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When we drill down 3 miles into the earth 
for the oil you need,we could be 
in the hole for a nlillion dollars. 
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2 MILES 

Even under normal 
circumstances, drilling for oil 
is financially risky. 

Fairly risky if the well is 
being drilled in an area where 
oil is known to exist. 

Very risky if it's a wildcat 
well. (T hat's a well in an 
area where oil has never been 
struck before.) 

One of the biggest chances 
we take, of course, is deep 
drilling. Because the deeper 
we drill, the more expensive 
it gets. 

But it's a chance we have 
to take. Even though it 
could cost a million dollars 
to drill down 3 miles, 
we could still come up dry. 

Right now we're 
deep-drilling in places like 
Texas, Louisiana, and 
California. Sometimes to 
depths of 20,000 feet or more. 
And we'll keep on drilling 
to get the crude oil we must 
have to make the products 
you need. 

America needs energy. 
We're working to see that you 
get it 

We're working to keep your trust. 

3 MILES 

$1,000,000 

© 1974 SCIENTIFIC AMERICAN, INC



The style of a European sedan. 
At the price of an American compact. 

Valiant Brougham. 

Valiant Brougham, from Plymouth, combines the look 
and feel of real European luxury with a most 
un-European price. 

Disc brakes, power steering, automatic transmission, 
radio, crushed velour seats, cut-pile carpeting on floors 
and doors, and decidedly European touches like 
color-keyed wheel covers, map pockets and assist 
straps are all standard with Valiant Brougham. 

Brougham also delivers the savings of an Electronic 
Ignition System (no points or condenser to replace), and 
with unleaded gas, the new longer-life spark plugs 
can go as much as 30,000 miles without replacement. 

And now for "The Clincher." Valiant Brougham is 
covered under Chrysler's new 12-month unlimited 
mileage warranty. 

For the first 12 months of use any Chrysler Motors 
Corporation dealer will fix, without charge for parts or 
labor, any part of our 1975 passenger cars we supply 
(except tires) which proves defective in normal use. 

Regardless of mileage. 
The owner is responsible for maintenance services 

such as changing filters and wiper blades. 
Valiant Brougham. Built in the style of a fine European 

sedan. At an American 
compact car price. 

Little wonder, America's best­
selling small car comes from 
Plymouth. 

America's 

No.1 
selling small car 
comes from Plymouth. 
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Napa Valley Notebook 

NapaValley 
GamayNoir 

ur red varietal Gamay 
Nair is made from the 
grape sometimes called 

"Gamay Nair a Jus Blanc" in the 
Beaujolais area of France. 

Because of the variety of our 
soils and climate, we were able to 
select a perfect spot for Gamay 
Nair in our Napa Valley vine­
yards, and the grape has flour­
ished. Its wine has many highly 
gratifying characteristics. There is 
great mellowness, and a velvety 
softness. Proper aging, both in 
oaken casks and in the bottle has 
developed all its early promise, 
and given it a fine bouquet. 

We make certain Gamay 
N air does not leave our cellars till 
it is ready to drink, but as with 
our other premium red wines, it 
will continue to improve in your 
own "cellar" for another three or 
four years. Store on its side in a 
cool, darkened area. 

--�/�J.SC. 
CELLARMASTER. THE CHRISTIAN BROTHERS 
NAPA VALLEY. CALIFORNIA 

Worldwide Distributors: Fromm and Sichel, Inc. 

San Francisco, California. 

THE COVER 

The painting on the cover shows the subject of an unusual experiment in 
its natural habitat, the East African plain. The animal is a reticulated 
giraffe, a representative of the most spectacular genus in the artiodactylan 
suborder of Ruminantia, a grouping that also includes cattle, sheep, goats 
and deer. The broad bandage on the giraffe's neck is at once holding in 
place and protecting from possible damage a telemetering instrument pack­
age that provided observers with a continuous record of the animal's ar­
terial blood pressure and blood velocity as it roamed freely with its fellows 
(see "The Physiology of the Giraffe," by James V. Warren, page 96). When 
the instruments' power supply was exhausted, the experimenters recap­
tured the giraffe, removed the package and closed the incisions made to 
implant the necessary gauges; the animal was then returned to the wild. 

THE ILLUSTRATIONS 

Cover painting by Eric Mose 
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18-19 Charles B. Slackman 105 James V. Warren, 
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As your introduction to membership in the BOOK-OF-THE-MONTH CLUB® 

The 1110st complete 
scholarly dictionary 
of the English 
language 
for only $15::���7S 

THE SUGGESTED TRIAL You simply agree 

to buy four Club choices within a year at substantial 
savings on most books you choose 

THE OXFORD ENGLISH DICTIONARY is generally 
regarded as the final arbiter of the meaning, 

origin, history and usage of words in the English 
language. Until now, it has been available only as 
a thirteen-volume set, priced at $350. Now, 
through the combination of an ingenious method 
of micrographic reproduction and a fine Bausch & 
Lomb optical lens, every single one of its \6,569 
pages, fifty million words and close to two million 
illustrative quotations appears, in easily readable 
form, in the two volumes of The Compact Edition. 

The New York Times book critic Christopher 
Lehmann-Haupt has said of this edition: "It is 
something of a miracle . . . . The Compact 
Edition is easier to work with than the original 
with its 13 separate volumes .... Even at $75, 
the set is an extraordinary bargain." 

Even more extraordinary, as a trial member of the 
Book-of-the-Month Club you may obtain The 
Compact Edition of the Oxford English Dictionary 
for only $15. And as long as you remain a mem­
ber, you will receive the Book-of-the-Month Club 
News, a literary magazine announcing the coming 
Selection and describing other important books, 
most of which are available at substantial dis­
counts - up to 40% on more expensive volumes. 
All of these books are identical to the publishers' 
editions in content, format, size and qUality. 

If you continue after your trial membership, you 
will earn at least one Book-Dividend® Credit for 
every Selection or Alternate you buy. These 
Credits entitle you to obtain a wide variety of 
books, called Book-Dividends, at astonishing sav­
ings - at least 70% of publishers' list prices. Under 
this unique system, more than 100 Book-Divi­
dends will be available to choose from every year, 
enabling you to acquire a well-rounded library at 
a small fraction of what you would otherwise 
have to pay. 

FACTS ABOUT MEMBERSHIP 

• You will receive the Book-of-the-Month Club 
News, a literary magazine published by the 
Club fifteen times a year. The News describes 
the coming Selection and scores of Alternates, 
and will be sent to you approximately every 
three and a half weeks. 
• If you wish to purchase the Selection, do 
nothing and it will be shipped to you automati­
cally. 
• If you do not want the Selection - or you 
would like one of the Alternates, or no book at 
all - simply indicate your decision on the reply 
form always enclosed with the News and mail it 
so we receive it by the date specified. 

• If, because of late mail delivery of the News, 
you should receive a Selection without having 
had 10 days to decide whether you want it, that 
Selection may be returned at Club expense. 

BOOK-OF-THE-MONTH CLUB, INC, 
Camp Hill, Pennsylvania, 17012 

Please enroll me as a member of the Book­
of-the-Month Club and send me The Compact 
Edition of Ihe Oxford English Dictionary. bill­
ing me $15 (in Canada $17.50 - publisher's 
price $82.50). I agree to buy at least four Se­
lections or Alternates during the first year I 
am a member, paying in most cases special 
members' prices. My membership is cancel­
able any time after I buy these fOUT books. A 
shipping charge IS added to all shipments. 

MR. � 
MRS. . .  
MISS 

Add'ress 

City .... 

State .. 

FEATURES 

• Boxed set of two volumes, 
9¥" x 13y"" each 
• All 16,569 pages of 13-vol­
ume original included in the 
4,134 pages of The Compact 
Edition through a photo-re­
duction process which per­
mits printing of four pages 
of original on one page of 
new edition 
• Paper is 30-pound Special 
Dictionary White 

• Binding is library buckram 
- r e i n fo r c ed a n d  gold­
stamped 
• Bausch & Lomb magnify­
ing glass included in special 
drawer of slipcase. 2" x 3]1." 
lens scientifically designed 
to make reduced print easily 
readable 

4·A170-11 

(Please print plainly) 

.......... 54 

Zip .. 
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MEASUREMENTSCOMPUTATION: changing things for the better--------

The first smart oscilloscope: 
an introduction to the "new 
measurement" technology, 

Hewlett-Packard's "new measurement" tech­
nology radically changes the traditional relation­
ship between man and machine. It does so by 
gi ving the machine some of the intelligence pre­
viously supplied by the human operator. It creates 
"smart" instruments that can monitor their own 
operations, detect and avoid procedural errors, 
perform all the necessary computations, and 
directly produce the desired final answer. 

As a leading manufacturer of both measurement 
and computation instruments, we know that 
it's possible to make many kinds of "smart" 
instruments-right now-through a marriage of 
separate measurement and computation instru­
ments. And we know that such a marriage results 
in unique advantages that far outweigh its cost. 

The new HP 1722A oscilloscope is the most 
recent case in point. Its development started, 
typically, with a choice of candidates for the 
marriage. For measurement, we chose our 1720A 
scope, a 1.3 nanosecond rise time, 275 M Hz 
bandwidtli, dual-channel instrument; and for 
computation, the digital microprocessor origin­
ally developed for the HP-35 pocket-sized 
calculator. 

It was clear from the outset that the proposed 
instrument could not realize the full potential of 
microprocessor control if the scope were limited 
to state-of-the-art single delayed sweep capability. 
So the marriage was put off while our designers 
developed the technology for dual delayed sweep. 
In the 1722, this new two-dot system operates 
under microprocessor control to keep track of any 
two events automatically, whether they originate 
on the same or different channels. 

With its combined measurement and computa­
tion capabilities, the 1722 is clearly in a class by 
itself, the first of a new generation of "smart" 
oscilloscopes. It can make time interval measure­
ments more accurately than has ever before been 
possible with an oscilloscope. The 1722 also 
avoids the numerous errors that can creep into 
conventional scope measurements: it never mis­
reads control settings, never misses events, and 
its automatic lock-out systems prevent most 
wrong interpretations. 

The 1722 's built-in computation provides 
final answers-directly, digitally, and auto­
matically-for frequency, instantaneous voltage, 
and relative amplitude measurements as well as 
for dc voltage and time interval. 

Priced at $4500*, the 1722A is ideally suited for 
clock phasing measurements in large computer 
systems. It also easily qualifies for less demand­
ing applications where its speed, convenience, 
and automation more than justify its moderately 
higher cost. 
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"New measurement" technique 
completely characterizes 
telephone circuits in two minutes. 

Time was when human operators kept a day-to­
day, even minute-to-minute appraisal of the 
transmission quality of the voice channels main­
tained by the nation's telephone companies. In 
those days a transmission test was simply a matter 
of saying "Can you hear me?" 

With the advent and increasing use of voice­
band circuits for data communication, the human 
ear no longer provides an adequate test. And with 
the increased use of direct distance dialing, 
operators rarely observe, much less report on, the 
condition of channels. Attempting to assure the 
day-to-day quality of these circuits by manual 
tests is an extremely expensive and nearly impos­
sible task for the telephone companies, since 
there are thousands upon thousands of circuits 
in daily use and each manual analysis can take 
hours of several skilled craftsmen's time. 

The new HP 5453A Transmission Parameter 
Analyzer substantially eases this problem. A 
computerized measurement system, the TPA 
provides comprehensive characterization of the 
two-way performance of a voice channel in less 
than two minutes. Operating without any of the 
complex analog devices usually associated with 
test systems, test personnel need only minimal 
training and experience. 

Computer-generated test signals are trans­
mitted over a channel; distortions that occur to 
signal frequency, phase, amplitude, and spectral 
content are measured, and from these the voice­
band circuit quality is automatically calculated. 
Results are displayed by CRT terminal or hard­
copy printer, and can be optionally stored on 
magnetic disc memory for later recall and analysis. 
They can be compared automatically with stored 
criteria to detect changes in transmission quality. 
The speed, simplicity, and data handling ability 
of the TPA make scheduled maintenance pro­
cedures technically and economically feasible, 
and result in improved data communications. 

The TP A will not soon become obsolete. Since 
its ability to adapt to changing requirements is 
not tied to hardware, new tests and analyses can 

HEWLETT � PACKARD 

Sales and service from 172 offices in 65 counlries. 

Palo Allo CalifornIa 94304 

be added simply by changing software. TP A is 
priced at $59,500*. 

This system is a recent example of Hewlett­
Packard's "new measurement," which combines 
computation with measurement. For users, the 
"new measurement" makes a profound difference. 
It gives answers you really need; not just inter­
mediate data. 

For more information on these products write 
to us. Hewlett-Packard, 1502 Page Mill Road, 
Palo Alto, California 94304. 

·Oomestic USA prices only 00435 

.......................................... . . .... Mail to: Hewlett-Packard. 1502 Page Mill Road, Palo Alto, CA 94304 • 

Please send me infonnation on: 

( ) HP 1722A Oscilloscope 

( ) HP 5453A Transmission Parameter Analyzer 

Name _________ Tltle _____ _ 

Company _______________ _ 

Address, _______________ _ 

. 
'

. 
City State Zip .' 

. ................................ , .......... ' 

. . 
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The heart 
of hi.fi. 

Beauty is truth, truth beauty. The fact is 
that all too few music lovers realize that 
while certain high fidelity components can 
be less than best, one component cannot 
endure a sacrifice in quality: the cartridge. 
Because it functions as the source of 
sound (the point at which the recording 
is linked with the balance of the hi·fi sys· 
tem), its role is critical. Just as the camera 
can be no better than its lens, the finest 
hi-fi system cannot compensate for an in­
ferior cartridge. For a startling insight 
into the role of the cartridge and a breath­
taking re-creation of your favorite record­
ing, see your nearby Shure dealer. He'll 
introduce you to the Shure cartridge that 
is correct for your system and your check­
book. Or, write: 

Shure Brothers Inc. 
222 Hartrey Ave., Evanston, III. 60204 
In Canada: A. C. Simmonds & Sons limited 

H SHURE 

LETTERS 
Sirs: 

Willard Bascom has argued convinc­
ingly for the persistent dream that the 
oceans are an appropriate place for the 
wastes of modem man ["The Disposal 
of Waste in the Ocean," by Willard 
Bascom; SCIENTIFIC AMERICAN, Au­
gust]. But at this late stage in the devel­
opment of the science of environment 
his arguments seem less than realistic. I 
set aside, as he has done, the extremely 
important .question of whether we can 
continue to Hush our fresh-water re­
sources through cities to be fouled with 
waste nutrients and diverse toxins and 
dumped into salt-water bodies where 
neither the nutrients nor the fresh water 
can be recovered, and address only the 
question of pollution of coastal oceans. 
His principal assumption seems to be 
that the ocean is intrinsically variable 
and that thresholds for effects of human 
interference in the biotic processes of the 
ocean are therefore high. I would sug­
gest that there is no basis in data for this 
assumption. On the contrary, there is 
substantial basis for belief that there are 
no thresholds for effects of changes in 
the chemistry of the oceans; all changes 
in the chemistry of the oceans are re­
Hected in the biota. This is true for DDT 
and PCB's, as Bascom correctly asserts; 
it is also true for other toxins, for the 
nutrient elements and for physical and 
biotic changes as well as chemical 
changes. There may be very high thresh­
olds for measurements of the biotic 
changes in nature. The existence of high 
thresholds for measurements of changes 
does not imply, as Bascom assumes, that 
the oceans have a high assimilative ca­
pacity for human interference; it says 
only that we measure effects crudely. 

The belief of Bascom and others who 
articulate the same arguments is that 
man gains not only by having the free­
dom to dump these wastes conveniently 
but also by the enrichment of the coastal 
oceans. Although it may be true that the 
enrichment of certain waters with nitro­
gen and phosphorus enhances certain 
fisheries, the engineers have offered no 
evidence that sewage can be produced 
that contains only those elements or 
those elements in the appropriate pro­
portions one to another to cause this type 
of enrichment without toxic hazards. 
Quite the contrary, there is great diffi­
culty in building sewage systems that 
separate the industrial wastes of modem 

civilization from human fecal material. 
This means that the care and precision 
Bascom advocates in the design of sew­
age outfalls is well beyond reach. 

The problems of sewage treatment 
and recovery of nutrients and water are 
far greater than Bascom indicates; so 
are the problems of management of the 
coastal oceans. The diverse accommoda­
tions worked out over millions of years 
among the organisms of the coastal 
oceans, accommodations that include 
the speCialized functions of marshes, 
estuaries and other coastal ecosystems, 
can be destroyed much more easily than 
they can be restored. Losses of species 
are irreversible; so is the accumulation 
of toxins such as DDT in the oceans, as 
Bascom acknowledges. It is difficult to 
see how these changes can be avoided if 
the coastal oceans are to be used as 
Bascom advocates. 

G. M. WOODWELL 

Department of Biology 
Brookhaven National Laboratory 
Upton, N.Y. 

Sirs: 
Anyone who appreciates the com­

plexities of biological responses is nec­
essarily humbled, and the question of 
whether there are thresholds of toxicity 
is far from being answered. However, 
nearly all items called "pollutants" have 
long been present in the ocean, and 
many of them seem to be required by 
various animals. If they were damaging, 
presumably the evolutionary process 
would long ago have discarded individ­
uals that reqUired copper or vanadium 
(for example). But it did not. This sug­
gests that there are de facto thresholds 
for many marine animals. 

Our laboratory has looked intensively 
and been unable to find evidence of 
metal uptake into fish living above a 
bottom highly contaminated with many 
metals, although we measure metals in 
their various organs to parts per billion. 
Fish attracted to volcanic vents that 
spew out high concentrations of metals 
do not appear to be harmed. 

Even halogenated hydrocarbons, until 
recently thought to be entirely man­
made and toxic, occur in nature. William 
Fenical of the Scripps Institution of 
Oceanography has found several hun­
dred species, many associated with red 
algae, some of which are the special food 
of certain bacteria. Very likely some spe­
cies of bacteria break down man-made 
varieties, including DDT. 

Now the question of controlling toxi-
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cants from industrial wastes. In Los An­
geles there is quite a successful cam­
paign of "source control" in which indi­
vidual dischargers are held responsible 
for toxicants in their discharges. Two 
much worse problems are: (1) The level 
of "pollutants," such as arsenic and cop­
per, in municipal drinking water is high­
er than can be legally discharged into 
the ocean and (2) the high levels of some 
metals coming from purely domestic 
areas (chromium from stainless-steel 
cooking ware and chrome-plated bath 
fixtures) exceed legal discharge levels. In 
other words, before dilution in the sea 
the amounts of arsenic, copper and 
chromium in sewage must be five times 
lower than we are allowed to drink. 
After initial dilution the fish offshore 
are more than 500 times safer than the 
people of Los Angeles. 

My basic thesis was that no single 
arbitrary solution makes sense every­
where. Careful thought based on scien­
tific findings is needed. 

WILLARD BASCOM 

Southern California Coastal 
Water Research Project 

El Segundo, Calif. 
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NEW ADDRESS 

OLD ADDRESS 

The electronic Minolta XK. 

Its one thing to talk about 
the future of photography. 

Its quite another 
to hold it in your hands. 

Five years from now, all fine 35mm cameras will offer the innovations that have caused 
every major photographic magazine to acclaim the Minolta XK. If you're at all serious about 
photography. you'll find the Minolta XK is a camera worth examining personally. For the 
name of your nearest retailer and literature, write Minolta Corporation, Advanced Systems 
Division. 101 Williams Drive, Ramsey, New Jersey 07446. In Canada: Anglophoto Ltd., P.Q. 
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50 AND tOO 

YEARS AGO 

NOVEMBER, 1924: "The geometry 
we study in the elementary schools is 
confined in the main to straight lines and 
planes. It is the geometry founded by 
the Greek genius Euclid. The rules of 
ordinary plane geometry do not apply, 
however, to figures drawn on a curved 
surface, and the geometry of such sur­
faces is therefore called 'non-Euclidean.' 
The notion of non-Euclidean geometries 
was ·extended by N. 1. Lobatshevsky, 
B. Riemann and other geometers to 
three-dimensional space. They imagined 
possible geometries where the relations 
between figures in space might be dif­
ferent in the different geometries. The 
possibility that there are many kinds of 
space brings us to an interesting ques­
tion: How much do we know about the 
so-called 'real' universe in which we live 
and into the depths of which we look 
whenever we see a star? In his general 
theory of relativity, Einstein was led to 
assume that the space of the real uni­
verse is, in fact, non-Euclidean. There 
can be an infinite number of varieties of 
space, however, each with its own spe­
cial geometry. The discovery of the pe­
culiarities of a particular variety of space 
may be, to dwellers within that space, an 
extremely difficult matter." 

"Into the radio receiver of every 
Frenchman there is about to come the 
music of the spheres. The stately proces­
sion of those celestial light specks as they 
march by overhead will come to us audi­
bly. This masterpiece of scientific poesy 
the Frenchman will put to work to set 
his clocks. Standard time is set already 
by the stars, but the method requires the 
intervention of a human watcher. An as­
tronomer selects a star to watch, and 
when it crosses a fine wire in his tele­
scope, he presses a signal button. Now 
two French scientists and radio experts, 
General Gustave-Auguste Ferrie and 
Monsieur R. Jouaust, have invented a 
method of determining the exact instant 
of coincidence between the star and the 
wire without the intervention of the falli­
ble and inaccurate eye or brain or finger 
of a man. The method begins with a pho-
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toelectric cell, into which falls a ray of 
light from the star. The starlight is con­
verted into electrical energy and then 
into a radio wave. As the star moves 
across the field of view of the telescope 
it crosses the wire, the light coming from 
it is cut off for an instant, and the audible 
note of the radio receiver changes." 

"Instead of futilely berating a senti­
mental but callous world for denuding 
our forests of young trees to supply the 
great annual Christmas-tree market, the 
Northeastern Forest Experiment Station 
is trying out the possibility of growing 
trees purposely to supply that market. In 
a plantation of two-year-old Scotch pine 
that the station has just initiated for ex­
perimental purposes at Mount Toby, 
Mass., Norway spruce seedlings have 
been planted at the centers of the 
squares formed by the six-foot-by-six­
foot spacing of the young pines. Here it 
will be possible to test the feasibility of 
raising Christmas-tree stock in mixture 
with a pine plantation and of making the 
Christmas tree an industry." 

"It appears that the solution of the 
loud-speaker acoustic problem lies in the 
abandonment of the horn and the dia­
phragm and the adoption of a large 
parchment cone that serves as dia­
phragm and sound projector combined. 
To the apex of the parchment cone is 
anchored a rod leading to an armature 
actuated by the usual solenoids or elec­
tromagnets. Another novel loud-speaker, 
this one coming from England, possesses 
a number of separate vibrating dia­
phragms, each one tuned to a certain 
range of frequencies. It is said that by 
this device all notes are given equally 
good reproduction." 

NOVEMBER, 1874: "A large propor­
tion of the locomotives running on the 
86,000 miles of railroads within the 
United States use wood for their fuel. 
Additional wood is employed by the rail­
roads for ties; if we take 2,500 as the 
mean number of ties per mile of track, 
we find that 212 million pieces of timber, 
eight feet long and from six to eight 
inches thick, are required to supply this 
single item. A large amount of waste also 
occurs from hewing, and from leaving 
the upper parts of trees, some of which 
can be burned as firewood, the remain­
der being a complete loss. Besides ties 
and fuel, the railroads also demand tim­
ber for fencing, bridges, buildings and 

structures of various other kinds. The 
requirements of the railways in this di­
rection are increasing even more rapidly 
than our supplies are being depleted." 

"The large number of carrier pigeons 
used during the Franco-Prussian war for 
the transmission of dispatches has excit­
ed wide public interest in these curious 
birds and has led to their employment for 
a number of unusual purposes. It was 
recently proposed that they carry mes­
sages to shore during a transatlantic bal­
loon voyage. In Paris many of the daily 
journals receive news of events transpir­
ing in the Legislative Assembly, at Ver­
sailles, through the carrier pigeons, in 
preference to using the telegraph. The 
birds traverse the distance in from 15 to 
20 minutes, and the intelligence thus 
reaches the newspaper offices much 
more quickly than would be the case 
were the dispatches obliged to wait their 
turn for transmission by the telegraph 
operators. When released, the birds fly 
upward and then circle. On foggy days 
they will not attempt to return to their 
cotes, nor during the night, except at 
times when there is a clear atmosphere 
and a full moon." 

"Dr. Le Bow, of Paris, has communi­
cated some recent work on hygiene in 
the hospitals. His statistics compare pa­
tients who had all suffered from the 
same lesion, amputation of the thigh. In 
a hospital containing 100 patients, 25 

per cent died; in one containing 200, 31 

per cent died; in one containing 300, 

37 per cent died; in one containing 400, 

40 per cent died; in the hospitals of 
Paris, there die 74 per cent. It thus ap­
pears that the most dangerous fields of 
battle are less murderous than for a 
wounded man to take refuge in one of 
the hospitals of Paris." 

"A special report to Congress points 
up a curious economic paradox: within 
limits, the cost of production varies in­
versely as the wages paid. Taking the 
puddling of iron as a representative 
process, the report finds that the average 
price of labor per day for puddlers is 
from $1.80 to $1.88 in England, $1.38 

in France and from $1.14 to $1.25 in 
Belgium. The average price of merchant 
bar iron is $32.50 in England, $35 in 
Belgium and $40 in France. The same 
contrast of cheap workmen and dear 
work was exhibited in the report of Mr. 
Redgrave on the condition of the textiles 
industry in England. Where labor is 
cheap the number of hands required to 
perform the work more than offsets the 
advantage in individual wages." 
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Three major design breakthroughs and a one 

year insurance policy humanizes the answer 
to the four most common calculator errors. 

CALCULATOR 

You're human! You make mistakes. And fi· 
nally a company has come up with a calcu· 
lator that rea lites this. 

ERROR 1: Oops, I forgot to shut it off! 

Ever forget to turn dff your calculator? 
Chances are, even if you're carefu I, you've 
made that mistake. The Litronix 2220 actu· 
ally turns itself off. After one minute of unat· 
tended use, a small integrated timing circuit 
causes the display to blink on for one second 
and shut off for three seconds, thus conserv· 
ing power without affecting the data. Then 
after 15 minutes, it shuts off completely. 

ERROR 2: Oops, I entered the wrong digit! 

You're working a problem and you've en· 
tered 1.2356 when you wanted to enter 1.23 
45. With most calculators you'd clear the 
entire last entry and start again. And you can 
do that with the Litronix. But the Litronix 
also has a backspace key which means you can 
backspace the number, digit by digit, and then 
enter the correct digits. I n the example above, 
press the backspace key twice, eliminating the 
5 and 6 so you end up with 1.23 on the dis· 
play. Then add the 4 and 5 to make 1.2345. 

ERROR 3: Oops, I read the decimal wrong! 

Litronix has developed an eight·digit dis· 
play whose decimal is in the center of a digit 
position, automatically separating the whole 
numbers from the decimals by the widest 
margin of any display. So there's no guess· 
work when it comes to spotting your decimal. 

LlTRONIX L.E.D. DISPLAY 

123 · Y55lB 
CONVENTIONAL L.E.D. DISPLAY 

1 2 3. Y 5 5 1 B 
The Litronix "digit·position" floating decimal 
pro vides a clear distinction between the whole 
number and the decimal on the display. 

ERROR 4: Oops, I dropped it! 

You're stepping out of your car, your 
briefcase flies open and out falls your calcu· 
lator onto the solid cement walk. No problem 
with the Litronix. Just pick up the pieces, 
mail it to Litronix and they'll send you a 
brand new one anytime during the one year 
warranty period. I t's the first pocket calcu· 
lator actually insured against accidents. 

BUT THER E'S SO MUCH MORE 

We've told you how we've humanized the 
electronic calculator but there are many other 
exciting features: 
Easy·to-use The Litronix features algebraic 
logic which means that you perform the func­
tions exactly as you think. 

Four key memory The memory system has 
four separate keys for data entry. You can 
now do calculations on your display, store 
the answers in a memory bank, and recall 
their total without erasing what was previ­
ously stored. 

The keyboard on the Litronix was patterned 
after the expensive Hewlett Packard unit and 
has a four button, color·coded memory system. 
Instead of the conventional on/off switch the 
Litronix has on/off keys. 

Fast percentage system You perform percent­
age problems exactly as you think. For ex· 
ample, to subtract 5% from $50, enter $50, 
press the minus key and then the five and per­
cent key. An answer of $47.50 is on your dis­
play. In short, only four sets of entries were 
required to get your final answer. 
Floating negative sign The Litronix not only 
has a full-floating decimal, but it has a full­
floating negative sign. This means that when 
the display shows a negative number, the 
negative sign floats directly to the left of the 
first digit. There is also a key that permits you 
to change the sign of your answer from a posi· 
tive to a negative number or back again. 
More hidden features The separate "on-key" 
replaces the standard "on-switch" thus elimi­
nating a calculator's only moving part (a ma­
jor cause of calculator problems). The decimal 
point always remains in the two position 
unless the entry or answer is greater than six 
digits. This makes the Litronix especially use­
ful when computing dollars and cents. 

The Litronix has a true automatic constant 
on all five functions and can do reciprocals, 
raise numbers to whole powers, and show 
overflow conditions. You can do invoice ex­
tensions, compound interest problems, or 
many other business and scientific calculations. 

Litronix is the world's largest display manu­
facturer, supplying over 40% of the world's 
calculator displays. Every component in the 

The new Litronix memory calculator 
has no moving parts, shuts itself off, 

backspaces, and floats a decimal like 
other pocket calculator. It weighs 6 

and measures only 3/4" x 3 1/8" x 6 

$4995 NATIONAL 
INTRODUCTORY 
PRICE 

RECHARGEABLE $5995 

2220 is manufactured by Litronix-from the 
integrated circuit to the unique keyboard. 
And this advanced technology means that 
you'll be getting the world's most advanced 
memory calculator. 

AVAILABL E  IN RECHARG EABLE 
OR DISPOSABLE BATTERY OPTIONS 

The Litronix 2220's introductory price is 
only $49.95 complete with carrying case and 
three disposable AA cell batteries. The bat­
tery·saving features and the law·drain circuit 
will give many hours of carefree use. An op­
tional AC adapter is only $4.95. 

The Litronix 2220R (the exact same unit) 
is only $59.95 and comes complete with 
carrying case, rechargeable batteries, and AC 
adapter/charger. If you use your calculator 
daily in its portable mode, the rechargeable 
version is the better option. Both units are 
backed by a solid one year Litronix warranty 
and a prompt Litronix service-by-mail facility. 

JS&A IS AM ERICA'S LARGEST SOURCE 
OF EL ECTRONIC CALCULATORS 

If you own a Master Charge, BankAmeri­
card, Diners Club or American Express credit 
card, simply call our toll-free number below 
or send us your check or money order includ­
ing $2.50 for postage and handling (Illinois 
residents add 5% sa les tax). Please specify the 
option you wish, and we'll rush your unit out 
by return mail. If you're not absolutely satis­
fied, you may return your Litronix within 
ten days for a prompt and courteous refund. 

IT'S ONLY HUMAN 

Finally, one of the very best calculators 
you can buy is also easy to operate and totally 
worry·free. What a refreshing change! Why 
not pick up your phone and order one at no 
obligation today. 

NATIONAL 
SALES 

GROUP 
DEPT.SAH-l 4200 DUNDEE ROAD 

NORTHBROOK, ILLINOIS 60062 
CREDIT CARD BUYERS CALL: 

(800) 323-5880 
In Illinois (312) 498·6900 ©JS&A Group, Inc .. 1974 
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A reputation 
for vision. 

Zeiss binoculars are the best in the world. 
They complement the most valued of opti­
cal systems: the human eye. 

Each and every pair of Zeiss binocu­
lars made today is a scientific instrument 
... one of the few wholly designed to bring 
pleasure. 

Every one is tested with spectro­
photometers and interferometers to guar­
antee optical perfection. Every one is filled 
with compressed air and tested for perfect 
sealing against dust and moisture. Every 
one is brutally jolted on test machines to 
make sure lenses and prisms stay aligned 
under the most extraordinary conditions. 

At the Zeiss workshops in West 
Germany the twin traditions of research 
and craftsmanship persist, devoted to the 
extension of man's vision. That's why Zeiss 
can give a lifetime guarantee, one backed 
in the United States with service personnel 
trained in the craftsmanship of the old 
country. All this adds up to the world's 
broadest line of binoculars-ranging from 
6 x 20 minis to the powerful 15 x 60 night 
glasses. 

For nearest 
dealer call (212) 
736-6070 in New 
York State. Else­
w h e r e  t o l l-f r e e, 
(800) 223-5832. 
For free brochure 
"What to look for 
when buying bin­
o c u l a r s", w r i t e  
De p t .  8-1, Ca rl 
Ze i s s ,  In c ., 444 
5th A v e ., N .Y., 
N.Y. 10018. 
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THE AUTHORS 
SISSELA BOK ("The Ethics of Giv­

ing Placebos") is a scholar and teacher 
whose teaching experience has encom­
passed philosophy and medical ethics; 
in the spring term of the current aca­
demic year she will conduct a seminar 
at the Radcliffe Institute on the rights of 
patients. She has studied at the Univer­
sity of Paris, George Washington Uni­
versity and Harvard University, where 
she obtained her Ph.D. (in philosophy) 
in 1970. She is a wife (of Derek Bok, the 
president of Harvard) and the mother of 
three children. She is the third member 
of her family to have published an arti­
cle in SCIENTIFIC AMERICAN in three 
successive months: her father, Gunnar 
Myrdal, was the author of "The Trans­
fer of Technology to Underdeveloped 
Countries" in the September issue and 
her mother, Alva Myrdal, was the author 
of "The International Control of Dis­
armament" in the October issue. An 
earlier version of Mrs. Bok's article was 
presented at the Aspen/Cornell Collo­
quium on Choice and Decision this past 
summer. 

CLIFFORD M. WILL ("Gravitation 
Theory") is assistant professor of physics 
at Stanford University. Born in Canada, 
he was graduated from McMaster Uni­
versity in 1968 and then moved to the 
U.S., obtaining his Ph.D. (in physics) at 
the California Institute of Technology in 
1971. Thereafter he spent a year as an 
instructor in physics at Cal Tech and 
two years as an Enrico Fermi Fellow at 
the Laboratory for Astrophysics and 
Space Research of the University of 
Chicago before going to Stanford in 
September. He writes that his present 
research interests, apart from the experi­
mental foundations of gravitation theo­
ry, include the applications of general 
relativity theory to astrophysical and 
cosmological problems. 

HANS GLA VITSCH ("Computer 
Control of Electric-Power Systems") is 
head of the automatic control group of 
the research center of Brown, Boveri & 
Company in Switzerland_ Born in Aus­
tria, he was graduated from the Graz 
Technical University in 1958. He went 
to Stanford University for his master's 
degree, which he obtained in 1960. This 
year he received his doctorate in elec­
trical engineering from the Technical 
University of Aachen. At Brown, Boveri, 
which he joined in 1961, he worked first 

on analytical studies in power systems 
and in engineering computing. In 1969 
he became head of the engineering com­
puting department, advancing to his 
present work in 1970. Among his out­
side interests is building and Hying 
model gliders; he was Austrian cham­
pion in the gliders A2 category in 1955 
and participated in the world champion­
ships in 1954 and 1955_ 

MAX D. COOPER and ALEXAN­
DER R. LAWTON III ("The Develop­
ment of the Immune System") are at the 
Medical Center of the University of 
Alabama in Birmingham, where they 
work in the cancer research and training 
program, Cooper as senior scientist and 
Lawton as scientist. Cooper was gradu­
ated from the University of Mississippi 
in 1954 and received his M.D. at the 
Tulane University Medical School in 
1957. He holds an appointment as pro­
fessor in the department of pediatrics in 
Alabama. For several years before going 
to Alabama in 1967 he taught pediatrics 
at the University of Minnesota. Lawton 
was graduated from Yale College in 
1960 and from the Vanderbilt Univer­
sity Medical School in 1964. He was at 
the National Institute of Allergy and In­
fectious Disease for three years before 
going to Alabama in 1969. 

BLAKE R. PATTERSON ("Musical 
Dynamics") is a research scientist at the 
Bell Laboratories, where he studies psy­
choacoustic effects. He writes: "As a 
high school senior in a Detroit suburb I 
played bassoon in six orchestras and two 
bands. I earned my bachelor's and mas­
ter's degrees at the University of Michi­
gan. Following work in Nigeria as a 

Peace Corps volunteer I developed an 
interest in plasma physics, completing 
work for my Ph.D. at the University of 
California at Berkeley in 1971. A post­
doctoral fellowship at the Courant Insti­
tute of New York University supported 
much of my investigations into musical 
dynamics. I recently resigned from the 
New Jersey Symphony in favor of the 
Delbarton Baroque Ensemble and the 
Blake Wind Quintet. This summer I was 
principal bassoonist in the orchestra of 
the Festival of Two Worlds at Spoleto. 
Other favorite activities include hiking 
and vegetable gardening on seven acres 
shared with a beautjful lady." 

JAMES V. WARREN ("The Physiol­
ogy of the Giraffe") is professor of medi­
cine and chairman of the department of 
medicine at the Ohio State University 
College of Medicine. Following his 
graduation from Ohio State in 1935 he 
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Advice to youth 
from a science fair judge: 

Winning a prize is more satisfying than 

not winning. 

Judges favor projects they understand. 

Even projects good enough to get all the way to the 

big International Science and Engineering Fair are 

not PhD theses. Those who judge a PhD thesis must 

be on top of all existing knowledge that directly locks 

into the missing piece the candidate offers. Not so for 

science fair judges. They may not be that sharply tuned 

to your topic and to your every word of written and 

spoken explanation. They have to move along to finish 

the judging. 

Photography might get through to them. Not neces­

sarily a dim little snapshot or two that mumbles in a 

dull tone, "The following apparatus was employed." That you may need 

anyway, but consider also a very short movie or a few 

stills that shout, "HEY, LOOK! THIS IS WHAT YOU 

COULD HAVE SEEN!" After that, the cold facts. 

If you have some ideas of your own, our free pack­

age of photographic hints for science fair contestants 

may prove useful. Request it from Kodak, Dept. 841, 
Rochester, N.Y. 14650. 

Any questions? 

At the 1974 International Science and Engineering Fair, 
Theresa Tomilo of Comstock High, Kalamazoo, MI. showed 
with these pictures she had taken just how hairless a hair­
less mouse can be and what happened after injection with 
DNA extracted from embryonic cultures of haired strains. 
She walked off with prizes and honors from the U.S. Army, 
the U.S. Navy, and the American Dental Association, and 
a prize for photography from Eastman Kodak Company. 

went to Harvard Medical School, where 
he received his M.D. in 1939. After clin­
ical training at Peter Bent Brigham Hos­
pital in Boston he taught at Emory Uni­
versity, becoming professor of both med­
icine and physiology. At Emory he was 
a pioneer in the development of cardiac 
catheterization as a research tool, which 
he employed in his studies of the giraffe 
in Africa. He went to Ohio State in 1961 
after service at Duke University and the 
University of Texas. Warren is a past 
president of the American Heart Asso­
ciation and is currently a fellow of the 
Explorers Club of New York. 

FERGUS W. CAMPBELL and 
LAMBERTO MAFFEI ("Contrast and 
Spatial Frequency") work respectively 
at the University of Cambridge and the 
National Research Council of Italy; 
Campbell is reader in neurosensory phys­
iology at the Physiological Laboratory in 
Cambridge and Maffei is an investigator 
with the National Research Council. 
Campbell has both the M.D. and the 
Ph.D. degrees from the University of 
Glasgow. He writes that he "intended 
to become a clinical ophthalmologist but 
became more and more interested in 
research and teaching." He avers that 
his interest in how cats see, which is re­
flected in much of the work described in 
his article, "was inspired by Martin 
Gardner's book, The Annotated Alice." 
Campbell's interests include "travel, 
photography, ham radio, hypnosis, read­
ing newspapers and wondering about it 
all." Maffei obtained his medical degree 
at the University of Pisa in 1961. In ad­
dition to his work with the National 
Research Council he is acting professor 
of biophysics at the Superior Normal 
School of Pisa. He writes that he enjoys 
"swimming in the sea and riding a bi­
cycle in the country." 

JOANN VANEK ("Time Spent in 
Housework") is assistant professor of so­
ciology at Queens College of the City 
University of New York. She was gradu­
ated from Saint Mary's College in 1963 
and obtained her master's degree and 
her Ph.D. at the University of Michigan 
in 1964 and 1973 respectively. Before 
taking up her present work she was a 

lecturer in sociology at Michigan. She 
also served as a city planner in the Chi­
cago Department of Development and 
Planning in 1966 and 1967. "A major 
diversion," she writes, "is food in New 
York City-restaurants, bars, groceries 
and chocolate shops." In forthcoming 
research she intends to study family 
spending patterns and time spent in lei­
sure and work for all family members. 
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Is having your own $14.50 year's subscription 
to Business Week worth the cost? 

Ask the man 

you work for ••• 

Moving up in the executive world from a yearly 
salary in the teens to one in the 20's or 30's or 
more isn't just a matter of "getting the breaks." 
An important assist, as top executives know, is 
having your own personal source of the business 
news and information you need-in compact, easy­
to-read form, fresh each week while it's still news. 

That's why more than 725,000 executives in 
business and industry, have subscriptions of their 
own to Business Week-and they're paying $14.50 
a year for it, 

That breaks down to less than 29¢ a week, in 
return for which you can stay on top of ... 

ALL THIS VITAL DATA 

Business news that's national and international, 
gathered by the world's largest business pub­
lisher, McGraw-Hili ... 
. . . News on marketing, finance, the economy, 
labor, new technology and design, government, 
the executive suite, the stock and commodities 
markets, transportation, corporations and con­
glomerates, business leaders, , . 
. , . Plus a thumbnail Business Outlook each week, 
the unique Business Week Index, Personal Busi­
ness information and counsel, and much more. 

SAVE TIME, SAVE MONEY 

As you can see, Business Week can save you the 
time you'd otherwise have to spend wading 
through a flood of bulky newspapers, specialized 
reports, and lightweight newsletters coming at 
you from every direction. And your value as an 
executive depends upon your getting the most 
accomplished in the limited hours available to 
you each week. 

With Business Week, you can also save money 
on the cost of all those time-consuming news­
papers, reports, and newsletters. What is more, 
having your own subscription to Business Week 
further entitles you to another immediate "divi­
dend" ... 

FREE EXECUTIVE PORTFOLIO 

Your own Executive Portfolio of "Special Reports 
on Major Business Problems," prepared by the 
Editors of Business Week. Twelve reports includ­
ing three which won business journalism's highest 
awards for excellence. Your portfolio with your 
name stamped in gold on the cover-free when 
you subscribe to Business Week. 

Right now, send for your free portfolio and a 
subscription to Business Week. Complete coupon, 
tear it out and drop it in the mail. Send no money 
-we'll bill you later. 

Send no money now ••• 

Mail coupon 
for your subscription 
plus your free 
Executive Portfolio. 

If coupon below is missing, please send us your name, title, company, address, whom to bill 
(you or company). Business Week, 1221 Avenue of the Americas, N.Y. C., N.Y. 10020. 

r 
----------------

I Business Week 
Michael Baron, Circulation Director 

PLEASE PRINT NAME AS IT SHOULD APPEAR 
IN GOLD. YOUR PORTFOLIO WILL BE SENT 
PROMPTLY ON RECEIPT OF ORDER. 

I 
McGraw-Hili World Headquarters 
1221 Avenue of the Americas 
New York, New York 10020 

I 
I 
I 
I 
I 
I 
I 
I 
• 

Please send me my copy of the new Executive Portfolio of Special Reports on 
Major Business Problems as a bonus gift with my one year subscription to Business 
Week for $14.50 0 Payment Enclosed 0 Bill Me 0 Bill Company 

NAME __________________________________ TITLE __________________ __ 

COMPANY ________________________ NO. EMPLOYEES IN COMPANY ______ __ 

COMPANY ADDRESS ________________________________________________ _ 

CITY 
________________________________ 'g 'ira�-u:-fa-c.,...tu-re-r----..,O"'F"'F"'I""'C�

I
DsE ONLY 

PRODUCT OR BUSINESS 0 Distributor 
Check 0 ONLY if you want publication mailed to Home Address as below: 
STREETADDRESS __________________________________________________ ___ 

CITY ________________________________ STATE ________________ ZIP ______ _ 

61080-4 

15 

© 1974 SCIENTIFIC AMERICAN, INC



For him. its anotlter� 
another heart attack. 
Harvey is the very model of a heart patient. 
A manikin full of the recognizable signs and 

symptoms of heart disease. 
If you were a student doctor, you'd recognize 

something else about Harvey. 
In some ways, he's even better than a 

live patient to study. 
With a twist of a d.iaJ. he can be pro­

grammed to reproduce anyone of a 
number of common (and not so 

common) heart diseases. 
Which lets a student doctor get 

experience relating one finding 
to another-on more kinds of heart 
disease than many doctors come 
across in a lifetime. 

Doctors at the University of Miami 
Medical School developed this experi­
mental manikin. The people at 
lIT designed its complex solid­
state circuitry. 

Now others are being built, 
with the same lIT circuitry, to 
help train tomorrow's doctors. 

When you consider that 
heart disease is the nation's 
Number One killer, you can see 
one thing more about Harvey. 

He has quite ,a future. 

Tltebest�as ITT aft the ideas 
tJaat help people. 

International 

16 

© 1974 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
Established 1845 AM E RI CAN November 1974 Volume 231 Number 5 

The Ethics of Giving Placebos 

Ethical issues are raised when a treatment is prescribed that, unknown 

to the patient, cannot have any specific effect on his condition. The 

practice is often deceptive, the author finds, and should be restricted 

I
n 1971 a number of Mexican-Ameri­
can women applied to a family-plan­
ning clinic for contraceptives. Some 

of them were given oral contraceptives 
and others were given placebos, or dum­
my pills that looked like the real thing. 
Without knowing it the women were in­
volved in an investigation of the side 
effects of various contraceptive pills. 
Those who were given placebos suf­
fered from a predictable side effect: 10 
of them became pregnant. Needless to 
say, the physician in charge did not as­
sume financial responsibility for the ba­
bies. Nor did he indicate any concern 
about having bypassed the "informed 
consent" that is required in ethical ex­
periments with human beings. He con­
tented himself with the observation that 
if only the law had permitted it, he 
could have aborted the pregnant 
women! 

The physician was not unusually 
thoughtless or hardhearted. The fact is 
that placebos are so widely prescribed 
for therapeutic reasons or administered 
to control groups in experiments, and are 
considered so harmless, that the funda­
mental issues they raise are seldom con­
fronted. It appears to me, however, that 
physicians prescribing placebos cannot 
consider only the presumed benefit to 
an individual patient or to an experiment 
at a particular time. They must also take 
into account the potential risks, both to 
the patient or the experimental subject 
and to the medical profession. And the 
ethical dilemmas that are inherent in the 

by Sissela Bok 

various uses of placebos are central to 
such an estimate of possible benefits and 
risks. 

The derivation of "placebo," from the 
Latin for "I shall please," gives the word 
a benevolent ring, somehow placing 
placebos beyond moral criticism and 
conjuring up images of hypochondriacs 
whose vague ailments are dispelled 
through adroit prescriptions of benefi­
cent sugar pills. Physicians often give a 
humorous tinge to instructions for pre­
scribing these substances, which helps 
to remove them from serious ethical con­
cern. One authority wrote in a pharma­
cological journal that the placebo should 
be given a name previously unknown to 
the patient and preferably Latin and 
polysyllabic, and "it is wise if it be pre­
scribed with some assurance and empha­
sis for psychotherapeutic effect. The old­
er physicians each had his favorite pla­
cebic preSCriptions-one chose tincture 
of Condurango, another the Fluid-ex­
tract of Cimicifuga nigra." After all, are 
not placebos far less dangerous than 
some genuine drugs? As another physi­
cian asked in a letter to The Lancet: 
"Whenever pain can be relieved with 
two milliliters of saline, why should we 
inject an opiate? Do anxieties or dis­
comforts that are allayed with starch 
capsules require administration of a bar­
biturate, diazepam or propoxyphene?" 

Before the 1960's placebos were com­
monly defined as just such pharmaco­
logically inactive medications as salt wa­
ter or starch, given primarily to satisfy 

patients that something is being done 
for them. It has only gradually become 
clear that any medical procedure has an 
implicit placebo effect and, whether it 
is active or inactive, can serve as a place­
bo whenever it has no specific effect on 
the condition for which it is prescribed. 
Nowadays fewer sugar pills are pre­
scribed, but X rays, vitamin prepara­
tions, antibiotics and even surgery can 
function as placebos. Arthur K. Shapiro 
defines a placebo as "any therapy (or 
component of therapy) that is deliber­
ately or knowingly used for its nonspe­
cific, psychologic or psycho-phYSiologic 
effect, or that ... , unknown to the pa­
tient or therapist, is without specific 
activity for the condition being treated." 

Clearly the prescription of placebos 
is intentionally deceptive only when the 
physician himself knows they are with­
out specific effect but keeps the patient 
in the dark. In considering the ethical 
issues attending deception with place­
bos I shall exclude the many procedures 
in which physicians have had-or still 
have-misplaced faith; that includes 
most of the treatments prescribed until 
this century and a great many still in 
use but of unproved or even disproved 
value. 

Considering that in the past most ther­
apies had little or no speCific effect (yet 
sometimes succeeded thanks to faith on 
the part of healers and sufferers) and 
that we now have more effective reme­
dies, it might be thought that the need to 
resort to placebos would have decreased. 

17 

© 1974 SCIENTIFIC AMERICAN, INC



Improved treatment and diagnosis, how­
ever, have raised the expectations of pa­
tients and health professionals alike and 
consequently the incidence of reliance 
on placebos has risen. This is true of 
placebos given both in experiments and 
for therapeutic effect. 

Modem techniques of experimenta-
tion with humans have vastly ex­

panded the role of placebos as controls. 
New drugs, for example, are compared 
with placebos in order to distinguish the 
effects of the drug from chance events 
or effects associated with the mere ad­
ministration of the drug. They can be 
tested in "blind" studies, in which the 
subjects do not know whether they are 
receiving the experimental drug or the 
placebo, and in "double-blind" studies, 
in which neither the subjects nor the in­
vestigators know. 

Experiments involving humans are 
now subjected to increasingly careful 
safeguards for the people at risk, but it 
will be a long time before the practice of 
deceiving experimental subjects with 
respect to placebos is eradicated. In all 
the studies of the placebo effect that I 
surveyed in a study initiated as a fellow 
of the Interfaculty Program in Medical 
Ethics at Harvard University, only one 
indicated that those subjected to the ex­
periment were informed that they would 
receive placebos; indeed, there was fre­
quent mention of intentional deception. 
For example, a study titled "An Analysis 
of the Placebo Effect in Hospitalized 
Hypertensive Patients" reports that "six 
patients ... were asked to accept hos­
pitalization for approximately six weeks 
• . .  to have their hypertension evaluated 

and to undertake a treatment with a 
new blood pressure drug .... No medi­
cation was given for the first five to sev­
en days in the hospital. Placebo was 
then started." 

As for therapeutic administration, 
there is no doubt that studies conducted 
in recent decades show placebos can be 
effective. Henry K. Beecher studied the 
effects of placebos on patients suffering 
from conditions including postopera­
tive pain, angina pectoris and the com­
mon cold. He estimated that placebos 
achieved satisfactory relief for about 35 
percent of the patients surveyed. Alan 
Leslie points out, moreover, that "some 
people are temperamentally impatient 
and demand results before they normal­
ly would be forthcoming. Occasionally, 
during a period of diagnostic observa­
tion or testing, a placebo will provide a 
gentle sop to their impatience and keep 
them under control while the important 
business is being conducted." 

A number of other reasons are ad­
vanced to explain the continued prac­
tice of prescribing placebos. Physicians 
are acutely aware of the uncertainties of 
their profession and of how hard it is to 
give meaningful and correct answers to 
patients. They also know that disclosing 
uncertainty or a pessimistic prognosis 
can diminish benefits that depend on 
faith and the placebo effect. They dis­
like being the bearers of uncertain or 
bad news as much as anyone else. Sit­
ting down to discuss an illness with a 
patient truthfully and sensitively may 
take much-needed time away from oth­
er patients. Finally, the patient who de­
mands unneeded medication or opera­
tions may threaten to go to a more co-
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5 . ... vaccme 
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/0. . . .  placebo 

operative doctor or to resort to self-med­
ication; such patient pressure is one of 
the most potent forces perpetuating and 
increasing the resort to placebos. 

There are no conclusive figures for the 
extent to which placebos are prescribed, 
but clearly their use is Widespread. 
Thorough studies have estimated that as 
many as 35 to 45 percent of all prescrip­
tions are for substances that are incapa­
ble of having an effect on the condition 
for which they are prescribed. Kenneth 
L. Melmon and Howard F. Morrelli, in 
their textbook Clinical Pharmacology, 
cite a study of treatment for the com­
mon cold as indicating that 31 percent 
of the patients received a prescription 
for a broad-spectrum or medium-spec­
trum antibiotic, 22 percent received 
penicillin and 6 percent received sul­
fonamides-"none of which could pos­
sibly have any beneficial specific phar­
macological effect on the viral infection 
per se." They point out further that 
thousands of doses of vitamin B-12 are 
administered every year "at considerable 
expense to patients without pernicious 
anemia," the only condition for which 
the vitamin is specifically indicated. 

In view of all of this it is remarkable 
that medical textbooks proVide little 

analysis of placebo treatment. In a sam­
ple of 19 popular recent textbooks in 
medicine, pediatrics, surgery, anesthesia, 
obstetrics and gynecology only three 
even mention placebos, and none of 
them deal with either the medical or the 
ethical dilemmas placebos present. Four 
out of six textbooks on pharmacology 
consider placebos, but with the excep­
tion of the book by Melmon and Mor-

PLACEBOS are administered in clinical experiments to a control 
group that helps to establish the efficacy of the treatment being in. 
vestigated. The drawings show how a typical double·blind test of a 

proposed vaccine might be conducted. Subjects are divided into 
two groups, a vaccine group and a control, or placebo, group. A list 

shows who gets which, but the subjects do not know (I). Nor does 
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relli they mention only the experimental 
role of placebos and are completely si­
lent on ethical issues. Finally, four out of 
eight standard texts on psychiatry refer 
to placebos, again without ever mention­
ing ethical issues. 

Yet little thought is required to see 
the dilemma placebos should pose for 
physicians. A placebo can provide a 
potent, although unreliable, weapon 
against suffering, but the very manner 
in which it can relieve suffering seems to 
depend on keeping the patient in the 
dark. The dilemma is an ethical one, re­
flecting contrary views about how hu­
man beings ought to deal with each oth­
er, an apparent conflict between help­
ing patients and informing them about 
their condition. 

This dilemma is pointed up by the 
concept of informed consent: the idea 
that the individual has the right to give 
prior consent to, and even to refuse, 
what is proposed to him in the way of 
medical care. The doctrine is recognized 
in proliferating "bills of rights " for pa­
tients. The one recommended by the 
American Hospital Association states, 
for example, that the patient has the 
right to complete, understandable infor­
mation on his diagnosis, treatment and 
prognosis; the right to whatever infor­
mation is needed so that he can give in­
formed consent to any treatment; the 
right to refuse treatment to the extent 
permitted by law. 

Few physicians appear to consider 
the implications of informed consent 
when they prescribe placebos, however. 
One reason is surely that the usefulness 
of a placebo may be destroyed if in­
formed consent is sought, since its suc-

cess is assumed to depend specifically on 
the patient's ignorance and suggestibil­
ity. Then too the substances employed 
as placebos have been considered so 
harmless, and at the same time so poten­
tially beneficial, that it is easy to assume 
that the lack of consent cannot possibly 
matter. In any case health professionals 
in general have not considered the pos­
sibility that the prescription of a placebo 
is so intrinsically misleading as to make 
informed consent impossible. 

Some authorities have argued that 
there need not be any deception at all. 
Placebos can be described in such a way 
that no outright verbal lie is required. 
For example: "I believe these pills may 
help you." Lawrence J. Henderson went 
so far as to maintain that "it is meaning­
less to speak of telling the truth, the 
whole truth and nothing but the truth 
to a patient ... because it is ... a sheer 
impossibility. . .. Since telling the truth 
is impossible, there can be no sharp dis­
tinction between what is false and what 
is true." 

Can one really think of prescribing 
placebos as not being deceptive at 

all as long as the words are sufficiently 
vague? In order to answer this question 
it is necessary to consider the nature of 
deception. When someone intentionally 
deceives another person, he causes that 
person to believe what is false. Such de­
ception may be verbal, in which case it 
is a lie, or it may be nonverbal, conveyed 
by gestures, false visual cues or the 
myriad other means human beings have 
devised for misleading one another. 
What is common to all intentional de­
ception is the intent to deceive and the 

4 

proViding of misleading information, 
whether that information is verbal or 
nonverbal. 

The statement that a placebo may 
help a patient is not a lie or even, in it­
self, deceitful. Yet the circumstances in 
which a placebo is prescribed introduce 
an element of deception. The setting in a 
doctor's office or hospital room, the im­
pressive terminology, the mystique of 
the all-powerful physician prescribing a 
cure-all of these tend to give the patient 
faith in the remedy; they convey the im­
pression that the treatment prescribed 
will have the ingredients necessary to 
improve the patient's condition. The ac­
tions of the physician are therefore de­
ceptive even if the words are so general 
as not to be lies. Verbal deception may 
be more direct, but all kinds of decep­
tion can be equally misleading. 

The view that merely withholding in­
formation is not deceptive is particularly 
inappropriate in the case of placebo pre­
scriptions because information that is 
material and important is withheld. The 
crucial fact that the physician may not 
know what the patient's problems are 
is not communicated. Information con­
cerning the prognosis is vague and in­
formation about the specific way in 
which the treatment may affect the con­
dition is not provided. Henderson's view 
fails to make the distinction between 
such relevant information, which it is 
usually feasible to provide, and infinite 
details of decreasing importance, which 
to be sure can never be provided with 
any completeness. It also fails to distin­
guish between two ways in which the 
information reaching the patient may be 
altered: it may be withheld or it may be 

the person who gives the injection. He merely uses the syringe la­
beled for each subject; again, a list records whether the syringe 
held vaccine or placebo (2). The subjects are observed and a physi-

cian who does not know who got which injection records the clini­

cal results (3). Only then are the various lists combined to 'yield 

the statistics that constitute the results of the experiment (4). 
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distorted. Often the two are mingled. 
Consider the intertwining of distortion, 
mystification and failure to inform in the 
following statement, made to unsuspect­
ing recipients of placebos in an experi­
ment performed in a psychiatric outpa­
tient clinic: "You are to receive a test 
that all patients receive as part of their 
evaluation. The test medication is a 
nonspecific autonomous nervous system 
stimulant." 

Even those who recognize that place­
bos are deceptive often dispel any mis­
givings with the thought that they in­
volve no serious deception. Placebos are 
regarded as being analogous to the inno­
cent white lies of everyday life, so trivial 
as to be quite outside the realm of ethi­
cal evaluation. Such liberties with lan­
guage as telling someone that his neck­
tie is beautiful or that a visit has been 
a pleasure, when neither statement re­
Rects the speaker's honest opinion, are 
commonly accepted as being so trivial 
that to evaluate them morally would 
seem unduly fastidious and, from a utili­
tarian point of view, unjustified. Place­
bos are not trivial, however. Spending 
for them runs into millions of dollars. 
Patients incur greater risks of discom­
fort and harm than is commonly under­
stood. Finally, any placebo uses that 
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are in fact trivial and harmless in them­
selves may combine to form nontrivial 
practices, so that repeated reliance on 
placebos can do serious harm in the long 
run to the medical profession and the 
general public. 

Consider first the cost to patients. A 
A number of the procedures under­

taken for their placebo effect are ex­
tremely costly in terms of available re­
sources and of expense, discomfort and 
risk of harm to patients. Many temporar­
ily successful new surgical procedures 
owe their success to the placebo effect 
alone. In such cases there is no intention 
to deceive the patient; physician and pa­
tient alike are deceived. On occasion, 
however, surgery is deliberately per­
formed as a placebo measure. Children 
may undergo appendectomies or tonsil­
lectomies that are known to be unneces­
sary simply to give the impression that 
powerful measures are being taken or 
because parents press for the operation. 
Hysterectomies and other operations 
may be performed on adults for analo­
gous reasons. A great many diagnostic 
procedures that are known to be unnec­
essary are undertaken to give patients a 
sense that efforts are being made on 
their behalf. Some of these carry risks; 
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ANTIBIOTICS serve primarily as placebos when they are prescribed for minor virus dis­

eases such as the common cold. Curves, based on Department of Commerce figures, show 
the value of manufacturers' shipments of systemic antibiotics and of sulfonamides, which 
are chemical anti-infective drugs. Among antibiotics, single penicillin preparations are 
shown separately. Antibiotic-sulfonamide combinations are included with other antibiotics. 
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many involve discomfort and the ex­
penditure of time and money. The po­
tential for damage by an active drug 
given as a placebo is similarly clear-cut. 
Calvin M. Kunin, T. Tupasi and W. 
Craig have described the ill effects-in­
cluding death-suffered by hospital pa­
tients as a result of excessive prescrip­
tion of antibiotics, more than half of 
which they found had been unneeded, 
inappropriately selected or given in in­
correct dosages. 

Even inactive placebos can have toxic 
effects in a substantial proportion of 
cases; nausea, dermatitis, hearing loss, 
headache, diarrhea and other symptoms 
have been cited. Stewart Wolf reported 
on a double-blind experiment to test 
the effects of tbe drug mephenesin and 
a placebo on disorders associated with 
anxiety and tension. Depending on the 
symptom studied, roughly 20 to 30 per­
cent of the patients were better while 
taking the pills and 50 to 70 percent 
were unchanged, but 10 to 20 percent 
were worse-"whether the patient was 
taking mephenesin or placebo. " A par­
ticularly serious possible side effect of 
even a harmless substance is dependen­
cy. In one case a psychotic patient was 
given placebo pills and told they were 
a "new major tranquilizer without any 
side effects." After four years she was 
taking 12 tablets a day and complaining 
of insomnia and anxiety. After the self­
medication reached 25 pills a day and a 
crisis had occurred, the physician inter­
vened, talked over the addictive prob­
lem (but not the deception) with the pa­
tient and succeeded in reducing the dose 
to two a day, a level that was still being 
maintained a year later. Other cases 
have been reported of patients' becom­
ing addicted or habituated to these sub­
stances to the point of not being able to 
function without them, at times even re­
quiring that they be stepped up to very 
high dosages. 

Most obvious, of course, is the dam­
age done when placebos are given in 
place of a well-established therapy that 
is clearly indicated for the patient's con­
dition. The Mexican-American women I 
mentioned at the outset, for example, 
were actually harmed by being given 
placebo pills in the guise of contracep­
tive pills. In 1966 Beecher, in an article 
on the ethics of experiments with hu­
man subjects, documented a case in 
which 109 servicemen with streptococ­
cal respiratory infections were given in­
jections of a placebo instead of injections 
of penicillin, which was already known 
to prevent the development of rheumatic 
fever in such patients and which was 
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RISING SALES of vitamins (left) and of hematinics, or drugs that 
improve the quality of the blood (right), reflect their frequent pre· 
scription or purchase across the counter as placebos rather than for 

their specific effects. The Department of Commerce figures used 

here include proprietary preparations (sold across the counter) as 
well as "ethical" ones (sold only on a physician's prescription). 

being given to a larger group of patients. 
Two of the placebo subjects developed 
rheumatic fever and one developed an 
acute kidney infection, whereas such 
complications did not occur in the peni­
cillin-treated group. 

There have been a number of other 
experiments in which patients suffering 
from illnesses with known cures have 
been given placebos in order to study 
the course of the illness when it is un­
treated or to determine the precise ef­
fectiveness of the known therapy in an­
other group of patients. Because of the 
very nature of their aims the investiga­
tors have failed to ask subjects for their 
informed consent. The subjects have 
tended to be those least able to object or 
defend themselves: members of minority 
groups, the poor, the institutionalized 
and the very young. 

A final type of harm to patients given 
placebos stems not so much from the 
placebo itself as from the manipulation 
and deception that accompany its pre­
scription. Inevitably some patients find 
out that they have been duped. They 
may then lose confidence in physicians 
and in bona fide medication, which they 
may need in the future. They may even 
resort on their own to more harmful 
drugs or other supposed cures. That is a 
danger associated with all deception: its 
discovery leads to a failure of trust when 
trust may be most needed. Alternatively, 
some people who do not discover the de­
ception and are left believing that a 
placebic remedy works may continue to 

rely on it under the wrong circum­
stances. This is particularly true with re­
spect to drugs, such as antibiotics, that 
are used sometimes for their specific ac­
tion and sometimes as placebos. Many 
parents, for example, come to believe 
they must ask for the prescription of an­
tibiotics every time their child has a 
fever. 

The major costs associated with place-
bos may not be the costs to patients 

themselves that I have discussed up to 
this point. Rather they may be costs to 
new categories of patients in the future, 
to physicians who do not abuse placebo 
treatment and to society in general. 

Deceptive practices, by their very na­
ture, tend to escape the normal restraints 
of accountability and so can spread more 
easily. There are many instances in 
which an innocuous-seeming practice 
has grown to become a large-scale and 
more dangerous one; warnings against 
"the entering wedge " are often rhetori­
cal devices but may sometimes be justi­
fied when there are great pressures to 
move along the undesirable path and 
when the safeguards against undesirable 
developments are insufficient. In this 
perspective there is reason for concern 
about placebos. The safeguards are few 
or nonexistent against a practice that is 
secretive by its very nature. And there 
are ever stronger pressures-from drug 
companies, patients eager for cures and 
busy physicians-for more medication, 
whether it is needed or not. Given such 

pressures the use of placebos can spread 
along a number of dimensions. 

The clearest danger lies in the grad­
ual shift from pharmacologically inert 
placebos to more active ones. It is not 
always easy to distinguish completely 
inert substances from somewhat active 
ones and these in tum from more active 
ones. It may be hard to distinguish be­
tween a quantity of an active substance 
so low that it has little or no effect and 
quantities that have some effect. It is 
not always clear to physicians whether 
patients require an inert placebo or pos­
sibly a more active one, and there can 
be the temptation to resort to an active 
one just in case it might also have a spe­
cific effect. It is also much easier to de­
ceive a patient with a medication that 
is known to be "real" and to have power. 
One recent textbook in medicine goes so 
far as to advocate the use of small doses 
of effective compounds as placebos rath­
er than inert substances-because it is 
important for both the doctor and the 
patient to believe in the treatment! The 
fact that the dangers and side effects of 
active agents are not always known or 
considered important by the physician is 
yet another factor contributing to the 
shift from innocuous placebos to active 
ones. 

Meanwhile the number of patients re­
ceiving placebos increases as more and 
more people seek and receive medical 
care and as their desire for instant, push­
button alleviation of symptoms is stimu­
lated by drug advertising and by rising 
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expectations of what "science" can do. 
Reliance on placebic therapy in turn 
strengthens the belief that there really 
is a pill or some other kind of remedy 
for every ailment. As long ago as 1909 
Richard C. Cabot wrote, in a perceptive 
paper on the subject of truth and decep­
tion in medicine: "The majority of place­
bos are given because we believe the 
patient ... has learned to expect medi­
cine for every symptom, and without it 
he simply won't get well. True, but who 
taught him to expect a medicine for 
every symptom? He was not born with 
that expectation .... It is we physicians 
who are responsible for perpetuating 
false ideas about disease and its cure .... 
With every placebo that we give we 
do our part in perpetuating error, and 
harmful error at that." 

A particularly troubling aspect of the 
spread of placebos is that it now 

affects so many children. Parents in­
creasingly demand pills, such as power­
ful stimulants, to modify their children's 
behavior with a minimum of effort on 
their part; there are some children who 
may need such medication but many re­
ceive it without proper diagnosis. As I 
have mentioned, parents demand anti­
biotics even when told they are unnec­
essary, and physicians may give in to 
the demands. In these cases the very 
meaning of "placebo" has shifted subtly 
from "I shall please the patient" to "I 
shall please the patient's parents." 

Deception by placebo can also spread 
from therapy and diagnosis to experi­
mental applications. Although placebos 
can be given nondeceptively in experi­
mentation, someone who is accustomed 
to prescribing placebos therapeutically 
without consent may not take the pre­
caution of obtaining such consent when 
he undertakes an experiment on human 
subjects. Yet therapeutic deception is at 
least thought to be for the patient's own 
good, whereas experimental deception 
may not benefit the subject and may 
actually harm him; even the paternal­
istic excuse that the investigator is de­
ceiving the patient for his own good 
then becomes inapplicable. 

Finally, acceptance of placebos can 
encourage other kinds of deception in 
medicine such as failure to reveal to a 
patient the risks connected with an op­
eration, or lying to terminally ill pa­
tients. Medicine lends itself with partic­
ular ease to deception for benevolent 
reasons because physicians are so clear­
ly more knowledgeable than their pa­
tients and the patients are so often in 
a weakened or even irrational state. As 
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Melvin Levine has put it, "the medical 
profession has practiced as if the truth 
is, in fact, a kind of therapeutic instru-
ment [that] ... can be altered or given in 
small doses ... [or] not used at all when 
deemed detrimental to the patients .... 
Many physicians have utilized truth dis­
tortion as a kind of anesthetic to pro­
mote comfort and ease treatment." Such 
practices are presumably for the good of 
patients. No matter how cogent and 
benevolent the reasons for resorting to 
deception may seem, when those reasons 
are considered in secret, without the 
consent of the doctored, they tend to be 
reinforced by less benevolent pressures, 
self-deception begins to blur nice dis­
tinctions and occasions for giving mis­
leading information multiply. 

Because of all these ways in which 
placebo usage can spread it is impos­
sible to look at each incident of manipu­
lation in isolation. There are no water­
tight compartments in medicine. When 
the costs and benefits of any therapeutic, 
diagnostic or experimental procedure 
are weighed, not only the individual 
consequences but also the cumulative 
ones must be taken into account. Re­
ports of deceptive practices inevitably 
filter out, and the resulting suspicion is 
heightened by the anxiety that threats 
to health always create. And so even the 
health professionals who do not mislead 
their patients are injured by those who 
do and the entire institution of medicine 
is threatened by practices lacking in can­
dor, however harmless the results may 
appear to be in some individual cases. 

What should be the profession's atti-
tude with regard to placebos? In 

the case of most experimental applica­
tions there are ways of avoiding decep­
tion without abandoning placebo con­
trols. Subjects can be informed of the 
nature of the experiment and of the fact 
that placebos will be administered; if 
they then consent to the experiment, the 
use of placebos cannot be considered 
surreptitious. Although the subjects in a 
blind or double-blind experiment will 
not know exactly when they are receiv­
ing placebos or even whether they are 
receiving them, the initial consent to 
the experimental design, including pla­
cebos, removes the ethical problems 
having to do with deception. If, on the 
other hand, there are experiments of 
such a nature that asking subjects for 
their informed consent to the use of 
placebos would invalidate the results or 
cause too many subjects to decline, then 
the experiment ought not to be per­
formed and the desired knowledge 

should be sought by means of a different 
research design. 

As for the diagnostic and therapeutic 
use of placebos, we must start with the 
presumption that it is undesirable. By 
and large, given the principle of in­
formed consent as well as concern for 
human integrity, no measures that affect 
someone's health should be undertaken 
without explanation and permission. 
Placebos are not so trivial as to be un­
worthy of ethical evaluation; they carry 
a definite possibility of harm and dis­
comfort to patients as well as high col­
lective costs; as a result placebo pre­
scriptions present a more serious inroad 
on patient decision making than has 
been appreciated up to now. Surrepti­
tious diagnostic and therapeutic admin­
istration of placebos should therefore be 
ruled out whenever possible. 

The prohibition should not be abso­
lute, however. In some cases the balance 
of benefit over cost is so overwhelming 
that reasonable people would choose to 
be deceived. There is no clear formula 
that will quickly reveal in each case 
whether the benefits will greatly out­
weigh the possible harm. Much of the 
problem can be avoided if care is taken 
to avoid placebos if possible and to ob­
serve the following principles in the re­
maining cases: (1) Placebos should be 
used only after a careful diagnosis; (2) 
no active placebos should be employed, 
merely inert ones; (3) no outright lie 
should be told and questions should be 
answered honestly; (4) placebos should 
never be given to patients who have 
asked not to receive them; (5) placebos 
should never be used when other treat­
ment is clearly called for or all possible 
alternatives have not been weighed. 

r placebo medicine is to be thus lim-
ited, the information provided to both 

medical personnel and patients will have 
to change radically. Placebos, so often 
resorted to and yet so rarely mentioned, 
will have to be discussed from scientific 
as well as ethical points of view during 
medical training. Textbooks will have to 
confront the medical and ethical dilem­
mas analytically and exhaustively. Simi­
larly, much education must be provided 
for the public. There must be greater 
stress on the autonomy of the patient 
and on his right to consent to treatment 
or to refuse treatment after being in­
formed of its nature. Understanding of 
the normal courses of illnesses should 
be stressed, including the fact that most 
minor conditions clear up by themselves 
rather quickly. The great pressure pa­
tients exert for more medication must be 
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countered by limitations on drug adver­
tising and by information concerning 
the side effects and dangers of drugs. 

I have tried to show that the benevo­
lent deception exemplified by placebos 
is widespread, that it carries risks not 
usually taken into account, that it rep­
resents an inroad on informed consent, 
that it damages the institution of medi-

cine and contributes to the erosion of 
confidence in medical personnel. 

Honesty may not be the highest so­
cial value; at exceptional times, when 
survival is at stake, it may have to be 
set aside. To permit a widespread prac­
tice of deception, however, is to set the 
stage for abuses and growing mistrust. 
Augustine, considering the possibility of 

glYlllg official sanction to white lies, 
pointed out that "little by little and bit 
by bit this will grow and by gradual ac­
cessions will slowly increase until it be­
comes such a mass of wicked lies that it 
will be utterly impossible to find any 
means of resisting such a plague grown 
to huge proportions through small addi­
tions." 

"THE PUBLIC WANTS TO BE DECEIVED," read the two inscrip. 
tions, in Latin and in Dutch, at the base of this engraving. The print 
is in the Ars Medica collection of the Philadelphia Museum of Art. 

The engraving, depicting a street vender of medical materials and 
services and his eager customers, was made in the early 17th cen­
tury by Jan van de Velde after a drawing by Willem Buytewech. 
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GRAVITATION THEORY 

The general theory of relativity has many competing successors. 

For such theories to be viable they have to meet observational 

and theoretical criteria that are steadily becoming more rigorous 

T
hroughout recorded history the 
speculations of civilized men on 
the nature of gravitation have 

ranged from the naive to the sophisti­
cated: from Aristotle's explanation that 
objects fall to the earth because that is 
their natural place to Newton's laws of 
gravity to Einstein's general theory of 
relativity. Today many physicists firmly 
believe that the general theory of rela­
tivity, which explains gravity as a curva­
ture or warping of space and time, is 
the correct theory of gravitation. They 
praise its beauty, simplicity and agree­
ment with observation and experiment. 
Other workers, however, are openly 
dubious of general relativity and suggest 
that alternative theories provide a better 
description of gravity. Some have de­
vised theories of their own and expound 
on their beauty, elegance and agreement 
with observation and experiment. Some­
where between these two extremes there 
are a few individuals who have adopted 
a carefully guarded neutrality. Declin­
ing to favor one theory over another, 
they attempt to study all the theories as 
a class, hoping thereby to unlock some 
of the secrets of gravitation in an un­
biased manner independent of any one 
particular theory. The results of their 
efforts could be called the theory of 
gravitation theories. Although this theo-

by Clifford M. Will 

ry of theories has indeed led to some new 
insights into the nature of gravitation, it 
has proved to be most powerful as a tool 
for systematically determining which 
theories of gravitation are viable (that is, 
acceptable candidates for being the cor­
rect theory) and which theories are non­
viable (that is, could never be the correct 
theory). 

What makes a gravitation theory vi-
able? As with all other kinds of 

theories the foremost criterion is agree­
ment with observation and experiment. 
Naturally this criterion has changed over 
the years as observational techniques 
have improved and new experiments 
have been devised. In the 17th and 18th 
centuries it was enough for Newton's 
laws to account for the gross motions of 
the planets and the shape of the earth as 
they had been measured with the instru­
ments of the day to establish that the 
Newtonian theory of gravity was the 
"correct" theory. By the middle of the 
19th century the observational tech­
niques had been refined enough to show 
that the perihelion (closest point to the 
sun) of the orbit of the planet Mercury 
advances 43 seconds of arc per century 
in a way not explained by Newton's the­
ory. Einstein's general theory of relativ­
ity, put forward in 1916, accounted for 

CURVATURE OF SPACE is the explanation for gravitation according to the general theory 
of relativity and other theories of gravitation that are known as metric theories. Such curva· 
ture can be represented in what is called an embedding diagram. Here the three·dimen· 
sional space around the sun is compressed into a two·dimensional x·y plane. The plane is 
curved or warped into a third dimension by the sun's gravitational field. The curvature of 
space has the effect of making distances measured outward from the sun greater than they 
would be in the ahsence of the sun's gravitational field. Any distance from the sun can be 
expressed in terms of the coordinates x and y measured along the two perpendicular sets of 
grid lines. If Newton's theory of gravity were completely correct, the plane would be per· 
fectly flat and the Euclidean formula for a distance d measured outward from the sun of 
d = V x2 + y2 would be valid. In curved space, however, the distance d may be greater 
than \/ x2 + yZ: Embedding diagram shows this by "stretching" the x·y plane near the sun. 

it very well. Moreover, Einstein's theory 
further predicted that the light from dis­
tant stars should be deflected 1.75 sec­
onds of arc as it passes through the grav­
itational field of the sun, a prediction 
that was verified to the highest degree of 
accuracy available with the. instruments 
of the day. In the half-century since then 
the accelerating advance of technology 
has given rise to instruments both in the 
laboratory and in space that can measure 
the angular position of stars to a thou­
sandth of a second of arc, determine the 
distance from the earth to the moon to 
within tens of centimeters and measure 
the distance to various planets and 
spacecraft within tens of meters. These 
high-precision tools have fostered a new 
generation of experiments that will fur­
ther tighten the observational criteria 
for a theory's viability. 

A theory must also be able to cope 
with newly discovered astronomical 
phenomena in which gravitation may 
play a vital role: quasars, pulsars, neu­
tron stars, the cosmic background radia­
tion, compact celestial X-ray sources and 
possibly even celestial gravitational ra­
diation. For a gravitation theory to be 
useful in astrophysics it must incorpo­
rate mathematical machinery that mesh­
es its laws with the nongravitational laws 
of physics: the laws of electromagne­
tism, quantum mechanics and elemen­
tary-particle theory. In addition the 
gravitation theory must be able to yield 
detailed models of the phenomena in 
question. The models need not be cor­
rect; at this stage it is more important 
that the theory have the capability to 
build models. 

The capability to build models is part 
of a deeper theoretical criterion that can 
be briefly summed up: For a gravita­
tion theoi-y to be viable it must be com­
plete and self-consistent. For a theory to 
be complete it must have the capability 
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ALL THEORIES OF GRAVITATION 

BASICALLY VIABLE 

1. COMPLETE 

2. SELF-CONSISTENT 

3. RELATIVISTIC 

4. CORRECT NEWTONIAN LIMIT 

PARAMETIZED 
POST-NEWTONIAN 
(PPN) FRAMEWORK 

VIOLATE 
EOrvOS 
EXPERIMENT 

BASICALLY NONVIABLE 

MILNE'S KINEMATICAL 
RELATIVITY: VIOLATES 1. 

KUSTAANHEIMO'S THEORIES: 
VIOLATE 2. 

NEWTON'S THEORY: 
VIOLATES 3. 

BIRKHOFF'S THEORY: 
VIOLATES 4. 

AND MANY OTHERS 

THEORIES OF GRAVITY must meet four fundamental criteria in order to qualify as 
being basically viable, that is, acceptable candidates for being the correct theory of gravi. 
tation. A theory must be complete, it must not have any internal inconsistencies, it must 
agree approximately with Newton's laws for such things as the gross motions of the planets, 
and it must agree with the special theory of relativity when gravity is in some sense "turned 
off." Four examples of theories that violate one of the criteria are given. Of those that are 
basically viable, some are metric theories, which explain gravity as a curvature of space, and 
some are nonmetric, which explain it on some other basis. The metric theories have more 
observational evidence to support them than the nonmetric theories. They can be divided 
into eight different classes (see table on opposite page). Many have been analyzed in terms 
of a "supermetric" theory known as the parametrized post.Newtonian (PPN) formalism. 

to deduce the outcome of every experi­
ment of interest from first principles, 
that is, from basic assumptions about the 
nature of the universe, For example, it is 
not enough for a theory simply to postu­
late that atomic clocks at two different 
distances from the source of a gravita-

tional field run at two different rates (or, 
stated somewhat differently, to postulate 
that light is shifted toward redder, or 
longer, wavelengths as it "climbs" out of 
a gravitational field). The theory must 
mesh with and incorporate a complete 
set of electromagnetic laws and quan-

PARAMETER WHAT PARAMETER MEASURES 

y HOW MUCH IS SPACE CURVED BY MASS? 

{3 HOW MUCH NONLINEARITY IS THERE IN THE 
SUPERPOSITION OF TWO GRAVITATIONAL FIELDS? 

", 
"2 DOES THE UNIVERSE HAVE A PREFERRED 

FRAME OF REFERENCE? 
"3 

" 
'2 
'3 IS TOTAL MOMENTUM CONSERVED? 

'4 

'w ARE THERE GALAXY-INDUCED EFFECTS? 

TEN PARAMETERS or coefficients are used in the supermetric equations of PPN formal· 
ism. Many metric theories of gravity have been expressed in terms of these parameters and 
predict various values for each parameter. Thus measuring the value of the parameter tests 
predictions of each theory and yields information on which of the theories are viable. 
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tum-mechanical laws that can be used 
to calculate the detailed behavior of 
atomic clocks and light in gravitational 
fields. An example of an inadequate 
gravitation theory is the kinematical 
theory of relativity advanced by E. A, 
Milne in 1937, which lacks mathemati­
cal machinery capable of making a pre­
diction about the gravitational red shift 
of light. 

For a theory to be self-consistent its 
prediction for the outcome of every 
experiment must be unique. In other 
words, when one calculates the predic­
tion by different methods, one must al­
ways arrive at the same result. Several 
theories of gravity suffer from internal 
inconsistencies, For example, the theo­
ries of Paul Kustaanheimo of Helsinki 
predict the correct gravitational red 
shift when light)s regarded as a particle 
(a photon) but predict no red shift when 
light is regarded as a wave, 

I n addition to being complete and self-
consistent a basically viable gravita­

tion theory must agree with two very 
fundamental bodies of experimental 
knowledge. First, when gravity is 
"turned off," that is, when the effects of 
gravity can in some sense be ignored, the 
theory's non gravitational laws should 
agree with the laws of the standard spe­
cial theory of relativity, The validity of 
special relativity in the absence of grav­
ity has been confirmed to a high degree 
of precision countless times in high­
energy physics laboratories studying the 
behavior of subatomic particles travel­
ing near the speed of light. If a gravita­
tion theory is compatible with special 
relatiVity, it is called a relativistic gravi­
tation theory. 

At the other end of the theoretical 
spectrum, a gravitation theory should 
also agree with standard Newtonian 
theory. Its predictions should be com­
patible with the observed properties of 
matter and with the gross motions and 
structure of the sun and the planets, A 
theory with this property is said to have 
the correct Newtonian limit. One theory 
that does not have the correct New­
tonian limit was proposed by C. D. Birk­
hoff in 1943; it demands that sound 
waves travel at the speed of light, in vio­
lent disagreement with fact. 

To summarize, a basically viable grav­
itation theory is one that is complete, 
self-consistent and relativistic and has 
the correct Newtonian limit. On the 
basis of tllese four criteria it is possible 
to divide all gravitation theories into 
two classes: those that are basically vi­
able and those that are basically non­
viable. A great many theories are basi-
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PPN PARAMETER -y {3 a1 a2 a3 '1 '2 '3 '4 'w 

GENERAL THEORY 
OF RELATIVITY 1 1 0 0 0 0 0 0 0 0 
(EINSTEIN) 

SCALAR· TENSOR 1+ w THEORIES 2+ w 
1 0 0 0 0 0 0 0 0 

(BRANS·DICKE) 

VECTOR·TENSOR 
THEORIES 1 1 0 K 0 0 0 0 0 0 
(WILL·NORDTVEDl) 

TENSOR· TENSOR 
THEORIES a b c d 0 0 0 0 0 0 
(LEE·L1GHTMAN) 

CONFORMALLY FLAT 
THEORIES -1 V2 0 0 0 0 0 0 0 0 
(NORDSTROM) 

STRATIFIED THEORIES 
TYPE A >. %(3+ >.) -4(1 + >.) 0 0 0 0 0 0 0 
(ROSEN) 

STRATIFIED THEORIES 
TYPE B a b c d 0 0 0 0 0 0 
(NI) 

QUASI·L1NEAR 
THEORIES 1 1 0 0 0 -6 0 -1 -1 1 

(WHITEHEAD) 

METRIC THEORIES OF GRAVITY that have been studied 
enough to have the values of their PPN parameters computed can 
be divided roughly into eight groups. Each group is given with one 
example of a theory in that group. The general theory of relativity 
stands alone, with the values of its parameters determined by con· 
vention. Two kinds of scalar·tensor theories are known; the Brans­
Dicke theory is one kind. They have an adjustable coupling con­
stant w that can have any value between -3/2 and +00 (infinity). 
Two kinds of vector·tensor theories and one kind of tensor·tensor 
theory have been studied; they too have adjustable coupling con­
stants: K, a, b, c and d, with K ranging between 0 and 2 and a, b, c 

and d being arbitrary. These theories incorporate additional scalar, 
vector and tensor fields into their descriptions of gravity_ Six con­
formally Hat theories are known; they all predict that the param­
eter y measuring the curvature of space is -I. There are nine 
examples of theories in the class of stratified theories of Type A. 
In each one the values of £Yl and yare related by the equation £Yl = 

-4 (1 + y); since the value of y is given by the arbitrary constant 
X, in the sample theory, then £Yl becomes -4(1 + X,). Stratified 
theories of Type B are generalizations of stratified theories of Type 
A; they form a class with two members. Quasi-linear theories 
have the property that 'W is 1; three such theories are known. 

cally nonviable for at least one reason. I 
shall henceforth ignore such theories. 

The basically viable theories of grav­
ity can be further separated into two 
types: metric theories and nonmetric 
theories. In general terms a metric theo­
ry of gravity is one in which gravitation 
can be treated as being synonymous 
with the curvature of space and time. 
The precise definition of a metric theory, 
of course, requires rather technical 
mathematical language. That language 
can, however, be boiled down to the 
statement that in a gravitational field 
rigid measuring rods, rays of light, sub­
atomic particles, indeed any physical 
system one cares to imagine, behave as 
though the events being monitored are 
taking place in non-Euclidean four-di­
mensional space-time rather than in the 
Euclidean space and time of our every­
day experience. 

Einstein's general theory of relativity 

is a metric theory, but it is not the only 
one. There are many others. Each metric 
theory differs from the rest in the way in 
which matter (the sun, planets, stars, 
men, protons and so forth) gives rise to 
the curvature of space and time. Non­
metric theories are by definition those 
that are not metric theories; they rely on 
some mechanism other than the curva­
ture of space and time to account for 
gravity. There is compelling experimen­
tal evidence against nonmetric theories 
and in favor of metric theories. Before 
discussing that evidence, let me dwell a 
bit more on the nature of metric gravita­
tion theories. 

I n the solar system gravity is a relative-
ly weak force. This being the case, 

the predictions of any metric theory for 
the solar system can be analyzed using 
a weak-field limit of the theory. Such a 
limit is known as the post-Newtonian 

limit of the theory because it goes one 
step beyond the original approximate 
Newtonian limit. When one begins to 
examine the post-Newtonian limits of 
various metric theories, one observes a 

surprising thing: almost all metric gravi­
tation theories have the same form for 
their post-Newtonian llinit, that is, their 
equations describe weak fields in a very 
similar manner. This holds true even 
though their exact mathematical de­
scriptions of the limits for strong fields 
may differ greatly. The only way any 
one metric theory differs from any other 
at the post-Newtonian limit is in the nu­
merical value of a set of coefficients used 
in the equations. For example, a spe­
cific coefficient might have the value of 
1 in one theory, zero in another, 3.7 in 
still another and so forth. Each theory 
possesses its own particular set of values 
for these coefficients. 

Since all metric theories of gravity are 
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the same at the post-Newtonian limit ex­
cept for the specific values of the coeffi­
cients, it is possible to assign the co­
efficients letter names with unspecified 
values and thus obtain a supermetric 
theory of gravity. Each metric theory's 
post-Newtonian limit is therefore only a 
special case of this supertheory. Every 
metric theory predicts the same kind of 
observable effects in the solar system; 
the size of each effect predicted, how­
ever, depends on the numerical values 
of the coefficients in that particular the­
ory. Hence one result of having a super­
metric theory is that experiments that 
measure the sizes of various effects can 
also be regarded as measuring the true 
values of the coefficients. And a set 
of high-precision experimental measure­
ments of the values of the coefficients 
will enable us to pick out of the super­
metric theory those theories of gravity 
that best agree with experiment. 

The use of post-Newtonian coeffi­
cients or parameters to study metric the­
ories of gravity and to analyze experi­
mental tests pioneered by Kenneth 
Nordtvedt, Jr., of Montana State Uni­
verSity is called the parametrized post­
Newtonian (PPN) formalism. The coeffi­
cients are called PPN parameters. In the 
current version of the PPN formalism 
there are 10 PPN parameters, each of 
which describes or measures a particular 
physical property predicted by metric 
theories of gravity. I shall describe each 
one briefly. 

As we have seen, curvature of space­
time is the fundamental characteristic of 
any metric theory of gravity. The degree 
to which space is curved by a unit 
amount of mass at rest is denoted by the 
parameter y. For the sake of simplicity 
the value of y in the general theory of 
relativity is set at 1. 

In most metric theories gravitation is 
a nonlinear phenomenon, that is, the 
combined gravitational potential energy 
of two bodies is not simply the sum of 
the individual potentials. Instead the 
two potentials must be combined in a 
certain manner. The parameter f3 mea­
sures the magnitude of the nonlinear 
contributions. Its value in general rela­
tivity is also 1. 

Some theories of gravity state that the 
universe has a single "preferred" 

frame of reference and that certain 
kinds of phenomena can be observed in 
systems that are moving with respect to 
that frame. The size and nature of such 
preferred-frame effects are described by 
the values of the three parameters ai' 

a2 and a3. In the general theory of rela­
tivity all three parameters are zero, 
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meaning that general relativity does not 
predict that the universe has a preferred 
frame of reference. 

Some theories predict that the laws of 
the conservation of momentum will be 
violated under certain circumstances. 
The four PPN parameters '1> '2, '3 and 
'4 measure the extent to which these 
conservation laws are violated in isolated 
gravitational systems. In the general the­
ory of relativity there are no such viola­
tions, so that all the parameters are zero. 

The last PPN parameter, 'w, is asso­
ciated with certain kinds of obselvable 
gravitational effect due to the presence 
of nearby matter, such as the matter of 
our galaxy. In general relativity the 
value of 'w is again zero, since no such 
galaxy-induced effects are predicted. 

All the metric theories of gravity that 
have been studied closely enough to 
have had the values of their PPN param­
eters computed can be roughly classi­
fied into eight groups [see illustration on 
pTeceding page]. Many theories (general 
relativity is not one of them) are formu­
lated with arbitrary constants whose val­
ues can be adjusted to best fit the results 
of experiments. One example is the the­
ory put forward in 1961 by Carl H. Brans 
and Robert H. Dicke, which has a cou­
pling constant, w, the value of which 
ranges between -3/2 and + ex) (infinity). 
As the value of w gets closer to infinity, 
the Brans-Dicke theory becomes identi­
cal with the general theory of relativity. 
For a variety of reasons the Brans-Dicke 
theory is considered to be the strongest 
alternative to general relativity. 

So far the discussion of nonmetric 
theories, metric theories and the PPN 
formalism has served only to classify 
theories of gravity according to various 
theoretical attributes. Since the foremost 
criterion of a theory's viability is its 
agreement with experiment, it is to ex­
periment that we must now turn. There 
are two experiments in particular that 
are useful for testing the viability of non­
metric gravitation theories. One is the 
Eotvos experiment; the other is the mea­
surement of the gravitational red shift. 

The Eotvos experiment measures 
whether or not objects that differ in com­
position fall at the same rate in a gravi­
tational field. The experiment is named 
for Baron Roland von Eotvos of Hun­
gary, who between 1889 and 1908 made 
a series of measurements accurate to five 
parts in 109 showing that gravity acts 
equally on all masses regardless of their 
composition [see "The Eotvos Experi­
ment," by R. H. Dicke; SCIENTIFIC 
AMERICAN, December, 1961]. That 
equality has been confirmed to a preci­
sion of one part in 1011 by Dicke and his 

colleagues at Princeton University, and 
to a few parts in 1012 by Vladimir Bra­
ginsky and his co-workers in Moscow. 

The theoretical interpretation of the 
Eotvos experiment has varied. Some 
theorists maintain it demonstrates that 
mass in any gravitational field behaves 
exactly like mass in an accelerating (non­
inertial) frame of reference. Others aver 
that the Eotvos experiment tests the 
weak equivalence principle, which states 
that the trajectories of small bodies free 
of electric charge are independent of 
their composition. These statements are 
more or less equivalent. The most pow­
erful interpretation, however, is a con­
jecture advanced by the late Leonard 
Schiff of Stanford University. Schiff's 
conjecture states that any basically vi­
able theory of gravity that agrees with 
the weak equivalence principle is nec­
essarily a metric theory. Conversely, 
every nonmetric theory violates the 
weak equivalence principle. Therefore if 
Schiff's conjecture .is correct, since the 
Eotvos experiment tests and confirms 
the weak equivalence principle, it also 
demonstrates that nonmetric theories of 
gravity are nonviable. 

�an P. Lightman and David L. Lee, 
then graduate students at the Cali­

fornia Institute of Technology, proved 
that Schiff's conjecture was indeed cor­
rect, at least when it was applied to a 
subclass of gravitation theories that in­
cluded all metric theories and many 
nonmetric theories. Moreover, Lightman 
and Lee showed that the confirmations 
of the Eotvos experiment conducted at 
Princeton and in Moscow were accurate 
enough to rule out many non metric theo­
ries of gravity previously thought to be 
viable. 

The measurement of the gravitational 
red shift is closely related to the Eotvos 
experiment in its theoretical meaning. 
Although Einstein considered the red 
shift to be one of the most important pre­
dictions of the general theory of relativ­
ity, it was not until 1965 that the shift 
was measured with genuine accuracy. 
Robert V. Pound of Harvard University 
and Joseph L. Snider of Oberlin College, 
using an improved version of an experi­
mental apparatus set up five years ear­
lier by Pound and G. A. Rebka, Jr., mea­
sured the gravitational red shift of pho­
tons climbing up the Harvard Tower 
through the earth's gravitational field. 
They found that to an accuracy of with­
in 1 percent the amount of the shift 
agreed well with Einstein's prediction. 
Such accuracy was possible because 
they took advantage of the Mossbauer 
effect: the sharply defined frequency of 
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LIGHT TRAVELS IN STRAIGHT LINES in the ahsence of the 
gravitational field of a body such as the sun. In this case space can 
be represented by a flat x·y plane with the light from distant stars 

LIGHT IS BENT when it encounters the curved space of the gravi. 
tational field of a massive body such as the sun. A light ray moving 
on the x·y plane near the sun has farther to go to get across because 
it must cross a "stretched" region of space and must dip into the 
bowl of the embedding diagram (left). The path of the light ray is 
deflected in much the same way that a banked roadway acts to 
change the motion of an automobile without a turn of the steering 
wheel. A snapshot made of the same star field as the one in the 

traveling across it unaltered in any way (left). A photograph that 
had been made of a certain field of stars could serve as a reference 
map for positions of the stars with respect to one another (right). 

• 

• 

• 

• 

• • 

illustration at the top of this page with the sun in the field of view 
would show that the apparent positions of the stars (color) had 
been displaced outward from the sun (right) from their real posi. 
tions (black) as a result of the altered lines of sight to the stars 
along the deflected light rays. Moreover, each ray's dip into bowl 
of the embedding diagram� deiays it and causes it to arrive later 
than it would if the sun were not present. Time delay has been 
measured in radar.ranging experiments to planets and spacecraft. 
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a photon spontaneously emitted by an 
excited atomic nucleus locked into a 
crystal lattice [see illustration below]. 

In the years since Einstein's predic­
tion the interpretation of the gravita­
tional red shift has changed. It is now 
known that the gravitational red shift is 
not a strong test of general relativity. 
Rather it is, like the Eotvos experiment, 
a test of all non metric theories of grav­
ity. The reason is that every metric theo­
ry predicts the same gravitational red 
shift that general relativity does, where­
as there is reason to believe every non­
metric theory predicts a different red 
shift. Unfortunately for experimenters 
the differences among the predictions 
may be so small that measurements of 
the red shift far more accurate than 
Pound and Snider's will be needed if all 
the nonmetric theories are to be tested 
with a precision comparable to that of 
the Eotvos experiment. One improved 
red-shift experiment is planned for late 
1975 by workers at the Smithsonian As­
trophysical Observatory. It will measure 
the red shift (actually a blue shift) of 
photons emitted by a hydrogen maser 
aboard a rocket probe at an altitude of 
10,000 miles. Scientists hope for a test 
of the shift that will be accurate to .01 
percent. 

We have now seen that the experi­
mental verification of the weak equiva­
lence principle combined with Schiff's 
conjecture suggests that most if not all 
nonmetric theories of gravity are non­
viable. How, then, does one determine 
the viability of the competing metric 
theories? For the most part they can be 
tested by specific gravitational experi-

ments within the solar system. One of 
the best-known of these experiments is 
the bending of light in a gravitational 
.field. 

Einstein's general theory of relativity 
predicted that a ray of light from a dis­
tant star passing by the sun and just 
grazing its surface should be deHected 
from its original direction of travel by 
an angle of 1.75 seconds of arc. Such a 
phenomenon could be observed by pho­
tographing a field of stars close to the 
sun during a total eclipse (when the stars 
would be visible because the moon 
would have blotted out most of the sun's 
light) and then comparing the positions 
of the stars with the positions in a photo­
graph of the same stars made at a time 
when the sun was not in the field of 
view. During the total eclipse of May 
29, 1919, A. S. Eddington and his col­
leagues made such photographs of a 
field of stars close to the sun. The posi­
tions of the stars were shifted, demon­
strating that light passing the sun was 
indeed deHected. It was a confirmation 
that helped to make Einstein famous. 
The observations had a margin of error 
of more than 30 percent, however, and 
later observations were not much better. 
The results for the angle through which 
the light was deHected ranged from 
about .5 to 1.5 times Einstein's pre­
dicted value of 1. 75 seconds of arc, and 
the accuracy of the measurements was 
low. 

Recently the new technique of long­
baseline interferometry with radio 

telescopes has altered the situation. Two 
or more radio telescopes that may be as 

far apart as several thousand miles can 
be used in conjunction with one another 
to form an interferometer capable of re­
solving angles as small as .0003 second 
of arc. In addition, on October 8 of each 
year the sun comes very close to the line 
of sight between the earth and two 
strong celestial radio sources, the qua­
sars 3C 273 and 3C 279; in fact, 3C 279 
is eclipsed by the sun. Beginning in 1969 
radio astronomers undertook to check 
Einstein's prediction by measuring how 
much the radio signals from the two 
quasars are bent with respect to each 
other. 

Now, according to the PPN formalism 
the prediction of any metric theory of 
gravity for the bending of light depends 
on the parameter y, that is, the predic­
tion depends in part on the degree to 
which space is curved in the vicinity of 
the sun by virtue of the sun's gravita­
tional field. To be more exact, the pre­
dicted amount by which a ray of light 
just grazing the surface of the sun is 
bent is 1. 75 seconds of arc multiplied by 
the coefficient ��(1 + y). In the general 
theory of relativity the coefficient has 
the value of 1. In the Brans-Dicke theory 
the coefficient has the value of .93 when 
the coupling constant w is given a value 
of 5; therefore the Brans-Dicke theory 
predicts that a light ray will be bent only 
1.62 seconds of arc. The results of the 
bending of the radio signals from the 
quasars can thus be expressed as experi­
mental values for the coefficient 1�(1 + 
y). The observations of the past .five 
years have yielded values of about 1, 
with margins of error of about 10 per­
cent. It is hoped that an accuracy of a 

MOSSBAUER EFFECT allows the red shift of light in a gravita· 
tional field to be measured to high precision. An excited atomic 
nucleus locked into a crystal lattice (lelt) spontaneously emits a 

photon of a sharply defined frequency (right). Since the photon's 
frequency is so well defined, any deviations from it toward either 
end of the spectrum is detected and measured with great sensitivity. 
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few parts in 10,000 can be achieved 
within the next decade. 

Another solar-system experiment that 
measures the value of the parameter y is 
one that detects a brief delay in the total 
time required for a radar signal to make 
a round trip between the earth and a 
planet or a spacecraft when the signal 
passes very close to the sun. This time­
delay effect was not considered by Ein­
stein; it was predicted in 1964 by Irwin 
I. Shapiro of the Massachusetts Insti­
tute of Technology, who pOinted out 
that it was a theoretical consequence of 
general relativity and other theories of 
gravity [see "Radar Observations of the 
Planets," by Irwin I. Shapiro; SCIEN­
TIFIC AMERICAN, July, 1968]. For exam­
ple, when Venus is on the far side of the 
sun from the earth the delay is .0002 sec­
ond out of a total round-trip time of 
about 1,000 seconds. According to the 
PPN formalism, the delay predicted by 
any metric theory of gravity involves the 
same coefficient J�(l + y) as the bending 
of light. In the years following Shapiro's 
prediction there were a number of at­
tempts to measure this effect with the 
planets Mercury and Venus as passive 
reHectors of the radar signals and with 
the spacecraft Mariner 6, Mariner 7 and 
Mariner 9, which actively retransmitted 
the radar signals. Detailed analyses of 
the measured round-trip travel times 
again yielded a value close to 1 for the 
coefficient J�(l+ y), with errors of about 
5 percent. Analysis of the Mariner 9 data 
is still under way, but workers hope for a 
result with margins of error far less than 
5 percent. 

These measurements of the values of 
the parameter y are by no means con­

clusive. Because of the large margins of 
error in individual measurements and be­
cause the measured values are scattered 
over a wide range, the most that can be 
said at the present time is that the value 
of the coefficient J�( 1 + y) is about 1 plus 
or minus 10 percent. Improved long­
baseline interferometry, more precise 
radar ranging to the planets and future 
spacecraft missions should yield more 
accurate and more reliable measure­
ments within the next five years. 

On the basis of the present results, 
however, it is possible to suggest a few 
modest interpretations. First, we can 
conclude that every gmvitation theory 
in which space-time is "conformally 
Hat" (Hat for light but curved for parti­
cles) is not viable because such theories 
predict that the parameter y should 
have a value of -1, which is in violent 
disagreement with the measurements. 
Second, every ,theory that has adjustable 

parameters must restrict the values of 
those parameters to yield predictions for 
the coefficient J�(l + y) within 10 per­
cent of 1. The Brans-Dicke theory, for 
example, can do that quite easily by re­
stricting the coupling constant w to val­
ues greater than 5 (the value preferred 
by Dicke). Further interpretation must 
await further measurements. 

A third solar-system test harks back 
to the phenomenon that showed New­
ton's theory of gravity was nonviable: 
the advancing perihelion of Mercury. 
According to Newtonian theory, a planet 
travels around the sun in an elliptical or­
bit with the sun at one focus of the el­
lipse. _ The perihelion of Mercury is ob­
served to shift slightly, at a rate of 5,600 
seconds - of arc per century, in the same 
direction in which Mercury goes around 
the sun. Nineteenth-century astronomers 
had discovered that most of the shift was 
due to the perturbing effect of the gravi­
tational attraction of the other planets 
and to the slow precessional motion of 
the earth's axis of rotation. \Vhen these 
effects are taken into account, however, 
Mercury's perihelion still has a residual 
advance of 43 seconds of arc per century. 
(The perihelia of the other planets also 
shift, but they do so much less than Mer­
cury's.) The fact that the general theory 
of relativity seems to account for that re­
sidual shift was one of the theory's 
triumphs. 

In the past several years the theoreti­
cal interpretation of the perihelion shift 
has become more complex. According 
to the PPN formalism, the predicted 
amount of the shift of Mercury's peri­
helion depends on the parameters y and 
{3, that is, it depends on the curvature of 
space and on the nonlinearity of the 
gravitational field of the sun. (The exact 
form of the coefficient incorporating the 
two parameters is not important.) 

For the general theory the predicted 
perihelion shift is precisely the 43 sec­
onds of arc observed; for the Brans­
Dicke theory with the value of the cou­
pling constant w of about 5 the predicted 
shift is only 39 seconds of arc. In 1967, 
however, Dicke and H. M. Goldenberg 
measured the visible shape of the sun 

GRAVITATIONAL RED SHIFT was mea· 
sured with the aid of the Miissbauer effect 
by Robert V. Pound of Harvard University 
and Joseph L. Snider of Oberlin College. 
They found that photons climbing 22.5 me· 
ters up the Harvard Tower against the force 
of gravity through a Mylar tube filled with 
helium gas were shifted toward the red end 
of the spectrum by an amount that .agreed 
to within 1 percent of that amount predict. 
ed by Einstein's general theory of relativity. 
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and found that it appears to be slightly 
oblate, or flattened at the poles. They 
suggested that the oblateness may cause 
an additional shift of Mercury's peri­
helion of four seconds of arc per cen­
tury; the existence of such an oblateness 
would therefore favor the Brans-Dicke 
theory. 

There is considerable debate about 
whether or not the optically mea­

sured shape of the sun demonstrates an 
oblateness large enough to produce a 
shift in Mercury's perihelion of four sec­
onds of arc per century. Since the debate 
has not been settled it is difficult to de­
duce any reliable criterio'n of viability 
from the measurements of the shift of 
Mercury's perihelion. One promising 
way of resolving the issue is to use high­
precision radar techniques to track the 
planets and spacecraft that are either in 
orbit around planets or landing on them. 

By determining the detailed structure of 
planetary orbits (as opposed to the gross 
or average motions of the planets) such 
radar-tracking experiments could obtain 
separate measurements of the effects of 
any oblateness of the sun and of the co­
efficient involving the parameters y and 
{3. Several experiments of this kind are 
now either in progress or in the planning 
stages. 

There are other tests of gravitational 
theories that are not as well known as 
the ones I have been outlining. For ex­
ample, there are a variety of tests of 
those theories maintaining that the uni­
verse has a preferred frame of reference. 
Such theories predict that, since the 
solar system moves with respect to the 
mean frame of reference of the universe 
as a result of its motion around the cen­
ter of the galaxy and of the galaxy's own 
motion in space, there should be some 
observable gravitational effects from this 

ADVANCE OF MERCURY'S PERIHELION (the point of the planet's orhit closest to the 
sun) is 5,600 seconds of arc per century in the same direction in which the planet revolves. 
Most of the advance is due to the perturbing effects of the other planets in the solar system, 
but there is a residual amount of 43 seconds of arc per century. Einstein's general theory of 
relativity accounts for that residual amount very well; the Brans·Dicke theory predicts 
an advance of only 39 seconds of arc per century. Tho! remaining advance of four seconds 
of arc per century is attributed to a predicted oblateness, or flattening at the poles, of the sun. 
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movement. A few of these suggested 
effects are anomalous tides in the solid 
earth, anomalous variations in the rate 
of the earth's rotation and anomalous 
shifts in the perihelion points of Mer­
cury and the other planets (above and 
beyond the shifts already mentioned). 
Geophysical data and measurements of 
perihelion shifts show no such effects 
within the present-day range of experi­
mental accuracy, even taking into ac­
count the possibility of the sun's oblate­
ness. Since the predicted anomalous ef­
fects depend on the values of the pre­
ferred-frame parameters a1> a2 and a3, 

the data show that if their values are 
not zero, they must be very small. They 
must be so small, in fact, that every 
gravitation theory that falls into the class 
designated as stratified theories of Type 
A seriously violates experiment by pre­
dicting a sizable value for a1' Other 
kinds of theories, such as one of the vec­
tor-tensor theories, must adjust their ar­
bitrary constants so that they agree with 
the data. Since in the general theory of 
relativity and the Brans-Dicke theory 
all three parameters are zero, those theo­
ries do not predict any such anomalous 
effects. 

Some theories of gravity predict that 
nearby collections of matter such as the 
matter in our galaxy should give rise to 
anomalous land tides on the earth and 
anomalous perihelion shifts in the orbits 
of various planets. These effects depend 
on the value of the parameter 'W. Again 
the observations have detected no such 
anomalies, indicating that if 'W is not 
zero, it must be very small. In serious 
violation of the experimental results are 
the quasi-linear theories of gravity, 
which predict a value of 1 for' lV' In vir­
tually all other metric theories of gravity 

'IV is zero, and thus those theories agree 
with experiment. 

A variety of new experimental tests 
of gravitation theories have been 

devised, and many of them will be car­
ried out within the next decade. A 
group of workers at Stanford University 
are planning to measure the precession, 
or gradual change in direction, of the 
axes of an array of spinning gyroscopes 
made of a superconducting material and 
placed in orbit around the earth. The 
experiment will measure the precession 
arising from two different effects. The 
curvature of space around the earth cre­
ated by the earth's gravitational field 
would cause the axes of the gyroscopes 
to precess by about seven seconds of 
arc per year. And the rotation of the 
earth is predicted to cause an additional 
precession, the Lense-Thirring preces-
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sion, of .05 second of arc per year. The 
planned accuracy of the measurements 
is .001 second of arc. 

Another experiment that may measure 
or rule out a host of gravitational effects 
is the laser-ranging between the earth . 
and the reflectors set up on the moon by 
the astronauts. The measurements estab­
lish the distance to the moon to an accu­
racy within 30 centimeters and will test 
whether or not the inertial mass and the 
gravitational mass of the earth are iden­
tical. The experiment will also investi­
gate a variety of effects predicted by the 
remaining preferred-frame theories of 
gravity, and it will measure nonlinear 
effects generated by the superposition of 
the gravitational fields of the sun and 
the earth, which depend on the PPN 
parameter f3 and which are predicted 
even by the general theory of relativity. 

Studies of the motions of the planets 
both visually and by radar may deter­
mine whether or not the Newtonian 
gravitational constant G is changing 
with time. Such a variation, predicted by 
a number of theories (although not by 
the general theory of relativity), would 
be caused by the fact that the universe 
is expanding as it evolves. The variation 
cannot be analyzed within the PPN 
framework. Nonetheless, measuring any 
such variation with great precision could 
help in distinguishing among competing 
theories. The current precision of four 
parts in 1010 per year is not good 
enough, and improved measurements 
are planned. 

In addition, as soon as reliable and 
sufficiently sensitive antennas for detect­
ing gravitational waves have been de­
veloped, such characteristics of the 
waves as their speed of propagation and 
their polarization can be studied. Gravi­
tational radiation also cannot be ana­
lyzed within the PPN framework. Yet 
several of the remaining viable metric 
theories of gravity (not including the 
general theory of relativity and the 
Brans-Dicke theory) predict that the 
speed of gravitational waves should dif­
fer slightly from the speed of light. 
Moreover, general relativity predicts 
that gravitational waves, like light waves, 
should have only two states of polariza­
tion, whereas the other theories predict 
additional possible states' up to as many 
as six. Such studies of gravitational 
waves, although still far in the future, 
may provide crucial tests of gravitational 
theories. 

What, then, can be concluded? Of all 
the basically viable theories of 

gravity, it is now believed only metric 
theories can agree with the Eiitviis ex-
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MEASUREMENTS OF THE BENDING OF SIGNALS from two quasars as the sun passes 
close in front of them have yielded values for the coefficient )� ( l  + y ) that center about the 
value of 1, the prediction of the general theory of relativity. The color lines indicate the 
predictions of the Brans·Dicke theory for different values of the coupling constant u" As w 

gets closer to infinity, the Brans·Dicke theory becomes identical with general relativity. 
1969 GOLDSTONE refers to the 2 1 0·foot and 85·foot radio telescopes of the Goldstone Deep 
Space Station of the National Aeronautics and Space Administration at Goldstone, Calif.; 
1969 OWENS VALLEY refers to the 1,600-foot interferometer at Owens Valley Radio Observa· 
tory, Calif.; 1970 CAMBRIDGE refers to the One· Mile Telescope in Cambridge, England; 1970 
HAYSTACK-GOLDSTON E  refers to the 120-foot radio telescope of the Massachusetts Institute of 

. Technology at Haystack Radio Observatory, Mass., and the 2 10-foot radio telescope at Gold­
stone Deep Space Station, used together as an interferometer; 1971  N .R.A_O. refers to the 
three-mile interferometer at the National Radio Astronomy Observatory at Green Bank, 
W.Va.; 1972 WESTERBORK refers to the Westerbork Synthesis Radio Telescope in the Nether­
lands; 1972 CAMBRIDGE refers to the five-kilometer interferometer at Cambridge in England. 

periment. Of the eight known classes of 
metric theories, three are nonviable be­
cause they violate specific solar-system 
experiments. Of those remaining the 
general theory of relativity completely 
agrees with all experiments. The Brans­
Dicke theory and other scalar-tensor the­
ories are also viable as Ion g as their 
coupling constant w is confined to values 
larger than 5. Since they predict that the 
coefficient Jf( 1 + y) will be less than 1 
for any finite value of w, measurements 
of the deflection and delay of light offer 
the most promising test of their viability. 
Other tests that may play a key role in 
testing scalar-tensor theories are the 
measurement of perihelion shifts in the 
orbits of Mercury and the other planets, 
the resolution of the debate on the 
oblateness of the sun, and the laser­
ranging measurements of the distance 
between the earth and the moon. 

Most of the other viable theories of 
gravity have enough latitude in their ad­
justable constants s() that they can be 
made to agree with any conceivable 
measured values of the PPN parameters. 
Therefore they can never be ruled non­
viable by such measurements. It should 
be remarked, however, that almost every 
one of these theories was devised during 

the past four years by the very theorists 
who have helped to set up the super­
metric theory of gravitation theories and 
the PPN formalism. They were devised 
not so much as serious competitors to 
the general theory of relativity as foils 
against which its predictions could be 
compared and contrasted and as guides 
to further experiments. For this reason 
the fact that these theories do exist un­
derscores the importance of testing grav­
itation theories by experiments such as 
determining the variation of the gravi­
tational constant and studying the speed 
and polarization of gravitational radia­
tion, which cannot be analyzed within 
the PPN framework. 

U nderstanding the universe and every-
thing in it-quasars, black holes, neu­

tron stars and all the rest-requires a 
gravitation theory that is complete, self­
consistent and in agreement with a host 
of experiments that will become more 
precise and more numerous as time 
passes. Whether that theory is the gen­
eral theory of relativity, the Brans-Dicke 
theolY or a theory not yet fOllliulated, 
finding it remains an exciting experimen­
tal and theoretical task for the coming 
decades. 
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Computer Control 
of Electric-Power Systems 

After a cautious introduction, computers now play 

a critical role in ensuring the security and economy 

of the large networks that distribute electric power 

N
ine years ago this month, on a 
mild, moonlit night, the north­
eastern part of the u.s. and the 

eastern part of Canada experienced a 
massive electric-power failure that left 
thousands of industrial plants and mil­
lions of homes without electricity for 
periods ranging from two to 16 hours. 
Until that time it had been thought that 
under normal operating conditions, in 
which weather was not a factor, existing 
control and emergency systems were 
adequate to limit a power failure to a 
small area and for a period usually 
measured in minutes. The blackout was 
traced to the tripping of a circuit breaker 
in Ontario during a momentary over­
load. As a result of the blackout the 
power pool of the region was subjected 
to a thoroughgoing systems analysis, 
leading to the installation of advanced 
monitoring and control systems in which 
computers have been assigned a promi­
nent role. 

To appreciate the quality of the ser­
vice routinely provided by electric­
power systems one can calculate that a 
single interruption of five minutes in the 
course of a year corresponds to an avail­
ability figure of 99.999 percent. Com­
pared with availability figures for ma­
chines such as automobiles and house­
hold electrical appliances, the typical 
performance of an electric-power system 
is impressive. The achievement is made 
possible by the fact that electric power 
is supplied by an integrated system of 
generation, transmission and distribution 
built around carefully designed compo­
nents, provided with redundant features 
and continuously monitored by both in­
struments and men. 

The constancy of supply is compli-
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cated by the fact that electric energy 
cannot be stored economically on a large 
scale. Hence for each kilowatt of change 
in load a nearly instantaneous control 
action must take place at the power 
source. In accommodating such load 
changes electric utilities strive to appor­
tion the load among the available gen­
erating units so that additional kilowatts 
are produced by the most efficient 
equipment (within the limits imposed by 
the necessity of maintaining the security 
of the system). Conversely, when the 
load drops, the least efficient units are 
throttled back or taken off the line. 
Thanks to such operating stratagems 
and, more basically, to the installation 
of ever larger and more economical gen­
erating units as the total demand has 
grown, the worldwide electric-power in­
dustry has generally managed to keep 
the cost of its product from rising as 
rapidly as the average cost of all goods 
and services. 

In what follows I shall be concerned 
not with the planning and engineering 
of power systems but with their opera­
tion and in particular with the control 
devices necessary for their smooth and 
efficient performance. The device in­
creasingly being called on for coordinat­
ing operations at different sites, for de. 
cision making, for data processing, for 
simulation, for graphic display and for 
instantaneous closed-loop control is of 
course the electronic digital computer. 
In exploiting the manifold capabilities of 
the computer the power industry has 
been understandably cautious. It had, 
after all, achieved a good performance 
record without the computer and, as 
computer users in many fields have dis­
covered, there are numerous pitfalls in 

the path of those who adopt the ma­
chines precipitately. 

Today, however, a stage of develop­
ment has been attained where com­
puters are being integrated in various 
electric-power subsystems and at all 
levels of control. Since power systems 
themselves are organized in hierarchical 
fashion, the control system has taken the 
form of an information system that em­
braces the generation, distribution and 
transmission system. 

Before describing the control system 
in detail it may be helpful if I dis­

cuss a few of the principles that govern 
the behavior of a power system. Electric 
energy is commonly distributed in the 
form of alternating current, as opposed 
to direct current. Voltages and current 
vary sinusoidally at a frequency of 60 
hertz (cycles per second) in the U.S. and 
Canada and 50 hertz in most other coun­
tries of the world. To minimize trans­
mission losses it is desirable to transmit 
electricity at the highest practical volt­
age. Widely used voltages are 138 kilo­
volts (kV), 345 kV, 525 kV and recently 
even 765 kV. Since power (P) is the 
product of voltage (V) and current (I), 
it follows that for the transmission of a 
given amount of power the higher the 
voltage is, the lower the current is. The 
lower the current is, in turn, the lower 
the loss is due to electrical resistance in 
the transmission lines. 

Consider what happens when alter­
nating current is fed into a transmission 
line at A and delivered to a load just 
beyond point B [see middle illustration 
on page 37]. The line between A and B 
is characterized by a resistance and an 

inductance. The resistance is simply the 
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CONTROL CENTER for the Philadelphia Electric Power Com· 

pany represents one of the most advanced applications of electronic 

computers in the electric·utility industry. Designed by North Amer· 

ican Rockwell, the control center employs three Burroughs B·6700 

computers in parallel. The system provides dispatchers with com· 

CATHODE·RAY·TUBE DISPLAYS include a IO·part "map" (top) 
of the entire Philadelphia Electric Power system. The screens at 

eye level can supply on request in graphic or tabular form more 

prehensive, minute·by·minute information about an electric.power 

network that includes 11 fossil·fuel power stations, two hydroelec. 

tric stations and a large nuclear power plant, which together are 

capable of generating some 7,200 megawatts, making Philadelphia 

Electric Power the 15th.largest private electric utility in the U.S. 

than 1,000 different displays, compiled and updated hy the com· 

puters. Dispatchers communicate with computers and initiate 

changes in operating conditions by using alphanumeric keyboards. 
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SYSTEM DIAGRAMS are color·coded to indicate voltage levels: 

alternating yellow and green lines for 500 kilovolts (k V), solid 

green lines for 220 k V, blue lines for 138 k V and yellow lines for 

69 kV. (Colors repeat for lower voltages.) Red, as in the display at 

SYSTEM LOAD AND OPERATING SUMMARY are depicted in 

these two displays. The system load (left) is plotted at half·hour 

intervals for the preceding 30 hours, in this case from 0830 hours 

on a Sunday to 1430 hours the following Monday. Note the steep 

rise in demand Monday morning compared with Sunday. The 

SPECIAL REPORTS appear on display screens at regular inter· 

vals or in response to a request or when a defined operating cri· 

terion is met. Thus the display at the left appears automatically 

every 15 minutes, during a switching operation, if a line flow 

changes by some prescribed value or if a line exceeds its rating by 

25 percent. It shows, for example, that the bus, or line, from 

"Foxchs 6" (Foxchase) to "Cresvl 7" (Crescentville), which has a 

normal capacity of 202 MW,js actually carrying 167 MW. The last 

column shows what the line would be forced to carry if there were 
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the right, indicates an overloaded line. The two large rectangles in 

the same display represent the 500·k V transmission station associ. 

ated with the Peach Bottom (P.B.) nuclear power plant. Only one 

turbo generator is in operation, producing 1,062 megawatts (MW). 

transmission and generation snmmary (right) provides such infor· 

mation as the amonnt of power purchased, the amonnt generated 

from different sources (fossil, nuclear and hydroelectric), the day's 

weather, water levels ("elevations") in two reservoirs at hydro. 

electric stations and amount of steam supplied to steam purchasers. 

an outage on one of the lines named immediately above it. In each 

of five contingencies listed, the Foxchs 6·Cresvl 7 line would be 

forced to exceed its capacity. The display at right is a line·informa· 

tion report. The particular line from "P.B." (Peach Bottom) to 

"Newvl" (Newlinville) is in red because it is carrying a simulated 

overload (1,295 MW). Its normal rating is 1,195 megavolt amperes 

(MVA). The MVA rating includes any "reactive" power flow, here 

58 megavars (megavolt·amperes reactive) from Newlinville to 

Peach Bottom, indicated by directional a .... ow over the number 58. 
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electrical resistance of the conductor; it 
dissipates a certain fraction of the input 
electric energy in the fonn of heat. The 
inductance (actually self-inductance) is 
a kind of electrical inertia that is notice­
able only in a conductor carrying an 
alternating current. The continuously 
changing current produces a continuous­
ly varying magnetic field, which self­
induces a voltage that is out of phase 
with the current. The self-induced volt­
age also creates a voltage drop whose 
magnitude is determined by the amount 
of current flowing in the line. 

The voltage in the transmission line 
at point A has an amplitude E and a si­
nusoidal waveform corresponding, let us 
say, to 60 hertz [see bottom illustration 
at right]. If no load is present at tenni­
nal B, the voltage at B will be identical 
with the voltage at A. When a load in the 
form of a resistor is connected to termi­
nal B, a current corresponding to the 
nature of the load will flow through the 
transmission line. Depending on the 
load, the voltage at tenninal B will drop 
or even rise after the load is connected. 

The electrical engineer visualizes the 
changes that take place in a power sys­
tem before and after the connection of 
a load with the help of "phasor" dia­
grams that contain the essential param­
eters of the periodically varying quan­
tities, such as the no-load voltage, the 
load voltage and the current. The essen­
tials are the amplitude and the phase 
(angle), which can be converted into a 
real part and an imaginary part and 
displayed in what is called the complex 
plane [see illustrations on next page]. 
Since each of the variables changes con­
tinuously in an alternating-current cir­
cuit, it is convenient to convert the a.c. 
variables into their equivalent d.c. values 
as far as their power is concerned. To 
find the d.c. equivalent of an a.c. voltage, 
for example, one divides the peak a.c. 
voltage by the square root of two (or 
by 1.414); this yields the "root-mean­
square" voltage. Thus an a.c. current 
with a peak value of 120 volts is equiva­
lent to 85 volts d.c. 

The components of a.c. power can be 
similarly divided into real and imaginary 
parts and depicted on a graph with one 
real axis and one imaginary axis [see 
illustration on page 39]. The projection 
on the real axis is the oscillating real 
power. The nonzero average value rep­
resents the power delivered at the point 
in the circuit under consideration. It is 
usually called the active power (P). The 
projection on the imaginary axis is a 
fictitious oscillating power. Its average 
value is called the reactive power (Q). 

In an actual power system loads con-
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SUPERPOSITION OF INFORMATION SYSTEM (color) on an electric-power system 

(black) exploits the hierarchical organization of the distribution of power itself. Electricity 

is generated at relatively few locations, and its "pressure" is raised to several hundred thou­
sand volts for long-distance transmission. The voltage is reduced at regional centers for area 
distribution and further reduced at remote stations for local distribution. The levels of the 

power system are joined by transformers; levels of the information system, by data links. 
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SINGLE LOOP in an alternating-current power system consists of a sinusoidal source 

voltage, a transmission line and a load. The line is characterized by a resistance, R, and an 
inductance, L. When the switch at B is closed, the load adds its own resistance and induc­

tance. The load voltage, �, will ordinarily be less than the source voltage, E. In a steady 
state both the voltage and the current flowing through the closed loop will be sinusoidal. 

PHASE 1 PHASE 2 PHASE 3 

VOLTAGE WAVEFORMS in an alternating-current power system vary sinusoidally with 
time. The three curves represent the voltages in the three conductors of a typical three· 
phase system: the peak voltages are offset by a third of a cycle. In U.S. systems, which oper· 
ate at 60 hertz (cycles per second), the period T is 16.66 milliseconds. The instantaneous 

voltage on one conductor is designated e(t). Current has a similar sinusoidal waveform. 
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"PHASOR" DIAGRAMS are used to represent the complex voltage, E, and the complex 
current, I, at some instant of time in an alternating.current power system. The term "com· 
plex" signifies that a quantity has hoth a real part and an imaginary part. At the instant 
shown E lies entirely on the real axis, so that E equals e(t), whereas I, which lags hehind by 
phase angle .p, has a projection i(t) on the real axis and a projection Im(l) on the imagi. 
nary axis. The phase angle varies with the amount of inductance in the transmission system. 
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NO LOAD VOLTAGE 

WHEN LOAD IS CONNECTED across the terminals of a power line, a current, I, starts to 
flow. The voltage available at the load terminals, VB' is determined by the resistive voltage 
drop, IR, and the inductive voltage drop, jwLI, in the transmission line. These quantities 

are related by "Kirchhoff's law in the complex plane," diagrammed here. The resistive 
voltage drop, IR, is in phase with the current, whereas the inductive voltage drop, jwLI, 
leads the current by 90 degrees. The phase angle .p between the current and the voltage 

across the load is fixed by the nature of the load, that is, by its impedance. All the vectors 
are assumed to be rotating counterclockwise at the standard frequency of the power system. 
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sist of both active and reactive compo­
nents. To use a homely example, when 
one switches on a kitchen toaster, which 
consists of a simple resistance heating 
element, the load added to the power 
system consists almost solely of active 
power, P. The change in reactive power, 
Q, is negligible. On the other hand, if 
one switches on a kitchen blender, 
which is operated by a small induction 
motor, the incremental load consists pri­
marily of reactive power, Q, with only a 
small increase in P (due chiefly to the 
resistance in the motor winding). An in­
duction motor produces a magnetic field 
in its armature that feeds oscillating 
power back into (or extracts power from) 
the power supply line; hence the term 
reactive. Therefore, although the two 
appliances could conceivably consume 
power at the same rate (they usually do 
not) and thus, if they were operated for 
equal lengths of time, add the same frac­
tion of a cent to the electric bill, the 
generator at the power station would in 
principle "feel" the difference in the 
two kinds of load. 

For the difference to have a measur­
able effect on the generator control sys­
tem, of course, the two kinds of load 
would have to represent a Significant 
fraction of the total power demand. Hy­
pothetically this could be the case if one 
large industrial user switched off a bat­
tery of electric furnaces (active load) at 
the same instant that another company 
switched on a large number of big elec­
tric motors (reactive load). The active 
load will tend to slow down the turbo­
generator and thus will demand a re­
sponse from the machine's speed gover­
nor. The reactive load, on the other 
hand, alters the exchange of oscillating 
power between the magnetic field of the 
generator and the load itself. Since the 
magnetic field helps to determine the 
magnitude of the voltage produced by 
the generator, the reactive load affects 
the terminal voltage of the generator 
and calls for a suitable correction to 
maintain the desired voltage. 

As far as the user is concerned, if the 
service voltage is maintained when he 
turns on a heavy load of either kind, he 
knows that the power system is provid­
ing the power he needs. The magnitude 
of the voltage at the terminals connected 
to the load is the square root of the 
squared sum of the two voltage compo­
nents, one real, the other imaginary. 

We are now ready to consider the 
apparatus that supplies the electric 

power. Electricity is produced by the 
rotating machines called alternators, or 
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generators, driven by steam or water 
turbines. An alternator consists of a 
rotor wound with coils that is normally 
driven at 3,000 revolutions per minute 
(in 50-hertz systems) or 3,600 r.p.m. (in 
60-hertz systems). The rotor turns inside 
an armature that is also wound with coils 
[see top illustration on page 41]. The 
coils of the rotor, supplied with direct 
current from an outside source, create a 
strong magnetic field that induces an 
electromotive force, or voltage, in the 
coils of the armature. 

The armature winding consists of 
three separate sets of coils equally 
spaced around its 360-degree circumfer­
ence. Each coil is connected to a sepa­
rate conductor, with the result that the 
peak voltages on the three conductors 
are spaced a third of a cycle apart. Thus 
a 50-hertz alternator produces a peak 
voltage on one of the three conductors 
every 180th of a second. 

The rotor is subjected to two torques: 
the input torque, provided by the prime 
mover (the steam or water turbine), and 
an opposing electrical torque, produced 
by currents in the armature winding. 
When the alternator is spinning without 
a load, the two torques are at a mini­
mum. The effect of applying a load is to 
increase the currents in the armature 
winding, which increases the electrical 
torque. To keep the rotor from slowing 
down there must be a corresponding in­
crease in the torque supplied by the 
prime mover. This balancing of torques, 
to maintain the rotor at a constant speed 
and hence to maintain the frequency of 
the power supply, is the first job of the 
generator control system. 

In an alternator driven by a steam 
turbine the input torque on the rotor of 
the alternator is regulated by the How 
of steam into the turbine. The steam 
How is modulated by a control valve ac­
tuated by a speed governor on the rotor 
[see bottom illustration on page 41]. 
Any load change in the power system 
that tends to alter the frequency will 
cause the speed governor to maintain 
the frequency. Even in the absence of a 
frequency deviation, however, the speed 
governor acts as a load controller to 
maintain the electrical output. 

The other characteristic of a power 
system, in addition to frequency, that re­
quires close control is voltage. Changes 
in load give rise to changes in voltages 
not only at the point of the load but also 
at the terminals of the generator. There 
voltage deviations are sensed by a volt­
age regulator, whose function is to 
change the amount of current Howing 
through the rotor coils. The change in 

the amount of current in turn changes 
the strength of the rotor's magnetic field 
and thus changes the voltage in the 
windings of the armature. The voltage 
regulator alters the rotor current by al­
tering the output of an "exciter," which 
can be either a small rotating d.c. gener­
ator or a rectifier that converts alternat­
ing current into direct current. 

If the frequency and voltage of a pow­
er system are held within close limits by 
these two control mechanisms, the de-

I 
I I I I 
I 
I I 
I 
I 

mand for power is met automatically. In 
addition to certain implicit protective 
functions the frequency and voltage con­
trollers control quality, that is, they have 
a certain time of response and a certain 
accuracy and they are fully automat­
ic. As single-purpose devices, however, 
they cannot respond effectively to all 
possible incidents in a power system; in­
deed, they are unable to recognize inci­
dents as such. Accordingly higher-level 
control functions must be provided at 
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POWER FLOW in an a.c. system has two components: an average real component, P, also 

known as active power, and an average fictitious component, Q, which represents reactive 
power. The oscillating real power, p(t), is the product of the oscillating voltage, e(t), and 
the oscillating current, i(t). The quantity p(t) oscillates with twice the frequency of the 

voltage. The component p(t) is plotted by introducing a phasor quantity, S, which is the 
complex power supplied to the load, and affixing another vector S of equal length to its end 
that rotates at twice the voltage frequency again in a complex plane. The projection of 

S + S on the real axis yields the oscillating active power, and its average is the useful active 
power. The projection of S + S on the imaginary axis yields the fictitious oscillating reac­

tive power q(t). Its average is the reactive power Q, which is a measure of the physical pow· 
er exchanged between storage devices, such as capacitors and inductors, in the power loop. 

If the loop consists only of resistors, Q is zero but p(t) still oscillates on the real axis. 
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PURELY RESISTIVE LOAD, represented by R in the circuit diagram at left, results in the 
highest average real power flow (area tinted in color) for a given flow of current at a given 

voltage. For such a hypothetical load the sinusoidal curves for power, p(t), current, i(t), 
and voltage, e(t), oscillate in phase. The average real power, P, equals one·half the maxi· 
mum current limes maximum voltage. In this case there is no reactive load on the generator. 

i(l) 

·('(fl coc'O 

'------------------------------' 

PURELY INDUCTIVE LOAD, L, results in a zero flow of real, or active, power, P, because 

the instantaneous real power, p(t), oscillates symmetrically around zero on the real axis. 
The inductive load shifts the voltage, e(t), 90 degrees out of phase with the current, i(t). 
Now when current and voltage are multiplied, taking this phase relation into account, the 

product (P) is zero. A customer who owned such a purely inductive device would not have 
any electric bill, but he would not be able to extract any work from the device either. 

i(l) 

e(I)0LOAD 

U
R+L 

REALISTIC TYPICAL LOAD combines both resistance and inductance so that the voltage, 
e(t), is shifted by something less than 90 degrees out of phase with the current, i(t). Now 
when average voltage and average current are multiplied, the product-average real pow· 
er (P)-is positive. Moreover, the generator "feels" both an active and a reactive load. 
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the power stations and the switching 
stations. 

One obvious control function involves 
the means of displaying and record­
ing the status of the generating units, 
switching stations and interconnecting 
lines in a defined region. Working with 
information about the status of the sys­
tem, human operators can interact with 
the system by switching generators on 
and off the line, by transferring power 
into and out of their area and by chang­
ing "set points," or control values (for ex­
ample by reducing the voltage slightly 
when it has risen during periods of light 
load). 

Another kind of control function is 
discharged automatically; it is called 
load-frequency control. This type of con­
trol applies to an isolated area or to an 
area embedded in an interconnected 
power system. Its objective is to main­
tain the frequency within an area served 
by several generating stations and to 
maintain the sum of all active tie-line 
power exchanges between the area and 
its neighbors [see illustration on page 
42]. 

The input to the load-frequency con­
troller is a linear combination of the de­
viations in frequency and power mea­
sured at each tie line. It can be shown 
that the frequency of the entire inter­
connected system and all power ex­
changes is maintained if all area con­
trollers keep their input at zero. The 
area controllers act on the set points of 
the speed governors of the generating 
units within the area, thus raising or 
lowering their active power outputs. In 
that way the loads within each area of 
the power system are balanced by the 
generator outputs at a preset frequency 
and with a given rate of power exchange 
among the various areas. In discharging 
this task the load-frequency control sys­
tem plays a crucial role in ensuring the 
security of the entire power supply net­
work. 

I n the minute-to-minute operation of 
a power system it is necessary to de­

cide which of several power stations in 
an area, a region or a large network is 
selected to cover a given increase in 
load. The decision involves considera­
tions not only of economy but also of 
system security. In making such deci­
sions one approaches the heart of the 
power-system control problem. 

The objective of allocating generat­
ing units or increments of active gen­
eration is to supply the total load at 
minimum cost. At the same time the 
security of the supply is guaranteed by 
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observing limits of line Hows and voltage 
magnitudes and by keeping reserves in 
the generating units, which place re­
straints on lowering the cost. The entire 
complex of activities is usually called 
dispatching. Traditionally dispatching 
requires decisions made by human oper­
ators: setting priorities, initiating the 
start-up or shutdown of generators, 
changing transformer taps, judging se­
curity margins and so on. 

The control tasks described so far, in­
cluding the gathering and presentation 
of information about the system needed 
for dispatching, can be realized in prin­
ciple by analogue control circuits, elec­
tronic devices with fixed-wire logic, 
strip-chart recorders, illuminated net­
work diagrams, annunciator boards, 
telecontrol devices and the like. Within 
the past few years, however, these dis­
crete functions have increasingly been 
taken over or supplemented by com­
puters. 

What are the properties of the com­
puter that recommend it for power­
control applications? Does the computer 
have drawbacks that have retarded its 
acceptance? Recognizing that the com­
puter is basically a machine for perform­
ing logical operations according to a 
stored program and that it has a large 
capacity for storing information, one 
can readily visualize the following broad 

uses for the computer in the control of 
power systems: data processing, the sup­
port of graphical and alphanumeric dis­
plays on cathode ray tubes and the solv­
ing of mathematical equations related to 
control problems in real time. 

The data-processing capability is of 
course well known and widely exploited 
throughout commerce and industry. An 
electric-power system generates vast 
quantities of data at various levels that 
need to be assembled, synthesized and 
recorded. It was to help in this task that 
process computers were first introduced 
into power systems. The task is also one 
for which their use is most easily justi­
fied. 

By facilitating the display of data on 
the screen of a cathode ray tube the 
computer can give a power-plant opera­
tor quick access to the significant vari­
ables that reveal at a glance whether the 
system is in a normal state, is in an 
emergency state or is being restored to 
normal from an emergency. As power 
networks have become bigger, involving 
more interconnected components, larger 
loads and greater interdependence of 
events, operators have needed a more 
detailed insight into the status of the 
system to determine its margin of secur­
ity. The information has to be provided 
at a speed of response that only fully 
electronic equipment can offer. 

POWER SIGNAL 
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THREE·PHASE GENERATOR consists of 

a rotor and an armatnre, both wound with 
coils. The rotor is supplied with a direct­
current "excitation" current that creates 8 

north and south pole (in a two-pole arrange­
ment)_ When the rotor's magnetic lines of 

force cut through the three equally spaced 
windings (phases) of the armature, an os­

cillating voltage is induced in each phase. 

The prime mover that turns the rotor must 
overcome the electrical torque produced by 

the load currents in the armature windings. 

The third use for computers in power 
systems-the solving of equations, usu­
ally in the form of particular algo­
rithms-was first introduced for off-line 
applications. Until considerable experi­
ence was gained in writing programs 
and checking computed results, power-
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CONTROL OF STEAM TURBOGENERATOR requires the auto· 

matic regulation of three quantities: the power output, the rota· 
tional speed of the machine (which determines the frequency of 
the a.c. output) and the output voltage. The power delivered to the 
network is established by a set point, or reference value, selected 

either manually or automatically. When the power flow measured 
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at the generator terminals deviates from the set-point value, a regu· 

lator operates a valve that adjusts the flow of steam into the tur­
hine. If the turbo generator loses or gains speed, the speed signal 
is multiplied by an appropriate constant to yield an equivalent 

power signal that corrects the speed deviation. The voltage is main­
tained by the regulation of the current flow to the generator rotor. 
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plant operators would not risk jeopardiz­
ing the security of their system by al­
lowing a computer result to have a direct 
effect on the running of their unit. More­
over, even when electronic speed was 
desirable for solving a control algorithm 
in real time, it was often less costly to 
install a special-purpose device with an­
alogue circuitry or fixed-wire logic than 
to use a general-purpose computer. As 
integrated circuitry has reduced com­
puter costs, however, the digital com­
puter has found increasing favor in real­
time applications. 

Perhaps the main obstacle to the ac­
ceptance of digital computers in real­
time applications has been the concern 
about their reliability. In installations 
made a few years ago it was not unusual 
to see two or even three central process­
ing units tied together to ensure reliable 
operation. Today, as confidence in the 
computer has increased, the trend is to 
integrate small digital computers into 
the outlying parts of power control sys-

tems, such as telemetering systems. In 
such installations the computer is a de­
centralized component of a multicom­
puter system, speeding the flow of data 
to a large computer in the central sta­
tion. 

�t us examine some typical functions 
of the computer in the control of 

power systems. The data base required 
for smooth operation is collected from 
remote points by telemetering devices. 
Typical quantities of interest are active 
and reactive line flows, nodal voltages 
(the complex voltages at critical branch 
points in the distribution network) and 
the position of circuit breakers. Since 
these quantities are dependent on one 
another, the computer in the central 10-
cation can check the data, determine if 
any are missing and suppress bad data. 
This activity, termed state estimation, 
utilizes algorithms based on probability 
theory. (State estimation has largely re­
placed a more heuristic routine termed 
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� Power (TIE)+�F 
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CONTROL VARIABLE 
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AREA CONTROL SCHEME maintains the power flows and frequencies of all tie lines en· 

tering or leaving the area at a predetermined value. The power flows and frequencies on 
each tie line are monitored and the deviations are fed into a load.frequency controller. 
The controller generates a corrective signal that is distributed to the various generating 
units. In order for the concept to work all neighboring areas must use a similar scheme. 
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a plausibility check.) Basic requirements 
of state-estimation algorithms are a 
mathematical model of the power flow 
and sufficient redundancy in the set of 
measured quantities. 

Once the variables that determine the 
state of the system have been calculated, 
a wealth of dependent quantities can 
be derived. The complex nodal voltages 
represent the state variables; line flows, 
nodal inputs, losses and currents are the 
derived quantities. Once the state vari­
ables and derived variables have been 
subjected to state estimation and veri­
fied they are stored in the computer for 
further use. 

The data base, supplemented by less 
critical items of information (such as the 
upper and lower loading limits of lines, 
transformers and cables), can be assem­
bled to establish a "replica" of the power 
system inside the computer. The next 
function of the computer is to present 
the salient features of the replica to the 
operators in the central control room. 
The presentation is on two levels: the 
essentials of the network and certain 
"global" quantities are shown on a large 
mimic board, and a wide spectrum of 
specific displays can be called up on de­
mand to the screens of cathode ray tubes 
[see illustrations on pages 35 and 36]. 

One class of cathode-ray-tube displays 
includes structural diagrams of portions 
of the power network, voltage profiles 
and the line flows in megawatts and 
megavars (volt-amperes reactive). Auxil­
iary tables are available to help the oper­
ator find a particular piece of informa­
tion. Another class of displays is gener­
ated automatically when something 
requires the operator's immediate atten­
tion. These displays are alarm tables in 
alphanumeric code that tell what has 
happened or where intervention is need­
ed. Since not all disturbances are of 
equal concern, the items are keyed with 
respect to urgency so that the operator 
can assign them a priority for treatment. 
A complete record is kept of all events, 
and a hard copy of the record is available 
on demand. 

In peak-load periods a dispatcher is 
required to make about 20 decisions an 
hour, most of which will involve some 
physical alteration in the system. For 
example, the dispatcher may start up or 
shut down a generating unit, raise or 
lower the output of a generator, change 
the voltage in a node of the network or 
initiate a switching operation. 

Here is how the computer would sup­
port the operator in a switching opera­
tion. First he would call for a display 
showing a structural diagram of the 
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TRENDS IN COMPUTER INTEGRATION in the control of pow· 

er systems are represented in three diagrams. In the first stage 

(left) the conventional telemetry system was connected to a com· 
puter that did some logging and display of data. In the second 
stage (middle) small computers were sometimes added in the reo 
mote stations for data processing. At the central station a large 

computer system (usually doubled for reliability) was given the 
task of processing the incoming data from the telemetry system and 
of displaying the results. In the final and current stage (right) 
computers have been integrated into the telemetry system at all 
levels. At the central station there may be more than one large 
computer for on· line data processing, display and overall control. 

actual state of the system. He would 
then check displays indicating the load 
flow and the situation in regard to re­
serves. Let us suppose he wants to take 
a transformer out of service, which in­
volves opening two circuit breakers and 
operating several disconnect switches. 
He proceeds by identifying the trans­
former and other elements on the dis­
play screen, either by manipulating a 
stick control in a ball socket, which 
moves a marker on the screen, or by 
placing a light pen directly against the 
symbol of the selected element. He can 
also type in specific information about 

the proposed switching operation by 
using functional and numeric keys on a 
keyboard. This operation is protected so 
that he cannot type in alphanumeric 
words that would give rise to errors or 
repetitions. 

The information system reacts by 
flashing the symbol of the chosen ele­
ment or by changing its color. This is 
proof that the operator has selected the 
correct component. Next he identifies 
the desired operation. The computer re­
sponds by checking to see if the opera­
tion is feasible. It may perform both 
logic checks and security checks. For 

example, if the operator wants to open 
a circuit breaker that is already open, 
the computer will write a message to 
that effect on the screen. A security 
check will consist in computing the con­
sequences of opening the circuit break­
er, assuming the network is to remain in 
service. If the proposed action would 
overload a neighboring component in 
the system, a warning will appear on the 
screen. Such a security check is already 
a fairly complex computing operation, 
involving the calculation of one or more 
load flows. Calculating a load How is a 
standard analytic technique when it is 
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done off line, but it must be specially 
modified when it is done as part of an 
on-line control sequence. 

If the computer approves the desired 
operation, it will produce an appropri­
ate acknowledgement. Only then can 
the operator press the "Execute" button. 
The operation will be effectuated by the 
computer, using a series of programmed 
commands to the circuit breaker and to 
the associated disconnect switches. The 
successful end of the operation will be 
indicated on the display screen, logged 
in the daily shift records and placed on 
file in the computer. 

The economic allocation of generating 
capacity is another function that is 

readily handled by computer. An algo­
rithm for the performance of this task 
is feasible only if the power system is in 
a steady state. Under typical conditions 
the algorithm will make new allocations 
in power production between three and 
30 times per hour. 

The objective of the algorithm is to 
minimize the total cost of producing 
power. If the costs of operating indi­
vidual units as functions of the output 

power are known, the m1l11mUm total 
figure will be achieved if an additional 
load is distributed so that the incremen­
tal outputs of each unit have an equal 
cost [see illustration below J. Once the 
computer has calculated how an addi­
tional load should be distributed for 
maximum economy, the result is ex­
pressed through the load-frequency 
control scheme I have described here. 
Today, however, the control of load 
frequency is also handled by the central 
computer by means of a suitable algo­
rithm. It will be recalled that the load­
frequency controller provides a direct 
means for adjusting the output of indi­
vidual generating units. 

Another group of algorithms are de­
signed to assist the operating staff in 
evaluating the security of the system. In 
power-system terminology security re­
fers to the ability of the system to with­
stand a certain set of disturbances at a 
given time. Since the definition of "se­
curity" can vary from one dispatcher to 
another it cannot be tackled by a single 
algorithm. Security consists, rather, of 
activities that proceed both with and 
without the operator's participation. 
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ECONOMIC DISPATCHING OF POWER can be achieved by calculating incremental cost 
curves for each generator in a system. The minimum overall production cost is realized 
when the generating units are operated in such a way that the incremental power obtained 
from each unit has the same cost. The minimum·cost operating point is easily found by 

moving a horizontal line up and down along the cost curves until the sum of the generated 

powers matches the sum of the loads. In the example shown, in going from total output 
power P3 to P'3' the least cost is achieved when generators No. 1 and No.3 pick up most 
of the incremental load. Computers can make new load allocations up to 30 times per hour. 
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A primary requirement is security as­
sessment, that is, determining the min­
ute-by-minute security of the system. 
In conducting this analytic activity the 
computer control system functions in 
two ways. First, the computer displays, 
automatically and on demand, all the 
pertinent variables, such as excess load­
ings, drops in voltage and fluctuations 
in frequency. Second, the computer can 
be used to simulate a disturbance for 
the existing load condition. For example, 
it might show what would happen if a 
heavily loaded line were to fail. 

For this "contingency checking" spe­
cial load-flow algorithms are employed. 
The contingency check may be initiated 
by the operator, by an event in the 
power system or by a command that is 
part of an automatic cyclic routine. If 
the simulation should reveal that an 
overload might occur as a result of the 
assumed disturbance, the computer will 
display a message warning the operator 
that the system is in a vulnerable state. 

Drawing on his experience, the opera­
tor may decide that the load will prob­
ably drop or that his "spinning" reserve 
(provided by a generator on line but 
unloaded) will increase within a short 
period or that the risk of incurring the 
contingency is very low. If he should 
conclude, on the other hand, that the 
situation is serious, he must take appro­
priate action to increase the system's se­
curity. If an actual disturbance has 
thrown the system into an insecure state 
(for example if a generator has failed), a 
swift rearrangement of the power flow 
hecomes necessary. This can be initiated 
by the operator, after alarms have 
brought the situation to his attention, or 
by a preprogrammed sequence on the 
computer. 

Considerable effort is being made to 
improve the security of power systems. 
In the analytic phase it would be desir­
able to have faster algorithms to assess 
the state of security in less time than it 
now takes. To this end computer spe­
cialists are studying not only new load­
flow routines but also techniques for 
recognizing critical patterns. In the con­
trol phase one would like to have the 
computer aid in the search for solutions 
to problems of maintaining power flow 
when a vulnerable situation has been 
encountered. The aim of various new 
techniques is to support the operator in 
his task of maintaining a secure system 
and to develop fully automatic security 
routines. One of the outstanding prob­
lems is to define security in a quantitative 
and functional form that will lend itself 
to treatment by computer. 
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Oi l  o n  the water 
Visually it was not detectable . But you don't need special 

film. We used ordinary KODAK PLUS-X AEROGRAPHIC 
Film 2402 ( ESTAR B a s e ) with an ordin ary KODAK 
WRATTEN Filter, No. 39.  The camera lens should trans­

mit down to about 340 nm. Some do, some don't. 

It was only a few gallons of diesel fuel that got away from some­
one up the Genesee River. The Coast Guard had declared it 
properly cleaned up, and indeed it was. No tale of horror, no 
villain. The oil-on-troubled-waters bit did not apply. To create a 
conspicuous oil slick that smooths the ripples requires a certain 
deplorable thickness. Far less thickness is required for this --- � noil 

Normal reflectance from an oil-free water surface runs around ="""",,=��::.L...::.L...c.. 
2 % ;  from an oil surface of refractive index 1 .44, around 3 % .  If 
the oil layer contains heavier components at its bottom, reflectance 
from the second surface could run as high as 0.7 % .  Fluorescence 
from benzenoid components in the oil, added to the reflections 
from the two surfaces, can bring up the return radiance to 4% of 
incident, if viewed at the right wavelengths. That's twice as much 
as from oil-free water. 

And there we are, well within the ' ability of conventional pho­
tography to discriminate . 

And there it was, slipping into Lake Ontario past the river mouth, 
not long after we had completed some studies with a set of inter­
nally blackened drums of river water bearing ( 1 )  nothing, ( 2 )  
diesel fuel, ( 3 )  gasoline, (4 )  spent lubricating oil : 

We have some indication that plots of density difference between 
oil and no-oil as a function of solar angle are characteristic of the 
kind of oil, but we are not sure enough to blow bugles (or 
whistles ) .  We are, after all, only photo technologists. Other tech­
nologists who want to try confirming, denying, or extending are 
invited to correspond with E. G. Tibbils, Tech­
nical Photography Markets, Kodak, Rochester, 
N. Y. 14650. 

Not all oil  on water is of man's doing. Some­
times it might just encourage man to start prob­
ing around. 

nwater : 1 .34 
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Why jump into a specialized 
field until you've studied all the 
possibilities? 

If you' re a new physician, you might 
not have decided on a field of specialization 
yet . That's  easy to understand . But while 
you' re deciding, you can be getting valu­
able experience and expert guidance towards 
that decision as a physician in the U. S .  Air 
Force .  Air Force physicians are exposed to 
many fields of medicine . They practice with 
highly professional people in modern facili­
t i e s .  And a l l  Air Fo r c e  phy s i c i a n s  have 
seemingly unlimited opportunities for fur­
thering their education and professional 
growth . Air Force graduate medical educa­
tion programs are available . And because 
Air Force physicians participate in Group 
Practice (a collection of specialists in dif­
ferent fields complementing each other by 
expanding total capability) they all expand 
their individual ability and horizons with 
each new patient. 

As an Air Force physician (and officer) 
you can apply for worldwide work assign­
ments . The salary is excellent. And you get 
a 3 0-day paid, vacation each and every year. 

If  you' re still deciding on a medical 

specialty . . .  or a future . . .  look into the Air 
Force before you make a final decision. We 
think you' ll like what you see . For more de­
tailed information about Air Force oppor­
tunities in medicine please fill out and mail 
the coupon. 

r-----------l C-SA- 1 1 4 

I 
Air Force Opportunities 

I P.O. Box AF 
Peoria, IL 61614 

I Please send me more information on the Air Force Physician I Program. I understand there is no obligation. 

I Name Sex 0 M 0 F 
I 

I (Please Print) I 
I Address I 
I Ciry I 
I State Zip Phone I 
I I Soc. Sec. # Date of BirthL-.��� I Health Care at its best. I 
L _ _ _  �Forc::" _ _ _  J 
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Population? Development! 

S
everal messages emanated clearly 

from the United Nations World 
Population Conference in Bucha­

rest. The problem is not population 
growth as such; it is development. 
Population is a factor in development, 
but so is international economic equity. 
Where the rate of growth is too high it 
can and should be reduced soon-but 
only on the decision of the country in­
volved, with due regard to the interna­
tional implications and with internation­
al cooperation and assistance. 

The opening paragraph of the "plan 
of action" adopted by consensus by the 
delegates of 136 governments empha­
sized that "the basis for an effective so­
lution of population problems is, above 
all, socioeconomic transformation." That 
idea is recurrent in the document: high 
fertility rates cannot be lowered by the 
mere provision of family-planning infor­
mation and materials; declines in birth 
rates and family size are associated 
with development and modernization, 
processes that the international commu­
nity, and the developed countries in par­
ticular, urgently need to promote in the 
underdeveloped parts of the world. Pop­
ulation, moreover, is not the critical 
source of pressure on the earth's re­
sources and environment. It is consump­
tion that matters, whether by large pop­
ulations of poor countries or by high per 
capita consumption and waste in the 
rich countries. "It is imperative that all 
countries, and within them all social sec­
tors, should adapt themselves to more 
rational utilization of natural resources, 

SCIENCE AND THE CITIZEN 

without excess, so that some are not de­
prived of what others waste." 

Equally firm language was addressed 
to the subject of reduction of mortality 
rates: "Countries with the highest mor­
tality levels should aim by 1985 to have 
an expectation of life at birth of at least 
50 years and an infant mortality rate of 
less than 120 per thousand live births," 
with "particularly vigorous efforts" to 
reduce infant and maternal mortality. 
No such speCific language was addressed 
to fertility control, however. "Countries 
which consider their birth rates detri­
mental to their national purposes are in­
vited to consider setting quantitative 
goals and implementing policies that 
may lead to the attainment of such goals 
by 1985." The primary reason for vague­
ness on fertility control appears to have 
been a highly sensitive defense of na­
tional sovereignty, a refusal to have out­
siders set targets for population and 
dates for attaining them, or optimum 
family sizes; there were, in addition, 
some specific pronatalist feeling and re­
ligious opposition to contraception. 

If the plan of action was not a clarion 
call for worldwide birth control, it was 
nevertheless far from being against fer­
tility regulation. It recommended that 
all countries ensure "the right of per­
sons to determine, in a free, informed 
and responsible manner, the number 
and spacing of their children" and that 
all countries encourage education con­
cerning responsible parenthood "and 
make available to persons who so desire 
advice and means of achieving it." It 
laid down some guidelines for family­
planning services and their relation to 
other health services and called for re­
search in a number of specific areas. It 
recognized that "trends of population 
growth . . .  can . . .  create additional diffi­
culties" for development. It pointed out 
that fertility rates have not declined in 
parallel with mortality rates and that the 
consequent 2 percent rate of worldwide 
population growth would, if sustained, 
double the population in 35 years. It 
stated that the rate of growth can-and 
implied that it should-be cut to about 
1.7 percent by 1985; this would require 
a reduction of the birth rate in the un­
derdeveloped countries from 38 to 30 
per 1,000, which would necessitate 
"substantial national efforts." It recog­
nized that the population policies of in-

dividual countries have effects on other 
countries and called for international 
cooperation and for "considerable ex­
pansion of international assistance in the 
population field." 

In broader perspective the population 
conference marked the entry into the 
international political arena of issues 
that have hitherto been attended to 
largely by specialists. The same transi­
tion took place for environmental con­
cerns at the Stockholm conference in 
1972 and will take place for issues of 
food supply and distribution at the 
World Conference on Food in Rome this 
month. Political conferences rarely pro­
duce the tidy results that specialists pre­
fer, but the transition to the political 
level is essential if Widespread action is 
to be undertaken. The population con­
ference itself, with its exposure and 
high-level consideration of complex and 
sensitive issues, is considered to have 
been a valuable first step. Moreover, it 
seems likely that many underdeveloped 
nations, haVing succeeded in anchoring 
population in a context of economic de­
velopment and social justice, will now 
be more ready to take steps to limit pop­
ulation growth where necessary. 

Collagen-Cutter 

Collagen is a helical protein molecule 
that accounts for nearly 40 percent 

of all the protein in the human body. 
Collagen fibers form the fabric of tissues 
such as the skin, ligaments, tendons and 
blood vessels, and it is the major con­
stituent of cartilage, bone and the cor­
nea. It has long been believed there are 
enzymes that degrade collagen, but it 
was not until 1962 that the first such 
enzyme was discovered in the tail of the 
tadpole. Since then many different col­
lagenases have been found in man and 
other mammals. According to Edward 
D. Harris, Jr., of the Dartmouth College 
Hitchcock Medical Center and Stephen 
M. Krane of the Harvard Medical 
School, writing in The New England 
Journal of Medicine, it appears that an 
increased production of collagenase may 
be responsible for some of the symptoms 
of diseases such as rheumatoid arthritis, 
corneal ulcer and skin cancer. 

It is not yet known if the same cell 
that synthesizes collagen can manufac­
ture the enzymes that degrade it. There 
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is evidence, however, that there are dis­
tinctly different collagenases in different 
tissues and that each collagenase is pro­
duced by cells in the immediate region 
of its activity. Collagenase cleaves 
through the three chains of the collagen 
helix at a specific locus. If the cleaved 
molecule is not cross-linked to other mol­
ecules, it immediately dissolves in the 
extracellular fluid and is thermally de­
natured into gelatin. Other enzymes or 
phagocytes then degrade the gelatin. If 
the collagen molecules are cross-linked, 
it is thought that successive cleavages of 
adjoining chains will eventually split a 
fragment from the collagen fiber, which 
is then degraded by phagocytes. 

Collagenase obtained from the fluid 
of the synovial membrane around joints 
is capable of degrading cartilage mol­
ecules in solution. Measurements of col­
lagenase in patients with different kinds 
of arthritis suggest that collagenase pro­
duction is related more to the degree of 
inflammation than to a specific pathol­
ogy. In normal skin little collagenase is 
produced by the epidermis; most of the 
enzyme is synthesized by the upper der­
mis. When the skin is injured, however, 
the epidermis manufactures large quan­
tities of collagenase, which are required 
to resorb the collagen around the wound 
edges as healing progresses. 

Collagenase plays an important role 
in the growth and remodeling of bone in 
adults. It also is involved in the loss of 
bone and the destruction of connective 
tissue around the teeth in periodontal 
disease. Large amounts of collagenase 
have been extracted from malignant tu­
mors growing in muscle, but it is not 
known whether the enzyme originates 
in the tumor or in other cells reacting 
to the tumor. Collagenase has also been 
found in the cells of various kinds of skin 
cancer. 

Harris and Krane note that consider­
able progress has been made in under­
standing the mechanisms of collagen 
breakdown. With detailed study of the 
activity of specific collagenases, they 
suggest, control of many diseases of the 
connective tissue might be more readily 
accomplished. 

Fair Test 

Most medical care in the u.s. is based 
on the principle that one goes to a 

physician when one is ill and that a fee 
is paid for the specific service rendered 
by the physician. In recent years medi­
cal care in a few parts of the country has 
been organized on a different principle: 
the health-maintenance organization, 
which in return for an annual fee from 
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the subscriber undertakes not only to 
treat his illnesses but also to try to keep 
him well by regular attention to the state 
of his health. Although the various 
health-maintenance organizations col­
lectively enroll a considerable number 
of people, the concept has had to strug­
gle against tradition and legal restric­
tions and therefore has not gained a sub­
stantial foothold in the delivery of medi­
cal care. A committee of the Institute of 
Medicine of the National Academy of 
Sciences has studied the situation and 
has concluded that "the HMO concept 
deserves the opportunity to prove itself 
in what we have chosen to describe as 
a 'fair market test.' '' The committee, 
whose 10 members are from a variety of 
disciplines, recommended a number of 
governmental actions that, it said, "can 
considerably reduce the obstacles that 
presently hinder HMO development, 
leaving HMOs, individually and generi­
cally, to succeed or fail on the basis of 
their performance." 

At present, the committee found, "a 
fair market test of the HMO concept is 
impossible to obtain . . .  because numer­
ous legal, financial, practical and other 
difficulties have impaired the ability of 
HMOs to enter the market or compete 
on equal terms." Citing a number of 
these obstacles, the committee provided 
in each case a recommendation for deal­
ing with the problem. A legal obstacle 
noted by the committee is that "a num­
ber of states have enabling acts for Blue 
Cross and Blue Shield plans that exclude 
virtually all types of HMOs." The com­
mittee recommended that the states 
amend these laws and that Congress 
pass a Federal law overriding restrictive 
state laws so that state legislatures will 
be encouraged to adopt enabling acts 
"consistent with the committee's recom­
mendation that HMOs be given a fair 
market test." The committee found in 
addition that many states also have laws 
or court decisions directed against the 
"corporate practice of medicine." It rec­
ommended that "profit-oriented HMOs 
be permitted to enter the health care 
marketplace." 

Under the heading of professional ob­
stacles the committee noted that medical 
education tends "to emphasize acute 
episodic care of complex disease prob­
lems to the detriment of sufficient atten­
tion to the health maintenance and per­
sonal problems of the whole patient over 
a period of time." These attitudes must 
be changed "before a physician can per­
form effectively in an HMO environ­
ment." Noting the difficulty that HMO 
physicians often have in obtaining hos­
pital-staff appointments, the committee 

recommended the employment of "all 
available means" to assure such physi­
cians of equal treatment. 

Governments can also assist health­
maintenance organizations in meeting 
their needs for capital, in enrolling mem­
bers and in advertising their services, the 
committee said. "A fair market test of 
the HMO concept," the committee con­
cluded, "would do more to improve the 
functioning of the American health care 
delivery system than any other policy 
step which could be taken in the near 
future. Benefits of HMO development 
would accrue not only to those consum­
ers who chose to enroll in HMOs but to 
other consumers as well, for the HMO 
has demonstrated a capacity to stimulate 
desirable changes and increased efficien­
cy in the entire health care system." 

Spatial Relativity 

An attribute known as "spatial ability," 
. loosely defined by psychologists as 

skill in dealing with the relations of ob­
jects in a spatial context, is a cognitive 
characteristic that can be assessed by 
means of specially designed tests. Be­
cause it is an aptitude of obvious use­
fulness to the readers of blueprints or the 
operators of machines, this ability l)as 
been tested for half a century. The tests 
have generally been given to men, even 
though such stereotyped female roles as 
working from dress patterns or interior 
decoration involve the same cognitive 
skill. When both males and females were 
tested, the findings that implied a su­
perior male performance were the ones 
that endured in the technical literature of 
psychology. A high-water mark for the 
hypothesis may have been the declara­
tion in 1965 by Leona E. Tyler, a psy­
chometrist at the University of Oregon, 
that "males are clearly superior on tests 
of mathematical reasoning, spatial rela­
tionships and science." 

Not long ago the hypothesis attracted 
the attention of Jerome Kagan, a Har­
vard University psychologist concerned 
with child development, and Ann Kar­
novsky, then one of Kagan's graduate 
students. Just when during maturation, 
they wondered, did this supposed male 
superiority first become evident? To 
what extent were the reported test re­
sults representative? Were the inferior 
female performances possibly attribut­
able to the subject content of existing 
tests? Karnovsky designed a simple test 
of spatial ability and, with the coopera­
tion of local school authorities, super­
vised the testing of 222 boys and 223 
girls in the first, second, third and fourth 
grades in Lexington, Mass., and the sev-
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enth grade in Newton, Mass. The test re­

quired selecting from among four rotated 
figures the one figure identical with a 
specific sample figure presented to the 
child at the same time. Two of the four 
possible choices were wrong because 
they differed in detail from the sample 
figure; the other wrong figure was a mir­
ror image of the sample. 

The tests were conducted by the chil­
dren's arithmetic or mathematics teach­
ers during regular classes. To test the in­
fluence of subject content two kinds of 
figures were presented: simple geomet­
ric shapes and outline drawings of such 
common objects as a dog, a bicycle or a 
house. Following display of three prac­
tice figures the child was asked to solve 
12 "problems" of each kind. For every 
group of a given age that was first tested 
with drawings a matching group was 
first tested with shapes. 

The investigators found no sex differ­
ence in test results based on either draw­
ings or shapes, with one exception. In 
the low-ability and medium-ability divi­
sion of the Newton seventh-grade math­
ematics class, although not in the high­
ability division, the boys' performance 
was significantly superior to the girls'. 
Karnovsky and Kagan conclude that the 
accepted hypothesis of an intrinsic sex 
difference in spatial ability is invalid and 
that males and females are potentially of 
equal competence in this respect. The 
lower scores of some seventh-grade girls 
Karnovsky attributes to the effect of cul­
tural conditioning. The competitive at­
mosphere, she suggests, adversely affects 
adolescent girls "who are already in some 
conflict about the compatibility of com­
petition and femininity." 

NxP! 

The first world computer chess cham-
pionship was recently won in Stock­

holm by a Russian program called Kais­
sa, with four victories and no defeats. 
Three programs, two from the U.S. and 
one from Canada, each lost one of its 
four games, creating a three-way tie for 
second place. The tie was broken on the 
basis of the fewest total moves and a 
play-off game, with the result that sec­
ond place was awarded to the four-time 
U.S. national champion, Chess 4.0 from 
Northwestern University. Third place 
went to Ribbit, the Canadian champion 
from the University of Waterloo, and 
fourth place to Chaos, written by pro­
grammers at Sperry Univac. The other 
U.S. programs, Ostrich from Columbia 
University and Tech II from the Mas­
sachusetts Institute of Technology, re­
spectively ended up in fifth place and 
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sixth place. There were 13 entries from 
eight countries, including Austria, Hun­
gary, Norway, Switzerland and Britain. 
The Stockholm event was held in con­
junction with the triennial congress of 
the International Federation for Infor­
mation Processing (IFIP). 

Until the last minute it was not cer­
tain there would be an entry from the 
U.S.S.R. because the Institute of Con­
trol Science in Moscow, believed to have 
the leading Russian chess program, re-

CHESS 4.0 / BLACK 

I t'i' • I 

t 
1 1 1 

1 1 - .t- iC 

fJ 1 If] 
% .Q. . � � 
� ! � J1 
g( .Q. � \t> 

CHAOS / WHITE 

POSITION BEFORE 16 NxP! 

QUEEN'S GAMBIT ACCEPTED 

WHITE BLACK WHITE BLACK 

CHAOS CHESS 4.0 CHAOS CHESS 4.0 

P-Q4 P·Q4 16 NxP! PxN 

2 P-QB4 PxP 17 QxPch B-K2 

3 N·KB3 N·KB3 18 R-K1 Q-Q1 

4 P-K3 P·K3 19 B·KB4! K·B1 

5 BxP P-B4 20 QR-Q1 R·R2 

6 Q-K2 P-QR3 21 R-QB1?! N-KN1 

7 0·0 P-QN4 22 QR·Q1 P-QR4 

8 B-N3 B·N2 23 B-Q6 BxB 

9 R-Q1 QN-Q2 24 QxBch N-K2 

10 N-B3 B-Q3 25 N-B5 B-B4 

11 P-K4 PxP 26 P-N4 Q-K1 

12 NxQP Q-N1 27 B-R4 P-N6 

13 P-N3 P-N5 28 PxB PxP 

14 N-R4 BxKP 29 BxN P-R8'Q 

15 P-B3 B-N3 30 RxQ R-R3 

(WHITE'S WIN 

ASSURED) 

Board position a"d moves in computer chess 
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ported that it lacked the money to send a 
participant (human). The money was 
raised privately, enabling the U.S.S.R. to 
be represented by 26-year-old Mikhail 
Donskoy, who said he had been working 
full time on Kaissa for about two and a 
half years with several part-time assist­
ants. Kaissa is evidently descended from 
a program that easily defeated a Stan­
ford University program in 1966, the 
only previous encounter over the chess­
board between American and Russian 
computers. The moves in the Stockholm 
tournament were relayed to Moscow 
over an open telephone line, where the 
Kaissa program was implemented on a 
British-made computer, an ICL 4/70, 
comparable to an IBM 360/65. Only two 
computers (a Data General Nova 840 
and a Hewlett-Packard 2 100) were ac­
tually at the site of the tournament, the 
Birger Jar! Hotel; the rest, much larger, 
were linked by teletype and telephone. 

Kaissa's margin of victory was a nar­
row one. During the four-round Swiss 
tournament, in which winners in each 
round were paired with other winners 
and losers with losers, Kaissa defeated a 
program called Frantz from the Rechen­
zentrum Graz in Austria in 34 moves 
in the first round, Tech II in 33 moves in 
the second round, Chaos in 36 moves in 
the third round and Ostrich in 67 moves 
in the fourth round. 

Kaissa's matches with Chaos and Os­
trich had some exciting moments. Chaos 
entered the Kaissa match fresh from its 
victory over Chess 4.0, previously unde­
feated in machine competition. Kaissa, 
with the white pieces, opened with P-K4 
and Chaos replied with a Sicilian De­
fense (P-QB4). Both programs followed 
a standard "book" opening, recorded in 
the capacious memories of their comput­
ers, for seven full moves. Through move 
No. 13 Chaos appeared to have the up­
per hand and merely had to castle rou­
tinely on move No. 14 to whisk its king 
out of harm's way. Instead, to the con­
sternation of one of· its programmers, 
Joseph Winograd (who was sitting at a 
Univac computer at Bergen in Norway 
to which Kaissa's moves were being re­
layed), Chaos not only failed to castle 
but instead advanced its king to the sec­
ond rank (Q-K2), toward unknown perils 
in the center of the board. After that the 
game was no contest, and Kaissa even­
tually mated Chaos' king on the 36th 
move. 

Later that evening Winograd returned 
to his computer and reentered the board 
position as it had stood after Kaissa's 
move No. 14 to learn why Chaos had 
blundered. This time Chaos prudently 

castled to the queen side, the preferred 
side under the circumstances. The blun­
der during the match was the result of 
a complex interaction between Chaos' 
time-control logic and a last-minute 
modification in its program, which iron­
ically had been designed to enhance the 
king's security. On the rerun Chaos made 
the right move because the time-control 
parameters were slightly different from 
what they had been during the match. 

In the final-round match between Os­
trich and Kaissa, Ostrich opened with 
the "hypermodern" N-KB3, popularized 
50 years ago by Richard Reti. Several 
book moves followed quickly. Ostrich 
then made some uninspired moves that 
weakened its pawn structure, but Kaissa 
failed to capitalize on them. On move 
No. 2 1  Ostrich sharply forked Kaissa's 
queen and rook with its knight. 

In order to save its queen Kaissa had 
to lose a major piece (a rook), gaining 
only a minor piece (a knight) in return. 
Fourteen moves later Ostrich had a 
forced mate, which was pointed out to 
the excited audience by David Levy, the 
British international master who served 
as tournament director and commenta­
tor. (Levy has wagered £ 1,000 that no 
computer program will be able to beat 
him in a match by 1978.) Unfortunately 
the forced mate was too deep (seven and 
a half moves) for Ostrich to "see"·in its 
analysis; the mate required the sacrifice 
of a rook. Ostrich missed another deep 
forced mate on move No. 39 and even­
tually lost the game. Ostrich was devel­
oped at Columbia by Monroe M. New­
born and George Arnold. 

Since the tournament failed to bring 
Kaissa and the U.S. champion, Chess 
4.0, together, a special exhibition was 
arranged. At the end of 65 moves, with 
Chess 4.0 holding only a rook against 
Kaissa's rook and knight, the match was 
declared a draw. In the view of U.S. 
participants Kaissa's program is a care­
ful piece of work, exhibiting sound tac­
tical play. Throughout the tournament it 
avoided many of the typical blunders to 
which computers are prone. Kaissa also 
incorporates a feature not found in any 
of the other Stockholm entries; it "thinks" 
(continues to compute and analyze the 
position) on its opponent's time, with the 
result that it often responded in seconds 
when its opponent made a move it had 
anticipated. 

If a brilliancy prize had been award­
ed, it would surely have gone to Chaos 
for its second-round victory over the 
previously-undefeated Chess 4.0. Chaos 
is programmed to open with P-Q4 [see 
illustration on this page], which sets up 
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Don't give 
an ordinary 

mark�r� 

the well-known queen's gambit: the op­
ponent can either accept the gambit (by 
taking the pawn) or reject it. Chess 4.0 
accepted the gambit, leading to a rapid­
fire exchange of book moves (following a 
game played in the Russian champion­
ships in 196 1). After Chaos' book move 
No. 13 (P-N3) Chess 4.0, having exhaust­
ed its memory of the 196 1 game, went 
off on its own with P-N5. Since it had 
accumulated a large reserve of time, 
Chaos spent seven minutes deciding on 
move No. 14, three and a half minutes 
on No. 15 and nearly 10 minutes on No. 
16 (NxP). 

When Chaos made this move, in 
which it sacrificed a knight to win two 
pawns, Levy, like others in the audience, 
thought it was a typical questionable 
computer move, if not an outright blun­
der. In his written account of the match 
Levy now awards the move an exclama­
tion point (NxPI) and observes: "This 
is the first ever example of a program 
making a positional piece sacrifice. The 
win is too deep for Chaos to have seen 
to the end of the combination-it gave 
up the piece on purely positional 
grounds." Well before move No. 30 
black's position was shattered. Chaos, 
however, played a poor end game and 
did not succeed in mating Chess 4.0 un­
til move No. 79. The Chaos program was 
developed evenings and weekends over 
a two-year period by Winograd, Ira Ru­
ben, Fred Swartz, Victor Berman and 
William Toikka, all of Sperry Univac. 
The Chess 4.0 program, the latest ver­
sion of a series initiated five years ago, 
was written at Northwestern by David 
J. Slate and Lawrence R. Atkin, with 
early help from Keith Corlen. 

Chekhov the Physician 

kton Chekhov is esteemed today for 
his plays, such as The Seagull and 

The Cherry Orchard, and for his stories, 
such as "The Duel." Another aspect of 
his life has been largely ignored: his 
work as a physician. There is reason to 
believe, from material that has only re­
cently become accessible to English­
speaking readers, that medicine and bi­
ology may have been as important to 
him as literature. 

Chekhov received his medical train­
ing at the University of Moscow. He 
completed his studies in 1884, when he 
was 24, and was then entitled to practice 
as a "district physician." His doctoral 
degree was withheld pending the sub­
mission of a dissertation; planning to 
write on the history of medicine in Rus­
sia, Chekhov in the interim accepted a 

position with a provincial hospital. He 
never completed the dissertation and 
never received the degree. 

Chekhov made no important contri­
butions to medical science, but it ap­
pears that he was a physician of exem­
plary compassion and an opponent of 
superstition and irrationality in the treat­
ment of disease. His example, if not his 
actual work, may well have been impor­
tant in establishing medicine as a scien­
tific enterprise in rural districts of 19th­
century Russia. 

In 1890, when he was already a well­
known writer, Chekhov traveled across 
Siberia to the island of Sakhalin, where 
the government had established a penal 
colony. He spent three months on the 
island and took a census of its 10,000 
inhabitants, giving special attention to 
the health of those he interviewed. His 
statistics on disease among the convicts 
eventually led to the improvement of 
their condition. 

Two years later he organized a relief 
program during a famine, urging farm­
ers not to slaughter their horses for food, 
since without horses the fields would not 
be plowed the following year and the 
famine would be prolonged. During a 
subsequent cholera epidemic he served 
without pay as the medical advisor to a 
district comprising "25 villages, four fac­
tories and a monastery." The treatment 
he recommended, which included hypo­
dermic injections of a salt solution, was 
based on principles still followed in the 
control of the disease. On other occa­
sions he argued for the humane treat­
ment of venereal diseases, successfully 
campaigned to reduce the working day 
of miners from 12 to eight hours and 
supported the endowment of a marine 
biology laboratory on the Black Sea. 

Recent interest in Chekhov's medical 
career has been stimulated by the publi­
cation of a collection of his letters, trans­
lated by Michael Henry Heim and anno­
tated by Simon Karlinsky (Letters of 
Anton Chekhov, Harper & Row). Alex­
ander Macdonald of the University of 
Aberdeen comments on the letters of 
medical and scientific interest in The 
Journal of the American Medical Asso­
ciation. Macdonald points out the im­
portance of the ethical and humanitarian 
views expressed in Chekhov's fiction to 
his practice as a physician. Chekhov 
himself pointed out the influence of his 
scientific training on his literary work. 
The study of medicine, he wrote, 
"broadened the scope of my observations 
and enriched me with knowledge whose 
value for me as a writer only a doctor 
can appreciate." 
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Dodge is right on target 
with the '75 Dart Special Edition. 

It's a lot of lUxury in a little car. 
If you've found that a lot of small cars today 

are pretty small on comfort and style, then the 
75 Dart Special Edition is the small car for you. 

It has an array of standard features that are 
usually anything but standard. Seats covered with 

crushed velour upholstery. Plush carpeting on the floor, 
halfway up the door, and even in the trunk. 

Map pockets are standard. So are color-keyed wheel 
covers. And front disc brakes. And power steering. 

Even the radio is standard. 
In other words, on the 75 Dart Special 

Edition, luxury comes as standard 
equipment. 

And, as on all the 75 Darts, there are a lot of 
money-saving engineering features such as 

Electronic Ignition and electronic voltage regulator 
and, now for 1975, an optional fuel pacer 

that can help you save gas. 
Today, over one million satisfied owners are already 

sold on Dart. T he 75 Dart Special Edition is one 
beautiful way to make sure there'll be 

one million more. 
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The Effects of Ice on Scotch 
How fast a drink of Scotch whisky over rocks loses its flavor depends on 

the proof of the Scotch and the richness of its blend. These two factors are 

optimized for "on the rocks" Scotch drinkers in 90-Proof Famous Grouse, 

a venerable old brand from Scotland only recently introduced to America. 

I
n countries where Scotch has been 

consumed for centuries, ice and whisky 

rarely mingle. But on this side of the 

Atlantic, the picture is quite different. 

While a small percentage of American 

Scotch drinkers take it neat, better than 

35% drink it "on the rocks." The rest of us 

add varying amounts of water, club soda, 

etcetera. And ice. Always plenty of ice­

the great American drink requisite. 

It would seem then that the American 

Scotch devotee, particularly our on-the­

rocks fancier, has a right to raise a serious 

question: Is the Scotch I drink ideally 

suited to enjoyment over ice? 

Pursuing a Perfect Proof 

Let's turn our attention first to the proof at 

which Scotch whisky is bottled. Consider, 

if you will, the hypothesis that there is in­

deed a better proof for on-the-rocks Scotch 

drinking than that of the brand you cur­

rently favor. 
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Aleoholie eOlltellt drops rapidly durin/-( 

the first minute whisky is ('hilled hy ice. 

less rapidly afte,' initial coolin/-(. Intcn'al 

A shows that 86.8 Proof Scotch dilutes to 

a pr .. of of 46 approximately 2'(' minutes 

earlier than 90 Proof /o'allloll" Groll .• c. 

Int(,n'al 13 sh .. ws that 80-Proof Scotd, di­

lutes tu 46 pr .. of 6 minutes earlier. 

by Allen Mac Kenzie 

Practically every Scotch sold in this 

country is bottled at 80, 86, or 86.8 Proof. 

So at the instant you pour your Scotch over 

ice, it contains between 40% and 43.4% 

alcohol by volume. (Proof is double the 

percentage of alcohol.) The chilling effect 

of the ice is accompanied by dilution. And 

when your drink has been properly cooled 

by the ice-in 30 seconds' to a minute's 

time-you achieve what one Scotch con­

noisseur refers to as "the ideal sip." From 

that point on, the Scotch drinker's enjoy­

ment typically runs downhill, as the drink 

loses its freshness. 

While there is no way to preserve that 

fresh Scotch flavor indefinitely, we submit 

that you can sustain the freshness sub­

stantially longer with 90-Proof Famous 

Grouse. If you have never heard of this 

brand, we are not surprised. It is a well 

established name in Scotland, but has only 

recently been introduced to America. So 

far as we know, Famous Grouse is the only 

Scotch now available in this country at 

90 Proof. 

A Revealing Experiment 

To demonstrate the merits of a slightly 

higher proof, we performed a simple exper­

iment in which 50 millilitres of Scotch 

(about 1.7 ounces) was chilled with 100 cc 

of ice (6 one-inch cubes).The ensuing dilu­

tions at 80,86.8 and 90 Proof are charted 

in the accompanying graph. 

You'll notice that after 15 minutes on 

the rocks, the proof of Famous Grouse is 

diluted to a level which occurs after 12'/, 

minutes when the Scotch is 86.8 Proof, 

and after 9 minutes when it is 80 Proof. 

In essence, the Famous Grouse brand has 

remained about 2'/, minutes fresher than 

86.8-Proof Scotch, 6 minutes fresher than 

80-Proof Scotch. (If you are in the habit of 

"nursing" a drink longer than 15 minutes, 

the advantages of 90-Proof Scotch will be 

even more pronounced.) 

The Masters of Perth 

Proof, of course, is not the only thing that 

influences the flavor of a blended Scotch. 

The proportion of malt to grain whiskies, 

the origins of the malts, the methods of 

aging -these are also important factors 

that determine the relative richness of 

Scotch flavor. 
The makers of Famous Grouse­

Matthew Gloag & Son of Perth, Scotland 

-have been practicing their Scotch-mak­

ing craft in the same family for six genera­

tions. And they have performed their most 

noble feat in the rich blend they created 

for Famous Grouse Scotch. Its flavor -so 

remarkable at the outset -holds firmly to 

its character during prolonged contact 

with ice. 

Knowledge of Scotch, however, cannot 

be indefinitely pursued in the abstract. 

Your learning process must ultimately in­

clude a leisurely sip of Famous Grouse on 

the rocks. For Scotch drinking is one of 

those pleasures enjoyed most, not in the 

pursuit, but in the conquest. Scotland's 

greatest bard, Robert Burns, said it best: 

"Gie me a spark 0
' Nature's fire, 

That's a' the learning I desire." 

The auth .. r e .. nsiders this ad vertisement 

to bc the upening statement uf a dialugue 

with like-minded Scotch drinkers. Wc ill­

"ilt, your contluents and sug-g-cstions for 

future experiments . Writc Mr. Allcn Mac· 

Kenzie. c/ .. Austin. Nich .. ls & C ... . Inc . .  

7�:� Third Avenul·. New Y . .  rk. N. Y.  10017. 
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The Development 
of the Immune System 

The highly diversified cells that defend the body against foreign 

substances derive from a single kind of precursor. Differentiation 

of the cells is controlled by the environment in which they mature 

by Max D. Cooper and Alexander R. Lawton III 

Two systems of immunity protect 
the body from the hazards of in­
fection and cancer. One is the cell­

mediated immune response, which com­
bats fungi and viruses and initiates the 
rejection of tumors and foreign tissues, 
such as transplanted organs. The other 
is humoral immunity, which is effective 
against bacterial infections and viral 
reinfections. Although the two mecha­
nisms are not entirely independent, and 
cooperation between them is sometimes 
important, they are distinct. 

The ultimate basis for this division of 
labor in the immune system lies in two 
populations of cells native to lymphoid 
tissue but also found in other parts of 
the body, particularly in the blood. 
During development the two lines of 
lymphoid cells look alike; they cannot 
be distinguished by mere inspection. 
Moreover, both derive from the same 
primitive precursors: the hemopoietic 
stem cells, which also give rise to sev­
eral other kinds of blood cells. In spite 
of their common origin and superficial 
resemblance the cells do differ; they play 
dissimilar roles in the body's response to 
foreign materials and tumor cells. 

In addition to the division of the im­
mune system into two classes of lymph­
oid cells, there is great diversity within 
each class. In both classes each cell is 

capable of recognizing a particular anti­
genic determinant: one of the chemi­
cal groupings by which biological sub­
stances such as proteins communicate 
their identity. There are millions of pos­
sible antigenic determinants, and appar­
ently there are immunologically active 
cells capable of recognizing each of 
them. 

Investigations of how this diversity 
springs from the apparent uniformity of 
the stem cells may help us to discover 
how the immune system is constructed 
and how it works. We may also gain a 
better understanding of cell differentia­
tion in general, one of the principal chal­
lenges of modern biology. Finally, a 
working knowledge of these mechanisms 
is needed if we are to devise ways of 
correcting disorders of the immune sys­
tem, many of which seem to arise from 
Haws in cell differentiation. 

Thymus and Bursa 

- The twofold nature of the immune 
system was delineated in a series of ex­
periments performed by Merrill W. 
Chase and Karl Landsteiner of the 
Rockefeller Institute for Medical Re­
search. (Landsteiner is better known for 
an earlier discovery: in 1900 he estab­
lished the A, B and 0 blood types.) 

SPECIFICITY OF CELLS in the immune system is illustrated by the stained section of 
tissue from the spleen of a mouse that is shown in the illustration on the opposite pa ge. The 
tissue was stained with two fluorescent dyes attached to antibodies to specific classes of 
immunoglobulins. Antibodies to immunoglobulin M were labeled with the green dye fluo­
rescein, those to immunoglobulin G with the red dye rhodamine. The labeled antibodies 
bind selectively to plasma cells bearing the appropriate immunoglobulins on their surface. 
The fact that none of the cells were stained with both of the dyes indicates that each mature 
plasma cell produces only one class of immunoglobulins. The photomicrograph, which en­
larges the section of tissue about 2,500 diameters, was made by one of the authors (Lawton). 

Chase and Landsteiner demonstrated 
that some kinds of immune reaction 
could be transferred from one animal to 
another only by the exchange of living 
cells, whereas others could be trans­
mitted by blood serum. The cells re­
quired in the former experiment are 
lymphocytes :  small, unpigmented cells 
included with several other types among 
the leukocytes, or white blood cells. Up 
to that time the function of lymphocytes 
had been unknown. 

The serum component capable of 
transferring immunity consists of the 
protein molecules called antibodies, 
which combine with foreign substances. 
A few years earlier it had been discov­
ered that the antibodies belong to that 
part of the blood serum called the gam­
ma-globulin fraction. Antibodies are 
secreted by plasma cells, which are de­
scendants of lymphocytes, but not the 
same lymphocytes, it was eventually dis­
covered, that effect cell-mediated immu­
nity [see "How Cells Make Antibodies," 
by C. J. V. Nossal; SCIENTIFIC AMERI­
CAN, December, 1964]. 

That the functional duality of the 
immune system might have a develop­
mental basis was suggested by the dis­
covery of certain immunodeficiency dis­
eases ; the disorders might be considered 
experiments of nature. Ogden C. Bruton, 
a pediatrician at the Walter Reed Army 
Medical Center, identified the first-an 
impairment of humoral immunity-in a 

young boy afflicted with multiple bacte­
rial infections. The disease is character­
ized by a lack of plasma cells and a con­
sequent inability to make antibodies. 
Lymphocytes of the cell-mediated sys­
tem, on the other hand, are abundant, 
and they enable the patient to resist viral 
and fungal infections quite well. 
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The obverse pattern of immunodefi­
ciency-an impairment of cell-mediated 
immunity-has also been detected. Indi­
viduals with this condition, who are vul­
nerable to viruses and fungi, have fewer 
than the normal number of lymphocytes, 
but they have plasma cells and produce 
circulating antibodies. Some children 
are born lacking both lymphocytes and 
plasma cells; without either system of 
immunity they quickly succumb to in­
fection by a variety of microorganisms. 

The explanation of these conditions 
has been achieved mainly through ex­
periments with mice and chickens. In 
1961 Jacques F. A. P. Miller, then at 
the Chester Beatty Research Institute 
in London, and Robert A. Good and 
his colleagues, then at the University 
of Minnesota Medical School, simulta­
neously discovered that removal of the 
thymus gland from newborn mice and 
rabbits prevents normal development of 
the immune system. Branislav D. Janko­
vic, Barry G. W. Amason and Byron H. 
Waksman, then at the Harvard Medical 
School, showed that the thymus plays a 
similar role in rats. The immunodeficien-

THYMUS 

cy produced by neonatal thymectomy is 
particularly severe in mice because the 
immune system of the mouse is com­
paratively immature at birth. 

The thymus is a gland that in man lies 
in the chest just below the sternum; its 
function had long been a puzzle to biol­
ogists. A solution to the puzzle began to 
emerge when it was demonstrated that 
mice deprived of a thymus have reduced 
numbers of lymphocytes and a marked 
deficiency in cell-mediated immunity, as 
revealed by their impaired ability to 
reject grafts of skin and other tissue 
from unrelated mice. In mice thymec­
tomy also inhibits the production of an­
tibodies to most antigens. For this reason 
it was at first thought that the mamma­
lian thymus controls the development of 
precursor cells for both cell-mediated 
and humoral immunity. The theory had 
to be modified, however, when it was 
found that mice without a thymus have 
an abundance of plasma cells and dis­
play a vigorous antibody response to 
certain antigens. 

Immunologists were led to a more 
precise definition of the role of the thy-

SPLEEN 

FABRICIUS 

LIVER �BONE MARROW 

IMMUNE SYSTEM OF B IRDS is centered in two organs, the thymns and the bnrsa of 

Fabricius. The tbymus, which consists of seven pairs of lobes alongside the trachea, con· 

troIs the development of cell·mediated immunity. The bursa, a pouch that is found only in 

birds and that is attached to the intestine near the cloaca, influences the immunoglobulin. 

secreting cells that effect humoral immunity. The lymphocytes that pass through the thymus 

are called T cells, those from the bursa are called B cells. Lymphocytes also colonize the 

bone marrow and the spleen, but only after their residence in either the thymus or the bursa. 
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mus by an earlier (and for a time gener­
ally ignored) observation made by Bruce 
Glick, who was then a graduate student 
at Ohio State University. Glick and his 
associates had discovered that the devel­
opment of humoral immunity in chick­
ens could be severely stunted by the re­
moval shortly after hatching of a lymph­
oid organ called the bursa of Fabricius. 
The bursa is a small pouch found only 
in birds, attached to the intestine near 
the cloaca; it is named for the 16th­
century Paduan anatomist Hieronymus 
Fabricius ab Aquapendente, who first 
described it [see illustration on this 
page]. 

It was later shown that another tech­
nique that inhibits the development of 
the bursa, treatment of chick embryos 
with the male sex hormone testosterone, 
also depresses antibody production, usu­
ally without diminishing the animals' 
capacity to reject foreign skin grafts. A 
small proportion of chicks subjected to 
this "hormonal bursectomy," however, 
are tolerant of foreign skin, an anomaly 
first noted by Noel L. Warner and Alek­
sander Szenberg of the Walter and Eliza 
Hall Institute of Medical Research in 
Melbourne. In these birds, they discov­
ered, the thymus as well as the bursa is 
poorly developed. Because testosterone 
has multiple deleterious effects on em­
bryos the treated chicks are -sickly and 
usually die soon after hatching. In order 
to clarify the results of their experiments 
Warner and Szenberg excised the thy­
muses of chicks; the result was lympho­
cyte deficiency and feeble graft rejec­
tion. Their conclusion, that in birds the 
thymus and the bursa exert different in­
fluences on immunological development, 
was the first suggestion of a develop­
mental division of the immune system 
[see "The Thymus Gland," by Sir Mac­
farlane Burnet; SCIENTIFIC AMERICAN, 
November, 1962]. 

The polarity thus established in chick­
ens could not, however, be immediately 
extended to mammals. Some aspects of 
the separation of cell-mediated and hu­
moral immunity in chickens were not in 
accord with those seen in human immu­
nodeficiencies; in addition the mouse 
thymus seemed to govern all cell-medi­
ated immune functions, whereas the 
chicken thymus seemed to exercise only 
partial control. Refined techniques were 
necessary to resolve these discrepancies. 

Neither of the methods employed pre­
viously was entirely satisfactory. Remov­
ing an organ at birth or at hatching 
cannot ensure the elimination of its influ­
ence, since it may have produced immu­
nologically competent cells during em­
bryonic life. Hormones, on the other 
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hand, even when they are applied to the 
fertilized egg early enough to suppress 
immunological functions, affect both 
bursa and thymus and thereby allow 
only imperfect discrimination between 
the two systems. In order to avoid these 
difficulties one of us (Cooper), working 
with Good and Raymond D. A. Peterson 
at the University of Minnesota Medical 
School, employed another approach. 
Either the thymus or the bursa was 
surgically removed from newly hatched 
chicks; then, to destroy any cells influ­
enced earlier by these organs, the birds 
were exposed 'to X rays. After the ani­
mals had recovered from the irradiation 
the structure and function of their im­
mune systems were examined. 

These experiments made plain several 
parallels between avian and mammalian 
immunology. The effects of thymectomy 
and irradiation on the immune system 
of chickens were remarkably similar to 
those of thymectomy alone in mice. The 
treated birds were runty and deficient in 
lymphocytes ;  all cell-mediated immune 
functions were suppressed. In addition 
they were unable to produce antibodies 
as well as control birds with intact thy­
muses. Birds subjected to bursectomy 
and irradiation, on the other hand, like 
the antibody-deficient boy described by 
Bruton, had plenty of lymphocytes and 
normal cell-mediated immune responses 
but lacked plasma cells and their prod­
ucts: the circulating antibodies. Plasma­
cell function could be restored by the 
injection of lymphocytes from the bursa 
of an untreated bird. It had been shown 
earlier in mice that grafts of thymus tis­
sue or injections of large numbers of 
lymphocytes taken from the thymus 
could restore cell-mediated immunity to 
mice lacking thymuses. 

T Cells and B Cells 

The view of the separate develop­
mental pathways followed by thymic 
and bursal lymphocytes provided by 
these experiments accorded well with 
the observations of other investigators. 
E. C. Ford and his colleagues at the 
Harwell Radiation Research Institute in 
England had employed chromosomal 
markers to trace the migration of pre­
cursor cells in mice from the bone mar­
row to the thymus and thence to the 
spleen and peripheral lymph nodes. 
Their results implied that the precursors 
of a second population of lymphocytes, 
made up of cells that do not pass 
through the thymus, are also present in 
the bone marrow of mice. Other studies, 
in particular those of James E. Till and 
E. A. McCullough of the Ontario Cancer 

MAMMALIAN IMMUNOLOGICAL DEVELOPMENT can be illustrated through the anat· 
omy of the human fetus. The precursors of lymphocytes originate early in embryonic life 
in the yolk sac and subsequently migrate through the spleen and liver to the bone mar· 
row. Also early in development, cells from two of the embryonic structures called pharyn. 
geal pouches migrate into the chest to form the thymus, which in mammals as in birds con· 
troIs cell-mediated immunity. Mammals have no bursa of Fabricius, however; in mammals 
immunoglobulin-secreting cells may develop in the fetal liver and possibly in the spleen. 

Institute and John J. Trentin of the 
Baylor College of Medicine, revealed 
that the descendants of a single stem 
cell can include both kinds of lympho­
cytes as well as other blood cells. 

Several years earlier Jacob Furth of 
the Oak Ridge National Laboratory had 
discovered that early removal of the 
thymus prevents the development of a 
lymphoma (a cancer of lymphoid tissue) 
that appears spontaneously in a certain 
strain of mice. Many other mouse lym­
phomas proved to be dependent on the 
thymus, apparently because the thymus 
is the sole source of cells susceptible to 
the lymphoma-producing effects of cer­
tain viruses and chemicals. A related 
effect was reported in chickens by Peter­
son and Ben R. Burmester, who were 
working at the Department of Agricul­
ture Regional Poultry Research Labora­
tory in East Lansing, Mich. ; they found 
that bursectomy, but not thymectomy, 
prevents the development of a virus­
induced lymphoma in chickens. In this 
case the virus is one that can infect many 
types of cells and replicate in them; only 
in the bursa, however, does it encounter 
lymphoid cells at a stage of differentia­
tion where they are susceptible to ma­
lignant transformation. 

By 1965 it was possible to construct 

a model of the development of the im­
mune system in chickens and mice based 
on the differentiation of cells into thymic 
and bursal lines [see illustrations on 
next two pages J. The model implied 
that immunodeficiency diseases could be 
viewed as the consequences of defects in 
stem cells or of the failure of the cells to 
develop along one or the other pathway. 
The model also suggested that lymphoid 
malignancies could be regarded as ab­
normalities in the differentiation of cells 
belonging to either the thymic or the 
bursal system. 

That the model could be extended to 
the human immune system was soon 
confirmed by Angelo M. Di George, a 
pediatrician at the Temple University 
School of Medicine, who discovered that 
children born without a thymus are de­
ficient in lymphocytes and lack cell­
mediated immune functions. Plasma 
cells and circulating antibodies are pres­
ent in such children, suggesting that in 
man antibody-producing cells do not 
originate in the thymus. In mice addi­
tional support for the theory was ob­
tained in further experiments with ani­
mals subjected to thymectomy and ir­
radiation. The mice were given infusions 
of stem cells bearing genetic markers 
different from those of the host animal. 
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DIFFERENTIATION OF LYMPHOCYTES in birds follows a 
pathway discovered mainly through experiments with chickens. In 
the embryo the precursor cells called hemopoietic stem cells mi­

grate from the yolk sac through the spleen to the bone marrow, 
where they divide and diversify, producing many kinds of blood 
cells. Those that are eventually to become lymphocytes must un· 
dergo further differentiation outside the bone marrow. Some pass 
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through the thymus and are transformed into T cells; when acti­
vated by an antigen, they secrete molecules called lymphokines, 
which participate in an attack on the antigenic material. Stem cells 

that migrate to the bursa of Fabricius instead of the thymus are 

induced to become antibody.making B cells; when these are stimu. 
lated by an antigen, they divide repeatedly, giving rise to a clone 

of plasma cells that secrete large quantities of antibody. T cells 
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DEVELOPMENT AND DIVERSIFICATION of mammalian lym. 

phocytes follows a program similar to but not identical with that 
in birds. The ultimate source of immunologically active cells is 
again the yolk sac, but stem cells from that embryonic structure 
travel through the fetal liver as well as the spleen before taking up 
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residence in the bone marrow. As in birds, the influence of the 
thymus is essential to the generation of T cells, but the site at 

which stem cells are induced to become B cells has not been 
unambiguously identified. The fetal liver may be the first organ 
in which immunoglobulin-bearing cells appear. Mammalian stem 
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may be influenced by a thymic hormone 
after they have left the gland itself, and they 
may cooperate in stimulating B cells to pro­
liferate. The symbols on the surface of the 
lymphocytes represent antigen receptors; 
in B cells these are immunoglobulins; the 
nature of the receptor on T cells is unknown. 
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cells, like those of birds, are the precursors 
of other kinds of blood cells in addition to 
the lymphocytes: Cooperation between the 
two classes of lymphocytes in the response 
to certain antigens has been demonstrated. 

The markers could be detected later in 
antibody-producing cells and their prod­
ucts, indicating that the humoral im­
mune system had been reconstituted in 
the absence of the thymus. 

The formulation of a model of im­
munological development based on the 
notion that there are two distinct lines 
of lymphoid cells offered numerous in­
sights into the behavior of the immune 
system. Many observations remained to 
be explained, however, such as the fact 
that in mice and chickens deprived of a 
thymus the humoral immune system is 
apparently insensitive to certain anti­
gens, even though plasma cells and an­
tibodies are present. The observation 
could be accounted for by postulating 
the need for thymus-derived cells to co­
operate with cells from the bursa. That 
there is such cooperation was demon­
strated in a classic series of experiments 
performed by Henry N. Claman, E. A. 
Chaperon and R. F. Triplett of the Uni­
versity of Colorado School of Medicine, 
A. J. S. Davies of the Chester Beatty Re­
search Institute and Graham F. Mitchell 
and Jacques Miller, then working at the 
Walter and Eliza Hall Institute. They 
found that in the presence of an antigen 
thymus lymphocytes promote the trans­
formation of thymus-independent lym­
phocytes into plasma cells. 

This model of lymphocyte differentia­
tion has dominated immunology during 
the past 10 years. All the tenets of the 
doctrine have been confirmed repeated­
ly by experiment. The elucidation of the 
mechanisms by which lymphoid cells 
diversify and through which the two 
classes interact has become a central 
problem in immunology. 

For convenience lymphocytes devel­
oping in the thymus are designated T 
cells ; antibody-producing cells, develop­
mentally dependent on the avian bursa 
or its mammalian equivalent, are called 
B cells. As we have mentioned, the two 
types of cell are identical in appearance, 
but they can be distinguished by an 
array of markers that have been discov­
ered on their surfaces. Some of these 
markers are antigens roughly analogous 
to the blood-group antigens found on 
the surface of red blood cells . Because 
their expression is confined to certain 
cell types they are called differentiation 
antigens, a term coined by Edward A. 
Boyse and Lloyd J. Old of the Sloan­
Kettering Institute for Cancer Research. 
The theta antigen in mice, for example 
(there is a similar antigen in humans) ,  is 
present on both mature and immature T 
cells but not on B cells, and thus it 
serves as a convenient marker for one 
cell line. B cells possess other surface an-

tigens, such as the "mouse-specific B 
lymphocyte antigen." Martin C. Raff, 
then working at the National Institute 
for Medical Research in England, was 
the first to demonstrate that B cells and 
T cells can be discriminated by markers 
such as these. 

Since both B cells and T cells (and 
other cell types as well) have a common 
ancestry in the hemopoietic stem cells, it 
seems probable that their differentiation 
is controlled at least in part by factors 
external to the cell. In birds and mam­
mals stem cells first appear in the yolk 
sac, a membranous structure connected 
with the intestinal cavity of the embryo. 
Later in embryonic development they 
migrate through the bloodstream to colo­
nize the liver (in mammals) and spleen 
(in both birds and mammals) before 
moving on to settle permanently in the 
bone marrow. The pattern of differentia­
tion that a stem cell eventually assumes 
is thought to depend on influences ex­
erted within the microenvironment of 
the site to which it migrates. There is 
some evidence to suggest, however, that 
the stem cells ancestral to lymphocytes 
may be committed to the production of 
either T cells or B cells before they mi­
grate to the organs in which these cells 
are formed. 

The Development of T Cells 

In considering the development of T 
cells the central question is: How do a 
relatively few stem cells give rise to a 
large and heterogeneous population of T 
lymphocytes? This question has so far 
defied attempts to provide a precise an­
swer because the nature of the antigen 
receptor on T cells has not yet been de­
fined. Without knowledge of the recep­
tor the functioning of the T cell cannot 
be adequately described. Nevertheless, 
much information on the development 
and functioning of T cells has been 
gained; the evidence to date suggests 
that the heterogeneity of the cells arises 
primarily in the thymus. 

The structural framework of the thy­
mus (but not of the lymphocytes the 
gland contains) is formed from epithelial 
cells that initially line the third and 
fourth pharyngeal pouches, which are 
embryoniC structures in the region that 
eventually becomes the throat. Early in 
the embryonic development of most 
mammals these epithelial cells begin to 
specialize and migrate down the neck 
into the chest, where some of them com­
plete their development to form the 
thymus. It was once thought that thy­
mus epithelial cells were themselves 
transformed into lymphocytes, but stud-
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IMMUNOGLOBULIN MOLECULE consists of four polypeptide chains, each made up of 
many amino acid units_ Two of the chains are longer and are designated heavy chains; the 
smaller ones are called light chains. The molecule is held together by disulfide bonds 
(-S-5-) but can flex in the region of the hinge. In part of each chain the amino acid se­
quence is the same in all molecules of the same type; this is called the constant region. 
There are three or four constant domains in each heavy chain (CHi' CH2, CH3) and one in 

each light chain (C L)' The genes specifying the constant region may have evolved through 
the duplication of a primordial gene the size of a single domain. In the variable regions 
(color) the amino acid sequence differs from molecule to molecule. The immunoglobulin 
binds antigens at clefts formed by folds in the variable regions of the heavy and light chains. 

IMMUNO- LIGHT HEAVY OTHER 
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CLASS OF AN IMMUNOGLOBULIN is determined by the type of heavy chain in the mole. 
cule. There are five types-mu, gamma, alpha, delta and epsilon-and subclasses of gamma 
and alpha. In addition each immunoglobulin can have either of two kinds of light chain: 
kappa or lambda. Some of the immunoglobulins form oligomers, or associations of a few 
subunits in a single molecule. IgM is ordinarily a pentamer, with five subunits and with an 
additional "joining" chain, or ] chain, shown here as a black dot. IgA occurs as a monomer, 
dimer and trimer, with respectively one, two and three subunits. The] chain is present in 
oligomeric forms, and the dimer, when found in secretions such as saliva and tears, is bond· 
ed to yet another polypeptide: the secretory component (SC), shown here as a gray disk. 
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ies by Malcolm A. S. Moore and John 
J. T. Owen at the University of Oxford 
have since proved that the provenance 
of T cells is in the yolk sac. 

At a time when only a few primitive 
precursor cells have entered the thymus, 
the gland can be removed and the tissue 
grown in culture. When that is done, 
each stem cell gives rise to thousands 
of T lymphocytes. Thymus lymphocytes 
are among the most rapidly proliferating 
cells in the body, dividing about three 
times in a day. One possible factor favor­
ing the high rate of lymphocyte produc­
tion is the need to supply the rest of the 
body with T cells. Another is the need 
to provide conditions suitable for the 
generation of diversity. 

There is a considerable body of evi­
dence suggesting that stem cells must 
actually pass through the thymus in 
order to become T lymphocytes. The 
thymic epithelium could influence stem 
cells by direct contact or by hormones 
active within its tissues. Hormones from 
the thymus have been shown to promote 
the maturation of T cells after they have 
left the thymus, thus providing a mech­
anism by which the parent (or foster­
parent) organ can maintain control over 
its wandering offspring, Evidence ob­
tained recently suggests that thymic hor­
mones may even be able to influence the 
differentiation of cells that have not yet 
entered the gland, 

Lymphocytes found within the thy­
mus are called thymocytes, to distin­
guish them from the T cells released by 
the thymus to the peripheral tissues. 
Most thymocytes are functionally imma­
ture, but a small subpopulation is capa­
ble of recognizing and responding to 
antigens. If these cells are confronted 
with cells from another individual, they 
are activated; they enlarge, divide and 
release large molecules called Iympho­
kines that participate in the elimination 
of the foreign material. T cells can also 
enlist the aid of macrophages, large di­
gestive cells, in destroying pathogens, 
and mature thymocytes may release fac­
tors that stimulate B cells to respond by 
increasing the production of antibodies. 
The specificity of thymus lymphocytes 
can be readily demonstrated. If an anti­
gen is rendered highly radioactive, T 
cells recognizing it are killed in the en­
counter, but other T cells, which pre­
sumably recognize other antigens, are 
not harmed. By this phenomenon of "an­
tigen suicide" Anthony Basten and his 
co-workers at the Walter and Eliza Hall 
Institute showed that thymus cells prop­
agate in diverse clones, lines of cells that 
are genetically identical. 

T cells leave the thymus by way of 
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MATURATION OF B CELLS takes place in two stages. The first 
requires an inductive microenvironment, such as that of the hursa, 
but does not require stimulation by antigens. The "virgin" B cells 
initially synthesize immunoglobulin of a particular light-chain type 
and antigen specificity; the heavy-chain class is at first invariably 
mu, and the immunoglobulin is therefore IgM. Most of the progeny 
of these cells migrate to the peripheral lymphoid tissues, but some 
remain behind to develop further. They stop making the mu heavy 
chain and begin to make the gamma chain, and thus switch from 

IgM to IgG synthesis. The light-chain type and the specificity of the 
molecules are not altered. These IgG-making cells also have many 
descendants, some of which later switch from IgG to IgA synthesis 
by the same mechanism. In the second stage of development a clone 
of B cells is "selected" by an encounter with the antigen for which 
it is specific. The selected clone proliferates, and some of the prog­
eny develop into plasma cells, which secrete antibody copiously. 
Others serve as memory cells, which can reinforce the immuno­
logical response in subsequent encounters with the same antigen. 

the bloodstream and seldom return to 
their birthplace. Their main route of mi­
gration has been elucidated by James L. 
Gowans of Oxford. The T cells slip be­
tween the epithelial cells that line the 
venules (the small blood vessels on the 
venous side of the capillary bed) and 
enter special regions of the lymph nodes 
and the spleen called thymus-dependent 
zones. Here a cell that has encountered 
an antigen that corresponds to its recep­
tor will divide repeatedly, expanding the 
clone of cells responsive to the same 
antigen. After temporary residence in 
the thymus-dependent zones the T cells 
make their way into the lymphatic cir­
culation and reenter the bloodstream in 
the neck, where the main lymphatic ves­
sel, the thoracic duct, empties into the 
subclavian vein. The circulation of the 
cells through the body greatly increases 
the probability that they will encounter 
any foreign substance or malignant cells 
present. 

The Development of B Cells 

Tracing the life history of the B cell 
is made easier by the availability of its 
products: the humoral antibodies. After 
a B cell completes its terminal differen­
tiation and becomes a plasma cell it syn­
thesizes and secretes about 2,000 identi-

cal antibody molecules per second until 
it dies, usually within a few days after 
reaching maturity. 

The determination of the structure of 
antibody molecules was an important 
achievement that has made possible 
many of the subsequent advances in im­
munology [see "The Structure of Anti­
bodies," by R. R. Porter, SCIENTIFIC 
AMERICAN, October, 1967, and "The 
Structure and Function of Antibodies," 
by Gerald M. Edelman, SCIENTIFIC 
AMERICAN, August, 1970]. Antibodies 
belong to the family of proteins collec­
tively called the immunoglobulins (Ig). 
Each antibody molecule consists of two 
pairs of polypeptide chains (chains of 
amino acid units) ;  because the chains of 
one pair are longer and have a higher 
molecular weight than those of the 
other, the chains are classified as heavy 
and light. In the molecule the four chains 
are related by bilateral symmetry [see 
top illustration on opposite page]. 

The light chains can be either of two 
types, kappa or lambda, although in any 
one molecule both light chains are al­
ways of the same type. There are five 
types of heavy chain (mu, gamma, al­
pha, delta and epsilon), which deter­
mine the immunoglobulin class of the 
antibody (lgM, IgG, IgA, IgD and IgE). 
Some immunoglobulins also have addi-

tional polypeptides, and some form oli­
gomeric associations of from two to five 
units (each unit consisting of paired light 
and heavy chains). In addition there are 
within some of the classes multiple sub­
classes, and there are allelic variations, 
that is, alternative forms of genes at a 
particular locus on a chromosome. Sev­
eral alleles may be present in a popula­
tion, and an individual may inherit dif­
ferent ones from his mother and father 
[see bottom illustration on opposite 
page]. 

Both the light and the heavy chains of 
the antibody molecule can be subdivided 
into constant regions (CL and Cll), in 
which the amino acid sequence is essen­
tially invariant, and variable regions 
(V Land VlI). Much of the variability in 
the V regions is found in three small 
areas, which are called hypervariable. 
X-ray-crystallographic studies by L. M. 
Amzel and his colleagues at the National 
Institutes of Health have shown that the 
polypeptide chains fold in such a way 
that the hypervariable regions of each 
V L and V II chain interact to form a cleft 
or pocket. It is these clefts-there are 
two per molecule-that bind to antigens. 
The amino acid sequence of the constant 
regions thus determines the class of an 
immunoglobulin, and therefore its bio­
logical role, whereas the variable regions 
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determine its specificity. These char­
acteristics of the molecule are in turn 
determined by genetic events in the B 
cell that synthesizes it, and the diversity 
of immunoglobulins merely reflects the 
remarkable genetic diversity of B cells. 
With certain exceptions each B cell is 
confined to the production of antibody 
of a single class, subclass, light-chain 
type, allelic type and specificity. 

In chickens, and probably in all birds, 
stem cells are induced to become B cells 
in the bursa of Fabricius. Moore and 
Owen have shown that stem cells begin 
migrating into the bursal epithelium by 
the 13th day of embryonation, which is 
about eight days before chicks hatch. By 
the next day some of the immigrant stem 
cells have been transformed into lymph­
oid cells producing IgM. A few days 
later a smaller proportion of bursa lym­
phocytes begin to synthesize IgG, and 
just before the time of hatching still few­
er begin making IgA. B cells at this time 
are rich in polyribosomes, the intracellu­
lar bodies on which proteins are synthe­
sized, but they lack the well-developed 
secretory organelles that characterize 
mature plasma cells. The relatively small 
amounts of immunoglobulins produced 
by the rapidly dividing cells are not yet 
secreted but are incorporated into the 
cell membrane. 

In the peripheral lymphoid tissue the 

MOUSE EMBRYO 

LIVER 

sequence in which plasma cells develop 
recapitulates that of cells in the bursa: 
first IgM is synthesized and secreted, 
then IgG and finally IgA. (The events 
controlling the production of IgD ;md 
IgE are less well understood.) Each type 
of plasma cell ordinarily does not appear, 
however, until several days after the cor­
responding B cell. Exposure to high con­
centrations of antigens hastens the mat­
uration of plasma cells in peripheral 
areas, and maintaining the experimental 
animal in a germ-free environment re­
tards it. Inside the bursa neither condi­
tion has much effect on the initiation of 
lymphocyte formation. 

That the bursa controls the capacity 
of chickens to produce the several clas­
ses of immunoglobulins was learned by 
studying the effects of bursectomy at 
various times during embryonic devel­
opment. Removal of the organ on the 
16th or 17th day of development fre­
quently results in the permanent absence 
of all B cells and their mature plasma­
cell progeny. The result is often complete 
and permanent agammaglobulinemia: a 
lack of the gamma-globulin fraction of 
the blood serum, which contains the an­
tibodies. When the bursa is removed at 
about the 19th day, IgM is usually pres­
ent in the mature bird, but IgG and IgA 
are not. When bursectomy is performed 
at hatching (21 days), IgM and IgG are 

delayed in reaching normal concentra­
tion but may eventually exceed normal 
levels; IgA, on the other hand, is often 
permanently lacking. The effect of these 
procedures is to arrest the development 
of the bursal line of lymphocytes at 
intermediate stages of differentiation. 
They can tell us two things about the de­
velopment of humoral immunity: first, 
in chickens the bursa appears to be the 
exclusive site for the formation of B cells 
and, second, individual B lymphocytes 
are irrevocably committed to the syn­
thesis of IgM, IgG or IgA when, in that 

. order, they leave the parent organ. 
Two competing theories could explain 

the generation of class diversity among B 
lymphocytes. Within the bursal environ­
ment different stem cells might be in­
duced to begin synthesizing the immu­
noglobulins IgM, IgG and IgA, or lym­
phocytes that initially express IgM could 
be made to switch to IgG and later to 
IgA. In a series of experiments in our 
laboratory at the University of Alabama 
in Birmingham Medical Center, Paul W. 
Kincade demonstrated that the latter is 
the more likely explanation. He found 
that in the bursa the cells containing 
IgG frequently contain IgM as well (a 
situation that is not common in any oth­
er part of the body). This pattern sug­
gested that while a cell is in the bursa it 
can change products; it was confirmed 
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POSSIBLE MAMMALIAN EQUIVALENT of the avian bursa of 
Fabricius was identified in an experiment showing that B cells 
(lymphocytes bearing immunoglobulins) can develop from stem 
cells in the fetal liver. Livers were removed from mouse embryos 
12 to 15 days old, cut into fragments and grown in a culture dish. 

B cells were not present initially, but they could be detected after 
a week's growth. Their presence was revealed by staining a suspen· 
sion of cells with labeled antibodies specific for the heavy chains 
of immunoglobulins; the stained cells were then examined under a 
microscope. The B cells developed in the same sequence that is ob· 
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by experiments in which chick embryos 
were treated with foreign antibodies ca­
pable of recognizing the heavy chain of 
IgM as an antigen. (Since that is the mu 
chain, the antibodies are called anti-mu 
antibodies.) Anti-mu antibodies tempo­
rarily suppressed not only IgM-contain­
ing cells but also all B lymphocytes, a 
result consistent with the theory that 
IgG and IgA cells are merely the progeny 
of IgM cells. Subsequent removal of the 
bursa permanently obliterated all traces 
of the entire B-cell line, again indicating 
that there is only one population of 
bursa-derived lymphocytes, which man­
ufactures the immunoglobulins in the se­
quence IgM, IgG, IgA. 

A further conclusion about the devel­
opment of humoral immunity could be 
drawn from these observations. It ap­
pears that the signals controlling the gen­
eration of lymphocytes within the bursa 
are different in kind from those medi­
ating the further differentiation of the 
cells once they leave the bursa. The for­
mer are intrinsic to the bursa, whereas 
the latter must include the influence of 
exogenous antigens. From these con­
cepts we derived a general model for 
B-cell differentiation [see illustration on 
page 65]. It is an elaboration on the 
clonal selection theory proposed by Sir 
Macfarlane Burnet, in which antigens 
select preexisting cells bearing the ap-
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served in living animals: first to appear were 
those bearing IgM, then IgG and finally IgA. 
Tbe experiment was performed at Univers­
ity College London by Jobn J. T. Owen, Mar· 
tin C. Raff and one of the authors (Cooper). 

propriate receptors and stimulate them 
to proliferate, thereby increasing pro­
duction of the antibody specific to that 
antigen [see "The Mechanism of Immu­
nity," by Sir Macfarlane Burnet; SCI­
ENTIFIC AMERICAN, January, 1961]. 

A Model of Cell Differentiation 

Before a cell can be selected by an 
antigen it must be generated from an 
undifferentiated precursor and induced 
to manifest the appropriate antibody. 
In our model this process begins with 
the migration of a stem cell into a par­
ticular environment: the avian bursa of 
Fabricius or its mammalian equivalent. 
The first detectable step in differentia­
tion is the synthesis of IgM antibodies, 
most of which are incorporated into the 
cell membrane, where they serve as re­
ceptors for a Single antigen. 

Still under the influence of the induc­
tive microenvironment, the clonal pre­
cursor undergoes a series of mitotic di­
visions, producing from one cell a great 
many identical offspring. The majority 
of the daughter cells migrate to the pe­
ripheral tissues, but at some point one 
or more of those remaining in the bursa 
(or its equivalent) take a second step in 
differentiation by switching from IgM 
synthesis to IgG synthesis. The change 
is believed to involve only the expression 
of the two genes that specify the con­
stant regions of the mu and gamma 
heavy chains ; the cell merely stops man­
ufacturing the mu chain and begins mak­
ing the gamma chain. The light-chain 
type of the clone is not altered, nor are 
the variable regions of either chain, so 
that the specificity of the molecule for 
its antigen does not change. It is pro­
posed that precursor cells committed to 
IgA synthesis arise from a similar mech­
anism in which the cell switches from 
gamma to alpha heavy chains. Precursor 
cells for IgD and IgE and the various 
subclasses could develop in the same 
way, but too little is known of their ori­
gin for them to be explicitly included in 
the model. 

Further B-cell differentiation is ini­
tiated by external factors, primarily en­
vironmental antigens, in most cases with 
the cooperation of other types of cells, 
such as T lymphocytes and inacro­
phages. The second stage begins when 
immunologically competent "virgin" B 
lymphocytes are stimulated by contact 
with an antigen to proliferate and there­
by form either plasma cells or additional 
B lymphocytes called memory cells. The 
production of memory cells is a mech­
anism for the expansion of selected 
clones ; it enables an individual who has 

been exposed to an antigen once to re­
spond more promptly and vigorously in 
a second encounter. B cells are trans­
formed into plasma cells through an in­
termediate form called a lymphoblast. 
The large quantities of antibody secret­
ed by the mature plasma cell initiate the 
elimination of the antigens, usually by 
activating the group of enzymes collec­
tively called complement [see "The 
Complement System," by Manfred M.  
Mayer; SCIENTIFIC AMERICAN, Novem­
ber, 1973]. 

The way in which antigens induce B 
cells to divide and mature is not entirely 
clear, but two types of signal are thought 
to be involved. One is the direct interac­
tion of antigens with antibodies on the 
surface of the lymphocyte, presumably 
through some correspondence of shape. 
Antigens with closely spaced, repeating 
antigenic determinants, such as polysac­
charides (chains of sugar units), are most 
efficient in this mode of stimulation. An­
other signal is communicated by activat­
ed T cells, and factors from T cells may 
reach B lymphocytes by way of the sur­
face of macrophages. A secondary stim­
ulus augmenting the antigen seems to be 
more important for triggering the ter­
minal differentiation of B cells into plas­
ma cells than it is for inducing the 
formation of memory cells. The re­
quirement for T-cell cooperation also 
varies with the class of immunoglobulins. 
IgM immune responses are the least de­
pendent on thymus-derived cells, and 
IgA responses are the most dependent. 

A final stage in the control of the hu­
moral immune response is the preven­
tion of excessive proliferation of B cells 
and the overproduction of specific anti­
bodies. This is accomplished by a feed­
back mechanism in which an antibody 
inhibits the proliferation of the clone of 
cells that produced it. Recent evidence 
suggests that a special class of "suppres­
sor" T cells may also be important in 
modulating the immune reaction. 

Because mammals have no identifi­
able bursa, it is not now possible in ex­
periments with mice to surgically re­
move the source of newly formed B cells. 
Many of the experiments that helped to 
elucidate the development of the im­
mune system in birds can therefore be 
carried out in mammals only with modi­
fied techniques. One of these techniques 
consists in attacking the B cells in situ by 
repeated injections of foreign antibodies 
beginning at birth; the antibodies are 
specific for antigenic determinants on 
the heavy chains of immunoglobulins. 

With Richard M. Asofsky of the Na­
tional Institutes of Health, we found that 
anti-mu antibodies given to newborn 
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HYPOTHETICAL GENETIC MECHANISM for the generation of 
diversity among B cells postulates the repression of certain genes 
and. the formation of loops in DNA. Three independent families of 
genes specify the polypeptide chains of immunoglobulin molecules 
(circled diagrams at top ) .  One family codes for kappa light chains, 
another for lambda light chains and a third for the various classes 
of heavy chains. Each family consists of genes in tandem on a pair 
of chromosomes for constant regions (black ) and variable regions 
(color).  The lirst stage in the differentiation of the cells is the reo 
pression of the genes for one light chain ; here the lambda chain is 
deleted. Next, one set of genes in each remaining family is reo 
pressed. The information expressed by the cell thus consists of a 
set of genes for one kind of light chain, in this case kappa, ,md a 
complement of genes for all the heavy chains. In the lower illustra· 
tion the heavy·chain genes are shown in detail. They can be con· 
sidered domains in tandem array on a long sequence of DNA; the 
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genes for variahle regions are separated from those for constant 
regions by a spacer, and each of the genes is bounded by zones 
called recognition units ( black bands ) .  The constant.region genes 
are arranged in the order mu, gamma, alpha. A variable.region gene 
is selected for expression when a loop forms in the DNA (colored 
segment) ,  bringing the gene for the third variable region (Va )  into 
contact with the one for the mu·chain constant region (emu ) '  The 
loop is stabilized by the recognition units of the two genes. When 
this segment of the DNA replicates during cell division, the genetic 
information in the loop is deleted, and the daughter cells therefore 
produce immunoglobulins with the mu heavy chain (IgM) and of 
specificity determined by variable·region 'gene Va. In l' later gen· 
eration another loop forms, this time excising the mu·chain genes 
and leading to progeny cells that make IgG. Loops formed in later 
generations could explain the development of IgA·secreting cells 
and the expression of all the remaining variable.region genes. 
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mice led to the almost complete elimina­
tion of B-cell activity, whereas T-cell de­
velopment and function were unim­
paired. After the treatment fewer than 2 
percent of all spleen cells were found to 
bear the surface marker for B cells, com­
pared with about 45 percent in control 
mice. Serum concentrations of all classes 
of immunoglobulins were depressed. 
Even when challenged with potent anti­
gens, the treated animals were incapable 
of producing antibodies. The results of 
this investigation and similar results ob­
tained independently by Dean W. Man­
ning and John W. Jutila of Montana 
State University were entirely consistent 
with those of experiments in birds . 

If the 'Proposed mu-gamma-alpha se­
quence of gene expression for the con­
stant regions of the heavy chains is cor­
rect, then elimination of IgG precursors 
as they first appear should block IgA 
synthesis as welL An experiment testing 
this hypothesis was complicated by the 
fact that during gestation maternal IgG 
is transferred across the placenta to the 
fetus, making it difficult to suppress IgG 
synthesis. In only one of several experi­
ments did repeated injections of anti­
gamma antibody completely eliminate 
IgG production. IgA-producing cells 
were suppressed in the IgG-deficient 
mice, but they were present in those 
mice making normal amounts of IgG. In 
all the animals IgM production was un­
impaired. Inhibition of IgA synthesis by 
injections of anti-alpha antibodies had 
no effect on either IgM or IgG. Because 
the experiment in which IgG synthesis 
was suppressed has been so difficult to 
reproduce, the mu-gamma-alpha se­
quence cannot be considered proved. It 
is clear, however, that all B cells are the 
progeny of cells that have synthesized 
IgM at an earlier stage of development. 

There is other evidence in mammals 
indicating that a change in the expres­
sion of genes for the constant regions of 
the heavy immunoglobulin chains (C H) 
is responsible for the change in the class 
of immunoglobulins synthesized by B 
cells . In studies of a man with a myelo­
ma (a cancer of the bone marrow) that 
resulted in excessive proliferation of cells 
producing IgM and IgG, An-Chuan 
Wang and H. Hugh Fudenberg and 
their colleagues at the School of Medi­
cine of the University of California at 
San Francisco found that only the con­
stant regions of the heavy chains dis­
tinguished the products of the two kinds 
of cancerous cells. The light chains and 
the variable regions of both heavy and 
light chains were identical in amino acid 
composition, even though the two classes 
of immunoglobulins were being manu-

factured by separate populations of ma­
lignant plasma cells. These and other ob­
servations indicate that a C H gene switch 
is at least possible. 

The Mammalian Bursa Equivalent 

One of the principal impediments to 
the study of B-cell development in mam­
mals has been our ignorance of where 
the development takes place. In the 
search for a mammalian equivalent of 
the bursa of Fabricius many kinds of 
tissue have been considered-for exam­
ple the bone marrow and the spleen. 
One theory that for a time seemed 
promising was proposed by one of us 
(Cooper), Good and our colleagues; it 
held that the appendix and certain other 
intestinal lymphoepithelial tissues were 
the mammalian sites of B-cell induction. 
The theory has since turned out to be 
wrong, at least to the extent that these 
regions cannot be the only sites of B­
lymphocyte formation. 

In mammalian embryos lymphocytes 
bearing surface immunoglobulins ap­
pear first in the blood-forming organs . In 
mice having a gestation period of 20 
days B cells appear in the liver and the 
spleen at 16 or 17 days. Several days 
earlier hemopoietic stem cells stream 
from the yolk sac into the liver and then 
the spleen. Recently Owen, Raff and one 
of us (Cooper), working at University 
College London, have shown in an or­
gan-culture study that B cells arise de 
novo in these hemopoietic tissues [see il­
lustration on pages 66 and 67]. 

Livers were removed from mouse 
fetuses between the 12th day and the 
15th day of gestation, cut into small 
fragments and floated in a culture me­
dium atop a porous membrane. Receiv­
ing nutrients from below and oxygen 
from above, liver fragments will grow in 
such an environment for several days . 
During the first week in culture B cells 
appeared in the same sequence as the 
one in which they emerge in the living 
fetus . IgM- and IgG-bearing cells were 
detected at almost the same time; they 
were followed by IgA cells .  As in chick 
embryos and newborn mice, anti-mu 
antibodies blocked the development of 
all B lymphocytes. 

Whole spleens can also give rise to 
immunoglobulin-bearing lymphocytes . 
Whether or not the lymphoid stem cells 
in the spleen have already been influ­
enced by passage through the liver is for 
now not known. The primacy of the liver 
as a B-cell induction site does seem to be 
a possibility, in part because its origin, 
like that of the avian bursa, is in epithe­
lial tissue; the spleen, on the other hand, 

is derived from embryonic mesenchyme. 
As is predicted by our model, the vari­

ous immunoglobulin classes of B cells 
develop as well in media free of exoge­
nous antigens as they do in culture media 
containing antigenic materials, such as 
calf-serum proteins. Class diversity also 
develops normally whether or not T 
lymphocytes are present in the culture. 
These factors would be expected to in­
fluence only the second phase of B-cell 
differentiation: that which takes place 
as a response to an antigen. 

Other investigations of the influence 
of antigens on B-cell diversity have ap­
proached the question differently. Joan 
L. Press and Norman R. Klinman of the 
University of Pennsylvania School of 
Medicine have shown that the precur­
sors of cells bearing antibodies to a spe­
cific antigen appear with comparable 
frequency in the spleens of fetal mice 
and mature mice. Because the antigen 
would not be encountered in fetal life, 
their findings support the view that clo­
nal diversity in B cells arises indepen­
dent of contact with antigens. Patricia G. 
Spear and her colleagues at Rockefeller 
University have reached a similar con­
clusion through experiments employing 
a different technique for detecting anti­
gen-reactive B lymphocytes in fetal and 
adult animals. For now it cannot be 
stated with certainty that "intrinsic" an­
tigens (such as the histocompatibility 
antigens that are the major determinants 
of self-recognition) play no role in the 
ontogeny of B cells, but there is an 
abundance of evidence to suggest that 
the development of diversity in B lym­
phocytes is not a response to random 
contacts with antigens from the external 
environment. 

The Genetics of Immunity 

As the experiments recounted above 
imply, there is every reason to believe 
that the primary differentiation of stem 
cells into a diverse population of B cells 
and other cells follows an orderly pro­
gram encoded in the genes, and that the 
program operates without prompting 
from the external environment. For this 
reason it is essential that an explanation 
of immunological development be based 
ultimately on genetic principles. 

In most proteins a single gene en­
codes all the information for the syn­
thesis of a single polypeptide chain; this 
is not so in the case of the immunoglobu­
lins, as was first suggested by William J. 
Dreyer and J. Claude Bennett of the 
California Institute of Technology. He­
reditary studies and the amino acid se­
quences of immunoglobulins both sug-
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gest that the constant and the variable 
regions of each polypeptide chain are 
specified by different genes, and that 
there are in fact three distinct families 
of structural genes for antibody mole­
cules . Each family consists of a number 
of genes in tandem array coding for the 
variable regions of heavy or light chains 
and, nearby on the same chromosome, 
a smaller number of genes for the con­
stant regions . One family specifies kappa 
light chains, the second lambda light 
chains and the third the various classes 
and subclasses of heavy chains . The 
genes within each family are linked, but 
the three families are not; they are prob­
ably located on separate chromosomes . 

The chromosomes are of course 
paired, but information from only one 
chromosome of each pair is expressed. 
The repression -of one set of genes in 
each pair is necessary if the model is to 
account for the observed behavior of 
plasma cells; even in an individual that 
is heterozygous for a genetic marker on 
an immunoglobulin, each plasma cell ex­
presses only one of the alleles, a phenom­
enon called allelic exclusion. 

The first step in constructing an im­
munoglobulin from this genetic program 
is therefore the functional repression of 
the immunoglobulin genes on one of the 

PHARYNGEAL POUCHES 
TH IRD FOURTH 2 

paired chromosomes bearing each genc 
family. The mechanism must then select 
which light-chain family, kappa or lamb­
da, is to be expressed. Two families of 
genes then remain: one family for light 
chains and one for heavy chains; the 
latter determines the class of the immu­
noglobulin. 

The next decision is the selection of a 

particular set of variable-;-egion genes 
for both the heavy and the light chains; 
these will together determine the spec­
ificity of the antibody. The number of 
inherited variable genes remains a mat­
ter of controversy, but most investiga­
tors agree that it must be fairly large, 
and it could be enormous. Advocates of 
one theory, called the germ-line theory, 
argue that all the necessary variable­
region genes are inherited. Others hold 
that much of the variability of the mole­
cule is generated by somatic mutation or 
recombination of genes, in which case 
they would not be passed on to offspring. 
There is evidence suggesting that the 
genes specifying the variable and con­
stant regions are joined in the DNA in 
the cell nucleus, and that a single RNA 
message is transcribed from the DNA 
and employed to direct the synthesis of 
each polypeptide strand in the antibody 
molecule. 

THYMUS 

Several models for the splicing togeth­
er of yariable-region and constant-region 
genes have been proposed. One that 
might account for both the joining of V 
ar:d C genes and for the sequentia� 
s\v"tch from one class of immunoglobu-­
!ins to another assumes that the C L 

genes are linked in the order mu, gam­
ma, alpha. Loops formed in the DN /I_ 
would excise each of these genes in se­

quence; when the looped DNA was 
transcibed or replicated, the informa­
tion in the loop would be deleted, so that 
separate clones of cells making each 
class of antibody would be created in 
turn. The same mechanism could also 
account for the selection of one gene for 
thc variable regions from the pool of 
many genes, thereby determining the 
specificity of the molecule [see illustra­
tion on page 68 ] .  

One potential method of choosing be­
tween the various theories of gene splic­
ing and selection is through the study of 
apparent exceptions to the rule that a 

single B cell can produce only one class 
of antibodies at a given time. Benvenuto 
Pernis of the Basel Institute for Immu­
nology has demonstrated that rabbit B 
cells producing IgG may have IgM on 
their surface; with David S. Rowe of 
the World Health Organization labora-
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IMMUNODEFICIENCY DISEASES can be considered defects in 

the differentiation of lymphocytes and lymphoid tissues. The abo 

sence of both B cells and T cells suggests a failure of lymphocyte 

precursors and can be repaired by transplantin g stem cells ( J ) 
from the fetal liver or the bone marrow. Individuals born without 

a thymus (2 )  lack cell·mediated immunity ; the functions of this 

system can be restored by the transplantation of a fetal thymus. 

The failure of stem cells to develop into B lymphocytes ( 3 )  is a 
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PLASMA CELL ANTIBODIES 

congenital, sex.linked disorder first  described by O gden C .  B ruton ; 

presumably it derives from a defect of the B·cell·iriduction site, 

probably the fetal liver. In other disorders of antibody production 

B cells arc present but they are not stimulated by anti gens to divide 

and develop into mature plasma cells. The arrest of differentiation 

may be absolute, and therefore lead to a defi ciency of all classes 

of immunoglobulins ( 4 ) ; it may involve cells making IgG and 

IgA ( 5 ) ,  or it may be confined to IgA.secreting cells only ( 6 ) .  
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��My tastes are very siIIlple. 

I only -want the 

very best of everything.�' 

An eminent British prime 

minister was quoted as having 

made that statement. 

Well, we guess just about 

everybody would like to have 

the very best of everything. 

But for most of us, that just 

isn't possible. We can't afford a 

Rolls-Royce {with chauffeur}, 

servants, summer and winter 

homes, etc. 

But it is interesting to note 

that even those who can afford 

all those things still cannot 

buy or serve a better whisky 

than Maker's Mark. 

And, as for the rest of us, no 

matter what our means, we can 

at least enjoy the very best 

of some things. One of those 

things is love, another is compan­

ionship. And speaking more 

materially, another is whisky. 

Moderation is key. 
If you drink in moderation, 

then the extra cost of Maker's 

Mark is amortized over quite a 

period. We'd be the first to 

admit that immoderate drinkers 

probably can't afford Maker's 

Mark. But then they really can't 

afford any whisky, can they? 

Maker's Mark was intended 

to be enjoyed in moderation. 

It is not, and never will be, 

mass produced. It is made, 

little at a time, slowly, 

thoughtfully, and is meant to be 

consumed in the same manner. 

Not for everyman. 
So, Maker's Mark will never 

compete for the mass market. 

. 

expenSIVe 
... and is. 

Made from on original old style 
sour mash recipe by .Bill Samuels, 

fourth geM ration Kentuck9 Distiller. 

Maker's Mark Distil lery, Loretto, Ky., 
Ninety Proof-Fully Matured. 

It was never Bill Samuels' 

desire to do so. Bill, founder 

of Maker's Mark Distillery, is a 

fourth-generation Kentucky 

distiller who knew exactly 

what he wanted when he 

started making his own whisky 

back in 1953. 
All he hoped for was to find 

the pride of self-achievement 

in making a whisky of singular 

character for those few who 

understood whisky well 

enough to enjoy a truly 

outstanding distillation. 

For you? 
Though it's not for every­

man, it could very well be 

for you. 

Free booklet. 
When you 're in our neck of 

the woods, we cordially 

invite you to visit our little 

distillery on Star Hill Farm 

near Loretto. Meanwhile, 

if you have an interest in 

the history of whisky-making 

in the Bluegrass state, write 

for a free copy of our little 

booklet, "The Wonderful 

I World of Kentucky Whisky. " 

7 1  

© 1974 SCIENTIFIC AMERICAN, INC



WINE TALK 
by Austin, Nichols 

At Chateau Bouscaut, they do not 
believe in putting young wine in 
old casks. 

Chateau Bouscaut is one of the few 
chateaux in its classification that matures 
each vintage exclusi vel y in new casks of 
Limousin oak. The Limousin is rare and 
costly, but it helps impart to the wine an 
unmistakable flavor and a better bal­
ance . Also, Bordeaux lore has it that the 
wine "falls bright" sooner and "lives" 
longer when aged in new oak. 

At Austin,  Nichols ,  long years of 
wine-tasting have taught us to respect 
these, the finer points of wine-making. 
For we have learned that attention to 
detail makes the difference between 
just "good" wine and an unusually 
supple ,  soft red Graves such as 
Chateau Bouscaut. 

Aging in new oak is part of what 
makes Chateau Bouscaut red a truly 
superior product. And careful selec­
tions like Bouscaut are what makes 
Austin, Nichols the world's foremost 
importer of fine Bordeaux wines. 
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tory in Lausanne he has gone on to show 
that human B lymphocytes may appar­
ently make IgM and IgD simultaneously. 

Pemis' findings in rabbits could be 
explained by the presence of a long­
lived messenger molecule for mu chains, 
which might remain active after the 
transcription of DNA had switched from 
the mu-chain to the gamma-chain gene. 
The second case is more difficult to ex­
plain and may represent an instance of 
simultaneous transcription of genes for 
antibodies that are of different classes 
but share the same specificity. Pernis 
and Maxime Seligmann of the Hopital 
Saint-Louis in Paris have discovered in a 
patient with a B-Iymphocyte malignancy 
IgM and IgD molecules on the cell sur­
face that share activity against IgG. The 
expression of specificity to the same anti­
gen can be interpreted to mean that the 
variable regions of the heavy chains of 
both immunoglobulins are identical. If it 
can be unequivocally demonstrated that 
the same V H gene can be transcribed 
simultaneously with two C H genes, the 
model presented here would be exclud­
ed in favor of one that makes provision 
for more than one copy of each V H gene. 
Deciphering nature's solution to the 
problem of generating diversity in the 
immune system should be of tremendous 
importance in understanding the differ­
entiation of other kinds of cells. 

Abnormal Development 

Knowledge of how lymphoid cells dif­
ferentiate also offers insight into disor­
ders of the immune system, and in some 
cases it may reveal at what point the sys­
tem has gone awry. Markers that can be 
employed to detect B lymphocytes, for 
example, have helped to show that most 
boys with Bruton's disease (the sex­
linked congenital deficiency in plasma 
cells and circulating antibodies) are vir­
tually devoid of B cells in all stages of 
differentiation. This observation sug­
gests that the disease might be caused 
by a flaw in the organ of B-cell genera­
tion, perhaps the fetal liver. Patients 
who develop a deficiency in plasma cells 
and antibodies later in life, on the other 
hand, often have normal numbers of B 
lymphocytes bearing immunoglobulins 
of all classes. In this case it appears that 
the defect is in the later stages of differ­
entiation and prevents the maturation of 
B cells into plasma cells. 

In other immunodeficient individuals 
the development of one class or more 
but not all classes of antibody-producing 
cells is arrested. In isolated IgA deficien­
cy, a condition in which only that class 
of immunoglobulins is lacking, B cells 

bearing IgA are almost always found in 
the bloodstream. The defect is present 
in one of every 500 people of European 
ancestry. L. Y. Frank Wu of our labora­
tory has found that B cells from some 
IgA-deficient patients can be stimulated 
to mature and secrete antibodies by 
growing them in a culture with an ex­
tract from pokeweed, a plant that con­
tains several substances that influence 
the behavior of lymphOid cells. The 
pokeweed extract can also stimulate the 
differentiation of lymphocytes from 
some individuals who are deficient in all 
classes of immunoglobulins. Such dis­
coveries inspire hope that in the future it 
may be possible to correct life-threaten­
ing immune disorders. Infants born 
without a thymus have already been suc­
cessfully treated with thymus grafts, and 
infants lacking both T and B cells have 
been immunologically repaired through 
transplants of bone marrow and fetal 
liver. 

Markers peculiar to T and B cells also 
make it possible to identify the cells in­
volved in lymphoid cancers. Some cases 
of acute lymphocytic leukemia, for ex­
ample, appear to be T-cell malignancies. 
Malignant proliferation of B cells occurs 
at several stages of differentiation. Mye­
lomas are characterized by uncontrolled 
growth of clones of mature plasma cells, 
whereas chronic lymphocytic leukemia 
and Burkitt's lymphoma involve B lym­
phocytes. The macroglobulinemias of 
Waldenstrom, named for Jan Walden­
strom of the General Hospital at Malmo 
in Sweden, represent an accumulation of 
cells in transition from B lymphocytes to 
antibody-secreting cells. 

The virus-induced lymphoma of bur­
sal cells in chickens resembles Burkitt's 
lymphoma in man, a malignant disease 
that also appears to be caused by a virus . 
The tumorous lymphocytes invariably 
produce IgM, regardless of their location 
in the body. It therefore seems plausible 
that the virus that precipitates the can­
cer transforms the cells during clonal 
differentiation, interrupting the usual 
course of gene expression at the time 
when the cell would ordinarily change 
from the synthesis of IgM to the syn­
thesis of IgG. Because the cells seem to 
be susceptible to the oncogenic effects of 
the virus only at a particular stage of dif­
ferentiation, it appears that the develop­
ment of the malignancy depends on 
what part of the host-cell genome is 
being expressed. Whether or not these 
speculations prove to be correct, they 
hint at potentially valuable concepts that 
may be refined through further study of 
developmental processes in the immune 
system. 
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Introducing 
Voyager 

;1"1 "1", 
�-�� --� . 

F o r  some,  there's  the s t a t i o n  
wagon. For some, the common van. 
And now, for others, there's something 
more. The Voyager. 

For openers, Voyager holds any­
thing a standard-size station wagon can 
hold and a whole lot more, l ike half a 
neighborhood on its way to school .  

There's an optional seating arrange­
ment for 1 5  people.  The most the 
competition from Ford and Chevrolet  
can seat is 1 2 .  

There's more. Every Voyager is 
built to last with Chrysler Corporation 
engineering features. Such as an Elec­
tronic Ignition System that means more 
miles between ignition tune-ups than 
conventional systems. 

The Voyager has a tighter turning 
diameter and a bigger fuel tank than 
Ford or Chevrolet. 

I t  handles as easily as a full-size 
station wagon. 

It comes with power front disc 
brakes. And much more. 

The new Plymouth � 
Voyager. It gives you � more to look into. 
Now at your Plymouth 
Dealer's. 

CHRYSLER 

Extra care in engineering 
. . .  it makes a difference. 

The new Plymouth wagon. 
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Portrait of a boy: by P< 

It's as if there were nothi ng between 
you and your subject . You'll want to take 
picture after picture ,  exploring e very 
angle, every facet of your subject's person­
ality. (And since you look directly through 
the lens, the picture you see is the picture 
you are going to get . )  

No other camera discovers so many 
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Ilaroid's S:X-70 and you. 

ways to see others. You can focus from a 
scene miles away to a baby as close as lOA 
i nches.  Press the button and whoosh ! 
There's your picture developing in 
utes before your eyes. 

Make a portrait study of some­
one close to you with the SX-70 
Land camera. 

optional leather carrying case. 

The image area i s ] 1  S X 31 8 inches. 
:'0 1974 Polaroid Corporation. 
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Introducing Eclipse. 
Suddenly a lot of computers don't look so bright. 
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The most expensive part of a computer isn't the computer 
anymore. 

It's the people who work with it. 
So Data General is introducing a family of medium scale 

computers that cut down on the work people have to do. 
Eclipse. 
You won't have to clean up the mistakes this computer 

makes. Eclipse has automatic memory error correction. 
You won't have to rewrite complicated instructions every 

time you need them. Eclipse 's microprogrammed architecture 
includes a comprehensive new set of instructions so powerful 
they do the work of entire subroutines. 

You won't have to lose speed doing special subroutines 
with software. Eclipse has a Writeable Control Storage Unit that 
lets you keep them in the hardware. 

You won't have to use assembly language to make your 
programs go fast. Eclipse is so fast it can run high level languages 
at assem bly language speeds. ( It has a bipolar memory cache 
that makes semi conductor memory a lot faster. Plus core and 
semiconductor memory interleaving for even more speed. 
And the fastest Floating Point Processor in the industry. ) 

And even though Eclipse is a brand new computer, you 
won't have to write a lot of systems software or jury-rig your 
peripherals. Eclipse is upwards compatible with the Nova line. 
So all the software and peripherals we've already made can go 
right to work on the Eclipse. 

Write for our brochure. And see how bright an Eclipse 
can be. 

DataGeneral 
The computer company you can understand . 

•• Data General Corporation, Southboro, Massachusetts 01772, ( 6 1 7 )  485-9100_ Data Gen 01 Canada Ltd_, Hull, Quebec, J8Y3S6, 
Data General Europe, 1 1 6  Rue de la Tour, Paris 75016 France_ Data General Australia, Melbourne (03) 82-1361/Sydney (02 )  908- 1366_ 
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MUSICAL DYNAMICS 

Contrasts in loudness make music exciting. 

Many performers do not, however, produce 

the variations composers expect from them 

by Blake Patterson 

A
ong the numerous components of 
musical performances are varia­
tions in loudness or, more techni­

cally, changes in sound pressure. Such 
variations have a distinct psychological 
purpose. Consider two contrasting musi­
cal experiences. Few Americans have es­
caped exposure to the first: "canned" 
background music. It surrounds us today 
in restaurants, in shopping centers and 
even in elevators. Not everyone may re­
alize why this kind of sonic wallpaper is 
so insipid. The reason is that the purvey­
ors of canned music process their tapes 
to eliminate variations in loudness. The 
product masks the clatter of dishes but 
is unlikely to engage anyone's interest; it 
even provides a subtle stimulus to eat 
quickly and leave. 

Consider next what one hears when a 
symphony orchestra is in full flight per­
forming, for example, Beethoven's Violin 
Concerto. One is aware of not only the 
strong contrast between the loud and the 
soft passages of the solo instrument but 
also the contrast between the loudness of 
the solo instrument and that of the vari­
ous orchestral voices. At one point the 
strings and woodwinds may barely whis­
per; at another they may almost shout. 
The brasses and the percussion instru­
ments of course produce louder sounds. 
A quiet passage demands the listener's 
concentration. A loud passage is capable 
of inducing in him a feeling of exulta­
tion. It is precisely to capture and sustain 
the audience's attention in this fashion 
that the composer varies the mood of his 
music by calling for widely contrasting 
levels of loudness. For example, in a 
brief passage in his Symphony No. 2 
Brahms demands that the players per­
form at each of the six standard levels of 
musical dynamics, from pianissimo to 
fortissimo [see illustration at right]. 

The search for better ways of achiev-
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ing dynamic contrasts is easily traced in 
the history of music. The baroque com­
posers, in particular Bach, Vivaldi and 
Telemann, favored the sweet-voiced 
recorder. The pitch of the recorder 
changes markedly, however, if the pres­
sure of the player's breath changes; if 
the instrument is to remain in tune, the 
pressure must remain nearly uniform. A 
recorder player is therefore quite limited 
in achieving variations in loudness. In 
contrast to the recorder, the transverse 
flute is a flexible instrument. Its player 
can, by carefully changing the relative 
positions of the blowhole and his lips, 
not only maintain correct pitch but also 
play softly or loudly as the notation re­
quires [see illustration on page 90]. Be­
cause of its superior expressiveness the 
transverse flute quickly eclipsed the re­
corder and has remained the standard 
orchestral flute since the time of Mozart. 
. The harpsichord, another instrument 

much admired during the baroque era, 
suffered a similar eclipse. The mecha­
nism of the harpsichord plucks the in­
strument's strings rather than striking 
them, and the string is displaced the 
same distance regardless of how gently 
or forcefully the keys are sttuck. For all 
its great tonal beauty the instrument has 
a very limited potential for variations in 
loudness. Almost from the time of its in­
vention a later device, named the piano­
forte in a combination of the Italian 
words for "soft" and "loud," supplanted 
the inflexible harpsichord as the favorite 
keyboard instrument of musicians and 
composers. 

Considering how much of musical dra­
ma stems from variations of loud­

ness it is scarcely surprising that com­
posers have invented symbols to indicate 
the levels of loudness they wish the per­
formers to achieve. Known collectively 
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CHANGES IN LOUDNESS, indicated to orchestral performers by 
a six-symbol system of notation (see key), are those found in a brief 
passage from Brahms's Second Symphony. In these nine measures 
Brahms called at least once for each of the six dynamics, from for. 
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tissimo (first indicated for the strings at measure 262) to pianis. 
simo (first indicated for some brasses at measure 266). Composers 
have used this means of calling on instrumentalists for varying de­

grees of loudness in their performances since the time of Mozart. 
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THRESHOLD OF PAIN 

ARTILLERY FIRE 
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DECIBEL SCALE, a proportional measure 
of acoustical power, progresses logarithmi­
cally in much the same way that the human 
ear responds to increases in sound intensity. 
Each lO·decibei increase corresponds to a 
tenfold rise in acoustical power, but it only 
produces what the average ear hears as a 
"doubling" of subjective loudness. In the 
laboratory a change as small as a third of a 
decibel can be perceived. In a musical per­
formance, however, changes of less than 
live decibels go unnoticed. Levels assigned 
to these examples are only approximations. 
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as musical dynamics, the signs have been 
six in number since Beethoven's day: pp 
for pianissimo, or very soft, p for piano, 
or soft, mp for mezzopiano, or moderate­
ly soft, mt for mezzoforte, or moderately 
loud, t for forte, or loud, and If for fortis­
simo, or very loud. The desirability of 
the variations in loudness that the system 
of notation implies has been universally 
accepted for some 200 years. It is there­
fore both surprising and ironic to find 
that comparatively few instrumentalists, 
professional or amateur, actually per­
form in a manner that audibly differenti­
ates among the six dynamics. A brief 
excursion into the history of modern 
acoustics will show how this curious fact 
came to be recognized. 

During the 1930's Harvey Fletcher 
and W. A. Munson of the Bell Telephone 
Laboratories conducted pioneer experi­
ments that measured the human ear's 
response to variations in sound intensity. 
The subject has continued to be of inter­
est both to acoustical engineers and to 
psychologists. A typical experimental 
procedure exposes a listener to a tone 
that is fixed in frequency and invariant 
in timbre, that is, harmonic content, and 
is heard against a uniform background 
noise. The tone is then altered in inten­
sity and the listener's response is noted. 
Under these controlled circumstances a 
listener can perceive an intensity change 
as small as .3 decibel, which is no more 
than a 4 percent increase in vibrational 
amplitude. Parenthetically, the decibel 
is a logarithmic unit of measurement ex­
pressing the ratio between the intensity 
of an observed sound pressure and a 
known reference pressure. It is useful as 
a measure of relative loudness in more 
ways than one. The response of the hu­
man ear to variations in intensity is also 
approximately logarithmic. In addition, 
a decibel measurement of variations in 
intensity is much the same whether the 
source of the sound is near or far away. 

To recognize changes of loudness in 
a musical context is a far more for­

midable task than doing so in the lab­
oratory. The ear now encounters tones 
that vary in both frequency and timbre 
and are heard against background noise 
that is decidedly heterogeneous. Perhaps 
the best way to assess the ear's response 
to complex musical sounds is by first 
analyzing the loudness characteristics 
of musical instruments. In 1962 Paul R. 
Lehman, while a graduate student at the 
University of Michigan, did this with re­
spect to the bassoon. He recorded in an 
anechoic chamber the performances of 
11 professional bassoonists employed by 

the symphony orchestras of Berlin, Bos­
ton, Cleveland, Detroit and Philadel­
phia. 

Each 1?erformer was asked to play a 
chromatic scale, beginning with the 
third A sharp below middle C (about 58 
hertz, or cycles per second) and termi­
nating an octave above middle C (about 
523 hertz). The scale was played at two 
levels: pianissimo (the softest volume 
the player could comfortably produce) 
and fortissimo (the loudest volume the 
player found consistent with his con­
cept of "good tone"). Since bassoonists 
are frequently called on to play at these 
two levels they soon find their average 
pianissimo and fortissimo performances 
"comfortable." Thus Lehman's data rep­
resent the customary dynamic grada­
tions used by experienced professional 
musicians. To preserve anonymity Leh­
man identified the participants in his 
study only by letters of the alphabet. 
Reproduced here are the two extremes 
he encountered: the performances of 
player C and player H. 

Player C showed the least dynamic 
range of any of the 11 bassoonists [see 
top illustration on page 84]. His varia­
tion in intensity from pitch to pitch at 
supposedly "constant" levels three times 
exceeded nine decibels. Nonetheless, 
the "smoothness" of player C's perform­
ances satisfies audiences, conductors and 
colleagues. When a scale that acute lis­
teners find satisfactorily smooth is shown 
by laboratory measurements to be re­
markably irregular, one reaches an in­
escapable conclusion. In a musical con­
text a variation in intensity of five deci­
bels or even more can go unnoticed by 
the human ear. 

Let us assume that the "intensity scat­
ter" at any one dynamic (that is, the 
width of an "average" band that would 
embrace the data points of that dynam­
ic) would extend 2.5 decibels above and 
below a smooth curve fitting the data 
points, so that the width of the band 
totals five decibels. A listener evidently 
identifies any note that lies within the 
pianissimo band as one of "pianissimo" 
intensity, and so forth. Accepting this 
premise, it is clear that player C's pianis­
simo and fortissimo performances are 
not very different in loudness; indeed, 
they approach overlap. A few of C's for­
tissimo notes even fall in the pianissimo 
band and vice versa. 

Lehman found that player H exhib­
ited the largest dynamic range among 
the 11 players tested [see bottom illus­
tration on page 84]. This professional 
produced an intensity scatter similar to 
C's in each dynamic but achieved a 
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Nikon helps separate people 
from population. 

In an age when people are identi­
fied by number and lumped together 
in population statistics, photography 
helps you rediscover the individual. 

You see examples of it every day. 
In your newspaper, where an incisive 
photograph can mirror the impact of 
a history-making event in the joy or 
agony expressed by a human face. 
In popular magazines, where the 
fascination of exotic culture is 
reflected in a colorful portfolio on 
the daily life of a single family. 

. T he camera used more than any 
other to portray our world in human 
terms is Nikon. In fact, it was the 
speed, the responsiveness and the 
versatility of the compact Nikon 
35mm camera that enabled the 

pioneers of modern photojournal­
ism to keep their lenses focused 
on the individual. 

Today's Nikon system makes it 
easy to capture the moods and per­
sonalities of the people you see. 
There's nothing to match its array of 
more than forty magnificent Nikkor 
lenses. High-speed optics, for shoot­
ing in even the dimmest available 
light. Telephoto lenses, for 
unposed "candids" 
from a discreet distance. 
Macro lenses that 
can fill the entire 
frame with a human 
eye. Fisheye Nikkors 
for a touch of the 
bizarre, and more. 

Plus hundreds of precision 
accessories that bring every 
picture within easy reach of your 
Nikon camera. 

Incidentally, people photography 
is one of the most popular subjects 
taught at the Nikon School, the 
famous weekend short course that 
travels to cities all over the 
country. Ask your Nikon dealer 
about it while he is showing 
you the Nikon F2 and its great 

system: Or write today 
for Folio lOA. Nikon Inc., 
Garden City, New York 
11530. Subsid.of Ehrenreich 
Photo-Optical Industries, 
Inc. rn� (In Canada. Anglo­
photo Ltd., P.Q.) 
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TALENTED AMATEURS in the Boston area played chromatic scales "as smoothly as pos­
sible" at dynamic levels that they considered appropriate for "typical orchestral music." 
None of the players achieved the minimum requirement for six dynamic levels: a fortis­
simo 30 decibels louder than pianissimo. The experiment was conducted at the Massachu­
setts Institute of Technology. Upper bar in each pair shows players' average dynamic range; 
lower bar shows players' average variation in intensity even though playing was "smooth." 

82 

greater average separation between the 
pianissimo and the fortissimo bands. 
None of the notes played at either dy­
namic was so aberrantly loud or soft as 
to stray near the other dynamic. Never­
theless, this player's average dynamic 
range was less than 17 decibels and the 
average range of all 11 professionals 
was only 10 decibels. 

If differences in loudness must ex­
ceed a minimum of five decibels to be 
perceptible, a question follows: What 
range of intensity variation across the 
spectrum of all six dynamics would al­
low recognition of each individual step 
from pianissimo to fortissimo? One can 
work toward the answer in two ways. 
The first is to propose that a six-decibel 
change in intensity is perceptible; on 
this assumption the total dynamic range 
from pianissimo to fortissimo must be at 
least 30 decibels, or a thousandfold in­
crease in acoustical power. The second 
is to require that the five-decibel scatter 
bands for each of the six dynamics be 
separated from one another by a one­
decibel gap. This guarantees that the 
intensities at one dynamic will differ by 
at least one decibel from the intensities 
at adjacent dynamics; as in the first in­
stance, the average fortissimo level will 
exceed the average pianissimo level by 
30 decibels. In practice a good musician 
should be able to vary his intensity even 
more than that; specific musical situa­
tions often demand a fortissimo louder 
than normal and a pianissimo softer 
than normal. 

Those familiar with acoustics will rec-
ognize that what Lehman was mea­

suring in his bassoonists' performance 
was the intensity of the sounds they 
produced, that is, their average acousti­
cal power. This is a simple yardstick. As 
psychologists are fond of reminding 
acoustical engineers, it is perhaps too 
simple. The loudness, or "perceived lev­
el," of a sound depends not only on its 
acoustical power but also on the relative 
strengths of its harmonic components. 
For example, a raspy musical sound may 
seem louder than a mellow one, even 
though the latter is actually of greater 
intensity. It is the difference in timbre 
that produces 'the subjective impression. 
This leads to a hitherto ignored possibili­
ty. Lehman's bassoonists were certainly 
not producing, even by minimum acous­
tical standards, the full range of dynam­
ics that composers are accustomed to call 
for. Were they nonetheless providing 
a substitute for dynamic gradations by 
means of careful variations in timbre? 
An experiment conducted at the Massa-
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Discover for yourself why this Karl Bolim recordi1t2 
has won three major awards! 

Enjoy MOZART'S SIX GREATEST SYMPHONIES 
in your home for 10 days free. All three 

Deutsche Grammophon recordings yours for less than the price of 1! 
Mozart-music's 
greatest natural genius! 

Wolfgang Amadeus Mozart­
divinely gifted beyond any other 
musician who ever lived! And 
into his six greatest symphonies 
he poured a multitude of IDS 
most astonishingly beautiful, 
incredibly moving inspirations! 
Symphony No. 41, "Jupiter" 
Symphony No. 40 in G-minor 
Symphony No. 39 in E-flat 
Symphony No. 38, "Prague" 
Symphony No. 36, "Unz" 
Symphony No. 35, "Haffner" 
Extra! Symphony No. 32 

Now you are invited to hear 
these miraculous works in their 
finest recording ... interpreted 
with extraordinary empathy by 
Karl BOhm ... played to perlec­
tion by the Berlin Philharmonic 
Orchestra ... captured in unsur­
passed stereo realism by Deutsche Gram­
mophon. So outstanding is tIDS recording 
that it has won three of the music world's 
most eagerly sought honors: the Grand 
Prix lntemational du Disque, Edison 
Award and Deutsche Schallplatten Prize! 

Now enjoy and keep these 3 superb albums 
for less than the price you'd pay for I! 

Because Mozart's Six Greatest Sympho­
nies by Karl BOhm has met with almost 
unprecedented acclaim, it has been cho­
sen to introduce you to the Great Awards 
Collection, a totally new concept in home 
listening. You may enjoy all six master­
pieces, on three superb-quality, imported 
records, for 10 days absolutely free. Then 
keep all three if you wish, for only $6.98 
(that's less thall the price you'd pay for just 
aile record)1 Silllply mail the attached COUpOI1 
today. 

Collect the world's greatest music­
only in award-winning albums! 

Special half-price bonus 
offer saves you money! 

In addition to great music, you'll enjoy 
great savings with our half-price plan. 
For every record you buy you may choose 
another one from a list of award-winners 
and other critically acclaimed LP's and 
pay just half the regular members' price! 
An economical way to billid your library 
of superb classical recordings. 

How many records are you committing 
yourself to buy when you return the 
attached coupon? NOlle at all! Even your 

introductory set of Mozart's Six 
Greatest SympllOl1ies comes to 
you 011 approval. Audition it free 
for ten days, then either return 
it-or keep it for only $6.98 for 
all three records, (plus a small 
postage/handling charge and 
sales tax where required). 

Here at last is the ideal way to 
acqillre, in easy stages, a con­
noisseur's record library without 
wasting a penny on disappoint­
ing purchases. You listen at 
horne to every award-winning 
selection before deciding wheth­
er to buy it' Please act today! 
Begin your money-saving, no­
obligation membership in the 
Great Awards Collection by 
mailing the attached coupon for 
your free trial, with 3 for less than 
the price of 1 purchase option of 
Mozart's Six Greatest Sympho-
nies -a recording for the agesl 

Seven ways the Great Awards Collection 
helps you enjoy fine music more than ever! 

1. Greatest music by the immortal composers. 
2. A major, award-winning recording each month. 
3. Superior imported LP's-silent surlaces. 
4. Free ten-day trials of all selections. 
5. Big savings through Half-Price Bonus Plan. 

6. No obligation to buy -no minimum purcllase. 
7. Money-saving introductolY offer. 

Send no money now - Mail coupon TODAY! 

Listen for 10 days free. 
Keep all 3 for less than the price of 1! 
Great Awards Collection 
175 Community Drive 
Great Neck, N.Y. 11025 NAJvlE (pl,.,�pn",) 

Please send for my free audition the triple award-winning 
recording of Mozart's Six Greatest Symphollies by Karl 
B6hm. I may return it after ten days and owe nothing, or 
keep it and pay only $6.98 for all three Deutsche 
Grammophon rerords (plus a small postage/handling 
charge and sales tax where "'luired). 

ADDRESS 

CITY 

STATE ZlP 

058 

19137/Q58 

As a member of the Great Awards Collec­
tion you will receive only the finest 
recordings of prize-winning concert per­
formances by top orchestras, conductors 
and soloists. Distinguished jurors each 
year select, from the hundreds of classical 
releases, the "golden few" that will be 
offered to members of the Great Awards 
Collection. Every month you'll enjoy free 
10-day audition privileges on each award­
winning single LP. Of course, you have 
the option of keeping or retuming each 
one so you'll never waste a penny on dis­
appointing purchasesl 

I will also receive a free ten-day audition each month of 
,mother award-winning recording of great music. For 
every one of these records I buy at your members' price 
(always below suggested retail), I may also choose one 
record at hall that price from your special list. I am not 
obligated to buy any minimwn number of records. I may 
cancel my membership at any tinle. 

Offer limited to the U.S. ilnd its possessions. Offer expires 1/31/75 
Limit: One membership per household - only new members el igiule. 
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chusetts Institute of Technology a dec­
ade ago suggests otherwise. 

In the 1960's Melville Clark and Paul 
Milner made recordings of musical tones 
that were performed at three different 
dynamics: pianissimo, mezzoforte and 
fortissimo. They then replayed individu­
al notes at a constant level of loudness to 
an audience of musically competent lis­
teners and asked them to identify the 
original dynamic of each note. The lis­
teners were generally unable to identi­
fy the original dynamic correctly even 
though the timbre differed from note to 
note. EVidently whereas both acoustical 
power and timbre provide aural clues to 
dynamic change in music, variations in 
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timbre alone are no substitute for varia­
tions in intensity. 

In this connection, although Lehman's 
data as presented here indicate intensi­
ties only, he also made harmonic analy­
ses of his bassoonists' playing. If one 
converts this information into a subjec­
tive scale of loudness, using the method 
developed a few years ago by S. S. Ste­
vens of Harvard University, a plot of the 
resulting perceived-level scatter looks 
just like the illustrations below, which 
depict objective rather than subjective 
measurements. Thus, at least with re­
spect to the bassoon, the perceived level 
depends primarily on acoustical power. 
This means that Lehman's data are capa-

ble of predicting the loudness discrimi­
nation of a listener in a musical context 
even though they depict objective values 
rather than subjective ones. 

No analysis as detailed as Lehman's 
exists regarding other professional in­
strumentalists. At M.LT., however, 
Clark and another colleague, David 
Luce, recorded a number of amateur in­
strumentalists selected from among the 
best musicians in three Boston-area 
orchestras. The performers included, 
among the string players, violinists and 
double-bassists and, among woodwind 
and brass instrumentalists, clarinetists, 
flutists, French hornists and trumpeters. 
All the participants in the experiment 
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PROFESSIONAL BASSOONIST, identified as Player C in a study 
conducted by Paul R. Lehman at the University of Michigan, dis· 
played an average dynamic range even smaller than that of the ama· 
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as 10 decibels separated some adjacent notes in player's pianissimo 
scale, his performances were considered "smooth" by colleagues. 
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ANOTHER PROFESSIONAL recorded by Lehman, Player H, had 
the greatest dynamic range of any of the II symphony bassoonists 
who participated in the experiment. In the middle register, where 
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the performer's range was at its maximum, the average fortissimo 
was 20 decibels above the average pianissimo. This is nonetheless 

below minimum range needed for perception of all six dynamics. 
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What has 16 legs, 
8 switching functions, 

and runs all day on milliwatts? 
The AMP Dual-DIP relay. Function­
for-function, the most economical, 
DIP-size, Ie-controllable relay on 
the market today. 

Its 16-lead, pluggable package 
contains two independent DPDT 
electr9mechanical relays. Providing 
a total of eight switching functions, 
with maximum operating time of 

. only 5 ms. and maximum release 
time of just 4 ms. 

Low-resistance, gold-plated 
contacts are perfect for "dry circuit" 
as well as general use. 

AMP Dual-DIP relays can be 

soldered directly to pc boards. Or 
"plugged" in with a variety of AMP 
standard or low-profile DIP headers 
or standard or miniature spring-type 
receptacles ... some posted, for 
automatic wiring. 

If you have a low-level switching 
application-and limited board 
space-the AMP Dual-DIP relay is 
your logical choice. Function-for­
function. 

For more information, write for 
relay data sheet: AMP Incorporated, 
Harrisburg,Pa.171OS. 

ANiP 
INCORPORATED 

AMP is a trademark of AMP Incorporated. 

85 

© 1974 SCIENTIFIC AMERICAN, INC



80 r-
----.------------.------------.---------� 

70 
en ...J W aJ 
U w 
e- 60 
� != 
(Jl 
z w t-
� 
w 
> i= ::s w 
c:: 

en ...J W aJ 
U w 
e-
� t-iii 
z w t-� 
w > 
i= ::s w 
c:: 

en ...J w aJ 
U w 
e-
� t-iii 
z W t-
� 
w > 

� w 
a: 

86 

50 

40 

30L-____ �----------� __________ � ________ ---' 
MIDDLE C Cs 

PITCH 

80r-.-----------.------------r-----------.-, 

70 

60 

50 

40 

30L-��� ______ � ____________ � __________ �___' 
MIDDLE C Cs 

PITCH 

80 

�--::; ���--
70 � � 

-
60 

50 

40 

30 
MIDDLE C Cs Cs 

PITCH 

80,---------,-----------,------------.-----, 

70 
en ...J W aJ 
U w 
e- 60 
� t-iii 
z W t-
� 50 w 
> i= ::s w 
c:: 

40 

, 30L-__ � __ �� ____________ � ____________ � ____ _J 
C3 

PITCH 
MIDDLE C 

80 r-----------,-----------,------------r---, 

70 
en ...J W aJ 
U w 
e- 60 
� t-iii 
z W t-
� 50 w > 
i= ::s w 
c:: 

40 

30 
MIDDLE C Cs Cs 

PITCH 

90 

80 

en ...J w 
� 70 
w 
e-
� iii 60 z W t-
� 
W 
> 

� 50 
w 
c:: 

40 

30 
C2 � MIDDLE C Cs 

PITCH 

© 1974 SCIENTIFIC AMERICAN, INC



were asked to play "as smoothly as pos­
sible" chromatic scales at the pianissimo 
and fortissimo dynamics. The players 
did so at levels that each subjectively 
judged to be appropriate for "typical 
orchestra music." 

Now, most amateur musicians learn 
their craft from a teacher who is a pro­
fessional. In the process the amateur's 

. faplts, including any inadequacy in dy­
namic range, are monitored and correct­
ed by the teacher. One can thus expect 
to find a strong similarity between the 
dynamics characteristic of a good ama­
teur and those characteristic of a typical 
professional. Indeed, the Boston ama­
teur bassoonists showed the same aver­
age lO-decibel dynamic range that Leh­
man's professionals did. 

Rather than publishing their data in 
Lehman's note-by-note fashion, Clark 
and Luce computed best-fit parabolas 
for the values they recorded at each dy­
namic and then calculated the average 
deviation in intensity above and below 
those smoothed curves [see illustration 
on opposite page]. As with Lehman's 
data, of course, quite a few of the actual 
data points fell outside their averaged 
pianissimo and fortissimo bands. The 
fact is that the player can do little to 
avoid this kind of variation in loudness. 
Just as the average person finds a tape 
recording of his own voice surprising be­
cause it differs from what he hears when 
he is talking, so a musician hears irreg­
ular responses from his instrument that 
are quite unlike the irregularities heard 
by the audience. The musician's ears re­
ceive the sound of the instrument from 
many sources. Vibrations from a wind 
instrument are transmitted to the ear 
through the player's facial tissue, begin­
ning at the lips, and through the air 
from a variety of instrument openings. 
For a violin or viola the vibrations trans­
mitted through the player's head from 
the chin rest compete with the vibrations 
transmitted through the air. Because the 
sounds from these different sources may 
reinforce one another at one pitch and 
cancel one another at another pitch the 
player hears only a distorted impression 
of what the audience hears. A conductor 
or a colleague may on occasion point out 
a player's weak notes, but the "smooth-

est" playing probably results when the 
musician assumes that a constant effort 
produces a constant acoustical output. 

.N was the case with Lehman's bassoon-
ists, the different instrumentalists 

who performed for Clark and Luce 
showed an intensity scatter of about five 
decibels as they played chromatic scales 
at nominally 1iniform levels. Among the 
strings the deviation may have been due 
to resonant effects in the instrument's 
wooden plates and cavities. The brasses 
that Clark and Luce recorded included 
the trombone and the tuba in addition to 
the trumpet. All exhibited substantially 
less deviation. This seems attributable to 
the more consistent shape of these in­
struments' resonant and radiating sys­
tems. Here a uniform effort yields a 
smoother output. In any event the play­
ers studied by Clark and Luce resembled 
Lehman's bassoonists in one important 
respect: all. of them fell far short of the 
minimum required separation of 30 deci­
bels between pianissimo and fortissimo. 

One can, of course, somewhat invidi­
ously attribute the results of Clark and 
Luce's experiment to the likelihood that 
any keen amateur musician in the Bos­
ton area would study with a member of 
the Boston Symphony. To judge from 
Lehman's data, Boston Symphony bas­
soonists, at least, would be prone to ac­
cept or even encourage a limited dynam­
ic range in their pupils' performance. At 
the same time another question arises: 
Are the instruments of the modern or­
chestra able to produce a 30-decibel dy­
namic range? There are some answers to 
this question. For example, the strings 
can easily achieve this large a range. 

In March of last year I measured the 
dynamic range of seven members of the 
string-bass ensemble class conducted at 
the Juilliard School by David Walter. 
They played pianissimo and fortissimo 
appropriate for the scherzo of Beetho­
ven's Symphony No. 5. Although the 
average range among the seven musi­
cians was only 18 decibels, one of them 
demonstrated a 30-decibel range with­
out difficulty. As regards the violin, I 
have measured the performance of ama­
teur players at the University of Cali­
fornia at Berkeley, who demonstrated 

DYNAMIC RANGES of three classes of instruments appear in the graphs on the opposite 
page. They are (left to right) violin and double bass (top), flute and clarinet (middle) and 
trumpet and French horn (bottom). The performers are the Boston amateurs of the M.LT. 
experiment. The French hornists demonstrated the greatest dynamic range. The trumpeters' 
"scatter," that is, width of band surrounding a best·fit parabola, was the least of the six. That 
is probably because constant muscular effort with thi� instrument produces uniform output. 

dynamic ranges exceeding 40 decibels. 
Violin virtuosos, of course, can do even 
better. For example, when Isaac Stern 
played Beethoven's Violin Concerto 
with the New Jersey Symphony Orches­
tra in April, 1973, he displayed an enor­
mous dynamic range. If, as seems pos­
sible, it reached 50 decibels, then his 
fortissimo was 100,000 times more pow­
erful than his pianissim�le effect en­
thralled his audience. 

Brass instruments can also produce a 
dynamic range of more than 30 decibels. 
The trumpet soloist of the New Jersey 
Symphony, Zachary Shnek, has demon­
strated a range of 36 decibels at inter­
mediate pitches and of 31 decibels in 
the low and high registers. The first 
trombonist of the same orchestra, Stew­
art Taylor, has a dynamic range of be­
tween 31 and 38 decibels over a corre­
sponding spectrum of pitches. 

Among woodwind players the clari­
netist finds dynamic control relatively 
simple; I have measured a range of 45 
decibels for this instrument. Players of 
the other orchestral woodwinds, how­
ever, face considerable difficulty in 
achieving such control. For example, al­
though the flute outperforms the re­
corder, it is far from being a trouble-free 
instrument. Nevertheless, I have mea­
sured dynamic ranges greater than 20 
decibels among flutists, and a colleague 
of mine who plays chamber music can 
manage a 30-decibel variation on some 
notes of her flute. 

My own instrument is the bassoon. 
Early in my career as a bassoonist I 
played under a conductor, Henri Nosco, 
who was formerly a concertmaster in 
Arturo Toscanini's famous NBC Sym­
phony. Nosco insisted on effective dy­
namic contrasts, and I was forced to· de­
velop the widest possible variations in 
loudness. I learned special fingerings, 
contrived to adjust my reeds and was 
soon able to play louder and softer than 
is normally done. Now, the potential dy­
namic range of the bassoon exceeds 40 
decibels [see illustration on page 95]. 
This means that the four intermediate 
degrees of loudness can fit comfortably 
between pianissimo and fortissimo and 
that their respective scatter bands, each 
five decibels wide, are separated by a 
gap of not one decibel but as many as 
four. All in all, that is three to four times 
the dynamic range of the other bassoon­
ists whose performances are reproduced 
here. 

Of all instrumentalists the woodwind 
players demonstrate the least dynamic 
range. In most orchestras they custom­
arily play important solo passages mod-
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The Mercedes ... Benz 280. 
This yeru.; some new American cars 

look surprisingly like it. 
On the outside. 

7" 

�------------- 195.5"------------------ 1 
The original: the Mercedes-Benz 280. The "Look-alikes" tried to imitate its exterior. 
But essentials like its engine, brakes and suspension system continue to escape them. 

The "Look ... alikes" are here ... sedans whose shapes 
and sizes are remarkably close to that of the Mercedes ... Benz 280. 

It was bound to happen. We expected it. The silhouette 
may look the same, but that is where the similarity ends. 

Y
OU simply can't make a car in­
to a Mercedes-Benz by imitat­

ing its appearance. Or its interior. 
Or any other single element. 

You, the driver, can prove this 
to yourself. Test drive a 280 Sedan. 
Then put any of the newcomers 
through the same demanding test. 
The difference will be driven home. 
The engineering difference. 

We don't fault others for trying 
to follow the lead of the 280. In 
fact, we applaud the move toward 
sensibly sized sedans. That's progress. 

But we really must question the 
idea that another car is like a Mer­
cedes-Benz because it has a grille 

like one. Or a silhouette like one. 
An automobile either is a Mercedes­
Benz, or it isn't. 

The Emperor's new clothes 
Look beyond the new suits of 

Mercedes- Benz 280 grille. 

clothes that the imitators are sport­
ing. It's the same old story. 

Take the engine. You'll find 
little that's new. These cars may 

still offer you engines designed long 
ago. That may be hard to believe, 
but it's an engineering fact. 

It's a different story with Mer­
cedes-Benz. The contemporary en­
gine in the 280 Sedan was designed 

t 

American "Look-alike" grille. 

specifically for the 280 Series; de­
signed as an integral part of the 
automobile. 

This modem, twin overhead 
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camshaft engine directly meets de­
mands of taday's driving. It gives 
you fuel economy without sacrific­
ing performance. No "Look-alike" 
domestic sedan has anything like 
the engine in a Mercedes-Benz 
280. You'll instantly feel the differ­
ence on your first test drive. 

No place to compromise 
Look closely at the rear suspension 
on any of these "all-new" domestic 
sedans. They still feature simple 
wagon axles.The axles are one piece 
and suspended by groups of leaf 
springs. When one rear wheel hits 
a bump, the other is jolted too. 

Now look at the Mercedes-Benz 
280. Its rear suspension is complete-

The 280: independent rear suspension 
so a bump on the right can' t jounce 

the whed on the left. 

ly different. Each wheel has its own 
independent suspension system. 
That way, each wheel reacts to the 
road surface independently. This 
design - fully independent suspen­
sion - is also a safety feature. It 

The Mercedes-Benz 280 Sedan: 
the standard the others measure by. 

gives you the security of control 
because it helps the standard radial 
tires stay on the road, where they 
belong. 

Although 4-wheel independent 
suspension is far more expensive to 
engineer into an automobile, it is 
the no-compromise way. And at 
Mercedes-Benz, we don't feel sus­
pension and handling are places 
to cut comers. 

The only way 
The same can be said for brakes. 
Certainly no area to compromise. 
Here is one area where American 
sedans have made great stridesThe 
"Mercedes-style" new cars you 
will see in 1975 will probably have 

The "Look-alike: " wagon- tY/Je 
rear suspension so a bump on the right 

must jounce the wheel on the left. 

disc brakes. But where? On the 
front wheels. Why are disc brakes 
confined to their front wheels? 

We have no answer to that 
question. At Mercedes-Benz, we 
have designed 4-wheel disc brakes 

into all of our automobiles for years. 
Every wheel on every Mercedes­
Benz has a disc brake to stop it -
4-wheel disc brakes. We wouldn't 
engineer an automobile without 
them. At Mercedes-Benz, it's the 
only way. 

You get what you pay for 
To be sure, a Mercedes-Benz 280 
is more expensive than the domes­
tic newcomers that will try to chal­
lenge it. Consider the basic differ­
ences already mentioned. Add some 
others like safety engineering, re­
sale value and the Mercedes-Benz 
commitment to quality. These are 
fundamentals you can't just "add 
on." In a Mercedes-Benz you get 
what you pay for. 

More and more you hear about 
cars that have this or that "just 
l ike a Mercedes-Benz." But you 
don't make a Mercedes-Benz by 
just trying to copy it. 

The Mercedes-Benz 280 Sedan. 
Make an appointment to test drive 
one. See why a Mercedes- 0 
Benz has become the 
standard other manufac-
turers measure by. 

Mercedes-Benz 
Engineered like no other car 

in the world. 

Cl Mercedes-Benz, 1974 

89  

© 1974 SCIENTIFIC AMERICAN, INC



80r-�------------------,,------------------�----------� 

70 

Vi ...J W III 
5 60 w 
e. 
> I-
iii 
z W I-
� 
W > 50 
� w 
ex: 

40 

pp 

30 
MIDDLE C Cs Cs 

PITCH 

80 

70 

If 

Vi ...J W III 
5 60 w 
e. 
> I-
iii 
z W I-
� 
W 
> 50 f= -< ...J W 
ex: 

pp 

40 

30 
MIDDLE C Cs 

PITCH 

BAROQUE FAVORITE, the recorder ( top); was displaced by the transverse flute (bottom ) 
during the 18th century because of the superior dynamic range of the flute. As the upper 
graph shows, even an extremely adept player has a very small dynamic range with the reo 
corder ; the reason is that variations in air pressure cause changes in pitch. With flute, as the 
lower graph shows, same player's fortissimo averaged 25 decibels louder than pianissimo. 

90 

erately loudly and subsidiary passages 
somewhat more softly; in both instances 
they pay little attention to the compos­
er's dynamic notation. There is good 
cause for this. To play an effective wood­
wind fortissimo frequently makes the 
instrument's pitch go awry. Similarly, in 
sustaining a pianissimo tone the per­
former treads a delicate line between too 
much vibration and a complete loss of 
vibration. It is no wonder that many 
elect a safe mezzoforte rather than risk 
the note's not "speaking" and that they 
never try to play a real pianissimo in 
public. 

Psychophysical effects also cause mu-
sicians to limit their dynamic range. 

They often do so quite unconsciously. 
Instrumentalists spend years learning to 
coordinate the muscles needed to coax 
an appealing tone from their instrument. 
One consequence of that is a tendency 
to equate the relative loudness of their 
playing with the amount of muscular ef­
fort they expend. What feels to the mu­
sician like an ample increase in intensity, 
however, may be barely noticeable to 
the listener. The phenomenon has been 
studied with respect to singers. When 
asked to double the loudness of a con­
tinuous vowel sound, singers on the av­
erage only increase their intensity by 
about five decibels. Yet as far as the 
listener's ear is concerned a singer must 
achieve a lO-decibel increase in acousti­
cal power before a doubling of loudness 
is apparent. 

In this connection, any reader who 
knows a musician, amateur or profes­
sional, can conduct a simple test that 
will demonstrate whether or not the mu­
sician's dynamic range is large enough 
to include the six basic dynamics. The 
test requires no equipment beyond the 
musician, his instrument and a listener; 
its basis is the demonstrated fact that an 
acute listener readily remembers the 
loudness levels that correspond to the 
six basic dynamics. 

The musician should select a pitch 
and play the selected note to the best of 
his ability at each of the six dynamic lev­
els, holding the note for a few seconds 
at each level. He should then repeat the 
performance but in random order (as 
speCified, for example, by shuffied flash 
cards) . If the listener has difficulty nam­
ing the random levels accurately, this 
demonstrates that the musician's dynam­
ic range is too small. For example, in the 
context of a performance an audience 
would be unable to distinguish between 
the player's transition from forte to pi­
ano and his transition from forte to pia-
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What we're doing for your health 
is a lot more comforting 
than a bowl of chicken soup. 

When you're sick, you need a 
good bowl of soup, a tender hand on 
your hot brow, sympathy and under­
standing. Little things at home re­
lieve a lot of your misery. 

But a big corporation offers hu­
man solace too. Many of the medi­
cines you find at your drugstore are 
made with our chemicals. 

Aspirin to bring down your burn­
ing fever, lozenges to soothe your 
poor sore throat, sedatives to let you 
fall asleep at last.  

We help you get through a case 
of the sniffles. But we're also involved 
in more serious things. 

We make radioactive diagnostic 
materials that pinpoint cancer. 

And plastic for heart valves hu­
man beings can live with. 

We invented an Oxygen Walker. 
It helps people with emphysema 
breathe a lot easier. And move freely 
around again. 

Once, blood cells could be stored 
only a few weeks. With our Cryo­
genic freezing equipment and liquid 
nitrogen, the time is now years. 

Our CentrifiChe� blood analyzer 

helps a hospital make more than 
20 vital blood tests with up to 300 
chemical analyses an hour. 

Much of the life-saving oxygen 
in a hospital is ours . 

We make gases that sterilize sur­
gical equipment. 

And batteries for hearing aids. 
And we constantly experiment. 

Because one innovation often leads 
us to another. 

We are 123 ,000 involved human 
beings who work all around the 
world on things and ideas for every 
basic need. 

So today, something we do will 
touch your life. 

And may even help save it. 

• 
Today, something we do 

will touch your life. 
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Because it's a l u m i n u m, th is transport 
hel ps hold down fuel costs 
-by del iveri ng more per trip. 
A trai ler's empty weight determines 
how much gasol ine it can deliver 
when it's full - without exceeding 
weight l i mitations. So, in  most states, 
trailers built  with aluminum compo­
nents can carry as much as 780 gal ­
lons more per trip. Safe, sound and 
legal. Enough to "fill up" the 20-gal lon 
tanks of 39 extra cars. 

You are l o o k i n g  at an al u m i n u m  t r a i l e r  
t h a t  w e i g h s  9,450 pounds with  acces­
sories. A t ra i l e r  of equal capacity, but 
made of a heav i e r  m ate r ia l ,  cou l d  
w e i g h  a s  m u c h  a s  1 5 ,720 pounds.  
That's why t h e  mathe m atics of l egal  
l oad l i m i tat i o n s  favor al u m i n u m .  
Even w h e n  t h e  t ra i l e r  is run n i n g  
em pty, f u e l  sav i n g s  m o u n t  u p  
because o f  its l i g hter w e i g ht.  

Bon u s  pay l oads have always 
been one of the b i g  reasons 

The reasons for using aluminum 
are found in aluminum itself. 

why so many over-the-road t ra i l e rs 
are m ad e  of l ig htwe i g h t  a l u m i n u m .  
Al coa® a l u m i n u m  d isc wheels and 
t r u c k  compon ents of  al u m i n u m  can 
red u ce we i g h t  even more.  A n d  n ow 
when sav i n g  e n e rgy is m o re i m po rtant 
than ever, a l u m i n u m  cont i n u es to h e l p  
t r u c ke rs del iver g reater payl oads a n d  
save e n e rgy.  

r11 ALCOA 

Stro n g ,  l i g htwe i g h t  al u m i n u m  a l l oys 
can also hel p cars become l ig hter and 
l ess expen sive to operate. S av i n g  g as ,  
b rake w e a r ,  t i re costs and e v e n  reg i s­
t rat ion in some states. 

Al u m i n u m  h e l p s  save energy in y o u r  
home,  too. When p roperly a p p l ied 
over refl ective al u m i n u m  fo i l ,  Al coa 
S i d i n g  forms a p rotective i n s u lat ing 
enve l o p e  that can help red u c e  heat 
l oss t h rou g h  yo u r  wal l s .  You can be 
m o re comfo rta b l e  the year ' ro u n d  
and cut d own on heat i n g  a n d  cool i n g  

b i l l s .  C l early,  al u m i n u m  i s  i t s  own 
best advocate. A m etal that's bas i c  
to o u  r w a y  of I i f e .  I f  you w o u l  d I i  k e  
t o  know more a b o u t  h ow al u m i n u m  
i s  h e l p i n g  to conserve en ergy, 

w rite for  our f ree broc h u res. 
Write A l u m i n u m Com pany of 
A m e rica,  352-L Alcoa B u i l d i n g ,  

P i tts b u r g h ,  P A  1 521 9. 
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nissimo, and so the composer's intended 
message would be lost. 

The artificial blandness imposed on 
canned music by the suppression of var­
iations in loudness is by no means the 
only technological injury being inflicted 
on music today. Many will remember 
the title sequence in the film "Fiddler on 
the Roof." The silhouette of a distant 
rural village at dusk is seen against a 
red-gold sky and the eye is drawn to­
what else?-the figure of a fiddler on a 
rooftop. The film's sound track then en­
tirely destroys the appealing image by 
acoustically depositing the fiddler in our 
laps. The crime is committed in reverse 
a few reels later when we are surround­
ed by peasant instrumentalists and bois­
terous singers in a wedding scene: the 
carefully moderated sound altogether 
fails to support the exuberant imagery on 
the screen. 

Television is an even greater offender. 
In a televised orchestral concert one is 
likely to be presented with a solo oboe 
passage that is just as loud as the fortis­
simo of the entire orchestra. What the 
composer hopes to use to evoke an emo­
tional response the broadcast engineer 
views as a deficiency to be corrected; 
the loud passages overload his equip­
ment and the soft ones become buried in 
noise. The engineer uses electronic de-
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vices called "compressors" to correct the 
supposed deficiencies by making fortis­
simo and pianissimo identical. 

Many listeners attribute the poor 
quality of television sound to the small­
ness of the loudspeaker in their set. The 
loudspeaker usually does have a poor 
frequency response, but the ear can 
compensate for that kind of distortion. 
For example, we recognize a 100-hertz 
trombone note even though it is repro­
duced by a loudspeaker that excites no 
frequencies below 300 hertz. But televi­
sion sound still lacks vitality even when 
it is played through a high-fidelity sys­
tem; the ear cannot compensate for var­
iations in loudness that have been sup­
pressed, and it soon finds the constant 
dynamic level monotonous. 

Current technology has a solution to 
this difficulty. If receivers were equipped 
with "expansion" devices to decompress 
the broadcast engineer's compressed sig­
nal (and regulation would be required 
to ensure that the compression at the 
broadcast end was uniform),  the dynam­
ic range of the orchestral performance 
could be restored. Alternatively the 
broadcaster could transmit a completely 
compressed audio signal along with an 
auxiliary signal that specified the orig­
inal intensities. Conventional receivers 
would reproduce the music as they do 

• • o o 
• 

• 

o. 

• • 

40 �------_4----------------------------� 

now, but those who wished to equip 
their sets with a decoder and a variable­
gain amplifier could restore the pano­
rama of loudness variations that existed 
in the original performance. 

Even such innovations as these, of 
course, will be of little value unless 

conductors insist on a minimum quan­
tum of audible change in loudness on 
the part of their instrumentalists. In 
some instances this may not be practical. 
For example, the findings of Clark and 
Luce suggest that oboists seldom achieve 
a dynamic range of more than 7.4 deci­
bels. Because the ear ignores variations 
of five decibels or less this means that 
only exceptionally skilled oboists can 
play at more than two different de­
grees of loudness. Perhaps as far as this 
instrument is concerned a convention 
could be established so that the three no­
tations pianissimo, piano and mezzo­
piano would be played at the oboist's 
soft level, and the notations mezzoforte, 
forte and fortissimo would be played at 
the loud level. I personally would pre­
fer to see the integrity of the time-hon­
ored system of notation preserved by de­
veloping more skilled oboists, a solution 
that would benefit performer and audi­
ence alike. After all, it is effective dy­
namic contrast that makes music exciting. 

--------�-- . 
• • ., 

• • • 

30 L-___ -L _____________ L-___________________ -L _____________________ � 

GREAT DYNAMIC RANGE, with a fortissimo in the upper regis­
ter that averages 45 decibels louder . than pianissimo, can be 
achieved with the bassoon, as this graph shows. The instrumentalist 

MIDDLE C 
PITCH 

was encouraged to develop as great a dynamic range as possible by 
a conductor who emulated Arturo Toscanini. Even in the lower 
register the spread leaves room for the intermediate dynamics. 
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THE PHYSIOI�OGY OF THE GIRAFFE 

The head of the animal is so far above the heart and the lungs 

that the task of supplying it with oxygenated blood calls for 

a ren1arkably high blood pressure and unusually deep breathing 

T
he giraffe, the spectacular mam­
malian adaptation to browsing on 
tree leaves, has been an object of 

curiosity since prehistoric times. There 
is archaeological evidence that it was 
then found not only in Africa but also in 
southern Europe and the Near East. 
Although the species later receded to 
Africa as its sole habitat, the animal con­
tinued to be known in the ancient world 
around the Mediterranean as one of the 
wonders of nature and was imported for 
exhibition. Historical accounts record 
that Julius Caesar paraded giraffes in 
the Colosseum, and that other hElads of 
state presented the animal as a unique 
gift to a distinguished visitor (as the 
panda has on occasion been presented 
in recent years). 

We are no less intrigued by the giraffe 
in our own time, but it is a curious fact 
that not until comparatively recent dec­
ades was any question raised about the 
physiological puzzles presented by this 
improbable animal. The first physiolo­
gist to ask such a question, as far as the 
record shows, was the late August Krogh 
of Denmark, winner of the Nobel prize 
in physiology and medicine in 1920 for 
his studies of capillary blood vessels. In 
the Silliman Lecture at Yale University 
in 1929 Krogh wondered about the great 
pressure the capillaries in the legs of the 
giraffe must bear because of the high 
column of blood weighing on them. 
Pointing out that the giraffe's heart is 
eight feet or more above its feet, he ob­
served that the effect of gravity, added 
to the heart's pumping action, should be 
expected to make the blood pressure in 
the legs so high that it would force fluid 
out of the capillaries. 

"It would be extremely interesting," 
Krogh remarked, "to know just how the 
giraffe avoids the development of filtra­
tion edema in its long legs. Unfortu­
nately, we have not found it possible to 
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obtain giraffe blood for determination of 
the osmotic pressure." Nor was Krogh 
ever able to obtain a giraffe for study. 

Krogh's question did not arouse wide 
interest at the time, and it was not re­
vived until nearly two decades later. 
This time the query. was put in another 
form: How does the giraffe manage to 
pump blood up its long neck to its brain? 
In a giraffe standing upright the head is 
between seven and 10 feet above the 
heart, whereas in man the vertical dis­
tance from the heart to the brain is only 
a foot or so, and in most other animals, 
including large ones, it is little more. 

The performance of the giraffe's heart 
and circulatory system in driving the 
blood against gravity to such a height 
above the heart was quite remarkable 
when one thought about it. The phe­
nomenon attracted the attention of phy­
sicians interested in problems of avia­
tion medicine during World War II. 
They calculated that the gravitational 
force a giraffe must overcome to supply 
blood to its brain corresponds roughly to 
the force of acceleration, amounting to 
several g, that fliers encounter in ma­
neuvering high-speed military aircraft. 
In order to prevent blacking out because 
of the great change of blood pressure in 
the brain under those circumstances a 
"g suit" that buffered the acceleration 
impact had been developed for fliers. 
Medical investigators thought it might 
be worth while to look into the natural 
mechanisms with which the giraffe han­
dles its severe circulatory challenges. 
Here was a living experiment of nature 
presenting highly unusual capabilities. 
Study of the giraffe's cardiovascular sys­
tem might be expected to yield new and 
perhaps useful information. 

Interest in the problem persisted after 
World War II. When John L. Patterson, 
Jr., Otto H. Gauer, Joseph T. Doyle and 
other investigators in the U.S. learned of 

a similar interest on the part of Robert H. 
Goetz and his colleagues in South Afri­
ca, they suggested setting up an inter­
national study group. In the late 1950's 
the American group visited South Africa 
and subsequently did studies in the U.S., 
using cows as the experimental animals, 
to get comparative data on circulatory 
and respiratory functions. More recently 
an American team that included Robert 
L. Van Citters, Dean L. Franklin, Ste­
phen F. Vatner, Thomas E. Patrick and 
me undertook further field investigations 
in Kenya. By the use of telemetry we ob­
tained direct measurements of blood 
pressure and blood flow in giraffes roam­
ing free in the field. 

The height of a large adult giraffe is 
commonly in the range from 15 to 18 

feet. The animal's heart lies approxi­
mately midway between its head and its 
feet, that is, usually seven feet or more 
below its brain. For analysis of the oper­
ation of the giraffe's circulatory system 
the comparative blood pressures at two 
significant levels were needed: at the 
heart and at the brain. Our group ar­
ranged to obtain measurements of these 
pressures, and of the blood flow as well, 
under a variety of natural circum­
stances: with the animal lying flat on the 
ground, standing quietly erect and ac­
tively moving about. 

For direct and accurate measurement 
of the blood pressure we used a sensitive 
pressure gauge implanted in a carotid 
artery. The amount of pressure, sensed 
by a diaphragm in the device, was trans­
duced into a radio-frequency signal that 
could be picked up by a receiver as 
much as a third of a mile away. The ani­
mal was followed during the period of 
measurement, and a record of the blood­
pressure variations was made on mag­
netic tape and charted later. 

The subjects were wild giraffes cap-
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heart and its brain at the same level, the blood pressure in the ca· 
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pressure stays much the same but the heart rate slows temporarily. 

Standing (3) and walking (4) raise the heart rate to some 150 beats 

per minute, while arterial blood pressure falls to a range of from 

90 to 150 mm. Hg. Galloping (5) brings the heart rate to maximum: 

170 beats per minute. Highest blood pressures in galloping are 220 
mm. Hg.; deep drops in pressure coincide with front·hoof beats. 
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tured by lasso from a fast-moving ve­
hicle on the Kenya plains. After the 
giraffe was captured and tied down flat 
on the ground the pressure gauge was 
implanted in the animal's neck through 
a small slit made under local anesthesia 
in the carotid artery. In a giraffe the 
carotid is usually more than six feet 
long, is relatively straight and has few 
branches. The gauge was placed in the 
upper part of the neck near the head. At 
the same time a small ultrasonic flow­
meter, measuring the velocity of blood 
flow by means of the backscattering of 
high-frequency sound waves from the 
red cells, was implanted. The apparatus, 
including a small transmitter and mer­
cury batteries, was taped onto the gi­
raffe's neck. At the end of the period of 
observation the animal was recaptured, 
the instruments were removed, the inci­
sions were repaired and the giraffe was 
released unharmed to join its fellows in 
the bush. 

The initial blood-pressure measure­
ment, made while the giraffe was still 
lying on the ground, could be considered 
to represent the pressure generated at 
the animal's heart level, even though 
the gauge was near the head. Obviously 
in an animal stretched out on the ground 
the blood circulation is not much influ­
enced by gravity; therefore the blood 
pressure in the giraffe's carotid artery 
should be about the same near the heart 
as near the head. (Experiments with the 
gauge implanted in the carotid at the 

a b 

base of the neck have confirmed this.) 
Not surprisingly, the giraffe's blood 

pressure at the heart level proved to be 
very high-higher, indeed, than that re­
corded in any other animal. The systolic 
pressure at the heart level ranged from 
200 to 300 millimeters of mercury and 
the diastolic pressure from 100 to 170; 
the average was 260/160. Compared 
with man, the giraffe is "hypertensive"; 
even at 200/100 millimeters of mercury 
its blood pressure is far above the 120/ . 
80 average in a man at rest. The giraffe's 
hypertension, however, is not hyperten­
sive vascular disease but a necessary 
condition for supplying the brain with 
blood at sufficient pressure when the 
animal stands erect. Other factors may 
also be involved in the circulation to the 
brain, as we shall see. 

When the giraffe was freed, it usually 
raised its head and remained in a squat­
ting position with its legs under its body 
for a few seconds before rising to its feet. 
Conceivably this pause may be a be­
havioral adaptation to allow time for 
adjustment of the circulation. It is well 
known that in man an individual with 
low blood pressure sometimes suffers 
dizziness or even blacks out after stand­
ing up abruptly from a reclining posi­
tion. At any rate, the blood pressure in 
the giraffe's carotid was substantially 
less after it stood up than it was when 
the measurement was recorded at heart 
level. Taking into account that. the in­
strument was implanted in the neck 14 

c 

inches below the brain, calculations 
based on recordings when the giraffe 
was standing quietly indicated that the 
pressure of the blood entering the brain 
itself averaged approximately 120/75. 
That is about the pressure at which 
blood perfuses the brain in man and in 
most other animals. Apparently the bar­
ostat, or pressure control, is set at about 
the same reading in most mammals, 
thereby providing that the brain will 
generally be bathed with blood at a 
pressure of about 120/80. 

Blood pressure, of course, is by no 
means constant; it fluctuates rather 
widely even in "normal" individuals not 
affected by hypertensive illness. The 
pressure is influenced by many kinds of 
physical or mental stress. After a giraffe 
was released and had run off to rejoin 
its herd, its blood-pressure records gen­
erally reflected the nature of its activi­
ties. While it was standing still or walk­
ing, the carotid pressure ranged between 
140/90 and 180/120. During a hard 
run, as when it was being chased for 
recapture, the pressure rose to about 
220/150. That was still considerably 
lower than the pressure recorded when 
the animal lay prone. 

What happens when a giraffe bends 
its neck down to drink? The pressure 
within the blood vessels of the brain and 
the eyes should then be higher than that 
at the level of the heart. Why does the 
high pressure not rupture those delicate 
vessels or at least force leakage from 

d 

HEART OF A GIRAFFE is located from seven to 10 feet below its 

brain when the animal is standing (b). In an average quadruped, a 
cow in this example (a), and in man (d) the distance between the 

heart and the brain is far shorter. In a giraffe the brain's supply of 

blood is ensured by "abnormally" high blood pressure. This might 

be a severe handicap when the animal is drinking (e), except that 

its posture reduces the distance between the heart and the brain. 

The back pressure of the cerebrospinal fluid is added protection. 
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What makes the Sinclair 
Scientific so inexpensive? 
Two important technological 

breakthroughs. 
First, the British-built Sinclair 

Scientific has a single integrated circuit. 
Engineered by Sinclair. 

Second, Sinclair's exclusive 

keyboard has only four function keys. 
All of which provide "triple-action" by 
changing from standard to upper or 
lower case mode. 

Old hands at small miracles. 
Sinclair has been an innovator in 

calculator miniaturization right from 
the start. 

In the last two years Sinclair brought 
to America the Sinclair Executive and 
Executive Memory - the world's 
thinnest, lightest calculators - as well 
as the Cambrid!!e. 

The Sinclair Scientific is backed by 
an unconditional one-year replacement 
warranty. 
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everywhere else in the world) to handle 
any product problems. 

How to get your 
Sinclair Scientifico 
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Diners Club, Master Charge or 
BankAmericard account. 

If you're not completely satisfied, 
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toll free. 
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TELEMETRY PACKAGE included a pressure gauge (a) containing a sensing diaphragm 
that transduced pressure variations into radio·frequency signals, a flowmeter (b) that 

sensed blood velocity by means of the backscattering of high.frequency sound ",aves from 

red blood cells and signaled a radio transmitter (c) accordingly, and the batteries (d) that 

powered the transmissions. Anxiliary components were protected from shock with foam·rub· 

ber padding. The gauges were implanted through separate incisions in the carotid artery. 
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them? This brings us to the question 
originally asked by Krogh: How does the 
giraffe avoid the development of edema 
in its long legs? On the basis of estab­
lished facts we must consider what 
mechanisms may control the blood cir­
culation and pressure in the giraffe. 

Analysis of giraffe blood has shown 
that its chemistry is not grossly different 
from that of human blood, and so it is 
unlikely that its composition makes it 
unusually resistant to passing through 
the blood-vessel walls. In the giraffe the 
walls of the arteries (and of the heart 
itself) are thicker than they are in other 
mammals. This would not, however, pre­
vent leakage through the walls of the 
finer blood vessels in the event of a large 
difference in pressure between one side 
of the wall and the other. We are there­
fore led to the reasonable hypothesis 
that in the giraffe a heightened pressure 
within the blood vessels is counterbal­
anced in some way by an increase in 
the pressure outside the vessels. In the 
brain such a function may be served by 
the cerebrospinal fluid that bathes the 
brain and spinal cord. In effect this fluid, 
in which the blood vessels are immersed, 
serves as a g suit buffering the impact of 
the downward rush of blood when the 
giraffe bends down to drink The animal 
also employs a behavioral device that 
minimizes the gravity problem: when it 
bends to drink, it spreads its front legs 
wide so that its chest is lowered, bring­
ing the heart closer to the ground. 

It seems likely that the capillaries in 
the giraffe's legs are similarly protected; 
the high pressure within the vessels is 
counterbalanced by a corresponding ex­
ternal pressure. In this case the g suit is 
provided by the general extracellular 
fluid bathing the body tissues. The gi­
raffe has a thick, tight skin that easily 
sustains these high pressures . 

I n short, part of the answer both to 
Krogh's query and to the bending­

to-drink problem is rather simple: The 
principal factor preventing edema be­
low the heart level seems to be high ex­
travascular pressure counteracting the 
high pressure within the

' 
blood vessels. 

Quite clearly, however, that is only part 
of the story. 

In the giraffe as in other animals, in­
cluding man, the pumping action of the 
muscles plays an important part in as­
sisting blood circulation and thus reliev­
ing the pressure in the legs, When a 
person has been sitting or standing mo­
tionless for some time, it is not uncom­
mon to find that his ankles have begun 
to swell; this slight edema results from 
the sluggishness of the circulation in the 
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inactive legs. Movement of the legs or 
exercise of the body as a whole is indeed 
a major factor in the pumping of blood 
from the legs back to the heart. (In indi­
viduals with certain types of varicose 
veins the mechanisms responsible for 
aiding the circulation may operate in­
adequately.) The force required to raise 
the blood from the legs to the heart is 
not great, either in man or in the gi­
raffe, because the artery-vein system 
from the heart to the legs and back again 
simulates a U-tube. That is to say, on 
the same principle as the operation of a 
sump pump, little pressure is needed to 
bring the blood back up the return arm 
to the same level as the source of the 
pumping. 

As for the question of how the gi­
raffe drives blood from the heart up to 
the brain, it appears that this remark­
able performance can be accounted for 
fully by the high pressure at which the 
blood is discharged into the arteries by 
the heart. Conceivably the artery-vein 
system in the long neck might make a 
contribution to the circulation by acting 
as an inverted U-tube, producing a si­
phonlike effect. There is no evidence, 
however, that such assistance is needed. 
The arterial pressure itself is sufficient 
to deliver the blood to the brain at a 
pressure adequate to nourish it. 

It has been suggested that the gi­
raffe's carotid arteries possess an inter-

esting special feature. Before entering 
the brain each of these arteries appar­
ently divides into a network of fine ves­
sels that resembles a system found in 
certain other animals: the rete mirabile, 
or "wonderful net." In some animals this 
network serves as a countercurrent heat 
exchanger that enables species such as 
wading birds to maintain a normal body 
temperature even though their extremi­
ties become very cold; blood returning 
from the extremities is warmed before it 
reenters the general circulation. Similar 
networks have been found to perform 
other exchange functions, such as trans­
ferring oxygen or electrolytes. It may be 
that the rete mira bile at the entrance to 
the giraffe's brain acts in some way to 
regulate the blood pressure in the brain. 
This is a question that has not yet been 
satisfactorily answered. 

I n addition to circulatory problems the 
giraffe is burdened with certain other 

challenges. One of the most interesting 
has to do with respiration. The trachea 
in the giraffe's long neck may be more 
than five feet long and two or more 
inches in diameter, so that its total ca­
pacity may amount to 2.5 quarts or 
more. This is' "dead space" in the sense 
that, although each breath of air must 
fill the windpipe as well as the lungs, the 
air in the pipe serves no useful purpose 
for gas exchange. If man had to deal 

with such a large dead space, he would 
almost suffocate. His inhalation of a 

breath of fresh air would hardly suffice 
to fill his windpipe, hence none would 
reach the lungs; conversely, the carbon­
dioxide-laden exhalation from the lungs 
would be trapped in the windpipe and 
come back into the lungs in the next 
inhalation. The giraffe solves this prob­
lem by hyperventilation, breathing more 
deeply and more rapidly than man. Gi­
raffes even at rest have been found to 
have a respiration rate of more than 20 
breaths per minute, whereas the corre­
sponding rate in man is 12 to 15. In 
contrast to man and other mammals, the 
giraffe spends more time in inhalation 
than in exhalation. Nevertheless, its ar­
terial blood carries a marginally low con­
tent of oxygen. It has been found that 
giraffes show distress in situations where 
the air is low in oxygen, as at high alti­
tudes. They are much less adaptable 
than man is to such conditions. 

The giraffe is a fascinating anomaly 
of nature. Investigators have learned 
much from unusual kidneys in primitive 
fish, from the urine-concentrating ability 
of desert rats for water conservation, 
from the electrocardiograms of whales 
and from heart failure in cattle at high 
altitudes. The giraffe too, as odd an ani­
mal as any in man's eyes, probably has a 
great deal to tell us about how we are 
put together. 

CAPTIVE GIRAFFE lies outstretched in a corral in Kenya while 

experimenters implant a pair of gauges in a neck artery. The ani. 

mal is one of several giraffes that carried telemetering apparatus so 

that observers could record natural variations in blood pressure. 
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Contrast and Spatial Frequency 
The visible details of an object often consist of contrasting areas 

with a regular spacing, or spatial frequency. The visual system is 

more sensitive to certain of these frequencies than it is to others 

by Fergus W. Campbell and Lamberto i\Jaffci 

The ability of men and other ani­
mals to perceive the details of ob­
jects and scenes is determined to a 

large extent by how well their visual sys­
tem can discern contrasts: the differ­
ences in brightness of adjacent areas. 
The size of the visual image on the retina 
also plays an important role in the per­
ception of detail. We all know from ex­
perience that as an object recedes from 
us and becomes smaller, details with 
low contrast become difficult to perceive. 
The reason for this loss in contrast per­
ception is not that the relative brightness 
of adjacent areas changes but rather 
that the visual system is less sensitive to 
contrast when the spacing of the con­
trasting areas decreases. If the spacing 
of the contrasting areas is regular, it can 
be called a spatial frequency. It is a re­
markable fact that the visual system is 
much more sensitive to contrast at cer­
tain spatial frequencies than it is to con­
trast at other spatial frequencies, just as 
the ear is more sensitive to certain fre­
quencies of sound than it is to others. 

The simplest sound signal is a pure 
sine wave. In vision the equivalent is a 
grating pattern whose brightness varies 
in a simple sinusoidal manner [see "a" 
in illustration on opposite page]. The 
contrast of the grating is defined as the 
modulation of its brightness around a 
mean level. Spatial frequency can be 
described as the number of whole cycles 
of contrasting areas over some unit of 
distance. In dealing with the visual sys­
tem it is convenient to define spatial fre­
quency as the number of cycles of the 
grating that subtend one degree at the 
eye of the observer [see top illltstration 
on page 108]. 

One can build up a complex spatial 
waveform by adding together a number 
of sinusoidal waveforms. For example, if 
one begins with a simple sine-wave grat-
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ing and adds a third harmonic with a 
third the amplitude and three times the 
frequency of the initial sine wave, the 
resulting grating appears to have addi­
tional light and dark bands [see "b" in 
illustration on opposite page]. The addi­
tion of a fifth harmonic, a seventh and 
so on will eventually give rise to a 
square-wave grating with abrupt chang­
es in contrast between the dark and the 
light areas. If we begin with the assump­
tion that the visual system analyzes a 
spatial frequency in terms of the simple 
sum of the harmonics in it, the first step 
is to study the responses of the system 
to simple sine-wave gratings. Under­
standing may then come of how the vi­
sual system deals with more complex 
waveforms. 

I n order to obtain accurate information 
on the relation between the size of 

the bars of a grating and the contrast at 
which they can just be detected, it is 
convenient to display a grating on a 
cathode ray tube and have the subject 
adjust the contrast until the bars of the 
grating can no longer be seen. In this 
way the threshold of contrast perception 
can be determined for a series of differ­
ent gratings ranging from very high spa­
tial frequencies to very low ones. 

John G. Robson, who was working 
'with one of us (Campbell) at the Physio­
logical Laboratory of the University of 
Cambridge, found that the best sensi­
tivity to low contrast in the human visual 
system occurs with simple sine-wave 
gratings that have a spatial frequency of 
about three cycles per degree. If maxi­
mum contrast is 1, at this frequency the 
contrast can be as low as .003 [see top 
illustration on page 111]. As the fre­
quency of the grating is increased, con­
trast sensitivity drops. The highest spa­
tial frequency the human eye can per-

ceive is about 50 cycles per degree. For 
this frequency to be perceived very 
high contrast is required. Contrast sen­
sitivity also decreases as the spatial fre­
quency is decreased below the optimum 
of three cycles per degree. 

It may be surprising at first that the 
bigger the bars of the grating become, 
the less sensitive the eye is in detecting 
them. This can be demonstrated by 
viewing the grating on page 108 from 
a distance of about three feet. At that 
distance the grating has a spatial fre­
quency of about three cycles per degree, 
and the reader should be able to detect 
the grating pattern at very low contrast; 
indeed, the grating is visible right up to 
the top. Now move closer, say to a dis­
tance of 12 inches, and the grating in the 
low-contrast region will disappear. At 
that distance the grating has a frequency 
of less than three cycles per degree. This 
method of measuring contrast sensitivity 
is rather crude, however, because the 
photographic process required to repro­
duce the grating introduces a loss of 
contrast, particularly at the higher spa­
tial frequencies. 

When an optometrist tests our visual 
acuity by having us look at black letters 
on a white background, he is measuring 
our acuity only for very high contrast. 
Most of what we view in daily life has 
a much lower contrast; in fact, the con­
trast level can go down to the point 
where we cannot detect the pattern or 
object at all. Alice, in Through the 
Looking Glass, remarked, "I see nobody 
on the road," and the White King re­
plied, "I only wish I had such eyes to 
be able to see nobody and at that dis­
tance too." This effect can be demon­
strated by viewing the bottom illustra­
tion on page 108 from a distance of 30 
feet. From that distance no portion of 
the grating is visible. As one approaches 
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e 

GRATING PATTERNS shown here are photographs of patterns 
produced on the screen of a cathode ray tube by a voltage.modulat· 
ing generator. A simple grating (a) is produced by a single sine· 
wave signal from the voltage generator. The brightness of each ver· 
tical bar in this simple grating varies in a sinusoidal manner in the 
horizontal direction across the pattern. A more complex grating 
(b) is formed by the addition of the third harmonic of the funda· 
mental sine wave. The third harmonic has three times the frequen· 
cy and a third of the amplitude of the fundamental wave. As the 

b 

d 

f 

frequency of the light and dark bands increases with the addition 
of the fifth harmonic (c), the seventh (d) and the ninth (e), the in· 
dividual bands formed by the harmonics become progressively 
more difficult to see. With the addition of the 15th harmonic only a 
square·wave pattern is perceived (f). Studies of contrast perception 
with simple and complex grating patterns such as these indicate 
that the visual system possesses a number of separate "cbannels," 
each channel tuned to detect a relatively narrow range of spatial 
frequencies and each with its own r�nge of sensitivity to contrast. 
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SINE WAVE depicts the sinusoidal variation in the brightness of a simple sine-wave spatial 
grating. Contrast of the grating is defined as (lmax - lmin) / (lmax + lmin)- The spatial fre­
quency is the number of cycles of the grating that subtend one degree at eye of the observer. 

the grating it is the high-contrast part 
at the bottom that becomes visible first. 

Sensitivity to contrast is thus a func­
tion of spatial frequency. The advan­
tage of the contrast-sensitivity thresh­
olds determined by the sine-wave-grat­
ings technique is that they describe how 

the eye performs at all contrast levels 
and not just at very high contrast. The 
threshold curve also delineates the 
boundary of a low-contrast world we 
never perceive. Is there some way of 
measuring thresholds other than asking 
someone if he sees a pattern? Such a 

CONTRAST OF SINE-WAVE GRATING decreases logarithmically from the bottom to the 
top. When the grating is viewed from a distance of three feet, it has a spatial frequency of 
about three cycles per degree, and the grating is visible to very low contrasts. When the 
grating is viewed from a much closer range, say one foot or less, the spatial frequency is 
much lower and the grating in the low-contrast region near the top is no longer visible. 

108 

method does exist; it involves recording 
small electrical signals, called evoked 
potentials, that arise from the visual cor­
tex of the brain at the back of the head. 

The subject looks at an oscilloscope 
screen on which a grating Hashes on and 
off at the rate of eight times per second. 
The overall luminance of the screen is 
the same whether the grating is present 
or absent. Each time the grating appears 
a small evoked potential is generated. 
Because individual evoked potentials are 
masked by signals from other parts of 
the brain, the signals are fed into a com­
puter where the evoked potential can be 
retrieved by an averaging technique [see 
top illustration on opposite page] . We re­
corded the evoked potentials generated 
by gratings with low, moderate and high 
spatial frequencies. The contrast of each 
grating was varied from high to low. We 
found that the higher the conb'ast, the 
greater the amplitude of the evoked po­
tential. More important was the finding 
that when the evoked potentials for a 
specific spatial frequency were plotted 
against the contrast level (with the con­
trast level on a logarithmic scale), they 
fell on a straight line. By extrapolation 
to zero voltage the theoretical threshold 
could be obtained. These extrapolated 
thresholds correspond quite well with 
the thresholds obtained by asking the 
subject to indicate when the grating is 
no longer perceptible. Thus it is pos­
sible to find the subject's threshold ob­
jectively without asking him any ques­
tions. In this case we have been able to 
take the "psycho" out of psychophysics. 

1'hiS may seem to be a roundabout and 
complicated way of obtaining a 

threshold, but we are interested not only 
in how human beings see contrast but 
also in how animals do so. Alice said of 
her cat, "If they would only purr for 
'yes' and mew for 'no,' or any rule of that 
sort, so that one could keep up a con­
versation! But how can you talk with a 
person if they always say the same 
thing?" 

We applied the evoked-potential 
technique to a cat and came up with 
some interesting results. The amplitude 
of the potential we obtained was plotted 
against the logarithm of the contrast of 
the grating involved. We extrapolated 
the curves to zero voltage and assumed 
that this contrast level is the threshold 
for the cat, as it is for human beings [see 
bottom illustration on page 110]. When 
the contrast thresholds for cats are plot­
ted together, the curve is very similar to 
the threshold curve for humans, except 
that it is displaced toward the lower 
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EVOKED POTENTIAL 

RECORDER 

EXPERIMENTAL ARRANGEMENT for recording electrical po· 
tentials evoked in the brain by a grating is depicted. When a grato 
ing on the screen is Hashed on and off at the rate of eight times per 
second, a characteristic evoked potential is generated in the visual 
cortex. These potentials are small and are masked by electrical si g. 

RECORDER 

ARRANGEMENT FOR MEASURING the response of cells in the 
visual cortex of the cat during stimulation by grating patterns is 
shown in simplified form. The micro electrode is surgically im· 
planted while the cat is anesthetized. As the cat views a grating pat· 

LATERAL GENICULATE BODY 

VISUAL CORTEX 

COMPUTER 

nals arriving from other parts of the brain. Electrodes at the back 
of the head pick up the signals and transmit them to a computer, 
which extracts the evoked potential from background noise by an 
averaging technique. For a given spatial frequency the amplitude 
of the evoked potential is proportional to contrast of the grating. 

VISUAL CORTEX 

MICROELECTRODE 

CONT 

NERVE IMPULSES 

AMPLIFIER 

tern on a cathode ray tube the elecrical discharges of individual 
cells are picked up by the micro electrode, amplified and recorded. 
The results of several studies show that there are single cells in the 
visual cortex that respond to a small range of spatial frequencies. 
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spatial frequencies [see bottom illustra­
tion on opposite page]. Where the hu­
man sensitivity to contrast peaJ<s at three 
cycles per degree, the cat's best sensi­
tivity is about .3 cycle per degree. At 
frequencies above .5 cycle per degree 
the contrast sensitivity of cats is less 
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than that of human beings. This means 
that at the higher spatial frequencies the 
cat can see only high-contrast details. On 
the other hand, at the lower spatial fre­
quencies the cat can see detail at lower 
contrast than human beings can. One 
could summarize these results by saying 

that the cat is attuned to seeing spatial 
frequencies some 10 times lower than 
those human beings can see, and that at 
the lower frequencies a cat sees low-con­
trast details that a human being caimot 
perceive at all. 

David R. Rubel and Torsten N. Wie-
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CONTRAST 

HUMAN EVOKED POTENTIALS for three different spatial fre· 
quencies show a regular decrease in their amplitude as the contrast 
decreases. The evoked potentials were obtained while subjects 
viewed gratings with spatial frequencies of 3.5 cycles per degree 
(color), nine cycles per degree (gray) and 18 cycles per degree 

(black). Extrapolation to zero amplitude (broken lines) yields the 
theoretical contrast threshold for each spatial frequency. These ex· 
trlqlolated thresholds correspond well with the subjective thresh· 
olds obtained by asking subject to indicate the lowest contrast at 
which a grating of a particular spatial frequency is just perceptible. 
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EVOKED POTENTIALS FROM CATS are plotted against the log. 
arithm of the contrast of the gratings and extrapolated to zero am· 
plitude in order to determine the threshold contrast sensitivity of 
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the cat for each spatial frequency. These evoked potentials were ob. 
tained from cats viewing .gratings of .6 cycle per degree (color), 

three cycles per degree (gray) and 5.5 cycles per degree (black). 
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sel of the Harvard Medical School, work­
ing with microelectrodes implanted in 
the brain, discovered that in the visual 
cortex of the cat and the monkey there 
are cells that respond to edges or bars of 
a particular orientation or a particular 
direction of motion [see "The Visual 
Cortex of the Brain," by David H. 
Hubel; SCIENTIFIC AMERICAN, Novem­
ber, 1963]. Robson, Grahame F. Cooper 
and one of us (Campbell), working in 
Christina Enroth-Cugell's laboratory at 
Northwestern University, applied the 
micro electrode techniques to determine 
the response of individual cells in the 
cortex (and other parts of the visual sys­
tem) of the cat to gratings of various 
spatial frequencies. The results revealed 
that there are individual cells in the vi­
sual cortex of the cat that respond to a 
fairly narrow range of spatial frequen­
cies. Each cell that was tested was tuned 
to a particular part of the spatial-fre­
quency spectrum. The response of each 
cell peaked at one frequency and fell off 
rapidly when the frequency was higher 
or lower. We also found individual cells 
in other parts of the visual system (the 
lateral geniculate body and the retina) 
that respond to specific spatial frequen­
cies. 

Even though it is not possible to ask 
a cat if it sees something when a partic­
ular cortical cell fires or when an evoked 
response is generated, it is possible to 
train a cat to give a sign when it sees a 
grating on the oscilloscope screen. This 
is accomplished by giving the cat a food 
reward when it responds correctly. If 
the animal responds when the grating is 
not present, no reward is given. Once 
the cat is trained, it is possible to find 
the threshold of contrast sensitivity for 
a grating by progressively reducing the 
contrast of the grating. Sylvia Bisti, 
working with one of us (Maffei) at the 
University of Pisa, has directly mea­
sured the contrast threshold for two cats. 
The training takes many months and re­
quires great patience and persistence. 
There is good agreement between the re­
sults obtained in a few hours with the 
evoked-potential technique and those 
obtained with the lengthy behavioral 
method. 

How, then, does the visual world of the 
cat compare with ours? Since the 

contrast sensitivity of the cat compared 
with that of human beings is displaced 
to lower spatial frequencies by a factor 
of 10, it could be argued that to detect a 
small object the cat would have to be 10 
times closer to it than a man would need 
to be. One might suspect that the small­
er size of the cat's eye accounts for the 
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CONTRAST SENSITIVITY OF A HUMAN SUBJECT is plotted as function of spatial fre­
quency. The scales are logarithmic. Very high contrast is given a value of 1, and contrast 
sensitivity is the reciprocal of contrast. The human visual system is more sensitive to con· 
trast with sine·wave gratings that have spatial frequencies of about two or three cycles per 
degree. Contrast sensitivity drops off at higher and at lower spatial frequencies. Data were 
obtained by asking the subject to indicate when a particular grating could just be seen. 
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CONTRAST-THRESHOLD CURVE FOR THE CAT is similar to the curve for man (see 

illustration at top of page), but it is displaced toward the lower spatial frequencies. Below 
.5 cycle per degree the cat sees low-contrast detail that man does not perceive. Above .5 
cycle per degree man sees low·contrast detail that is not visible to the cat. Cat data were 
obtained from evoked.potential responses of three cats to grating patterns (black symbols 

and cur've) and from conditioned behavioral responses of two other cats (colored symbols). 
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Needed: 

112 

a nationwide 
power 
grid 
Our country, once a land of isolated 

communities, is bound together today 

by networks of many kinds-high­

way, railroad, television, telephone, 

radio. 

Missing, however, is one highly 

important network ... a system for 

sending electricity to where it's 

needed, when it's needed ... shuttling 

millions of kilowatts from sleeping 

California to up-and-about New York, 

and back again when required. 

We of America's consumer-owned 

rural electric systems believe a nation­

wide power grid-an extra high voltage 

system-capable of quickly moving 

large blocks of power anywhere in 

the country-north, south, east or 

west-is long overdue. 

It becomes clearer each day that 

if we, as a nation, are to solve our 

complex and persistent energy prob­

lems, we must take this and other 

steps-using to the fullest extent 

technical capabilities now available­

that will help maximize the efficient 

use of our power generating facilities 

and energy supply. 

We believe such a grid system can 

best be achieved within the present 

pluralistic ownership structure of the 

electric industry. But size of profit or 

feasibility of investment should not be 

the all-determining factors. Perfor­
mance in the public interest-that must 

be the principal purpose and value. 

This means every element of the 

electric utility industry-and govern­

ment-must carry its fair share of the 

financial responsibility. 

To enable our nation to use en­

ergy resources more wisely . . . to 

help match supply with demand and 

reach the primary objective of ensur­

ing reliable electric service for all 

Americans ... and for national secu­

rity and consumer health, safety and 

convenience, we advocate speedy de­

velopment of a nationwide power grid. 

America's 
Rural 
Electric Systems � Wecare ... 

we're consumer owned 
® 

If you would like more information on America's rural electric 
systems and their suggestions for reaching solutions to the nation's 
energy problems, please write for "Energy ... and the consumer," 
National Rural Electric Cooperative Association, 2000 Florida Ave., 
Northwest, Washington, D.C. 20009. 
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difference, but for a given object ata 
given distance the size of the image on 
the cat's rctina is only 1.3 times smaller 
than the image on a man's retina. Hence 
the size of the eye cannot account for the 
difference in the perception of spatial 
frequencies. 

In order to understand the cat's visual 
world let us start with the familiar situa­
tion in which we are viewing an eye-test 
chart from a distance of 20 feet. If we 
can read what is called the 20-foot line, 
we have normal visual acuity (20/20 
vision). Since the cat's resolving power 
is lower by a factor of 10, it should be 
able to "read" only the large letter on 
the 200-foot line (20/200 vision). We 
can try to simulate the cat's vision by 
placing in front of our cyes lenses that 
will render them myopic to the point 
where we can discern the 200-foot line 
at 20 feet only. If we then look at a dis­
tant scene with such a degree of myopia, 

everything will be quite blurred, evcn 
objects we can discriminate. The my­
opic lenses act as a spatial filter that at­
tenuates the higher spatial frequencies 
more than it does the lower frequencies. 
The sensation of blurring is the result of 
the relative inactivity of the visual nerve 
cells that are stimulated by the higher 
frequencies. The cat, however, does not 
possess nerve cells attuned to these high­
er spatial frequencies, and so its distant 
view cannot be blurred and cannot be 
simulated by artificial myopia. 

Let us seek a more realistic and fruit­
ful simulation. Instead of blurring our 
vision, let us look at the test chart 
through a pair of binoculars with a mag­
nifying power of 10. If we reverse the 
binoculars and look at the chart from 20 
feet away, we will be able to read only 
the 200-foot line but there will be no 
blurring of the remainder of the chart. 
In order to read the 20-foot line we 

SINUSOIDAL GRATING with a logarithmic variation in spatial frequency and in contrast 

demonstrates the loss of contrast seusitivity at low and high spatial frequencies. The con· 

trast decreases from the bottom to the top, but at anyone height it is the same for all spatial 

frequencies. When the grating is viewed, it is apparent that the intermediate spatial frequen­

cies are visible to much lower contrast than either the low or the high spatial frequencies. 

«It ptObably is the best arm �t offered as an integral �t 
of an automatic 

player." 
-High Fidelity Magazine 

T here are only three 
automatic turntables in 
the world that have a 

tonearm without 
tracking error. 

All three are 
made by Garrard. 

T he unique 
Zero Tracking Error 
Tonearm featured by 
these turntables has a 
hinged head that keeps 
correcting its align­
ment to the groove as 
it travels across the 

, record. 
T his is a signifi­

cant. improvement over 
the conventional fixed­
head tonearm, which 
has tracking error built 
into it. 

T he result is a 
small but irreducible 
amount of distortion. 

Can you hear the 
difference between 

the two systems? 
Yes, said the 

"Acoustics" column 
of Rolling Stone magazine. 

It reported that the Garrard 
turntable equipped with 
the Zero Tracking Error 
Tonearm "sounded markedly 

'crisper'than other turntables" under 
otherwise identical test conditions. 

Ask your dealer about the top-of-the­
line Garrard Zero lOOc ($209.95) and the 
other zero-tracking-error models. 

It'sabsurdto tolerate a problem that 
somebody has 
alreadYSOlV:�

i

�� 
To get your free copy of the new 16 -page 

full-color Garrard Guide, write Garrard, Dept. SA .. I!, 
100 Commercial Street, Plainview, N.Y. 11803. 
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ALL THAT GLITTERS 
IS NOT 23.3K GOLD. 

Among all the fine 
writing instruments made, 
only very few are 
electroplated with 23.3K 
gold. It's the only kind of 
gold plating Waterman 
uses. 

Had we chosen 14K or 
18K gold plating for our 
fountain pens, ball pens, 
refillable soft tips and 
mechanical pencils, nothing 
about them would be 
altered but the price. 

Our European styles 
would still be superlatively 
elegant. Our Old World 
craftsmanship would still 
be evident in the smallest 
details. 

But we chose heavy 
23.3K gold plating because 
we wanted to create 
something precious, 
something to be treasured. 

Waterman writing 
instruments are also 
finished in sterling silver, 
chromium and stainless 
steel. Priced from $90 
down, they're found 
wherever fine gifts are sold. 

UUOTlnmoo® 
The elegant way to write. 

would have to go 10 times closer, to a 
distance of two feet, and refocus the 
binoculars. Although the binocular anal­
ogy of cat vision is better than the blur­
ring one, it is not entir�ly satisfactory 
because it introduces a change in per­
spective. The reversed binoculars make 
everything 10 times smaller. We do not 
know if the cat sees everything 10 times 
smaller. Its peripheral vision could be 
wired up so that its perspective is the 
same as ours. 

It could be assumed that cat vision is 
quite sharp and clear, just as our vision 
is, but that it is different from ours in 
being attuned to seeing well at much 
closer range, if seeing well means a 
mechanism for detecting low-contrast 
details at low spatial frequencies. An in­
formal experiment can demonstrate the 
visual performance of a cat. Swing in 
front of a playful cat a small white ball 
on the end of a black thread. If the ball 
is about a centimeter in diameter, the 
cat will approach it from a distance of 
several meters and play at catching it. 
If we swing the ball away, the cat will 
chase after it even when we move it a 
considerable distance. If the ball is re­
placed with one that is four millimeters 
in diameter, however, the cat will not 
approach it until the swinging ball is less 
than a meter away. Even more convinc­
ing is to let the cat play for a while with 
the smaller ball and then swing the ball 
away suddenly to a distance of about a 
meter. The cat will stop playing and 
will look around for the ball without suc­
cess. A person with normal vision, on the 
other hand, would have to move back to 
a distance of about eight meters before 
a moving four-millimeter ball would bc­
come invisible. 

tt us assume that the cat sees slightly 
better in daylight because of the 

increased illumination and that it can 
detect a high-contrast object that sub­
tends a visual angle of 10 minutes. Un­
der such circumstances the cat should 
be able to detect a flying bird with a 
wingspan of 20 centimeters from a dis­
tance of 60 meters, although the details 
of the bird would not be visible. At dusk 
the cat should see the moon quite dis­
tinctly as a disk, since it subtends an 
angle of 30 minutes. It would not see 
any surface details on the moon. 

vVe now have an inkling of what the 
visual world of the cat may be like. It 
may prove fruitful to use the evoked 
potential technique to study the contrast 
sensitivity of a number of animals, par­
ticularly those that are assumed to have 
a higher acuity than man, such as the 
eagle. 
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WaJDe Sutterfield 
takes a lot of garbage 

Look, we've all got to take a little sometime .. , but this guy goes looking for it. 
Wayne Sutterfield is Refuse Commissioner for the City of st. Louis and he has 

900 tons of garbage on his hands each day. So Wayne Sutterfield believes in new 
approaches to solid waste management. 

The city's garbage is continually combed for steel cans. Sutterfield's powerful 
magnetic conveyor belts literally suck them right out of the garbage at the rate of 
about 78,000,000 a year. Steel's unique magnetic property makes it possible. 

The reclaimed cans are marketed to a steel producer who recycles them during 
the production of new steel products. The economics help Sutterfield and the people 
of st . Louis 'clean up' in the bargain. The same thing is happening today in 20 cities 
across the country. 

But steel can recovery isn't the only exciting thing that happens to the city's 
garbage. St. Louis burns some 300 tons of its combustible solid waste each day 
(mixed with coal) to generate electric power in a conventional boiler at the Union 
Electric Company. That power is enough to serve 25,000 homes. The program 
reduces air pollution, saves landfill and conserves coal . 

St. Louis was the first American city to try it, but it won't be the last. 
Sometimes it pays to take a little garbage. 
For more information write, Tinplate Producers, American Iron and Steel 

Institute, 1000 16th Street, N,W., Washington, D.C. 20036 . 

•• • and cleans up 
in the bargain. 

Tinplate Producers 
American Iron 
and Steel Institute 
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TIME SPENT IN HOUSEWORK 

As one might expect, \vorking women spend less tIme In housework 

than their mothers and grandmothers did some 50 years ago. Women 

who are not in the labor force, however, spend just as much time 

O
ne would suppose, in view of all 
the household appliances that 
have been introduced over the 

past 50 years, that American women 
must spend considerably less time in 
housework now than their mothers and 
grandmothers did in the 1920's. I have 
investigated the matter and found that 
the generalization is not altogether true. 
Nonemployed women, meaning women 
who are not in the labor force, in fact 
devote as much time to housework ·as 
their forebears did. The expectation of 
spending less time in housework applies 
only to employed women. 

Certainly the reasons for thinking that 
the time spent doing housework must 
have diminished are abundant. Most 
of the household appliances that have 
come on the market since the 1920's 
have been marketed as (and have gen­
erally been regarded as) laborsaving de­
vices. Many other products and services 
designed to ease the homemaker's task 
have been put on the market during the 
past 50 years. In addition to these tech­
nological changes one can cite several 
other factors that would seem to indicate 
a shorter work week in the household. 
They include the movement of families 
from the farm; the decline in boarding; 
changes in the birth rate that cause 
women to spend fewer years in the di­
rect care of children; the fact that fewer 
members of the family come home for 
lunch, and the pronounced increase in 
the number of married women in the 
labor force. 

Fortunately information is available 
about time spent in housework. It is not 
as complete as an investigator might 
wish or as readily comparable from one 
period of time to another, but it does 
provide data on how women budget 
time for their daily activities. 

In 1925 the Federal Government 
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made money available (under the Pur­
nell Act) for research in home econom­
ics. One of the results was a series of 
studies of how women budgeted their 
time. My analysis is based on about 20 
of these studies. They are reasonably 
comparable because they were conduct­
ed under a set of guidelines developed 
by the U.S. Bureau of Home Economics. 
Although most of the studies were made 
in the 1920's and 1930's, the guidelines 
were also applied to a few studies con­
ducted in the 1940's, 1950's and 1960's. 
For detailed analysis of the contempo­
rary period I have employed the United 
States Time Use Survey, a study made 
in 1965 and 1966 by John P. Robinson 
and Philip E. Converse of the Survey 
Research Center at the University of 
Michigan. In this study women were 
asked to keep a diary of activities at 15-
minute intervals for a full day. In the 
earlier studies women kept a diary of 
activities at five-minute intervals for at 
least a week. 

Only the Robinson-Converse survey is 
based on a national sample. The studies 
made under the aegis of the Bureau of 
Home Economics involved certain lo­
calities and tabulated primarily the ac­
tivities of rural women. To infer national 
averages from such limited studies is 
open to question. It is significant, how­
ever, that the findings of the earlier stud­
ies were much the same, which lends 
support to the supposition that they re­
Rect national patterns. 

k first the primarily rural composition 
of the early samples appears to be 

a limitation. Actually it is an advantage. 
During the 50 years under consideration 
the scene of household activity-in terms 
of the preponderance of women-shifted 
from the farm to the city. Thus one com­
parison I want to make is between time 

spent in homemaking by rural home­
makers 50 years ago and time spent by 
urban homemakers today. Several of the 
early studies included town and city 
samples, so that it is also possible to 
make comparisons between rural and 
urban women in the 1920's. 

Let us turn first to nonemployed 
women [see illustration on page 118]. In 
1924 such women spent about 52 hours 
per week in housework. The figure dif­
fers little (and in an unexpected direc­
tion) from the 55 hours per week for 
nonemployed women in the 1960's. It is 
remarkable that the amount of time de­
voted to household work by such women 
has been so stable, varying only within 
the range from 51 to 56 hours. It is also 
noteworthy that the work week of home­
makers is longer than the work week of 
the average person in the labor force. 

A comparison of rural and urban 
women yields another unexpected find­
ing: Rural homemakers spend no more 
time in household work than urban ones. 
At least in part this consistency may be 
due to the way the early researchers 
distinguished between housework and 
farm work. Farm work included all tasks 
connected / with the home that were not 
commonly carried on by both rural and 
urban women. Among the tasks defined 
as· farm work were gardening, dairy ac­
tivity and the care of poultry. In this 
way rural and urban women were com­
pared on the same set of tasks. 

Notwithstanding the distinction be­
tween household work and farm work, 
one would suppose that at least in the 
early period urban women would have 
spent less time on the job than rural 
women, inasmuch as a number of dif­
ferences in working conditions remained 
between them. For example, urban 
homes were more likely than rural ones 
to have electricity, running water and 
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laborsaving machines. In addition urban 
women could make more use of markets 
and commercial services, simply because 
they lived closer to them. Another factor 
was that the farm household produced 
a larger proportion of the family's mate­
rial needs than the urban household. (A 
study in 1924 showed that rural families 
produced about 70 percent of their own 
food, compared with 2 percent for urban 
families.) In spite of all these differences 
urban and rural women have spent 
about the same amount of time in house­
hold work throughout the 50-year peri­
od. Urbanization reduced women's work 
only by eliminating_ the 10 hours per 
week spent in farm tasks. 

perhaps trends affecting the house-
hold have created as much work as 

they have saved. If less time is required 
for producing food and clothing, time 
must be added for shopping. It is not 
difficult to think of a number of other 
time-consuming household tasks that 

must be done now but that were non­
existent or rare 50 years ago. Therefore 
the figure for time spent on housework 
probably conceals a shift in the amount 
of time devoted to various tasks. 

The data do show that the nature of 
household work has changed [see top 
illustration on page 119]. The time spent 
in the tasks classified as shopping and 
managerial has increased. So has time 
devoted to family care. Less time is 
spent preparing food and cleaning up 
after meals, although together these ac­
tivities continue to be the most time­
consuming aspect of housework. No 
change has occurred in general tasks of 
home care such as cleaning. 

Probably no aspect of housework has 
been lightened so much by technological 
change as laundry. In the 1920's a great 
many houses lacked hot and cold run­
ning water. A large variety of soaps and 
detergents and automatic appliances 
have come on the scene, and the once 
burdensome requirement of ironing has 

been greatly reduced by wash-and-wear 
fabrics. Nonetheless, the amount of time 
spent doing laundry has increased [see 
bottom illustration on page 119]. Pre­
sumably people have more clothes now 
than they did in the past and they wash 
them more often. 

Time spent on child care has also in­
creased. The change reflects postwar 
modiflcations in standards of child care. 
Today's mother is cautioned to care for 
the child's social and mental develop­
ment in addition to the traditional con­
cerns of health, discipline and cleanli­
ness. 

More time is spent today in the tasks 
associated with consumption. They in­
clude shopping, household management 
and travel connected with the house­
hold. Contemporary women spend about 
one full working day per week on the 
road and in stores compared with less 
than two hours per week for women in 
the 1920's. 

Although technological change has 

KITCHEN OF THE PAST contained few of the conveniences that 
are commonplace today. The only electrical device evident in this 
photograph, which was made about 50 years ago, is the light over 

the sink. The sink appears to have only a cold·water tap; pre· 
sumably the hot water was heated on the coal stove at right. Ad· 
jacent to the kitchen, at far right, is what appears to be a pantry. 

117 

© 1974 SCIENTIFIC AMERICAN, INC



created new time demands in home­
making, this factor alone does not ex­
plain the consistently large amount of 
time devoted to housework. If it did, all 
women would spend long hours in house­
work. The data I have analyzed show 
that they do not. Employed women 
spend considerably less time in house­
work than nonemployed women. 

In contrast to the 55 hours per week 
that nonemployed women spend in 

housework, employed women spend 
only 26 hours. In other words, employed 
women devote about half as much time 
to household tasks as nonemployed 
women. Technological change has in 
fact liberated some women from a cer­
tain amount of household work. 

The time patterns of employed wom­
en become more significant when trends 
in the employment of women are taken 
into account. During the past 50 years 
women have entered the labor force in 

increasing numbers. Moreover, since 
World War II the increase has been 
caused primarily by the dramatic rise in 
the employment of married women. In 
1920 it was rare to find married women 
working outside the home; today about 
40 percent of them are in the labor force. 
Proportionately fewer women are full­
time homemakers. Notwithstanding the 
stability of housework time for nonem­
ployed women, therefore, the shift in the 
proportion of women employed signifies 
a reduction over the years in the amount 
of time women spend in housework. 

Although the impact of social change 
on time spent in housework is thus clari­
fied, the question remains of why non­
employed women spend so much time in 
homemaking. It is possible that this find­
ing can also be explained in a fairly 
straightforward way. Perhaps nonem­
ployed women have larger families and 
younger children and therefore more 
work than employed women. In addition 
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HOURS PER WEEK devoted to household work are charted for rural women (gray) and 
urban women (color) on the basis of surveys made in the years cited. The women covered 
by the chart were solely homemakers, having no outside employment. Notwithstanding the 
many social and technological changes affecting housework during the period covered by 
the data, the time these women devote to homemaking has remained remarkably stable. 
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the nonemployed women may have less 
household assistance. 

It has been shown by other investiga­
tors that a woman's decision to work is 
limited by the presence of children, par­
ticularly young children. In other words, 
women are less likely to work when the 
burden of household tasks is greatest. I 
tested this argument with an analysis 
drawing on employment, marital status, 
socioeconomic status (family income and 
woman's education) and family composi­
tion (number and age of children) as 
points of comparison. 

The technique enables one to see 
whether or not a difference between em­
ployed and nonemployed women re­
mains if the distribution of women is the 
same on the other points of comparison. 
Assuming that the distribution of women 
according to social class, family compo­
sition and marital status is the same, 
nonemployed women would still spend 
considerably more time in housework 
than employed women. Although these 
adjustments somewhat reduce the time 
differences between the two groups of 
women, the major amount of difference 
remains. 

Nother explanation is a reBection of 
the amount of assistance the home­

maker receives. The employed wife may 
be able with her earnings to buy labor­
saving devices and the services of others. 
In addition she may have another, per­
haps subtler resource: help from other 
members of the family. The fact that she 
works outside the home may give her 
leverage to call on them for help. 

However plausible this explanation 
appears to be, information from the Rob­
inson-Converse study shows that differ­
ences in help with housework do not 
explain the time differences between 
employed and nonemployed women. 
Employed women made no greater use 
of paid help than nonemployed wom­
en. Furthermore, husbands of employed 
women gave no more help than hus­
bands of nonemployed women. Contrary 
to popular belief, American husbands do 
not share the responsibilities of house­
hold work. They spend only a few hours 
a week at it, and most of what they do is 
shopping. 

Other factors could explain the puz­
zle. Perhaps employed women receive 
more help from children, live in smaller 
dwelling units or rely more on commer­
cial services and laborsaving devices. 
Unfortunately the Robinson-Converse 
survey did not cover these matters. Oth­
er studies, however, contain little evi­
dence that such factors would explain 
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the time differences between the two 
categories of women. 

Nparently one must look deeper for 
the explanation. One clear contrast 

between employed and nonemployed 
women is that work in the labor market 
earns a paycheck whereas housework 
does not. In the families of nonemployed 
women this contrast underscores an im-
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balance in the economic roles of hus­
band and wife. 

This kind of imbalance was not al­
ways embedded in marriage. In the farm 
household of earlier decades there was 
little separation of domestic and produc­
tive roles. Both the husband and the wife 
contributed to the family's production, 
and their contributions were probably 
regarded as being equal. It seems un-
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likely that anyone would regard the 
bread, butter and clothing made by the 
woman as any less valuable than the 
man's work in the fields. 

In modern society the homemaker's 
contribution to the family economy is 
less clear. Although cooking, cleaning 
and shopping for bargains are important 
to the family, one cannot find much evi­
dence that they are regarded as contri-
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TIME DEVOTED TO LAUNDRY has actually increased over the 
past 50 years, apparently because people have more clothes now 

and wash them more often. The" dates shown for the various appli­
ances and fabrics indicate about when they began to be sold widely. 

119 

© 1974 SCIENTIFIC AMERICAN, INC



NONEMPLOYED 

WOMEN 

EMPLOYED 

WOMEN 

o 2 4 6 
HOURS 

8 

housework schedules for weekdays and 
weekend days. I have done this and 
found that nonemployed women outdo 
employed women in housework on both 
types of day. Employed women "catch 
up" on housework on weekends. None­
theless, they spend less time at it then 
than full-time homemakers who have all 
week to accomplish their work. 

Perhaps the composition of the family 
has something to do with this finding; 
the presence of children, particularly 
young children, creates time demands 
that do not fit into a five-day week. I 

10 examined weekend time expenditures for 
women without children. Again nonem­
ployed women spent about half an hour 
more per weekend day than employed 
women. The pattern is consistent with 
the view that nonemployed women 

EMPLOYED AND NONEMPLOYED WOMEN are compared as to the amount of time they 

spend in housework on weekdays (gray) and weekend days (color). On weekend days both 

groups of women presumably have about the same amount of time available for housework. 

butions equal to the wage earner's. As 
S. Ferge of the Sociological Research In­
stitute in Budapest has written: "The re­
sults of housework do not serve this [eco­
nomic 1 justification in a satisfactory 
manner because they are accepted as 
natural and are only noticed when they 
are absent. It is therefore the work itself 
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whose existence must be felt and ac­
knowledged;

-
working long hours and 

working on Sunday can serve to demon­
strate this. (These considerations are not 
conscious to those who are doing it; on 
the contrary, they are convinced of the 
functional necessity of this work.)" 

Ferge suggests comparing women's 
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PARTICIPATION IN LABOR FORCE is charted for all women (black) and married wom· 

en (color). It was once unusual for married women to work, but now 40 percent of them do. 
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schedule work so that it is visible to oth-
ers as well as to themselves. 

Since the value of household work is 
not clear, nonemployed women feel 
pressure to spend long hours at it. Time 
spent in work, rather than the results of 
the work, serves to express to the home­
maker and others that an equal contribu­
tion is being made. Women who work 
in the labor force contribute income to 
the family and so do not feel the same 
pressure. 

There are, to be sure, additional fac-
tors that give rise to such high ex­

penditures of time in housework. For 
example, in a consumption-oriented so­
ciety the time involved in obtaining and 
taking care of household goods is far 
from negligible, although it is often as­
sumed to be. Such tasks fall to the home­
maker. Moreover, a large amount of time 
devoted to homemaking probably re­
Rects a family's tastes and its preference 
for a particular quality of life. 

Thus I am not suggesting that a home­
maker's work is merely a matter of keep­
ing busy, with no effect on the quality of 
the work performed. The enormous 
technological improvements affecting 
the household, together with the con­
tinued large amounts of time spent 
in housework, make it reasonable to 
assume that qualitative improvements 
have taken place. The example of laun­
dry indicates that in this activity at least 
standards today are higher than they 
were in an earlier era. 

It appears that modern life has not 
shortened the woman's work day. Farm 
work has been greatly reduced, but it 
has been replaced by work in the labor 
force. Indeed, for married women in full­
time jobs the work day is probably long­
er than it was for their grandmothers. 
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The all-aluminum, no-deposit, 
no-waste can. 

Reynolds pays you to return it. 

We don't believe in waste. 
Waste of America's aluminum 

resources. Waste of energy. Waste 
of any kind. That's why Reynolds is 
vitally interested in recycling aluminum 
products. Our far-reaching programs 
to recycle aluminum beverage cans, 
starting in 1967, show the extent of 
our commitment. 

Last year, Reynolds paid Ameri­
cans about 4.5 million dollars for bring­
ing in used aluminum beverage cans. 
That was based on 10¢ per pound. 
Today, we're paying 15¢ per pound 
for aluminum scrap brought to our 
recycling centers. 

Unlike container taxes or de­
pes its, our program put 4.5 million 
dollars in new money into American 
pockets and pu rses. 

And helped conserve one of 
America's most valuable resources­
energy. That's because recycling takes 

only 5% of the energy needed to create 
aluminum from virgin ore. 

We're recycling other forms of 
aluminum, too. From used Reynolds 
Wrap® to old utensils, lawn furniture, 
scrap from industry, etc. Into new alu­
minum products that cut fuel-energy 
consumption in automobiles and other 
transportation equipment. Into building 
products that save heating and cooling 
energy. 

And Reynolds means to do even 
more. We have programs under way to 
recover aluminum from solid waste ... to 
literally mine the garbage heaps of the 
nation. 

Today's waste can be tomorrow's 
resources. Reynolds Metals Company, 
P.O. Box LS, Richmond, Virginia 23261. 

� !�!!.<;?!:�.� 
� ALUMINUM 

Conserving our resources and energy. 
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MATHEMATICAL GAMES 
Some new and dramatic demonstrations 
of number theorems with playing cards 

by Martin Gardner 

T
here is no end to the making of 
mathematical tricks, puzzles and 
other recreations that employ 

playing cards. This month we look at 
some new card problems and games, 
with emphasis on how they lead into sig­
nificant areas of combinatorial theory. 

Consider the following combinatorial 
way of dramatizing an important num­
ber theorem. Remove all the cards of one 
suit (say spades) from a deck and ar­
range them in serial order from ace to 
king. (The jack, queen and king respec­
tively represent 11, 12 and 13.) Place 
them face down in a row with the ace at 
the left. The following turning procedure 
is now applied, starting at the left at 
each step and proceeding to the right: 

l. Turn over every card. 
2. Turn over every second card. 

(Cards 2, 4, 6, 8, 10 and Q are turned 
face down.) 

3. Turn over every third card. 
4. Continue in this manner, turning 

every fourth card, every fifth card and so 
on until you turn over only the last card. 

Inspect the row. Note that all the 
cards except the ace, the four and the 
nine are face down. These values happen 

A 

122 

to be square numbers. Is this an acci­
dent? Or is it an authentic hint of a gen­
eral rule? A good classroom exercise is to 
prepare 100 small cards bearing num­
bers 1 through 100, stand them with 
their backs out in serial order on a black­
board ledge and apply the turning pro­
cedure. Sure enough, at the finish the 
only visible numbers will be the squares: 
1, 4, 9, 16, 25, 36, 49, 64, 81 and 100. 
That is too large a sampling to be coin­
cidental. The next step is to prove that 
no matter how large the deck, only 
squares survive the turning procedure. 

A simple proof introduces one of the 
oldest and most fundamental of number 
theorems: A positive integer has an odd 
number of divisors (the divisors include 
1 and the number itself) if, and only if, 
the number is a square. This is easy to 
see. Most divisors of a number come in 
pairs. Consider 72. The smallest divisor, 
1, goes into the number 72 times, giving 
the pair 1 and 72. The next-larger divi­
sor, 2, goes into the number 36 times, 
giving the pair 2 and 36. Similarly, 72 = 

3 X 24 = 4 X 18 = 6 X 12 = 8 X 9. 
The only divisor of a number that is not 
paired with a different number is a divi­
sor that is a square root. Consequently 
all nonsquares have an even number of 
divisors and all squares have an odd 
number of divisors. 

How does this apply to the row of 

• 

• 

Card algorithm for generating squares 

cards? Consider the eight of spades in 
the first card-turning example. Since 8 is 
not a square, it has an even number of 
divisors: 1, 2, 4, 8. It will be turned four 
times: when you turn each card, each 
second card, each fourth card and each 
eighth card. An even number of turns ap­
plied to a face-down card will leave that 
card face down. Since every nonsquare 
card will be turned an even number of 
times, it will be face down at the finish. 
The only cards that are turned an odd 
number of times and left face up are 
those with an odd number of divisors, 
namely the squares. Is there a better way 
to etch this basic number theorem in the 
memory of a high school student than to 
have him witness such a demonstration? 

Let us see how cards can be used for 
modeling a combinatorial problem that 
D. H. Lehmer once described as follows. 
Mr. Smith manages a motel. It consists 
of n rooms in a straight row. There is no 
vacancy. Smith is a psychologist who 
plans to study the effects of rearranging 
his guests in all possible ways. Every 
morning he gives them a new permuta­
tion. The weather is miserable, raining 
almost daily. To minimize his guests' dis­
comfort, each daily rearrangement is 
made by exchanging the occupants of 
two adjoining rooms. Is there a simple 
algorithm that will run through all pos­
sible arrangements by switching adja­
cent occupants at each step? 

The problem is easily modeled with 
cards. A row of spades, ace to king, cor­
responds to a 13-room motel. The num­
ber of permutations of n elements is fac­
torial n. Our problem is to exchange two 
adjacent cards at each step and run 
through every possible permutation in 
just (n! - 1) steps. (We subtract 1 from 
nl because we begin with one permuta­
tion on the table.) Such an algorithm has 
important applications in computer sci-
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ence. Many problems require a comput­
er in order to run through all permuta­
tions of n elements, and if this can be 
done by exchanging adjacent pairs, there 
is a significant reduction in computer 
time. 

It turns out that there is a simple, 
beautiful algorithm for doing this; it 
leads to the fastest-known way for a 
computer to permute n elements. The 
late Hugo Steinhaus, a Polish mathema­
tician, was the first to discover it. It pro­
vides a solution for the abacus problem 
on page 49 of his One Hundred Prob­
lems in Elementary Mathematics, first 
published in Poland in 1958. In the early 
1960's the procedure was independently 
rediscovered at almost the same time by 
H. F. Trotter and Selmer M. Johnson, 
each of whom published it separately. 

Solving the problem for 13 cards 
would require 13! - 1 = 6,227,020,799 
steps (you can see why a fast computer 
algorithm is desirable); hence let us start 
with smaller sets. It is easy to find a so­
lution for three cards, but four cards 
present difficulties. Besides, we want not 
just a solution for a specified number of 
elements but a general method that will 
apply to any number. 

With two cards (n = 2) the solution is 
trivial [see "a" in illustration on page 
125]. Simply move the deuce from right 
to left. For n = 3 we list each of the pre­
ceding permutations three times: 12, 12, 
12; 21, 21, 21. The numeral 3 is now 
added to the list by a twisting procedure 
[see "b" in illustration]. The 3 starts at 
the right of the first permutation, weaves 
left through the series, pauses once at 
the left, then weaves back to end at the 
right of the final permutation. This gen­
erates the series 123, 132, 312, 321, 231, 
213. If you start with an ace, deuce and 
trey on the table and run through the 
series, you will see that each permutation 
is derived from the preceding one by 
switching two adjacent cards. For n = 4 
each permutation of the series for 
n = 3 is repeated four times. (The num­
ber of repetitions always equals n.) The 
numeral 4 is then added, weaving it left 
and right as before [see" c"]. 

The algorithm can be defined by a 
nonrecursive formula, but the recursive 
procedure just explained is easier to un­
derstand. The trouble with defining a 
prgcedure for any n is that when the 
weaving card pauses at each side, the 
position of the pair to b� switched varies 
in a curious way. The procedure given 
here is recursive, of course, because for 
each n we must make use of the results 
obtained for (n - 1). It works for all 
higher n. For n = 5 we obtain 5! = 120 
permutations, beginning with 12345, 

joker 

• 
Are all the cards with colored backs jokers? 

12354, 12534, 15234, 51234, 51243, 
15243 ... and ending with 21345. Note 
that a switch of the first two numerals of 
the final permutation will give the first 
permutation. This holds for all n. The 
procedure is cyclic, restoring the original 
sequence in one more step. 

I am indebted to Donald E. Knuth for 
this means of displaying the recursive 
procedure, as well as for the algorithm's 
history. In the forthcoming fourth vol­
ume of his great series on The Art of 
Computer Programming he will discuss 
the algorithm and show how its "inver­
sion table" is equivalent to what is called 
a reflected Gray code with mixed bases. 
The problem is a special case of a more 
general "motel problem," which in turn 
is a special case of what Lehmer calls 
the "traveling-burglar problem." 

A few years ago John Horton Conway 
of the University of Cambridge invented 
a series of card problems and games 
based on the technique of permuting a 
set of elements by reversing the order of 
subsets according to various rules. Take, 
for example, the 13 spades from a deck, 
shufHe the packet and hold it face up in 
your left hand. Note the value of the 
uppermost card (we shall call it the top 
card) of the packet. Let us say it is a 
nine. Call the number out or to yourself, 
then with your right thumb slide nine 
cards off the packet one at a time into 
your right hand. This automatically re­
verses the order of the nine cards. Now 
put the nine-card packet on top of the 
cards in your left hand. A new card is on 
top. Note its value, call it out and repeat 
the same procedure. In other words, if 
n is the value of the top card, you always 
count off n cards, which reverses their 
order, and replace them face up on top. 
The game ends if an ace appears on top, 
because the ace produces a "one-loop" 
that consists in repeatedly counting off 
the ace and replacing it. 

' 

Must the game always end with the 
call of an ace? Yes, although it may take 
quite a while. It is impossible to get into 
a loop before the ace is called. If the 
game continues long enough without the 
call of an ace, a king might eventually be 
called. If this happens, however, the next 
reversal of cards puts the king on the bot-

tom. Once the king is on the bottom 
there is no way it can leave. As the game 
continues, the queen might eventually 
be called. If this happens, the queen 
goes to the 12th position from the top, 
just above the king, and stays there. By 
mathematical induction the same thing 
must happen to the jack, then the 10 
and so on (each card going to a position 
that corresponds with its value) until 
eventually, if not sooner, the ace is called 
and the game terminates. Indeed, each 
card can be called only once after the 
latest appearance of all higher cards. 

The general form of the game involves 
one or more packets of n cards each. It is 
called k-swops if the kth card from the 
top is called. The called number gives 
the number of cards to be counted and 
replaced on top. It is called k-drops if 
the same procedure is followed except 
that the reversed set goes to the bottom. 

When there is only one packet and k 
equals 1 (the top card) and the counted 
cards go on top, Conway calls the game 
topswops. That is the game we have 
analyzed. The same game with the 
counted cards going to the bottom is 
called topdrops. In topdrops the top card 
is called, the cards are counted and the 
reversed set is placed on the bottom. 
Topdrops is less interesting than top­
swops. You begin at once with a loop 
that may be long or short and that may 
or may not contain an ace. 

When there is one packet and k equals 
n (the bottom card), the game is bot­
swops or botdrops, depending on wheth­
er the counted set goes on top or on the 
bottom. Botswops is boring. If you play 
with 13 spades and the king is not on the 
bottom, you are immediately in a two­
card loop. Suppose the bottom card is a 
four. It stays there while you repeatedly 
reverse the four cards on top. If the king 
is at the bottom, it goes to the top, and 
you find yourself in a similar two-loop 
based on the new bottom card. 

Botdrops (call the bottom card, count 
and put the reversed set on the bottom) 
is more interesting. If you play it for a 
while, Conway writes, you might con­
vince yourself that it always loops in a 
KQKQKQ ... sequence, but that is not 
always the case. On rare occasions other 
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Bow to select a turntable 
like an exp-ert, without 
having to become one. 

Selecting a turntable calls for 
more know-how than any other 
component. After all, no other 
component physically handles your 
largest investment in music: your 
records. 

Unless you know an audio expert, 
you'll probably depend on an audio 
salesman for advice. In that case, 
make sure he knows you want a 
quality turntable whose tonearm will 
preserve your records while getting 
the most out of them. 

Next, consider the convenience 
and safety of an automatic turntable 
versus handling a manual tonearm. 
And whether you'll ever want to play 
two or more records in sequence. 
(Chances are you'll want a fully­
automatic multi-play 
turntable. ) 

Be sure to note the work­
manship of the turntables 
you're considering. Operate 
the switches and tonearm set­
tings. If they're not precise, record 
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wear will accelerate and the sound 
will deteriorate. 

Finally, ask the salesman which 
turntable he owns. Most audio 
professionals-record reviewers, 
audio engineers, hi-fi editors and 
salespeople-own a Dual. 

And that's all you really need to 
know to select a turntable like an 
expert. 

r. "' United Audio Products 
_ Dept. SA, 120 So. Columbus Ave., 

Mt. Vernon, N.Y. 10553 
Exclusive Distribution Agency for Dual 

Plant a THINK TANK anywhere 
and watch the minds grow! 
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Unique instructional games designed by uni· 
ve ... ity p<ofessors to make learning fun 
through brain-ta-brain action. Beginning games 
can be mastered by young children- final games 
will challenge intelligent adults. These are 
the famous GAMES FOR THINKERS from 
WFF 'N PROOF Publishers. 

WFF'N PROOF (logic) 
QUERIES 'N THEORIES (science) 
EQUATIONS (mathematics) 
ON-SETS (set theory) 
PROPAGANDA (social studies) 
ON-WORDS (word structures) 
CONFIGURATIONS (geometry) 
TRI-NIM (problem solving) 
REAL NUMBERS (arithmetic) 
WFF (beginner's logic) 
QWIK-SANE (puzzle) 
TAC-TICKLE (pure strategy) 

reachers Manual 
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12-Kit THINK TANK & Teachers Manual 

9.75* 
9.75* 
6.50* 
6.50* 
7.50* 
6.50* 
6.50* 
5.50* 
2.25* 
2.25* 
2.25* 
1.25* 
1.25* 

16.00* 

With THINKERS Bookends (save $9.25) 74.50* 

Without THINKERS Bookendslsave $3.25) 64.50* 

postage & handling included in above prices 

Order from: WFF 'N PROOF 
1490·TX South Boulevard, Ann Arbor. Mi. 48104 

Gifts that are a COMPLIMENT to receIve! 

loops are pOSSible. (Can you find one?) 
In this game, as in all the others, you 
start, of course, with a shufHed packet. 

When the game is extended to two or 
more players, each with a packet, it be­
comes much harder to analyze. For in­
stance, suppose two players have packets 
of 13 cards each, One has spades, the 
other hearts. They play topswops as fol­
lows. Each shufHes his packet. Player A 
calls his top card, then B counts that 
number off his packet and replaces the 
reversed cards on top of his packet. B 
now calls his top card, A counts and re­
places the reversed cards on top of his 
packet. This continues with players al­
ternating calls. 

It is a curious fact, reports Conway, 
that as soon as an ace is called the calls 
go into a loop that starts with an ace, 
then a sequence, then an ace again (ei­
ther the same ace or the other one), then 
the same sequence is repeated in reverse. 
For example, the first called ace might 
generate the following loop: 1-3-2-6-
4-1-4-6-2-3-1. Note that the sequence 
between the first two ace calls is the re­
verse of the sequence between the sec­
ond and thirq ace calls. It is an unproved 
conjecture (or was when I last heard 
from Conway) that in two-player top­
swops an ace is always called. It is not 
known if the game can conclude in a 
loop without an ace, although it is known 
that if a loop includes an ace, it includes 
it just twice. 

Let it not be supposed that these 
Conway card games are trivial. They 
deal with the theory of set permutations 
and not only may provide deep theorems 
but also may have a bearing on practical 
problems that arise in seemingly unre­
lated fields, 

I conclude with three unusual com­
binatorial card problems. The first is ex­
tremely difficult, the second is easy but 
elegant and the third is tricky. 

1. A Langford problem. In November, 
1967, I discussed a combinatorial prob­
lem, first posed by C. Dudley Langford, 
that could be worked on with a set of 
cards containing doublets of values from 
1 to n. When the problem is extended 
to triplets, the smallest value of n for 
which a solution is known is 9. 

Here is the task. Remove from a deck 
all the cards of three suits that bear val­
ues of ace through 9. Try to arrange 
these 27 cards in a single row to meet the 
following proviso. Between the first two 
cards of every value k there are exactly 
k cards, and between the second and 
third cards of every value k there also are 
exactly k cards. For instance, between 
the first and second sevens there must be 
just seven cards, not counting the two 
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sevens. Similarly, seven cards separate 
the second and third sevens. The rule 
applies to each value from 1 through 9. 

2. A Silverman problem. David L. 
Silverman is the inventor of this puzzle. 
Remove the spades and hearts from a 
deck. Put the spades face up in a row in 
serial order with the ace at the left and 
the king at the right. Place a heart card 
under each spade so that the sum of the 
two cards is a square number. Prove that 
the solution is unique. 

3. A Ransom problem. This comes to 
me through the courtesy of Tom Ran­
som, a Canadian amateur magician and 
puzzle collector whose tangram cards 
provided a striking color illustration in 
this department for September. This is 
how Ransom has been showing his puz­
zle to magician friends: Five cards are 
placed in a row as show in the illustra­
tion on page 123. All card backs, Ran­
som states correctly, are either colored 
or black. Are all the cards with colored 
backs jokers? 

The problem is not to answer the 
question but to determine the minimum 
number of cards that must be turned 
over in order to answer it. In other 
words, assuming any possible variation 
of the hidden card sides {each joker may 
have a black or a colored back, the card 
with the visible colored back may or may 
not be a joker and so on}, how many 
cards must you turn over before you can 
answer the question: "Are all the cards 
with colored backs jokers?" 

It is a confusing problem and one that 
calls for careful reasoning. There is a 
surprise in the solution that is closely re­
lated to an old joke about three profes­
sors on a train in Scotland. Through the 
window they see a black sheep. 

"How interesting," says the astrono­
mer. "All sheep in Scotland are black." 

"A totally unwarranted inference," 
the physicist replies. "We can conclude 
only that some sheep in Scotland are 
black." 

"Correction," says the logician. "At 
least one sheep in Scotland is black on at 
least one side. 

The three problems will be answered 
next month. 

ust month's problem was to determine 
which pattern of heads and tails, 

TTHH or HHH, is more likely to appear 
first as a run when a penny is repeatedly 
flipped. Applying John Horton Conway's 
algorithm, explained last month, we find 
that TTHH is more likely to precede 
HHH with a probability of 7/12, or odds 
of seven to five. Some quadruplets beat 
some triplets with even greater odds. 
For example, THHH precedes HHH 

with a probability of 7/8, or odds of sev­
en to one. This is easy to see. HHH must 
be preceded by a T unless it is the first 
triplet of the series. Of course, the proba­
bility of that is 1/8. 

The waiting time for TTHH and for 
THHH is 16, compared with a waiting 
time of 14 for HHH. Both cases of the 
quadruplet versus the triplet, therefore, 
exhibit the paradox of a less likely event 
occurring before a more likely event with 
a probability exceeding 1/2. 

Richard H. Reis caught two mistakes 
in this department for August. 

Samuel Johnson did not misspell tan­
gram {as "trangam"} in 1712; he did so 
in quoting a statement that had been 
made in 1712. And when I said that all 
polygons of four sides are convex, I 
meant all such polygons that can be 
formed with the seven tans. Reis provid­
ed a neat proof that no nonconvex quad­
rilateral tangram is possible. 

The "proof" in this department for 
September that there are just 18 pen­

tagonal tangrams has turned out to be 
faulty. Many readers are sending penta­
gons that are not among the 18. At latest 
count the number of pentagons has ex­
ceeded 50, including six snug tangrams 
that are not among the 18. Thus the 
problem of enumerating the pentagonal 
tangrams remains unsolved. One mistake 
was to assume that a nonsnug tangram 
must consist of two triangular subtan­
grams on each side of a nonsnug line, 
when in fact it may consist of a quad­
rilateral and a triangle. As soon as more 
is known about the total number of pen­
tagons I shall report on it again. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

T
he following collection of simple 
projects illustrates the fact that 
many attractive and significant ex­

periments and observations can be con­
ducted with apparatus that calls for the 
expenditure of little time and money. 
The first project involves the construc­
tion of the handy instrument called the 
cross-staff. It is a primitive equivalent of 
the mariner's sextant. 

The instrument measures the angle 
between distant objects. Its introduction 
into Europe during the 14th century by 
the Jewish philosopher Levi ben Ger­
shon revolutionized navigation by en­
abling mariners to find their way at sea 
in rough weather. Unlike the astrolabe 
and the quadrant that had previously 
served navigators, the cross-staff does 
not require a plumb bob for finding the 
zenith. Its construction is described by 
I. L. Fischer, associate professor of phys­
ical science and mathematics at Bergen 
Community College (400 Paramus Road, 
Paramus, N.J. 07652). 

"A year ago," Fischer writes, "I was 
attracted by the idea of having my as­
tronomy students build their own instru­
ments so that they could make observa­
tions at home instead of waiting for those 
rare occasions when the student was free, 
the weather was clear and the school's 
limited collection of instruments was 
available. Most students, including those 
without particular mechanical skills, 
managed to make and calibrate a cross­
staff within two hours. Only a few spent 
money for materials. 

"As its name suggests, the cross-staff 
consists of two elements: the staff, which 
resembles a yardstick, and the transver­
sal, which is essentially a mask that 
makes a right angle with respect to the 
staff and slides along the staff [see top 
illustration on opposite page]. The staff 
is graduated in angular degrees. 
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Of cross-staffs, paraboloids, sun (Jlewers 
and other useful tools and experiments 

"To make a measurement the user 
sights along the staff from one end while 
simultaneously adjusting the position of 
the transversal until the distant objects 
appear to line up with the ends of the 
transversal. The angle between the ob­
jects then corresponds to the graduation 
on the staff indicated by the position of 
the transversal. The students checked 
the accuracy of their instruments against 
a pair of lines that had been drawn on a 

blackboard with the aid of a sextant. 
Many instruments were accurate to with­
in .05 degree, and virtually all came 
within .2 degree. 

"When the cross-staff is employed in 
navigation, it is positioned so that the 
transversal is in the vertical plane. The 
cross-staff was the first instrument that 
involved the visible horizon in celestial 
obselvations. Latitude could be approxi­
mately determined by sighting simul­
taneously on the pole star and the hori­
zon, thus eliminating the need to deter­
mine the zenith with a plumb bob. 

"A serviceable cross-staff can be made 
with a sheet of stiff cardboard eight 
inches square, a smooth length of wood 
about the size of a yardstick, several rub­
ber bands, scissors, a pencil and a ruler. 
The accuracy of the instrument can be 
increased by fitting the staff with trans­
versals of two or more lengths, according 
to the size of the angles to be measured. 
The model I designed has transversals 
of two, four and eight inches. 

"The transversals are formed from a 
single sheet of cardboard, which also is 
cut and folded to form a pair of braces 
that support the transversals at right 
angles with respect to the staff and con­
stitute a cardboard sleeve on which the 
transversal unit slides on the staff. In the 
accompanying illustration [bottom of 
opposite page] the solid lines represent 
cuts and the dotted lines represent folds. 
The top inch of the cardboard serves 
as the four-inch transversal, the second 
inch is the eight-inch transversal and the 
bottom inch functions both as the brace 
to support the unit and as the two-inch 
transversal. 

"One or two rubber bands hold the 
sleeve on the staff. The tension should 

be adjusted so that the transversal slides 
freely but remains in the position to 
which it is set. An additional rubber 
band holds the braces in position on the 
sleeve. Measure the length of the three 
transversals as accurately as possible. 

"To calibrate the staff, mark one of its 
ends 'eye' on both sides. Measuring from 
the eye end, draw straight lines halfway 
across one side of the staff at distances 
listed in the accompanying table [page 
134] for an eight-inch mask and label 
each line with the number of degrees 
that correspond to that distance. Then 
turn the staff over and similarly label the 
other side according to the part of the 
table that applies to the four-inch mask. 

"A third set of graduations can be 
added on each side with ink of contrast­
ing color to measure angles with the two­
inch portion of the transversal. I leave 
to the experimenter the fun of calculat­
ing this table of distances. The distances 
are calculated by dividing the width of 
the mask (in inches) by two times the 
trigonometric tangent of one-half of the 
desired angle. For example, with the 
two-inch transversal at what distance 
from the eye position should the gradua­
tion be placed to indicate an angle of five 
degrees? According to the formula, the 
distance (d) equals the width (W) divid­
ed by two times the tangent (tan) of half 
the angle q,: d = W / 2 X tan J�q, = 2 /2  
X tan 2J�o = 2 / 2 X .0437 = 22.9 inch­
es. The formula can of course serve for 
correcting the calibration scale if the 
transversals do not turn out to be exactly 
the specified four or eight inches and for 
deriving tables for transversals of any 
length. 

"The cross-staff is suitable for any ap­
plication that would normally involve a 
sextant. Indeed, for some purposes I find 
it superior to a sextant. For example, dur­
ing observations at night it is difficult to 
keep track of a particular star unless its 
relation to surrounding stars is constant­
ly evident. The cross-staff facilitates 
measurements involving stars because 
there is always a large field of view ex­
cept for the small portion obscured by 
the mask. 

"One of the interesting astronomical 
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projects that can be carried out with a 
cross-staff is plotting the path of the 
moon or the planets against the back­
ground of the fixed stars. The position of 
the moon can be determined by measur­
ing the angle between it and three stars. 
By repeating this determination over an 
extended interval the path of the moon 
can be plotted on a star map with im­
pressive accuracy. The direct and retro­
grade motions of the planets can be re­
corded in a similar way. 

"When the cross-staff is constructed 
carefully, it is capable of splendid per­
formance. Accuracies of better than .1 
degree can be attained easily for angles 
of up to about 20 degrees. Hence it is 
desirable to mark additional lines on the 
staff at .1-degree intervals to facilitate 
reading the scale. With the four-inch 
transversal, for example, the difference 
between an angle of 10 degrees and one 
of 10.1 degrees amounts to more than . 2 
inch on the staff. In making observations 
brace the eye end of the staff against the 
cheekbone to ensure that error will not 
be introduced by holding the instrument 
at an indefinite distance from the eye." 

Roger H. James, who is associated with 
Pratt & Whitney (400 Main Street, 

East Hartford, Conn. 06118), has devel­
oped a simple technique for making rea­
sonably accurate paraboloids with a di­
ameter of two feet or so. "As is well 
known," he writes, "the surface of any 
rotating fluid in a rotating container as­
sumes the shape of a paraboloid of revo­
lution. The height in inches (h) of a point 
r inches from the axis of revolution is ap­
proximately equal to the product of the 
square of the speed of the container in 
revolutions per minute (N) multiplied by 
the square of the radius in inches (r) di­
vided by 70414: h = N2r2 / 70414. The 
focal point of the paraboloid, which is 
the distance from the apex of the pa­
raboloid at which impinging parallel 
rays are reflected to focus, is equal to 
17604 divided by N2. 

"I made a paraboloid by pouring 
melted paraffin into a pan of very hot 
water. The pan was 18 inches in diam­
eter and rotated at 45 revolutions per 
minute on the turntable of an old record 
player. Several hours later, when the ro­
tating paraffin had solidified, I had a wax 
paraboloid, which served as a mold for 
making a permanent paraboloid of fiber­
glass. Fiberglass and an appropriate 
epoxy for embedding the fibers are avail­
able as a kit at most hardware stores. 
Both the concave and the convex surface 
of the paraffin mold have the same shape. 

"The depth of my parabola is about 
2.3 inches and the foclls is 8.695 inches 
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from the bottom. To find the slope of 
the paraboloid in angular degrees at any 
point from the apex multiply the focal 
length by 4 and divide 1 by the product. 
Multiply the resulting quotient by two 
times the radius in inches to the point 
of the desired slope. The product is the 
trigonometric tangent of the angle. _ 

. "For example, I have indicated that 
the focal length of my dish is 8.695 
inches. The reciprocal of 4 X 8.695 is 
1/34.78, or .02875. Hence the slope at 
the edge of my dish is arc tan 2 X .02875 
X 9 = arc tan .517 = 27.36 degrees. 
The equations are valid for any liquid. 

"For most practical purposes differ­
ences in surface tension can be neglect­
ed. Containers of any shape are satisfac­
tory, and they need not be centered. The 
axis of the resulting paraboloidal surface 
will coincide with the axis around which 
the fluid rotates. With a cylindrical con­
tainer that is centered the level of the 
fluid at the edge will rise by exactly the 
same amount that the level at the cen­
ter drops. Containers of this shape can 
therefore be half-IDled. 

"The axis of rotation of the container 
must be exactly vertical, otherwise the 
fluid will not rotate uniformly. When the 
axis of rotation is truly vertical, a speck 
of dust resting on the bottom of the con­
tainer near the axis does not move with 
respect to the bottom." 

Incidentally, readers have called at­
tention to three errors in the formulas 
previously presented in this department 
fOf'constructing an approximate parabo­
loid with sectors of cardboard [see "The 
Amateur Scientist," SCIENTIFIC AMERI­
CAN, December, 1973]. The rows of the 
table on page 127 should be numbered 
o through 10 instead of 1 through 10. 
The term (Yl - Y) in the formula for z 

should be squared. A closer approxima­
tion of a true paraboloid will result by 
changing the formula for the base of the 
sector to Va - Xn sin pi / N, in which N 
is the number of sectors. 

Most amateur astronomers have trou­
- ble focusing a telescope in cold 

weather. The rack-and-pinion adjust­
ment is all but impossible to manipulate 

while the observer is wearing mittens. If 
the mittens are removed, fine adjust­
ments are hard to make with stiff fingers. 
Charles W. Bowen of San Antonio, Tex., 
has solved the problem by providing the 
rack-and-pinion draw tube, which sup­
ports the eyepiece, with a motor drive. 

"I installed a Model CA 1/2-RPM 
Hurst reversible motor on my eight-inch 
reflecting telescope," Bowen writes. 
"When I bought the motor, it cost 
$13.95. It is available from mail-order 
distributors. 

"The motor can be switched on and 
off in either direction by a homemade 
control that has a push-button switch for 
each direction. The gearing allows the 
unit to develop a force of 150 inch­
ounces at constant speed. I learned by 
experiment that a half-revolution per 
minute is the best rate at which to turn 
the focusing pinion. Focus is approached 
at a controllable speed with eyepieces in 
the focal-length range from 30 millime­
ters to four millimeters. 

"The mechanical details involved in 
mounting the motor depend on the 

Telescope·focusing arrangement devised by Charles W. Bowen 

128 

© 1974 SCIENTIFIC AMERICAN, INC



What would you do 
. 

with a Statistics and Number-Crunching Computer 
that starts at $�400; has 16K Hardwired Basic Language 

and 28 Major Peripherals? 

The new Wang System 2200 is a System. 
It gives you the raw power and the periph­
erals you must have for a wide range of 
problem solving. For under $7,500 you get 
a CPU with 16K bytes of BASIC language 
instructions hardwired into the electron­
ics ... plus a 4K operating memory. You 
also get a big 16 lines (of 64 characters 
each) aT display, a console mag tape 
drive and your choice of either alpha or 
BASIC Keyword keyboards. 

Some Words About Language: The hard­
wired MOS ROM language in your Sys­
tem 2200 finally ends your dollar trade­
offs ... economy systems that are costly to 
program or very expensive systems that are 
relatively easy to program. Many, if not 
most, of your people already know BASIC. 
They1l be solving problems the day your 
system is delivered (and, we can deliver in 
about two weeks). Most of your budget 
will go into problem solving; not system 
support. 

Plenty! 
Try To Out-Grow It: Main memory is 
field expandable in 4K increments (at $1,600 
per 4K). Up to 321<. You can choose from 
three kinds (and 7 price ranges) of print-
ers ... one even has a stepping motor for 
very precise 4-quadrant incremental plot­
ting. Speaking of plots, we have a new, 
very large flatbed (31" X 48") for only 
$8,000 or a smaller one if you plot small. 
Both print alphanumerics and plot under 
full program control. Been appalled lately 
by disk prices? Starting at just $4,500, we 
offer you our new "floppy" disk in single, 
double and triple disk configurations (.25, 
.50 and .75 MB's). For big disk power, you 
can have 1, 2 or 5 megabyte fixed/remov­
able disk systems. All peripherals, includ­
ing punched or mark sense hopper card 
readers, paper tape readers and on- line 
BCD or ASCII controllers are easily added­
on in the field so your System 2200 will 
grow with your needs. 

The Wise Tenninal: If you are now or may 
soon be getting into terminals, we have 
several new products that will instantly up­
grade your System 2200 for telecommuni­
cations with any other System 2200 or a 
mainframe computer. And, you still have 
a powerful stand-alone system. Another 
approach, of course, is to justify it as a 
powerful terminal and get a "free" stand­
alone computer. Wise? 

We Do A Lot For You: System 2200 is 
backed by over 250 factory-trained Wang 
Service Technicians in 105 U.s. cities. 
Naturally, we guarantee or warranty every­
thing you buy from us. If you want, there 
are free programming/operating schools 
here in Tewksbury, Massachusetts, almost 
every week. We have a growing program 
library on a wide range of statistics and 
math/science applications. Our user group 
(with the unlikely name of "SWAP") could 
help you cut programming costs even fur­
ther. We do a lot for you. 

• All prices U.s. Ust. If you're the entrepreneur type, we've just announced a new 7-module Basic Accounting System 
software package for the business end of your business like payroll, invoicing, inventory, receivables and some really (WANG) 
fancy management reports. 

Even if you call the Wang System 2200 a small system 
• • .  you have to admit it's a big idea. 

o Please send literature 

o Please have your representative phone me: ______ _ 

Name _____________ Title ____________ __ 

Company ___________________ __ 

Address ___________________________________ _ 

City ____________________________________ _ 

State' _____________________________ --L.Zip, _____ _ 

Wang Laboratories, Inc., SA-II 

836 North St., Tewksbury, Ma. 01876, Tel. (617) 851-4111 
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structure of the telescope. For my instru­
ment, which is typical, I bent a bracket 
of sheet metal and drilled it to accept the 
mounting screws of the motor and to be 
attached by similar screws to the tube of 
the telescope [see illustration on page 
128]. One knurled knob was removed 
from the shaft of the pinion and replaced 
by a short length of pipe that is the cou­
pling to the motor. The ends of the pipe 
were drilled and threaded for setscrews 
that clamp the shafts. 

"I cannot overemphasize the conve­
nience of this focusing scheme. The ob­
server can trim up the focus without 
touching the instrument and jiggling it. 
I made the installation in a few minutes 
less than two hours." 

1-1 R. Crane, professor of physics at 
• the University of Michigan, sug­

gests a way to view the sun safely. It is 

perhaps the simplest and safest method 
of all. It makes use of a pair of binocu­
lars and should be kept in mind against 
the time when the observer becomes in­
terested in examining a big sunspot or 
an eclipse. 

"Textbook diagrams of binoculars," 
Crane writes, "always show the image to 
be virtual, at 25 centimeters or more in 
front of the eye. As a practical matter, 
however, the focusing range of binocu­
lars is made so wide (in order to accom­
modate users having all kinds of visual 
abnormalities) that a real image can be 
cast at any distance behind the eye­
piece-from infinity to as close as 10 or 20 
centimeters. The size of the image of the 
sun cast by my binoculars (they are sev­
en by 35 millimeters) is about six inches 

. in diameter at eight feet. If the image 
falls on a white card that is shaded from 
direct sunlight, its brightness is just right 

Binoculars arranged by H. R. Crane Jor viewing the sun 
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for comfortable observation. In lining up 
the binoculars the experimenter must 
resist the temptation to look into the eye­
piece. Concentrated sunlight could de­
stroy the retina. 

"I fastened my binoculars to a tripod. 
I cut a two-inch hole in an IS-inch 
square of cardboard and pushed it onto 
the front end of one lens barrel of the 
binoculars [see illustration on this page ]. 
The cardboard served both to shade the 
image from direct sunlight and to mask 
one of the telescopes so that only a single 
image was cast on the screen. 

"Much fun can be had with the setup 
even when there is no eclipse. I have 
viewed sunspots clearly with the appara­
tus and have also photographed the 
spotted solar image with an ordinary 
camera. This kind of photography re­
quires care. The spots are small and the 
contrast is not great. I did not succeed 
when I held the camera by hand. 1 made 
good pictures when 1 supported the cam­
era with a second tripod and set the 
aperture small (f /22). The small aper­
ture is necessary for increasing the depth 
of focus so that the camera can be posi­
tioned at an angle with respect to the 
plane of the screen. 

"I found that it is important to main­
tain the optical axis of the binocular at 
a right angle in relation to the screen. 
Aberrations grow rapidly as the axis 
moves away from the normal. A way to 
increase the brightness of the image 
with respect to the background is to de­
crease its size by moving the screen 
closer to the binoculars, assuming that 
the camera can be focused to a short dis­
tance. Photographs of higher contrast 
can be made by enclosing the camera 
and screen in an improvised shadow box 
and by using high-contrast (copy) film." 

Martin Gardner's recent illustration 
of hexagonal numbers as differ­

ences between consecutive cubes [see 
"Mathematical Games," SCIENTIFIC 
AMERICAN, July] brought to mind an 
identical cube that constitutes an optical 
illusion. The cube was devised a year or 
so ago by Fred Duncan (Box 264, Red­
way, Calif. 95560), who is a specialist in 
psychokinematic art. To make the cube, 
cut from light cardboard a figure accord­
ing to the accompanying pattern [page 
132]. Slit the cardboard and fold it as 
specified. Cement each lettered flap to 
the surface labeled with the matching 
circled letter. The result is a cube with 
one missing corner. 

Hold the cube in one hand and with 
one eye look diagonally into the cube at 
the missing corner. Keep the other eye 
closed. After a second or two the missing 
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Announcing the' first space magazine written to be urxierstood ... 

Popular Astronomy: 
A new magazine. 
A special Qlfer. 

Explore the world around you, 
and the worlds beyond ..... 

It's true that men have been walking on the moon for years. 
Yet, for the non-scientist, no single publication has been 
available to explain, in non-scientific terms, the mysteries 
of the space we've begun to explore. 

POPULAR ASTRONOMY 
MAGAZINE IS GOING TO CHANGE ALL THAT 

Each month, Populllr Astronomy will unravel hundreds of 
awesome facts about the stars, planets and galaxies that 
surround us. In language that novice, hobbyist and amateur 
scientist alike, can understand. 

Leading experts in the fields of astronomy and space tech­
nology will bring you up to date on the latest developments 
in their specialties, and provide you with hours of enter­
taining reading at the same time. 

STUNNING COLOR PHOTOGRAPHY BRINGS THE 
BEAUTIES OF THE UNIVERSE INTO YOUR HOME 

Unlike other astronomy publications designed specifically 
for the professional scientist, the feature articles in Populllr 
Astronomy will be superbly illustrated. And, as an added 
bonus, each issue will contain a full color center spread you 
will want to collect and treasure. A grouping of these strik­
ing photographs will make a unique conversation piece for a 
recreation room or den ... and identify you as an individ­
ual in pursuit of knowledge and understanding. 

POPULAR ASTRONOMY PREVIEWS 

In the months ahead, you'll read articles that deal with ... 
A star-by-star tour of the evening sky. Discover which 
planets are visible to the naked eye at certain times of the 
year, and the many other wonders that can be revealed with 
the use of binoculars or a small telescope. 

Build-your-own telescope projects. Educational and lots of 
fun! Step by step illustrations insure success, even for the 
beginner. 

Celestial Events_ Up-to-the minute reminders of solar and 
lunar eclipses, meteor showers, occultations and other sky 
shows you can observe from your locale. 

Product Reviews. Offer objective analyses of optical and 
astronomical equipment, where you can get it, and what 
you can expect to pay for it. 

Club news and travel notes. You'll get reports of upcoming 
observation expeditions, openings of new planetariums, and 
the formation of astronomy groups in your locale. 

If you've ever been the least bit curious about what exists 
in the skies above, you'll find PopUlar Astronomy an irresis­
tible m3gazine. And, if you take advantage of this excep­
tional introductory subscription offer, youll be automatic­
ally enrolled in the Galaxy Discount Society, compliments 
of Populllr Astronomy. 

SPECIAL CHARTER MEMBERSHIP OFFER 

The first issue of Populllr Astronomy will be published 
early this spring. If you subscribe now, you can save 1/3 off 
the regular price of $15.00 for twelve issues. You save 
$5.00 and are assured the lowest subscription rate when 
you renew. You will also receive a free membership for 
Galaxy Discount Society, which entitles you to attractive 
savings (a minimum of 10 per cent) on astronomical books, 
star maps and equipment of all types. 

p----------------------. 
Popular Astronomy Magazine 

245 East 25th Street · New York. N.Y. 10010 

Yes. please enter my subscription. My check (or money 
order) for $10.00 is enclosed. I understand that I will 
become a charter subscriber. and that I will be entitled to 
a minimum discount of 10 per cent on astronomical 
supplies as a member of the Galaxy Discount Society. I 
also understand that you will refund my subscription at 
any time if I am not pleased with Popular Astronomy 
Magazine. 

NAME ________________________________ __ 

ADDRESS 

CITY __________ __ STATE _______ ZIP. 

o Please enter gift subscription(s) and send 
special gift announcement card(s) with my name. I en­
close a separate sheet of paper listing name(s) and 
address(es) of recipient(s). 

L �A" ------- - --------------
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corner will seem to be replaced by a 
smaller cube projected from the corner 
of the larger one. Keep staring without 
changing your viewing angle. After per­
haps a minute or two the larger cube will 
vanish, to be replaced by three mutually 
perpendicular planes, like two walls and 
the floor of a room. In the far corner of 
the "room" you will see the smaller cube 
that formerly occupied the near corner. 
The structure therefore comprises three 
illusions in one. 

C ordless appliances ranging from elec­
tric hand drills and grass trimmers 

to shavers and hand-held calculators 

x L 

M 
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abound these days. Most of them run on 
nickel-cadmium storage batteries, which 
offer a number of opportunities for ama­
teurs. Nickel-cadmium cells come in all 
the standard sizes of flashlight cells. 
They cost only from six to eight times 
more than expendable cells and can de­
liver far more current. They are avail­
able from the mail-order distributors of 
electronic supplies. 

Notwithstanding these advantages, 
the batteries have not become popular 
with amateur experimenters. One ex­
planation may be the difficulty of getting 
information about the characteristics 
of the cells, particularly their charging 

characteristics. The following data were 
accumulated by persistent interviews 
with specialists and by extended corre­
spondence with manufacturers over the 
past six months. 

First, there is no simple test by which 
you can determine the state of the charge 
in a nickel-cadmium cell. The rate at 
which a cell is charged depends on a 
number of factors and is usually speci­
fied by a data sheet supplied by the 
manufacturer. The sheet also states the 
capacity of the cell in terms of ampere­
hours. The charging rate in amperes is 
usually specified as the quotient of CIT, 
in which C is the capacity of the cell in 

observer's view 0t cube 

o6lirue view of cube 

Fred Duncan's three·in·one optical illusion 
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The paper time machine 

STRATEGY & TACTICS is a magazine, It's 
also a tool: a time machine that enables you 
to replay the crucial events - past, present, 
and future - that shape our lives, 

Now, instead of merely reading about what's 
happening, you can explore and experience 
the' alternatives and decision pOints through 
the technique of Conflict Simulation, 

What is Conflict Simulation? 

Conflict Simulation is a way of analyzing a 
political or military conflict situation, A way 
that is as intellectually stimul,ating as a game 
of chess, and as thorough as a written analysis, 

Through the use of the Conflict Simulation 
(or "game") format, the conflict situation is 
re-created - so that you are in a position to 
make the vital decisions and, in the game at 
least, change the way things were, are, or 
will be, 

What you get 

STRATEGY & TACTICS magazine is publish­
ed bi-monthly, Each issue contains: 
* A ready-to-play conflict-simulation game 
with a 22' x 26" playing surface, die-cut play-

ing pieces, and complete rules, 
* An analytical article on the same subject as 
the game in that issue, 
* Other feature articles on historical and 
military subjects, 
* Game and book reviews, commentary on 
existing games, and discussions of subscribers' 
questions, 

The magazine is 46 + pages long, and all 
material is handled in a highly organized (and 
easily understandable) graphic format. 

Games recently published in STRATEGY & 
TACTICS were: GRUNT (ground combat in 
Vietnam). LOST BATTLES (tactical combat in 
Russia, 1941-44). USN (the war in the Pacific 
1941-43). COMBAT COMMAND (tactical com: 
bat in Western Europe, 1944), 

We also publish a separate line of conflict­
simulation games, which you will find listed in 
the coupon, 

Free to new subscribers 

NAPOLEON AT WATERLOO, history's greatest 
battle presented in a game-design specially 
created to introduce new readers to Conflict 
Simulation, 

r---------------­
Send check or money order to: 

Simulations Publications, Inc, 

Dept.,184 44 East 23rd St" New York, N,Y, 10010 

Please enter my subscription to S& T tor 
o 1 year (6 issues)-$12 
o 2 yrs, (12 issues)-$22 
o 3 yrs, (18 issues)-$30 
o Current issue-$4 
o 6-month trial (3 issues)-$8 

Send me the following Simulations Games: 
o Red Star/White Star (armor in the 70's)-$8 
o NATO (Soviet invasion of Europe)-$8 
o World War (( (Europe, 1939-45)-$8 
o Sniperl (street fighting, WWII)-$8 
o Solomons Campaign (Pacific, WWII)-$8 
o Soldiers (WWI tactics)-$8 
o Lee Moves North (Civil War)-$8 
o American Revolution (1775-83)-$8 
o Phalanx (anc ient tactics)-$8 
o Please send me your free brochure, 

Name' ______________________________ __ 

Address ___________________ Apt. # __ 

City' _______________ State--Zip ___ _ 
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and tb, new 
Classic 146 ... $65 

No other fountain pen is 
"built" like the magnificent 
M O N T B L A N C  Diplomat!  
Man-size to f i  II a man's grip, 
take a man's handling. Extra­
large 18-karat gold point as­
sures super-smooth writing 
action and gives a man a new 
"pe r s o n a lity on pa pe r ." 
Giant ink capacity is a man­
pleasing feature too! 

Many pen experts here and 
abroad consider the Diplomat 
to be the finest pen ever de­
signed. It's Europe's most 
prized pen ,  unmatched in 
writing ease. Nib sizes extra 
fine to triple broad - to suit 
every hand. 

The NEW Classic 146 is an 
identical but slightly smaller 
version of the Diplomat 149. 
A great variety of other lux­
ury fountain pens within the 
MONTBLANC assortment. 

Imported by Koh-I-N oor 
Rapidograph, Inc., 201 North 
St., Bloomsbury, N. J. 06804. 
Beautifully gift boxed. 

At fine stores, college stores, sta· 
tioners and pen shops everywhere, 
including Abercrombie &. fitch, 
N.Y.C., Chicago & San Francisco; 
Alfred Dunhill, N.Y.C., Beverly 
Hills, Chicago & San Francisco; 
Bloomingdale'., A. I. friedman, 
N.Y.C.; Siegel'. Stationery, Sum­
mit, N. J., Alko Office Supply, 
Berkeley, Cal.; Golden Gate Pen 
Co., J. D. Browne, San Francisco; 
fahmey's, Wash., D.C.; Marshall 
field, Mc Lennon's, Chicago; A. 
Pomerantz, Phila.; Shreve Crump 
and Low, Bromfield Pen Center, 
Boston; The fountain Pen Shop, 
The Pen Shop, L. A; Morrison 
Typewriter Co., Providence, R. I.; 
Sam flax, N.Y.C. and Atlanta. 

ampere�hours and T is the charging time 
in hours. 

Most cordless appliances that include 
a battery charger have the charging rate 
fixed between C/15 and C/20. Makers 
of some appliances specify the number 
of hours the cells should be charged, but 
most appliances come without any ad­
vice on the subject. Many experimenters 
have assumed that cells for which no 
charging time is specified can be 
charged indefinitely without damage. 
Supposedly the charger includes a regu­
lator that reduces the rate automatically 
when the cells reach full charge. 

All efforts to design a regulated 
charger have failed. In the absence of 
other instructions charge all nickel-cad­
mium cells at the C/20 rate. For exam­
ple, a battery of one-ampere-hour ca­
pacity would be charged at the rate of 
1/20, or 50 milliamperes. Assume a 
charging efficiency of roughly 50 per­
cent. The fully discharged battery would 
recharge (at the rate of 50 milliamperes) 
in about 40 hours. It could be kept on a 
continuous charge without significant 
damage for 60 hours. One manufacturer 
states that its cells can be kept on con­
tinuous charge indefinitely at the C/15 
rate, but the company does not mention 
what the cost is in terms of the life of the 
battery. 

When a nickel-cadmium cell reaches 
full charge, the energy put in thereafter 
is expended partly to liberate oxygen, 
which oxidizes the cadmium electrode, 
and partly as heat. If the charging rate 
is more than about C/15, gas may evolve 
more rapidly than it can combine chem­
ically with the metal. Pressure then in­
creases explosively. Depending on the 

EIGHT-INCH MASK 

DISTANCE DISTANCE 
FROM ANGLE FROM 

EYE END OF ARC EYE END 
(INCHES) (DEGREES) (INCHES) 

5.7 70 18.8 
6.3 65 19.7 
6.9 60 20.6 
7.6 55 21.6 
8.6 50 22.7 
9.0 48 23.3 
9.4 46 23.9 
9.9 44 24.6 

10.4 42 25.3 
11.0 40 26.0 
11.6 38 26.8 
12.3 36 27.6 
13.1 34 28.5 
13.9 32 29.4 
14.9 30 30.4 
15.5 29 31.5 
16.0 28 32.6 
16.7 27 33.8 
17.3 26 35.1 
18.0 25 36.5 

structure of the cell and the rate of 
charge, the pressure can build up to 125 
atmospheres within minutes. 

Most nickel-cadmium cells have pres­
sure safety valves. When the valves 
open, the cells may lose their electrolyte 
(potassium hydroxide). This caustic sub­
stance can burn tissue and destroy ap­
paratus. The lye can be neutralized with 
a 3 percent solution of boric acid. Usual­
ly excessive pressure ruins the cell. 

Nickel-cadmium batteries can be dis­
charged at much higher rates than con­
ventional dry batteries but should never 
be fully discharged. The reason is that 
full discharge would risk applying cur­
rent of reversed polarity to the weakest 
cell of the battery. Reverse charge per­
manently damages the cell. 

On the other hand, every cell must be 
fully discharged at least once a year and 
fully recharged, otherwise the cells de­
teriorate chemically, with the result that 
ampere-hour capacity is permanently re­
duced. To discharge a battery safely, 
disconnect the cells from one another 
and connect each cell to a separate re­
sistor load until it is fully discharged. 
Cells can be stored indefinitely without 
damage in the fully discharged state. A 
fully charged but idle nickel-cadmium 
battery will lose approximately 20 per­
cent of its charge within two weeks at 
room temperature. 

I n this department's description in Sep-
tember of a quartz-crystal oscillator 

for a pendulum clock the two integrated 
COS/MaS circuits labeled CD 4020 AE in 
the upper right corner of the illustration 
on page 195 should have been labeled 
CD 4024 AE. 

FOUR-INCH MASK 

DISTANCE 
ANGLE FROM ANGLE 
OF ARC EYE END OF ARC 

(DEGREES) (INCHES) (DEGREES) 
24.0 14.2 16.0 
23.0 14.7 15.5 
22.0 15.2 15.0 
21.0 15.7 14.5 
20.0 16.3 14.0 
19.5 16.9 13.5 
19.0 17.6 13.0 
18.5 18.3 12.5 
18.0 19.0 12.0 
17.5 19.9 11.5 
17.0 20.8 11.0 
16.5 21.8 10.5 
16.0 22.9 10.0 
15.5 24.1 9.5 
15.0 25.4 9.0 
14.5 26.9 8.5 
14.0 28.6 8.0 
13.5 30.5 7.5 
13.0 32.7 7.0 
12.5 35.2 6.5 

Data for calibrating a cross-staff 
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western Electric 
Reports: 
An inside look at 
crystal growth. 

E
ngineers at Western Electric's Engineering 
Research Center have developed an 
improved method for controll ing the growth 

of the crystals used in I ight em itting diodes (LED's). 
The new technique represents one more 
step toward low-cost, mass produced LED's. 

LED's have found many uses in tele­
communications equipment as illuminators, 
indicator lamps and numeric displays. They 
consume very little power and last from 10 to 
100 times longer than the devices they replace. 

LED's used in the Bell System are made 
from gallium phosphide (GaP) single crystals. 
Economical processing using standard-sized 
fixtures requires crystals of uniform diameter. 
But because GaP single crystals must be grown 
inside a high pressure vessel, monitoring and 
controlling crystal growth has been a problem. 

Previously, crystal growth could only be 
monitored visually. The halo surrounding the 
growing crystal was observed through closed 
circuit television. Since the halo would expand 
and contract with the diameter of the growing 
crystal, it provided some measure of control. 
But phosphorous vapors condensing on the 
viewing window partly obscured the halo, 
making precise control difficult. 

The new monitoring technique is similar 
to the use of a fluoroscope in medicine. 
X-ray imaging provides an unobstructed 
view of the meniscus formed where the solid 
crystal meets the I iqu id melt. Western Electric 
engineers have correlated the height and 
angle of this meniscus to the crystal's growth 
condition. This is useful because a change in 
the shape of the meniscus signals a change in the 
temperature of the melt before it is manifested 
as a change in the crystal's diameter. 

A change of just 4° in the liquid-solid 
contact angle can be observed, allowing 
adjustments to be made in either temperature 
or pulling rate to maintain uniform growth. 

X-ray imaging is in production use at 
Western Electric's plant in Reading, Penn. 

Benefit: X-ray imaging of the meniscus 
of a growing crystal has permitted a 
marked improvement in the monitoring 
and control of crystal growth. 

Crystals 01 uneven 
diameter are difficult 

to process economically and efficiently 
X-ray imaging now yields crystals 

of a diameter within a tolerance 
of -::.1116 tnch 

CRYSTAL PULLER 
X-ray Image of the 

meniScus during growth �I:II.� 
is picked up by a � 

highly sensllive 
television camera and 

displayed on a monitor 
outside the chamber 

Growing crystals. 
seed is dipped tnto crucible 

of molten GaP, maintained 
Just above melting temperature 

It is rotated and 
withdrawn at controlled rate. 

producing cyltndncal crystal 

CAMERA 

1117"-""""'--'-_ OPTICS 

THE LIQUID-SOLID 
CONTACT ANGLES 

X-ray Image of the meniscus 
at vanous temperatures. The smaller 
the angle. the lower the temperature 

The larger the angle, the higher 
It helps insure high yields of 
uniform diameter crystal wafers 
for processing into LED's. 

@ the t�mperature An angle of 1800 indicates 
the desired "steady state" 

Western Electric 
growth condition 

We make things that bring people closer. 
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And based on The Madrid Codices­
the most beautiful book of the season! 

THE UNKNOWN LEONARDO 
edited by Ladislao Reti 

Ten world-renowned Vincian scholars­
using the fresh insights of The Madrid 
Codices - reveal the full scope of Leo­
nardo's achievements as painter, engi­
fleer, architect, musician, inventor, and 
much more! Over 800 spectacular illus­
trations, hundreds in color. lOlA" x 
123A ". $34.95 to December 31, 1974; 
$39.95 thereafter. At bookstores. 

York Times first 
two remarkable 

Untlardo's own hand­
rt.:lldlr:e� -- fl:aa been dis­
the National Library of 

amazing writings and 
in these manuscripts­
about 20% to Leonardo's 

knowe-literary legacy - reveal vision­
ary id'eas and inventions that were 

centuries ahead of their time. They 
throw new light on Leonardo's ge­
nius as scientist, inventor, engineer. 

This momentous edition consists 
of Leonardo's two notebooks, metic­
ulously reproduced in color gravure 
directly from the original manuscripts 
- along with two companion vol­
umes of transcription and English 
translation and one volume of com­
mentary, all by Professor Ladislao 
Reti. Luxurious red leather binding, 
gold tooled. Handsome transparent 
display case. Limited to only 1000 
numbered sets - of which no more 
than 975 will ever be offered for 
sale. Authenticating certificate bear­
ing signature and seal of the Director 
of the National Library of Spain, in 
matching case. 

A triumph of scholarship. A mas­
terpiece of bookmaking. A possession 

'of rare beauty. Ask your bookseller 
for the Prospectus. 

Library edition also a vailable at 
$400 to scholars and institutions. 

*Dr. Edward C. Moore, in The New 
York Times (2/14/67), pg. 1 

McGRAW-HILL BOOK COMPANY 
1221 Avenue of the Americas 

New York, N.Y.10020 
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by Philip Morrison 

THE GREAT BARRIER REEF, by Iso­
bel Bennett. Charles Scribner's 
Sons ($17.50). THE LIFE OF CAP­

TAIN JAMES COOK, by J. C. Beaglehole. 
Stanford University Press ($18.50). THE 

EXPLORATIONS OF CAPTAIN JAMES COOK 

IN THE PACIFIC AS TOLD BY SELECTIONS 

OF HIS OWN JOURNALS 1768-1779, ed­
ited by A. Grenfell Price. Illustrated by 
Geoffrey C. Ingleton. Dover Publica­
tions, Inc. ($3.50). THE CORAL SEAS: 

WONDERS AND MYSTERIES OF UNDERWA­

TER LIFE, by Hans W. Fricke, with an 
introduction by 1. Eibl-Eibesfeldt. G. P. 
Putnam's Sons ($25). The continental 
shelf outlines a funnel 1,000 miles long 
on the east coast of tropical Australia. 
The deep water of the open Tasman Sea 
is more than 200 miles from the main­
land at the southern end and only 10 or 
15 miles out at the narrow stem. In May 
of 1770 H.M. Bark Endeavour, her mas­
ter Mr. Cook, "a good mathematician, 
and very expert in his Business," sailed 
into the mouth of the great funnel all 
unaware. A radiant moon lit the calm 
sea, and the Endeavour "stole along un­
der double-reefed topsails" until "'be­
fore the Man at the lead could heave an­
other cast the Ship Struck and stuck 
fast.' " 

The Endeavour was the first we know 
of to go aground (and she got away), but 
500 later shipwrecks have been docu­
mented on the shelf along the present 
steamer track, which is now guarded by 
a hundred lights, marks and radio bea­
cons of the Queensland Coast and Torres 
Strait Pilot Service. The track is the long­
est single stretch of pilotage in the world, 
one pilot alone conning every ship for 
the entire voyage. Masters can opt in­
stead for the open ocean east of the 
shelf, to which Cook gratefully escaped 
through a narrow passage after beach­
ing and repairing the Endeavour. Back 
into the reefs he came a few days later, 
shoal water and all! He had to flee the 
heavy ocean swell and the beating surf, 

BOOKS 
The Great Barrier Reef of Australia, its 

coral and Captain Cook, who discovered it 

which one becalmed day threatened to 
throw his drifting ship "upon this Reef 
where the Ship must be dashed to peices 
in a Moment. A Reef such as is here 
spoke of is scarcely known in Europe, it 
is a wall of Coral Rock rising all most 
perpendicular out of the unfathomable 
Ocean. " 

Isobel Bennett, a marine biologist in 
Sydney, explains it all in her big, hand­
some book. There is no single great bar­
rier reef; there are many. The entire 
100,000-square-mile wedge of shelf is 
studded with islands high and low, both 
the high outcrops of the shelf rocks and 
the patient low fabric of the coral polyps, 
2,500 reefs ranging from a few hundred 
acres up to 20 square miles, and un­
counted smaller ones. The book, at once 
wide-ranging and intimate, surveys the 
life and geography of the region as a 
thoughtful field biologist sees them, at 
normal scale and mainly from the sur­
face, reveling in the intricacies of that 
living fabric. In one of the photographs 
made by the author you can see from the 
air the surf-streaked Endeavour reef as 
it is today. A steel peg marks the spot 
where Cook struck and where, five years 
ago, they recovered six guns of half a 
ton each, which that prudent and deci­
sive man had thrown overboard along 
with 50 tons more of stores to lighten his 
grounded and leaking ship. Overleaf is 
the richer blue of Cook's Passage. Out 
through it the Endeavour sailed freely, 
following the lead of the pinnace sent 
ahead to check the opening Cook had 
made out from the top of high Lizard 
Island, to ride at last on a "well growen 
Sea rowling in. " Here his final Providen­
tial Channel is only marked on the maps; 
it would be interesting to see the place 
of his reentry, "not more than a quarter 
of a Mile broad," a break in that terrible 
reef wall where Cook was "happy once 
more to incounter those shoals which 
but two days ago our utmost wishes 
were crowned by geting clear of . . . .  The 
world will hardly admit of an excuse for 
a man leaving a Coast unexplored . . . .  If 
dangers are his excuse he is than charged 
with Timorousness and want of Perse­
verance . . .  ; if on the other hand he bold-

ly incounters all the dangers . . .  and is 
unfortunate enough not to succeed he is 
than charged with Temerity." The his­
torian comments: "This . . .  is . . .  hardly 
even . . .  a commander justifying himself 
to the Lords of the Admiralty; it is a 
man, not unduly nervous but emerging 
from one of the dark places of the soul . . .  
passing judgment on himself. " 

This Great Barrier Reef Province, as 
Bennett calls it, is not merely the site of 
a dozen national parks and tourist re­
sorts, a major route of shipborne trade, 
a theater of old heroic voyages and the 
target of mineral and offshore-oil con­
cessionaires. It is all those but it is also 
home to a web of species: the big violet 
starfish, the tangled mangroves, the bar­
nacled sea turtles, the palms, the orchids, 
the crested terns and many others; the 
faunas of the province have never been 
completely listed. 

Coral is the dominant sea organism. 
A coral cay is a little like an old tree: just 
as the strong trunk is the fibrous product 
of past growth, a growth active only in 
the outermost layers and in this season's 
foliage, so is the cay a limestone struc­
ture accreted in the past. The luxuriant 
living coral is found not on the white 
limy flats or the miles of dead tracts of 
boulders and old coral heads but only as 
a thin veneer of life on the seaward 
edges and in deep pools or at the outer 
margins of a lagoon. A complex and 
lengthy sequence of other forms exploits 
the coralline gift of a limestone founda­
tion. Coral polyps feed only on marine 
plankton. Their own enzymatic powers 
do not extend to the digestion of plant 
tissue, but within the inner layers of 
many coral animals live specialized sin­
gle-cell algae, certain dinoflagellates. 
The photosynthesis of the algae of course 
requires sunlight. In nature not much 
coral can grow deeper than the sunlit 
layers where its internal algae can pros­
per; in the laboratory, although coral 
survives in the dark, the internal algae 
disappear. Until lately it was thought 
that the algae must have some useful 
but secondary aid to give their coral 
hosts, perhaps in waste removal. Now 
it appears that the corals are really agri-
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culturists: their symbiotic algae supply 
much of their food energy for life. It was 
studies at Eniwetok, the bomb-test site, 
that first suggested the animal plankton 
were quantitatively inadequate to sup­
port the life of the coral; the algae, on 
the other hand, comprise a greater living 
mass than the animal tissue does in a 
typical colony of algae-supporting coral. 
It has been known for a long time how 
successful the big clams of the genus Tridacna (the largest forms of all occur 
in the Great Barrier Reef Province) have 
become at such internal farming. The 
rich-hued mantles of several such clams 
are exhibited in the Bennett book, with 
the lens spots that focus light between 
the lips of the heavy shell deep into the 
tissues of the folded mantle where the 
algae grow, vividly pigmented in violets, 
greens and blues. 

The four books noted here differ 
greatly. The Bennett book is an engag­
ing introduction to a region of living 
interest. The biography by J. C. Bea­
glehole is the fruit of a life's study of 
Pacific exploration; the noted New Zea­
land historian spent decades in careful 
editing of the journals of Cook and of 
his scientist-shipmate Joseph Banks, pre­
pared a study of the discovery of New 
Zealand and traveled in the tracks of 
Cook from Nootka Sound to Dusky Bay, 
half a world apart. He completed this 
last, ripened book, but it was left to his 
son to take up the final task of readying 
it for the printer. The Price paperback 
is a high-grade sampling of the four vol­
umes of the Journals that takes some ad­
vantage of Beaglehole's editorial work; it 
is a great bargain. Fricke is a daring 
scuba diver and a behavioral biologist; 
his book gives a good account of the bi­
ology of subsurface life as the scientific 
diver sees it and celebrates in particular 
the undersea photographer: his book has 
150 color plates supplied by the world's 
masters of that demanding art. The vol­
ume is more cosmopolitan than the rest, 
but it does not neglect the Great Barrier 
Reef. Indeed, here one can see a full­
face view of the largest cold-blooded 
fish in those or any seas: the plankton­
feeding whale shark, Rhincodon, its cre­
vasse of a mouth stretching across the 
double page, while close above floats the 
nonchalant diver, arms only partly span­
ning that great flat head. (The photogra­
pher and the diver are themselves in­
trepid and ingenious members of the 
fauna of the Great Barrier Reef Prov­
ince-two filmmakers of Queensland, 
Ron and Valerie Taylor. ) 

Cook, science's classic seaman, sailed 
in the Endeavour as part of the flower­
ing of post-Newtonian physics. His first 

task was not the exploration of the earth 
but rather concerned the universe. He 
was posted to observe from far Tahiti the 
transit of Venus in the year 1769. The 
injunction had been a legacy. In 1716 
Edmund Halley had exhorted the Royal 
Society to ensure that "many observa-
tions . . .  might be taken . . .  at separate 
places . . .  of a sight . . .  on which depends 
the certain and adequate solution of a 
problem the most noble, and at other 
times not to be attained to. " The astro­
nomical world had tried hard in 1761, 
but the first worldwide b'ial was no suc­
cess. There would be no chance again 
until 1874. A supreme effort was needed 
in 1769, and the Royal Society pressed 
for many observers, widely spread in 
both hemispheres, "not merely beyond 
the Arctic Circle but into the Pacific 
Ocean. " Off went Cook, already known 
as a careful marine surveyor but in no 
way famous. A good judge of men in the 
Admiralty had seen his promise. He be­
came the paragon of explorer-seamen: 
humane, cool, patient, imaginative and 
expert. "He had a plain heroic magni­
tude of mind." Cook sailed amid ironies. 
He dealt fairly and even nobly with all 
manner of men, yet weariness and bad 
judgment in one moment brought him 
to a violent end, and warrior Hawaiian 
chieftains who had venerated him fed on 
his roasted flesh. He proved the new 
chronometer, measured the parallax of 
the sun, found the means to end scurvy 
and left a track on the world's great 
ocean as fair as any that violent Europe 
can claim. Beaglehole's own insight and 
devotion fashioned these eloquent final 
words to the biography: "There are stat­
ues and inscriptions; but Geography and 
Navigation are his memorials . . . .  Geog­
raphy and Navigation; if we wish for 
more, an ocean is enough, where the 
waves fall on innumerable reefs, and a 
great wind blows from the south-east 
with the revolving world. " 

ScmSTOSOMIASIS: THE EVOLUTION OF 

A MEDICAL LITERATURE, SELECTED 

ABSTRACTS AND CITATIONS, 1852-1972, 
by Kenneth S. Warren. The MIT Press 
($35). The size and heft of a hardbound 
Manhattan telephone book but with 
thicker paper, this volume was photo­
offset from a manuscript typewritten in 
two neat columns by a meticulous and 
heroic woman, Dorothy Linick. The or­
ganizer-compHer-abstractor is an experi­
mental parasitologist who himself made 
contributions to the literature. 

The story of this book is all but 
unique. A two-volume computer print­
out issued in 1967 was its bibliographic 
precursor. It presented an indexed list 
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of citations on schistosomiasis covering 
the entire world literature from 1852 to 
1962, citing about 10,000 papers in 27 
languages by some 6,000 authors in 
nearly 1,800 journals-60,000 entries in 
all! The list was daunting, and the ma­
terial was inaccessible to most people. 
The author decided to select the best of 
it for a more practical presentation. How 
could that be done? 

"Obviously, the best approach" was to 
ask the help of people working in the 
field, since merely counting citations to 
evaluate the papers was impractical. On 
hand was a volume to serve not only as a 
source of citations but also as a "means 
of bribing the people" to pedorm such 
an arduous task. Leading experts at the 
World Health Organization and the Pan 
American Health Organization picked a 
worldwide list of some 60 people with 
about half "overlap" of expertise; the 
subject is by no means narrow. The dis­
ease, dependent on a half-inch worm, a 
blood fluke with a complex life cycle, in­
fects more human beings than any other; 
perhaps 180 million people are chroni­
cally ill with the debilitating condition, 
which is sometimes acute and can be 
fatal. Its mastery requires the help of 
parasitology (both in the field and in 
laboratory animals), of medicine itself, 
of the entire biology of the intermediate 
snail host, of epidemiology and of pub­
lic-health control. In the end, after sev­
eral rounds of give-and-take, 47 final se­
lectors from 14 countries chose about 
400 books and papers as the core of the 
literature "of lasting importance." Near­
ly all these entries had five or six sup­
porters or more and no strong represen­
tations for deletion. Only one paper was 
selected by 25 readers, and only 10 had 
more than 20 citations. The field is in­
deed a wide one. About a seventh of the 
papers turned out to be in languages 
other than English, and they were trans­
lated. The author then took on himself 
the task of writing an abstract of each 
paper, reducing some 7,500 pages to this 
single bulky volume. (Some figures and 
photographs survive, although not very 
many.) The abstracts are deliberately 
written to emphasize materials and 
methods and results; the hope is that 
"the reader has been provided with the 
tools to judge the quality of the work for 
himself." There are subject and author 
indexes, and the abstracts are arranged 
in order of their date within each field. 
A chapter-length up-to-date overall re­
view of schistosomiasis and a brief his­
tory, both by the abstractor, begin the 
text. 

By 1972 the literature had grown to 
include another 5,000 papers, half of 
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the total up to 1962. This newer litera­
ture is not abstracted, but some 650 ci­
tations are given for that decade, each 
nominated by one of 28 experts asked to 
select not more than 20 papers in his 
field. The presence of these powerful­
sounding recent papers by title only is 
the chief complaint of a general reader. 
One longs to know more about catalytic 
models in epidemiology and how the fly 
set to control the snails worked out. 

A review of sifted abstracts is some­
how inappropriate. Suffice it to describe 
a few disparate ones to transmit the 
flavor of an entire literature. It was the 
young pathologist Theodor Bilharz (his 
name did not quite stick to the worm 
and to the disease owing to a technical­
ity) who found, in autopsies in Cairo in 
1852, "many excrescences which are un­
familiar in Europe, " the size of a pea, on 
the inner wall of the urinary bladder. 
These held a white thread that remained 
on the knife; it was a trematode worm 
with a split gut. Not for nothing do the 
old medical papyri mention bloody urine 
50 times; later the eggs were found in 
ancient mummies. The .cycle was first 
worked out by Japanese physicians in 
the years just before World War 1. The 
eggs were plain in patients' feces, the 
eggs and the worms in tissues at autopsy. 
(The Japanese species frequents the liv­
er, not the bladder.) The rice farmers 
recognized the origin of their own fever 
and jaundice (which was not unlike a dis­
ease of their calves, dogs and cats) in 
the itchy rash that followed planting in 
certain paddies. It was known that most 
trematode worms had small intermedi­
ate molluscan hosts, but the German 
worm expert in Cairo in the 1890's had 
never found any. "His great authority 
. .. and his skill in dialectics" misdirected 
research for 20 years. 

Drs. Miyairi and Suzuki found the 
tiny snails that release the infant worms 
in a village where the infectious eggs 
were common, "after a careful search ... 
in a little ditch by a rioe field in the vil­
lage .. . .  As amateurs we couldn't tell the 
exact name of the snail." They nurtured 
the entire cycle-egg, hatching, snail, 
larva, human, worm, egg-in the labora­
tory, reporting their work to a medical 
society in Yamanashi: "'This is it, this 
is it,' we shouted, and our joy knew no 
bounds." Europeans learned of the find 
first from an abstracting journal on trop­
ical medicine and then from medical 
officers on visiting Japanese warships. In 
Egypt, it developed, there were several 
worm species with different intermediate 
hosts. Since the disease was found 
among children in Cairo who used only 
filtered water, the idea of a mollusk had 

been ruled out early. Their gardens, 
however, were watered by a separate 
supply, piped directly from the Nile. 
The vituperative savant had not noticed 
that, just as he had never found the right 
snails. "I have personally experimented 
with all the species occurring in the Nile 
Valley, but in vain," he wrote authori­
tatively . Yet the snails were there in 
plenty, it turned out, "within half an 
hour's journey by tram and train from 
Cairo." 

This compilation is not only an entree 
to study of the disease but also a source 
for an investigation of "the dynamics of 
a literature," its development in time :md 
across nations. This second level of study 
will be worth making even after we have 
beaten back the white threads and their 
hungry larvae. 

P LANETS, STARS AND NEBULAE STUDIED 

WITH PHOTOPOLARIMETRY, edited by 
T. Gehrels. The University of Arizona 
Press ($27.50). Our actively scanning 
eyes sharply record intensity and color 
differences in the visual field. These 
properties depend ultimately on two 
properties of the photon swarms that en­
ter the eye: the number of photons at a 
given time and direction translates in a 
complicated but plausible way into in­
tensity, and the energy per photon in 
the end fixes color. (This is not to mini­
mize the heavy internal computing we 
perform on the raw signals.) Now, pho­
tons carry one more physical quantity: 
their spin. Our eyes cannot detect that at 
all well; only one or two subtle effects 
like the one named after Wilhelm Hai­
dinger give our eyes any clue to the spin 
relations of the incoming photons, which 
determine polarization. Thermal equi­
librium of course can favor no spin direc­
tion, so that black-body radiation is in­
trinsically unpolarized, impartial. Sun­
light, firelight, candle flame, the glow of 
the television screen approximate that 
blandness. The world at large is not fully 
thermal, however, and hence lIut fully 
symmetrical . Polarization marks the blue 
sky, the light underwater, moonlight, the 
planets, the zodiacal light, tiTe- glows ·:Jf 
the Great Nebula in Orion and of the 
supernova remnant we call the Crab 
and the invisible radio emission of mys­
terious sources far across space. 

It was the crystalline state, transpar­
ent matter with built-in symmetries, 
whose interaction with light first re­
vealed the phenomena. Those doubled 
images viewed through calcite made 
manifest to the 17th century that light 
has some properties our eyes cannot re­
solve. Reflection and scattering quite 
generally impose some asymmetry on 
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light beams and everywhere on the 
earth in part polarize the light of the' 
sun. Magnetic fields polarize atomic 
spins and therefore the light of atoms 
that emit within such fields; George El­
lery Hale first showed the Zeeman effect 
in sunspots back in 1908. In 1928 the 
young Edwin Land found a way to make 
inexpensive sheet polarizer, which has 
taken the experience of polarization from 
the darkened optics laboratory out to the 
beach. The wonderful effect has become 
as unjustified a commonplace as Keats's 
awful rainbow. 

In the subtle relationships of phase 
and spin direction we call polarization 
(there is no need to distinguish the vari­
ous kinds here) we have come to read 
a great deal, however. This splendidly 
edited volume, with 74 papers ranging 
from two pages with a couple of striking 
composite photographs to it tough chap­
ter on integral-equation techniques, is a 
general source book on the entire topic. 
Its title and design are astronomical in 
the wide sense, but it felicitously in­
cludes accounts of the daylight sky, of 
the beetle's wings and the crab's eyes 
and a good deal more, far from observa­
tory dome or radio dish. The photo­
graphs alone would repay any browser; 
technical libraries will need the book. It 
is not a mere conference report. It re­
ports a conference all right, but it in­
cludes as well a dozen papers prepared 
beforehand as reviews of major topics 
and an overview done afterward, and 
the papers were carefully edited. 

The sky is blue with scattered-and 
hence polarized-sunlight. We have 
known since Rayleigh how small scat­
terers such as air molecules polarize. In­
deed, careful quantitative skylight po­
larimetry (the heart of the subject is our 
new ability to measure what the eye 
cannot see) is now a good measure of 
Los Angeles smog and of Sahara dust as 
well as of distant planetary atmospheres. 
Reflecting surfaces polarize too. In gen­
eral (they speak of the "Umov effect") 
the less the reflection, the greater the 
fractional polarization. Polarization oc­
curs at the very surface, as in the fa­
miliar case of the wet road, and any in­
ternal beam that can eventually emerge 
comes out mainly as unpolarized light. 
And so we analyze the solid surfaces of 
the satellites. Polarization demonstrates 
that the asteroids and satellites, like the 
moon, are dusty places. The Great Red 
Spot of Jupiter? Alas, it shows no polari­
zation different from its planetary back­
ground, down to the level of parts in a 
thousand. 

Yet polarization has not always disap­
pointed us. James E. Felten reminds us 
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that the polarized optical light of the 
Crab Nebula was predicted by Russian 
theorists and was discerned in 1953 by 
Russian observers. That success "can be 
said to mark the birth of 'high-energy 
astrophysics,' '' because it made plain 
that the strange light-l,OOO times the 
sun's-was emitted by electrons moving 
at velocities near the speed of light in 
paths controlled by a magnetic field; the 
glow had nothing to do with atoms and 
their thermal motion. Such electrons had 
been known to dominate the emission of 
the strong radio sources but the finding 
that even visible synchrotron light was 
not newborn in laboratory accelerators 
brought awe to physicists. There are ex­
cellent accounts here of radio emission 
and its unsolved problems, of the infra­
red sources, of star dust and its complex 
nature, all owing much to our new inter­
est in polarimetry. 

The arthropods and the cephalopods 
have not waited until their physicists 
learned about polarized light. They re­
gard the sky and the surfaces they move 
on with polarimetric eyes. An electron 
micrograph of a section of the absorbing 
layers of the retinal cells within one 
facet of the compound eye of a crayfish 
shows two layers of sensitive pigmented 
detector rods, nearly crossing each other 
at a careful right angle. This is a two­
channel analyzer, which works appar­
ently too well for easy explanation. 

Examine the sky reflection in a pool 
of still water. The clouds, which polarize 
little, stand out in higher contrast in the 
image than in the real blue sky. It takes 
insight to see this view no less than eyes; 
such insight was absent even among as­
tronomers until some 50 years ago. If 
our eyes had evolved more of the cray­
fish's abilities, "this first general source 
book would not have been published in 
1973." The book is welcome, and it will 
not be the last. 

I NSECTS IN FLIGHT: A GLIMPSE BElllND 
THE SCENES IN BIOPHYSICAL RE­

SEARCH, by Werner Nachtigall. Trans­
lated by Harold Oldroyd, Roger H. 
Abbott and Marguerite Biederman­
Thorson. McGraw-Hill Book Company 
($13.95). "A bluebottle irritates us with 
its buzzing and we squash it. What have 
we destroyed? . . [A] diminutive, in­
credibly complex, wonderful nuisance. " 
So begins and ends the first brief chapter 
of this personal, uniquely illustrated, de­
tailed but easily read story of a modem 
field of biological research. A leader in 
the science, a biophysicist at the Uni­
versity of Saarland in West Germany, 
takes the reader behind the scenes, al­
ternating meticulous accounts of experi-

ments with broad, chatty generalizations 
and giving us some sense not only of 
how the wonderful fly works but also of 
how the investigator works. 

. Fly flight, like airplane flight, is best 
studied in the wind tunnel. The tech­
nique must be made subtle, miniatur­
ized, appropriate. The fly faces the 
breeze-two meters per second-on a fine 
wire glued to the tip of its abdomen. Yet 
its flight is mechanically free because it 
is attached by the lightest of restraints 
to three delicate balances, one for each 
of the three forces: turning moment, lift 
and thrust. "Each component . . .  is set on 
knife edges, has its own oil damping and 
. . .  adjustable . . .  weights. " Fly forces are 
measured in tens of milligrams. The air­
flow is servoed by a contact system that 
in effect allows the fly to choose the air 
speed. Once started, the fly is comfort­
able, and often the lift-weight balance 
remains at zero "for a quarter of an 
hour, as though frozen. " You can, of 
course, just stick a fly to a piece of wood, 
lift its legs off the ground and photo­
graph the beating wings. Filmmakers 
have done it. But what does it mean? 
The entire condition is artificial. "If you 
watch it flying there seems to be no dif­
ference, but the one is a game and the 
other science. " 

What that science has unfolded is re­
markable. The fly wing beats intricately: 
a couple of hundred times per second its 
tip describes a curve rather like a lazy 
letter U. Fifty-six points on that track 
are mapped, and with each the angle of 
the plane of the wing. The flat wing can 
generate lift on both the upstroke and 
the downstroke; even a backward tip 
motion is mainly useful. Only during one 
small interval must the fly produce 
downward forces as it brings its wing 
back to the main downstroke configura­
tion. "There is no magic . . . .  The bluebot­
tle has to fly according to the laws of 
physiCS. " 

The fly wing is not willed up and 
down; rather it swings as we swing our 
arms in walking. The thorax and the 
muscles that move the wings in fact os­
cillate on their own; the .muscles con­
tract not in response to nerve impulses 
but when they are given a sharp pull. A 
snapping-disk click mechanism like a mi­
croswitch forms extremely low-loss wing 
hinges. The entire system is then pulsed 
to release chemical energy from ATP 
once every 10 or 20 beats, as a clock is 
wound while it runs, with no need for 
synchrony. No muscle in nature uses 
oxygen or fuel faster or develops more 
power per gram than insect flight mus­
cle. Its ultrafine structure conforms: the 
cells are packed with mitochondria and 
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the tissue is infiltrated with "huge 
trunks" of trachea to transport the oxy­
gen. 

Like the beautiful jet people, the fly­
ing insect is a luxury model. It lives fast 
too: the reaction time of a fly is under 
five milliseconds. That is enough for the 
insect to move forward one body length, 
so that such response is utilitarian. "To 
a fly ... a cine· film must look like a lan­
tern lecture, with long, dark pauses in 
between the slides!" 

One fly flew tethered for six days 
straight, tanked up with sugar solution 
every five or six hours. It cruised more 
than 320 kilometers and stopped only 
because its wings were tattered, after 
some 88 million swings; the "motor," air 
supply and hinges survived this test 
to destruction. Here too, confirmed by 
high-speed photography, is the authen­
tic maneuver that enables a Hy to land 
upside down on the ceiling. There is no 
half-roll or loop. The Hy flies up and in at 
about one foot per second, front feet 
first. The forefeet are held stiff and as 
they touch and stick the wings stop beat­
ing and the body rotates about the plant­
ed legs, the momentum of flight carrying 
it belly up until the other feet can grasp 
the ceiling. Upside down without any 
upside-down flight! 

Graphs, photographs, diagrams, ta­
bles-it is all here for a serious reader, 
anyone who is interested in biology or 
the engineering of Hight, whether by 
man or by the rest of nature. The thin­
nish, large-page book extends well be­
yond £lies to butterHies, locust migration, 
mosquito "song," the technical war be­
tween the bat's sonar and the night 
moth's evasive action. The core of the 
volume is nevertheless Nachtigall's own 
revealing work and his reflective delight 
in it. We can share a little of his open 
pleasure as we read of his laboratory, 
and we can almost hear his buzzing flies 
and the film shooting through the high­
speed camera "with a deafening siren­
like howl." 

BRIDGES: THE SPANS OF NORTH AMERI-

CA, by David Plowden. A Studio 
Book. The Viking Press ($27.50). Close 
to 200 black-and-white photographs 
made by the author in six years of wan­
dering over the U.S. and Canada show 
quite beautifully across these large pages 
what bridges look like, old and new, as 
distant webs of steel or as close-up hand­
forged links. But the itinerant photog­
rapher was delightfully entrapped. His 
book is no album with captions or even a 
photo-essay adding continuity to a fine 
set of pictures; the detailed text ap­
proaches twice the space given over to 
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visual material. He has written a serious 
and fresh account of the how, when, 
where and who of "some of the most im­
portant" bridges in North America, and 
his understanding and pleasure carry to 
the reader and viewer. Without mathe­
matics or many engineering words he 
fixes a thoughtful and knOWing gaze on 
structures whose form honestly reveals 
the insight and the ignorance, the pur­
pose, the choices and the experiences of 
the men who designed and built them, 
in their hopes for utility and beauty. 
They span our history from the Erie 
Canal to the 1973 tied-arch concrete 
bridge in Portland, Ore. (There the city 
fathers rejected a much cheaper work­
able cantilever design as "an absolute 
atrocity, a multiplicity of steelwork.") 

The driver on limited-access roads 
today passes under scores of bridges, 
nearly all of them cylindrical concrete 
columns holding up Hat slabs strength­
ened by parallel steel girders. Steel has 
been cheap here in the U.S. and design 
comes too dear, particularly where the 
span is short and the bridges are many. 
An air of stereotype afflicts the form of 
the standard highway bridge; it lacks 
character. Yet it is simple, unobtrusive 
and safe-better designed, perhaps, than 
it appears to be. What it lacks is transla­
tion from workaday success into visual 
activity. That is the magic this volume 
seeks, not the "word made Hesh" but 
forces made form. 

Ride the clicking rails of the New 
Haven northward out of Pennsylvania 
Station. You cross the East River on the 
great Hell Gate steel arch, still one of 
the longest and heaviest steel bridges in 
the world. Its designer, Gustav Linden­
thaI (who built the Queensboro and the 
Manhattan bridges as well), worked 
boldly on the biggest scale. Some of the 
bridges' steel members were the largest 
ever made: 185 tons. Had not the south 
cantilever arm of the Quebec bridge just 
collapsed during construction? Its mem­
bers were criticized by Lindenthal him­
self as being "absurdly light." The Hell 
Gate masonry end towers receive the 
stiffening top chord in a slight reverse­
structurally excellent, providing train 
clearance and improving the form. The 
bigger Bayonne steel arch, the longest 
such span in the world (two feet longer 
than the Sydney Harbor bridge, which 
was begun a little earlier), is an engineer­
ing tour de force. Its designer, O. H. Am­
man, had been the assistant at Hell 
Gate. The Bayonne bridge's arch form 
is justified by the Hat bedrock along the 
shore of Staten Island. The Kill van Kull 
is so busy a waterway that it could toler­
ate no piers, and so the choices were 
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cantilever, suspension or arch. The first 
demanded too much steel, the second 
too much excavation to bury the cable 
ends safely in the hard rock. The arch 
could spring up securely from that solid 
base, its great thrust safely anchored. 
Plowden says, however, that the end 
towers of naked steel are "visually too 
weak." They do not actually support the 
arch, which is set on masonry founda­
tions; the weakness is only a question of 
appearance. The Bayonne bridge lacks 
the huge pylons of Sydney Harbor, 
which contain the thrust visually as well 
as in Newtonian fact. Sydney's bridge is 
a worldwide symbol whereas the other 
is not widely known even in its own city. 

"In the spring of 1969, the author 
came across a single-span Fink truss " 
across the south branch of the Raritan. 
This may be the oldest iron-truss bridge 
in America, the remaining pioneer of 
the myriad of such complex angular 
patent trusses that Rung roads and rails 
across stream and valley in 19th-century 
America. It is about 100 feet in overall 
span. The design, called "No. 1 Fink's 
patent," was executed in prefabricated 
form in 1857 by one of the scores of com­
panies that carried out such work. The 
design was worked out by one of a few 
men whose career began in the design 
office of the Baltimore and Ohio Rail­
road, where the first rational design 
methods in this country evolved before 
1850. One good look at the bridge's 
patent vertical columns, its main com­
pressive members and its ribbony di­
agonal tie bars, the tension members, 
reveals the abstract basis of the physical 
design to the least mechanical person. 

The bridges here begin with stone and 
end with prestressed concrete; they 
range from New York to Sciotoville, 
Ohio, from British Columbia to Florida. 
It is an absorbing story and a feast for 
the eye. Error and tragedy are not for­
gotten; here is the full story of Tacoma's 
"Galloping Gertie," handsomely slender 
but vulnerable. And here too is the 
jumbled wreckage of the Quebec bridge 
of 1907 and its tale of heedless acts and 
bad judgment-based, however, on a 
lack of knowledge of compression mem­
bers. Wrote Scientific American then : 
"The significance of this disaster lies in 
the suspicion, which is staring every en­
gineer coldly in the face, that there is 
something wrong with our theories of 
bridge design, at least as applied to a 
structure the size of the Quebec bridge." 
We know much more today. We have 
computers, we understand metals, but 
gravity never sleeps, and our best ap­
proximations and longest iterations will 
sometimes nod. 
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Getting offshore 
It takes time. 

The Exxon gasoline you're filling up with 
today may have come from an oil field 

we started looking for 8 years ago. 

Geological survey. Eight years 
ago, Exxon began to explore a 

piece of acreage 75 miles out in the 
Gulf of Mexico. 

Our geologists examined rocks 
from the bottom of the Gulf and 
along the shoreline. They used 

special devices to locate possible 
oil-bearing rock thousands of feet 
below the seafloor. 

From this information, they cre­
ated a vertical "picture" of the 
rock layers to fi nd strata that looked 
promising. 

These studies can take very little 
time, or up to six years. This one 
took four. 

In  1 9 70, c o n v i n c e d  that  the 
chances of  finding oil were good, 
Exxon bought the rights to drill ex­

ploratory wells. This was the only 
way we'd find out for sure if there 
really was oil there. 

Exploratory drilling. We started 
drilling for oil in mid-1971. To do it, 
we used a mobile drilling rig. The 
cost of leasing and operating this 
rig was $24,500 a day. 

Working round the clock, it took 
us 25 days to drill the first well. It 
was 8,500 feet deep-and we dis­
covered gas, but no oil. 

We then drilled a second hole. 
Fortunately, we hit oil. To find out 

how big the field was, we drilled 
several more wells. They outlined 
the size of the field and confirmed 
that oil was down there in commer­
cial quantities. 

Exploratory drilling can often 
take as long as five years. We were 
lucky. It had taken us just two. 

The next step was to design and 
construct the oil-producing plat­
forms which would replace the 
mobile rig. These huge platforms 
would be anchored to the seafloor 
directly over the field. 

Platform construction and in­
stallation. We started building the 
twin drilling and production plat­
forms in 1972. Construction took 
16 months. 

Each offshore platform has to be 
built specifically for the area it will 
work in. You have to take into ac­
count water depths, wind and wave 
action, earthquake possibilities, 
and other factors. This is why a 
platform built for the relatively calm 
Gulf will be different from one built 

for the fierce North Sea. 
Our next step was to tow the steel 

structures out into the Gulf. We then 
sank them in place in 2 35 feet of 
water, and anchored them with pil­
ings driven into the seafloor. 

Then we added the platform 
decks. These included the crew's 
quarters as well as facilities for 
producing the oil. 
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oil to you. 

Production drilling. When every­
thing was shipshape on the plat­
form in early 1973, we began to 
drill the first production well that 
would actually bring the oil to the 
surface. We drilled four wells in 
1973, and seven more in 1974. 

The wells are drilled straight 
down for a few hundred feet, then 
slanted away from the platform 
base. This greatly increases the 
area that can be tapped from one 
platform. 

Frequently, we use several plat­
forms in developing an oil field. 
These platforms, like the individual 

wells, must be placed carefully to 
insure that the oil is recovered as 
efficiently as possible. 

Underwater pipelaying. While 
the platform crew was drilling the 
production wells, bargemen and 
welders were busy laying the under­
water pipeline that would take the 
oil from the platform to shore. 

Aboard a p i p e l a y i n g  b a r g e ,  
coated sections o f  pipe move along 
a track and are welded together. 
Then the welds are inspected by 
X ray. The joints are also given a 

protective coating and the continu­
ous pipe is slipped down onto the 
seafloor. 

To get the oil to shore from our 
new producing platform, we simply 

had to lay a
l 
section of pipeline 

that linked our platform with a main 
pipeline nearby. If this main artery 
had not existed, and we had to lay 
one, then the entire pipelaying job 
might have taken several months. 
As it was, we did it in one month. 

Refining and delivering to you. 
The crude oil that started coming 
to shore this year from our produc­
tion platform in the Gulfwas carried 
by another pipeline to a nearby 
Exxon refinery. 

Gasoline made from this crude 
was shipped to Exxon service sta­
tions through product pipelines and 
by tank trucks. 

And the gasoline you're filling up 
with today may have come from that 
field we started looking for eight 
years ago. 

U. S. offshore oil now supplies 
11 % of America's needs. Within 
ten years it will have to supply 
considerably more. 

This is why Exxon is looking 
today for the oil you'll be needing 
in the 1980's. 
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