Seven of 
the top 1 1  f irms, ran ked by levels of 
spendi ng, were lead ing electronics com
panies i n  as early as 1 9 7 9 .  B ut s ince then 
the role of these f irms has mou nted 
sharply.  N ot on ly  have sales c l i m bed at 
h igher annual  rates than in most other 
sectors; but the share of R&D expendi
tu res has steadi l y  increased . 

j 2 2  

These fu ndamental changes are l i ke ly  
to be accelerated as the j apanese e lec
tronics industry leads the way i nto the 
next generation of u ltrahigh i ntegration, 
4 megabits (4 M )  and beyond.  In Febru
ary last year, Tosh iba and F uj itsu took 
the i n itiative in i ntroduc ing 1 M tech nolo
gy. By mid- 1 985 ,  al l  major  japanese 
semiconductor makers had developed 
and begun sampl ing 1 M DRAM devices. 
S i nce japanese suppl iers had garnered 
90 percent of the world market for 2 5 6 K  
devices, th is  sh ift t o  h igher levels o f  i nte
gration was largely in their  hands .  And 
prospects are good that the tim i ng of the 
shift to 4M wi l l  be determi ned in Tokyo . 
" I  th ink  the game is over as far as devel
opment of semiconductors i s  con
cerned , "  M itsub ish i  E lectric 's  S i l icon 
Val ley president, Kenj i K itamura, asserts . 

Two developments, at present in fu l l  
swi ng, suggest that j apanese electronics 
tech nology wi l l  conti nue to play a pivota l 
role .  F i rst, gal l i u m  arsenide, another new 
development in semiconductor technol
ogy, i s  al ready wel l  advanced i n  j apan; 
second, the work cu rrently u nder way 
on the F ifth-Generation Computer wi l l  
provide fu rther advances i nto the postsi
l icon era.  

Diffusion of fifth-generation technolo
gy has, of course, a l ready begu n .  N ot 
on ly  have the major  ach ievements of the 
project been publ ic ized worldwide; they 
are al ready bei ng i ncorporated i n  some 
automatic trans lation devices, office 
automation equ ipment, and i ntel l igent 
robots . Sakae Sh i mizu,  senior managing 
d i rector of Tosh iba Corp . ' s  R & D, de
scribes the resu lts of knowledge engi
neering as a conti nuous flow i n  which 
software i s  becom i ng the main stream .  
Automatic trans lation systems, i ntro
duced in 1 985 ,  w i l l  become increas ingly 
efficient with the development of new 
paral le l  systems with expanded d ictio
naries. Voice-recognit ion word proces
sors, which a l ready exist in prototype, 
wi l l  be perfected gradual ly  as knowledge 
engineering progresses and becomes 
ready for general use in 1 99 5 .  S i m i larly, 
Sh im izu expects i ntel l igent robots to be 
perfected by the mid- 1 990's .  In the 
meanti me, Toshiba is developing expert 
systems for engineering picture process
i ng and power-station early-warn ing sys
tems designed to assure safety and ap
propriate maintenance. 

CON C L U S I O N  

A new global industrial system is  
emerging with  the j apanese electronics 
industry as one of the pri nc ipa l  arch i 
tects.  Trad it ional bus iness organizations, 
management systems, and pol it ical and 
economic systems must change in re
sponse to this new real ity. The very pur-

Advertisement 

poses of corporate activity must be rede
fined, and new measures of performance 
developed, if the fu l l  benefits of the mi
croelectronics revol ut ion are to be 
reaped . Even the role of the nation-state, 
and the uses of new technologies for 
peace and war, are subj ect to review. 
Timeworn ideologies, ma in ly  of 1 8th
and 1 9th-century v intage, are rendered 
obsolete . The microelectronics revolu
t ion  i s  not  the so le  motive power i n  th i s  
transformation, of  course, but  at  th is  crit
ical j uncture in the development of our 
c iv i l i zation,  it i s  the prime mover i n  the 
common technological and economic 
sphere.  Along with the ascendancy of 
japan i n  particu lar  and East Asia i n  gener
al, this all adds up to an epochal  sh ift that 
fundamenta l l y  changes not on ly  the 
world industrial system, but the way or
d i nary people l ive their  da i ly  l ives as 
wel l .  

This  i s  the mean ing of Tsukuba and 
Expo '85 . 
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SCIENCE AND THE CITIZEN 
Nuclear Famine 

I
n the aftermath of a nuclear war it is 

now widely accepted that a dense, 
high cloud of smoke and dust 

would cover most of the Northern 
Hemisphere. In one or two weeks the 
normal circulation of the atmosphere 
at high altitudes would spread the 
cloud in thinner layers over the South
ern Hemisphere as well. The devastat
ing consequences for the temperature 
and sunlight at the surface of the earth 
have been summarized by the term nu
clear winter. The term has been criti
cized on the ground that many post
nuclear-war scenarios might not lead 
to the deep and sustained cold that 
is characteristic of winter in the mid
northern latitudes. An international 
body of 300 scientists from more than 
30 countries, including the U.S. and 
the U.S.S.R., has now reached consen
sus that such criticisms are largely aca
demic. The stresses a strategic nuclear 
attack or exchange would impose on 
the world agricultural system and on 
other systems people might depend 
on for food would lead to massive star
vation in combatant and noncombat
ant nations alike. 

The conclusions of the scientists are 
set forth in a two-volume study, En
vironmental Consequences of Nuclear 
War. The study is the outcome of three 
years of investigation by the scientists 
under the coordination of the Scientif
ic Committee on Problems of the En
vironment (SCOPE), a permanent com
mittee of the International Council 
of Scientific Unions (ICSU). In October 
several of the scientists outlined their 
findings in hearings before the Senate 
Armed Services Committee. 

According to Sir Frederick Warner, 
chairman of the Steering Committee 
for the study, the SCOPE scientists inten
tionally stopped short of considering 
the possible political and social disrup
tions that would result from a nucle
ar war. Russian investigators made it 
clear that their participation was con
tingent on limiting the discussions to 
physical, atmospheric, ecological and 
biological effects. 

The physical and atmospheric stud
ies are based primarily on three-di
mensional computer simulations of 
unprecedented sophistication. A. Bar
rie Pittock of the Commonwealth Sci
entific and Industrial Research Organi
zation and five other atmospheric sci
entists collaborated on the volume that 
summarizes the findings of the simula
tions. The ecological and agricultural 
predictions are derived from computer 

models, historical analogues, statisti
cal analyses, expert judgment and lab
oratory tests of the responses of plants 
and animals to various kinds of stress. 
Mark A. Harwell of Cornell Universi
ty integrated most of these findings for 
the SCOPE report. In spite of its self-im
posed silence about the social respon
ses to nuclear war, the report presents 
a case-by-case analysis of the stored 
food supplies in 15 countries, a physi
cal constraint that no surviving society 
could ignore. 

Earlier studies of the potential post
war environment have drawn attention 
to the effects of the dust and debris that 
would be drawn into the atmosphere 
by nuclear explosions and the complex 
hydrocarbons that would be injected 
by burning forests. According to the 
SCOPE study, however, the most serious 
threat to food supplies following a 
nuclear war would be suspended par
ticles of soot, or elemental carbon. 
Soot particles strongly absorb energy 
at the wavelengths associated with 
the heat and light energy of the sun. 
Nevertheless, they readily transmit the 
long-wavelength energy reradiated by 
the earth into space. 

Large quantities of soot are released 
by the burning of fossil fuels and mate
rials derived from fossil fuels such as 
plastics, rubber, asphalt, roofing mate
rials and chemicals. All such materials 
are concentrated in urban and industri
al centers. Because many military tar
gets are geographically isolated from 
such centers, a so-called counterforce 
nuclear strategy might therefore ap
pe<1r to eliminate most of the danger
ous effects of soot in the atmosphere. 
The authors of the SCOPE report ex
plicitly reject this view. They write: 
"Enough important military and stra
tegic targets are located near or within 
cities so that . . .  even relatively limited 
nuclear attacks directed at military
related targets could cause large fires 
and smoke production." 

Even if early rainfall washed away 
about half of the smoke, a major nu
clear exchange could leave about 30 
million tons of black, sooty smoke in 
the upper atmosphere, circulating as 
high as 10 to 15 kilometers. If the war 
were begun during the northern spring 
or summer, the heat of the sun would 
carry the soot even higher and shift it 
toward the Equator. The warming of 
the upper layers of smoke could also 
stabilize the atmosphere and keep the 
air from mixing vertically, thereby ex
tending the time the particles would 
stay aloft to several months or more. 

The net effect would be a significant 

average cooling even over equatorial 
regions, and an average reduction of 
between 40 and 70 degrees Fahrenheit 
over the northern interior continental 
landmasses. The sunlight reaching the 
surface under large, patchy clouds of 
smoke could drop to less than 1 per
cent of normal, and in some areas the 
rainfall associated with the convective 
movement of the atmosphere would 
practically cease. 

The most surprising conclusion of 
the SCOPE report is the vulnerability of 
agriculture even to much smaller dis
ruptions. For example, even if the av
erage cooling were much less than 40 
degrees F., extreme fluctuations could 
develop about the average. A short
term frost at a critical point in the 
growing season can destroy a year's 
crop. Rice is particularly sensitive. If 
the transient temperatures were to 
reach even the low 50's F., the crop 
would be lost, although the rice plants 
would survive. An average drop of 
only about five degrees F. would elimi
nate a year's crop of cereal grains in 
Canada and the U.S.S.R., and an aver
age decrease of between five and 10 
degrees F. would virtually eliminate 
agricultural production in the North
ern Hemisphere. 

Rice production is also seriously 
threatened by the loss of convective 
rainfall. The SCOPE report predicts 
large crop losses from the cessation 
or displacement of the monsoon rains. 
In the countries of Africa, Asia and 
the Pacific such losses would be di
sastrous. Imports from other nations 
would presumably be cut off or at 
least seriously disrupted after a nucle
ar war, and so these countries would 
be left to fend for themselves. The au
thors of the report predict the deaths 
from the famine in India that would 
be caused indirectly by a nuclear war 
would exceed all the casualties caused 
by the direct effects of blast, fire and 
radiation in the U.S. and the U.S.S.R. 
combined. In Africa more people 
would die of the indirect effects of nu
clear famine than would die of the di
rect effects of nuclear war in Europe. 

The SCOPE scientists also investigat
ed many secondary factors that could 
substantially reduce crop production. 
For example, global increases in ultra
violet radiation could result from the 
partial breakdown of the ozone layer 
in the upper atmosphere. Soil, air and 
water could be contaminated not only 
by radioactivity but also by the release 
of toxic chemicals into the environ
ment. The loss of fertilizer, fuel and 
pesticides would lead to a breakdown 
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of mechanized agriculture, even if 
crops could be made to grow. Other 
natural sources of food such as marine 
life would be adversely affected by the 
loss of sunlight, but even if they were 
not affected, they could not replace the 
agricultural losses. 

Furthermore, such environmental 
factors might well interact in ways that 
magnify their individ ual effects. The 
vulnerability of crops to disease and 
pests might be increased by radiation 
and air pollution. Reduced temper
atures could depress the activity of 
insects in pollinating crops. The en
forced low-calorie diet of the survi
vors could increase their susceptibil
ity to disease. 

In its study of the food stores that 
would remain after a nuclear war, the 
SCOPE report makes the optimistic as
sumption that within each country the 
distribution of the remaining food sup
plies would not be affected by the war. 
Even with this assumption the survi
vors of the war in the U.S. would have 
only about three years in which to re
establish agricultural systems or face 
starvation. In most other countries 
stored food would last only from 
three to six months. 

The social responses to nuclear war 
that are avoided by the SCOPE study 
may still be addressed in other scien
tific forums. Can the likely effects 

of food hoarding and conflict over the 
scarce nutritional resources remaining 
to a postwar society be quantified? To 
what extent would the destruction of 
market, transportation and communi
cations systems affect the perfect dis
tribution of remaining food supplies 
that is assumed by the SCOPE report? 
How would imperfect allocation affect 
the distribution of necessary nutrients, 
such as vitamins and proteins? Al
though the SCOPE scientists advocate 
the study of such issues, wide scientific 
consensus about them would seem dif
ficult to achieve. 

On ICE 

T
he sense of showmanship of the 
National Aeronautics and Space 

Administration (NASA) seems as keen 
as ever. Recently several hundred sci
entists and reporters were gathered in 
an auditorium at the agency's God
dard Space Flight Center in Greenbelt, 
Md., to listen as audio transmissions 
from the first spacecraft to fly through 
the tail of a comet were beamed over a 
distance of 45 million miles. NASA in
vestigators later told the audience that 
although data from the mission of that 
spacecraft, the International Come
tary Explorer (ICE), supported the pre
vailing model of comets, it also raised 
several interesting questions. 

COMET GIACOBINI-ZINNER was recently the target of the International Cometary 
Explorer (ICE), a spacecraft of the National Aeronautics and Space Administration (NASA). 
The false-color image was obtained by another NASA satellite, the International Ultraviolet 
Explorer (IUE). Red corresponds to the brightest levels of light. The arrow points to the SUII. 
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ICE was launched into space more 
than seven years ago. Initially known 
as the International Sun-Earth Explor
er (ISEE) III, the probe was sent into 
orbit between the earth and the sun to 
gather data on the solar wind. ISEE III 
was then directed on a second mission 
to the side of the earth away from the 
sun, where it conducted the first deep 
survey of the earth's magnetic tail. 

Planning for its third mission, the in
terception of the comet's tail, was be
gun in 198 1. At that time it became 
clear that a tight budget and a stead
fast commitment to the space shuttle 
would prevent the U.S. from launch
ing a significant number of unmanned 
interplanetary spacecraft, including 
one to rendezvous with Halley's comet 
during the then distant year 1986. That 
engagement will be kept next March 
by a flotilla of European, Soviet and 
Japanese spacecraft. In an attempt to 
send a representative from the U.S., 
Robert W. Farquhar of Goddard pro
posed that the ISEE III could be directed 
to Halley's comet. When workers de
termined that the satellite's transmit
ting power was not sufficient to tra
verse the some 100 million miles that 
would separate the comet from the 
earth, Farq uhar suggested an alterna
tive target: comet Giacobini-Zinner. 
Like Halley's comet, Giacobini-Zinner 
exhibits periodic motion, although its 
period, 6'/2 years, is much shorter than 
Halley's 76 years. Its point of clos
est approach, 45 million miles from 
the earth, is well within the satellite's 
transmission range. 

To obtain the higher speed required 
for its third mission, the satellite was 
directed to the moon, from which 
it received a gravitational kick as it 
swung around that body. When the 
spacecraft left the earth-moon system 
on December 22, 1983, it was renamed 
the International Cometary Explor
er. Nearly two years later ICE passed 
through the tail of comet Giacobini
Zinner, a scant 5,000 miles behind its 
nucleus, or densest region. (A comet's 
tail can be 500,000 miles long.) Travel
ing at a speed of 46,000 miles per hour, 
ICE remained in the tail for 20 minutes. 

There ICE detected water molecules, 
carbon monoxide and dust particles. 
John C. Brandt, chief of the Laborato
ry for Astronomy and Solar Physics at 
Goddard, notes that the presence of 
such material "fits in nicely with our 
picture of comets as large dirty snow
balls." The "dirty snowball" model, 
first proposed 35 years ago by Fred 
L. Whipple of the Smithsonian Astro
physical Observatory, holds that the 
nucleus of a comet consists of a mix
ture of ice, silicates (a class of miner
als) and perhaps metals. 

NASA investigators and others were 
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surprised by the apparent lack of "bow 
shock." Astronomers have theorized 
that just as the bow of a moving ship 
creates a wave, so the interaction of a 
comet with the solar wind should cre
ate a sharply defined magnetic bound
ary around the comet. ICE detected no 
bow shock. 

Although the NASA scientists were 
enthusiastic, they were disappointed 
that they would not participate in the 
main event. James M. Beggs, NASA ad
ministrator, commented: "I regret that 
the United States did not go to Hal
ley's. We would have enjoyed the Hal
ley encounter more if there had been 
an American spacecraft in that arma
da of spacecraft going to Halley's." 

Fine Structure 

S
urrounding the thread of genetic 

material that gives a virus its iden
tity is a capsid, or protein shell, that 
determines its biological properties. 
To understand how a virus interacts 
with its host one must know not only 
the capsid's composition but also its 
structure and topography. 

Until recently three-dimensional 
structures had been determined only 
for a few plant viruses. Now groups 
from Purdue University and the Re
search Institute of Scripps Clinic have 
worked out the structure of two animal 
viruses at the level of individ ual atoms. 
Writing in Nature, the Purdue group, 
led by Michael G. Rossmann, de
scribes the structure of a strain of rhi
novirus, the agent of the common cold. 
The Scripps workers, under James M. 
Hogle, deciphered the structure of a 
poliovirus strain soon after the I?urdue 
group's success; they describe their re
sults in Science. 

The cold and polio viruses belong 
to the picornaviruses. Members of the 
family are about 300 angstrom units 
(30 billionths of a meter) in diameter; 
they have a faceted shell that resem
bles an icosahedron (a 20-sided solid). 
The high symmetry of the picornavi
ruses makes it feasible to crystallize 
them and study their structure by x
ray crystallography. 

When X rays pass through a crystal, 
they are scattered by electrons in the 
crystalline planes; the scattered waves 
interfere with one another, yielding a 
diffraction pattern. The pattern reveals 
the orderly arrangement of units in the 
crystal. Determining the structure of 
the units themselves requires calcu
lations incorporating the relative am
plitude (brightness) and phase of the 
waves that are scattered to different 
points in the diffraction pattern. The 
amplitude of the scattered radiation is 
easy to measure; finding the relative 
phase of the waves is difficult. 

Both the Purdue and the Scripps 
groups owe their success to a method 
of determining phase that was recent
ly pioneered by other workers. In X
ray crystallography of biological mol
ecules the usual procedure is to soak 
the material in a solution containing a 
heavy element such as gold or plati
num. Incorporated into the molecules 
at specific sites, the heavy atoms scat
ter X rays much more strongly than do 
the lighter atoms characteristic of or
ganic compounds. Once the heavy at
oms' positions within the crystal unit 
have been charted, they can serve as 
benchmarks for determining the phase 
of X rays scattered from other atoms. 

Both groups determined phase with 
heavy atoms early in their work, but in 
refining their data to a resolution of 

PROTEIN SHELL OF POLIOVIRUS is made up of four protein subunits, distinguished 
by color in these computer-generated images. Each subunit is repeated 60 times to form a 
highly symmetrical structure. On the surface of the virus (left) three different subunits are 
apparent. The fourth subunit (greell) is visible on the hollow shell's inner surface, exposed 
in a cutaway view (right). The cutaway reveals the shell thickness and the size of the cavity, 
which contains the viral RNA, Arthur J. Olson of the Research Institute of Scripps Clinic 
made the images working with AMS and RAMS, programs developed by Michael L. Connolly. 
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about three angstroms (the scale of in
dividual atoms) they turned to the new 
method. It is based on "nQncrystallo
graphic symmetry": in this case sym
metries present in the icosahedr�l virus 
particles but not apparent in the crys
tals they form. The hidden symmetries 
mathematically constrained the possi
ble phases of the scattered X rays; re
peated calculation cycles, performed 
on vast amounts of raw data (a process 
for which the Purdue group employed 
a supercomputer), yielded maps of 
electron density in the viruses. From 
the maps the configuration of protein 
chains could be inferred. 

Earlier X-ray results, combined with 
the known sequence of the RNA in 
certain picornaviruses, had indicated 
that the picornavirus capsid consists of 
60 identical subunits, each made up of 
four proteins. The new data show how 
the four proteins intertwine to form 
the subunits in the cold and polio vi
ruses and how the subunits are packed 
together in the viral shell. 

The structural data also reveal the 
sites to which antibodies bind as they 
defend the body against each virus. 
Known mutations in the viral RNA 
yield strains of cold and polio viruses 
that are resistant to antibodies. The 
mutations change specific amino acids 
in the capsid proteins. By determining 
where the protein changes occur in the 
capsid, the workers could pinpoint the 
antibody binding sites. 

In theory a map of the immunolog
ical geography of a virus could aid 
in the creation of new vaccines. In 
the case of the cold virus, however, 
the new structural knowledge makes 
the prospect of a conventional vaccine 
seem remote. A cold vaccine would 
have to stimulate the production of an
tibody against some protein seq uence 
that is shared by a large fraction of the 
89 or more rhinovirus strains. Since 
the majority of the strains bind to the 
same kind of cell, their cell-binding 
sites are probably identical. An anti
body that binds to the site and thus 
blocks it could confer immunity to 
many of the viral strains. The Purdue 
workers report, regretfully, that the 
rhinovirus cell-bmding sequence prob
ably lies well protected from antibody 
at the bottom of a deep cleft that winds 
around the virus. 

Cachectin 

C
achexia is a syndrome that fre

quently affects individuals who 
have cancer or a serious infection. 
Even if such patients are fed an ade
quate diet, they experience a continu
ous loss of weight. A major factor in 
the cause of the syndrome appears to 
be cachectin, a hormone like protein 
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made by macrophages, one of the ma
jor cell types in the immune system. 

Work by investigators at Rockefel
ler University and the Stanford Uni
versity School of Medicine has now 
illuminated the crucial role cachectin 
plays in cachexia. The work also shows 
cachectin may induce shock when bac
terial endotoxins cause the factor's re
lease. Finally, cachectin has emerged 
as the long-sought tumor-necrosis fac
tor, a substance that is secreted in the 
presence of bacterial endotoxins and 
can promote the rapid death of cancer
ous tissue. 

During an infection cachectin trav
els to fat cells and helps to mobilize 
their energy reserves: it releases fat 
that can be broken down and then me
tabolized by the body. In addition to 
releasing fat cachectin seems also to 
reduce the concentration of enzymes 
that are crucial to the production and 
storage of fat. Without the enzymes 
fat no longer accumulates. In patients 
with cachexia the process is apparent
ly carried to an extreme. Fat stores 
are depleted by excessive mobilization 
coupled with inadequate intake of cal
ories and a hypermetabolic state: food 
is burned too quickly and inefficiently. 

Anthony Cerami and Bruce Beutler 
of Rockefeller, working with Frank M. 
Torti, Barbara Dieckmann and Gor
don M. Ringold of Stanford, report 
in Science that they have determined 
how cachectin depresses enzyme lev
els. Apparently the factor severely cur
tails the amount of messenger RNA 
transcribed from the genes that en
code enzymes required for fat produc
tion. In the absence of messenger RNA 
the enzymes are not made. 

The workers made this discovery by 
measuring the effect of cachectin on 
the levels of the messenger RNA's that 
code for the fat-producing enzymes. 
To do so they added cachectin to a 
batch of rodent fat cells, isolated all 
the RNA and measured (by means of a 
radioactive DNA probe) the level of 
the RNA's mediating fat formation. 
As expected, cachectin was associated 
with reduced levels of those RNA's. 

The workers next studied whether 
other signs of cachexia could be in
duced when fat cells were exposed to 
cachectin. They observed that cachec
tin caused the cells to lose their accu
mulated lipid droplets and blocked the 
production of more fat, two reactions 
known to occur during cachexia. 

Cerami, Beutler and I. W. Milsark, 
also of Rockefeller, were aware of in
dications that cachectin plays a signif
icant role in the shock related to in
fection by gram-negative bacteria, a 
group that includes Salmonella and 
Shigella. To explore the relation they 
injected mice with an antibody that 
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binds to cachectin and neutralizes it. 
Then they injected the mice with a 
bacterial endotoxin known to cause 
shock. The passively immunized mice 
were protected. In mice that had not 
received the antibody, the endotoxin 
stimulated the release of cachectin and 
the mice quickly died of shock. These 
results suggest a potential therapy for 
shock based on neutralizing cachec
tin's activity. 

Further work by members of the 
Rockefeller group and other investi
gators revealed that cachectin and 
tumor-necrosis factor (TN F), which 
had been isolated by Lloyd J. Old and 
his colleagues at the Memorial Sloan
Kettering Cancer Research Institute, 
are the same substance. The first hint 
emerged when Beutler sent John 
Mathison of the Scripps Clinic and Re
search Foundation a sample of mouse 
cachectin. Mathison put the substance 
through a screening panel that includ
ed an assay testing for activity against 
tumor cells. Mathison was surprised to 
find that the cachectin killed the cells 
as effectively as TNF does. 

Beutler then compared the partial 
seq uence of amino acids he and his 
colleagues had derived for mouse ca
chectin with the corresponding seg
ment of human TNF, whose structure 
was completely known. The two sec
tions shared 15 out of 20 amino acids, 
suggesting that the two proteins are 
homologous. The conclusion was con
firmed when Lucie Fransen at Biogen, 
SA, determined the complete sequence 
of amino acids in mouse cachectin, a 
task Beutler and his colleagues also 
completed successfully. 

How does cachectin cause shock and 
mediate the destruction of tumor cells? 
The two effects may be related to ca
chectin's ability to reduce messenger
RNA levels. In shock endotoxin may 
cause a release of cachectin; the fac
tor may then depress RNA levels and 
thereby shut down vital cellular func
tions. In tumor tissue endotoxin may 
also cause the release of cachectin, 
which is to say of TNF. In this in
stance, however, the factor may specif
ically affect RNA's that mediate the 
biochemistry of tumor cells. 

Scientists at several biotechnology 
companies are eagerly analyzing ca
chectin by snipping the molecule apart 
or synthesizing segments of it and in
troducing the pieces into cell cultures. 
One investigator at Biogen speculates 
that the part of the molecule responsi
ble for antitumor activity is different 
from the part responsible for shock. 
Work has begun there on second-gen
eration molecules: fragments of ca
chectin that might initiate antitumor 
activity without producing such side 
effects as shock. At the Asahi Phar-

maceutical Company in Japan clini
cal applications of cachectin are also 
being evaluated. 

Piggyback Vaccine 

Almost 200 years ago Edward Jen
£\. ner 'gave the world its first vac
cine when he inoculated an eight-year
old boy with cowpox virus to pre
vent smallpox. Now the cowpox virus, 
called vaccinia, may again serve as the 
vehicle for a major advance in disease 
prevention. Enzo Paoletti of the New 
York State Department of Health and 
his colleagues report in Science that 
they have derived from the virus a 
genetically engineered polyvalent vac
cine that has simultaneously immu
nized rabbits against hepatitis B. her
pes simplex and influenza. 

Vaccinia lends itself to becoming a 
polyvalent vaccine because it is a large 
virus whose DNA can accommodate 
the insertion of many foreign genes. 
Once they have been inserted into vac
cinia DNA and placed (as part of the 
vaccinia virus) in live cells, these genes 
manufacture proteins, exploiting the 
biochemical machinery of the host. In 
particular they direct the production 
of antigens: proteins that stimulate the 
immune system of the vaccinated ani
mal to produce antibodies neutralizing 
the herpes, hepatitis and influenza vi
ruses. Since these viruses are not pres
ent in the vaccine, side effects they 
might provoke-such as allergic reac
tion or low-level infection-are unlike
ly. In this respect the polyvalent 
vaccine resembles monovalent syn
thetic vaccines that present only an 
antigen instead of a whole virus in 
killed or attenuated form. The only 
whole virus here is vaccinia, which 
rarely provokes adverse reactions. 

The investigators produced the 
polyvalent vaccine by extending al
ready successful recombinant-DNA 
techniques for creating vaccinia-based 
vaccines against single viruses. First 
the team isolated the foreign gene se
quence for the influenza antigen and 
embedded it in a fragment of vaccinia 
DNA. The fragment was introduced 
into cultured cells infected with vac
cinia virus. When the virus replicat
ed, the DNA fragment recombined at 
its normal site in the vaccinia DNA, 
thereby forming a recombinant vac
cinia-pIus-influenza vaccine. The proc
ess was repeated to incorporate isolat
ed gene seq uences from the herpes 
and the hepatitis virus. The full poly
valent vaccine was purified by clon
ing and was grown in tissue culture. 

Tests of the effectiveness of the vac
cine were carried out in rabbits. The 
workers found that the vaccine raised 
detectable levels of antibodies to all 
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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, five-speed gearbox and responsive 2.5 liter engine will handle the asphalt. 
Its sharply styled appearance will handle the rest. 
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John Fitzgerald, Vice President 
Environmental Testing and Certification Corporation 

� � TATe Use an HP 3357 lab automation system 
t' " for chemical analyses and an HP 3000 bus

iness computer to generate reports and operate our data
base management services. The accuracy and ease of 
use of these HP systems has enabled us to make im
pressive productivity gains while reducing test costs. 

"HP was the only vendor who could automate 
both the analytical and business sides of our opera
tion and combine the systems into one network. 

"Within a week of delivery, all HP systems were 
up and running: 24 hours a day, 7 days a week. Down
time costs us $30-$40 thousand an hour, so HP's 
near 100% reliability is essential to our success." 

Jeff Norkin, Vice President 
Container Corporation of America 

� �W: have a network of 52 HP3000 computers 
operating in 77 manufacturing sites. It 

enables us to develop estimates for customers in min
utes-a process that previously took two days. 
Moreover, the network gives us vital information for 
enhancing the quality of our packaging products. All 
this with an annual savings of $600,000. 

"With HP's support and the flexibility of our HP 
3000 network, we can design and implement addi
tional systems, as needed, without costly conversions. 

"We can count on HP's technical expertise to pro
vide solutions to new challenges, and we plan to 
expand our network with additional HP 3000s." 

Isn't your business worth HP? 

Flia- HEWLETT 
�� PACKARD 
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three of the introd uced antigens. It also 
protected two test animals against in
fection by the target viruses (and by 
vaccinia). 

Because the DNA of vaccinia can 
accept dozens of genetic insertions, 
polyvalent vaccinia recombinants can 

REPLICA of the Lake Turkana Homo erec
tllS skeleton is at the National Museums of 
Kenya. Some of the material (yellow, greell, 
light gray) was added for the reconstruction. 
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in theory be created against five, 1 0  
or more strains of influenza or other 
multistrain viruses. Whether the im
mune system would be able to respond 
to so many challenges at once has yet 
to be determined. Paoletti thinks the 
most exciting application of vaccinia 
recombinants would be the develop
ment of "cassettes" carrying genes for 
antigens of many infectious agents in 
a given geographic area. One cassette 
could be administered in, say, South 
America, whereas a different cassette 
would serve in North America. 

Within the next two years Paoletti 
hopes to begin human tests of vaccinia 
recombinants against single viruses
herpes and hepatitis-followed q uick
ly by polyvalent vaccines. 

Skeleton Key 

Ayear has elapsed since a team 
of paleontologists unearthed a 

1 .6-million-year-old skeleton of Homo 
erectus that is certainly the most com
plete example and probably one of the 
oldest examples of this extinct species 
yet found. The specimen has already 
yielded much new information about 
the early ancestors of modern man. 

The first fragment of the skeleton 
was discovered by Bw. Kamoya Ki
meu at a site in Kenya near the western 
shore of Lake Turkana, where a num
ber of human fossils have been found. 
The dispersed bones and fragments of 
much of the rest of the skeleton were 
excavated by other members of a team 
led by Frank Brown of the University 
of Utah, John Harris of the Los Ange
les County Museum, Richard Leakey 
of the National Museums of Kenya 
and Alan Walker of Johns Hopkins 
University. 

Homo erectus, a species that made 
primitive tools and may have used fire, 
is thought to be the direct ancestor of 
Homo sapiens, the living species of 
man. The first hominids, or humanlike. 
creatures, appeared on the earth some 
four million years ago, and for the next 
two million years several species ap
parently existed in Africa. The rela
tively large-brained H. erectus emerged 
there about 1 . 6  million years B.P. (be
fore the present), and then in Asia 
about a million years B.P. The spe
cies disappeared from both continents 
about 3 00,000 years B.P. 

According to Eric Delson of the 
American M useum of Natural Histo
ry, the Kenyan find is important be
cause it consists of almost the entire 
skeleton, including most of the skull; it 
lacks only hands and feet and most of 
the arm bones. It is therefore the first 
fossil early hominid in which both 
brain and body size can be accurately 
measured on the same individual. 

Brown and his colleagues report in 
Nature that bone structure and tooth 
development in the fossil are consis
tent with those of a modern 1 2-year
old male. In spite of the apparent age, 
the lengths of the long bones of this 
individ ual are close to the mean 
lengths for modern adult males. He 
was nonetheless likely to have been 
somewhat under 1 .68  meters (5 '5 " )  
tall: because the H. erectus skull was 
relatively flat, he would have been 
shorter than a modern human whose 
bones are the same length. "If a mem
ber of Homo erectus got on your bus," 
Delson notes, "it would be obvious 
that there was something unusual 
about him." 

Study of this fossil is providing in
sights into patterns of growth and indi
vid ual differences in these earlier hom
in ids. For instance, it is clear from the 
shape of the pelvis that this specimen 
was a male. Comparison of his facial 
pattern with that of other fossil skulls 
has helped to identify the sex of these 
individuals. The authors and others 
conclude that there were substantial 
differences between male and female 
skull shapes in early H. erectus. 

Furthermore, the narrow pelvic 
structure seen in the fossil may indi
cate that this species gave birth to 
small, immature infants. This fact, as
sociated with the high level of infant 
dependence and parental care that is 
typical of humans, suggests these be
havioral traits may actually have been 
present 1 .6 million years ago. 

The new skeleton should help to re
solve a significant evolutionary ques
tion about H. erectus: Are the African 
forms members of the same species as 
the Asian ones? If they are, the spe
cies may have changed more over its 
1 . 5 -million-year span than has been 

thought. The answer hinges on accu
rate attribution and dating of many 
scattered and often fragmentary fos
sils thought to be H. erectus. 

The Right Chemistry 

Predicting the outcome of complex 
chemical reactions has long chal

lenged theoreticians. A team of inves
tigators at the University of Georgia 
reports that the task may be made easi
er and years of potentially unfruitful 
research may be avoided by exploit
ing certain branches of mathematics 
known as graph theory, topology and 
group theory. As well as saving per
haps millions of dollars in the develop
ment of drugs, the new approaches 
could also have a large impact on can
cer research and the control of envi
ronmental pollution. 

If the approaches are successful, 
they would supplement the traditional 
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tools of theoretical chemistry, quan
tum mechanics and statistical mechan-

. ics. Quantum mechanics provides a 
way of predicting the behavior of at
oms, and statistical mechanics is an el
egant way to approximate large sys
tems of atoms and molecules. In spite 
of the great success of these tech
niques, they do have limitations. When 
the Schr6dinger equation (the funda
mental equation of quantum mechan
ics) is employed to model atoms that 
have large numbers of electrons, for 
instance, the calculations become ex
ceedingly complex and cumbersome. 

The Georgia investigators hope to 
find short cuts. Dennis H. Rouvray, a 
theoretical chemist and member of 
the Georgia group, notes, for instance, 
that constructs known as "topologi
cal indices" can be used to describe 
the structure of compounds in purely 
mathematical terms. Specifically, indi
ces can express the bonding network of 
a compound: the neighborhood rela
tion between atoms. 

Indices take on a wide variety of 
forms including an algorithm, a ma
trix, a code or even a simple number. 
Rouvray states that "in recent years 
such indices have been shown time and 
again in all sorts of different contexts 
to be extremely valuable predictors 
of chemical behavior." They could, 
for instance, be employed to predict 
physical properties such as freezing 
and boiling points, densities, viscosi
ties, surface tensions, magnetic prop
erties, heat capacities, refractive indi
ces and dielectric constants. 

On the biological side topological 
indices could predict carcinogenic, 
mutagenic and teratogenic behavior, 
as well as biological degradability and 
toxicological behavior. They may also 
prove worthwhile for predicting oc
tane number in fuels and designing 
new drugs. 

Also working on the prediction of 
physical and statistical properties of 
matter are E. Rodney Canfield, a com
puter scientist, and M. Howard Lee, a 
theoretical physicist. Canfield is now 
developing the computer software in 
order to utilize both topology and 
group theory. R. Bruce King, leader of 
the project, is concentrating on the de
sign of new substances, such as novel 
cond ucting materials, that have the de
sirable properties of both metallic and 
nonmetallic materials. 

In spite of the promise of the ap-. 
proach, it is still in its infancy. King 
says that "as far as we know, this is the 
first time in this country that a major 
group has been assembled with our 
specific objectives in this field." The 
Georgia team has received a $ 1. 2  mil
lion contract from the Office of Naval 
�esearch, with the possibility of fur-

ther funding from the National Sci
ence Foundation and the Environmen
tal Protection Agency . 

Airtight Case 

Air trapped in old hourglasses, brass 
n buttons and pendulum bobs may 
help to show how much the concentra
tion of carbon dioxide in the atmos
phere has increased in recent centuries. 
Workers at the Los Alamos National 
Laboratory are exploring the possibili
ty, scouring the world for objects that 
are hollow, airtight and datably old. 
They will open the objects in a vacu
um, ascertain by gas chromatography 
the amount of carbon dioxide in the 
trapped air and compare the readings 
with measurements of modern air. 

The object is to obtain data bearing 
on the possibility that the burning of 
fossil fuels is increasing atmospheric 

carbon dioxide levels enough to cause 
changes in global climate patterns. 
Carbon dioxide is transparent to sun
light at visible wavelengths but is 
opaq ue to certain infrared radiation 
that would otherwise be transmitted 
from the earth to space. It therefore 
tends to trap heat. If the result were 
to be a significant greenhouse effect, 
some areas of the globe would become 
warmer and wetter. 

Among the objects the Los Alamos 
group has found or been given so far 
are a stuffed quail in a glass case, mod
el ships in sealed bottles and a set 
of old bottles of chemicals with their 
original seals. It remains to be seen 
whether these and the other old-air 
objects have remained airtight and 
whether the air in them appears not to 
have been changed in composition by 
chemical reactions with the walls of 
the container. 

OLD AIR will be sought by Los Alamos National Laboratory workers in metal buttons col
lected at the laboratory, in an hourglass from the Adler Planetarium in Chicago and in a 
bottle containing a ship model at the Maine Maritime Museum (photograph by Lou Jones). 

liS 
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Terranes 

They are fault-bounded blocks of crust that accrete to the ancient 

cores of the continents. The process makes the continents increase 

in extent and reworks them into what amount to geologic collages 

F
or more than a century geologists 
have been seeking to understand 
the engine that produces the 

great geologic features of the earth. 
The early investigators conceived 
of geosynclinal cycles: great crustal 
downbowings that fill with sediment, 
followed by upheavals that create 
young mountain ranges. That picture 
gave way to the theory of plate tecton
ics. In this view, put forward in the 
1960's, the dominant directions of mo
tion are horizontal: the brittle, outer 
layer of the earth consists of large 
crustal plates that are constantly shift
ing. Where plates move away from one 
another, rifts develop and new ocean 
basins form; where plates collide, 
chains of volcanoes erupt along lines 
parallel to the zone of the collision; 
where plates slide past each other, 
along faults such as the San Andreas 
fault in California, great earthquakes 
can occur. 

It is becoming apparent, however, 
that a further revision is in order. The 
crustal patterns engendered by plate
tectonic activity are ephemeral: tec
tonic forces rework the original pat
terns, carving out fragments of crust, 
dispersing them and refashioning them 
into groupings of disparate crustal 
blocks. At the same time new crustal 
blocks arise from volcanic processes 
and get swept into the reworking. The 
crustal plates are turning out, there
fore, to be strange patchwork mixtures 
of crustal fragments, geologic collages 
consisting of pieces known as terranes. 

The concept of terranes emerged in 
the 1970's, when conflicts over land 
use in Alaska required that the U.S. 
Geological Survey send teams of ge
ologists to survey mineral resources. 
What they found was startling. The 
elucidation of a geologic pattern in one 
part of the state would lead to a predic
tion of what the pattern should be a 
few tens of kilometers away. Yet the 
actual pattern would be markedly dif-
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ferent: the rock would be the wrong 
age and have the wrong composition. 
In brief, the straightforward applica
tion of the plate-tectonic theory failed 
to account for the geology of Alaska. 
The entire state proved instead to be an 
agglomeration of crustal fragments. 
Alaska is the crustal flotsam and jet
sam of the ancient, vanished ocean 
that preceded the Pacific. It is a collage 
of terranes dismembered and reposi
tioned over the past 160 million years 
by the wanderings and collisions of 
crustal plates. Pieces are still arriving 
from the south. 

The Advent of Plate Tectonics 

A brief review of the plate-tectonic 
theory helps to put terranes in perspec
tive. After all, terranes represent only 
the newest aspect of the central effort 
in geology, an effort to grasp the vast
ness of time and comprehend the cu
mulative effects of slow movements 
in the earth. (Most tectonic processes 
plod along at rates equal to or less than 
the growth rate of a fingernail.) Funda
mentally the crust of the earth has two 
domains: the oceanic crust, which is 
dense and homogeneous, and the con
tinents, which are lighter and mineral
ogically heterogeneous. Terranes are 
the crustal fragments swept onto the 
ancient cores of the continents. In de
scribing their histories one confronts 
the full consequences of the plate-tec-, 

tonic theory, in which oceanic crust 
transports the continents as though it 
were a great, slow conveyor belt. 

Oceans indeed are a central part 
of plate tectonics. Specifically, each 
ocean basin widens in the wake of di
verging plates as magma, or molten 
rock, rises and solidifies to produce 
oceanic crust along a submarine ridge 
called an oceanic spreading center. 
Over geologic time the process may 
have slowed, and the network of 
spreading centers may well have de
creased in extent. The present length of 
the network amounts to some 56,000 
kilometers, and during the past two 
billion years the spreading velocities 
have probably averaged about five 
centimeters per year. The present-day 
Atlantic spreads at less than three cen
timeters per year; the most active parts 
of the East Pacific spread at about 
16 centimeters per year. (These rates 
combine the velocities of the two 
plates moving in opposite directions 
from an oceanic spreading center.) 

The multiplication of the two fig
ures-the average spreading rate and 
the length of the spreading-center sys
tem-yields the estimate that new oce
anic crust is formed today at a rate of 
2.8 square kilometers per year. The 
area of the oceans is 3 10 million 
square kilometers. It follows that the 
oceans could have formed in a mere 
1 10 million years. This is quite a real
ization. Before the theory of plate tec-

SIX TERRANES occupy the part of the coast of southeastern Alaska shown in this Landsat 
image. The coast is indented by Yakutat Bay; to its west the Malaspina Glacier descends 
from a group of peaks including Mount St. Elias and Mount Augusta. Under the ice and 
snow the rock represents parts of volcanic islands, parts of a displaced continental margin 
or the metamorphosed and remelted products of sediments within a sedimentary matrix. In 
each case the rock accreted to the ancient core of North America during the,past 100 mil
lion years: the terranes are disparate fragments of crust swept together by the motions of 
the earth's great crustal plates. In southern Alaska the terranes are elongated bodies result
ing from the slicing of the crust by faults to the south. Even today the faulting continues 
to spread terranes northward. A rotation has also taken place. Caught between the North 
America plate and the Pacific plate, the terranes of southern Alaska have turned clockwise. 
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tonics the oceans were taken to be the 
oldest parts of the earth, simply be
cause they are the lowest parts of the 
surface. The idea was that old rock is 
colder, hence denser and lower, than 
young rock. The remarkable youth of 
the oceans is now well confirmed by 
the samples of oceanic crust amassed 
by the Deep Sea Drilling Project. In 
the earth today the age of the ocean
ic crust ranges from essentially zero 
along the submarine ridge crests that 
mark spreading centers to no more 
than 180 million years in the eastern 
Pacific, the part of an ocean floor most 
distant from a ridge. Over the past two 
billion years as many as 20 oceans may 
have been created and destroyed. 

Oceanic crust rises at a ridge, moves 
across the width of an ocean basin and 
descends along a trench that marks 
what is called a subduction zone. The 
crust's surface, however, is not flat. On 
a broad scale the oceanic rock cools 
and compresses as it spreads away 
from the ridge crest where it was em
placed in the crust, and so the crust 
systematically sinks. 

Moreover, mountains known as sea
mounts or oceanic plateaus are wide
ly distributed across the ocean floor. 
Many are high enough to form islands. 
As I shall show, they can be swept up 
by plate-tectonic processes and thus 
become part of terranes. The primary 
constituent of a seamount is basalt, a 
dark volcanic rock that is rich in iron 
and magnesium and has a silica con
tent of less than SO percent. The rock 
ascends from "hot spots" under an 
oceanic plate. In fact, when the posi
tion of the hot spot is stable in the earth 
(that is, when the hot spot is stationary 
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with respect to the core of the planet), 
long linear chains of volcanoes can 
form as the plate slides over the rising 
jet of magma. The Hawaiian Islands 
are part of such a chain. The rate of 
growth of the chain is rather rapid as 
geologic processes go, and yet the hot 
spot itself is seldom more than a kilo
meter in diameter. The annual global 
contribution of oceanic basaltic piles 
to the augmentation of the continental 
crust is estimated to be only about .2 
cubic kilometer per year. 

Subduction-Zone Volcanism 

A greater contribution to the conti
nental crust comes about when two 
plates collide. Along the zone of col
lision the denser plate descends, so 
that it encounters progressively great
er temperature. The plate carries sedi
ment and also water trapped in pores 
in the crustal rock. At a critical depth, 
usually between 100 and 1 SO kilome
ters, the water triggers a sequence of 
physical and chemical events, includ
ing the partial melting of rock, pro
d ucing a magma that tends to be rich 
in volatile chemical elements, nota
bly aluminum, potassium and sodium. 
The silica content ranges from SO to 
75 percent. The magma is stickier and 
more viscous than an oceanic, basal
tic magma, and so it supports a build
up of pressure. The result is that the 
volcanism related to the earth's sub
duction zones tends to be explosive. 
Mount St. Helens and Krakatau are 
examples of the process, which has 
also formed numerous island arcs. 

The plate-edge volcanoes are quite 
different from the intraplate islands 
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and seamounts. For one thing the 
plate-edge volcanoes lie above great 
rising curtains of magma that parallel 
the trench marking the interface be
tween two colliding plates. In all, the 
earth now has some 37,000 kilometers 
of plate-edge volcanic chains, and for 
each kilometer of such activity it is cal
culated that from 20 to 40 cubic kilo
meters of new siliceous material erupts 
in a million years. Worldwide, there
fore, siliceous volcanic material joins 
the continental crust at a rate of rough
ly .75 to 1.5 cubic kilometers per year. 

Clearly plate tectonics offers a ratio
nale by which to examine terranes and 
classify additions of new material to 
the continental crust. In itself the oce
anic crust is likely to contribute almost 
nothing, since the formation of ocean
ic crust at ridge-crest spreading centers 
is likely to be balanced by the loss of 
oceanic crust along subduction zones. 
The evidence is impressive. The as
semblage of crustal rocks produced 
at spreading centers, called a MORB 

(mid ocean ridge basaltic) ophiolite and 
consisting of a characteristic seq uence 
of three strata a total of six kilometers 
thick, is observed only rarely in folded 
mountain belts. (Mountain ranges al
most always form by crustal folding.) 
Such belts are where MORB ophiolites 
would be found if oceanic crust aug
mented the continental masses. 

Protruding above the oceanic crust, 
however, are the islands or island 
chains created by gentle, basaltic vol
canism above hot spots and the island 
arcs created by the more explosive 
volcanism that parallels subduction 
zones. The ocean basins also include 
fragments of continental margins that 

c 

SKELETONS OF RADIOLARIANS, single-cell organisms that 
first appeared in the oceans some 500 million years ago, can now be 
freed from rocks such as flinty chert, which form from deep-sea 
sediment. The shape of the skeletons reveals the age of the rocks 
and so helps to establish the histories of terranes. The two skeletons 
at the left were extricated from mudstone of the Golconda terrane 

in north-central Nevada. One of them (a), of the genus Pseudoal
baillella, is some 290 million years old; it is enlarged 200 diameters. 
The other one (b), of the genus Albaillella, is 250 million years old; 
the magnification is 300 diameters. The two skeletons at the right 
were extricated from chert of the San Simeon terrane in southern 
California. One of them (c), of the genus Archaeodictyomitra, is be-
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broke away from the continents when 
rifting occurred and new oceans 
.opened. Moreover, on the ocean floor 
there are blankets of sediments cur
rently totaling 170 cubic kilometers 
worldwide. The sediments represent 
river-borne continental debris, plank
tonic fossil remains and chemical pre
cipitates from the sea. Some of the ma
terial on the ocean floor is subducted. 
Nevertheless, much of the sediment, 
the basaltic seamounts, the volcanic 
island arcs and the continental frag
ments is destined to be swept together: 
it becomes terranes, which increase 
the size of the continents. 

The Nature of Terranes 

In geology the word terrain simply 
designates the lay of the land. In con
trast, the term terrane (the full name 
is tectonostratigraphic terrane) desig
nates a crustal block, not necessarily 
of uniform composition, bounded by 
faults. It is a geologic entity whose 
history is distinct from the histories 
of adjoining terranes. Terranes come 
in many sizes and shapes, and they 
have varying degrees of composition
al complexity. India, for example, is a 
single great terrane. Some of its indi
vidual rock formations have ages ex
ceeding a billion years; nevertheless, 
over the past 100 million years India 
has acted as a single mass. (It was part 
of the margin of the great, but now 
shattered, megacontinent Gondwana 
and then broke away and drifted north 
to a collision with the southern margin 
of Asia.) Conversely, the terranes that 
did not originate as a fragment of some 
earlier continent generally embody a 

d 

tween 100 and 150 million years old and is 
enlarged 700 diameters. The other (d), per
haps of genus Stichocapsa, is of similar age 
and size. The scanning electron micrographs 
were provided by Benita L. Murchey and Da
vid L. Jones of the U.S. Geological Survey. 

fairly simple history spanning less than 
200 million years, the normal maxi
mum survival time for an ocean floor. 
The composition of such terranes 
tends to resemble that of a modern 
oceanic island or plateau. Some ter
ranes consist chiefly of consolidated 
pebbles, sand and silt; they represent 
sedimentary fans that accumulated in 
an ocean basin, commonly between 
colliding crustal fragments. 

The geometry of a terrane is the 
product of its history of movements 
and tectonic interactions. Terranes 
born on an oceanic plate retain their 
shape until they collide and accrete. 
Then they are subjected to crustal 
movements that modify their shape. 
For example, the terranes of the 
Brooks Range in Alaska are great 
sheets stacked one on top of another. 
Elsewhere in the cordillera, or chain 

'
of mountain ranges, in western North 
America the terranes are elongated 
bodies. The elongation reflects the slic
ing of the crust by a network of north
west-trending faults including the San 
Andreas fault of California. In Asia 
the terranes tend to have retained the 
shapes they inherited from episodes of 

. rifting; some smaller terranes, howev
er, were caught in collisions between 
the larger ones and got distorted. The 
assemblage of terranes in China is be
ing stretched and displaced in east
west directions as India continues to 
squeeze Asia from the south. 

The precise history of the movement 
of an individual terrane is not always 
known. Indeed, it is only recently that 
paths have been documented for a few 
of the earth's terranes. Since by defi
nition terranes are fault-bounded and 
distinct from their geologic surround
ings, each of them must have moved 
a distance at least equal to its long
est dimension. The actual distances 
vary greatly. Some basaltic seamounts 
now accreted to the margin of Oregon 
have moved a minimal distance, from 
a nearby offshore origin. Yet similar 
rock formations around San Francisco 
have come as far as 4,000 kilometers 
across the Pacific. At a rate of just 10 
centimeters per year a wandering ter
rane could complete a circuit of the 
globe in just 400 million years. Little 
wonder that the continents are patch
work agglomerations of terranes. 

Lines of Evidence 

How can the history of a terrane be 
reconstructed? Fundamentally the ori
gin of each rock unit composing a ter
rane gives insight into the evolutionary 
history of the terrane. The sedimenta
ry rocks indicate depositional environ
ments of the past: they suggest ancient 

river gravels, coral banks, deltaic 
sands, muds of a continental shelf or 
muds of an ocean abyss. The age of the 
sedimentary rocks is .also important. 
One aid in determining age is the fossil 
record. Until recently, however, the 
record was incomplete: the fossil evi
dence came mostly from rocks depos
ited in ancient shallow marine environ
ments. Only in the past decade has it 
become possible to determine the age 
of rocks representing deeper oceanic 
deposits-rocks that are essential to an 
understanding of the events that creat
ed many of the earth's mountain belts. 
The breakthrough involved radiolari
ans and conodonts. 

Radiolarians are single-cell organ
isms that appeared in the oceans as 
early as the Cambrian period, some 
500 million years ago. and were abun
dant until as recently as 160 million 
years ago. They occupied the upper 
'
levels of the ocean, but their skeleton 
consisted of silica, a substance of very 
low solubility at all levels of the sea. 
Accordingly abyssal muds are often 
rich in what is called radiolarian ooze: 
the accumulation of their skeletal sil
ica. The rock called flinty chert, ex
ploited for the making of arrowheads 
and knives by many peoples, is in fact 
the hardened ooze. Once the technique 
was perfected for extracting radiolar
ians from chert by dissolving the rock 
in a strong acid, thousands of chert as
semblages could be dated. 

Conodonts too are microscopic fos
sils, and like radiolarians they can now 
be extracted from rock by dissolving 
the rock in strong acids. Their biolog
ical identity was elusive. Now, how
ever, it seems certain they are skeletal 
remains from the feeding apparatus 
of an extinct group of small, marine, 
wormlike animals that lived from 570 
to 200 million years ago. Because 
conodonts are found in association 
with other fossil assemblages, it has 
been possible to establish a time scale 
of changing conodont morphology. In 
fact, for rocks more than 250 million 
years old the basis for radiolarian bio
stratigraphy (the determination of the 
age of a rock from the nature of the 
radiolarian fossils it holds) is the occa
sional joint occurrence of radiolarians 
and conodonts. By means of radiolari
ans and conodonts many rocks whose 
age was unknown a decade ago can 
now be dated. The results are often 
surprising. Sequences of old rocks are 
sometimes found to be lying on young
er ones; hence great piles of strata 
seem to have been reshuffled. In some 
cases the stacking surfaces are parallel 
to the strata and the rocks show no 
obvious sign of repositioning. 

Structural geology also has a part 
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in the analysis of terranes. The reason 
is plain: the movement of rocks past 
(or over or under) one another imparts 
folds, crenelations, lineations and foli
ations, microscopic and macroscopic, 
all of which are a help in reconstruct
ing the movement. Many of the folds 
one sees in the field, however, repre
sent not the primary direction of mo
tion but a later motion that consoli
dated terranes into tighter packages. 
The structural data are complemented 
by analysis of the composition of the 
rock. There seem to be no sure correla
tions between mineral assemblages or 
chemical composition and particular 
modes of origin, but there are generali
zations that often hold true. For exam
ple, granite whose content of stronti
um is unusually rich in the isotope 
strontium 87 tends to result from the 
solidification of magma within an ex
isting old continent, whereas granite 
poor in strontium 87 indicates an ori
gin in an oceanic setting. 

An important contribution to recon
structing the history of terranes de
rives from the study of remanent pa
leomagnetism: the alignment of mi
nute magnetic particles in a rock, 
induced, at the time the rock formed, 
by the magnetic field of the earth. The 
investigations assume the earth's mag
netic field is essentially that of a di
pole, or bar magnet, coincident with 
the planet's axis of spin, so that the 
field lines at the Equator are horizon
tal (parallel to the surface of the earth) 
and the field lines at each pole are 

vertical (perpendicular to the surface). 
Between the Equator and the poles the 
field lines steepen. Most sedimentary 
and volcanic rock is deposited hori
zontally in sheets; hence the tilt of its 
remanent paleomagnetism can reveal 
the latitude at which the rock was 
formed. In addition the compass direc
tion of the orientation of the magnet
ism can suggest that the rock has been 
rotated at some point in its geologic 
wanderings. 

Collage Tectonics 

Drawing on all these lines of evi
dence, I shall now take up, in terms of 
terranes, the rebuilding and reshap
ing of the continents, past and future. 
Some numbers are worth keeping in 
mind. The present global volume of 
continental crust is approximately 7.6 
billion cubic kilometers; the oldest 
rock known is 3.8 billion years old. Di
viding the first number by the second 
yields a simple linear estimate that the 
continents have grown at a worldwide 
rate of about two cubic kilometers per 
year-or roughly 65 cubic meters per 
second. The estimate may be too high; 
the growth processes in the hot, primi
tive earth may have been more rapid 
than the average. A host of crustal 
growth curves have been proposed; 
most of them hypothesize that be
tween 70 and 80 percent of all crustal 
growth occurred more than two billion 
years ago. The final 20 to 30 percent 
of the current mass of the continents 

would then have accumulated over the 
past two billion years, at an average 
rate of from . 7 to 1. 1 cubic kilometers 
per year, a rate well within the rate 
of crustal contributions from modern 
volcanic arcs and oceanic seamounts. 

The accumulation amounts to the 
plastering of terranes onto preexisting 
cratons, or continental nuclei, the old
est parts of the continental crust. The 
process can be followed in greatest de
tail through Phanerozoic time, the 
span of approximately 600 million 
years for which the fossil record of 
multicellular life is abundant. At the 
beginning of the span the existing con
tinents (according to the paleomagnet
ic data) were isolated masses strung 
around the globe in the equatorial re
gion. (The period from 700 to 500 mil
lion years ago was apparently an age 
of major continental breakup.) In the 
ensuing 350 million years the shifting 
of the continents resulted first in the 
agglomeration of two megacontinents, 
Gondwana and Laurasia, and then, 
250 million years ago, in the union of 
the two to form the supercontinent 
Pangaea, a broadly crescent-shaped 
mass with a general north-south orien
tation. The old continental nuclei, aug
mented by terranes that had accumu
lated since the beginning of the Phan
erozoic, then began to break up again 
some 200 million years ago along a 
new pattern of rifts resembling the 
modern 56,000 kilometers of globe
girdling oceanic spreading centers. 

One can imagine, in the earth sever-

CONODONTS, unlike radiolarians, were part of a larger organism: 
they are skeletal remains, no more than a millimeter long, from the 
feeding apparatus of extinct marine worms that lived from 570 to 
200 million years ago. Their shape and their surface ornamentation 
establish the age of the rock in which they are found; their color 
characterizes the maximum temperature attained by the rock, a 
matter of importance in exploration for hydrocarbons and certain 
minerals. (Between 50 and 550 degrees Celsius the organic matter 
in conodonts changes sequentially from pale yellow to brown, black, 
gray and white, and finally it loses all color; a temperature exceed
ing 150 degrees eliminates the possibility of liquid hydrocarbons.) 
The conodonts at the left, from the Brooks Range in northwestern 

Alaska, lived in shallow-water marine environments about 360 mil
lion years ago. Their color (pale yellow to light brown) indicates 
that the host rock never got beyond 90 degrees. The conodont at 
the center, from a small clast, or fragment, in a conglomerate out
cropping along the Yukon River in eastern Alaska, lived at relative
ly shallow depths; the clast is rock that was deposited about 325 
million years ago. The gray color indicates that the rock reached a 
temperature of at least 400 degrees. The conodonts at the right, from 
the Glacier Bay region of southeastern Alaska, lived in deep water 
approximately 230 million years ago. The blue-black color indi
cates a rock temperature of at least 300 degrees. The micrographs 
were provided by Anita G. Harris of the U.S. Geological Survey. 
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al hundred million years from now, 
the formation of a new superconti
nent consisting of Asia and North and 
South America. The Pacific will have 
closed, following the subduction of the 
East Pacific spreading ridge. Mean
while the Atlantic will have continued 
to widen. One can also predict that by 
then the colliding continents will have 
increased in size. The surface area of 
the continents ringing the Pacific to
day is 290 million square kilometers, 
of which the newly accreted. terranes 
(that is, the post-Pangaea material) 
contribute approximately 25 million 
square kilometers, or 9 percent. If one 
assumes the crust has an average thick
ness of 20 kilometers, the crustal 
growth rate in the Pacific over the past 
200 million years has been 2.5 cubic 
kilometers per year. The rate is some
what misleading: the tectonic collages 
ringing the Pacific include some large 
terranes consisting of displaced conti
nental crust that formed before Pan
gaea broke up. Examples include the 
eastern half of Mexico, the Brooks 
Range of Alaska, parts of northeastern 
Russia and most of the Malay Penin
sula. Still, the preliminary investiga
tions do seem to indicate that growth 
rates for the continental crust that 
rings the Pacific exceeded the global 
average rate of one cubic kilometer 
per year. 

In this regard some recent studies 
of remanent paleomagnetism in lime
stone blocks of northern California are 
intriguing. The studies indicate that 
the limestone, which ranges in age 
from 85 to 100 million years, was de
posited south of the Equator. Yet the 
age of sedimentary rock that now laps 
across the blocks suggests that the 
limestone (and associated basalts) be
came accreted to the margin of Cali
fornia no later than 38 million years 
ago. The figures require the plate car
rying the limestone to have moved 
northward at a rate of between 15 and 
30 centimeters per year, which is faster 
than the plates are moving now. The 
figures lead me to speculate that the 
growth rate of the continents may also 
vary. Perhaps the growth comes in 
cycles hundreds of millions of years 
in duration. 

The Importance of Sediments 

Sediments play far more than a pas
sive role in the growth or diminution 
of the continents. They too become 
part of terranes. For one thing, thick 
piles of sediments remain on the conti
nents and accumulate along their rift
ed margins. Only about 30 percent of 
the sediments discharged from rivers 
make it beyond the continental margin 

ONE VAST OCEAN, Panthalassa, dominated the surface of the earth some 250 million 
years ago, when essentially all the planet's continental crust was agglomerated into a sin
gle supercontinent, Pangaea. Since that time Pangaea has broken into the continents of to
day and the oceanic crust of the Panthalassan basin has been completely subducted (direct
ed downward back into the earth's mantle). Its place is now taken by the ocean basins of 
today. The crustal flotsam and jetsam of Panthalassa (consisting of fragments of continen
tal crust along with crust created by volcanic activity) yielded terranes that now augment the 
continents ringing the Pacific. Such terranes appear in orange in the next two illustrations. 

and settle onto oceanic crust. In the 
second place, part of the sediments 
carried to subduction zones by the 
oceanic conveyor belt seems to get 
plastered onto the overriding crustal 
plate as an "accretionary prism" or be
comes attached to the underside of the 
overriding plate. Then too, great piles 
of sediments are commonly caught be
tween colliding crustal masses. An ex
ample is seen today in the Molucca 
Sea, where two island arcs are collid
ing. A sediment pile may be a terrane 
in itself; this is the case for the accre
tionary prisms in the region of Kodiak 
Island and the Gulf of Alaska. Alter
natively, the pile may form the matrix 
in which terranes are embedded, as in 
the case of the Alaska Range. 

In the world today the greatest sin
gle source of sediment is the towering 
landform resulting from the collision 
of India and Asia. There the Asian 
crust has overridden the Indian ter
rane, doubling the thickness of the 
crust and creating the Himalayan 

Mountains, and to their north the Ti
betan plateau. Six great river systems, 
the Huang He, the Yangtze, the Ir
rawaddy, the Mekong, the Ganges
Brahmaputra and the Indus, drain the 
region, which amounts to only 4 per
cent of the world's land surface. To
gether they discharge into the oceans 
some 3.8 billion tons of sediment per 
year, or as much as 40 percent of all 
the sediment discharged by all the riv
ers of the earth. 

The sediment is composed of silt and 
clay, along with rock and mineral 
grains. A further constituent is water, 
owing to the porosity of the solids, 
which is commonly as much as 50 per
cent. If the net density of the sediment 
is two grams per cubic centimeter, the 
volume of the sediment discharged 
each year from Asia's rivers is 1.7 cu
bic kilometers; the volume worldwide 
is from 4.5 to 6.8 cubic kilometers. As 
the sediment compacts and becomes 
stone the porosity decreases to almost 
zero. The worldwide discharge there-
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fore amounts to some 3 .3  to 4.9 cu
bic kilometers of rock per year. (I 
have assumed a rock density of 2 .75 
grams per cubic centimeter, which is 
a bit greater than the density of com
mon quartz.) 

The long-term fate of most of the 
rock is unknown. Some of it could be 
subducted; some could be lifted be
tween colliding continental massifs; 
some could be torn away from its 
place of accumulation (say in a river 
delta or a deep-sea deposit) and ulti
mately become accreted to a far-off 
continent. Still, the 3 .3  to 4.9 cubic kil
ometers of rock that can form each 
year from sedimentation along conti
nental margins and on the ocean floor 

D 
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TERRANES IN MOTION 
AFTER PANGAEA 
ACCRETED TERRANES 

DISPERSED TERRANES 

TERRANES ACCRETED BEFORE 
OR DURING THE FORMATION 
OF PANGAEA 
200 TO 600 MILLION 
YEARS AGO 

600 MILLION TO 
2.5 BILLION 
YEARS AGO 

MORE THAN 
2.5 BILLION 
YEARS AGO 

far exceeds the .2 cubic kilometer con
tributed each year by basaltic volcan
ism and the .75  to 1 . 5  cubic kilome
ters contributed by explosive subduc
tion-zone volcanism. · Little wonder 
that sedimentary rock, or its metamor
phosed equivalent, is a major compo
nent of mountain fold belts. Indeed, 
the estimates I have given suggest that 
as much as 75 percent of newly formed 
continental crust could consist of sedi
ment and metamorphosed or melted 
prod ucts of sediment. 

Terranes of the North Pacific 

The making and shaping of conti
nents out of terranes is best explored 

by exammmg specific regions of the 
world. My own interest is the Pacific, 
which I divide into quadrants. Each 
quadrant displays a distinctly different 
geologic pattern, reflecting contrasting 
histories of the accretion and disper
sion of terranes. 

In the northeastern quadrant, where 
the Pacific washes the western coast
line of North America, terranes con
sisting chiefly of island arcs and other 
oceanic material have piled onto the 
coastline throughout the past 1 80 mil
lion years. The cordillera inland from 
the coast includes a network of north
west-trending strike-slip faults. Here 
the motion is primarily horizontal, . 
along the plane of the earth's surface; 

TERRANES OF THE NORTH PACIFIC dominate a map that 
shows somewhat more than a fourth of the surface of the earth. 
The spreading center of the Pacific is well to the east of the center 
of the Pacific; here part of it is visible south of Central America. 
The Pacific floor spreads from there, to be subducted along great 

trencbes, which mark subduction zones along the margins of the 
Pacific. Colors indicate the ages at which terranes accreted. The 
first terranes (bro wll), older than 2.5 billion years, include the ancient 
cores of the continents. The youngest accretions (orallge), which ac
count for some 9 percent of the surface area of the continents ring-
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thus the newly accreted terranes have 
been distended into a sequence of sliv
ers. Wrangellia, a well-studied terrane 
that once lay at, or even south of, the 
Equator, is a good example. Wrangel
lia crashed into Oregon some 70 mil
lion years ago. Subsequent faulting has 
spread fragments of Wrangellia north
ward, leaving parts in eastern Oregon, 
on the Vancouver and Queen Char
lotte islands and throughout the Wran
gell Mountains of southern Alaska. 
Central and western Oregon consists 
of terranes swept in after Wrangellia 
was in place. 

The Brooks Range of northern Alas
ka has a quite different story. There 
huge, thin sheets of strata representa-

I 
I 
I 

_--1-----

tive of a continental margin have been 
thrust over one another, transforming 
a geography that once measured at 
least 500 by 1,000 kilometers into a 
crustal stack 500 by 300 kilometers. 
Analysis of clues to the directions of 
flow of the sediment-bearing fluids 
that contributed to the strata indicates 
that the entire stack must have moved 
to its current position, but from where 
is a matter of debate. According to 
one hypothesis, the stack emerged by 
a counterclockwise rotation from the 
islands of the Canadian Arctic. The 
Canadian basin of the Arctic Ocean 
would then represent the depression 
left by the pivoting landmass. 

The northwestern quadrant of the 

Pacific includes Asia, Japan and the 
Philippines. Here the continental crust 
consists of old continental fragments, 
each of them flanked, or even sur
rounded, by belts of terranes that ac
creted during the Paleozoic era, from 
600 to 250 million. years ago. In effect 
the Siberian platform seems to have 
been a backstop on which a succession 
of terranes built outward. Along the 
southern border of the platform vol
canic arcs and other cr�stal chunks 
piled up in the early Paleozoic, from 
600 to 400 million years ago; they 
formed the Baikalean fold belt, the 
mountainous region between Mongo
lia and the Sea of Okhotsk. Then, from 
about 300 million years ago to about 

POTENTIAL FUTURE TERRANES 

TERRANES NOW ACCRETING OR AMALGAMATING _ 
VOLCANIC ISLAND ARCS D 

OCEANIC PLATEAUS D 
BASALTIC SEAMOUNTS AND ISLANDS 

OVERLAP SEQUENCES, D 
IGNEOUS "STITCHING" 

AND RIFTED CONTINENTAL 
MARGINS COVERED 

BY SEDIMENT 

SPREADING 
CENTERS 

SUBDUCTION ........ 
ZONES � 

ing the Pacific, represent crustal debris swept up by the subduction 
of Panthalassa. Modern oceanic plateaus, seamounts and island 
arcs represent possible future terranes. On the North American 
side of the Pacific the coast is formed by terranes consisting of oce
anic debris, including island arcs, distended into slivers. Northern 

Alaska (the Brooks Range) represents terranes thrust one over an
other; the terranes consist of continental margin and oceanic crust. 
On the Asian side of the Pacific the continental crust consists of an
cient terranes surrounded by belts of younger terranes. The ancient 
core of Asia was a ba!:kstop on which younger terranes accumu�ated. 
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60 million years ago, when India came 
crashing in, a number of terranes (Ta
rim, Yangtze, the Sino-Korean mas
sif, Indochina and finally India) came 
together to form Asia. 

A similar episode of accretion is 
now in progress. The Ontong Java oce
anic plateau is probably a rifted frag
ment of continental crust. Today it is 
mostly submerged. In size it is compa
rable to the Yangtze terrane of Asia. 
Accreted against the southern side of 
the Ontong Java plateau is part of the 
New Hebrides volcanic arc. Many oth
er arcs lie nearby. If the Coral Sea clos
es up-an event that is hard to predict, 
since in some places the sea is opening, 
while in others it is closing-the On
tong Java plateau, wreathed with ac-· 

creted volcanic arcs, is likely to form a 
major addition to Australia. 

Terranes of the South Pacific 

The southwestern quadrant of the 
Pacific, including Antarctica, Austra
lia and New Zealand, is a region char
acterized tectonically by a radial dis
persion: the landmasses result from 
the breakup of part of Gondwana that 
began between 120 and 100 million 
years ago, when a three-pronged rift 
system developed. One prong created 
the Tasman Sea; the other two prongs 
separated Antarctica from Australia 
and the Campbell Plateau of New Zea
land. Fold belts in western Antarctica, 
eastern Australia and New Zealand 

suggest the earlier history of the re
gion. Evidently episodes of accretion 
had built the continental crust outward 
from nuclei now positioned in eas.tern 
Antarctica and western Australia. 

That leaves the southeastern quad
rant of the Pacific, which includes the 
western shore of South America. It 
consists of contrasting regions. In the 
southern part of the quadrant new 
terranes are being carved in the Sco· 
tia Sea, which is cutting between the 
southern Andes and the Antarctic Pe
ninsula, leaving small, fault-bounded 
crustal blocks such as South Georgia 
and the Orkney Islands. Northward, 
from southern Chile to Peru, the An
des extend in a nearly straight line for 
3,000 kilometers. The region beckons 

TERRANES OF THE SOUTH PACIFIC occupy a map that com
plements the preceding illustration and completes a display of the 
span of the Pacific. In the western part of the map Antarctica, Aus
tralia and New Zealand mark the remains of a three-pronged rift 
that began to open, from 120 to 100 million years ago, in the south-

ern part of Pangaea, which formed from the southern megaconti
nent Gondwana. Northeast of Anstralia the accretion of terranes 
is now in progress. The Ontong Java oceanic plateau, a fragment 
of continental crust, has already been augmented, along its south
ern edge, by part of the New Hebrides island arc. Other arcs may 
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for more study, but from what is now 
known there appears to be little sign of 
terrane accretion, in spite of the past 
200 million years of subduction. (Oce
anic crust is being subducted under the 
continental crust of Chile and Peru.) 

From central Peru to the Caribbe
an, western South America displays a 
patchwork fabric of accreted terranes. 
Here, as at the southern end of South 
America, crustal dispersion is active. 
For example, the petroleum-rich sedi
ments under Lake Maracaibo in north
western Venezuela fill part of a sag in 
the crust left when the Antilles island 
arc of the Caribbean plate slid east
ward past the northern edge of South 
America. Like two bulldozers, the Sco
tia arc in the south and the Antilles arc 

PACIFIC 
/ 

_� pILATE 

in the north are advancing into the At
lantic, and along the flanks of the ad
vance lies crustal wreckage, which pre
sumably will serve as raw material for 
the building of future terranes. 

The concept of terranes is becoming 
part of the plate-tectonic theory as the 
patterns and processes of continental 
growth are examined. Overall the bud
get for continental growth is dynam
ic. Volcanoes contribute from .75 to 
1.5 cubic kilometers per year, and hot 
spots contribute .2 cubic kilometer per 
year. Meanwhile, owing to erosion, the 
continents lose as much as four cubic 
kilometers per year, but as much as 
three-fourths of the loss is recycled: 
the erosional sediment is lifted, folded, 
sometimes metamorphosed and some-

times melted, in the collisional, accre
tionary processes that raise mountains 
along the continental margins. The av
eraging of billions of years of geologic 
history probably masks pulses or even 
cycles of continental growth. In the 
aftermath of the breakup of Pangaea 
200 million years ago an entire glob
al-scale ocean, Panthalassa, has been 
consumed and the circum-Pacific con
tinental crust has grown at a rate of as 
much as 2.5 kilometers per year, which 
seems to have exceeded the average 
rate of long-term growth. The events in 
the Pacific seem, therefore, to require 
complementary periods of tectonic 
tranquillity. Charting the detailed his
tory of the earth in terms of terranes 
is the challenge now facing geology. 

join it, and the entire assemblage may ultimately Join Australia. In 
the eastern part of the map the Pacific plate is being subducted un
der the South America plate. South of the tip of South America 
new terranes are forming: the oceanic crust of the Scotia Sea is slic
ing eastward between South America and the Antarctic Peninsula, 

carving terranes along its margins before it gets subducted. The 
Pacific maps accompanying this article display results of investiga
tions by David L. Jones, Erwin Scheibner of the University of Syd
ney, Zvi Ben-Avraham of Stanford University, Elizabeth R. Scher
mer of the Massachusetts Institute of Technology and the author. 
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Skin Breathing in Vertebrates 
It can supplement or replace breathing through lungs or gills. 
Special adaptations of the skin and the circulatory system help 
to regulate the cutaneous exchange of oxygen and carbon dioxide 

by Martin E. Feder and Warren W. Burggren 

P
erhaps because people breathe al
most exclusively with their lungs, 
respiration is often thought of as 

taking place only in specialized organs: 
if not in the lungs, then in the gills of 
fishes and crustaceans, the tracheae of 
insects or the book lungs of spiders. 
Yet whenever a relatively thin mem
brane separates the respiratory me
dium (the air or water an animal 
breathes) from living cells or flowing 
blood, oxygen can enter the cells and 
the blood and carbon dioxide can 
leave them. The recent findings we 
shall discuss here suggest that the skin 
serves as an effective and highly regu
lated organ of gas exchange in many 
vertebrates. 

Cutaneous gas exchange has long in
trigued physiologists. Pioneering stud
ies were made by August Krogh at the 
turn of the century in Denmark. Krogh 
obstructed the airflow to the lungs of 
frogs and observed that the skin could 
supply enough oxygen to the blood 
during the winter, when frogs are nor
mally quiescent; during other seasons, 
however, lungs proved to be neces
sary. Krogh's research on blood circu
lation through capillaries earned him 
the 1920 Nobel prize in physiology 
or medicine. 

Numerous experimental studies in 
the 1960's and 1970's examined the 
partitioning of gas exchange among an 
animal's respiratory organs: the skin, 
lungs and gills, if present. For exam
ple, by placing plastic masks over 
the faces of salamanders, Victor H. 
Hutchison and his students at the Uni
versity of Rhode Island were able to 
determine what proportion of the an
imal's total oxygen is taken in through 
the skin and what proportion of the 
total carbon dioxide is eliminated 
through it. The results of these and 
many other such experiments provide 
a surprisingly long list of vertebrate 
skin breathers. 

Probably the best-known of these 
skin breathers are the amphibians. 
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Among amphibians it is not unusual 
for at least 30 percent of the total oxy
gen uptake and as much as 100 percent 
of the carbon dioxide elimination to 
take place across the skin. Frog larvae, 
for example, exchange approximately 
60 percent of their respiratory gases 
through their skin even though they 
also have both gills and lungs. 

Amphibians that spend almost all 
their time on land rather than in water 
face potentially life-threatening diffi
culties because the same characteris
tics that make skin an effective mem
brane for gas exchange also facilitate 
water loss. Nevertheless, cutaneous 
gas exchange has been found in every 
species of terrestrial amphibian exam
ined for this capacity. In fact, the skin 
is the sole respiratory organ in adult 
salamanders of the family Plethodon
tidae. Scores of these species inhabit 
terrestrial environments as diverse as 
the ground litter of New England 
woods and the canopy of tropical rain 
forests. Although some tropical pleth
odontids may attain a body mass of 
150 grams and a body length of 24 
centimeters, they accomplish all respi
ratory gas exchange between tissue 
and environment by way of their skin. 

Skin breathing has been looked for 
in other vertebrates, from fishes to 

mammals. It has been demonstrated 
experimentally, for example, that am
phibious (air breathing) fishes rely on 
their skin for as much as half of their 
gas exchange, particularly if they ven
ture onto land: gills typically collapse 

in the air and become useless. The ade
quacy of the skin as an air-breathing 
organ seems to have escaped the atten
tion of many biologists who assume 
that lungs were a prerequisite for the 
evolution of terrestrial animals. 

Commoner types of fishes also rely 
on cutaneous gas exchange. Sharks, 
trout, cod and goldfish-to name a 
few-acquire between 5 and 30 per
cent of their total oxygen by way of 
the skin. Apparently neither the struc
ture of the integument nor the shape 
of the body determines the extent 
to which a particular fish breathes 
through its skin. Both the flat, scale
less plaice and the elongated, heav
ily scaled reed fish derive about a third 
of their required oxygen cutaneously. 

Reptiles have been shown to take ad
vantage of cutaneous gas exchange as 
well. In spite of their thick shells, some 
freshwater turtles rely heavily or even 
totally on cutaneous gas exchange, 
particularly while passing the winter in 
ice-covered ponds. Snakes inhabiting 
both fresh and salt water typically ex
ploit their skin as a respiratory organ. 
These reptiles often dive for long peri
ods and supplement oxygen stores in 
the lungs and blood with oxygen ac
quired by way of the skin. Roger S. 
Seymour of the University of Adelaide 
in Australia has even suggested that 
some sea snakes use their skin to elimi
nate nitrogen during prolonged deep 
dives, thereby preventing decompres
sion sickness (the formation of nitro
gen bubbles in blood) as they surface. 
Many reptiles that live in arid environ-

THREE SKIN-BREATHING VERTEBRATES are depicted on the opposite page: a lung
less salamander, a plaice and a sea snake. The salamander Ensatina eschscholtzii lives in the 
forests of California and Oregon; it is about five centimeters long when fully developed. The 
skin is the sole respiratory organ in adults of this species. The plaice Pleuronectes platessa, 
a commercially valuable flatfish of the �orth Atlantic, takes in 27 percent of its oxygen 
through the skin. The fish can grow to a weight of five kilograms and a length of 90 centi
meters. The sea snake Pelamis platurus absorbs more than a third of its oxygen and excretes 
more than three-fourths of its metabolic carbon dioxide cutaneously. The snake reaches a 
length of about a meter; it ranges the tropical Pacific Ocean, between America and Africa. 
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CAT SHARK 
Scyliorhinus canicula 

BROWN TROUT 
Salmo trutta 

GOLDFISH 
Carassius carassius 

PLAICE 
Pleuronectes platessa 

EUROPEAN EEL 
Anguilla anguilla 

REEDFISH 
Calamoichthys calabaricus 

MUDSKIPPER 
Periopthalmus cantonensis 

TIGER SALAMANDER 
Ambystoma tigrinum 

MUDPUPPY 
Necturus maculosus 

BULLFROG (LARVA) 
Rana catesbeiana 

BULLFROG (ADULT) 
Rana catesbeiana 

HELLBENDER 
Cryptobranchus alleganiensis 

LUNGLESS SALAMANDER 
Ensatina eschscholtzii 

SEA SNAKE 
Pelamis platurus 

ELEPHANTS-TRUNK SNAKE 1----"""'""-------, 
Acrochordus javanicus 

BOA CONSTRICTOR 
Constrictor constrictor 

SOUTHERN MUSK TURTLE 
Sternotherus minor 

RED-EARED TURTLE 
Pseudemys scripta 

GREEN LIZARD 
Lacerta viridis 

CHUCKWALLA 
Sauromalus obesus 

BIG BROWN BAT 
Eptesicus fucus 

MAN 
Homo sapiens 

! I I I ! 
10 20 30 40 50 60 70 80 90 100 

PERCENT OF TOTAL GAS EXCHANGE 

CUTANEOUS GAS EXCHANGE is widespread among verte
brates. Although it is most prominent in amphibians, this mode of 
respiration is also important in many other animal groups. Cutane-

1 28 

ous excretion of carbon dioxide (gray bars) typically accounts for a 
larger fraction of total gas exchange than cutaneous oxygen uptake 
does (colored bars) in those cases where both gases were measured. 
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ments, where dehydration is a constant 
danger, have countered this problem 
by evolving thick scales, a shell or 
leathery skin. A few species, such as 
the chuckwalla lizard (Sauromalus obe
sus) of the southwestern deserts of the 
U.S., do exhibit some cutaneous gas 
exchange regardless of their thick, pro
tective skin. 

Although cutaneous respiration is 
often significant and even crucial in 
lower vertebrates, the skin is seldom an 
important avenue for gas exchange 
among higher vertebrates such as birds 
and mammals. Even if the furred or 
feathered integument of such crea
tures were as permeable as the skin 
of frogs, the higher vertebrates would 
need lungs to sustain their much great
er metabolic rate. Lungs offer a larger 
and thinner surface for gas exchange 
than the skin can provide. Yet there 
are exceptions to this generalization. 
Clyde F. Herreid II and his colleagues 
at Duke University found that in bats 
as much as 12 percent of total carbon 
dioxide elimination may take place 
across the thin, well-vascularized wing 
membranes. 

Young mammals and birds are often 
born or hatched with thin skin, richly 
supplied with blood and lacking fur or 
feathers. Cutaneous respiration may 
therefore be more important in the de
veloping forms of such higher verte
brates than it is in the adults. There is 
probably significant cutaneous gas ex
change in the mammalian embryo and 
fetus; gas exchange through the shell 
and the shell membrane is the major 
avenue of respiration available for the 
eggs of birds and indeed of all egg-lay
ing vertebrates [see "How Bird Eggs 
Breathe," by Herman Rahn, Amos Ar 
and Charles V. Paganelli; SCIENTIFIC 
AMERICAN, February, 1979]. 

VVhat about cutaneous gas exchange 
in people? Human skin certainly does 
not serve as a respiratory organ for the 
general benefit of the body tissues. Yet 
the skin, like any living tissue, con
sumes oxygen and generates carbon di
oxide. All the respiratory gases con
sumed or produced by skin cells, as 
well as an undetermined additional 
quantity of carbon dioxide from capil
lary blood flowing through the skin, 
are exchanged directly between skin 
and air. In fact, the permeability of the 
skin is exploited medically when drugs 
are administered by applying patches 
to the skin. 

In spite of their number, studies of 
cutaneous gas exchange generally 

have discounted the prevalence of skin 
breathing among vertebrates by stress
ing its limitations. For example, inves
tigators have tended to contrast the 
skin to the elegantly structured lungs 

a 

b 
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CUTANEOUS OXYGEN UPTAKE is limited by the thickness of the skin's diffusion 
barrier : the distance between the respiratory medium (air or water) and the blood. Oxygen 
can diffuse quickly through the thin alveolar membrane of the mammalian lung (a); blood
cell hemoglobin is rapidly oxygenated (dark red) and blood in adjacent capillaries is com
pletely saturated with oxygen (b). Because diffusion of oxygen through the thicker skin (c) is 
much slower, the blood in capillaries under the skin is never fully saturated with oxygen (d). 

and gills. They have emphasized the 
circumstances under which cutaneous 
gas exchange would be precluded and 
pointed to the thick skin or scales and 
the limited cutaneous surface area 
of most vertebrates as characteris
tics likely to hinder cutaneous gas ex
change. The thrust of most of these 
contentions rests on the physical prin
ciples governing gas exchange. 

Oxygen and carbon dioxide pass 
through the membrane of a gas ex
changer by means of a physical proc
ess called diffusion. Diffusion is de
fined as the equilibrating flow of mat
ter, through the random movement of 
molecules in a fluid or gas, from a re
gion of high concentration to one of 
low concentration. Because the gas
exchange membranes of lungs and 
gills are typically very thin (less than 
a thousandth of a millimeter in the hu
man lung), equilibration with the res
piratory medium is achieved extreme
ly rapidly. A more important limita
tion to gas exchange in lungs and gills 
is the speed with which the blood car
ries oxygen away from the exchange 
surface or delivers carbon dioxide to 
it. Rapid diffusion makes it possible 
for animals with lungs or gills to regu
late gas exchange by simply increas
ing or decreasing blood flow through 
the respiratory organ. 

In contrast, increasing the flow of 
blood to the skin has been thought to 
have little effect on total gas exchange 
in vertebrates. Johannes Piiper, Peter 

Scheid, Randall Gatz and Eugene 
Crawford of the Max Planck Institute 
for Experimental Medicine in Gottin
gen have shown that cutaneous gas ex
change is diffusion-limited. That is, the 
diffusion of respiratory gases through 
the relatively thick skin of vertebrates 
is so slow that it is not able to transfer 
oxygen and carbon dioxide as rapidly 
as the gases are transported from or to 
the skin by the blood and the respirato
ry medium. 

Other studies demonstrated anoth
er problem encountered by cutaneous 
gas exchange. Equilibration between 
the gas concentrations in the blood 
flowing through capillaries inside the 
skin and in the respiratory medium 
outside the skin is governed by Fick's 
law of diffusion: the rate of gas ex
change is proportional to the differ
ence between the partial pressure of 
the gas in the respiratory medium and 
its partial pressure in the blood. (Par
tial pressure, the pressure of a gas in a 
solution or a gas mixture, reflects both 
the concentration of the gas and its sol
ubility.) /'( gas will therefore diffuse 
through the skin only if its local partial 
pressure on one side of the skin is 
greater than its partial pressure on the 
other side; the greater the difference is, 
the faster it will diffuse. 

As studies by Donald C. Jackson 
and his colleagues at Brown Universi
ty have shown, this relation may have 
fateful consequences for skin-breath
ing vertebrates. If the respiratory me-
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dium surrounding a skin-breathing an
imal has a greater partial pressure 
of carbon dioxide than the animal's 
blood, the animal will actually gain 
carbon dioxide from the environment 
instead of losing it. Similarly, if high 
temperature or activity increases car
bon dioxide production, many skin
breathing amphibians cannot immedi
ately excrete the excess; they must first 
wait for the internal carbon dioxide 
partial pressure to rise above the exter
nal partial pressure. Fick's law governs 
the diffusion of oxygen as well. Our 
own studies have shown that amphibi
ans may actually lose oxygen when 
their blood contains more oxygen than 
the water surrounding them. 

Human beings can excrete excess 
carbon dioxide by simultaneously in
creasing blood flow to the lungs and 
raising the respiration rate while main
taining a constant partial pressure of 
carbon dioxide in the blood. The in
ternal gas partial pressures of skin
breathing animals, on the other hand, 
seem to be poorly controlled and sub
ject to the ever changing balance be
tween external gas concentrations and 
internal demands for gas exchange. 

The fact remains that in spite of the 
daunting limitations imposed by 

the diffusion process, vertebrates do 
rely on cutaneous gas exchange to a 
significant degree. We recognized that 
this paradox could be resolved by con
sidering the different mechanisms ver
tebrates have at their disposal to regu
late cutaneous gas exchange. Some of 
these mechanisms seem obvious, al
though they had seldom been recog
nized as potentially important in this 
respect. Other suggested regulatory 
processes are subtler. The various reg
ulatory mechanisms can be divided 
into two categories: mechanisms that 
are permanent morphological adap
tations or responses to long-term 
changes (days, weeks or months) in 
the environment or in the animal's 
physiology, and mechanisms that are 
called on from minute to minute as 
an organism's immediate respiratory 

needs or the environment varies. To
gether these mechanisms support a re
markably effective capability for con
trolling cutaneous gas exchange. 

One obvious way to regulate skin 
breathing depends on the fact that cu
taneous gas exchange is limited in part 
by the total skin surface area. Conse
quently a change in surface area can 
increase or decrease the amount of gas 
exchanged through the skin. In spite of 
a rigid internal skeleton and a relative
ly fixed form, many vertebrates exhibit 
seasonal changes in surface area that 
augment cutaneous gas exchange pre
cisely in this way. 

For example, some male amphibi
ans engage in elaborate and strenuous 
courtship rituals that may include re
peated body movements lasting for 
hours. Associated with this behavior is 
a greatly increased requirement for 
oxygen uptake and carbon dioxide 
elimination. Apparently in response to 
the increased respiratory burden, parts 
of the skin in these amphibians gradu
ally become enlarged or develop out
growths during the courtship season. 
Such surfaces act as accessory gas-ex
change organs. 

Changes in the skin structure to this 
end appear in the male hairy frog, As
tylosternus robustus. Tiny dermal papil
lae that superficially resemble hair ap
pear on its hindquarters. The enlarged 
tail fin and the dorsal crest developed 
by males of many species of newts dur
ing the courtship season also could 
contribute to the total amount of gas 
diffusing through the skin. The male 
skin enlargements typically regress 
when the breeding season ends. More
over, such structures do not occur at 
all in the relatively quiescent females 
of these species. 

In addition to these seasonal changes 
in cutaneous surface area amphib

ians have evolved a number of per
manent morphological characteristics 
that promote skin breathing. Many 
amphibians have what seem to be dis
proportionately elongated bodies or 
tails. It has been argued that such 

shapes arose to equip these organisms 
with enough skin for adequat.e cutane
ous gas exchange. 

Other species of amphibians perma
nently bear numerous skin folds

' 
that 

also increase the surface area for cuta
neous gas exchange. The most spectac
ular of these is the Lake Titicaca frog, 
Telmatobius culeus, which inhabits 
the lake for which it is named in the 
Andes between Peru and Bolivia. As 
Victor Hutchison and his colleagues 
at the University of Oklahoma discov
ered, the Lake Titicaca frog is so well 
adapted for skin respiration that it 
does not need to ventilate its lungs at 
all. One major explanation for this 
ability is the pendulous folds of skin 
that protrude from its hind limbs and 
trunk. Other species in the genus Tel
matobius and in other genera of frogs 
have similar skin folds. In some types 
of amphibians such as the hellbender, 
Cryptobranchus a lleganiensis, a large 
aquatic salamander, the skin folds are 
minute but numerous and are richly 
invested with capillaries. 

A second adaptation enhancing the 
capability for cutaneous gas exchange 
is a reduction in the thickness of the 
skin to lessen its resistance to the diffu
sion of respiratory gases. In addition to 
being devoid of such physical barriers 
as hair, feathers or scales, amphibian 
skin is typically only between 10 and 
50 micrometers (millionths of a meter) 
thick. Actually the significant morpho
logical factor governing diffusion in 
this connection is not the total thick
ness of the skin but rather the thick
ness of the "diffusion barrier," the dis
tance between the respiratory medium 
outside the skin and the blood flow
ing through the cutaneous capillar
ies. Hence any morphological change 
that reduces the distance between the 
bloodstream and the respiratory medi
um helps to increase gas exchange. 

We demonstrated through a simple 
experiment that such changes are in
deed possible within a fraction of an 
amphibian's lifetime. Frog larvae were 
reared in two enclosures, one contain
ing well-aerated water and the other 

HELLBENDER (Cryptobrallchus allegie1/sis) is a large aquatic sal
amander found in swift-flowing streams of the eastern and central 

U.S. It reaches a length of about 70 centimeters. Although the hell
bender has lungs, it breathes primarily through its very wrinkly skin. 
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There are megabit chips. And there 
are megabit chips. All of them can 
access more than 1 million bits of infOl� 
mation. But not all of them can access 
these 1 million bits of information AT&T 
fast. And fast to AT&T is 20 million 
bits per second. 

That means we can pour out 
1,048,576 bits much faster than you can 
say "byte." And we can do it because 
only the AT&T megabit chip has a 
fast column access mode. 

The "Trickle-Down" Theory Vs. 
The "Spigot" Theory 

Most other megabit chips use a 
"page mode" to access their memory 
cells. When a chip is in this mode, its 
fastest data rate is about 10 million 
bits per second. 

But the fast column cycle, developed 
by AT&T Bell Laboratories, pours out 
data twice as fast. And not only does 
data flow out faster, getting data out is 
easier with the fast column, because 
access timing requirements are less 
demanding. Valid data are always 
available during the entire access 
cycle. 

And speed, ease of use and timing 
tolerance will make it easier for AT&T 
to design new and improved products 
and high-speed systems around the 
megabit chip. 

The Megabit Special 
Because this megabit chip is 

designed for manufacturability, you 
might want to know what, besides its 
fast column, makes it special. It's 
made using an advanced CMOS
Complementary Metal-Oxide Semi
conductor-process that makes it pos
sible to provide high performance at 
reduced power consumption. 

As a matter of fact, it uses 118 the 
power per bit of most 256K DRAMs. 
The lower power requirement is a plus 
for any system using the megabit-

allowing for lower operating costs and 
reduced cooling requirements. 

The AT&T megabit chip is smaller 
than a dime, yet has more than 
2 million elements on it. Among those 
2 million-plus elements are more than 
20,000 spare memory cells for 

safety's sake. If for 
some reason there's a 
bad cell in a chip, a 
computer-controlled 
test targets the cell
and its whole row or 

Actual size column - for replace-
ment. A laser redundancy technique, 
pioneered by AT&T, then disconnects 
the offenders and automatically 
replaces the entire memory row or 
column from the spares. 

Cleanliness Is Next To Goodliness 
A speck of dust on a megabit chip is 

like a boulder on a railroad track. 
To keep our chip clean, it has to be 

made in a room that's C-L-E-A-N. 
And an AT&T class-1O clean room is 
one of the cleanest rooms in the world 
- where the air contains fewer than 
10 particles of dust in a cubic foot of air. 
And the largest particle must be 
smaller than 11150 the diameter of a 
human hair. That makes our room 
10,000 times cleaner than a hospital 
operating room. 

'lb keep our air clean, we have to 
keep it moving. Ours is constantly cir
culated and filtered by fans that could 
inflate the Goodyear blimp in only 30 
seconds. 

You Ain't Seen Nothing Yet 
Looking toward the year 2000, 

today's technology predicts submicron 
design widths, with lines only 400 
atoms wide. Chips containing 100 mil
lion components-50 times the current 
amount - could have tiny regions with 
capabilities that more than match the 
megabit chip. 

Now we're talking computer 
POW ER, because these new chips 
with micro-parts could work at pico
speeds (trillionths of a second). Cur
rent estimates suggest 10-picosecond 
transistors. 

AT&T will not let the chips fall 
where they may. We' ll put them where 
they' ll do the most good - in the 
powerful and reliable digital systems 
creating the general-purpose informa
tion technology we call Universal 
Information Services. Our continu
ing flow of advanced technology is one 
reason why AT&T is the right choice. 

• 
-
-

AT.T 
The right choice. 
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INCREASED SKIN SURFACE AREA is a prominent morpho
logical adaptation in two skin-breathing frog species. Pendulous 
folds of skin have evolved on the Lake Titicaca frog Telmatobius 
culeus (left). These loose folds provide so much skin area for gas 

exchange that the Titicaca frog does not need to breathe through 
its lungs at all. The male hairy frog, Astylosternus robustus (right), 
sprouts dermal papillae on its hindquarters as an accessory gas-ex
change organ to meet the respiratory demands of the mating season. 

contammg water with approximately 
half the oxygen concentration of the 
aerated water. After four weeks the 
diffusion barrier in larvae reared in the 
well-aerated water was 40 microme
ters, a typical value. In contrast, the 
diffusion barrier averaged only 20 mi
crometers in animals reared in the oxy
gen-poor water. Furthermore, the cu
taneous capillary network of the ox
ygen-deprived larvae was finer and 
denser. It appears these larvae under
went an acclimatory change that aug
mented their capacity for cutaneous 
gas exchange. 

Even vertebrates with a relatively 
thick skin can carry on significant cuta
neous gas exchange as long as evolu
tion has led to advantageous place
ment of the cutaneous capillaries. In 
the scaly skin of some lizards, for ex
ample, the cutaneous capillaries eith
er underlie the skin between the scales 
or run under the scale's hinges, where 
the scale is thinnest. In some snakes 
the cutaneous capillaries penetrate the 
scale itself. The dermal scales of fishes 
are generally covered by a layer of liv
ing tissue, an arrangement that places 
cutaneous capillaries above the diffu
sion-resistant scale and very close to 
the respiratory medium. 

Adaptations such as skin folds, der
I\. mal papillae and generally thin 
skin, as well as the specialized circula
tion that may serve these structures, 
obviously develop slowly over days or 
weeks, if not time measured on an evo
lutionary scale. How can a vertebrate 
regulate cutaneous gas exchange in
stantaneously if its oxygen require-
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ment suddenly increases (as it does 
during activity), or if it suddenly en
counters a region of water that has a 
high carbon dioxide concentration? 

In most of the vertebrates we have 
examined not all skin capillaries are 
constantly perfused with blood. Skin 
that is distant from underlying capil
laries or that is underlain by non per
fused capillaries does not contribute to 
overall gas exchange; the functional 
surface area of the skin at any given 
time consists only of those skin re
gions that overlie perfused cutaneous 
capillaries. 

The initiation of blood flow through 
capillaries (what is called capillary 
recruitment) can occur in seconds. 
(Blushing is a classic, if nonrespirato
ry, example of this in humans.) Capil
lary recruitment in the skin of amphib
ians was documented many years ago 
by Piotr Poczopko and his colleagues 
in Poland. They found that in frogs 
breathing gas with an elevated carbon 
dioxide concentration, and in frogs 
prevented from using their lungs, the 
number of perfused skin capillaries in
creased by nearly a third. 

Further experimental confirmation 
that capillary recruitment is linked to 
cutaneous gas exchange has emerged 
recently from our own studies of bull
frogs. Working at the University of 
Massachusetts at Amherst, we ob
served that when frogs submerged in 
water were exposed to air, the number 
of perfused skin capillaries rapidly fell 
by 60 percent; simultaneously carbon 
dioxide elimination by way of the skin 
fell by 44 percent. When the frogs were 
returned to water, capillaries were re-

cruited and cutaneous carbon dioxide 
elimination resumed immediately. 

More recent experiments conducted 
by Gary Malvin and Michael P. Hlas
tala of the University of Washington 
School of Medicine have also demon
strated that frogs control capillary 
blood flow in their skin. These investi
gations revealed that frogs can reduce 
gas loss through the skin by from 15 to 
30 percent when they are exposed to 
an atmosphere devoid of oxygen, pre
sumably by decreasing the amount of 
blood-perfused skin. 

J
ust as important as morphological 
adaptations and capillary blood 
flow are physiological processes or 

behavioral responses that affect the 
partial pressures of the respiratory 
gases in the blood within the skin or in 
the respiratory medium outside the 
skin. The most important of these are 
processes that regulate the flow of 
either the respiratory medium or the 
blood along the diffusion barrier. 

Ventilation, the flow of the respira
tory medium into or past a gas-ex
change organ, is clearly critical in 
lungs and internal gills. If ventilation 
stops, gas exchange in these internal 
organs declines precipitously because 
oxygen is quickly depleted (its partial 
pressure falls) and carbon dioxide is 
rapidly accumulated (its partial pres
sure increases) in the respiratory medi
um enclosed within the body. Ventila
tion in the context of cutaneous gas 
exchange, on the other hand, has of
ten been considered unnecessary; after 
all, the skin of a vertebrate in air or 
in a large body of water is in constant 
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The Bound� �_ann_·_c _�--:--
The performance of a polymeric adhesive depends on the properties and 
composition of its surface. Now a scientist at the General Motors Research 
Laboratories has developed and validated a theory that describes the coupled 
effects of diffusion and chemical reaction on the changing surfaces not only 
of adhesives, but of chemically reacting surfactant systems in general. 

Dynamic Surface Properties 
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Figure 1: Experimental measurements of spread
ing pressure v. time for dialkylaminopropyl
amines with various DamMhler numbers (A), 
and co"esponding theoretical calculations of 
sur/ace concentrations. 

Figure 2: Evolution of an adhesive surface: 
Surface-active Solute 1 (red) reacts with host 
resin (pink tone) to form sur/ace active Solute 
2 (brown). 

THE USE OF adhesives in the 
production of an automobile 

promises to make both the product 
and the process more efficient. Both 
weight and operations can be re
duced_ In practice, however, steel 
and other metallic surfaces are often 
contaminated by process lubricants. 
A durable bond depends on the abil
ity of an adhesive to displace con
taminants and to wet the substrate. 

Assuring intimate contact 
between adhesive and substrate 
requires detailed knowledge of adhe
sive surface tension, since it is this 
property that controls displacement 
of contaminants and wetting. Up 
to now the surface tension of an 
adhesive has typically been as
sumed constant. In reality, though, 
surface-active components in the 
adhesive collect preferentially at 
the interface and also react, so 
that the surface composition varies 
with time, giving rise to dynamic 
surface tension. Variations can be 
large enough to significantly affect 

Vapor 
Phase 

P'!"".,..------j nl"""'l .... 'r""2""��r-i 1-r��""1""! .... �-r--K-Surface ;.�Z:;��I] Sub· 
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concentration of Solute 1 of Solute 1 Solute 2. 

adhesive performance. 
The understanding of time

dependent surface tension has been 
advanced by the work of Dr. Robert 
Foister, a scientist at the General 
Motors Research Laboratories. 
Investigation of dynamic surface 
properties of thermosetting adhe
sives led him to develop a general 
theory of adsorption kinetics in 
binary, chemically reacting surfac
tant systems. The significance of 
this theory is that it includes the 
coupled effects of surfactant diffu
sion and chemical reaction, mak
ing it possible for the first time to 
describe quantitatively the chang
ing surfaces of such systems. 

In a typical adhesive that poly
merizes, or "cures;' by chemical 
reaction (Figure 2), a surface-active 
curing agent (Solute 1) reacts with 
the host resin to form a second 
surface-active species (Solute 2) 
that is also reactive. Both solutes 
migrate to the surface, lowering 
the surface tension. Diffusion to 
the surface is driven by a potential 
energy gradient between the sur
face and the bulk, with the solute 
molecules experiencing a lower 
energy at the surface. 

Dr. Foister derived appropri
ate transport equations to describe 
diffusion and chemical reaction in 
the bulk, in a subsurface region, and 
at the surface itself. The transport 
equations can be solved analytically 
if the chemical rate equations are 
assumed to be first order in the 
concentrations of reacting species, 
and if the subsurface and surface 
concentrations can be related to 
one another by a linear adsorption 
isotherm. For more complicated iso
therms, a set of coupled, non-linear 
integral equations is generated. 
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These must be solved numerically. 
Analytical solution for the spe

cial case of the linear isotherm 
indicated that the change with time 
in surface concentration (and con
sequently in surface tension) is 
composed of two terms: first the 
diffusive flux of Solute 1 into the 
subsurface from the bulk, and sec
ond the depletion of this solute 
due to chemical reaction. Hence, 
the surface concentration of Solute 
1 exhibits a maximum with time 
(Figure 2). This maximum in sur
face concentration corresponds to 
a minimum in surface tension. 

MODIFYING the transport 
equations to include binary 

adsorption isotherms allowed for 
consideration of competitive adsorp
tion of the two reacting and diffus
ing solutes. By solving these equa
tions numerically and conducting 
dimensional analysis, Dr. Foister 
identified various. dimensionless 
parameters as predictors of system 
behavior. The most important of 
these parameters was a dimension
less number (,\), of the Damkohler 
type, involving terms representa
tive of reaction, diffusion, and 
adsorption. 

k (Tm a)2 ,\ = -------'-'---"'--'-'-'----
4D 

Here k is the reaction rate 
constant of Solute 1, D its diffu
sivity, Tm its "surface capacity" 
(the maximum number of molecules 
absorbed per unit surface area), 
and a its "surface affinity" (a mea
sure of its energy of adsorption). 
For an adhesive, lowering ,\ by 
reducing k (the reactivity of the 
curing agent), for example, would 

prolong the time to maximum, and 
would increase the value of the 
surface concentration at the max
imum (see Figure 1, Theoretical). 
As a practical consequence, this 
would improve wetting by mini
mizing the surface tension. 

In experiments using a series 
of dialkylaminopropylamine curing 
agents (dimethyl-, diethyl-, and 
dibutyl-) in a host epoxy resin 
matrix, good agreement has been 
demonstrated between theoretical 
predictions for surface concentra
tion and the measured dynamic 
spreading pressure, which is the 
change in adhesive system surface 
tension due to the curing agent 
(Figure 1, Experimental). 

"I expect;' says Dr. Foister, 
"that the physical insights gained 
from this analysis can be applied 
to other reactive surfactant systems 
by using specifically tailored iso
therms and chemical reaction 
schemes. Predicting surface 
behavior can certainly help us 
design better adhesives for specific 
applications, but it is also pertinent 
to the performance of anti-oxidants 
and anti-ozonants in synthetic rub
ber, for example. And applied to 
interfaces in biological systems, a 
suitably modified theory may prove 
valuable in understanding the phe
nomenon of enzyme activitY,' 

General Motors 

THE 
MAN 
BEHIND 
THE 
WORK 
Dr. Foister is a Staff Research 
Scientist in the Polymers Depart
ment at the General Motors 
Research Laboratories. 

Dr. Foister received his under
graduate degree from Guilford 
College, and holds a Ph.D. in 
Physical Chemistry from the Uni
versity of North Carolina at Chapel 
Hill. His thesis dealt with the role 
of liquid inertia in the intrinsic 
viscosities of rod-like polymers. 

He did post-doctoral work in 
Canada as a Fellow at McGill Uni
versity in Montreal, and in the 
Applied Chemistry Division of the 
Pulp and Paper Research Institute 
of Canada, working on the micro
rheology of colloidal dispersions. 

Dr. Foister joined General 
Motors in 1980. He is the leader 
of the Structural Adhesives Group 
in the GMR Polymers Department. 
His current research interests center 
on surface chemistry and adhesion. 
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MICROSCOPIC MORPHOLOGICAL RESPONSES that facilitate skin breathing under 
adverse conditions are shown in two pairs of photomicrographs. The capillary network in 
the skin of frog larvae becomes finer and denser when the larvae live in oxygen-poor water 
(a) than it does when they live in oxygen-rich water (b). The distance between capillaries 
and the surface of the skin in frog larvae can also vary depending on the oxygen content 
of the water: the capillaries of larvae reared in oxygen-poor water are closer to the skin sur
face (c) than the capillaries of larvae raised in water having a high oxygen concentration (d). 

contact with an "infinite pool" of res
piratory medium containing abun
dant stores of oxygen and only small 
amounts of carbon dioxide. 

Yet the Lake Titicaca frog waves its 
large skin folds and the hellbender 
rocks its body. Moreover. both ani
mals increase the freq uency of these 
movements when the concentration of 
oxygen in the water decreases. Are 
these behaviors unrelated to respira
tion or might they serve to augment 
cutaneous gas exchange by ventilating 
the skin? 

As we examined these peculiar be
haviors we reflected on the physical 
considerations that influence the ex
change of heat. Heat exchange is often 
severely limited in still air or water and 
is facilitated when the medium (or the 
heat emitter) is moving. If, for exam
ple, one sinks into a tub of hot water 
and remains still, one feels pain as heat 
enters the skin. As the heat leaves the 
layer of water surrounding the skin, 
the fluid forms a relatively cool bound
ary layer. Any rapid movement of the 
skin or the water will dissipate the 
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boundary layer, allowing hot water 
again to come in contact with the skin 
and again to cause pain until the 
boundary layer is reestablished. Even 
in an infinite pool (or finite tub) of hot 
water, stagnation of the medium next 
to the skin can limit heat transfer. 

We envision a similar relation for 
the exchange of respiratory gases, par
ticularly in water. If both the animal 
and the water are stationary, oxygen 
diffusing out of water adjacent to the 
skin and into the bloodstream would 
create a diffusion boundary layer of 
low oxygen partial pressure. Because 
the rate of diffusion is proportional 
to the difference in oxygen partial 
pressures on each side of the diffu
sion barrier, cutaneous gas exchange 
would decrease. Movement of either 
the animal, the water or both could 
dissipate the boundary layer and there
by increase the diffusion of oxygen 
across the skin. We calculated that the 
diffusion boundary layer should offer 
a significant resistance to gas exchange 
at water flow velocities of four centi
meters per second or less. Much lower 

velocities would suffice to dissipate the 
diffusion boundary layer in air. 

To test our hypothesis we immo
bilized bullfrogs in wire-mesh enve
lopes to ensure that spontaneous b.ody 
movements would not dissipate the 
boundary layer and that their cutane
ous surface area would be constant 
and maximal. We then placed each an
imal, sandwiched in its envelope, in a 
leakproof chamber. The chamber was 
filled with water so that only the frog's 
nostrils were above the surface. We 
could measure the decline in oxygen 
concentration in the air and the water 
compartments and so calculate the re
spective pulmonary and cutaneous 
oxygen consumption. By actuating a 
stirrer at the bottom of the chamber we 
could ventilate the skin with the sur
rounding water. 

The results support our hypothesis. 
When we stopped ventilating the skin, 
the cutaneous oxygen consumption 
(determined by measuring the oxy
gen concentration in the water) de
clined by about a third. This result is 
clearly in conflict with the notion that 
ventilation is unimportant in cutane
ous gas exchange. 

As we have stressed, the extent of cu
I\. taneous gas exchange is deter
mined by many variables other than 
ventilation, including the skin's func
tional surface area and the oxygen 
partial pressure on the inside of the 
diffusion barrier. Might the decrease 
in cutaneous oxygen consumption as
sociated with the stopping of venti
lation in fact be due to one of these 
other factors? 

Our previous experiments had im
pressed on us the importance of func
tional surface area and capillary re
cruitment. We therefore repeated the 
ventilation experiments with frogs in 
which we could observe the relative 
numbers of perfused and nonperfused 
capillaries. The amount of oxygen tak
en in through the skin could have been 
lessened by a reduction in the number 
of perfused capillaries in the frog's 
skin. We found the opposite to be the 
case: whenever stirring was stopped, 
the frogs recruited additional skin cap
illaries. Because capillary recruitment 
should increase cutaneous gas ex
change, the decline in cutaneous oxy
gen consumption, observed whenever 
ventilation stopped, cannot be due to 
changes in functional surface area. 

In a third experiment we measured 
the partial pressure of oxygen in blood 
carried by arteries leading to the skin. 
If the partial pressure of oxygen in
creased every time stirring stopped, 
this could explain the observed drop in 
the rate of oxygen diffusing from the 
water into the blood. Stirring had no 
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effect on the blood's oxygen partial 
pressure, however. The results sug
'gest that the formation of a diffusion 
boundary layer was indeed responsi
ble for the decrease in cutaneous oxy
gen uptake, and that skin ventilation 
could serve to regulate gas exchange 
by dissipating the layer. 

The partial pressures of oxygen and 
carbon dioxide in blood within 

cutaneous capillaries vary according to 
whether or not the blood is oxygenat
ed. This provides another possible reg
ulatory device. By controlling whether 
the blood flowing to the skin is prima
rily oxygenated or deoxygenated, an 
organism could presumably regulate 
the amount of oxygen and carbon di
oxide diffusing through the skin. 

Cutaneous gas exchange would be 
most effective if only deoxygenated 
blood flowed to the skin, in the same 
way that only deoxygenated blood 
flows to the' lungs in mammals, The 
partial pressure differentials across the 
skin of both oxygen and carbon diox
ide would be largest in this circum
stance. The skin of most vertebrates, 
however, is no different from any other 
living tissue: it receives blood only 
from the major systemic arteries, 
which typically deliver oxygenated 
blood, Because the difference between 
the oxygen partial pressure of oxygen
ated blood and that of the respiratory 
medium is often rather small, oxygen 
uptake from the environment is nor
mally limited by the very blood the 
skin cells need to live, Even under this 
seemingly major constraint the skin 
may nonetheless be important in car
bon dioxide elimination because car
bon dioxide levels in arterial blood 
may still be considerably greater than 
they are in the environment. This 
explains in part why carbon diox
ide elimination typically exceeds oxy
gen consumption in cutaneous gas ex
change among vertebrates, 

Some vertebrates are indeed able to 
direct a fraction of their deoxygenated 
blood into the systemic arteries and 
thereby augment cutaneous gas ex
change, Amphibians and reptiles, for 
example, have an incompletely divid
ed heart that allows deoxygenated 
blood to flow to the skin without first 
traversing the lungs, Comparative 
anatomists have traditionally regard
ed this arrangement as a primitive and 
inefficient one, Kjell Johansen of the 
University of Aarhus in Denmark, 
Fred White of the Scripps Institution 
of Oceanography and others have sug
gested that the opposite is true. They 
argue that the heart structure of am
phibians and reptiles is actually an im
portant adaptation that allows these 
vertebrates to distribute blood where 

it would best promote gas exchange, 
Amphibians, moreover, are unique 

in having cutaneous arteries, which di
rect transfer of deoxygenated blood 
to the skin. Blood can leave the single 
ventricle of an amphibian heart by ei
ther of two routes, One way is through 
the systemic arteries, which carry oxy
genated blood directly to the brain, 
muscles, viscera and ultimately to the 
skin. The second route is through the 
pulmocutaneous arteries, which sup
ply deoxygenated blood to the lungs 
by way of the pulmonary arteries and 
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to the skin by way of the cutaneous 
arteries, 

Graham Shelton and his colleagues 
at the University of East Anglia in En
gland have shown that amphibians can 
channel deoxygenated blood into the 
pulmocutaneous arteries and thence 
selectively to either the lungs or the 
skin for gas exchange, The basis for 
such ability may lie in the structure of 
the heart and in the muscular sphinc
ters that surround the pulmonary and 
cutaneous arteries after they diverge 
from the common pulmocutaneous 
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SKIN VENTILATION affects cutaneous gas exchange. A frog, immobilized in a wire
mesh envelope, was immersed in a water-filled chamber so that only its nostrils were above 
the surface (top left). The skin could be ventilated by actuating a magnetic stirrer at the bot
tom of the chamber. Cutaneous oxygen uptake could be monitored by measuring the de
crease in concentration of oxygen in the chamber. (A surface layer of mineral oil prevented 
aeration of the water.) Cutaneous oxygen exchange (top right) was greater when the water 
was stirred (gray bars) than when the water was left still (colored bars). The reduction in 
oxygen consumption when the water was still was shown not to result from a decrease in 
capillary blood flow. A frog's leg was led through the side of the container so that the capil
laries in the web of the foot could be seen under a microscope. The number of blood-filled 
capillaries that intersected a line in the microscope's eyepiece was counted while the water 
was stirred and while it was left still (bottom left). In the absence of stirring, and thus of 
skin ventilation, the number of blood-perfused capillaries actually increased (bottom right). 
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AMPHIBIAN CIRCULATORY SYSTEM, diagrammed here, allows deoxygenated blood 
(blue) to reach the skin and thereby promotes the diffusion of oxygen through the skin and 
into the blood. Most of the deoxygenated blood delivered to the skin comes from the heart 
by way of the cutaneous arteries (top); a small quantity is mixed into oxygenated blood (red) 
in the ventricle of the heart and is transported by the systemic arteries to the skin. (Some 
oxygenated blood also finds its way into the pulmocutaneous arteries.) In spite of the fact 
that a single ventricle pumps both oxygenated and deoxygenated blood into the arteries, a 
segregation of blood is maintained: primarily oxygenated blood is routed to the systemic 
circuit and primarily deoxygenated blood is routed to the gas-exchange circuit. Part of the 
primarily deoxygenated blood in the pUlmocutaneous arteries can then be shunted to either 
the lungs or the skin, depending on which organ is better suited for respiration at the time. 
Electromagnetic cuffs measuring the blood flow within the cutaneous and pulmonary arter
ies recorded (bottom) the decrease in pulmonary arterial flow and the increase in cutaneous 
arterial flow when the lungs were flushed with gas rich in carbon dioxide and poor in oxy
gen. Muscular sphincters around the arteries may act as valves and so regulate the flow. 
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artery. The sphincters may act as 
valves that shunt blood flow one way 
or the other. In any case the exact dis
tribution depends on the level of oxy
gen and carbon dioxide prevailing at 
these two respiratory organs. 

Working with N igel West of the 
University of Saskatchewan, we meas
ured the distribution of pulmocutane
ous blood between the skin and the 
lungs by implanting electromagnetic 
flow transducers aroun-d the pulmo
nary and cutaneous arteries of anes
thetized toads. When we simulated the 
oxygen and carbon dioxide partial 
pressures typically found in the lungs 
of toads holding their breath, the toads 
diverted blood from the lungs to the 
skin. This response facilitates cutane
ous gas exchange. 

Such a reaction must also be re
lied on by frogs whenever pulmonary 
breathing is hindered, as it is when a 
frog is underwater. Recently Robert 
Boutilier, Mogens Glass and Norbert 
Heisler of the Max Planck Institute in 
Gottingen conducted a series of exper
iments similar to ours on intact, un
anesthetized bullfrogs. They injected 
microscopic radioactive spheres into 
the bullfrogs' circulatory systems. 
The spheres, which were slightly larg
er than red blood cells, lodged in capil
laries through which blood flowed. 
The distribution of blood flow between 
the lungs, skin and other body tissues 
could then be calculated from the 
radioactive emissions of the various 
body tissues exposed by dissection. 

When frogs dived in oxygenated wa
ter after breathing gas mixtures low in 
oxygen, pulmocutaneous blood was 
preferentially distributed to the skin 
rather than to the lungs. Conversely, 
when frogs with air-filled lungs were 
submerged in water containing little 
oxygen, pulmocutaneous blood was 
distributed from the skin to the lungs. 
Clearly amphibians can regulate cu
taneous blood flow both to optimize 
cutaneous gas exchange and to coor
dinate the respiratory activity of the 
skin with that of the lungs. 

Although skin breathing may ac
n count for only a small compo
nent of total gas exchange in certain 
animals, in others it can play a major 
if not vital role. The sheer diversity of 
species that resort at least in part to 
cutaneous gas exchange should be 
sufficient to convince one that skin 
breathing is commonplace rather than 
exceptional in vertebrates. Through 
closer investigation cutaneous gas ex
change has emerged as a well-regulat
ed, energetically inexpensive process 
that can respond to immediate, pro
longed and evolutionary changes in an 
animal's respiratory requirements. 
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The butterfly 
and the 747. 
Near Los Angeles International 

Airport, where 747' s reach for 
the sky, one of the smallest endan
gered species in the world reaches 
for its dinner. 

The El Segundo Blue lives on 
wild buckwheat . . .  on land that's 
part of an oil refinery. The people 
who work there protect the area and 
plant buckwheat year in, year out. 

Now, for a creature little bigger 
than your fingernail, some of the 
danger of being endangered is past. 

Do people really care that much 
for a tenth of a gram of beauty? 

People Do. 
Chevron 

=== 
fur more information write: People Do-B, 
p. o. Box 7753, San Francisco, Calif. 94120 
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Human-powered Flight 

Human-powered aircraft exploit a little-understood Bight 
regime. Aircraft that can negotiate it are fun to By and may 
turn out to have uses in reconnaissance and planetary science 

by Mark Drela and John S. Langford 

D
uring all the centuries in which 

people dreamed of human 
flight it was supposed the flier 

would provide the power, as a bird 
does. Yet only in the past 25 years-af
ter the development of the propeller
driven airplane and the jet engine as 
well as the achievement of supersonic 
flight and space flight-has the human
powered aircraft come into its own. Its 
arrival is due to the development of a 
combination of crucial technologies: 
aerodynamic, propulsive and structur
al. Equally important was a somewhat 
earlier achievement: making the craft 
adequately controllable by a pilot for 
whom the task of generating a large 
amount of mechanical power is dis
tracting. The craft have now reached 
a stage where some applications for 
the technology can be envisioned. 

Human-powered aircraft probably 
would not have reached this stage 
without the stimulus supplied by a se
ries of competitions sponsored by a 
few organizations and individuals. The 
first one, which took place in France 
between 1912 and 1922, was a project 
of the Peugeot company. It resulted in 
aircraft that were really only jumping 
bicycles: the operator pedaled hard to 
get up speed on the ground and then 
the winged craft would glide through 
the air for about 12 meters. Once the 
craft was airborne it had no means of 
propulsion. 

In 1935 the German aircraft Mujii 
went a step further: the pilot was able 
to drive a propeller after a catapult 
takeoff. Apparently the power require
ment for level flight was more than 
the designers could achieve. The pilot 
could produce only enough power for 
an extended glide, the longest of which 
was 712 meters. Mujii competed for 
a prize of 5,000 marks offered by a 
group in Frankfurt for the first human
powered flight around two pylons 500 
meters apart. Similar prizes were also 
offered in Italy and the U.S.S.R.; all 
went unclaimed. 
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The most famous competitions, and 
the ones that have led to genuine tech
nological progress, have been spon
sored by Henry Kremer, a British in
d ustrialist. In 1959 he offered a prize of 
£5,000 to the first entrant who could 
fly an aircraft around a one-mile, fig
ure-eight course under human power 
alone. Eighteen years had passed and 
the prize money had increased tenfold 
when Bryan Allen of the U.S. success
fully flew Gossamer Condor around 
such a course. 

Kremer subsequently offered the 
largest prize in the history of aviation: 
£100,000 for the first human-powered 
flight across the English Channel. 
Again the winner was Allen, who ped
aled Gossamer Albatross across the 21-
mile strait between Folkestone and 
Cape Griz-Nez on June 12, 1979. 

Both Condor and Albatross were 
large, fragile craft that became 

unmanageable in all but the gentlest 
breezes. Their success did not lead to 
widespread activity in human-pow
ered flight. Four years after the Chan
nel crossing Kremer responded by 
sponsoring another competition in
tended to make human-powered air
craft faster and thereby smaller and 
more practical. This time the goal was 
to achieve a relatively high speed 
around a triangular course of 1,500 
meters. The prize was £20,000 to the 
first contestant who could complete 
the course in less than three minutes
a pace that implied a speed of about 32 
kilometers (20 miles) per hour. Frank 
P. Scarabino of the U.S. won this prize 
in May, 1984, flying Monarch, a craft 
designed and built at the Massachu
setts Institute of Technology. Prizes 
offered by the Royal Aeronautical So
ciety are now available for flights that 
better the existing record by at least 5 
percent; three such prizes have already 
been awarded. 

Discounting stunts and turn-of-the
century winged bicycles, some 60 hu-

man-powered aircraft have been built. 
Most of them were inspired by the 
Kremer competitions. The designs can 
be grouped roughly into three genera
tions, according to characteristic sets 
of aerodynamic and structural con
cepts [see  illustration on page 147]. The 

HUMAN-POWERED AIRCRAFT com
pletes a speed trial at Hanscom Field in Mas
sachusetts. The craft is Monarch B, designed 
and built at the Massachusetts Institute of 
Techuology. The pilot is Frank P. Scarabino, 
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craft of the first generation were con
ceptually based on sailplanes (motor
'
less gliders). They could make only 
straight-line flights, few of which ex
ceeded one kilometer. 

The second generation includes the 
first vehicles capable of sustained and 
controllable human-powered flight. 
Gossamer Condor is the best-known of 
them. It was built in California by a 
team led by Paul MacCready, Jr., and 
now is on display in the Smithsonian 
Institution's National Air and Space 
Museum. A lesser-known but some
what more rugged craft is Chrysalis, 
a biplane built by students at M.LT. 
in 1979. Second-generation craft have 
unusual configurations because the 
designers went beyond convention
al ideas of what an airplane should 
look like. 

Third-generation aircraft have been 
built for the speed competition and 
so are much smaller. Externally they 
look something like the first-genera
tion craft, but they incorporate modern 

structural and aerodynamic technolo
gy and reflect the experience accumu
lated through the design and operation 
of the second-generation machines. 
Because of a provision in the rules of 
the speed competition, some of these 
machines also have an energy-reserve 
capability. Such a system enables the 
pilot to store his own energy in the 
craft for a short time before a flight 
(usually by pedaling a generator to 
charge batteries) so that he can draw 
on it during the flight. The machines 
are also considerably more sophisti
cated than their predecessors. For ex
ample, the pilot of the M.LT. Monarch 
can tune the propeller electronically, 
thereby modifying the req uirement for 
the speed of pedaling or the output of 
stored energy. 

Although the specific tasks have dif
£\. fered in each Kremer competi
tion, the designers of all three genera
tions have faced a common problem: 
how to reduce the power required by 

the aircraft to the amount available 
from a human being. The second ma
jor problem of human-powered flight 
has been stability and control. 

The power available from a human 
differs widely according to the person's 
age, training and motivation. A well
conditioned athlete can produce up 
to one kilowatt for short periods of 
time or a few hundred watts for sev
eral hours. Surprisingly in view of the 
many studies made, little conclusive 
evidence is available on such basic fac
tors as whether it is better for the pilot 
to be vertically seated or recumbent. 
In the absence of sound physiologi
cal data the design decision is usual
ly made for reasons of aerodynamics, 
structure or weight distribution. 

The power req uired by an aircraft is 
the product of its aerodynamic resis
tance (drag) and its velocity. Low pow
er can therefore be obtained by build
ing a craft with low drag; flying slowly 
is also a way of reducing the power 
requirement. 

who in 1984 won with this craft a prize of £20,000 offered by Henry 
Kremer of the U.K. for completing a I,SOO-meter triangnlar conrse 
in less than three minutes. The rules of the Kremer competition and 
succeeding ones sponsored by the Royal Aeronautical Society stip
ulate that the craft must be at an altitude of at least two meters at 

the start and finish; the orange streamer being held by two members 
of the ground crew is two meters high. The crewman at the right 
also holds a stopwatch, as does an official judge (appointed by the 
Royal Aeronautical Society) standing in the near background. In 
winning the Kremer prize MOllarch B averaged 21.5 miles per hour. 
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To achieve equilibrium in flight the 
lift (vertical force) produced by an 
aircraft's wings must equal the gross 
weight of the vehicle. Wing area is the 
most useful variable for the designer. 
In theory arbitrarily low flight speed 
and power requirements can be ob
tained with sufficiently large wings. 
In practice the wing area is limited by 
considerations of structural rigidity, 
weight, sensitivity to wind and the size 
of the buildings available for storing 
planes on the ground. 

Drag at subsonic speeds has two 
components of comparable magni
tude. One component arises from fric
tion with the air. It is roughly propor-

MUFLI 

tional to the exposed area of the plane. 
The second component is an unavoid
able conseq uence of generating lift 
and is known as induced drag. Friction 
drag can be reduced by decreasing 
the exposed area and employing aero
dynamically efficient shapes. Induced 
drag can be diminished primarily by 
increasing the wingspan and by flying 
close to the ground. Both theoretical 
and practical factors limit the amount 
of reduction in each case. 

Sailplanes have long represented the 
epitome of low-drag design, and so it 
was only natural that the first genera
tion of human-powered aircraft re
sembled them. Designers essentially 

ADVANCING TECHNOLOGY of humau-powered aircraft is marked by Aviette, Mufti 
and Gossamer COl/dor. A"iette, the winner of a competition sponsored by the Peugeot com
pany between 1912 and 1922, was basically a jumping bicycle; it had no source of propul
sion after it left the ground and so merely glided for a few meters. Mufti, a German craft 
operated in 1935, had a human-powered propeller, but the pilot could generate only enough 
power for an extended glide (712 meters was the longest one). COl/dor represents the class 
of human-powered craft that can fly indefinite distances and are fully controllable. In 1977 
COl/dor won the first Kremer competition by completing a one-mile, figure-eight course. 
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sought to reduce the weight of a sail
plane by a factor of 10 while adding a 
propeller and allowing no compromise 
of aerodynamic principles. All the 
framework and bracing was internal. 
One can now see that the task was be
yond the capability of the available 
structural technology. The resulting 
aircraft were heavy and small com
pared with the machines of the second 
generation. The low drag and relative
ly high flight speed created a power 
requirement that left the pilot little 
margin for maneuvering the vehicle. 

Second-generation craft embodied 
the low-speed approach to power re
duction. The low-drag advantage of 
the sailplane was abandoned in favor 
of external bracing. The resulting in
crease in drag was offset by substantial 
increases in wing area and large reduc
tions in weight. A low power require
ment was achieved by the resulting low 
flight speed (approximately 16 kilo
meters per hour). 

The machines of the second gener
ation also incorporated the first 

workable solutions to the problem of 
stability and control. This achieve
ment meant the designers had coped 
successfully with several effects that 
are normally not significant in conven
tional aircraft. 

An example is acceleration. To ac
celerate an aircraft (when, say, it is 
making a banking turn) some of the 
surrounding air must also be accelerat
ed. The craft is said to have an "appar
ent mass" in addition to its own mass. 
In conventional aircraft this additional 
component is negligible. In a human
powered aircraft it can be very im
portant. As a result conventional con
trol surfaces cannot generate the for
ces needed to deal adequately with 
the apparent mass, and so designers 
had to take a new approach. 

An aircraft must be controlled on 
three axes: yaw, pitch and roll [see il
lustration on page 148]. Usually a verti
cal rudder on the tail governs yaw, a 
horizontal elevator on the tail estab
lishes pitch and horizontal ailerons on 
the wings determine roll. To begin a 
turn the pilot rolls the craft by means 
of the ailerons. This action tilts the lift 
vector of the wing, providing the side 
force needed for the turn. The rudder 
is then employed to "coordinate" the 
turn, keeping the nose pointed into the 
airstream. The ailerons control the roll 
rate, so that they are centered when the 
turn has been initiated and are used in 
the opposite direction to roll the air
craft out of the turn. 

When ailerons are deflected, they 
impose on the wing a torque that tends 
to twist it along the axis of the span. 
The resulting change in the angle of 
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FIRST GENERATION (JUPITER) 

SECOND GENERATION (CHRYSALIS) 

THIRD GENERATION (MUSCULAIR) 

GROUPING OF CRAFT into three generations reflects major dif
ferences in the technology of human-powered flight_ Aircraft of the 
first generation had internal wood trusswork; they were both heavy 
and fragile and could make only straight-line flights. Aircraft of 

NAME 

MUFLI 

PEDALIANTE 

SUMPAC 

PUFFIN I 

McAVOY 

VINE 

MAYFLY 

PUFFIN /I 

LINNET I 

RELUCTANT PHOENIX 

LINNET /I 

MALLIGA 

SM-OX 

LINNET 11/ 

LINNET IV 

MERCURY 

OTTAWA 

WRIGHT 

JUPITER 

TOUCAN I 

LlVERPUFFIN 

EGRET I 

EGRET/I 

EGRET/Il 

BURD I 

AVIETTE 

EGRET IV 

DEDAL /II 

TOUCAN /I 

STORK I 

BURD /I 

BLiESNER 

OLYMPIAN ZB-l 

ICARUS 

SKYCYCLE 

STORK /I 

NEWBURY MANFLIER 

PHOENIX 

PHILLIPS 

GOSSAMER CONDOR 

CHRYSALIS 

GOSSAMER ALBATROSS 

GOSSAMER PENGUIN 

MILAN '82 

MONARCH 

HVS 

BIONIC BAT 

PELARGOS 

MUSCULAIR 

MONARCH B 

MAN-EAGLE 

S WIFT B 

ORIGIN 

GERMANY 
ITALY 
U.K. 
U.K. 
U.S. 
S. AFRICA 
U.K. 
U.K. 
JAPAN 
U.K. 
JAPAN 
AUSTRIA 
JAPAN 
JAPAN 
JAPAN 
U.K. 
CANADA 
U.K. 
U.K. 
U.K. 
U.K. 
JAPAN 
JAPAN 
JAPAN 
U.S. 
FRANCE 
JAPAN 
POLAND 
U.K. 
JAPAN 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
JAPAN 
U.K. 
U.K. 
U.K. 

U.S. 
U.S. 
U.S. 
U.S. 
JAPAN 

U.S. 
WGERMANY 
U.S. 
SWITZERLAND 
WGERMANY 
U.S. 
U.S. 
JAPAN 

the second generation had an aluminum-tube framework and ex
ternal wires for bracing. These were the first fully controllable craft. 
Aircraft of the third generation are smaller and speedier. Modern 
materials such as graphite make cantilevered construction possible. 

147 
© 1985 SCIENTIFIC AMERICAN, INC



attack (and hence the lift) at each tip 
partially negates the effect of the' aile
ron itself. For adequate control of roll 
the wing must therefore have enough 
rigidity to resist the twisting torque of 
the ailerons. 

In the first two generations of hu
man-powered aircraft the combina
tion of large apparent mass and tor
sionally weak wings made ailerons in
effective. The problem was solved for 
Gossamer Condor by means of a ca
nard: a control surface mounted on the 
fuselage to ride in front of the wing. On 
Condor the canard was tilted, prod uc
ing a sideward force like that generat
ed by a rudder, thereby achieving the 
desired yaw. The yawing motion pro
d uced a higher airspeed and a higher 
lift on the outside wingtip and a lower 
airspeed and lift on the inner one. The 
lift differential made the craft roll. 

To keep the craft from banking too 
much a pilot flying Condor had to pull 
on the external bracing wires in order 
to twist the wings, much as the Wright 
brothers did on their Flyer of 1 903 . 
The maneuver increased the angle of 
attack (and hence the lift) on the inner 
wing and decreased it on the outer one. 
This action made sustained controlled 
turns possible. 

Because human-powered aircraft 
of the third generation are smaller, 
their apparent-mass effects are small
er and the wing can be made consider
ably more rigid. Ailerons have proved 
practical for these machines. 

We turn now to the three techno-

logical developments that have proved 
crucial to successful human-powered 
flight. They are high-lift airfoils, ef
ficient propulsion systems and light
weight structures. 

The main aerodynamic surface is 
the wing. Because it creates most 

of the drag, its cross-sectional shape 
(the airfoil) must be as efficient as 
possible. One measure of an airfoil's 
efficiency is the ratio of lift to drag 
(L : D). Another performance measure 
is the "power parameter," which is 
similar to L :  D but gives more empha
sis to high lift. The higher the power 
parameter, the lower the power need
ed to sustain flight. Because low power 
is the primary concern in human-pow
ered aircraft, a large power parame
ter is more important than a large L : D. 
To attain a high power parameter an 
airfoil must be capable of high lift but 
must not induce excessive drag. 

The airfoil must also have a small 
pitching moment, meaning that it 
should tend to remain level along the 
axis of flight. A large pitching moment 
generates the same torques about the 
axis of the wingspan as ailerons do. 
(This is another reason the wings must 
be made torsionally stiff.) Higher stiff
ness invariably adds to the weight of 
the wing. In addition a high pitching 
moment destabilizes the aircraft and 
requires larger tail surfaces, which add 
weight and drag. 

A factor that complicates the design 
of human-powered aircraft is that they 

Y� RUDDER 

AILERON 

operate in an unusual aerodynamic re
gime, normally the province of large 
birds and model airplanes. The regime 
is formally characterized by its rela
tively low Reynolds number, a dimen
sionless figure of merit that takes into 
account the speed, density and viscosi
ty of the air together with the length of 
the body aligned with the flow. Typical 
aircraft operate at Reynolds numbers 
of between two million and 20 million; 
a vast store of information on that kind 
of flight has been built up since World 
War 1. Human-powered aircraft oper
ate at Reynolds numbers of less than 
one million, a poorly understood re
gion of flight. 

The low Reynolds number and the 
need for high lift, low drag and low 
pitching moment have required the de
signers of human-powered aircraft to 
adapt existing airfoils or to design new 
ones. The task is to tailor the distribu
tion of pressures on the airfoil's sur
face. Loosely speaking, two types of 
airfoil could serve in human-powered 
aircraft: rear-loaded and front-loaded. 
The terms reflect the fact that the dis
tribution of pressure on the top and 
bottom of the wing tends to be uneven, 
so that most of the load is carried ei
ther on the rear of the wing or on the 
front according to the choice made by 
the designer. 

A typical rear-loaded airfoil offers 
a large lift-to-drag ratio that prevails 
through a fairly wide range of speeds 
and angles of attack. This type works 
well on sailplanes but not nearly as 

RUD� 

THREE-AXIS CONTROL of a typical third-generation craft is 
achieved solely with the pilot's hands. (His legs are pedaling to pro-

vide the power for flight.) He controls roll by means of the ailerons, 
pitch by means of the elevator and yaw by means of the rndder. 
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well on human-powered aircraft. Its 
main disadvantage is its high pitch
ing moment. This disadvantage and 
others, however, become less severe 
as the size of the aircraft decreases. 
The German Museu/air, a successful 
third-generation craft, employed a 
rear-loaded airfoil. 

Front-loaded airfoils offer high lift
to-drag ratios and also the highest 
power parameters, but only over a rel
atively narrow range of speed and an
gle of attack. Although those disad
vantages make the airfoil unsuitable 
for sailplanes and most airplanes, it 
is ideal for human-powered aircraft, 
which perforce have a narrow speed 
range because of their limited power. 
Moreover, the airfoils have low pitch
ing moments; hence a wing with a 
front-loaded airfoil can be built with 
a lower structural weight than can a 
wing with a rear-loaded airfoil. 

Propulsion is another area where 
high efficiency is important in hu

man-powered aircraft. A propeller is 
by far the most effective means of 
transforming the mechanical power 
generated by the pilot's legs into a 
thrust sufficient to overcome the drag 
of the machine. One can conceive of 
other means of propulsion for human
powered aircraft, including flapping 
wings and jets of compressed air, but 
they have not yet been successful. 

Any propulsive device (with the ex
ception of a rocket) that generates 
thrust takes in air at flight speed and 
expels it to the rear at a higher speed 
as a jet. In the case of a propeller the 
jet is the slipstream: the air pushed 
aft of the propeller. A flapping wing 
pushes back an amorphous mass of 
air with each stroke. 

In every case the jet carries kinetic 
energy that has been added by the pro
pulsive device and that cannot be re
covered; it is eventually dissipated as 
heat. As the jet velocity increases, the 
loss from wasted energy goes up faster 
than the gain in thrust. Thus efficiency 
dictates a device that takes in a large 
mass of air and adds to it only a small 
increment of velocity. This goal calls 
for a propeller that has a large diame
ter or for flapping wings that have a 
large span. (A compressed-air jet is in
herently inefficient at the speeds of hu
man-powered aircraft because of its 
high jet velocity.) 

Although the flapping wing can in 
theory be made quite efficient, it has 
never been applied successfully to any 
aircraft powered by a human or carry
ing human passengers. To achieve high 
efficiency the wing must be twisted in 
one direction along the axis of its span 
on the downstroke and twisted in the 
other direction on the upstroke. Birds 

PROPELLER-PITCH 
INDICATOR 

FRESH-AIR 
T U B E  

MOTOR CURRENT/ 
CHARGE RAT E  

AIRSPEED 
INDICATOR 

CONTROL DEVICES of MOllarch B are shown as the pilot sees them. The current/charge 
gauge records the rate at which the craft's battery is being charged or discharged; the charg
ing takes place before the flight, when the pilot pedals a generator to store power. In flight 
he can draw on the stored power by means of the power switch, which actuates an electric 
motor. The fuel gauge records the amount of charge in the battery. The propeller-pitch in
dicator reflects the angle of the propeller blades, which the pilot can control by means of the 
propeller-control switch. By pushing the radio switch the pilot can talk to the ground crew; 
he can hear the radio at all times. Monarch 's control stick bears a message of encourage
ment for the hardworking pilot: "You have great physical powers and an iron constitution." 

execute the maneuver quite well, but in 
a machine the combination of flapping 
and twisting creates severe mechanical 
and structural problems that get worse 
as the size of the craft increases. Hence 
a propeller is currently the only prac
tical propulsive device for a human
powered aircraft. 

The ideal of a large-diameter pro
peller faces certain constraints in a hu
man-powered aircraft. A large propel
ler adds weight, which is something the 
designer is trying to avoid. Beyond a 

certain size the propeller tips are likely 
to strike the ground when the aircraft 
is taking off or landing. Thus the de
signer cannot achieve maximum effi
ciency by merely increasing the diame
ter of the propeller. Instead he must 
seek to reduce the efficiency-robbing 
kinetic energy in the slipstream of the 
propeller by careful attention to the 
distribution of the load on the blade. 
Air friction on the blades also influ
ences the design of the propeller. An 
ample diameter and an optimum de-
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sign enable a propeller on a human
powered aircraft to attain efficiencies 
approaching 90 percent. 

Structural technology is the feature 
of human-powered aircraft that 

has changed the most since the vehi
cles of the first generation. In those 
early aircraft intricate trusswork made 
chiefly of wood provided form and 
strength. The truss is an efficient struc
ture: it has high ratios of strength 
to weight and of stiffness to weight. 
Wood is easily obtainable, easy to 
work with and relatively inexpensive. 
Moreover, most of the people who 
build human-powered aircraft are or 
were model-airplane enthusiasts, ex
perienced in working with wood. 

On the other hand, the wood truss 
presents several drawbacks. It has so 
many individual pieces and joints that 
building one is a labor-intensive proj
ect. Mending a broken one is difficult. 
Moreover, if one truss member fails, 
the nearby members are put under un
usual stress and the entire structure is 
put in jeopardy. For these reasons the 
wood truss was abandoned in the sec
ond-generation aircraft. Designers re
lied instead on a primary structure of 
aluminum tubing that had a large di
ameter and thin walls; wires provided 
external bracing. 

The tubing was sized primarily to 
resist compression. External wires 
took all major bending and torsional 
loads. (At low flight speeds the drag 

1,200 

1,100 

1,000 

created by the wires is more than off
set by the saving in weight.) The ad
vantage of such a structure is that it 
has a high ratio of strength to weight 
and provides excellent rigidity. The 
absence of wood trusses also made the 
second-generation craft much easier to 
repair than their predecessors. 

Because third-generation craft are 
smaller and strong materials such as 
graphite and graphite-epoxy have be
come available, designers were able 
to turn to cantilevered structures that 
eliminate external wires. Mylar film as 
a covering skin has also contributed to 
structural improvement. 

The combination of low speed, low 
altitude and limited power makes 

piloting a human-powered aircraft a 
challenging task but one that is within 
the capability of almost anyone. Gen
eral-purpose craft such as Condor and 
Chrysalis have been flown by men and 
women ranging in age from the teens 
to the 60's. 

The pilot usually begins by shedding 
clothes. A jogging outfit and a bicy
cle helmet constitute the proper at
tire: extra weight calls for extra power, 
and sunlight on the transparent cover
ing makes the cockpit uncomfortable 
when the craft is not moving. 

It is hard to get into the aircraft with
out damaging it. There are few plac
es solid enough to bear one's weight, 
and so the pilot normally uses stepping 
platforms and is helped in by members 
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of the ground crew. After running 
through a preflight checklist the pilot 
signals to the crew members holding 
the wingtips and begins to pedal. 

The takeoff is surprisingly smooth. 
Most people flying for the first time are 
unaware that the craft is airborne un
til they hear the cheers of the ground 
crew. The cockpit is noisier than one 
would expect because of the whirring 
of the bicycle chain and the cyclic 
whooshing thump as the blades of the 
propeller pass the fairing. 

In the air the pilot's main task is to 
concentrate on maintaining a steady 
attitude and airspeed. If the craft has 
been correctly trimmed for his weight, 
only small adjustments of the rudder 
are necessary. To climb the pilot ped
als harder; to come down he or she 
reduces the pedaling rate. 

A human-powered aircraft reacts 
quite slowly to its controls; conse
quently inexperienced pilots are like
ly to overcontrol. Even more con
fusing is the tendency for the aircraft 
to respond differently on different 
axes. The pitch response is relative
ly fast, the roll response agonizingly 
slow. Making turns around a specific 
course, as is required in the speed com
petitions, calls for careful coordina
tion and much practice. 

The two primary dangers in flight 
are stalls and gusts of wind. The craft 
stalls when the airflow separates from 
the surface of the wing. The separation 
usually occurs because the pilot has let 
the craft's speed fall too low. 

The inherently low flight speed 
makes gusts a special problem. Be
cause the relation between wind speed 
and the speed of the aircraft is crucial, 
a gust of only five miles per hour is 
equivalent to one of 30 miles per hour 
or more on a small conventional air
plane. Striking from the front, such a 
gust can overload and break the wing; 
from the rear it can cause a stall. A 
gust can also change both the flight 
path and the plane's attitude. Fortu
nately the low speed and the low alti
tude combine to make a human-pow
ered aircraft fairly safe; crashes that 
demolish the airframe usually inflict 
only cuts and bruises on the pilot. 

To land the pilot aligns the craft 
with the runway and red uces his rate of 
pedaling. The vehicle glides gently in 
and touches down softly. 

Human-powered flight has been 
pursued mostly for its own sake, great
ly spurred by the incentive of the var
ious competitions. Nevertheless, the 
technologies that have evolved can be 
expected to have practical applications 
in at least three areas: human-powered 
flight itself, ultralight aircraft and a va
riety of reconnaissance and observa
tional tasks. 
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In human-powered flight the speed 
competition as it is now set up will con
tinue until 11 more awards of £5,000 
each have been won. The result will 
certainly be faster aircraft, perhaps at
taining speeds of as much as 85 kilo
meters per hour. Such a speed will be 
difficult to achieve, however, even with 
highly efficient schemes for storing en
ergy. It remains to be seen whether the 
proposed prizes will be sufficient to 
elicit the necessary investment of mon
ey and thought. 

The Royal Aeronautical Society is 
examining the possibility of staging 
additional competitions. They would 
probably be aimed at making human
powered aircraft more practical and 
more rugged. At the other end of the 
spectrum it is now possible (in our 
view) to build a large, low-power craft 
that could turn the legend of Daedalus 
into reality, flying the 96 kilometers 
from Crete to the Greek mainland at 
about 22 kilometers per hour. 

The relation between human-pow
ered and ultralight aircraft (which 

are powered by small gasoline en
gines) is that the former, as they are 
increasingly designed for speed and 
utility, become more like the latter. 
Human-powered aircraft of the third 
generation cruise on about .5 horse
power and climb splendidly at two 
horsepower. The engines of today's 
ultralight aircraft produce from 30 
to 50 horsepower. Improvements in 
the technology of human-powered air
craft ean be expected to red uce this 
gap so that human-powered aircraft 
can perform some of the tasks now 
calling for ultralights and ultralights 
can function at lower power. 

The final application has to do with 
high-altitude operations. High-alti
tude craft capable of prolonged flights 
are now being considered as unmanned 
platforms for reconnaissance, com
munication relays and sampling work 
in the stratosphere. A high-altitude 
craft operates at the low Reynolds 
numbers characteristic of human
powered aircraft. Hence the technol
ogies developed to increase the struc
tural strength and reduce the weight 
of human-powered craft will also bene
fit the high-altitude vehicles. 

Eventually these technologies might 
fin.d application in space. For exam
ple, the atmosphere of Mars, even 
though it is much less dense than the 
earth's atmosphere, could support 
winged flight at Reynolds numbers 
similar to those of human-powered 
aircraft. A winged, unmanned vehicle 
(an airborne analogue of Lunar Rov
er) would be an effective platform 
from which to examine the terrain 
and sample the atmosphere of Mars. 
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Smart Cards 
Cards containing microcircuitry are more versatile and securer 
than conventional credit cards. A microelectronic chip must 
meet severe constraints to function in this unique environment 

Within a year it may be pos
sible to carry much of the 
power of a personal comput

er in one small compartment of a bill
fold. It will reside in a device called a 
smart card: one or more microelec
tronic chips mounted in a piece of plas
tic the size of a credit card. 

Smart cards that have slightly less 
computing power than a personal 
computer are already being produced 
and used in France in a number of ap
plications. In September, Mastercard 
began issuing some 50,000 cards to 
American users in Washington, D.C., 
and Palm Springs, Fla., as part of a 
field trial. Eventually there may be 
many types of smart cards, each hav
ing a different level of sophistication. 
The most advanced of these might car
ry small liquid-crystal-display read
outs and have the capability to en
crypt and decrypt any dialogue with 
an external device; they will be pow
ered by solar panels. The least sophis
ticated card might consist of little 
more than a simple processor and a 
small memory; it could serve, for ex
ample, as a "debit card" for long-dis
tance calls on public telephones or as 
a complete personal medical history. 
It is not inconceivable that within a 
few years smart cards will be able to 
store digitized versions of their own
ers' signatures, retina prints or finger
prints; personalized smart cards could 
be used as highly secure keys, allowing 
access to telephone networks, corpo
rate data banks and secure buildings. 

In what is perhaps their most natural 
application, smart cards may replace 
credit cards and the cards that function 
in automatic banking machines. In a 
typical smart-card transaction, a card
holder puts the card in a "point-of-sale 
terminal": a special card-reading cash 
register. The terminal supplies the card 
with electric power and communicates 
with its microcircuitry through eight 
metal contacts on the card's surface. 
The cardholder is asked to enter a 
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password on a keyboard, and the ter
minal verifies that the card is valid and 
the user is legitimate. When the sale is 
rung up, the amount of the transac
tion is stored in the card's memory, 
credited to the retailer's account and 
deducted from the cardholder's cred
it balance, which is also stored in the 
card's memory. The cardholder may 
be able to replenish the credit balance 
at an automatic banking machine. 

The credit cards and automatic
banking-machine cards that could thus 
be replaced store information in em
bossed areas and magnetic stripes. 
Magnetic-stripe cards are entirely pas
sive-they are merely a medium for 
storing information-and are vulnera
ble to many forms of fraud and abuse. 
The simplest form of abuse is over
spending: since most purchases are not 
reported immediately to the company 
that has issued the card, a customer 
can spend much more than his or her 
credit limit by making a large number 
of relatively small transactions or one 
large unvalidated transaction. 

Methods of fraud tend to be more 
sophisticated. For example, machines 
are available that copy information 
stored in the magnetic stripe of a credit 
card onto a dummy, or blank, card as 
they take a carbon-paper impression 
of the card's embossing. These devic
es closely resemble the machines that 
stores and restaurants use to create 
receipts and record purchases, Anoth
er type of fraud involves "personal 
identification numbers," or passwords. 
When a magnetic-stripe card is used 
in an automatic banking machine, the 
machine first asks the cardholder for 
a password. It then reads the correct 
password directly from the card and 
compares it with the given password. 
Hence at some point during the trans
action the correct password must be 
brought into the banking machine's 
working memory. Any "hacker" who 
has some way to monitor that memory 
can learn the cardholder's password. 

Smart cards have two essential prop
erties that make them invulnerable to 
all these kinds of fraud and abuse. 
First, a smart card has a nonvolatile, 
programmable, read-only memory: a 
memory into which information can 
be placed after the card has been is
sued and that will remember any such 
information even when it is not con
nected to a power source. This mem
ory can record the amount of each 
transaction and the total amount that 
has been spent, ensuring that the user 
does not spend beyond a set limit. 

Second, each smart card contains its 
own central processing unit-essential
ly a small computer-which controls 
all the interactions between the mem
ory and the various external devices 
that read the card and enter data onto 
it. The central processing unit and 
memory architecture can be construct
ed in such a way that certain parts of 
the card's memory are physically or 
logically inaccessible to anyone but 
the card's issuer: the central process
ing unit will not obey an instruction 
from anyone else to read or change 
those parts of memory. 

Through the central processing unit 
the card itself can examine any 

proposed password and compare it 
with the correct password, which is 
stored in a secret location in the card's 
memory. The card never has to reveal 
the correct password to any outside 
system. As a matter of fact, even the 
company that issues the card does not 
need to know the correct password. 
When the card is first issued, the card
holder can program the password di
rectly onto it by means of a card-read
ing/writing machine. After the pass
word has been entered and checked 
(the cardholder is asked to enter the 
password two or three times to en-

. sure that it is not entered incorrectly), 
the card stores it in the memory's "se-. 
cret zone." 

In addition to the password the se-
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cret zone stores the cardholder's ac
count balance, the card's serial num
ber and a sequence of letters or num
bers, chosen by the card's issuer, that 
can be used to determine whether the 
card is legitimate. Another zone of the 
programmable, read-only memory, 
called the open zone, might store the 
cardholder's name, address, telephone 
number and account number. The 
open zone can be read by any card
reading machine, but it cannot be al
tered; the card's central processing unit 
will not obey instructions to change 
any information in the open zone. 

Whenever the card is used to make 
a purchase, such information as the 
amount of the purchase, the name and 
address of the store and the date is 
stored in a third zone of the memory, 
called the working zone. Information 

can be written there only under cer
tain conditions (when the card is in a 
legitimate cash register, say) and can 
be read or written only with the card
holder's permission. A cardholder can 
buy a separate card-reading machine, 
which, when it is connected to a home 
computer, a television set or a printer, 
displays a complete record of all pur
chases made with the card. 

In designing a smart card the engineer 
is presented with a particularly se

vere set of constraints. First of all, 
the existing technology-that of em
bossed, magnetic-stripe cards-limits 
the number of possible places the chip 
can occupy on the card. Because of 
the large number of devices already 
in use that read the embossing or mag
netic stripe of a card, the locations of 

the stripe and the embossing cannot 
be changed. Thus the chip cannot be 
placed in the lower, embossed region 
of the card. On the other hand, a chip 
in the upper half of a card could inter
fere with the card's logo and, more 
important, might also interfere with 
the performance of the magnetic stripe. 

Two locations, deemed to be the 
least unsuitable of those remaining, 
are now under consideration. If it is 
possible to install the chip so that it 
does not affect the magnetic stripe, the 
chip could be placed in the upper left
hand corner of the card. Alternatively, 
it could be placed slightly above the 
long axis of the card, near the card's 
left side. Unfortunately this is a re
gion where mechanical stress is high
est when the card is bent about the 
long axis. Part of the purpose of the 

SMART CARDS, plastic cards containing microelectronic chips, 
can act as credit cards, keys or portable computers. For example, the 
chip (top right), which holds a microprocessor and several kinds of 
memory bank, can store and update a cardholder's credit-account 
balance and keep a complete record of all transactions made with 

the card. The chip communicates with external machinery through 
eight metal contacts (top left) on the front of the card (bottom left). 
In the photograph at the bottom right, part of a card's magnetic 
stripe has been removed to show one possible placement of the 
chip. The chip could also be placed just above the card's long axis. 
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Mastercard field trials, in which half of 
the cards have chips in one location 
and half have them in the other, is 
to determine whether the location of 
the chip has a significant effect on the 
card's reliability. The most acceptable 
location will be established as an inter
national standard by the multilateral 
International Standards Organization. 

There is another question that is 
decided largely by the environment in 
which smart-card microcircuitry must 
exist: Should all the processors and 
memories be integrated into one chip, 
or should each card carry two chips? 
In a two-chip card one chip would 
contain the central processing unit, a 
working memory and little else; the 

other would consist almost entirely of 
memory banks. 

Chips that contain little more than a 
microprocessor and a working memo
ry, and others that contain only mem
ory, are readily available, and so little 
innovation would be needed to pro
duce a card incorporating the func
tions on separate chips. It might be 
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INFORMATION passes between a smart card and various exter
nal devices, as well as among the several elements that make up the 
card's microcircuitry. When a smart card is us'ed as a credit card, 
it is inserted into a special on-board reader (bottom left) at the point 
of sale, say a store or a restaurant. The on-board reader is connect
ed to a microcomputer that has access to a memory containing a 
list of stolen cards and a complete record of the store's transac
tions. The point-of-sale machine periodically communicates with 
the card-issuing company's host computer (Jar left) both to report 
transactions that have occurred and to update the store's list of sto
len cards. A special off-board reader (middle left) in the cardhold
er's home can provide the cardholder with a complete printed rec-
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ord of transactions. Within the card itself, the central processing 
unit, or CPU (essentially a small computer), is the nexus through 
which all information passes (top center). The CPU is connected to 
three types of memory. The read-only memory (bottom right) is es
tablished by the card's manufacturer and cannot be altered; it is 
nonvolatile (information stored in it remains even when the card 
is not connected to a power source). The read-only memory con
tains the card's operating system: the sequence of steps the central 
processing unit is to follow when it is given a command by an exter-. 
nal device. Another memory, the random-access memory, is vola
tile: it cannot retain information after the card has been disconnect
ed from a power source. It is used as a scratch pad (a place to store 
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much more expensive to design and 
fabricate a single chip containing all 
the necessary microcircuitry. 

Nevertheless, there are two compel
ling reasons to put all the electronics 
on one chip. First, putting two chips in 
a setting that endures as much physical 
abuse (bending, torque, extreme tem
peratures and spilled liquids) as a cred-

it card does would nearly double the 
chances of failure. Each of the two 
chips might fail just as readily as a sin
gle chip, and the failure of one would 
make the card useless. Second, if the 
memory is separated from the cen
tral processing unit, there must be an 
electrical connection between them. It 
might be possible to monitor the con-

-------
OPEN ZONE 

CARDHOLDER'S NAME, 

TELEPHONE NUMBER, ETC. 

WORKING ZONE 

PURCHASE RECORDS: 

AMOUNT OF PURCHASE, 

DATE OF PURCHASE, 

PLACE OF PURCHASE 

TOTAL AMOUNT SPENT 
WITH THIS CARD 

SECRET ZONE 

CARDHOLDER'S PA S SWORD 

MANUFACTURER'S CODE 

SERIAL NUMBER 

ACCOUNT BALANCE AT THE TIME 
THE CARD WA S IS SUED 

OPERATING SYSTEM 

CONTENTS ARE NOT 
CONFIDENTIAL 

UNCONDITIONAL 
READ ACCESS 
NO WRITE ACCESS 

CONTENTS ARE PARTIALLY 
CONFIDENTIAL 

CONDITIONAL READ AND 
WRITE ACCESS, UNDER 
CONTROL OF CARD'S 
MICROPROCESSOR 

CONTENTS ARE STRICTLY 
CONFIDENTIAL 

CARDHOLDER HAS NO 
DIRECT ACCESS 

the intermediate results of calculations) by the central processing unit. The third memory, 
a programmable, read-only memory, gives the smart card much of its flexibility and util
ity. The programmable, read-only memory is divided into three zones (right). One of these, 
the secret zone, is accessible only to the company issuing the card: the card's CPU will not 
follow an instruction from anyone else to read data from the secret zone or to alter any in
formation stored there. The secret zone contains such information as the cardholder's pass
word and credit limit. Other information, such as the cardholder's name, is stored in an 
open zone. The open zone can be read by any card-reading device, but no information in it 
can be altered. The third zone, called the working zone, contains a complete record of pur
chases !I1ade with the card: the amount of the purchase, the place and date of purchase 
and the total spent on all purchases. The working memory can be read from and written to 
only under certain conditions (when the card is in a legitimate cash register, for example). 

nection, thereby violating the security 
of the chip's memory. 

The unique environment in which 
the smart card's microcircuitry must 
operate places tight constraints not 
only on the overall design of the card 
but also on the design of the chip itself. 
For example, a chip that is to be em
bedded in a credit card must be thin
ner than the standard silicon wafer; 
chips designed for smart cards are typ
ically .011 inch thick instead of the 
more standard .015 inch. Also, the 
area of the chip should be as small as 
possible: a chip that occupies a large 
area on the card will be subject to a 
greater amount of strain than a smaller 
chip when the plastic card is bent. It is 
therefore particularly important to se
lect a type of microcircuitry that can 
be packed onto a chip very densely. 
The cost of producing the chip may 
also be an issue. 

The chip should be able to operate 
well in an electronically "noisy" en
vironment; for example, a debit card 
that is to be used in a gas pump must 
be able to function even when it is 
near other electronic devices, such 
as the electromechanical apparatus in 
nearby cars and in the pump itself. It is 
also important that the microcircuitry 
not consume large amounts of electric 
power. In many applications the card's 
central processing unit need not be par
ticularly fast, however: most of the 
card's operation will involve dialogue 
with the user, and the response time 
of even the slowest microprocessors is 
sufficient to keep pace with the relative 
slowness of a human being punching a 
keyboard. (In some applications, on 
the other hand, such as high-security 
ones that require extensive encryption 
and decryption, high-speed operation 
could be important.) 

Hence the design engineer has to 
choose circuitry that is small and can 
be packed densely on a chip. It must 
use as little power as possible, and it 
should be inexpensive to manufacture. 

Perhaps the most important deci
sion is to determine what kind of 

transistors to use. Transistors are the 
basic building blocks of microproces
sors and memories; a chip may con
tain as many as 100,000 transistors. A 
transistor is essentially a switch: an in
put voltage applied to one element of 
the transistor creates or eliminates an 
electrical channel between two other 
elements. When there is a channel, cur
rent can flow through the device. 

A transistor consists of several adja
cent regions of a doped silicon crys
tal: a crystal to which impurity atoms 
have been added to change its electri
cal properties. If the added impurity 
atoms have more electrons in their va-

155 © 1985 SCIENTIFIC AMERICAN, INC



lence, or outer, shell than silicon at
oms do, some electrons will not partic
ipate in the bonds that hold together 
the crystal lattice and so will be free 
to move about within the silicon. If 
an electric field is applied to the crys
tal, the free electrons will move, cre
ating an electric current. Since the 
electrons that carry the current are 

negatively charged, silicon into which 
atoms that give up electrons have been 
introduced is said to be n-doped. 

Conversely, impurity atoms can be 
added that have fewer valence elec
trons than silicon has. Then there will 
be a number of "holes," vacant sites 
that would normally be occupied by 
electrons, within the crystal. In a sense 
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NPNBIPOLAR TRANSISTOR acts as a switch: a voltage applied to an element called the 
base causes current to flow between two other elements, called the emitter and collector. 
The transistor is made of doped silicon: silicon to which impurity atoms have been added to 
change its electronic properties. In n-doped silicon there are extra electrons available to car
ry current. Conversely, in p-doped silicon there are "holes": vacant sites that could be occu
pied by electrons. Holes, acting as positively charged particles, can carry a current. In an 
IIpll bipolar transistor, current normally cannot flow from the emitter to the collector be
cause electrons cannot penetrate the p-doped region of the base. When a positive voltage is 
applied to the base and the collector, however, some holes, repelled by a positive voltage, 
flow from the base into the emitter. In exchange, electrons flow from the emitter into the 
base. Most electrons flow through the base into the lightly II-doped surrounding region and 
then into the collector. In a wiring diagram (bottom) current is conventionally represented 
by arrows pointing opposite to the direction in which the negatively charged electrons flow. 
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METAL-OXIDE-SEMICONDUCTOR (MOS) TRANSISTORS can be built in two ways. 
In an II-MOS transistor (left) current cannot flow through the p-doped region between the 
source and the drain unless a positive voltage is applied to a gate, which lies just above a 
thin layer of insulating silicon dioxide. The voltage attracts a layer of electrons, calied an 
inversion layer, forming a conductive channel through which current can flow. Converse
ly, in a P-MOS transistor (right) a channel is formed by applying a negative voltage to the 
gate, attracting an inversion layer of holes. The holes flow from the drain to the source. 
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holes act as positively charged parti
cles: when an electric field is ap'plied to 
the crystal, holes move from 'atom to 
atom, prod ucing an electric current. 
Because this current is made up of pos
itively charged "particles," silicon with 
an excess of holes is said to be p-doped. 

In one type of transistor, known as 
an npn bipolar transistor, a heavily n
doped region, called the collector, lies 
within a lightly n-doped region [see top 
illustration at left}. A p-doped region, 
called the base, also lies within the 
lightly n-doped region. Another heav
ily n-doped region, called the emitter, 
lies within the p-doped region and is 
completely surrounded by it. 

As a rule electrons cannot flow 
from the emitter to the collector, even 
if a positive voltage (a voltage that at
tracts electrons) is applied to the col
lector; they cannot pass through the 
p-doped base. When a positive voltage 
is applied to the base, however, some 
holes pass from the base into the emit
ter and in exchange some electrons 
from the emitter are injected into the 
base. Many of these electrons pass 
through the base and into the lightly n
doped region in which the collector, 
base and emitter lie. From there they 
pass into the collector. In this way the 
positive voltage applied to the base 
acts as an input signal: it induces a cur
rent to flow between the emitter and 
the collector. The current is the tran
sistor's output signal. 

Bipolar transistors are relatively in
expensive to make, and they are fast 
switches (that is, they respond quickly 
when an input voltage is applied to the 
base). On the other hand, they con
sume a relatively high amount of pow
er: current flows from both the base 
and the emitter whenever the transis
tor is "on" (whenever a positive volt
age is applied to the base). Bipolar 
transistors are therefore not entirely 
suitable for many of the applications 
to which smart cards will be put. 

Much more promising than bipolar 
transistors are those built with 

metal-oxide-silic'on, or MOS, technolo
gy. There are two types of MOS transis
tor, respectively known as noMOS and p
MOS. An noMOS transistor contains two 
islands of highly n-doped silicon called 
the source and the drain; both are em
bedded in a substrate of p-doped mate
rial [see bottom illustration at left]. A 
thin layer of silicon dioxide (an insula
tor) covers the silicon crystal, and a 
metal or silicon electrode, called the 
gate, is deposited on top of the region 
of silicon dioxide that is just above the 
p-doped silicon lying between the two 
n-doped regions. 

As in a bipolar transistor, normally 
current cannot pass through the de-
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vice; to pass from one n-doped region 
to the other it would have to traverse 
a· p-doped region. When a positive 
voltage is applied to the gate, howev
er, electrons from within the p-doped 
substrate are pulled into the region 
of p-doped silicon that lies just under 
the silicon dioxide layer between the 
source and the drain. These electrons 
form a layer that is called an inversion 
layer because it is made up of charge 
carriers that are opposite in sign to the 
holes that usually inhabit a p-doped 
semiconductor. The inversion layer 
acts as a conductive channel through 
which other electrons may flow from 
the source to the drain. 

A P-MOS transistor operates on the 
same principle as an n-MOS transistor, 
but the source and drain are p-doped 
and lie in a substrate of n-doped mate
rial. In a p-Mos transistor current is car
ried by holes, rather than electrons, 
that pass from drain to source; a nega
tive voltage, rather than a positive one, 
is needed to bring enough holes near 
the transistor's surface to form the 
channel between source and drain. 

In an MOS circuit, as in a bipolar tran
sistor, the voltage applied to the gate 
represents an input signal. Unlike the 
current of bipolar transistors, how
ever, the current between the source 
and the drain is not usually used as the 
output signal. In most MOS technolo
gy the drain is electrically connected, 
either by a resistor or by a transistor 
whose channel is always conductive, to 
a line carrying a high voltage [see illus
tration on this page]. The source is con
nected to a line carrying a low voltage. 

When the input voltage (the voltage 
applied to the transistor'S gate) is low, 
the transistor is unable to carry a cur
rent and the drain has no direct electri
cal connection to the low-voltage line. 
The drain does, however, have a di
rect connection to a high-voltage line. 
It therefore assumes a high voltage. 
When the input voltage is high, the 
transistor can carry current; the drain 
is then connected to the low-voltage 
line and assumes a lower voltage. The 
voltage of the drain, which is low when 
the input voltage is high and high when 
the input voltage is low, is the output 
signal of the MOS device. 

Such MOS circuits are reasonably 
fast, inexpensive to make and reli

able. They can also be packed densely 
onto a chip. On the other hand, they 
are relatively sensitive to noise (electri
cal signals generated by neighboring 
devices), and although they require 
less power to operate than bipolar tran
sistors, they still draw a lot of power. 
They may therefore be unacceptable 
in some applications of smart cards. 

A variation on this kind of MOS tech-
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N-CHANNEL MOS SWITCHING DEVICE consists of two /l-MOS transistors wired to
gether. One transistor's gate and drain are wired together (Jar right); they are connected to 
a high-voltage line, and so current can always flow between the transistor's source and its 
drain. The other transistor's source (Jar left) is connected to a low-voltage line. Its drain is 
directly wired to the source of the first transistor; the voltage at this junction (center) repre
sents the output. When the input voltage (left) is low, the output node is electrically isolat
ed from the leftmost transistor's source: there is no layer of electrons to carry a current. 
The output node is connected, however, by means of the permanently open transistor, to 
the high-voltage line attached to the device's drain. The output node therefore assumes a 
high voltage. When the input voltage is high, the output node is no longer isolated from 
the low-voltage line attached to the device's source and therefore assumes a lower voltage. 

nology, called complementary MOS, or 
CMOS, uses nearly an order of magni
tude less power and is approximately 
half as sensitive to noise. It may prove 
to be the most appropriate technolo
gy for smart cards. A CMOS circuit is 
a single crystal containing both an n
MOS and a P-MOS transistor. The gates 
of the two transistors are wired togeth
er [see illustration on next page] and the 
voltage applied to them serves as the 
input signal. The responses of the two 
transistors to any input signal will be 
complementary: a signal that activates 
the P-MOS transistor will inactivate the 
n-MOS transistor and vice versa. 

The drain of the n-MOS transistor is 
wired to the source of the P-MOS tran
sistor, so that these elements are al
ways at the same voltage. This volt
age is the output signal. The source of 
the n-MOS transistor is connected to a 
line bearing a low voltage, and the 
drain of the P-MOS transistor is con
nected to a high-voltage line. 

When the input voltage is positive, 
the channel of the n-MOS transistor 
is conductive and that of the P-MOS 
transistor is not. The drain of the n
MOS transistor and the source of the p
MOS transistor are therefore electrical
ly connected to the low-voltage line 
and isolated from the high-voltage line. 
The output voltage hence assumes a 
low value. Conversely, when the input 

voltage is negative, current can flow 
through the P-MOS but not the II-MOS 
transistor. The drain of the II-MOS 
transistor and the source of the p
MOS transistor are then connected to 
the high-voltage line and isolated from 
the low voltage line. The output volt
age hence assumes a high value. 

Perhaps the most important feature 
of a CMOS device is that no current 
passes between the high-voltage line 
connected to the P-MOS transistor's 
drain and the low-voltage line connect
ed to the II-MOS transistor'S source ex
cept during the short periods when the 
input signal is switched between high 
and low voltage. Hence a CMOS device 
draws far less current than either a bi
polar transistor or a pair of transistors 
that are both II-MOS or both p-MOS. 

A CMOS device is also much less sus
ceptible to electrical noise. To switch a 
standard II-MOS device, say from low 
output voltage to high output volt
age, the input voltage need only be 
switched from some positive value, 
at which the conductive channel be
tween source and drain is open, to zero 
voltage. (When the gate is set at zero 
voltage, no electrons are attracted to 
the surface of the device and there 
is no conductive channel.) To switch a 
CMOS device the input voltage must be 
switched from a positive value, which 
allows the p-MOS transistor to conduct, 
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to a negative value, which allows the n
MOS transistor to conduct. The differ
ence between the new input voltage 
and the old is twice as high for a CMOS 
device as it is for noMOS circuitry, and 
so a spurious signal would have to be 
twice as intense to force the CMOS de
vice into an error. 

CMOS circuitry is currently more ex
pensive to produce than noMOS tech
nology, and it cannot be packed as 
densely onto a chip. In part, however, 
the reason is that CMOS is a relatively 
new technology. Within a few years it 
will be possible to produce CMOS devic
es that are as small and inexpensive 
as noMOS devices. Some prototypes of 
these devices, called high-performance 
CMOS, or HCMOS, devices already exist. 
The technology of an HCMOS device is 
essentially the same as that of a CMOS 
device, but the manufacturing equip
ment is more precise, allowing more 
components to be built in each unit 

SOURCE GATE 

n 

OUTPUT 

p 

n 

of area. The separation between the 
source and the drain of a CMOS de
vice is typically about three microme
ters; that of an HCMOS device is less 
than one micrometer. 

Afinal technological question con
cerns the smart card's memory. 

Every smart card will have at least 
three general kinds of memory. One of 
these, called a read-only memory, or 
ROM, is established at the factory and 
cannot be altered. It contains, for ex
ample, the card's operating system: the 
set of instructions the central process
ing unit (the part of the chip that per
forms logic operations) is to follow 
when it is given certain commands. 
Another memory, a volatile random
access memory, or RAM, is a very fast 
memory that is left blank by the manu
facturer. Any part of the RAM can be 
altered by the card's central processing 
unit, but information in the RAM is 
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COMPLEMENTARY MOS (CMOS) SWITCHING DEVICE consumes much less power 
than a standard noMOS or p-MOS switching device and may be the most appropriate tech
nology for smart cards. In a CMOS device the gates of a P-MOS transistor and an noMOS tran
sistor are wired together; the voltage applied to them is the input signal. The actions of the 
two transistors will thus be complementary: any voltage that activates the II-MOS transistor 
will inactivate the P-MOS transistor, and vice versa. In addition the drain of the II-MOS tran
sistor is connected to the source of the P-MOS transistor; the voltage at this node is the de
vice's output signal. The source of the II-MOS transistor is connected to a low-voltage line, 
and the drain of the P-MOS transistor is connected to a high-voltage line. When the input 
voltage is positive, current can flow through the /l-MOS transistor but not through the p
MOS transistor; the output node, which is thereby electrically connected to a low-voltage 
line and isolated from a high-voltage line, assumes a high voltage. Conversely, when the 
input voltage is negative, the output node is connected to a high-voltage line through the 
P-MOS transistor and isolated from a low-voltage line; it therefore assumes a high voltage. 

CMOS devices consume very little power because no current flows through the device except 
during the short period when the input voltage is changed from high to low or vice versa. 
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erased whenever the card i s  discon
nected from a power source. The RAM 
is used as a scratch pad: it stores inter
mediate results of calculations done 
by the central processing unit. 

Most of the third kind of memory, 
the nonvolatile, programmable, read
only memory, is left blank by the man
ufacturer and can be altered by the 
central processing unit. Information 
entered into this memory is retained 
even after the power source is re
moved. It  is this memory that houses 
the open, working and secret zones 
that help to ensure the security of in
formation stored on a smart card. 

Until recently the only technology 
out of which this third kind of memory 
could be built was the so-called eras
able, programmable, read-only memo
ry, or EPROM. This is somewhat of a 
misnomer: information entered into 
an EPROM can be erased only by ex
posing it to ultraviolet light under 
controlled conditions. The cardhold
er must therefore return the card to 
the supplier in order to erase the mem
ory in such a way that it can be reused. 
A card that relies on EPROM technolo
gy can therefore serve for only a limit
ed period, after which no more mem
ory space is available for storing such 
information as the date and amount 
of a purchase. Ideally a cardholder 
should be able to erase the memory 
of a previous year's transactions to 
make room for the next year's. 

A novel type of memory device, 
known as the electronically erasable, 
programmable, read-only memory, or 
EEPROM, may soon make that possible. 
An EEPROM cell is built in a single crys
tal of insulating silicon dioxide that 
lies on a substrate of p-doped silicon. 
Just under the top surface of the crys
tal there is an island of polysilicon (a 
conductor) called the control gate [see 
illustration on opposite page]. The con
trol gate is electrically connected to a 
control electrode that lies above the 
silicon dioxide crystal. Under the con
trol gate is another island of polysili
con called the floating gate, which is 
electrically isolated from all the other 
components of the EEPROM cell. The 
floating gate is separated from the 
substrate by a thin layer of silicon di
oxide. Within the substrate, on each 
side of the region that lies directly un
der the floating gate, are the source and 
drain, two islands of n-doped silicon. 

The EEPROM cell relies on a quan
tum-mechanical property of electrons 
called tunneling. According to quan
tum-mechanical rules, when an elec
tron is present in a conductive material 
that is separated from another conduc
tive material by a thin insulating layer, 
there is a small probability that the 
electron will tunnel through the insula-
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MEMORY CELL, part of an electrically erasable, programmable, read-only memory (EE
PROM), retains information stored in it even after it has been disconnected from a power 
source. The presence or absence of electrons in an electrically isolated "floating gate" (cen
ter) signifies whether the cell is storing a 1 or a 0 binary bit. To draw electrons into the float
ing gate, a small positive voltage is applied to the drain and a large positive voltage is applied 
to the control gate. The layer of electrons thus attracted to the area under the floating gate 
forms a small current between the source and the drain. Some of these electrons, attracted by 
the positive voltage on the control gate, "tunnel" through a thin insulating layer of silicon di
oxide to the floating gate, where they are trapped. To remove them, a large negative voltage 
is applied to the control gate while a small positive voltage is applied to the drain. Electrons 
then tunnel from the floating gate to the p-doped substrate, where they form a current into 
the drain. An EEPROM cell can be programmed and reprogrammed in this way many times. 

tor and become trapped in the second 
conductor. In the case of an EEPROM, 
electrons tunnel between the p-doped 
silicon and the polysilicon floating 
gate. It is the presence or absence of 
extra electrons within the floating gate 
that signifies whether an EEPROM cell is 
storing the binary bit 1 or O. 

When there is no voltage applied to 
the source, drain and gate, there are no 
electrons available to tunnel. To pro
duce them a small positive voltage is 
applied to the drain and a large posi
tive voltage is applied to the control 
gate. The source, drain and control 
gate then behave like the source, drain 
and gate of an n-MOS transistor: a lay
er of electrons is attracted to the sur
face of the p-doped substrate, and a cur
rent flows through this layer from the 
source to the drain. Some of the elec
trons that make up the current tunnel 
through to the floating gate and are 
trapped there. When the voltages on 
the drain and the control gate are re
moved, the electrons remain in the 
floating gate and the EEPROM stores a 
logic-1 bit. 

To remove the electrons from the 
floating gate a small positive voltage is 
applied to the drain while a large nega
tive voltage is applied to the control 
gate. Electrons are then repelled by the 
control gate and tunnel back into the 
substrate, where they form a current 
between the source and the drain. 

An EEPROM cannot be programmed 
and reprogrammed indefinitely. Every 
time electrons tunnel between the sub
strate and the floating gate a few are 
trapped within defects in the thin insu
lating layer of silicon dioxide. After 

about 10,000 cycles (that is, after the 
EEPROM has been reprogrammed from 
o to 1 and vice versa 10,000 times) 
enough electrons are caught to form 
leaky channels through which current 
can flow directly from the floating gate 
to the substrate. Nevertheless, a smart 
card equipped with an EEPROM mem
ory will be sufficiently durable to serve 
for several years and will have enor
mous flexibility of function. 

The smart 'card may effect major 
changes in'the economic function

ing of society: As keys, for example, 
smart cards may provide the degree 
of security necessary to make true 
computer networking a viable propo
sition; a complete data-bank-exchange 
and electronic-funds-transfer network 
can exist only if there is a way to en
sure that no unauthorized users have 
access to the system. Smart cards may 
bring about this true union between 
telecommunications and computing. 

Smart cards will also change the way 
simple commercial transactions are 
carried out. It has been quite some 
time since the system of barter, of 
trading one commercial item directly 
for another, was replaced by a system 
of trading items for standard units of 
wealth (say shells or pieces of gold). 
Eventually the units of wealth them
selves were replaced by receipts: cer
tificates that represented a certain 
amount of gold or silver. Those certifi
cates have now been replaced by cash 
and checks. Not too far in the future 
paper money itself may be replaced by 
"units of purchasing power" stored 
electronically on smart cards. 

Close 
your eyes. 
Now have 
someone 
read this 

to you. 
You are blind. A student. 

Facing four years of college. With 
about thirty-two textbooks to 
read. Plus fifty supplemental texts. 
How are you going to manage? 

With Recording for the Blind. 
Since 1951, we've helped over 
53,000 blind, perceptually and 
physically handicapped students 
get through school. By sel1ding 
them recordings of the books they 
need to read. Free. 

Recording for the Blind is 
non-profit, and supported by 
volunteers and contributions from 
people like you who can imagine 
what it's like to be blind. 

Your tax-deductible donation 
will hel p ou r students meet thei r 
educational goals. We'd all be 
grateful. 

If you want to know more 
about us, write: 

(', 
Recording 

for the Blind, Inc., 
an educational lifeline. 

Station E, 215 East 58th Street, 
New York, New York 10022 

(212) 751-0860. 
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Early Arctic Settlements 
in North America 

Survival of the ancestors of the modern Eskimos and Aleuts hinged 

on the relation between culture and resources. One key to success 

appears to ha ve been the capacity to exploit many sources of food 

T
he Arctic fringe of North Ameri
ca, stretching from the western 
coast of Alaska to Greenland, 

contains some of the least promising as 
well as some of the richest regions ever 
to be inhabited by human beings. 
Much of the northern land is tundra, a 
treeless plain whose surface is frozen 
for most of the year. Some parts of the 
long, northern coastline are blocked by 
ice for as many as nine months at a 
time. Yet maritime grasslands and wet 
forests characterize the south, where 
no ice forms on the ocean. When Euro
pean explorers reached the Arctic in 
the 1 6th and 1 7 th centuries, they found 
90,000 hardy people whose way of life 
was well suited to their coastal habi
tats. These northernmost native Amer
icans are the Eskimos and Aleuts, and 
their success in the Arctic rests on 
more than 1 0  millenniums of econom
ic and cultural development. 

Reconstructing that long prehistory 
by means of archaeological investiga
tion is not an easy task in the vast Arc
tic region. Enough is known, however, 
for archaeologists and anthropologists 
to depict several crucial episodes in 
Arctic prehistory. This article takes up 
four of them. The first episode began 
about 9,000 years ago when a group of 
people, who may have been the ances
tors of the modern Aleuts, settled on 
Anangula Island in the southern part 
of the Aleutian chain. The second took 
place 5 ,000 years later when people 
whose culture is called Pre-Dorset 
migrated into the eastern Arctic. The 
third, some 2,000 years ago, was the 
settlement in Alaska at Point Hope of 
the Ipiutak people, whose subsistence 
technology was evidently historically 
related to that of the Pre-Dorset peo
ple. The final episode began in about 
985 B.P. (before the present), when the 
eastern Arctic was resettled by people 
of the Thule culture. By that time de-
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by Jean S. Aigner 

scendants of the Pre-Dorset were not 
so numerous and the adaptively supe
rior Thule way of life became estab
lished across the region. Also, the Ipiu
tak culture was gone from Point Hope. 

Three of these four episodes repre
sent pioneering efforts. The village 
on Anangula was the first community 
known to have practiced the coastal 
way of life that is typical of Eskimo 
and Aleut culture. It  is significant that 
the settlement was in the climatically 
more equable and rich region south of 
the Arctic zone. The small Pre-Dorset 
bands were the first human inhabitants 
of the eastern Arctic. the efficient 
whaling technology and innovative 
social organization of the Thule peo
ple provided much of the foundation 
of modern Inupiaq Eskimo culture. 
The fourth episode, the occupation of 
Point Hope by the Ipiutak people, was 
chosen not because it was revolution
ary but because it demonstrates how 
rich Arctic culture could be in a favor
able location. When the four episodes 
are combined, they begin to yield a pic
ture of how human beings adapted to a 
highly variable habitat: the Arctic. 

The native inhabitants whom the 
European explorers encountered 

in the Arctic made up a complex pat
tern of linguistic groups and modes 
of subsisting. Of a population totaling 
90,000 at the time of European contact 
about 1 6,000 were Aleuts, who occu
pied the Aleutians and the adjoining 
part of the narrow finger of land called 
the Alaska Peninsula. The remaining 
74,000 were Eskimos, who in turn 
were divided into two main linguistic 
groups. The many speakers of Alutiiq 
lived on the southern coast of Alaska. 
Even more numerous were related 
speakers of Central Yupik, who lived 
on the western coast of Alaska; their 
linguistic relatives who spoke Siberian 

Yupik inhabited islands in the Bering 
Strait and small enclaves on the Siberi
an coast. The other linguistic group, 
which was more widespread (although 
not more numerous), was made up 
of the speakers of Inupiaq, who occu
pied a territory stretching from north
ern Alaska all the way across northern 
Canada to Greenland. 

In spite of such language and cultur
al divisions all the Eskimo and Aleut 
groups shared an Asian origin. Dur
ing the Wisconsin ice advance, which 
reached its peak between 1 8,000 and 
1 6,000 years ago, so much water was 
frozen in the glaciers that the mean 
level of the world's seas fell by about 
1 00 meters. One result was that eastern 
Siberia and Alaska merged into a 
single landmass called Beringia. The 
surface of Beringia probably consist
ed largely of tundra. Along the coast 
and perhaps across the frozen plain 
the ancestors of the Aleuts and Eski
mos gradually expanded southeast
ward toward Alaska. 

Among the people who came to 
Alaska by way of Beringia were the 
forebears of the groups that estab
lished the community at Anangula. 
They probably traversed the southern 
coast of Beringia. Although it is not 
easy to define the outlines of Beringia 
precisely, the southern coast may have 
corresponded to a line that extended 
southeast from Siberia toward the 
Aleutians. Thus a traverse of the coast 
would have terminated somewhere in 
the eastern Aleutian chain. During the 
height of the Wisconsin glaciation the 
Aleutians were under ice, along with 
much of southern Alaska. By about 
1 1 ,000 B.P., however, the ice had melt
ed and opened the islands for human 
habitation. 

The journey along the coast of Ber
ingia to the eastern Aleutian Islands 
undoubtedly took millenniums, but it 
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was by no means time wasted. Indeed, 
the journey may have served as a labo
ratory for perfecting subsistence skills 
suited to Anangula. Unlike northern 
Alaska, the Aleutians have a sub
Arctic climate. The coastline is foggy, 
rainy and free of ice even in the winter. 

As the migrants moved south and east 
along the coast of Beringia they would 
have encountered increasingly warm 
and wet conditions. By the time they 
reached the Aleutians they were quite 
likely well prepared to survive in an 
ice-free coastal environment. The long 

learning experience was clearly valu
able, because when my students and I 
excavated Anangula in 1970, we found 
the remains of a vital, robust village. 

The prehistoric village site is a point 
of land extending from the tiny, tree
less island of Anangula into Nikolski 

BURIAL MASK was made about 1,500 years ago by people of the 
Ipiutak culture. Each of its parts was carved from a piece of walrus 
tusk. The parts may originally have been held together by sinew 
thongs. In modern Eskimo culture great power and ritual signifi
cance are attributed to masks, and the same may have been true in 
the Ipiutak culture. The mask came from a grave at Point Hope in 

northwestern Alaska. Ipiutak people are known to have beeu pres
ent there by 1600 B.P. (before the present). Several hundred years 
later they were gone, but they had probably contributed to aspects 
of modern Bering Sea Eskimo cultures and populations. At Point 
Hope the Ipiutak community was succeeded by groups of people 
who were probably the ancestors of the modern Inupiaq Eskimos. 
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ARCTIC REGIONS of North America are home to the modern 
Aleuts and Eskimos, who are divided into several major linguistic 
groups. The deepest division is between the Aleuts and the Eskimos. 
The Aleuts live in the Aleutian Islands and on the adjoining part of 
the mainland. Another linguistic division is between Inupiaq Eski
mo and the group of Alutiiq, Central Yupik and Siberian Yupik Es-

IPIUTAK GRAVE ORNAMENTS are among hundreds found at 
Point Hope; much of what is known about Ipiutak intellectual cul
ture comes from findings made in graves. The objects shown here 
are made of carved walrus tusk. The cone-shaped objects at the up
per left are artificial eyeballs with jet pupils. They were made to be 
inserted in the eye sockets of a skull. The object shaped like a fig-
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kimo languages. Alutiiq speakers live on the southern coast of Alas
ka. Speakers of Central Yupik live on the western coast. Speak
ers of Siberian Yupik live on islands in the Bering Strait and in east
ern Siberia. The most far-flung group is made up of the speakers 
of Inupiaq. Their territory, which is bounded on the west by north
western Alaska and on the east by Greenland, includes Canada. 

ure eight at the upper right is part of an ornamental chain link; 
the small projection might represent a frog. The pointed object in 
the middle was lashed to some other object; it may represent the 
head of a bird. The head at the right of the three-link chain could 
be that of a walrus. These objects, along with the mask on the pre
ceding page, are from the American Museum of Natural History. 
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Bay. Radiocarbon dating, supplement
ed by other evidence, shows that the 
site was occupied for several hundred 
years between 8750 and 8250 B.P. The 
village consisted of many small oval 
dwellings, each occupied by a single 
family. The people built their houses 
by digging an oval depression over 
which they raised a driftwood super
structure. The superstructure was cov
ered by matting and a roof of living 
sod. Entry was through the roof. Arti
facts found in and around the houses 
imply a division of labor between the 
sexes, much like the one that exists 
among Aleuts and Eskimos in the his
toric period (after contact with Euro
peans). Men and boys apparently spent 
much time on the house roof, manu
facturing objects of stone, bone and 
wood and scanning the sea for sea 
mammals. Women and girls worked 
inside the house, making clothing, 
grinding pigments and tending the 
stone lamp in which they burned sea 
mammal fat to provide heat and light. 

Even though men and women per
formed different tasks, each household 
carried out basically the same eco
nomic activities. Statistical analysis of 
the tools and by-products left by the 
manufacture of stone tools shows that 
there was little specialization among 
households; each one apparently made 
all the tools it needed. The size and 
contents of the homes imply that all 
families lived in about equal comfort. 
Furthermore, because the sub-Arctic 
maritime climate provides a wide vari
ety of resources, food and other ne
cessities were most likely available to 
all households. Rather than being in
tegrated in a social hierarchy based 
on the ownership and distribution 
of scarce resources, the community at 
Anangula seems to have been largely 
egalitarian, perhaps because a living 
had to be made from the coastal zone 
and the sea demanded cooperation. 

I
ndeed, the shoreline and sea were the 

only substantial sources of food on 
the Aleutian Islands. The treeless land 
supports few edible plants. Berries and 
greens may have provided a bit of die
tary variety, but they could not have 
been the source of many calories. The 
species of grasses available on Anan
gula and other islands yield useful raw 
material for making containers, baby 
cradles and even socks, but they can
not be eaten by human beings. The sea 
and the beach yield a rich harvest. Res
ident Aleutian sea mammals, such as 
hair seals and sea lions, and migrato
ry ones, such as fur seals and some 
whales, were the staples of the diet. 
Their flesh was supplemented by that 
of shorebirds and seabirds, shellfish, 
shallow-water fishes, deep-sea fishes 

and anadromous fishes such as salmon 
(a species that migrates annually from 
fresh water to salt water). 

Considering how such prey were 
probably hunted, the size and perma
nence of Anangula take on particular 
significance. The modern-day Aleuts 
tend to hunt alone, in pairs or in small 
groups, but rarely in large, highly or
ganized parties. The early residents of 
Anangula probably did'the same. Such 
a hunting method does not require 
substantial social units. Continued sur
vival, however, does require that a 
group achieve a certain minimum size. 
For example, two families acting as a 
unit would be extremely vulnerable to 
the death or maiming of their male 
hunters in a single accident. Hence a 
core group needed at least from six to 
eight families to ensure consistent suc
cess in the pattern of subsistence. 

The number of houses and the distri
bution of other artifacts at Anangula 
suggest that roughly 75 people lived 
there, or twice the minimum number 
called for by the style of hunting. If a 
community of that size is to survive 
through recurrent periods of scarcity, 
it must have highly developed hunting 
techniques. Not only were the island
ers' hunting techniques sound enough 
to support a large community but also 
they were reliable enough to support a 
permanent one. When game is scarce, 
one obvious strategy is to pick up the 
village and move. The people of Anan
gula, however, were such skilled hunt
ers, and locally available resources 
were so abundant, that the villagers 
did not have to resort to such meas
ures. Digging at later, nearby sites re
vealed a pattern with a permanent vil
lage like Anangula, a seasonal salmon
fishing camp and also temporary 
camps where pairs of hunters slept 
overnight. Although the main village 
on Anangula was apparently occupied 
continuously, people probably also 
followed a pattern using optional sea
sonal camping sites. 

The vitality and permanence of 
Anangula are all the more impressive 
when one considers that it is the earli
est coastal site in Alaska bearing a di
rect relation to ways of life in the mod
ern period. Traditional Aleuts subsist 
by hunting sea mammals and fishing, a 
way of life similar to that of the prehis
toric villagers on Anangula. Although 
not all scholars would agree with me, I 
think the community on Anangula was 
inhabited by the cultural ancestors of 
the modern Aleuts. A series of other, 
younger sites in the Aleutians appears 
to provide the intermediate links be
tween Anangula and the Aleutian cul
ture and people in the historic period. 

The prehistory of the Eskimo people 
is somewhat more complex than that 

of the Aleuts, for several reasons. Not 
only are there many more Eskimos 
than there are Aleuts but also the Eski
mo popUlations include groups with 
quite varied subsistence practices. In 
addition the antecedents of Eskimo 
culture do not form a single, clear line 
of descent as the antecedents of Aleut 
culture appear to do. Instead there 
are several false starts and new begin
nings. One early example is Pre-Dorset 
culture. Although Pre-Dorset culture 
(really several cultural variants) flour
ished for a long time in the eastern 
Arctic, as did its descendant culture, 
Dorset, it did not continue in recogniz
able form in the historic period. 

W
here Pre-Dorset culture originat
ed is a matter of disagreement 

among scholars. Some experts argue 
that it arose in Alaska; others say it 
originated in Siberia and was imp0rt
ed to Alaska by immigrants crossing 
the Bering Strait by boat. Archaeolo
gists generally agree, however, that 
between 4300 and 4000 B.P. Pre-Dor
set people expanded from northern 
Alaska toward the eastern Arctic, 
which until then was uninhabited. In 
their movement eastward they may 
have been abetted by a temporary 
warming phase in the Arctic climate. 
The relatively warmer conditions and 
the resulting changes in the patterns of 
coastal ice increased the popUlation of 
sea mammals, the main source of food 
for Pre-Dorset communities. 

Among the sea mammals the most 
important for Pre-Dorset hunters was 
the small ringed seal, which they hunt
ed several times in the year. Ringed 
seals breed in the spring, and the Pre
Dorset people sought them as pups in 
their dens on the ice; they also hunted 
the adult seals as they basked in the 
late-spring sun or swam near the edge 
of the ice floe. Some groups probably 
kept dogs as hunting partners, perhaps 
to help find the pupping dens and 
possibly the winter breathing holes of 
seals as well. Some archaeologists sug
gest that Pre-Dorset groups focused on 
seals and that even in places where wa
terfowl and caribou are known to have 
been common they appear as relative
ly minor dietary elements. Fish and 
shellfish are often absent altogether. 
Animal bone remains are often rare 
in such sites and many seasons are 
almost entirely unrepresented. There
fore archaeologists disagree about the 
degree of focus on single items that ac
tually characterize Pre-Dorset econ
omies. Nevertheless, a current charac
terization of Pre-Dorset culture sug
gests it focused on one or two food 
sources (seals and caribou) and knew 
fewer hunting strategies than modern 
Eskimos do. Pre-Dorset descendants 
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were at a competitive disadvantage 
when later (Thule) groups expanded 
into the eastern Arctic. 

As the Pre-Dorset people moved 
east they colonized both the high Arc
tic (north of 75 degrees north latitude) 
and the low Arctic (south of 75 de
grees). Two sites, one in each zone, 
give a sense of how they adapted to 
their environment. Port Refuge on 
Devon Island, not far from Greenland, 
lies north of 76 degrees and near the 
margin of human survival. The coast
line is blocked by ice for at least nine 
months of the year. Yet local varia
tions in air and water temperature and 
ocean currents produce open water ar
eas called polynyas that are ice-free 
most of the year. Port Refuge Pre
Dorset groups positioned themselves 
on the coast near the polynya to hunt 
the sea mammals swimming through 
1he open water. Excavations near Port 
Refuge by Robert McGhee of the 
National Museums of Canada offer a 
glimpse of their way of life. 

P
ort Refuge was much too harsh 
a habitat to support a large, sed

entary community such as the one 
on Anangula. The resident population 
was small and often moved in search 
of food. The Pre-Dorset people appar
ently had a variety of house types at 
sites they visited according to the sea
son, length of stay and the availability 
of food. From summer into the fall 
the group sometimes visited a location 
known as the Cold Site, where the re
mains of 31 houses, tents and work-

COVERING SOIL 

shops for making tools have been 
found. Bits of food, mostly ringed seal, 
indicate that tents and workshops were 
occupied for a day or two at a time by 
families or small hunting parties. The 
houses were more substantial and were 
occupied by families for periods rang
ing from a week to three months. 

The typical Pre-Dorset house con
sisted of a shallow foundation with a 
driftwood frame. Skins were stretched 
over the frame and held in place at 
the bottom by gravel or stones. Large 
slabs of rock in parallel rows marked 
the central hearth and the work areas. 
The house generally faced the sea; the 
interior space was divided according 
to sex roles. On the left as one looked 
out to sea the woman sat sewing or 
tending the hearth. The man sat on the 
right and made stone or bone tools. 

The Cold Site was not the only lo
cale the group members visited in the 
summer. During the warm season Port 
Refuge families sometimes lived in 
houses or tents four kilometers away 
at the Upper Beaches site. In the spring 
some might camp five kilometers to 
the southeast at Cape Hornby, obtain
ing fresh water from snow melt as they 
hunted seals and did domestic chores. 
The absence of sites giving evidence of 
winter activities suggests that in the 
cold season the group camped on the 
sea ice in snowhouses. Pre-Dorset peo
ple are credited with this innovation. 

The initial tenure of Pre-Dorset peo
ple in the high Arctic was brief. By 
about 3500 B.P. the warming trend that 
had accompanied their migration to 

OPENING 

the eastern Arctic was reversing. The 
cooling was sufficient to make the 
high-Arctic regions less attractive to 
people with Pre-Dorset styles of adap
tation, and they withdrew. In the more 
hospitable low Arctic, however, they 
continued to live with considerable 
success. Archaeologists suggest that in 
the Lake Harbour region of Baffin Is
land from five to 10 Pre-Dorset bands 
with a total of about 150 members 
spread themselves along about 450 
kilometers of coastline and survived 
there for many hundreds of years. 

Work done by Moreau S. Maxwell 
of Michigan State University and his 
students suggests how the thinly dis
persed groups might have lived. These 
ideas are subject to revision, of course, 
because Pre-Dorset sites with fauna 
are uncommon, and sites with bones 
are biased toward spring at the floe 
edge. Because of the local ice and tide 
conditions the resource base was mod
est but reliable. Ringed seals and the 
larger bearded seals were in the area 
year round. Walruses, beluga whales 
and even the larger bowhead whales 
were present during warm climatic in
tervals; fish were available. The land 
supported caribou and birds. From 
this variety, it is suggested, Lake Har
bour Pre-Dorset people, and to a lesser 
extent descendant Dorset people, were 
inclined to focus on small seals and 
caribou. They were willing to shift 
their settlements as needed to take seal 
and caribou with the strategies and 
tools they had long known. 

Some archaeologists believe that the 

IPIUTAK HOUSE had a roughly square plan and may have been 
entered through a side passage in some cases. The house was set 
slightly below ground level. It had a log frame, log or perhaps plank 
flooring and walls and a covering of earth. Each house was prob
ably occupied by one family, but examples suggest differences in 

family size and membership. Cooking was done over a fire in a cen
tral pit below floor level. The family members slept and worked on 
low benches around the periphery of the house. The reconstruction 
is based both on excavations at Point Hope and nearby Cape Kru
senstern and on 19th-century sketches of modern Eskimo houses. 
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focused specialization of the Pre-Dor
set signifies a culture that had both 
a limited technology and set of hunt
ing strategies and a world view that 
strongly favored traditional ways of 
living. Such a traditionalist and rigid 
ideology might have served to discour
age socioeconomic and technological 
innovation. Hypotheses concerning the 
intellectual culture of prehistoric peo
ples are slippery at best, but it is true 
that Pre-Dorset hunters lacked cer
tain technologies that were of great 
benefit to later Arctic dwellers. For 
example, although they had dogs, we 
have no evidence for dog sleds. As a 
result the hunters may not have been 
able to travel quickly from a land set
tlement to the hunting ground during 
the spring sealing season and may have 
been forced to build snowhouses on 
the ice to be near the seals. 

We also lack evidence for tech
niques that make open-water hunting 
of sea mammals highly efficient, such 
as winter sealing at breathing holes 
and those involving drag floats. Such 
methods have had a significant part in 
the adaptive success of modern north
ern Eskimos. Thus a way of conceptu
alizing differences between Pre-Dorset 
and historic Eskimos of the eastern 
Arctic is to place them along a contin
uum from a focused economy to one 
that is diffuse, and from a rigid world 
view to one that is flexible. Pre-Dorset 
culture focused on ringed seals and 
caribou. Descendant Dorset culture 
was more inclined to take some wal
ruses, small whales and small game. 
But the techniques for taking these ani
mals were more limited than the wider 
repertory used by historic Eskimos, 
who were very flexible, adapting as 
needed to both new settlement areas 
and economic strategies. The range 
of foods taken varied with time and 
place, as did methods of hunting and 
group organization. 

The Pre-Dorset culture underwent 
enough changes for archaeologists to 
recognize a distinct culture known as 
Dorset. Although by 1 485 B.P. Dorset 
sites were fewer than before and the 
total population appears to have been 
smaller across the eastern Arctic, we 
cannot say Dorset groups disappeared. 
There is enough evidence to tell us that 
some Dorset people were present in 
the eastern Arctic in 985 B.P. when 
Thule Eskimos moved into the area. 
Dorset culture as such disappeared 
soon thereafter in most areas, and in 
this sense it may be said to have failed. 
Nevertheless, without contact with a 
more dominant Eskimo culture such 
as Thule, Dorset might have continued 
in the region. That it did not suggests 
several scenarios. As a result of com
petition many groups may have been 
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LAKE HARBOUR REGION of Baffin Island was inhabited in succession by members 
of two prehistoric cultures: the Pre-Dorset (and descendant Dorset) and the Thule. The 
map shows the areas where the people of the Thule culture hunted their major types of 
prey. In winter, when the coast is icebound, seals were hunted at their breathing holes in 
the "fast," or solid, ice and also along the edge of the floe. Then and at other times sea 
mammals such as walruses and whales were hunted in open water. The shallow water and 
wetlands provided ducks and other waterfowl. The lakes, rivers and estuaries were a source 
of fish. Inland the Thule people hunted caribou and other game. As the map suggests, the 
Thule community was quite flexible in finding alternative sources of food. In contrast, the 
earlier Pre-Dorset community was focused on small seals and caribou as primary food sour
ces. Whereas only 150 Pre-Dorset and Dorset people survived at Lake Harbour, about 250 
Thule people were able to live there for more than 1,000 years. This map and the diagrams 
on the next two pages are based on the work of George Sabo of Michigan State University. 

forced into marginal areas and have 
died out. Others may have become 
acculturated, taking on Thule tech
niques and strategies, and so have be
come invisible as Dorset to later ar
chaeological inquiry. 

The final word has yet to be written 
about Pre-Dorset and Dorset in the 

eastern Arctic, Pre-Dorset people sur
vived for many hundreds of years in 
some of the harshest habitats in the 
world and evolved into groups with 
Dorset culture. Dorset in turn had a 
long history before being submerged 
by the newly dominant Thule culture 
from which the modern Inupiaq peo
ple developed. While Pre-Dorset and 
Dorset regional groups occupied the 
eastern Arctic, Eskimos with distant 
historic connections evolved different 
cultures in the western Arctic. Further
more, in areas of unusual richness 
those cultures were capable of great 
artistic achievement and social com
plexity on an initial technological base 
similar to that of the Pre-Dorset. An 

example of such achievement is pro
vided' by members of the Ipiutak cul
ture in northwestern Alaska. 

Remains found at Point Hope show 
that an Ipiutak community was pres
ent there by about 1 600 B,P. Ipiutak 
culture was one form of Bering Sea 
Eskimo coastal culture that prevailed 
in northern Alaska at that time. The 
coastal culture appears to be related 
historically to the Arctic Small Tool 
Tradition, which is the name given by 
Alaskan prehistorians to archaeologi
cal remains that bear technological 
similarities to Pre-Dorset. The Ipiutak 
people of Point Hope can be thought 
of as the descendants of those who 
stayed behind when the forebears of 
the Pre-Dorset people began their mi
gration to the eastern Arctic in about 
4000 B.P. 

For millenniums Eskimos of various 
cultures have been drawn to Point 
Hope because of the quantity and vari
ety of food available there. The Ipiu
tak community possessed roughly the 
same hunting gear as their Pre-Dorset 
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and Dorset counterparts to the east. 
Because their environment was rich 
and possibly because the community's 
hunting strategies differed from those 
of the Pre-Dorset, the diet of the Ipi
utak was far more varied. A count 
of the animal bones from the Ipiutak 
site shows that ringed seals, walruses, 
bearded seals and caribou were taken 
in a ratio of about 4 : 2 : 1 : 1 .  Although 
bone counts cannot be translated into 
actual numbers of animals, we know 
that the bearded seal and the walrus 
are respectively four and eight times 
larger than the ringed seal, and they 
provided most of the meat and fat eat
en in the village. Land species that 
were hunted nearby, possibly for their 
fur as much as for their meat, included 
polar bear, wolf, fox and even ground 
squirrel in addition to caribou. Migra
tory birds and fish supplemented the 
mammalian catch. 

On this broad base of protein-yield
ing creatures the Ipiutak popula

tion of Point Hope constructed a sub
stantial community. More than 575  
houses were built on five low beach 
ridges that fringe the triangular point. 

LARGE SNOW-HOUSE VILLAGES 
ON SEA ICE ALONG COAST 

(WINTER) 

Of course, not all of them were occu
pied at the same time. Based on density 
patterns typical of modern Eskimo vil
lages I have estimated that at any given 
time between 75 and 1 00 people may 
have lived at Point Hope. Variation in 
house size suggests that within this 
community there may have been fairly 
large differences in wealth and status. 
About half of the square houses were 
from 3 . 5  to 4 .5  meters on a side and 
another fourth were from 4.6 to 5 . 5  
meters o n  a side. The rest were distrib
uted among larger and smaller plans. 
A few of the largest structures may 
have corresponded to the modern Es
kimo men's house, known in Inupiaq 
as qargi, that serves public functions 
and provides space for work. 

The quality of the house construc
tion and the goods found in the houses 
show that the Ipiutak people of Point 
Hope lived well. Perhaps the best evi
dence for the emerging social com
plexity of Point Hope comes not from 
objects associated with the living but 
from those accompanying the dead. 
The Ipiutak graves are in separate 
cemetery areas on the point. Since the 
1 93 0's, when Helge Larsen of the Dan-
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SMALL TEMPORARY TENT CAMPS 
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(FALL-EARLY WINTER) 

SEASONAL CYCLE of the Thule community at Lake Harbour was based on movements 
between several different types of houses. Houses in the permanent base camp had a foun
dation of flagstones and uprights made of whalebone. The frame was covered with sod. 
Large snowhouses with deep entries to trap the cold were built on the thick pack ice in win
ter. At times they provided shelter for several families. When the ice began to break up in 
spring, small snowhouses might be constructed for individual families. In the late spring 
and fall Lake Harbour Thule people moved through the interior and along the coast, camp
ing in tents made of hide with wood frames. In the fall and early winter they occupied qar
mat settlements along the coast. A qarmat is a tent structure with a foundation of ice blocks. 
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ish National M useum and Froelich 
Rainey of the University of Alaska be
gan the work, about 1 3 0  graves have 
been excavated and from them has 
come a trove of superbly carved ivory 
ornaments and ritual objects. 

Of the Ipiutak graves at Point Hope, 
59 are log tombs built into the ground. 
Within the tomb the body was general
ly laid on its back; the hands covered 
the pubic region and the head point
ed west. Such a burial form is rare in 
the Eskimo world. About half of the 
59 tombs contained artifacts, most of 
which were utilitarian objects such as 
those found in the houses. The remain
ing non utilitarian artifacts include 
some striking finds. Several tombs held 
masks that consisted of multiple parts 
carved from walrus ivory. Some of the 
skulls were elaborately decorated with 
carved ivory. Objects resembling eye
balls, with pupils made of jet, were 
inserted into the eye sockets. Small 
carved birds were put into the nostrils. 
The mouth was hidden by an intricate
ly carved ivory cover. Masks, which 
have considerable ceremonial signifi
cance among modern Eskimos, and 
skull decorations suggest a highly de
veloped system of religious beliefs and 
ceremonies. 

The 70 remaining Ipiutak graves 
were "midden burials" in which the 
body was laid out in a former living 
area on the earth or under a log frame. 
Some midden corpses were found sim
ply laid out flat, but others had some
times been dismembered for burial. 
Only in the midden burials have inves
tigators found exotic ivory swivels and 
link chains beautifully carved from a 
single piece of walrus tusk or caribou 
antler. Together the midden graves 
and log tombs offer some tantalizing 
hints about the structure of the Ipiutak 
community. The quantity and quality 
of the carvings in some graves suggest 
a separate caste of shamans with a reli
gious function. Objects found in the 
graves show that the community made 
distinctions between men's and wom
en's work, in wealth and perhaps also 
in family standing and occupation. 
Such findings support the notion that 
the differences among community 
members in wealth and status were 
substantial. 

The cultural richness of the Ipiutak 
community at Point Hope was no 
guarantee of permanence. Within a 
few hundred years of 1 600 B.P., the 
date by which the community is known 
to have been established at Point 
Hope, it was gone. Perhaps the local 
Ipiutak people withdrew because of 
competition from other groups that 
possessed a more varied technology 
and a superior adaptive flexibility. 
Whatever the cause, the displacement 
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DYNAMIC ECONOMY of the Thule community at Lake Har
bour is shown schematically in this diagram. The Thule economy 
was based largely on sea mammals: the ringed seal and the larger 
bearded seal, the walrus and the beluga whale. Thule hunters sup
plemented the sea-mammal kill with caribou, birds and fish. The 
varied base of prey species provided food for the Thule group, for 
their dogs and for storage. One fractiou of the food eaten by human 

beings contributed to reproducing the population; another fraction 
provided nourishment for further hunting. The carcasses of dead 
prey also provided the raw materials for equipment, clothing and 
houses. The adaptive flexibility of the Thule enabled them to sur
vive various climatic changes. The Thule are the progenitors of the 
adaptationally and culturally varied modern Inupiaq-speaking Es
kimo populations who now inhabit much of the northern Arctic. 

of the Ipiutak community from Point 
Hope presaged a much larger cultural 
episode that ultimately brought the in
novative culture known as Thule to 
much of northern Alaska and the east
ern Arctic. 

T
he Thule culture's antecedents are 
found on the rich northeast Siberi

an and the Bering Strait islands. Here 
the ancient Eskimos developed an ef
fective technology for hunting whales, 
walruses and bearded seals in open wa
ter. Among the most important of their 
tools were the throwing board and the 
drag float. The throwing board is a 
launcher that enables a hunter to im
part considerable distance and mo
mentum to a spear or harpoon. The 
drag float is an inflatable sealskin. 
When the float is attached to the line of 
a harpoon lodged in a sea mammal, it 
exhausts the whale and keeps it from 
diving. Ultimately some of the ancient 
Eskimos who possessed this technolo
gy moved from the offshore islands to 
the Alaskan mainland. These Thule 
ancestors replaced the Ipiutak com
munity at Point Hope and expanded as 
far south as the place that is now 
Nome. In some areas they expanded 
at the expense of Eskimo groups that 
lacked the more versatile Siberian ap
proach to technology and weaponry. 

On the Alaskan mainland the an
cient Eskimos' cultural development 
continued. Social forms were added 
that complemented the new hunting 
technology. Historic Eskimo whal
ing cultures suggest that at about this 
time groups began to organize around 
whaling captains, called umiaigit in 
Inupiaq. A community might have one 
umialik or several depending on its size 
and prosperity. The umialik acquired 
the capital needed to build, outfit and 
maintain the whaling boat. He was 
also responsible for supporting his 
crew, which might include half a dozen 
men or more, and their families. Each 
umialik was associated with a qargi. 
In the qargi the crew repaired their 
whaling gear. The qargi was also the 
site of male ceremonial activities and 
of general ceremonies that included 
the families of crew members. The 
collective activities of the community 
put a heavy emphasis on sharing and 
on distributing the catch. 

When effective methods of whaling 
were combined with a community 
structure based on the umialik, the re
sult was the fully developed commu
nal whaling culture practiced by Thule 
people. Thule culture did not remain 
confined to Alaska for long, although 
its richest expression remained there. 
Beginning about 1085 B.P. a warming 

trend in the Arctic climate extended 
the range of whales and the population 
size of walruses and bearded seals to 
the east. One proposed scenario has 
Thule groups in about 985 B.P. set out 
eastward, for reasons that are debated, 
with their highly efficient open-water 
hunting methods. Some of the places 
they settled were then uninhabited. 

As the Thule people spread east
ward they were aided not only by their 
highly productive whaling strategies 
but also by developed techniques for 
hunting seals in winter, use of dog sleds 
for transport and other innovations. 
For ambushing seals at their breathing 
holes through the ice, the hunter first 
found a breathing hole with the aid of 
his dogs. He cleared the snow from the 
ice above the opening, which he en
larged with an ice pick attached to the 
butt end of his harpoon shaft. A deli
cate bone-and-feather mechanism was 
placed over the hole to detect the seal's 
breath. The hunter waited patiently 
for the seal to come up for air, then 
speared it and pulled it through the ice 
with a line and handle designed for the 
purpose. He could sled his kill back 
home. With these simple, ingenious 
methods Thule groups were able to ex
tend seal hunting through the winter. 
In favorable eastern locations Thule 
groups could store killed quarry by us-
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ing ice for refrigeration. The surplus 
left the spring free for hunting whales 
and walruses. 

P
erhaps the greatest advantage con
ferred by Thule culture on its mem

bers, however, was not a specific tech
nique but an overall adaptive flexi
bility. Drawing on a wide range of 
techniques and a world view that sup
ported settlement moves and changing 
hunting strategies, Thule groups rou
tinely took a wider range of animals 
than Pre-Dorset groups and used more 
locations. Such economic and social 
flexibility made it possible to main
tain the equilibrium of the community 
under changing environmental condi-

tions. Thule flexibility at several local i
ties in the eastern Arctic has been stud
ied by archaeologists and anthropolo
gists. The most instructive of them is 
the Lake Harbour region of Baffin 
Island, where work done by George 
Sabo, a student of Moreau Maxwell's 
at Michigan State, demonstrates the 
superiority of the Thule adaptive strat
egy there. The region sustained a scat
tered Pre-Dorset and later Dorset pop
ulations of about 150 for several mil
lenniums. Sabo's work shows that 
beginning not long before 985 B.P., 
and continuing for almost 1,000 years, 
the region supported a Thule popula
tion numbering 250. 

When the Thule groups arrived at 

Lake Harbour, the warming trend 
was well under way and the sea mam
mal population was large and 'includ
ed bowhead whales. The early Thule 
bands locally practiced communal 
whaling, using the whale ribs and jaws 
to build the houses of their winter base 
camp. Social and ceremonial activities 
were concentrated in the winter settle
ment. Although the large bowhead 
whale was a staple, the Thule commu
nity had a varied supply of other game. 
Leaving aside the bowhead whale, 
their diet consisted of about 30 percent 
small seals (such as the ringed seal), 20 
percent walrus, 20 percent caribou, 15 
percent bearded seal, 10 percent polar 
bear and 5 percent beluga whale, a 

COMMUNAL WHALING was an important factor in the success 
of Thule culture. The drawing shows a critical moment in the hunt 
for a bowhead whale. The whale has been harpooned for the first 
time; the harpoon is visible at the left. Attached to the harpoon line 
is a drag float (an inflated sealskin), which a crew member is about 
to throw overboard. Several floats were attached to the whale to ex
haust it and prevent it from diving. The drag float was one of several 
crucial artifacts of Thule whaling technology. The technology was 

combined with a form of community organization well suited to 
whaling. The combination of advanced technology and flexible so
cial organization made it possible for Thule culture to spread from 
its source near the Bering Strait across Canada to Greenland. Some 
Thule groups lived in places with whale populations; those groups 
launched whaling boats. Some lived in regions without whales; they 
concentrated on large sea mammals and other sources of food. The 
drawing is based on a painting by the Alaskan artist Howard Rock. 
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more broadly based diet than the diet 
of the Pre-Dorset people. In particu
lar it includes the meat from sever
al sea mammals in fairly well-balanced 
proportions. 

By about 685 B.P. the warming phase 
was over. In the Lake Harbour area the 
increasing cold reduced the whale and 
caribou populations and increased the 
number of ringed seals. The Thule 
bands seem to have been equal to the 
climatic change. They adjusted to the 
absence of whales by taking more 
small seals, which increased to 40 per
cent of the nonwhale diet, and bearded 
seals, which increased to 20 percent. 
The new balance of prey species re
quired changes in hunting style and 
even some in house design. To obtain 
enough food the Thule people more 
often split up into smaller groups, each 
traveling to a different hunting ground. 
In colder conditions the edge of the ice 
(and the accompanying winter food 
supply) was farther from land. The re
sourceful Thule groups abandoned the 
whalebone winter house and evidently 
replaced it with the snowhouse built on 
the ice. Snow structures housing sever
al families, encouraging food sharing 
and enhancing feelings of group identi
ty, developed about this time. 

U
nder conditions of stress brought 
on by climatic change, people of 

the Thule culture responded with mod
ifications of their way of life-in the 
locations and organization of settle
ments, in the tools and methods for 
subsistence and in the range and mix
ture of animals taken. The contrast 
to the more tightly defined patterns 
of Pre-Dorset culture is striking. The 
broader economic potential and the 
greater flexibility of Thule culture are 
undoubtedly reasons for the culture's 
persisting in such varied and robust 
form into the historic era. The lifeways 
of the Inupiaq-speaking Eskimos, scat
tered from northern Alaska to Green
land, are based largely on Thule cul
ture. Yet the success of Thule culture 
is only one episode in the complex pre
history of human settlement in the 
Arctic. The village at Anangula, Pre
Dorset culture and the Ipiutak culture 
of Point Hope are equally instructive 
and historically relevant. Throughout 
all these episodes one theme recurs, 
namely that the relations between the 
natural environment and the settlers' 
culture determine the resources avail
able to the community. The relations 
between nature and culture have a sig
nificant effect on human life in all re
gions of the world. Yet their signifi
cance seems particularly dramatic in 
what appears to us as that inhospitable 
yet obviously eminently habitable re
gion, the Arctic. 
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THE AMATEUR 
SCIENTIST 

How best to see Halley's comet whIle it 
is in view during the next few months 

by J earl Walker 

Halley's comet is now passing 
among the inner planets and 
around the sun. The comet is 

appropriately named for the 17th-cen
tury English astronomer Edmund Hal
ley; he was the first to discover that it 
periodically revisits the solar system. 
Employing laws of mechanics and 
procedures of observation previous
ly outlined by his contemporary Isaac 
Newton, Halley found that comets re
corded in 1531, 1607 and 1682 had 
similar orbits. Suspecting that all the 
sightings were of the same object, he 
concluded that the comet would return 
in 1758. It did, observed by an amateur 
astronomer on Christmas night. Actu
ally recent work indicates that Halley's 
comet was seen as early as 240 B.C.; it 
has been observed approximately ev
ery 76 years since then. The present 
return is the fourth since Halley pro
posed his theory. 

Halley's comet will be visible, albeit 
only faintly, to people living in the 
Northern Hemisphere, and so I shall 
discuss the observations that will be 
possible in those mid-latitudes. My in
formation is derived from the Interna
tional Halley Watch at the Jet Propul
sion Laboratory of the California In
stitute of Technology and from books 
by Robert D. Chapman and John C. 
Brandt of the National Aeronautics 
and Space Administration's Goddard 
Space Flight Center [see "Books," 
page 34], and research by David W. 
Hughes of the University of Sheffield. 

Because the comet will be faint, you 
will be able to see it only against a dark 
night sky. Because of the glare from 
artificial light scattered by the air, you 
will not be likely to observe it from 
residential areas. A bright moon will 
also make the comet invisible. A good 
test for an observation site is that the 
Milky Way should be visible. Allow at 
least 15 minutes for your eyes to adjust 
to the darkness. 

You might try to see the comet with 
unaided eyes; binoculars will greatly 
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improve the observation because they 
gather more light. Binoculars with a 
magnifying power of seven and a 50-
millimeter objective lens should be 
best; binoculars with an objective di
ameter of 35 millimeters will also 
serve. At times the comet will occupy a 
large angle in your field of view, so that 
you may have to scan with the binocu
lars to see all of it. A telescope with 
a large magnification is not suitable: 
the part of the comet visible through 
a telescope is too small to contrast 
strongly enough with the background 
darkness. You might try a wide-angle 
telescope at its lowest magnification. 

The illustrations on page 173 indi
cate where the comet's head will be on 
various nights in the next few months 
for an observer at 40 degrees north lat
itude (approximately the latitude of 
San Francisco, Denver, St. Louis and 
Washington, D.C.). For observers at 
higher latitudes the comet will be low
er in the sky and will be above the hori
zon for shorter periods. Each illustra
tion is a plot of the altitude and azi
muth of the comet in degrees. Altitude 
is measured from the horizon; azimuth 
is measured clockwise from due north. 

The small circles on the graphs indi
cate the position of the comet's head at 
hourly intervals on various nights. Po
sitions before midnight are connected 
with a broken line, those after mid
night with a solid line. The first circle 
on each path shows the date and hour 
(in local standard time on the 24-hour 
clock) when the comet's head will be at 
that location. For example, the top line 
in the upper illustration indicates that 
the comet's head will be at an altitude 
of about 38 degrees and an azimuth of 
about 108 degrees at 17:00 (5:00 P.M.) 
on December 1. Later that night the 
head will rise to a peak altitude of 
about 60 degrees when it is due south. 
Then it will descend until it sets in the 
western sky at about 3:00 A.M. 

As the nights go by in December 
and January the altitude of the comet's 

head at the earliest nightly sighting will 
decrease. By January 24 the comet will 
be only briefly visible before It sets 
in the early evening. During the latter 
half of both December and January 
the moon will be bright while the com
et is above the horizon and so the view
ing will be poor or impossible. The 
moon also will make viewing difficult 
toward the end of February, the last 
week of March and the first and last 
days of April. 

During February and March the ob
servation periods will be short. Since 
the comet will be low in the sky, you 
must find an observation point that 
offers a low and clear horizon. The 
comet will also be dim during those 
months; because of its low position, 
light from it reaches you only after a 
long trip through the earth's atmos
phere. In some locations the scattering 
of the light by air molecules and aero
sols during the long passage may make 
the comet so dim that it is unobserva
ble. Many experts believe the best op
portunity to see the comet will come 
on about April 15, when the head will 
be bright and will lie somewhat above 
the horizon while the sky is dark. 

The positions of comets and other 
celestial bodies are often given as an
gles measured in relation to the equa
torial plane, an imaginary reference 
object that extends indefinitely out
ward from the earth's Equator. The 
plane intercepts an imaginary celes
tial sphere, the reference object for lo
cating celestial bodies. The equatorial 
plane divides the northern and south
ern hemispheres of the celestial sphere. 
The sun crosses the equatorial plane 
twice each year, on the vernal and au
tumnal equinoxes. 

In the top illustration on page 174 an 
observer is at the center of the equato
rial plane, which is tilted from a hori
zontal plane extending through his ho
rizon. (The angle of the tilt is related to 
the latitude of the observer: the higher 
the latitude, the smaller the angle.) The 
horizon is indicated by the symbols N, 
S, E and W. The field of stars seen 
by the observer lies on the celestial 
sphere, which appears to rotate about 
the north celestial pole because of the 
rotation of the earth. 

Two coordinates-declination and 
right ascension-serve to locate an 
object on the celestial sphere. Decli
nation is the angle between the object 
and the nearest point of the equatorial 
plane. Right ascension is the angle be
tween that point on the plane and the 
position of the vernal equinox on the 
celestial sphere. By convention the an
gle for right ascension is measured in 
units of time; one hour is equivalent 
to 15 degrees. This coordinate system 
is useful because it rotates about the 
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Halley's comet on May 12 and 15,1910, as photographed/rom Honolulu 
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north celestial pole along with the en
tire celestial sphere. Hence the coordi
nates for a star or a comet remain 
essentially constant overnight. More
over, the coordinates are independent 
of the observer's geographic location. 

The bottom illustration on page 174 
demonstrates the motion of Halley's 
comet along the celestial sphere for the 
next few months. Until December 23 
the declination is positive, that is, the 
comet is "above" the equatorial plane. 
The declination becomes negative as 
the comet descends "below" the plane. 

The motion of the comet can also 
be described in terms of three angles 
measured with respect to the ecliptic 
plane: the plane of the earth's orbit 
around the sun [see bottom illustration 
on page 175]. The orbital inclination of 
the comet is the angle through which 
the ecliptic plane must be rotated to 
coincide with the comet's orbital plane 
in such a way that the earth and the 
comet orbit the sun in the same direc-

tion. The orbital inclination of Hal
ley's comet is 162 degrees. 

The second angle of reference is the 
longitude of the ascending node: the 
point at which the comet passes up
ward through the ecliptic plane on its 
approach to the sun. The angle, 58 de
grees for Halley's comet, lies between 
the direction of the vernal equinox and 
a line extending from the sun through 
the node. 

The third angle has to do with the 
comet's perihelion (its closest point to 
the sun, which will be on February 9, 
1986) and is called the argument of 
perihelion. It is the angle between two 
lines extending from the sun. One line 
passes through the perihelion, the oth
er through the node. For Halley's com
et this angle is about 112 degrees. 

The illustration also includes ap
proximate locations of the earth when 
it will be closest to the comet. Before 
perihelion the closest approach will be 
on November 27,1985, when the sepa-

The head of the comet 011 May 8, 1910 
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ration will be about 93 million kilome
ters. After perihelion the clo$est ap
proach will be about 48 million kilo
meters. It will take place on April)l, 
1986. (In the comet's appearance in 
1910 the separation was only 24 mil
lion kilometers, so that the comet 
looked much brighter than it will on its 
present visit.) When the comet reaches 
perihelion, it will be unobservable be
cause it will be near the side of the sun 
that faces the earth and so one's view 
will be obliterated by the sun's glare. 

The full orbit of the comet in the 
solar system is shown in the top illus
tration on page 176, along with its po
sition in various years. One full orbit 
takes about 76 years, making Halley a 
short-period comet. Long-period com
ets have orbital periods of 200 years 
or more. The two types differ in other 
ways. The orbital planes of the short
period comets generally lie close to the 
ecliptic plane, and the comets usually 
orbit the sun in the same direction as 
the planets (counterclockwise as seen 
from above the ecliptic plane). The or
bits of the long-period comets can in
cline at any angle, and many of them 
are clockwise. 

Comets come, it is thought, from a 
giant cloud of the objects that orbit the 
sun at a distance of between 20,000 
and 100,000 astronomical units. (One 
astronomical unit, 150 million kilome
ters, is the mean distance between the 
earth and the sun.) The cloud is mimed 
the Oort cloud after the Dutch astron
omer Jan Oort, who proposed its exis
tence in 1950. 

At times the gravitational pull of a 
passing star draws comets out of the 
Oort cloud. Some go far afield and 
some enter the solar system. Many of 
the latter end up in large orbits with 
long periods. Others repeatedly pass 
close enough to Jupiter or another gi
ant planet for the gravitational pull of 
the planet to shrink the orbit until the 
object becomes a short-period comet. 
Halley's comet is thought to be a 
member of this class. 

The nucleus of a comet is a cohesive 
structure that ranges in width from one 
kilometer to several tens of kilometers. 
A comet may be irregular in shape 
rather than spherical; no observer has 
had a good look at a nucleus because 
the object is so small. Nevertheless, 
many of the characteristics can be in
ferred. About 25 percent of the mass 
is made up of dust particles similar 
in composition to carbonaceous-chon
drite meteorites. The particles range in 
diameter from . 1 micrometer to 10 mi
crometers. Larger dust particles and 
pebbles are also present. The other 75 
percent of the mass consists of ice, 
mainly water ice and snow. Some com
ets may also have a rocky core. Pock-
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ets in the loose packing of ice crystals 
and snow contain an assortment of 
s'uch molecules as ammonia, methane 
and carbon dioxide. 

As a comet nears the sun the heat on 
the sunward surface transforms the ice 
directly into gas (a process called sub
limation). Trapped molecules escape, 
and ultraviolet light from the sun dis
sociates and ionizes them to form sim
pler "daughter" molecules, atoms and 
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ions. Spectroscopic examinations of 
comets reveal the presence of the cyan
ogen molecule (eN) when a comet is 
as much as three astronomical units 
from the sun. 

As the comet moves closer to the sun 
spectroscopic records display more 
emission lines, showing that the num
ber of daughter molecules is rising 
rapidly. They absorb energy of certain 
wavelengths and then emit energy as 
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light either at the same wavelength 
(a process known as resonance fluores
cence) or at a longer wavelength (flu
orescence). In addition the released 
water molecules dissociate to form a 
huge hydrogen (H) cloud and a small
er hydroxyl (OH) cloud around the 
comet's nucleus. The diameter of the 
hydrogen cloud may be as much as .1 
astronomical unit. 

As the outer surface of the nucleus 
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The motioll of Halley's comet 011 the celestial sphere 

gets warm and loses ice it is trans
formed into a spongy dust lay�r that 
is from one centimeter to 10 centime
ters deep. If the nucleus spins so that 
all the surface receives sunlight, the 
spongy layer forms over the entire nu
cleus. The layer insulates the deeper 
ice. The core of the nucleus probably 
remains at a temperature of approxi
mately -150 degrees Celsius. 

Dust particles on the surface gradu
ally break off and are blown away by' 
the pressure of gas molecules released 
by the sublimation of ice at the bound
ary of the spongy dust layer and the 
dusty ice. As the surface erodes, the 
boundary moves inward, maintaining 
the thickness of the layer. 

The dust and neutral gas released by 
the nucleus form an elliptical, glowing 
cloud called the coma. It may have a 
diameter of as much as 100,000 kilo
meters. The coma increases in diam
eter until the comet is about 1.5 or 
two astronomical units from the sun. 
Thereafter the coma shrinks because 
the material expelled from the nucleus 
moves rapidly into two tails. At times 
the coma displays glowing streamers. 
They may result from uneven heating 
on the surface of the nucleus. 

As the comet nears the sun it also 
begins to develop a plasma tail and a 
dust tail. The plasma tail is a straight 
stream of charged particles that points 
almost directly away from the sun. 
The dust tail forms a curve with its 
concave side facing toward the com
et's previous locations. Both tails de
rive from the material expelled from 
the surface of the nucleus, and so they 
are more pronounced when the comet 
is near the sun. 

The electrically charged atoms and 
molecules of the ejected material are 
forced into the plasma tail by the solar 
wind, which consists of a stream of 
protons and electrons moving outward 
from the sun. The collision between 
the solar wind and the ions emanating 
from the comet distort the interplane
tary magnetic field so that the magnet
ic field lines wrap around the comet's 
head and extend along a radial line 
away from the sun. The cometary ions 
are forced to spiral around the radial 
lines. The spiraling ions constitute the 
plasma tail. 

The tail is visible because the ions 
emit light. It is blue primarily because 
of the blue emissions from the posi
tively ionized carbon monoxide mole
cule (CO+). Often the tail develops 
kinks and waves due to irregularities in 
the ejections from the nucleus or in the 
solar wind. At times the tail separates 
from the nucleus, after which a new 
tail forms. The separations seem to oc
cur when the comet crosses a bounda
ry in the magnetic field surrounding 
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the sun. The arrangement of the field 
lines resembles a pinwheel consist
ing of spiraling sectors. In one sector 
the field lines extend toward the sun 
and in the adjacent sector they ex
tend away from the sun. When a 
comet crosses the boundary between 
sectors, the change in the direction of 
the field lines releases the plasma tail. 
A new tail forms as the comet travels 
through the next sector. 

The dust tail forms from the parti
cles of dust released by the nucleus. 
These grains, each approximately a 

micrometer in diameter, scatter the 
sunlight with a peak intensity in the 
yellow portion of the spectrum. The 
tail is therefore yellow. 

The tail develops because dust in the 
coma is pushed away from the sun by 
the pressure of the sunlight. (Light has 
momentum and pushes on a surface on 
which it shines.) Each grain is pulled 
radially inward by the sun's gravita
tional field and pushed radially out
ward by the pressure of the sunlight. 
Grains larger than a micrometer are 
dominated by the gravitational pull 

�-�ght 
A model of a come/'s nucleus 
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and end up orbiting the sun in a belt 
along the orbital path of the comet. 
The smaller grains are dominate

·
d by 

the light pressure and move away from 
�s� 

. 

It is these smaller dust particles that 
form the dust tail [see lower illustration 
on opposite page]. I have assumed the 
particles are identical in size and so are 
pushed by the light at a uniform rate. 
Inasmuch as the grains are released 
with an initial momentum because the 
comet is moving, they move outward 
from the sun along a curved path. In 
the example given the particles re
leased by the comet early in its orbit 
have moved outward to form the outer 
end of the tail. The particles released 
later in the orbit have not moved as far 
and so form the part of the tail clos
er to the nucleus. The composite tail 
gives rise to the illusion that dust parti
cles ejected from the nucleus move 
along the tail. 

In reality the particles composing 
the dust tail vary in size. The smaller 
ones are pushed outward from the sun 
faster than the larger ones, and so the 
tail is broader than it would be if the 
particles were of uniform size. Bursts 
of dust from the nucleus may further 
alter the apparent shape of the tail. 

The dust tail normally becomes wid
er and longer after the comet has 
passed perihelion. By then the nucleus 
has swung around the sun, whereas the 
dust particles released previously have 
not. The apparent length of the tail de
pends on the observer's line of sight. If 
the tail is approximately along the line 
of sight, it occupies only a small angle 
in one's field of view. The best view 
comes when the line of sight is perpen
dicular to the tail. 

At times a comet may have an an
titail that seems to point toward the 
sun. The appearance is illusory. The 
antitail is actually an almost edge-on 
view of the larger dust particles strewn 
along the comet's orbit. They are visi
ble if the observer is near the orbital 
plane of the comet and has a line of 
sight that virtually coincides with the 
path just taken by the comet. In these 
conditions the line of sight passes 
through enough dust to make the anti
tail visible. 

The dust tail of Halley's comet will 
probably be short, narrow and straight 
before the comet goes behind the sun. 
If viewing conditions are good, you 
might see it extending nearly vertically 
from the comet's head. Just before 
perihelion the tail will begin to broad
en, but the glare of the sun will mask 
it from observation. As the comet 
emerges from the glare later in Febru
ary, the tail will be wider, longer and 
more pronounced. It probably will be 
most visible early in April, when it will 
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extend generally westward. After mid
April its width will decrease. The anti
tail for Halley's comet will form when 
the comet reappears in late February. 
It will be faint and short, however, 
and you will be able to see it only if 
conditions are ideal. 

The larger dust particles released by 
a comet lie in a belt roughly along the 
comet's orbital path. These particles 
continue to orbit the sun. If the earth 
passes through the residual cometary 
dust, the particles ablate and burn as 
they enter the atmosphere, giving rise 
to meteor showers. The earth passes 
through the orbit of Halley's comet 
twice a year. The Eta Aquarid meteor 

, ···'·',·,..''' .. ''''·····'''-�·..,'1 

shower in May and the Orionid show
er in October both result from previ
ous passages of Halley's comet around 
the sun. 

The nucleus of Halley's comet is be
lieved to have a mass of 2 X 1014 kilo
grams; the comet's mean diameter is 
about 10 kilometers. The proportions 
of dust and solid matter to water ice 
are average for comets. On its most 
recent pass through the inner solar sys
tem the comet ejected about 2 X 1011 
kilograms of material, losing a surface 
layer about two meters thick. Even at 
this rate of loss of material Halley's 
comet is good for many more passes 
around the sun. 
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Amateur 

Jelescope 

MaIdng 

Edited by Albert G.lngalls 
Foreword by Harlow Shapley 

This three-book set is the 
authoritative reference library 
of the enthralling hobby of 
amateur telescope making. 
Through these books thou
sands have discovered a fasci 
nating mechanical art com
b ined with a great sc ience . 

BOOK ONE begins at the 
beginning, teaches the basics 
of glass grinding and how to 
complete the first telescope. 
(510 pages, 300 illustrations.) 

BOOK TWO leads on into ad
vanced methods of amateur 
optical work and describes 
new projects for the tele
scope maker. (650 pages, 
361 illustrations.) 

BOOK THREE opens up 
further fields of enterprise: 
binoculars, camera lenses, 
spectrographs, Schm idt 
optics, ray tracing (made 
easy). (646 pages, 320 
illustrations. ) 

rSCIENTIFIC ------ -, I AM E RI CAN ATM Dept. 
415 Madison Avenue. New York. N. Y. 10017 
Please send me postpaid the 
following AMATEUR TELE
SCOPE MAKING books. 
My remittance of $ __ 
is enclosed . 

o BOOK ONE 
o BOOK TWO 
o BOOK THREE 

$10.00 
$12.50 
$12.50 

For U.S. shipments add $1.00 each; 
elsewhere add $2.00 each. 
Name __________________ _ 
Address ________________ __ 
City ____________________ _ 
State __________ Z ip, ______ _ 
Residents of New York City please add 
city sales tax. Other NYS residents 
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288, No. 5789, pages 329-333; No
vember 27, 1980. 

SUSPECT TERRANES AND ACCRETION

ARY HISTORY OF THE ApPALACHIAN 

OROGEN. Harold Williams and Rob
ert D. Hatcher, Jr., in Geology, Vol. 
10, No. 10, pages 530-536; October, 
1982. 

THE GROWTH OF WESTERN NORTH 

AMERICA. David L. Jones, Allan Cox, 
Peter Coney and Myrl Beck in Scien
tific American, Vol. 247, No.5, pages 
70-84; November, 1982. 

PHANEROZOIC ADDITION RATES TO THE 

CONTINENTAL CRUST AND CRUSTAL 

GROWTH. A. Reymer and G. Schu
bert in Tectonics, Vol. 3, No.1, pages 
63-77; February, 1984. 

SKIN BREATHING 

IN VERTEBRATES 

THE EVOLUTION OF AIR BREATHING 

IN VERTEBRATES. David J. Randall, 
Warren W. Burggren, Anthony P. 
Farrell and M. Stephen Haswell. 

Cambridge University Press, 1981. 
A MODEL FOR EVALUATING DIFFUSION 

LIMITATION IN GAS-EXCHANGE OR

GANS OF VERTEBRATES. J. Piiper in A 
Companion to Animal Physiology, ed� 
ited by C. R. Taylor, K. Johansen 
and L. Bolis. Cambridge University 
Press, 1982. 

CUTANEOUS GAS EXCHANGE IN VER

TEBRATES: DESIGN, PATTERNS, CON

TROL AND IMPLICATIONS. Martin E. 
Feder and Warren W. Burggren in 
Biological Reviews, Vol. 60, pages 1-
45; 1985. 

HUMAN-POWERED FLIGHT 

FLUG DURCH MUSKELKRAFT. Hans
Georg Schulze and Willi Stiasny. 
Fritz Knapp, Frankfurt, 1936. 

GOSSAMER ODYSSEY: THE TRIUMPH OF 

HUMAN-POWERED FLIGHT. Morton 
Grosser. Houghton Mifflin Compa
ny, 1981. 

BICYCLING SCIENCE. Frank Rowland 
Whitt and David Gordon Wilson. 
The MIT Press, 1982. 

SMART CARDS 

SMART CREDIT CARDS: THE ANSWER 

TO CASHLESS SHOPPING. Stephen B. 
Weinstein in IEEE Spectrum, Vol. 21, 
No.2, pages 43-49; February, 1984. 

SMART CARDS-THE ULTIMATE PER

SONAL COMPUTER. Jerome Svigals. 
Macmillan Publishing Company, 
1985. 

EARLY ARCTIC SETTLEMENTS 

IN NORTH AMERICA 

THE HISTORY OF GREENLAND. Finn 
Gad. McGill-Queen's University 
Press, 1971. 

ARCHAEOLOGY OF THE LAKE HARBOUR 

DISTRICT, BAFFIN ISLAND. Moreau S. 
Maxwell, Mercury Series Paper No. 
6, Archaeological Survey of Cana
da, 1973. 

THULE ESKIMO PREHISTORY ALONG 

NORTHWESTERN HUDSON BAY. Allen 
P. McCartney. Mercury Series Pa
per No. 70, Archaeological Survey 
of Canada, 1977. 

EARLY MARITIME ADAPTATION IN THE 

ALEUTIAN ISLANDS. J. Aigner and 
T. Del Bene in Peopling of the New 
World, edited by Jonathan E. Eric

son, R. E. Taylor and Rainer Berger. 
Ballena Press, 1982. 

THE AMATEUR SCIENTIST 

INTRODUCTION TO COMETS. John C. 
Brandt and Robert D. Chapman. 
Cambridge University Press, 1981. 

COMETS. David W. Hughes in Contem

porary Physics, Vol. 23, No.3, pages 
257-283; May!June, 1982. 
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ONCE AGAINWE'RE LOOK 

INDIVIDUALS TO CARRY 

LUC DEBECKER (Belgian) 
Documenting and mapping 

all the palaeolithic cave paintings 
in Europe. 

THEAN SOO TEE (Malaysian) 
Cultivating asparagus plants on 

Mt. Kinabalu to inhibit soil erosion and 
yield a high value crop for local farmers. 

PENNY PATTERSON (American) 
Exploration of the language abilities of 

the great apes by the use of sign 
language. 

MARTINE FETTWEIS-VIENOT (Belgian) 
Continuing a painstaking inventory of 

Mayan wall paintings created between 
the 3rd and 15th centuries. 

BILL LASLEY (Amencan) 
Confirming a reliable method for 

breeding threatened species of birds 
in captivity. 

DONALD PERRY (American) 
Devising a "spider's web" so biologists 

can safely research the canopy of 
tropical rain forests. 

CHAIRMAN, 

GEORGES DELAMARE (French) 
Rehabilitation of the paralysed by 

computerised, electroniC stimulation 
of nerves and muscles. 

KENNETH HANKINSON (British) 
A thorough biological and geological 

survey of the unexplored Brabant 
Island in Antarctica. 

KENNETH L. MARTEN (Amencan) 
Preservati.on of the Abyssinian wolf 

by studying its behavioural 
patterns and needs. 

SEYMOUR MELMAN (American) 
An exploration of methods to convert 
industrial economies from military to 

civilian work. 

MICHEL TERRASSE (French) 
Repopulating the Massif Central area 

of France with the Griffon vulture, 
following its extermination. 

Mr. Andre J. Heiniger (Switzerland). Chief Executive Officer and Managing Director of Montres Rolex S.A., Geneva. 

MEMBERS, 

Dr. George V. B. Cochran (USA). Professor of Clinical Orthopaedics, Columbia University, New York. Past President of the Explorers Club. 
Miss Fleur Cowles (Great Britain). Painter and authoress. Member of the World Wildlife Fund International Council. 

Dr. Xavier Fructus (France). Specialist in hyperbaric physiology. Scientific Director of COME X, Marseilles. 
Professor Yoshimine Ikeda (Brazil). Oceanographer specialising in Antarctic research. Professor at the Oceanographic Institute of the University of Sao Paulo. 
Mr. lGsho Kurokawa (Japan). Architect. President of Kisho Kurokawa Architect and Associates, and Director of the Institute of Social Engineering, Inc., Tokyo. 

l\1r. Hans Joachim Panitz (FRG), Telecommunications engineer. Payload Operations Manager at the German Aerospace Establishment - DFVLR, Cologne. 
Professor Carlo Ruhbia (Italy). Physicist and 1984 Nobel Laureate. Project Spokesman at the CERN (European Laboratory for Particle Physics). 

l\1r. Robert Stenuit (Belgium). Underwater archaeologist and author. 
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lNG FOR ENTERPRISING 

IN I'll E TRADITION. 

The Rolex Awards for Enterprise were 
inaugurated in 1976 with a single aim: 
"To encourage the- spirit of enterprise in 
individuals throughout the world by ack
nowledging outstanding personal efforts or 
contributions made in selected categories 
of human endeavour:' The qualities that 
the Awards set out to honour are the very 
ones that have long been shown by Rolex 
and by Rolex owners. 

Now, Rolex takes pride in announcing 
a further 250,000 Swiss Francs and five 
specially inscribed gold Rolex chrono
meters, to be divided equally among five self
motivated individuals who have developed 
projects displaying the most outstanding 
spirit of enterprise. 

AREAS OF ENTERPRISE. 

Projects may be submitted in one of three 
categories: Applied Sciences and Invention; 
Exploration and Discovery; The Environ
ment. Within these three broad categories, 
the Selection Committee will be looking for 
projects which display a spirit of enterprise 
together with the qualities of originality 
and likelihood of realisation. 

The accompanying brief descriptions 
of winning projects £rom earlier years 
demonstrate the kind of enterprise that has 
impressed previous Selection Committees. 
The members of the current committee, 
listed here, are equally distinguished and 
will be applying the same criteria. 

If your scheme falls outside the com
mittee's area of expertise, Rolex will call 
on specialists around the world to advise 
on the special merits of a particular case. 

A hardback book about the Awards will 

be pu blished, enti tied "Spirit of Enterprise -
The 1987 Rolex Awards;' richly illustrated 
in colour. It will contain details of some of 
the best and most fascinating, stimulating 
and challenging, ideas submitted by men 
and women throughout the world. The pub
licity given to projects by previous editions 
has often led to additional support £rom a 
wide range of sources. 

HOW TO APPLY. 

Your entry must be submitted in English on 
an official application form and reach the 
Secretariat before 31 st March 1986. 

To obtain an official application form 
for the 1987 Rolex Awards for Enterprise, 
together with the rules and conditions for 
entry, write to: The Secretariat, The Rolex 
Awards for Enterprise, P.O. Box 178, 
1211 Geneva 26, Switzerland. 

The Awards will be presented to the 
laureates in Geneva at the end of April 1987. 

If you possess originality, \\ 1 r, imagination and initiative, � yo� will not let this oppor-
ROLE X tumty pass you by. 

o/Geneva 
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