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"It's �retty spooky 
roMn, around inside a 
in a rubber boall' 

"That's me in the back of structural integrity. 
the rubber boat," says Chief "It's like a lake in a cave, 
Mate George McShea. but it's inside a ship at sea. 
"We're not rowing on oil, It's a big job, and some' 

• ..... nker 

but on a saltwater lake in times it gets pretty spooky. 
the belly of a supertanker. But it has to be done, topre-,- - J-� �� 
And it's one aspect of life tect the ship, the..eit and the 
on a supertanker I can't get ocean. GuU: rai1ers have d . 
used to. a fin�etord; we do all we 

"Sure, a supertanker is c�to keep it that way. 
three football fi,elds ,long, / / Most efficient and twelve stones high. But 
after a while those are Wst "Supertankers are the 
numbers. / / most efficient way to move 

A lake In a"'ave s� much oil such distanc�s. 
/ It s a real challenge working 

"This tankAnspection is on them. But it's important 
something e1se. After the work, and I think we do it 
tanks are ,-:teaned and the well." 
residual.oil retrieved and 
stored}' -t:hey're flooded with 
seaw9ter, and inspection 
crews go inside, checking 

I 
I 

I 
I 

I 
I Supertankers-some 

almost as long as the 
Empire State Build­
ing is tall- are the 
most efficient way to 
ship so much oil 
such great distances, 

I 
I 
I 
I 
, Gulf Oil Corporation 
, 
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NOBODY HATES A 
WELL ECAR. 

A recent survey shows there's something 
the average new car owner doesn't like about 
his car. And it's one of the things the average 
new Volvo owner likes most about his� 

Namely, the way his car was put together. 
Volvo owners can appreciate things like 

a paint job that's four coats deep. Two separate 
undercoatings. And a body whose inside 
sections are protected with rust-proofing 
compounds. 

Volvo has inner strengths, too. 
Like a strong, unitized body that helps 

eliminate squeaks and rattles. 
Overhead cam engines which are individ­

ually hand-assembled and bench-tested. 
T he fact is, Volvos are so well built that 

in the past ten years their average life expec­

tancy in Sweden has increased by 37%. 
(Latest projections show that in Sweden the 
average Volvo will live to the ripe old age of 
16 years.) 

You may not keep your Volvo that long, 
but while you do you'll be able to appreciate 
the things that make such long life possible. 

You'll also be able to understand why 
new Volvo owners are happier than the 
owners of 48 cars from G.M., Ford, Chrysler 
andAMC. 

At a time when most Americans are fed up 
with the quality of new cars, we ask you: why 
buy a car there's a good chance you'll hate, 
when you can buy a car there's an even better 
chance you'll love? 
• Survey conducted among owners of new cars bought in May, 1977. 

����------��TT�7T�----' 

VOLVO. A [AR YOU [AN BELIEVE IN.c"" 
VOLVO OF AMERICA COR�RA"ON LEASING AVAieABL' 
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A report on a matter of public interest: 

Bow the BeD System is pumping 
more service out of less oil. 

In 1973, when the OPEC 
oil embargo went into effect, the Bell 
System committed itself to reducing its 
energy consumption. That commitment 
has been fulfilled. In four years, the 
Bell System has saved the energy 
equivalent of almost 24 million barrels 
of oil and over 415 million dollars in 
energy costs - savings that help hold 
down the cost of your telephone bills. 

Today, the Bell System is actually 
using 11 per cent less energy than it did 
in 1973, even though the number of 

telephones in service has risen over 16 
per cent and the volume of business has 
increased 33 per cent. 

Here's how we are combining 
common sense with uncommon technol­
ogy in four basic areas to achieve Zero 
Energy Growth. 

Telephones are reconditioned 
three times. 

The Bell System's energy needs 
begin with the power and fuel necessary 
to design and manufacture the basic 

communications components - cables, 
wire and equipment such as your home 
telephone. 

In general, it takes much more 
energy to manufacture such items from 
scratch than it does to recycle them. 
Because Bell System equipment is 
designed by Bell Labs to be reliable, 
repairable and recyclable, extensive 
energy cutbacks have been realized 
through 40 years of recycling and reuse. 
New, more energy-efficient processes 
are constantly being devised by Western 

Electric, some of which entail 
modifying original designs for 
even greater materials and 
power savmgs. 

Since 1974, the Bell con­
servation program has saved 
the energy equivalent of over 
three million barrels of oil by 
recycling metals. Also, more 
than six million equivalent 
barrels of oil have been saved 
through the reuse of equip­
ment. T he average telephone, 
for example, is reconditioned 
three times before it is unre­
pairable or obsolete. 

New technology does 
more with less. 

Another area in which the Bell 
System is effecting energy savings is in 
power for switching and transmission 
equipment. Constantly, new energy­
saving technology is being added to 
the system. Item: Over two billion 
power-saving transistors, diodes and 
integrated circuits have been put into 
use. Item: Light Emitting Diodes 
(LEDs) are replacing incandescent 
bulbs in switchboards and telephones, 
saving over 90 per cent of the pre­
viously required power. Item: A new 
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microprocessor called MAC-8 is less 
than one-tenth the size of a postage 
stamp yet contains the equivalent of 
over 7,000 transistors. T he MAC-8 can 
execute several hundred electronic 
"thinking" functions, yet it will operate 
on only one-tenth of a watt of power. 

Smaller vehicles power 
giant Heet. 

Twenty-two per cent of Bell's 
energy requirements are in fuel for its . 
fleet of over 170,000 vehicles, the larg­
est privately owned and operated motor 
fleet in the world. Here, a number of 
commonsense procedures have been 
adopted: engines are carefully tuned for 
peak efficiency, smaller and more fuel­
efficient vehicles are being used, 
and shuttle services have been set 
up between some company loca­
tions. In addition, New York 
Telephone Company is experi­
menting with nonpolluting, 
energy-saving electric-powered 
trucks. Due to these and other 
efforts, the Bell System in 1976 
used over five per cent less motor 
fuel than in 1973. 

Even employees' body 
heat is used. 

Heating, lighting and air 
conditioning of Bell Sy stem's 
25,000 buildings account for 45 
per cent of its energy needs. 
Broad economies have been achieved 
simply by removing thousands of 
unnecessary lights; by lowering tempera­
ture settings; by cutting back on hot 
water temperatures; and by heating or 
cooling unoccupied areas only to the 
extent required for equipment 
operations. 

Moving beyond the obvious con­
servation measures, the Bell System 
created a building energy management 
program to redesign and retrofit exist­
ing buildings to improve their energy 
efficiency. Two examples of other power­
saving programs at Bell facilities: 

• On windy Block Island, Rhode 
Island, the New England Telephone 
Company began operating a wind 

dynamo in September, 1976. It can pro ­
duce up to 15 kilmyatts of electricity to 
power a central office and microwave 
radio terminal. Excess power from the 
windmill is fed back to the power 
company . 

. • In AT&T 's new Basking Ridge, 
New Jersey, facility, an innovative com­
puterized system heats about lY2 mil­
lion feet of office space by recovering 
excess heat from the building environ­
ment -lights, equipment and the body. 
heat of employees. It is estimated that the 
system uses 25 per cent less energy than 
conventional heating/cooling systems. 

Bell trials of solar heating and cool-
Windmill helps power central phone office and microwave 
radio terminal (tower at right) on Block Island. 

ing are providing valuable data which 
should lead to more wide spread use of 
alternate energy systems. 

Today, throughout the Bell System, 
our commitment to energy conservation 
is more than a goal; it is an ongoing 
reality. And in looking to the future, we 
anticipate that in 1982 we will still be 
using no more energy than was used in 
1973. Keeping your phone system 
the best in the world. 

@ Bell System 
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THE COVER 

The photograph on the cover shows a detail of a painting, the Tower of Babel, 
by the 16th-century Flemish artist Pieter Bruegel the Elder (see "Pieter Bruegel 
the Elder as a Guide to 16th-Century Technology," by H. Arthur Klein, page 
134). The detail is a crane that was capable of lifting quite heavy objects even 
though its motive power was several men operating a treadmill. Independent 
evidence indicates that such cranes were employed in the 16th century for con­
struction and also for loading and unloading ships. As one can see in a full­
er reproduction of Bruegel's painting that appears on page 135, this crane is 
mounted on a ramp nearly halfway up the tower and is employed to lift ma­
terials, such as the slab of stone in the detail, that have been delivered to the 
site by ship. Bruegel's painting is in the Kunsthistorisches Museum in Vienna. 
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On Photographing the Invisible 

'"T6 the naked eye, it was a Swedish 
I SO-ore postage stamp. A rarity, and 

very valuable. 
The camera, however, told quite 

another story. The stamp was a coun­
terfeit. 

Faint traces of tampering that were 
hidden to the naked eye were revealed 
by the camera. Someone, somewhere, 
had ingeniously altered the stamp by 
chemically removing a surprint. The 
stamp was worthless. 

To the naked eye (left), the 
stamp was genuine. To the cam­
era (right), it was a' counterfeit. 
Note the faint, dark traces of 
tampering now revealed in the 
upper section. 

What manner of exotic camera 
was this that could "see" the invisible? 

The lens: one of the 20 in the 
Hasselblad arsenal, the 10 5mm Zeiss 
UV-Sonnar f4.3. Designed for pho­
tographywithin the ultraviolet portion 
of the electromagnetic spectrum, its 
costly quartz elements can detect 
radiations that are unseeable by the 
human eye. 

It has peered at objects in outer 
space, examined forgeries, laid bare 
the secrets of counterfeit money. Not 
a lens for everyone, obviously, but an 
indication of just how awesomely com­
prehensive the Hasselblad System is. 

The camera: an otherwise per­
fectly standard Hasselblad 500C/M, 

normally fitted with an SOmm Zeiss 
Planar f2.S multi-coated lens. 

This is the basic model that allows 
you to tap into the vast Hasselblad 
System. It is one of the most bewilder­
ingly versatile cameras the world has 
ever known. Yet so marvelously simple 
to operate that it often plays the part 
of the family snapshot camera. 

A True System. 
The Hasselblad System is a prodigious 
array of 4 cameras, 20 lenses, S view­
finders, 9 film magazines, and over 
300 other accessories. Choose the right 
pieces, and your 500C/M would be 
equipped for sports, aerial, architec­
tural, and fashion photography. 

And portrait, landscape, medical, 
underwater, and news photography. 

And wildlife, laboratory, indus­
trial, and child photography. 

And you would always have the 
right film in the camera at the right 
time. You can shift from color to 
black-and-white and back again to 
color-and resume shooting at pre­
cisely the right frame-by popping in 
the protective dark slide and switch­
ing film backs. 

The Camera with Nine Backs. 
There is a small button on the film 
back of every Hasselblad 500C/M. 
Slide it sideways with your thumb and 
the back will come away in your hand. 

The standard back holds 12 ex­
posures. Each frame of film is 2\4 
inches square, almost four times the 
area of a35mm frame. (See box,below 
right, for actual size.) 

This IS only the beginning. There 
are eight other backs available: Backs 
tharlet you change to a 6 x 4.5cm for­
mat ... or a 4.5 x 4.5cm superslide 
format for showing in any 3 5mm 
projector. Backs that give you a choice 
of 1, 12, 16, 24, 70, or 500 exposures. 
A back that is a sheet-film adapter. 

Even two backs for Polaroid film, so 
you can check composition, lighting, 
and eX:posure ahead of time. 

You begin to realize why eight out 
of ten top commercial photographers 
surveyed name Hasselblad as the 
medium-format camera used in their 
work. 

Retained Value vs. 
Obsolescence. 

In an age when machines spew out 
cameras in the tens and hundreds of 
thousands, when flashy new models 
thrust last year's marvels into early 
obsolescence, Hasselblad goes its own 
way. 

Planned obsolescence is taboo at 
Hasselblad. All but two of the acces­
sories for the 500C/M will fit every 
Hasselblad made since 1957 (except 
the Super Wide C) ... and will fit every 
future Hasselblad. 

The greater part of a year is spent 
on building each camera, much of it 
crafted by hand. And fully one quarter 
of the work force devotes its time to 
nothing but quality control. 

Little wonder, then, that a pre­
owned Hasselblad commands such a 
high price ... if its owner can be per­
suaded to part with it at all. 

HASS£lBlAD' 

The Hasselblad 500C/M. 
A lavish brochure is available free if you write: 
Braun North America. Dept.SA378. SS 
Cambridge Parkway. Cambridge. Mass, 02142. 
Braun North America is a division of The 
Gillette Company and exclusive marketer of 
Hasselblad cameras in the U.S. 
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It's a fact. You reach your physical peak at 
age 25 and your mental peak at age 40. From 
then on it's downhill. But it needn't be. A 50 
year old who exercises regularly can be 
healthier and in better physical shape than the 
average 25 year old. 

When you're physically healthy, you are 
alert and better able to handle stress. You are 
better motivated and just plain happier. Jog­
ging can keep you in good physical shape. 

THE ADVANTAGES OF JOGGING 
Jogging as a regular exercise has gained in 

popularity because it does three things for you. 
1) It improves the functioning of the heart, 
lungs, blood vessels and lymph glands. 2) It 
helps control your weight without resorting to 
starvation diets, and 3) It is one of the few safe, 
strenuous exercises that creates the exertion 
necessary for good physical conditioning. 

A NEW JOGGING COMPUTER 
There is now a new, fun way to jog. The new 

JS&A Computer is a solid-state system that 
lets you jog in place in the comfort of your own 
home. It's fun, easy to use and convenient. 

You simply set the distance and pace you 
wish to run and press the start button. An 
audible beep tone sounds and you jog in place 
to its rhythm. Each stride is registered on a 
large LED readout in the control unit so you 
can see how far you've run. 

You jog on a large pad with sensors which 
register each stride. The pad is designed to 
feel like grass or soft earth so you can run 
either barefooted or with gym shoes. The idea 
is to gradually increase your distance and 
speed each day to build

·
up your endurance. 

Getting yourself to start jogging is often the 
hardest step. That is why the JS&A Jogging 
Computer is an ideal system for both the 
beginner and the experienced jogger. 

FOR THE BEGINNER 

The first time you step on the Jogging Com­
puter, you run at a pre-selected pace and 
distance for approximately five minutes. (A 
chart will show you which speed to select 
based on your sex and age.) You then take 
your pulse rate for one minute by touching 
your wrist. The pulse/rate chart determines 
the settings and distance you should run the 
next time you jog. 

Jogging 
COmputer 
Make jogging fun in the privacy of 
your home with a new space-age 
indoor exercise system. 

The JS&A Jogging Computer is a total system 
of physical fitness and conditioning. 

You could be in poor, average or good 
shape, and this simple five minute test will 
accurately tell you. Start the jogger at the dis­
tance indicated on the chart, and gradually 
build up a little each day. In just one week you'll 
notice the difference, feel great, have greater 
endurance, and you won't tire as easily. That is 
what's so nice about the system�how easily 
and quickly it puts you into better shape. 

FOR THE EXPERIENCED 
If you jog regularly, you know the many 

benefits of jogging. But you also know the dis­
advantages-ali overcome by owning a Jog­
ging Computer. For example: 

Forget about the ritual You wake up early, 
drive to your favorite indoor track, change 
clothes, and you're ready to run. With the Jog­
ging Computer, just step out of bed and start 
running. The time you save in preparing to jog 
can be substantial. 

Forget about the boredom Running around a 
track can be quite boring. And if you count 
laps, how many times have you lost your 
count? With the Jogging Computer, you can 
forget about counting, as the unit does it auto­
matically for you. You can concentrate on 
problems or take flights of fancy-all while you 
strenuously exercise. 

Forget about the weather Even in summer, 
there are days when you can't jog outdoors. 
And in a daily exercise program, you must 
resort to the indoor track. Not so with the Jog­
ging Computer. It's always there when you 
need it-portable and ready to operate. 

Forget about jogger's heel If you've run on 
indoor tracks, you know the pain of jogger's 
heel caused by leaning in around those 
curves. Jogging in place is easier on your 
whole body and eliminates this common jog­
ging problem. 

BRING IT ANYWHERE 

The Jogging Computer is powered by four 
"C" cell batteries and requires no AC power so 
it goes anywhere-on your patio, in the garage 
or basement, or at your office. The control unit 
can be propped up with its built-in easel or 
placed on a wall using the four foot expansion 
cord. It's portable, so after you've run a few 
miles, just turn it off and put it away. There's no 
large exercise device to take up space. 

QUALITY THROUGHOUT 
The JS&A Jogging Computer is all solid 

state, and the 17"x 22" pad was pre-tested to 
take years of constant, hard pounding under 
all conditions. Service should never be re­
quired, but if anything ever does go wrong, 
JS&A's service-by-mail center will have it re­
paired and back to you in a matter of days. Be 
assured that we stand solidly behind our prod­
uct's quality, construction and design. JS&A is 
America's largest single source of space-age 
products. We've been in business over a 
decade-further assurance that your modest 
investment is well protected. 

We suggest that you order the JS&A Jog­
ging Computer and use it for 30 days. Jog 
each day when you get up in the morning or 
before dinner. Enjoy the thrill of feeling your 
endurance build. Experience the convenience 
and fun. See how much better you feel and 
how much sharper you think. Then after 30 
days, measure your progress. If you don't find 
the JS&A indoor jogger a convenient and fun 
way to stay trim and healthy, then return your 
unit for a complete and full refund including the 
$3.00 charge for postage and handling. You 
can't lose. 

Simply send your check for $149.95 plus 
$3.00 postage and handling (Illinois residents 
add 5% sales tax) to the address below or call 
our toll-free number. By return mail, we will 
send you the complete jogging computer sys­
tem with instructions, charts, personal score 
card and a one year limited warranty. 

Start today on an organized physical fitness 
program using the latest in solid-state, space­
age technology. Order your JS&A Jogging 
Computer at no obligation today. 

I� fo),ANf-TIONAL 
���6up 

Dept. SA One JS&A Plaza 
Northbrook, III. 60062 (312) 564-9000 

Call TOLL-FREE . . . . .  800323-6400 
In Illinois Call . . . . . .  (312) 498-6900 

©JS&A Group, Inc.,1978 
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Printer 
HATS OFF TO IBM 

Break-

A new 10-digit display calculator with the world's 
first dual-element integrated printing head 

will revolutionize the printing calculator. 
The full-featured $89.95 Canon Pl0-D with its 

� ••••••••••••••••••• 
., one-year parts and labor limited warranty is the 

II 
greatest printer value ever offered by JS&A. 

Hats off to IBM. Their single-element typing 
system did away with typewriter keys and 
started a new technology. 

The new Canon Pl0-0 printing calculator 
starts another new technology. Their dual­
element printing system does away with the 
standard printing head which required a sep­
arate disc for each column. The Canon has 
only two discs-one with digits and the other 
with symbols. 

The Pl0-0 head weighs only Y2 ounce com­
pared to 31 ounces in a typical printing head. 
Its motor weighs only nine ounces-again 
much less than the heavier conventional 
motors required to drive larger heads. The 
Canon motor is smaller. lighter and more 
efficient because it moves less weight. 

THE MOST EFFICIENT SYSTEM 
The printing head is controlled by an LSI 

(large scale integrated circuit). As you press a 
key, a pulse is generated from this circuit and 
sent to the motor which does two things: 1) 
positions the two discs to print the numbers or 
symbols and 2) glides the numeric disc across 
the ten column width of the paper. 

Conventional printers print from metal discs 
through thick fabric ribbon onto paper. The 
Canon system prints directly on paper so each 
impression is sharp, clear and easy to read. 
The synthetic polymer disc is first inked by a 
special cartridge before it prints. Each ink 
cartridge is easily replaceable. The cartridge 
lasts for more than 15 rolls of paper at a cost of 
17ft per roll-far less than any other system. 

PLAIN PAPER PLUS 

Using standard paper tape is only one of 
several advantages that make the Canon a 
truly spectacular value. Here are some other 
exciting new features: 
Dual Power Operate the Canon from either 
your AC outlet or its built-in rechargeable bat­
teries. It's totally portable, yet it also makes a 
handsome desk calculator. 
Dual Display Just flip a switch and the 10-digit 
large green fluorescent display can be used 
with or without the printer. 
Space-Age Styling Compare the sleek ap­
pearance of the Canon with any other printer. 
It's small enough to fit in your briefcase and 
large enough to use as a space-saving desk 
unit. It measures only 13/4" x 4Y .. ' x 8Y,', 
weighs only 24 ounces and the paper tucks 
into the body of the unit-perfect for travel. 
Buffered Keyboard If you enter your prob-

lems faster than the printer can print them out, 
don't worry. The unit's memory stores your 
keystrokes and prints them out in rapid 
succession. 

We have always looked at small printers as 
gimmicks -calculators that lack many impor­
tant features. We were surprised with the 
Canon. It has features that far exceed most 
printers costing hundreds of dollars more. 

The following is a list of those features: 10 
digit capacity • full four-key memory • ad­
dition, subtraction, multiplication and division 
• percentage key. add-on and discount cal­
culations • power and reciprocal calculations 
• repeat calculations. add-mode. switch for 
full-floating or second and third fixed decimal 
positions. round off or round dowA switch. 
paper tape advance. 

There are other convenient features that 
make it perfect for people who spend hours at 
their calculators. Theri's a three-digit item 
counter that counts and prints out the number 
of entries while printing your total. The sym­
bols on the right side of the tape tell you the 
nature of each entry. Even in its battery 

The sleek appearance of the Canon Pl0-D 
makes it a handsome addition to any desk. 

/ 
The direct-impression dual discs print cleaner 
and sharper on conventional paper tape. 

operated pOSition, you could print out more 
than half a roll of tape before the unit signals 
you that its batteries are low. 

A NEW WAY TO BUY 

JS&A offers you a new way to buy your 
10-digit Canon Pl0-0. Firsi we give you the 
opportunity to use one for 30 days. Carry it in 
your briefcase. Put it on your desk and see 
how handy it becomes and how little space it 
takes up. Check the paper tape and see how 
clear <!nd easy-to-read it is. Bring it home and 
let the whole family use it. 

Then, within 30 days, decide-. If the Canon is 
not perfect for you, return it for a prompt and 
courteous refund. And if you do return it, not 
only will we still consider you one of our good 
customers, but we will also refund your $2.50 
postage, let you keep the paper tape, and 
thank you for giving us the opportunity of 
showing it to you. We couldn't be more positive 
about the quality and value of this incredible 
new product. 

JS&A is America's largest single source of 
space-age products. We have been in bus­
iness for over a decade-further assurance 
that your modest investment is well protected. 
Canon is one of the world's largest manu­
facturers of cameras and precision quality 
instruments and is highly respected as a 
quality manufacturer of electronic products. 

The Canon costs only $89.95 plus $2.50 for 
postage and handling and includes a free roll 
of tape, one ink cartridge, rechargeable bat­
teries and a power cord/charger. It's an in­
credible value thanks to its new technology. To 
order, send your check to the address below 
(Illinois residents add 5% sales tax) or credit 
card buyers may call our toll-free number. 

Space-age technology has produced an­
other major product breakthrough. Order your 
Canon Pl 0-0 at no obligation today. 

I� (c» / A Nt-TIONAL 
��J��uP 

Dept.SA One JS&A Plaza 
Northbrook, III. 60062 (312) 564-9000 

Call TOLL-FREE . .  _ . .  800 323-6400 
In Illinois Call . . . . . .  (312) 498-6900 

©JS&A Group, Inc., 1978 
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For 

Your Cellar 

I'm proud to offer my North Coast Coun­
ties 1971 Vintage wines for your enjoy­
ment. I've selected them to bear the 
Ptoprietor's Reserve label, a distinction 
given only my very finest wines. 

Softened and mellowed in wood, this 
limited edition of Pinot Noir, Cabernet 
Sauvignon, Barbera and Burgundy has 
been maturing in my cellars and is now 
ready for presentation to you. Further 
enhancement can be achieved in your own 
personal wine cellar. 

Ask your favorite merchant for the 
1971 Proprietor's Reserve vintage release 
wines from Sebastiani Vineyards. 

Please send for our free monthly 
newslerter. 

10 

August Sebastiani 

�--I/ P.-c . c 

Sebastiani 
VINEYARDS 

EST. 1825 

P.O. Box AA Sonoma CA 95476 

LETTERS 
Sirs: 

John U. Nef's article ["An Early En­
ergy Crisis and Its Consequences," SCI­
ENTIFIC AMERICAN, November, 1977] 
reveals interesting relations among the 
supply of fuel wood, coal mining and 
the origins of the Industrial Revolution 
in Britain. His analysis of the crisis in the 
supply of wood uses terms that perpetu­
ate a misunderstanding of the extent of 
woodland in England in Tudor and Stu- • 

art times and of the nature of woodland 
management and its produce. Professor 
Nef states that this first energy crisis was 
a "crisis of deforestation," and that "al­
though there was some reforestation 
during the 17th century, more and more 
forest was being cleared for farms and 
pastures." 

Pollen analysis of British postglacial 
peats and sediments has clearly shown 
that the major period of forest clearance 
began about 3500 B.C. during the Neo­
lithic. 'There has always been some 
doubt, however, about when this period 
ended and about the extent of the wood­
land that was left. The popular picture 
of medieval England is one of a vast 
expanse of mixed oak forest with occa­
sional clearings for settlement and agri­
culture, and wisps of woodsmoke rising 
above the trees. Recent analyses of his­
torical records of woodland manage­
ment, in some cases dating back to Nor­
man times (for example those by O. 
Rackham of the University of Cam­
bridge and by me in southwestern En­
gland), indicate that woodland bounda­
ries have changed little since the early 
Medieval period and were possibly es­
tablished by Saxon times. It is signifi­
cant that the Domesday Book makes 
scant reference to woodlands, except 
when occasionally indicating rights of 
pannage. 

How can one reco_ncile this conclu­
sion with Professor Nef's undoubtedly 
correct analysis of a shortage of fuel 
wood and other tree products culminat­
ing in an "energy crisis" beginning in 
Elizabethan times? I think the problem 
lies in the interpretation of words such 
as "forest," "felling" and "clear." Large 
areas of "forest" marked on British 
maps do not necessarily mean that those 
areas were completely wooded when 
maps were first being made. For exam­
ple, there is no doubt that "Dartmoor 
Forest" was an open landscape before 
Roman times. Forest often means an 
area over which royalty exercised hunt­
ing rights and is independent of the con­
cept of a wooded landscape. 

Comparisons of forests in Britain 
with forests on the Continent are not 
realistic. Professor Nef quotes Biringuc­
cio in Pirotechnica (1540): "Very great 
forests are found everywhere . . . .  " They 
certainly were, and still are, on the Con-

tinent. Some of the Continental coun­
tries have as much as 40 percent of their 
land area wooded, whereas in Britain 
the figure is about 8 percent, and much 
of the woodland is the result of affores­
tation by the Forestry Commission in 
this century. The demands of farms and 
pastures in the 17th century to which 
Professor Nef refers are essentially en­
closures of open land, not clearance of 
woodland. In addition a dearth of tim­
ber in urban environments cannot be 
equated with shortages of woodland. 

Professor Nef writes: "The need for 
larger amounts of wood for construc­
tion and for heating, particularly for the 
smelting and refining of ores, called for 
a substantial increase in the felling of 
trees." Felling, however, does not nec­
essarily mean deforestation. When the 
woodman cut down a tree, he expected 
it to be replaced naturally, The system 
of woodland management in medieval 
times (and in some areas up to about 
1900) was "coppice" and "coppice with 
standards." When hardwood trees are 
cut down, they do not die but produce 
numerous shoots, the coppice, from the 
stool (the cut stump and the roots), 
many of which develop within 15 or 20 
years into substantial stems. The medie­
val woodman in southwestern England 
called such shoots "sproutes" and 
"springes." These coppice stems could 
be harvested anytime from two to 20 
years later depending on the produce 
required, which was known as "wood" 
and "underwood." They provided mate­
rial for basket weaving, pea and bean 
sticks, bark for tanning, faggots for fuel 
wood and charcoal making, poles for 
fencing and the stirring of ore smelts. 
Scattered among the stools bearing cop­
pice shoots were "standards," or trees, 
that provided "timber," mainly for 
buildings (and to a lesser extent for 
ships, whose influence on British wood­
lands has been exaggerated). Hence the 
royal proclamation of 1615, quoted by 
Professor Nef, disfinguishing between 
"Wood and Timber." The material 
whose shortage the proclamation la­
ments ("not only great and large in 
height and bulk, but hath also that 
toughness and heart") was not wood but 
timber. 

Another misconception has arisen 
from the nature of a wood sale. It was 
the standing timber and wood that was 
sold, not the land. In such contracts the 
purchaser was required to clear the 
wood. That, however, meant not a total 
felling of an area but a requirement that 
the purchaser leave the resultant cop­
pice stools and standards in a managed 
and undamaged condition. Wood-sale 
documents usually refer to sales of 
wood and underwood (coppice prod­
uce), but if they refer to standing tim­
ber, safeguards are written into the con­
tract to maintain a statutory number of 
standard trees per acre. 

There is, of course, a limit to the sus-
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UN H 
YOURSELF. 

SAAB TURBO IS THE POWER OF THE FUTURE. 
The Saab Turbo can be the most exhilarating driving 
experience of your life. 

Feel turbo power thrust you on to a highway. Feel 
turbo power shoot you ahead when it's time to pass. 

The Saab turbocharged unit-here symbolized by 
the turbo fan-is an engineering masterpiece. It 
takes the turbo power of the Indianapolis 500 and 
Le Mans and harnesses that power to work at 
speeds you drive daily. 

The Saab Turbo is turbo power integrated with 
features which have ranked Saab as one of the 

world's finest performance cars. Performance 
features such as front wheel drive, rack and pinion 
steering, Bilstein shock absorbers, 4-wheel power 
assisted disc brakes and rear spoiler. 

Come into the future . Test the Saab Turbo . And be 
ready to unleash yourself. $9,998:t' 
*T he manufacturers suggested retail P.O.E. price for the Saab Turbo includes dealer 
preparation. Taxes, title, destination charges and options are additional. 

All Saab models are available through our Tourist Delivery Plan. Ask your local Saab 
dealer for more information. 

�A A� IS THECOMMAMD 
.......:a PERFORMANCE CAR. 
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Only three receivers in the 
world give you master control 
of the entire music spectrum. 
And they're all from JVC. Because only JVC builds 
into its top three receivers the exclusive SEA five-zone 
graphic equalizer system. It totally eclipses the capability 
of conventional bassi midrange I treble tone controls 
of other receivers. SEA not only helps you get 
better performance from your speakers, 
components and records, 
but it also lets you custom 
tailor the sound of your 
system to the size and 
acoustics of any room. 

JVC's JR-S600 II, 
JR-S400 II and JR-S300 II 
give you another exclu­
sive. You can switch the 
SEA equalizer section 
into the tape recorder 
circuit, so you can "EO" 
as you record, just 
like the pros do. 

Once you've seen 
the things JVC builds 
in, you'll wonder why 
the others leave 
them out. 

JVC 
JVC America Company. Division of US JVC Corp . . 58-75 Queens Midtown Expressway. Maspeth. N.Y. t 1378 (2121476-8300. 
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Canada: JVC Electronics of Canada, Ltd .. Scarborough. Ont. 

WE HAVE TO ADMIT, 
EUROPEANS DO KNOW A LOT ABOUT 

GOODWINE. 
RECENTLY, AT ONE of Europe's most 
prestigious wine competitions, Inglenook 
won the highest honor awarded to an 
American wine. Our Estate Bottled 
Napa Valley Petite Sirah 1973 won a 
gold medal at the 14th Le Monde Selec­
tion Wine and Spirits competition. A genuine cork from 

Inglenook Petite Sirah·I973, gold medal winner Obviously, we were greatly honored. 
.t Europe'. L. Monde Selection competition. But humbly speaking, not too surprised. 
You see, Inglenook Estate Bottled Wines are made the -
only way a truly great wine can be made. Our grapes 
are picked and crushed under the direct supervision 
of our winemaster. So, even before we entered the 
competition we knew our '73 P etite Sirah was 
a winner. (Not to mention, the year before, our 
'72 won the highest award at the Oenological 
Institute's Sixth Annual Wine 
Competition.) 

For years we've been saying just how 
fine a wine Inglenook is. Now the opinion 
is international. 

Inglenook Vineya.rds. Rutherford, Napa Valley. California. 

When you toast from the heart, remember, 
our heart is in it too. 

tainable yield of coppice with standards. 
Periodic heavy demands for timber and 
price inflation have been cited by Dr. 
Rackham in the case of the "great re­
build" of timber-framed buildings in 
East AngJia in the late 16th and early 
17th centuries, and I have detected other 
local demands in Essex County associ­
ated with the addition of wood belfries, 
towers and shingled spires for churches 
in the 14th, 15th and 16th centuries. 

Professor Nef's most interesting arti­
cle refers to a crisis of fuel wood and 
timber demands of an increasing popu­
lation from Elizabethan times onward. 
From his analysis it is clear that coal 
relieved the fuel-wood crisis with subse­
quent effects of the development of the 
Industrial Revolution. Periodic crises in 
the timber supply reoccurred, and to the 
present day they have only been re­
lieved, as Professor Nef correctly states, 
by imports. Coal, in fact, saved coppice­
with-standards management until one 
development of the Industrial Revolu­
tion, the mechanical saw (originally 
steam-driven), demanded straight and 
uniform timber that is better supplied 
by fast-growing conifers. which do not 
(with the exception of the redwood Se­
quoia sempervirens) coppice. 

D. L. WIGSTON 

Woodlands Research Group 
Plymouth Polytechnic 
Devon, England 

Sirs: 
I thoroughly enjoyed reading the arti­

cle by G. Franklin Montgomery, "Prod­
uct Technology and the Consumer" 
[SCIENTIFIC AMERICAN, December. 
1977). His group at the National Bureau 
of Standards does a commendable job 
that is bound to benefit the energy-con­
scious North American public. 

I should like to suggest one relatively 
simple improvement to a residential ap­
pliance that has the potential of reduc­
ing energy consumption to a considera­
ble degree. I am referring to the electric 
water heater that is very popular in cer- -
tain parts of this continent. The stan­
dard version is equipped with an upper 
and a lower element, each of which is 
thermostatically controlled. Unfortu­
nately the controls are inaccessible from 
the outside, and if you want to adjust 
either of them, you have to remove a 
panel and then search for the setscrew 
under a thick layer of insulation. 

At present most consumers probably 
are unaware of the existence of these 
thermostats, and the few who do know 
about them are not likely to go to the 
trouble of changing the factory setting 
to suit their requirements. It seems to me 
that by means of a rather straightfor­
ward and inexpensive change in design, 
extensions to the two temperature con­
trols could be devised that would be 
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THE CLASSIC 
GRAY'S ANATOMY 

3 POUND�I�257-PAGE 
COLLECTOR'S 

DELUXE EDITION 

NOW ONLY $6.95! 
AN-EXTRAORDINARY PUBLISHING TRIUMPH- (ORIGINAL 1901 EDITION WORTH $200.00 OR MORE IF YOU CAN FIND ONE!) 

For today's men and women truly interested in their own body and its functions. For students, 
artists and the medically curious- for everyone. The most fascinating book ever published! 

I
F you ever wanted to know how any part of 

your body really works, if you want to ex­
perience the same magic feeling a young 

medical student feels as the mysteries of the 
body are revealed for the first time, then this 
landmark edition of Gray's Anatomy is for 
you. 

Considered one of the greatest texts of 
our time, Gray's Anatomy has been used by 
nearly every living physician and every phy­
sician has been exposed 'to it. But its appeal is 
not only to physicians, but to everyone, in­
cluding students, artists, and collectors of 
classic books. Dr. John Crocco, Chief of 
Pulmonary Services, SI. Vincent's Hospital 
and Medical Center of New York, writing in 
his new Introduction states: 

"This stellar book represents the acme of 
anatomical description over the last century 
and will probably still be the premier text in 
anatomy over the next one hundred years." 

Just what is Anatomy? Anatomy is the 
gateway to medicine and the queen of basic 
sciences. It is the parts and the whole of the 
human body and a prerequisite for entry into 
the field of human biology. In this, his master­
piece, Henry Gray unquestionably found the 
best method of imparting this knowledge to 
other minds. 

To those interested, we say that this is 
an unprecedented opportunity to acquire a 
magnificent classic at the fantastically low 
price of only $6.95. 

The book itself is divided into 16 main 
sections. with hundreds of major subdivisions. 

The text includes: 

The Male Organs of Generation. 14 
pages on the prostate glands, penis, testes, etc. 

The Female Organs of Generation. 15 
pages on the clitoris, vagina, ovaries, preg­
nancy, etc. 

The Surgical Anatomy of Hernia. 20 
pages including scrotal and femoral hernia. 

General Anatomy or Histology. 73 pages 
on the animal cell, nutritive fluids, blood, 
the skin, secreting glands and much more. 

Embryology. 66 pages on the embryo, 
fetus, ovum, and development of a baby. 

The above list of contents is by the limi­
tation of space just a mere summation. The 

. actual content of Gray's Anatomy is so mas­
sive that the table of contents in the book 
needs 16 entire pages with 1,932 separate 
category entries. And the index of this master­
work covers 41 pages with 8,541 separate 
listings. 

Again, as Dr. Crocco states, "There have 
been many imitations. there have been ana­
tomical narratives, dissection manuals and 

The Skeleton. 181' pages covering all 
aspects of the 200 bones of the body. 

The Articulations. 76 pages describing 708 movements of joints,ligaments, cartilages, etc. 
III t to The Muscles. 158 pages covering every US ra IOnS 

muscle from the tiniest in the eye to the largest °th 172 in leg with every detail of their action and use. WI 
The Blood-Yascular System. 167 pages ° F II describing circulation, arteries and veins. A In U 

veritable book within a book. C I r The Lymphatics. 14 pages on every 0 0 
lymph gland in the body from sex glands to 
neck and face glands. 

The Nervous System. 17 1 pages on the 
brain, the extremities, the spinal cord. etc. 

The Organs of Special Sense. 56 pages on 
the tongue. nose, eyes and ears. 

The Organs of Digestion. 85 pages start­
ing with the teeth and including the salivary (/b�!7$"h:'7: 
glands. stomach, intestines, liver. etc. 

The Organs of Voice and Respiration. 67 
pages on the larynx, trachea, lungs, etc. 

Fig. 283-Surgical anatomy of the arteries of the 
neck, showing the carotid and subclavian arteries. 

pictorial atlases with exquisite photographs. 
However, there is only one Gray's Anatomy. 
Gray's is the book all students turn to." 

The medical contents alone makes this 
book invaluable. but the writing style makes 
it a true literary masterpiece. It combines 
both technical genius with a beautiful prose­
like quality. usually associated with a great 
novel. The 708 illustrations, including 172 
original full color plates have never been sur­
passed for their authenticity and clarity. 

Originally published more than 100 years 
ago. this classic edition is now available 
complete and in a new format that is out­
standing for both its visual beauty and the 
unprecedented low price of only $6.95. 

Here is  an 
ext raordinary 
opportunity to 
acquire one of 
t h e  gre a t e s t  
b o o ks of a l l  
time. To order, 
Simply fill out 
form below and 
enclose check 
or money order. 
You'lI be ex­
tremely pleased 
that you did. 

1 
r---------- - --------., 

CANBRIDGE BOOKS. Dept. \26 
6 Commercial Street. Hicksville. N.Y. 11801 
Gentlemen. Please send me ____ copies 
of the Classic Collector's Edition of Gray's 
Anatomy at the introductory prices shown 
below. I enclose check or money order for 
$------

o u _Copies of Deluxe Heavy Laminated Soft 
Cover Edition @ only $6.95 each plus 
75� for postage and handling. 

_Copies of Special Hard Cover Library 
Edition @ only $8.95 each plus 75� post­
age and handling. 

" 
'" 

� .D c " 
U,. 
� • Name _____________ _ :::: . �: Address ____________ _ 

.�: City _____________ _ 

o. State ZiD == __ � L ___ N,.t·_R:s_�'Ld.t.fe.l��!: J��'!:.x .... .1 
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The same NEW Universal! 
Always up to date. 

Every Zeiss Universal Microscope, whether made 
twenty years ago or yesterday or tomorrow, will always 
accept and perform perfectly with the latest accessories for 
qualitative and quantitative microscopy. Try this with any 
other brand of microscope and you'll appreciate the value 
of Zeiss design and Zeiss optics. Because they've always 
been so good, there's never been a need for a major 
design change. 

All accessories for all disciplines. 
MEDICINE ... BIOLOGY ... CHEMISTRY ... 

MICROELECTRONICS ... METALLOGRAPHY ... 

or any other discipline, you'll find accessories for your 
every need: photomicrography, cinematography and TV, 
photometry, quantitative stereometric image analysis, or 
anything else. 

All ways the best. 
Whatever microscope techniques or combination 

of techniques you employ, the Zeiss Universal assures you 
of consistently superb images. And there is no microscope 
that lets you switch so easily from any one technique to any 
other, either in reflected or transmitted light. 

For complete details, write or call today. 

Nationwide service. 

Carl Zeiss, Inc., 444 5th Avenue, New York, N.Y. 10018 (212)730-4400. Branches in: Atlanta, Boston, Chicago, Columbus, Houston, 

Los Angeles, San Francisco, , D.C. In Canada: 45 Valleybrook Drive, Don Mills, Ont., M3B 2S6. Or call (416)449-4660. 
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both conspicuous and easily accessible. 
In this way maximum water tempera­
tures in the household tank could be 
maintained at the desired level and be 
altered to suit seasonal or other require­
ments, resulting in substantial energy 
savings. 

T. R. SIMON 

Laboratory Manager 
Eaton's Product Research Bureau 
Toronto 

Sirs: 
In reference to your review of Hugh 

Johnson's The World Atlas 0/ Wine 
["Books," SCIENTIFIC AMERICAN. Janu­
ary]. many Europeans will be surprised 
to learn that "every vine in Europe to­
day is grafted to an American root­
stock." In Hungary. where the sandy soil 
in a large segment of the growing area is 
unsuitable to Phylloxera, only about 40 
percent of the 2 X 105 hectares of vines 
are grafted ( 1971 figures). Romania has 
a considerable area in American vines 
that are ungrafted, and even France has 
some Vitis vini/era as well as hybrid "di­
rect prod ucers" that are not grafted. 
True. many grapes are grafted as a pre­
caution against Phylloxera but certainly 
not "every vine." 

STANLEY ASHMORE 

Huntingtown, Md. 

Scientific American, March, 1978; Vol. 328, No. 3. 
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cassettes are more than 
They are integral components of 

your hi fi system-machines in themselves-en­
gineered to the same precision standards as your cas­

sette deck. So no matter which TDK cassette you use, 
you get reliable" consistently superb performance. For in-

stance, our AD cassette gives you all the high energy music 
you want, and you don't need special bias switches on your deck to use it, 
Li�e our other fine cassettes, SA and D, it has a full lifetime warranty. * 
Not all machines need plugs. But all good 
tape machines deserve TDK casset�s. ��DK 'In the unlikely event that any TDK cassette tape ever fails 
to perform due to a defect in materials or workmanship. e 
���I��e�u�� 

i� to your local dealer or to TDK for a free The machine for your machine." 
TOK Electronics Corp. Garden City. NY 11530, 

It's five lenses in one. 

Slip the trim, lightweight Sigma Mini-Zoom on your camera, and enjoy the 
advantages of five sir lenses in one: wide-angle, normal, telephoto, macro' and 
zoom! It's got specially textured controls to let you capture the fastest-paced 
action with split-second certainty. You'lI capture exciting close-ups, too, with 
Sigma's unique macro focusing at every focal length. And, you'll get razor-sharp, 
high-fidelity images at every aperture, thanks to Multi-Layer coating. 

Try out the surprisingly economical Sigma Mini-Zoom. in mounts to fit all 
popular sir cameras, at better camera'counters everywhere. Or, for complete 
information on the full line of Sigma lenses with unique features and advanced 
technology design, write for LitiPak P82. Ehrenreich Photo-Optical Industries, Inc., 
Woodbury, N.V. 11797. rnLBB In Canada: Magna 

SIGmA Marketing Co., Ltd., Ontario. A product of Sigma 
Corporation, Tokyo 182, Japan, 

Unique features 
Advanced technology design. 
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The subject is simulation: 
a remarkable blending of science, 
art-and magic-that makes what isn't 
there at all seem ver� very real. 

© 1978 SCIENTIFIC AMERICAN, INC



It sure looks like 
La Guardia to the 
pilot. Right 

down to the 
terminal lights 

and docking points. 
The fact is, the Itplane" is nowhere 

near New York. It's not even in the air. 
The pilot is Itflying" with a visual 

simulation system built by McDonnell 
Douglas for on-the-ground training of 
commercial and military pilots. 

Called VITAL I� it uses computers 
to draw sharp, true-to-life moving 
color images of destination cities, 
their approach, runway, and taxiway 
lights, their airport buildings and park­
ing areas. It works for day, twilight, 
and night training. In clear weather, 
fog, even rainstorms (with or without 
lightning) . 

Today, airlines and military forces 
around the world use our VITAL 
systems for risk-free training that 
needs no fuel and costs a fraction of 
in-the-air training. 

Landing at 
La Guardia is one 
thing. Air combat at 20,000 feet is quite 
another. For this, military pilots Itfly" 
in MACS-our Manned Air Combat 
Simulator. Seated in a dome-enclosed, 

cockpit mockup, using real instruments 
and controls, pilots fly realistic combat 
against other pilots flying similar 
computer-controlled "hostiles:' Pilots 
see, feel-and fly-as though in actual 
combat. 

Not all simulation is visual, of 
course. In designing an aircraft, for 
instance, we accurately simulate the 
effects of a lifetime of heat and stress. 
We can measure the wear of 20 years 
of flying before we even start to 
build the plane. 

And at 
MCAUTO;W our 

data service com� 
pany, we work with 

another kind of simu-
·":���:i;;.· . . lation called linear 
programming. It helps business man­
agement find the most efficient uses 
for resources. For example, we com­
pletely "modeled" the production, 
transportation and sales for a large 
cement producer, helping management 
decide where, ho� and when to under­
take capital expansion. 

Simulation -part science, part art, 
part magic. A very real, highly­
developed technology at McDonnell 
Douglas. If you'd like to know more 
about how our simulation skills might 
work for you, just drop uS a note on 
your letterhead. 

Write: McDonnell Douglas, 
Box 14526, St. Louis, MO 63178. 

We bring technology to life. 
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You Owe It To Yourself 

If you're considering the purchase of 
a compact multipurpose catadioptric 
telescope, you owe it to yourself to 
investigate the Quantum Series of 
Maksutov-Cassegrain telescopes. 

Until now, if you wanted the ad­
vantages of the Maksutov-Cassegrain, 
you had either to fabricate it yourself 
or you paid a very high price for a 
professionally-made instrument. But 
thanks to modern technology, much 
planning, and a lot of hard work, you 
can now acquire an instrument of 
superior optical and mechanical 
quality at a most reasonable cost. 

Prices on the Quantum Series of tele­
scopes start at $895. 

For additional information on these 
superb instruments, please write for 
our descriptive literature. 

OPTICAL TECHNIQUES, INC. 
205 PHEASANT RUN 

NEWTOWN, PA 18940 
215/968-4739 

Who says you can't speak 
another language 

lnOO 
days? 

With Linguaphone, you can speak a new language­
fluently and idiomatically - in as little as 60 days. It's an 
easy, interesting, natural method - used by leading 
schools and universities world-wide. You listen to and 
imitate flawless native speakers. No old-fashioned verb 
drills' Over 4,000,000 successfu l  students. Record and 
cassette courses in more than 20 languages. 

FREE RECORD OR CASSETTE I SAMPLE LESSONI 
Mail coupon today for sample 
lesson in French or Spanish. 
(The Linguaphone method is 
the same for all languages.) 
See how quickly, easily, you 
can learn a new language 
with Linguaphone! 

Linguaphone 
Institute, Inc. 
79 Madison Avenue 
New York, N. Y. 10016 

- - - -----------
Linguaphone Institute, Inc. 
Dept. 5103,79 Madison Avenue 
New York, N. Y. 10016 

Send sample lesson in: o French 0 Spanish 
o Record 0 Cassette I 

I want to learn a new language in my 0 Mr. • own home. Rush FREE sample lesson 0 Mrs. ---------------=A--
indicated, plus an illustrated folder that 0 Ms. ge 

gives a complete explanation. I under- -;-;-:-_________________ • 
stand I will be under no obligation. Address 

Zip I 
• 
'-

Linguaphone City State 

for I am most interested in: 0 French 0 Spanish 0 Italian I . " Languages 0 German 0 Hebrew 0 Other _______ --' 

.. ;. - -- - - - - - - - - - - ., 
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50 AND 100 
YEARS AGO 

MARCH, 1928: "Evolution, eugenics 
and the breeding of new varieties of 
crop plants and domestic animals-all 
these are affected by the work of Pro­
fessor H. J. Muller of the University 
of Texas. Stated in three sentences, this 
is what Professor Muller's experiments 
signify: Evolutionary changes, or mu­
tations, can be prod uced 150 times as 
fast by the use of X rays as they can by 
the ordinary processes of nature. This 
means that man may someday force the 
production of new and desirable plant 
and animal varieties far more rapidly 
than he has hitherto been able to get 
them. But X rays affect the human he­
redity cells too, and the reckless expo­
sure of these cells to long and heavy dos­
es of the rays is apt to inflict fearful pen­
alties on our unborn grandchildren." 

"A plate of quartz. cut from a clear 
and perfect crystal in the proper di­
rection, has the curious property of 
expanding and contracting under the in­
fluence of a periodic electric field fur­
nished by two thin metal plates in con­
tact with the opposite surfaces of the 
plates and joined to the terminals of a 
high-frequency electric oscillator. A 
quartz plate one centimeter in thickness 
has a natural frequency of vibration of 
about 300,000 per second, and if we 
tune the electric oscillator to this fre­
quency. resonance occurs, and the am­
plitude of the vibration of the quartz 
plate becomes very great. If a thread of 
glass is made to vibrate at this frequency 
and is pressed against a pine chip, the 
wood smokes and emits sparks, the 
thread rapidly burning its way through 
the chip. leaving a hole with charred and 
blackened edges. This is only one of the 
many remarkable effects obtained with 
high-frequency sound vibrations in a se­
ries of experiments carried out by R. W. 
Wood, professor of experimental phys­
ics at Johns Hopkins University, in col­
laboration with Mr. Alfred L. Loomis in 
his private laboratory located at Tuxe­
do Park, N.Y." 

"Nitric acid produced by the oxi­
dation of ammonia can now be made 
in any concentration, including fixed 
charges on plant, for at least $30 per ton 
less than it can be made from Chilean 
nitrate, even figured on the basis of two 
cents per pound. Fixed nitrogen in the 
form of ammonia is now obtainable for 
less than half the price of nitrogen and 
Chilean nitrate. This, together with oth-
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All the riches of 

Middle-earth. 
�----- ----

- - -

All seven beautiful editions 
for only $1250 (Save $6935). 
Publishers'list prices total: S 8185 
You simply agree to buy four books within a year 

Imagine the pleasures of owning the complete Tolkien 
library-including the new bestselling The Silman'llion 
-all for only $12.50. You can as a member of Book-of· 
the·l\Ionth Club. These beautiful editions are identical 
to the ones sold in good bookstores. And that's fact, 
not fantasy. 

Bookstore Quality at Book Club Savings 
You conveniently shop at home at considerable savings. 
Exalllple: If you chose all seven volumes shown here 
for $12.50 and then bought six books and two Book· 
Dividends you could save an average of $85-including 
postage and handling. And these are true savings 
because every book is exactly like the one sold in good 
bookstores-the same size, paper, type and binding. 
You never receive cheap book club editions altered in 
size and with inferior paper and bindings. 

Book-Dividends 
When you remain a Club member after the trial period, 
every book you buy earns credits which entitle you to 
choose from a wide variety of significant books at hard· 
to· believe savings of at least 70%. 

Additional Club Benefits 
A distinguished collection of specially produced record 
albums, beautiful gifts and games, children's books 
and a Club charge account with no service or interest 
charges-all made available exclusively to members. 

THE AUTHORIZED 
BIOGRAPHY 

TOLKIEN 

HUMPHREY CARPE.NTE.R 

A Complete Tolkien Library 
The Silmarillian edited by Christopher Tolkien. T he grand narrative history of the Elder Days of Middle· 
earth- Tolkien's lifelong labor recounting deeds of valor and treachery during the First Age. 

Publisher's list price: $10.95 
The Lord of the.Rings. Second revised edition with a new foreword and appendixes; maps. 3-volume 
boxed set. Publisher's list price: $30 
The Talkien Companion by lEA Tyler. An invaluable. complete guide through the labyrinth of Middle· 
earth-a compilation of facts. names. dates. maps, charts. genealogical tables and elvish writing systems. 

Publisher's list price: $12.95 
The Hobbit (Collectors Edition) • A handsome boxed edition with paintings and drawings by the author. 

Publisher's list price: $17.95 
Tolkien: A Biography by Humphrey Carpenter. T he only authorized biography: based upon Tolkien's 
letters. diaries, papers. and memories of family and friends. Publisher's list price: $10 

r---------------------------, 

BOOK-OF-THE-MONTH CLUB® 
Book-of-the-Month Club, Inc. 
Camp Hil� Pennsylvania 17012 

g·AI70·3 Some of the Benefits 
of Membership. 

Please enroll me as a member of Book-of·the· 

Month Club and send me the Tolkum Liltrary. 
Bill me $12.50, plus shipping charges. I agree to 
buy 4 books during the cominR; year. 

Mr. 
rvlrs .. 
�1iss 

.. 
'(i)l��;,e'I;;i�{t'l;-i�i�'!;'i' 

Address ............... . . 

Cit\,. 

State .. 

..Apt . . . 

. .lip . .  

... 8 

You receive the &>ok-o!,he·Mmlth Club 
News, � a literary magazine, 15 times a year 
(about every 31-2 weeks). Each issue reviews 
a Mat'" SelRction plus scores of Alternates. 

If you want the Main Selection do noth­
ing. It will be shipped to you automatically. 
If you want one or more Alternate books­
or no book at all-indicate your decision on 
the reply fann always enclosed and return 
it by the date specified. 

RetunI Privilege. If the News 15 delayed 
and vou receive the Main Selecli(m without 
having had 10 days to notify us. you may 
return it at our expense. 

Concellations. Your membership is can· 
celable at any time after you have bought 4 
additional books. Simply notify Book.of· 
the·Month Club. 

L ___________________________ J 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-school-parl<-club-churches-Iaboratory 

Unique instructional games designed by university 
professors to make learning fun through brain-to­
brain action. Beginning games can be mastered by 
young children-final games will challenge intelli­
gent adults. These are the famous GAMES FOR 
THINKERS from WFF 'N PROOF Publishers. 

WFF'N PROOF (logic) 13.00' 
QUERIES'N THEORIES (sci. & lang.) 13.00' 
EQUATIONS (mathematics) 10.00' 
ON-SETS (set theory) 10.00' 
PROPAGANDA (social studies) 11.00' 
ON-WORDS (word structures) 10.00' 
CONFIGURATIONS (geometry) 6.75' 
TRI-NIM (problem solving) 5.75' 
REAL NUMBERS (arithmetic) 2.25' 
WFF (beginner"s logic) 2.25' 
QWIK-SANE (topolo.gy puzzle) 2.25' 
TAC-TICKLE (pure strategy) 1.75' 
TEACHERS MANUAL 1.25' 
MEDITATION GAME (pure strategy) 2.25' 
THINKERS BOOKENDS 16.00' 
Complete 13-Kit THINK TANK & Teachers Manual 

with Bookends 96.50' 
without Bookends 86.50' 

'includes postage and handling charges 

Order from: WFF 'N PROOF 

1490-QL South Blvd, Ann Arbor, MI 48104 

Fully guaranteed. Dealer inquiries invited. 

Gdfs that are a COMPLIMENT to receive I 

Concert Instruments 
in Kit Form by 

FRANK HUBBARD 
• 

BOSTON 

Accurale reproductions of French and Flem­
ish one and two manuall-larpsichords, 18th c. 
':ienncse Fonepiano, 18th c. English Bent­
SIde Spinet kits from $975 to $3.000. 

Three Cpnlunes of HarjJSlcl!ord Making by Frank 
Hubbard [Haryard Cni\'. Press, 397 pgs. $15 
postpaid). 

For 20 page brochure wrile: 
FRANK HUBBARD HARPS)CHORDS. INC. 
185A- S Lyman Street. Waltham. MA 02154 
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er important developments in the past 
10 years. points to early obsolescence of 
plants producing nitric acid by the old 
processes in America and Europe." 

"An interesting set of circumstances 
surrounding the use of a trademark has 
recently been brought to light by the un­
successful attempt of the B. F. Goodrich 
Company to prevent the Closgard 
Wardrobe Company from registering 
the term 'zipper' as a trademark for 
wardrobe bags. The well-known hook­
less fasteners are made by the Hookless 
Fastener Company and sold to various 
manufacturers. The Goodrich Compa­
ny buys the fasteners and places them on 
boots and shoes made of rubber and 
fabric. In order to popularize this foot­
wear the Goodrich Company coined the 
term 'zipper' and registered it as a trade­
mark. Along comes the Closgard Com­
pany prepared to reap where it has not 
sown. It applies for registration of the 
name 'zipper' for wardrobe bags. The 
Hookless Fastener Company cannot 
protest; it makes the fastener but has 
nothing to do with the trademark. The 
Goodrich Company protests in vain. for 
although it originated the trademark 
and made it valuable. it has applied it 
only to footwear." 

MARCH. 1878: ''The new Otto hori­
zontal gas engine closely resembles the 
ordinary horizontal steam engine. A cyl­
inder receives a piston. which on start­
ing draws in air and gas mingled in cer­
tain proportions. A flame brought in 
contact with this mixture produces its 
rapid combustion. The high tempera­
ture thus engendered results in consider­
able pressure. and the gases act by ex­
pansion upon the piston and drive it 
ahead; it in turn communicates its mo­
tion to connecting rod. crank. etc. There 
are four distinct phases of operation for 
every two turns of the flywheel. namely 
aspiration of air and gas. compression 
of the mixed gases. combustion and im­
pulse given to the piston. and escape of 
the products of combustion." 

"On being questioned concerning his 
telephone Prof. Thomas A. Edison said: 
'I went to work before Professor Bell. 
Elisha Gray turned in at it. and got out 
the first machine. Bell's and mine came 
out aQout the same time. The machines 
are different. Bell's is called the magneto 
telephone and mine the carbon. Were it 
not for my hearing I would have discov­
ered the telephone eight months before. 
While trying an experiment my deafness 
led me off on a wrong tack. and I was 
sloshing around on a false scent for 
months. But I have produced a good in­
strument. I have whispered into it here 
at Menlo Park and have been answered 

in a whisper by Henry Bentley in the 
Western Union office in Philadelphia ... 

· 

"It has been discovered that several 
kinds of American vines withstand the 
ravages of the plant louse Phylloxera. 
notably the 'Clinton.' A vineyard at 
Montpellier. France. is now largely 
planted with stocks of the Clinton grape. 
on which the French Aramon vine is 
grafted. The grafting is necessary to ob­
tain grapes whose wine has a satisfacto­
ry taste. A work recently published at 
Bordeaux describes the American vines 
best suited for stocks and specifies the 
French vines that can be grafted on 
them to advantage. For a while it was 
hoped that German stocks would have 
answered the purpose. but they are 
found unable to resist the insect pest." 

"We have before us a record showing 
the number of lives lost in crossing the 
Atlantic during the past 3 7 years. In this 
period 56 fine steamers have been 
wrecked and in 29 instances lives were 
lost. Nine vessels were never heard from 
after leaving port; the number of lives 
that were thus blotted out aggregates 
1.397. Of the remaining vessels four 
were burned. five were sunk by collision 
(two by colliding with icebergs). two 
foundered at sea and 34 were wrecked 
on various coasts. In only two cases of 
the entire total of steamers lost can the 
disaster be attributable to a breakdown 
of the machinery. The inference there­
fore is that the greatest loss of life is due 
not to lack of safe vessels but to failure 
in judgment." 

"The supplement of the 35th annual 
report of the Register General of En­
gland presents some valuable and inter­
esting statistics. The report singles out. 
in imagination. a generation of a million 
persons and traces its eventful journey 
from birth to the end of life. Of these 
more than a fourth die before they reach 
five years of age. During the next five 
years the tenure of life becomes surer. 
and between five and 10 years of age the 
number of deaths is less than a seventh 
part of that of the first five. Between 10 
and 15 the average mortality is lower 
than that in any other period. From 15 
to 20 the number of deaths increases 
again. particularly among women. 
many of whom fall prey to consumption 
and child-birth. In this period dangerous 
occupations also begin to affect the 
death rate. Fully eight times as many 
men as women die of violent deaths. 
Consumption is prevalent and fatal 
from 20 to 45. and is responsible for 
nearly half of the deaths. From 35 to 45 
the effect of wear and tear begins to re­
veal itself. and many persons succumb 
to diseases of the important viscera. By 
55 the imagined million has dwindled 
down to less than half. After this the 
death rate increases more rapidly until 
by degrees all disappear." 
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Monitor Products. Inc. 
P.O. Box 9038 

Tacoma. WA 98409 

Tell me more about the 
Monitor approach to materials 

management. 

___________________ PHONE ________ __ 

These are areas of special interest: 
o hospital 0 clinic 0 school 0 laboratory 0 industrial 

o office 0 other __________________ _ 

I 0 administrator 0 board member 
o architect 0 other __________ _ © 1978 SCIENTIFIC AMERICAN, INC



Math-Tool Book 
Now Available in English 

Over 2 million copies sold 
Here is the outstanding TOOL­
BOOK of tables, graphs, methods 
and formulas to use as an every­
day guide for working scientists 
and engineers as well as stu­
dents. Especially important for 
all who use scientific calculators. 
783 pages; 955 figures; flexible 
plastic covers; list price $11.00. 
Order now, postage-free by send­
ing check or money order for 
$11.00 to: 

Harri Deutsch, Publishers 
Dept. 8-9, P.O. Box Q 

Braintree, Mass. 02184 

Mass. residents add 5% 

LEAR SIEGLER TERMINALS 
ADM3A. Kit... .................................... S 750.110 
ADM3A, assembled ................... ....... 840.110 
ADM1A ................................... .......... 1.445.110 
Call for other models pricing, complete mlcropro-

. cessors line, peripherals & terminals. 

TexDs Insttuments 
electronic coicubtexs 

TI·57 ...... $ 59.95 SR-40 ............ $ 19.95 
TI-58 ...... 89.90 SR·5111 ........ 46.00 
TI-59 in stock 214.90 TI·5050M ...... 79.95 
SR·60A .... 1995.00 11·5015 ........ 63.95 
TI-5040.... 93.95 TI·Bus Analyst 24.95 
PC-l00A.... 159.00 TI·74STermlnal 1799.00 

w.'!E��;!.! lhi PACKARD 
AJ.ICC •• _ .... ld'lCoun. _ 

HP-25 ....... $ 98.50 
HP-25C .......... 128 
HP-l0 ......... 137.95 
HP-19C ....... 269.95 

HP·27 ............. $137.50 
HP-67 .................. 354 
HP-97 .................. 587 
HP-29C ............. . 154 

All units shipped in original cartons with accessories 
according to manufacturer's specifications. Send money 
order, personal check (2 weeks to clear). In Illinois add 
5% sales tax. Add $3.50 min. shipping charges. WESHIP 
UPS. Subject to availability. Above prices are for mail 
order only. Send mail orders. We also carry micro­
processors and terminals. 

� '4- 1,", 
1609 CHICAGO AVE. EVANSTON, ILl. 60201 

TEL: 312-869-6140 
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THE AUTHORS 

ANDREW R. FLOWER ("World Oil 
'Production") is a policy analyst with the 
British Petroleum Company specializ­
ing in long-term energy supply and de­
mand. A native of Yorkshire. he re­
ceived his bachelor's degree in mathe­
matics at the University of Oxford in 
1968 and his master's degree in statistics 
at the University of Birmingham the fol­
lowing year. He then joined British Pe­
troleum as a statistician and spent three 
years studying the application of fore­
casting methods to company planning 
procedures. In 1972 he moved to the 
Corporate Planning Department as an 
economist responsible for forecasting 
energy demand in the European Eco­
nomic Community; he was transferred 
to his present position with the Poli­
cy Review Unit in 1975. From 1975 
to 1977 Flower was a member of the 
Workshop on Alternative Energy Strat­
egies chaired by Carroll L. Wilson of 
the Massachusetts Institute of Techno 1-
ogy; it was there that he developed 
many of the ideas that are discussed in 
his article. 

MARTIN L. PERL and WILLIAM 
T. KIRK ("Heavy Leptons") are both on 
the staff of the Stanford Linear Acceler­
ator Center (SLAC). Perl. professor of 
physics at Stanford University. obtained 
his bachelor's degree in chemical engi­
neering at the Polytechnic Institute of 
Brooklyn in 1948 and worked as a 
chemical engineer for several years. His 
interests then turned to atomic physics 
and he went on to graduate school in 
that subject, receiving his Ph.D. from 
Columbia University in 1955. After 
joining the faculty of the University of 
Michigan he began to work in experi­
mental elementary-particle physics and 
has remained in the field ever since. At 
SLAC Perl's work is centered on the 
physics of electron-positron colliding 
rings with the goal of better understand­
ing the leptons, the simplest constituents 
of matter. Kirk. a technical writer. is 
assistant director of SLAC's research 
division and editor of the laboratory's 
monthly publication. SLAC Beam Line. 
He received his bachelor's degree in 
history at Cornell University in 1952 
and. after four years in industry, joined 
the staff of the W. W. Hansen Laborato­
ries of Physics at Stanford. His first as­
signment was to edit the "Project M" 
proposal that eventually led to the con­
struction of SLAC and its two-mile-long 
electron accelerator in the early 1960's. 

PETER P. LUFF ("The Electronic 
Telephone") is manager of the Electron­
ic Subscriber Equipment Design group 
at Bell-Northern Research in Ottawa. 
Born in England. he was educated at 
Brighton Polytechnic, where he re-

ceived his Ph.D. in applied physics in 
1969. He then went to Canada and 
joined Bell-N orthern Research to direct 
a research program on magnetic-bubble 
memories. After three years he was ap­
pointed manager of the Display Tech­
nology group. and in 1974 he began a 
feasibility exercise to develop "a cost-ef­
fective and system-compatible electron­
ic telephone utilizing recent advances in 
bipolar integrated-circuit technology." 

RA YMOND E. ARVIDSON. ALAN 
B. BINDER and KENNETH L. JONES 
("The Surface of Mars") are geologists 
with a special interest in the planets. 
Arvidson. who is assistant professor of 
earth and planetary sciences at Wash­
ington University and head of the Vi­
king Lander Imaging Team. received his 
Ph.D. in geoscience from Brown Uni­
versity in 1974. His work on the surface 
of Mars, he writes, has "awakened an 
interest in the desert regions of the earth 
and how they recede and expand. par­
ticularly in regions where the spread 
of deserts is economically devastating." 
Binder, a research scientist at the -Insti­
tute of Geophysics at the University of 
Kiel in West Germany, obtained his 
Ph.D. from the University of Arizona. 
He is currently involved in analyzing 
Viking and lunar sample data and "de­
fending the theory of the formation of 
the moon by fission from the earth." 
J ones, a research associate at Brown and 
a member of the Viking team. obtained 
his Ph.D. from Brown in 1974. He has 
recently founded a film production 
company specializing in scientific and 
technical documentaries. 

JAMES R. GOSZ. RICHARD T. 
HOLMES. GENE E. LIKENS and F. 
HERBERT BORMANN ("The Flow of 
Energy in a Forest Ecosystem") are 
biologists specializing in the ecology 
and management of forests. Gosz, asso­
ciate professor of biology at the Univer­
sity of New Mexico, received his Ph.D. 
in forest science from the University 
of Idaho in 1968. His research has in­
cluded numerous studies of the impact 
of human activities on natural systems. 
Holmes, professor of biology at Dart­
mouth College. obtained his Ph.D. in 
zoology from the University of Califor­
nia at Berkeley in 1964. His area of in­
terest is the structure and function of. 
animal communities. Likens, professor 
of ecology and systematics at Cornell 
University, received his Ph.D. in zoolo­
gy from the University of Wisconsin in 
1962 and was a member of the Dart­
mouth faculty for six years before he 
moved to Cornell in 1969. His research 
is focused on the cycling of nutrients 
and minerals in lake and forest ecosys­
tems. Bormann, professor of forest ecol-
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ogy at Yah,: University's School of For­
estry and Environmental Studies. ob­
tained his Ph.D. in plant ecology from 
Duke University in 1952. A member of 
the National Academy of Sciences since 
1973. he is currently on the Man in the 
Biosphere Directorate (for tropical for­
ests) of the U.S. Department of State. 

PETER C. HINKLE and RICHARD 
E. McCARTY ("How Cells Make 
A TP") are on the faculty of Cornell 
University. Hinkle, associate professor 
of molecular and cell biology, received 
his bachelor's degree at Harvard Col­
lege and his Ph.D. from New York Uni­
versity in 1967. He then spent a postdoc­
toral year investigating biological ener­
gy transformation with Peter Mitchell 
at the Glynn Research Laboratories in 
England. His present work is focused on 
how various substances, particularly the 
sugar glucose, are transported across 
cell membranes. McCarty, professor of 
molecular and cell biology, did his un­
dergraduate work at Cornell and went 
on to obtain his Ph.D. from Johns Hop­
kins University in 1964. In addition to 
investigating the membranes of chloro­
plasts, he teaches an introductory bio­
chemistry course and lectures in more 
advanced courses. 

RONALD L. GRAHAM ("The 
Combinatorial Mathematics of Sched­
uling") is head of the Discrete Mathe­
matics Department at Bell Laborato­
ries. He received his bachelor's degree 
in physics at the University of Alaska 
and his Ph.D. in mathematics from the 
University of California at Berkeley 
in 1962. His present work involves com­
binatorics, number theory, algorithms 
and the application of these disciplines 
to real-world problems. Of his nonac­
ademic pursuits Graham writes: "For 
several years during my youth I was a 
professional trampoline performer with 
the Bouncing Baers (I still coach and 
perform now and then). I am also past 
president of the International Juggler's 
Association, a worldwide organization 
of some 500 professional and amateur 
jugglers." 

H. ARTHUR KLEIN ("Pieter Brue­
gel the Elder as a Guide to 16th-Century 
Technology") is a writer based in Mali­
bu, Calif. He has authored, coauthored 
or edited more than 20 books, mostly on 
science and the fine arts, of which the 
most recent is a 740-page work titled 
The World 0/ Measurements (Simon and 
Schuster, 1974). He has written two 
books on Bruegel: Graphic Worlds 0/ Pe­
ter Bruegel the Elder (Dover, 1963) and, 
with his wife Mina, Peter Bruegel the El­
der. Artist 0/ Abundance (Macmillan, 
1968). Klein also wrote and produced 
the sound film Bruegel's Seven Deadly 
Sins. which is derived entirely from the 
artist's series of "demonic and didactic" 
engravings. 

WILD 
TURKEY 
LIQUEUR 
BOURBON LIQUEUR 

Scotland has Drambuie. 
Ireland has Irish Mist. France 
has Cointreau and B&B. 

Now America can boast its 
own great native liqueur: WIld 
Turkey Liqueur created in 
Kentucky by the originators of 
America's finest native whiskey, 
WIld Turkey. 

WIld Turkey Liqueur is the 
"sippin' sweet cream" of liqueurs. 
It's made to be savored slowly 
after dinner. Or as a mellow 
accompaniment to an evening's 
conversation. You've tasted the 
great liqueurs of Europe. 
Now taste America's great one­
WIld Turkey Liqueur. 

NOTICE: SUPPLY Will BE LIMITED. IF NOT IN YOUR STORE. PLEASE CONTACT AUSTIN, NICHOLS & CO., LAWRENCEBURG, KY. 80 PROOF © 1977 
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Discover that great Cutlass 
feeling: sophisticated sport 
in Olds Cutlass Calais. 
Discover style. The mag­
nificent Olds Cutlass 
Calais looks- and feels-

like a gran touring car. Its 
sporty, sophisticated look 
includes a classic profile, 
bucket seats, sport steering 
wheel, full instrumentation 
and custom wheel discs. 

Discover comfort. Settle 
into the touring car com­
fort of reclining bucket 
seats. Then stretch out. 
Because Calais' spacious 
interior offers more head­
room and legroom than 
last year's Cutlass Coupe. 

Discover driving response. 
Take a test-drive. Feel the 
way front and rear stabi­
lizer bars help hold Calais 
flat through tight turns. 
Note the tach, oil pressure 
gage and engine temper­
ature gage to keep you in 

touch with these important 
engine functions. There's 
even a 5-speed transmis­
sion, available everywhere 
but California. 

Discover economy. No 
other mid-size gets better 
VB EPA gas mileage ratings 
than Cutlass Calais! 29 
highway, 20 city, 23 com­
bined, with available 260 
VB and manual transmis­
sion. (Transmission not 
available in California.) 
Your mileage will vary 
with how and where you 
drive, your car's condition 
and equipment. Note: The 
Cutlass Calais is equipped 
with GM-built engines 
produced by various 
divisions. See your 
dealer for details. 

Discover that great Cutlass 
feeling. Take a test-drive. 
Discover the engineering � 
sophistication that makes 
Calais a great road car. 

Them a lot of 
News in Olds today. 
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MATHEMATICAL 
GAMES 

Count Dracula, Alice, Portia and many 

others consider various twists of logic 

by Martin Gardner 

"I now introduce Professor Smullyan, 
who will prove to you that either he 
doesn't exist or you don't exist, but you 
won't know which," 

-MELVIN FITTING, introducing 
Raymond Smullyan to an 

undergraduate mathematics club 

R
ymond M, Smullyan's What Is the 

Name o/ This Book?, scheduled to 
be published in May by Prentice­

Hall, Inc" is the most original, most pro­
found and most humorous collection of 
problems in recreational logic ever writ­
ten, It contains more than 200 brand­
new puzzles, all concocted by the inge­
nious author and interspersed with 
mathematical jokes, lively anecdotes 
and mind-bending paradoxes, The book 
culminates with a remarkable series of 
story problems that lead the reader into 
the core of the late Kurt Godel's revo­
lutionary work on undecidability. 

Who is Smullyan? He was born in 
1919 in New York, studied philosophy 
under Rudolf Carnap at the University 
of Chicago and received his Ph.D. in 
mathematics at Princeton University. 
He is now professor of mathematics at 
Lehman College of the City University 
of New York and a member of the fac­
ulty of both the mathematics and the 
philosophy departments of the City 

THE PORTRAIT IS IN 
THIS CASKET 

GOLD 

University Graduate Center. Among 
experts on logic, recursion theory, proof 
theory and artificial intelligence he is 
best known as the author of two elegant 
little treatises: First-Order Logic (Spring­
er-Verlag, 1968) and Theory 0/ Formal 
Systems (Princeton University Press, 
1961). His article in The Encyclopedia 0/ 
Philosophy on Georg Cantor's famous 
continuum problem is a marvel of lucid 
compression. Last year Harper & Row 
published his first nontechnical work. 
The Tao Is Silent, one of the best intro­
ductions to Taoism I have seen. 

Smullyan's main hobbies are music 
(he is an accomplished classical pianist), 
magic (in his youth he was a part-time 
professional) and chess. Several of his 
brilliant chess problems have appeared 
in this department. He has recently fin­
ished work on two collections of prob­
lems, Chess Mysteries 0/ Sherlock Holmes 
and Chess Mysteries 0/ the Arabian 
Knights, in which each problem is em­
bedded in an appropriate pastiche. Add 
an enticing literary style, a large sense of 
humor and a Carrollian love of paradox 
and you have the flavor of What Is the 
Name o/ This Book? 

The book opens with a true story that 
introduces one of Smullyan's central 
themes. On April Fool's Day when 
Smullyan was six his older brother 

THE PORTRAIT IS NOT 
IN THIS CASKET 

SILVER 

Emile told him he was going to be 
fooled as he had never been fooled be­
fore. All day long Smullyan waited for 
the prank, and he lay awake that night 
still waiting for it. Finally Emile re­
vealed the joke: Raymond had expected 
to be fooled and so, by not doing any­
thing, Emile had fooled him. 

"I recall lying in bed long after the 
lights were turned out," Smullyan 
writes, "wondering whether or not I had 
really been fooled. On the one hand, if I 
wasn't fooled, then I did not get what I 
expected, hence I was fooled ... . But 
with equal reason it can be said that if I 
was fooled, then I did get what I expect­
ed, so then, in what sense was I 
fooled? . . .  I shall not answer this puzzle 
now; we shall return to it in one form or 
another several times in the course of 
this book." 

After an introductory section on some 
classic brainteasers, many with amusing 
new twists, Smullyan introduces three 
types of people who will participate in 
most of the problems that follow: 
"knights," who always tell the truth; 
"knaves," who always lie, and "nor­
mals," who sometimes tell the truth and 
sometimes lie. 

It is amazing how much can be de­
duced from just a few lines of dialogue 
with these individuals. For example, on 
an island inhabited only by knights and 
knaves Smullyan comes on two men 
resting under a tree. He asks one of 
them: "Are either of you knights?" 
When the man -call him A-responds, 
Smullyan instantly knows the answer to 
his question. Is A a knight or a knave? 
What is the other man? 

It seems as though there is not enough 
information to solve this problem. but 
the key lies in the fact that A's answer 
enabled Smullyan to find the solution. If 
the answer had been yes, Smullyan 
would have learned nothing. (If A is a' 
knight, one or both of the men could be 
knights, and if A is a knave, both of them 
could be knaves.) Therefore A must 
have said no. Now. if Awere a knight, he 
would have had to say yes, but since he 

THE PORTRAIT IS NOT 
IN THE GOLD CASKET 

LEAD 

Portia's ]irst casket test from What Is the Name of This Book? 
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THE PORTRAIT IS 
NOT IN HERE 

GOLD 

EXACTLY ONE OF THESE 
TWO STATEMENTS IS TRUE 

SILVER 

Where is Portia's portrait? 

said no he must be a knave. Because he 
is a knave his no is false; therefore at 
least one knight must be present. Hence 
the other man is a knight. 

Lewis Carroll's Alice soon enters the 
book. We find her wandering around in 
the Forest of Forgetfulness, where she is 
unable to remember the day of the week 
(see Chapter 3 of Through the Looking­
Glass). In the forest she meets the Lion 
and the Unicorn. The Lion lies on Mon­
day, Tuesday and Wednesday and the 
Unicorn lies on Thursday, Friday and 
Saturday. At all other times both ani­
mals tell the truth. "Yesterday was one 
of my lying days," says the Lion. "Yes­
terday was one of my lying days too," 
says the Unicorn. Alice, who is as smart 
as Smullyan, is able to deduce the day of 
the week. What is it? Next month I shall 
give the solution of this puzzle and the 
puzzles that follow. 

Enter more Looking-Glass characters: 
the Tweedle brothers, the White King, 
Humpty Dumpty and the labberwock. 
Tweedledee behaves like the Unicorn, 
Tweedledum like the Lion. After Alice 
has solved a number of problems based 
on conversation with the Tweedles, 
Humpty Dumpty discloses a well-kept 
Looking-Glass secret: There is a third 
brother, identical in appearance with 
Dum and Dee, named Tweedledoo. 
Doo always lies. Alice is now dreadfully 
upset because all her previous deduc­
tions may be wrong. On the other hand, 
Humpty may be lying, and Tweedledoo 
may not exist. Four accounts are given 
of what happens next, and the reader is 
asked to deduce which one is correct and 
whether or not Tweed1edoo exists. 

The scene then shifts to Shakespeare's 
The Merchant 0/ Venice and that famous 
puzzle occasion when Portia presents 
her suitor with three caskets, gold, silver 
and lead, each of which bears a different 
inscription. Only one casket contains 
Portia's portrait, and if the suitor guess­
es it correctly, Portia will marry him. (It 
is not generally realized, by the way, 
that Portia gives her suitor a whopping 
hint by singing, 'Tell me where is fancy 
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bred, / Or in the heart or in the head 1" 
The last words of both lines rhyme with 
lead, the correct choice.) 

By varying the inscriptions on the cas­
kets Smullyan creates a series of re­
markable problems that lead the reader 
closer and closer to Godel's discovery. 
The first problem is shown in the illus­
tration on the preceding page. Portia, 
who never lies, explains to her suitor 
that at most one inscription is true. 
Which casket should he choose? 

Smullyan improvises clever varia­
tions on the Portia theme. In some prob­
lems each casket bears two inscriptions. 
We also learn that there are two casket 
makers: Bellini, who always puts true 
inscriptions on his caskets, and Cellini, 
who always puts on false ones. 

Consider another casket problem, 
shown in the illustration above. The 
gold casket bears the inscription "The 
portrait is not in here" and the silver 
casket bears the inscription "Exactly 
one of these two statements is true." The 
two inscriptions present a logical dilem­
ma of enormous importance in the his­
tory of modern semantics. The suitor 
reasons: If the silver statement is true, 
then the gold one is false. If the silver 
statement is false, then the inscriptions 
are either both true or both false. They 
cannot both be true if the silver state­
ment is false, and so they are both false. 
In either case the gold statement is false; 
therefore the gold casket must contain 
the portrait. The suitor triumphantly 
opens the gold casket but finds to his 
horror that it is empty. The portrait is in 
the other casket. What is wrong with his 
reasoning? 

The error he makes is in assuming that 
the statement on the silver casket is ei­
ther true or false. This problem involves 
us in the modern concept of metalan­
guages. It is only permissible to discuss 
the truth values of a particular language 
in a larger language, or metalanguage, 
that contains the first language as a sub­
set of its terms. When a language refers 
to its own truth values, the result is often 
a logical contradiction. Without meta-

statements about the truth or falsity of 
the casket inscriptions or information 
about how their truth values are related 
the inscriptions can be meaningless. 

Inspector Leslie Craig of Scotland 
Yard now strides into the book, and 
Smullyan gives us a variety of mysteries 
from the inspector's files that can be 
solved by careful logical deduction. The 
first one is the simplest: 

"An enormous amount of loot had 
been stolen from a store. The criminal 
(or criminals) took the heist away in a 
car. Three well-known criminals, A, B 
and C ,  were brought to Scotland Yard 
for questioning. The following facts 
were ascertained: 

"(1) No one other than A, Band C was 
involved in the robbery. 

"(2) C never pulls a job without using 
A (and possibly others) as an accom­
plice. 

"(3) B does not know how to drive. 
"Is A innocent or guilty?" 
In the pages that follow Smullyan is 

concerned with such practical tasks as 
how to avoid werewolves, how to 
choose a bride, how to defend yourself 
in court and how to marry a king's 
daughter. For instance, suppose you 
want to convince a prospective bride 
who is unusually fond of knaves that 
you are a rich knave. (You must be I:ich 
or poor.) Can it be done with a single 
sentence? Yes. You have only to say, "I 
am a poor knave." The girl knows at 
once that you cannot be a knight be­
cause a knight would not lie and say he is 
a poor knave. Since you are a knave 
your statement must be false; therefore 
you are a rich knave. Suppose the girl is 
attracted only to knights. What sentence 
will convince her you are a rich knight? 

The next section introduces logic puz­
zles based on the conditional statement 
of the form "If P is true, then Q is true." 
The two statements are connected by 
the relation of implication, an under­
standing of which is absolutely indis­
pensable in understanding propositional 
calculus. Smullyan plays with the famil­
iar paradoxes of implication and then 
gives 18 ingenious puzzles no reader can 
think through without acquiring a firm 
grasp on the logical principles involved. 

The next setting is the Island of Baal. 
the only place on the earth where some­
one knows the answer to the superulti­
mate metaphysical question: "Why is 
there anything at all 1" The island is in­
habited only by knights and knaves. Af­
ter a series of encounters with the local 
folk Smullyan proves that the Island of 
Baal cannot exist. 

The proof of nonexistence does not 
apply to the next island Smullyan visits: 
the Island of Zombies. Here there is no 
easy way to distinguish the zombies, 
who always lie, from the human beings, 
who always tell the truth. Life is further 
complicated by the fact that all yes-or­
no questions are answered with either 
"bal" or "da," but we do not know which 
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IT TOOK A WINE MERCHANT 
TO BLEND A SCOTCH THIS 

PLEASING TO THE PALATE. 
Ever since the late 1600's, BeRRY Brothers & RUDD, 

LtE. have aFFixed their peR son al labe I to some of  the 
world's most expensive and plEAS­
ing potions. And the IR shop in 
London has attracted a parade of 
peers, poets and prime MinisteRs 
to i ts door. 

lords tippled here. 
NaturAll \j, whe n BeRR y BRoth­

ers & RUDD crea ted a Scotch Whisk\j, the\j blended it to 
p- meet the eXPEctATions of noble tastes. The result was 

Cutty Sark Scots WhisK\j. A Scotch of uncomMon breed-
ing and Distinctive smoothness. 

Toda\j, \jou CAn OBtain Cutt\j SaRK from \jOUR neigh­
borhood spiRits merchant, secure in the know ledge 
that it Will live up to· its heritage. You'd eXPEct no 
less fRom the people who provided Napoleon III with 
claret, Beau BRUMmel with chaMbertin, ANd Lord Byron 
with pORT. 
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Soluti01l to last m01lth's chess problem 

means yes and which means no. Sup­
pose you ask a native whether "bal" 
means yes and he answers "bal." You 
cannot determine what "bal" means, but 
can you tell whether the speaker is a 
human being or a zombie? Is it possible 
to find out what "bal" means in just one 
yes-or-no question? 

Transylvania is equally confusing. 
Here the human beings (truthtellers) do 
not look different from the vampires 
(liars) and half of the inhabitants are in­
sane. The insane believe all true propo­
sitions are false and all false proposi­
tions are true. Thus there are four types 
of Transylvanians: sane human beings, 
insane human beings, sane vampires and 
insane vampires. Anything a sane hu­
man being says, of course, is true and 
everything an insane human being says 
is false. Conversely, anything a sane 
vampire says is false and anything an 
insane vampire says is true. Luckily all 
questions are answered in English. How 
can you determine in one yes-or-no 
question whether a Transylvanian is a 
vampire? How can you find out in one 
yes-or-no question whether he is sane? 

Smullyan, eager to know whether 
Dracula is alive or dead, puts the ques­
tion to various Transylvanians. The 
reader is asked to deduce the answer 
from the dialogue. This section culmi­
nates in a grand ball at Count Dracula's 
castle, where the complexities are com­
pounded by the fact that all questions 
are answered with "bal" and "da," as on 
the Island of Zombies. As a result there 
are three variables to worry about: Is the 
speaker sane, is he human and what does 
"bal" mean? Smullyan eventually dis­
covers that Dracula is alive but insane. 

One chapter of the book is titled 
" How to Prove Anything." After exam­
ining a sophistry in Plato's dialogue Eu­
thydemus in which one speaker proves 
that another speaker's father is a dog, 
Smullyan discusses a number of curious 
devices by which one can seemingly 
prove that anything-God, Satan, uni­
corns, Santa Claus and so on-exists. 
One of the devices is derived from the 
traditional ontological argument for 
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God. Some of the others are variants of 
a subtle method discovered by the math­
ematical logician J. Barkley Rosser. 

For example, consider the following 
sentence: "If this sentence is true, then 
Santa Claus exists." Smullyan writes: 
"If the sentence is true, then surely Santa 
Claus exists (because if the sentence is 
true then it must also be true that if the 
sentence is true then Santa Claus exists. 
from which it follows that Santa Claus 
exists), hence what the sentence says is 
the case, so the sentence is true. Hence 
the sentence is true and if the sentence is 
true then Santa Claus exists. From this it 
follows that Santa Claus exists .. ' The ar­
gument is unsound, but without an un­
derstanding of the role of metalanguag­
es it is not easy to explain exactly why. 

The penultimate chapter introduces 
the familiar "liar paradox" ("This state­
ment is false") and its many disguises 
and variants. Smullyan presents some of 
the deepest paradoxes of logic and set 
theory in a way that makes them clearer 
than they have ever been made before. 
For instance, here is his explanation of 
the famous paradox, known as Rich­
ard's paradox, that is the basis for Go­
del's undecidability proof. 

A mathematician has a book called 
The Book 0/ Sets. On each page he lists 
or describes a set of counting numbers. 
The pages are numbered consecutively. 
Can we describe a set of positive inte­
gers that cannot be listed in the book? 

We can. If a number n belongs to the 
set listed on page n, call it an extraordi­
nary number. If n does not belong to the 
set on page n, call it an ordinary number. 
Now consider the set of all ordinary 
numbers. Assume that this set is listed 
on a certain page. The number .of the 
page cannot be ordinary because if it 
were, that number would be on the page 
and consequently it would be extraordi­
nary. On the other hand, it cannot be 
extraordinary because in that case it 
would have to appear on the page and 
we assumed that the page lists only ordi­
nary numbers. This contradiction forces 
us to abandon the assumption that the 
set of ordinary numbers can be listed. 
Therefore there is a set of positive inte­
gers that cannot be listed in the book. 

Now we are ready for Smullyan's cli­
mactic chapter on Godel's discovery; 
this final chapter is the best introd uction 
I know to that great watershed in the 
history of the study of the foundations 
of mathematics. Since the days of Leib­
niz mathematicians have dreamed that 
someday all mathematics would be unit­
ed in one vast system in which every 
statement that could be formulated 
could be proved true or false. Leibniz 
even extended the dream to philosophi­
cal disputes. "If controversies were to 
arise," he wrote, "there would be no 
more need of disputation between two 
philosophers than between two account­
ants. For it would suffice to take their 
pencils in their hands, to sit down to 

their slates, and to say to each other 
(with a friend to witness, if they liked): 
Let us calculate." 

This dream was shattered forever by 
Godel's paper of 1931. In the paper the 
25-year-old Godel showed that the de­
d uctive system of Alfred North White­
head and Bertrand Russell's Principia 
Mathematica, as well as related systems 
such as standard set theory, contains un­
decidable statements, that is, statements 
that are true but cannot be proved true 
within the system. More precisely, Go­
del showed that if a system like that of 
Principia Mathematica satisfies certain 
reasonable conditions such as consisten­
cy (freedom from contradiction), then it 
allows the formation of sentences that 
are undecidable. At the same time he 
showed that if such a system is consist­
ent, there is no way to prove the consist­
ency within the system. 

These results apply to any deductive 
system rich enough to contain arithme­
tic. Even in ordinary arithmetic there are 
statements that are true but unprovable. 
(Very simple systems, such as arithme­
tic without multiplication, are free from 
any undecidable statements.) More­
over, it is not possible to prove the con­
sistency of arithmetic within arithmetic. 

One can, of course, enlarge arithmetic 
by adding new axioms so that the en­
larged system allows proof of any for­
merly undecidable statement. Alas, the 
situation is as hopeless as it was before. 
It can be shown by Godel's same argu­
ments that the enlarged system will con­
tain new undecidable statements and 
that the consistency of the enlarged sys­
tem cannot be proved within it. This 
construction of increasingly large sys­
tems can go on forever, but it will never 
reach a level where undecidable state­
ments can be banished from a system or 
a consistency proof can be devised with­
in the system. 

There is a famous unsolved problem 
in arithmetic called Goldbach's conjec­
ture. It asserts that every even number 
greater than 2 is the sum of two primes. 
No one has proved it or found a counter­
example. It is possible that Goldbach's 
conjecture is Godel-undecidable. If that 
is so, it means the conjecture is true but 
unprovable within arithmetic. It is true 
because if it were false, a counterexam­
ple would exist, and that would make 
the conjecture decidable. 

An even more disturbing aspect of 
this situation is the lack of any construc­
tive way of showing that number theo­
rists will not someday find an arithmeti­
cal proof that Goldbach's conjecture is 
true and also a proof that it is false! 
Mathematicians hope and believe it will 
never happen to any arithmetical theo­
rem because if it does, it would reduce 
arithmetic and all higher mathematics 
to a shambles. (It is easy to show that if a 
deductive system contains even one con­
tradiction, then it is possible to prove 
any statement whatsoever in the sys-
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"Collling or going nobody 
gets you out of tHe airPort 

faster than Hertz!' 
Hertz knows what business trips 
are like. 

The rushing. 
The waiting. 
Planes delayed by bad 

weather. 
Meetings that run late. 
And Hertz knows to keep your 

busi ness. we ·ve got to give you the 
fastest possible service. 

Hertz not only has more cars 
and more location� all across the 
country. but more good ReoRle. too. 

The kind of people who can 
put out that extra effort to rush you 
away from the counter into 
a clean. reliable car fast. ;/ 

Nobody can do it 
faster. 

It takes a com­
pany like Hertz. 
dedicated to 
giving you the 
fastest possible service. 
to invent almost every good idea to 
get you away fast. 

Like the Hertz # 1 Club. 
prewritten rental agreements. 
preassigned cars. as well as 
Express Check-in so you 
spend no time dropping off 
your car when you have a 
plane to catch. 

You don·t get to be 

The Superstar in rent -a-car by just 
waiting around for some other 
company to come up with good 
ideas to speed up service. 

You do it first. 
And you keep on doing it. 
Next business trip. ask your 

travel consultant to book a car for 
you with Hertz. Or call Hertz direct 
at 800-B54-3131. 

Hertz 

The Superstar 
in rent-a-car. 

HERTZ FEATURES THE EXCITING NEW FORD FAIRMONT 

® 
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THE GREATEST BOOKS 

OF THE 20th CENT� 
A complete library of this century's greatest masterpieces, 

chosen by a distinguished international Board of Advisors. 

Each book fully bound in leather and ornamented in 22 karat gold. 
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Available by direct subscription only. 

Subscription deadline: March 31, 1978. 

THE TWENTIETH CENTURY has 
produced more great books than all pre­
vious centuries combined. 

It has been the century of the novel­
an art form largely perfected in our time. 
It has been an age of great drama and 
poetry. And it has been a time of 
unprecedented growth in knowledge-­
clearly explained in books by the fore­
most scientists, philosophers, biogra­
phers and historians of our day. 

And now, from this vast treasury of 
major works, one of the most distin­
guished advisory boards ever assembled 
will select those which stand out as the 
greatest books of the twentieth century. 
Fifty towering masterpieces. The essen­
tial volumes of our time. The very best 
writing of the modern world. 

Furthermore, this collection of The 
Greatest Books of the Twentieth Century 
will be published in a single, very special 
edition. Each volume will be set apart 
from the ordinary by individual design, 
full leather binding and rich ornamenta­
tion in 22 karat gold. And each will be 
privately printed and bound for subscrib­
ers by The Franklin Library, the world's 
leading publisher of limited edition 
books in fine leather bindings. 

A treasury of the century's masterpieces 

A major portion of the collection will 
be devoted to the most compelling nov­
els of the twentieth century: The Grapes 
of Wrath by John Steinbeck. Doctor 
Zhivago by Boris Pasternak. Look 
Homeward, Angel by Thomas Wolfe. 
The Magic Mountain by Thomas Mann. 
The Trial by Franz Kafka. 

In addition, there will be collections 
of stories by the master storytellers of 
our time: Ernest Hemingway. James 
Joyce. Jorge Luis Borges. Drama by the 
century's leading playwrights: Bernard 
Shaw. Anton Chekhov. Eugene O'Neill. 
Poetry by the modern masters: W. H. 
Auden, Robert Frost, William Butler 
Yeats. Biographies and autobiographies 
that recount the fascinating lives of great 
international figures. And brilliant ac­
counts of the history, philosophy and 
science of our time. 

Leather-bound volumes--individually 
designed and illustrated 

All fifty volumes will be newly designed 
for this private edition. And each will be 
different from every other-in design, 
format and overall dimensions. 

Each volume will be fully bound in 
leather. And leathers of different grains 
and colors will be used to create a har­
monious yet varied appearance through­
out the collection. The covers and the. 
spine of each book will all be richly 
ornamented with 22 karat gold. The 
spine of every book will have raised 
horizontal "hubs," and the page edges 

Each volume will be beautifully crafted of leather, gold and moire fabric. 

will be gilded with 22 karat gold­
the time-honored manner of enriching 
fine volumes. 

Each volume will be printed on spe­
cially milled bookpapers and the end­
leaves will be of lustrous moire fabric. 

Original works of art will be com­
missioned to illustrate many of the books 
and will appear only in these leather­
bound volumes. Famous works by out­
standing artists of the past will grace 
other books in this collection. This taste­
ful use of Ulustration will add .dramati­
cally to the pleasure of reading and 
owning these magnificent books. 

A single edition for subscribers only 

This exclusive edition of The Greatest 
Books of the Twentieth Century will be 
privately printed and bound solely for 
those who subscribe to the complete col­
lection. None of these leather-bound 
volumes will be made available in book­
stores, nor will any ever be reissued. 

The subscription rolls are now open. 
There is a firm limit of one subscription 
per person, and subscriptions will be 
accepted only until March 31, 1978. The 
edition will then be closed and no further 
applications ever accepted. Thus, the 
edition will be permanently limited. 

The Franklin Library gratefully acknowledges 
the assistance of the following scholars, authors 
and literary historians in selecting The Greatest 
Books of the Twentieth Century. 

DR. CARLOS BAKER, Princeton University. 

MALCOLM COWLEY, author and critic. 

DR. RICHARD ELLMANN, 
Oxford University. 

ROBERT STUART FITZGERALD, 
Harvard University. 

DR. ARTHUR H. F. HENKEL, 
University of Heidelberg. 

JOHN HERSEY, recipient of the Pulitzer Prize. 

J. FRANK KERMODE, 
Cambridge University. 

KATHERINE ANNE PORTER, 
winner of the Pulitzer Prize. 

DR. WALLACE STEGNER, 
Stanford University. 

EUDORA WELTY, Pulitzer Prize winner. 

Convenient acquisition plan 

As a subscriber, you will be able to ac­
quire this important collection on a truly 
systematic basis-at the convenient rate 
of one volume per month. 

You will be billed for your books on 
the same monthly basis, at just $39 
for each leather-bound volume. Your 
subscription application contains a 
written guarantee that this favorable 
issue price will be maintained for the 
entire collection. 

' 

To enter your subscription, complete 
and mail the attached application. No 
payment is required now. However, all 
applications must be postmarked by the 
subscription deadline of March 31, 1978, 
to be eligible for acceptance. 
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THE GREATEST BOOKS 
OF THE 20th CENTlJ!o/ 
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The Franklin Library 
Franklin Center, Pennsylvania 19091 
Please accept my subscription for The Great­
est Books of the Twentieth Ce.ntury, co�sist· 
ing of fifty volumes to be pnvately prmted 
and bound in genuine leather expressly for 
me The books will be issued to me at the 
rat� of one volume per month, and the issue 
price of $39.' for each leather-b0l!nd b<?Ok 
will be guaranteed to me for. the enhre senes. 
In addition I will have the nght to cancel my 
subscriptio� at any time upon thirty days' 
written notice. 

I need send no money now. I will be billed 
for each book, individually, in advance of 
its shipment. 

.Plus my stale sales tax and Sl.7J pu book 
Jor shippin, and handling. 
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tern.) Platonist mathematicians who re­
gard the axioms of arithmetic as being 
true and the rules of reasoning as be­
ing correct have no such worries be­
cause they believe no contradictions can 
arise. The purely constructive formal­
ists, however, have no such guarantees. 

Godel's undecidable statements are 
undecidable only within a given system. 
In 1936 papers by A. M. Turing and 
Alonzo Church established the exis­
tence of problems that are undecidable 
in a deeper sense. They proved the exis­
tence of problems for which there is no 
finite algorithm, or step-by-step proce­
dure, that will solve them. Examples of 
these absolute undecidables include the 
famous halting problem of Turing-ma­
chine theory, the color-domino problem 
in tiling theory, problems in John Hor­
ton Conway's game of life and many 
more. At no time in the future will it 
be possible in any logically consistent 
world to build a computer, however 
powerful, that by twiddling symbols 
will be able to solve such problems in a 
finite number of steps. 

Since 1936 all kinds of ways of estab­
lishing Godel's results and the related 
Church-Turing results have been de­
vised, some of them simpler than Go­
del's original method. Smullyan pre­
sents Godel's proof in a delightful way 
by imagining a Godel island inhabit­
ed only by knights and knaves. Knights 
who have "proved themselves" to be 
knights are called established knights. 
Knaves who have proved themselves to 
be knaves are called established knaves. 
The inhabitants have formed clubs for 
which the following conditions hold: 

I. The set of all established knights 
forms a club. 

2. The set of all established knaves 
forms a club. 

3. Every club C has its complement: a 
club consisting of all people on the is­
land who are not in club C. 

4. Given any club, there is at least one 
inhabitant who professes to be a mem­
ber of that club. 

Smullyan is now able to show in just 
three paragraphs of simple, nontechni­
cal argument that there is at least one 
unestablished knight on the island and 
at least one unestablished knave. If we 
regard the knights as being true sen­
tences, the established knights as being 
provably true sentences, the knaves as 
being false sentences and the established 
knaves as being provably false sen­
tences, the results of Smullyan's argu­
ment correspond to Godel's results. In 
only three more sentences Smullyan es­
tablishes a related theorem of Alfred 
Tarski's, that neither the set of knaves 
nor the set of knights forms a club. 

There is a well-known version of the 
old liar paradox where instead of a sin­
gle sentence there are two sentences, one 
on each side of a card. One sentence 
states, "The sentence on the other side of 
this card is true." The other states. 'The 

sentence on the other side of this card is 
false." Neither sentence refers to itself 
and yet the contradiction is obvious. 
Similarly, Smullyan imagines what he 
calls "doubly Godelian islands" of 
knights and knaves that satisfy the fol­
lowing condition: Given any two clubs 
C1 and C2, there are inhabitants A and B 
such that A claims that B is a member of 
C1 and B claims that A is a member of 
C2. The study of such double islands 
is one of Smullyan's favorite hobbies. 
He discusses several of his discoveries 
about them and gives some new prob­
lems that have not yet been solved. 

The book ends with a truly astonish­
ing version of Godel's construction of 
an unprovable sentence. Consider the 
following statement: "This sentence can 
never be proved." "If the sentence is 
false," writes Smullyan, "then it is false 
that it can never be proved, hence it can 
be proved, which means it must be true. 
So, if it is false, we have a contradiction, 
therefore it must be true. 

"Now, I have just proved that the sen­
tence is true. Since the sentence is true. 
then what it says is really the case, which 
means that it can never be proved. So 
how come I have just proved it?" 

The fallacy, Smullyan explains, is that 
it has not been made clear just what is 
meant by provable. Consider a revised 
version of the sentence: "This sentence 
is not provable in system S." The para­
dox magically vanishes! "The interest­
ing truth is that the above sentence must 
be a true sentence which is not provable 
in system S." (It is assumed, of course. 
that everything provable in S is true.) In 
this form the sentence is "a crude for­
mulation of Godel's sentence X, which 
can be looked at as asserting its own 
unprovability, not in an absolute sense. 
but only within the given system." 

At this point Smullyan suddenly re­
members that he has not yet answered 
the question "What is the name of this 
book?" The name is . . . .  But see the 
book's last page for the answer. 

Tast month's problem was to place five 
L queens of one color and three of an­
other color on a five-by-five chessboard 
so that no queen of one color attacks a 
queen of another color. The uniq ue so­
lution (excluding rotations and reflec­
tions) is shown in the illustration on the 
opposite page. 

Many readers sent corrections and 
new data for last November's column 
on Ramsey graph theory. The bounds 
now established for R(4,5) are 25 
through 28, and for R(5,5) they are 42 
through 55. The lower bound of 42 was 
obtained by Yi-Hsin Chen for his recent 
master's thesis at the University of To­
ronto. Gary Lorden corrected my state­
ment that Leopold Sauve had proved 
that any extremal graph can be two-col­
ored so that all monochromatic trian­
gles are the same color. A. W. Goodman 
had shown earlier that the statement is 

true for complete graphs with an even 
number of points. Sauve showed it is 
false for graphs with an odd number of 
points, with the sole exception of K7, 
found by Paul Erdos. Lorden's paper 
on "Blue-Empty Chromatic Graphs" 
(The American Mathematical Monthly, 
Vol. 69, No. 2, pages 114-120; Febru­
ary, 1962) gives easy methods for con­
structing the colorings. Thomas Hoover 
pointed out how an adjacency matrix 
can be used to find such colorings. 

Robert E. Greenwood and Frank 
Harary have provided the early history 
of the famous problem of proving that 
among any six people there are at least 
three mutual acquaintances or three 
mutual strangers. It was making the 
mathematical-folklore rounds as a graph 
problem at least as early as 1950, and 
at Harary's suggestion it was included 
in the William Lowell Putnam Mathe­
matical Competition of 1953. 

In December I asked readers for 
words longer than "festoons" that are 
spelled with the first letters of the 10 
digits. So many people wrote in that I 
cannot begin to list all their names. 
Steward Hartman, assisted by Kenneth 
Bell, sent the most complete compila­
tion of words ranging from five letters 
(for example "often") through 12. Many 
readers hit on the eight-letter words 
"footnote," "fossette" and "nonsense," 
each of which can be lengthened to nine 
letters by making it plural. Eleven-letter 
words include "oftennesses," "tense­
nesses" and "sostenentes." ("Sostenen­
te" means "sustained" in music.) Ed­
ward Kulkosky, Raymond J. Lovett and 
Stephen C. Koehler were the first to hit 
the jackpot with the 13-letter "nonef­
feteness," which can be stretched to 15 
by adding "es." In the category of plau­
sible made-up words, David Elwell pro­
posed "nontennesseeness." Add "es" 
and the length is 18. 

Alan Cassel of the Massachusetts In­
stitute of Technology was the first to 
report that Dr. Matrix made a careless 
error when he reported on a large con­
secutive-digit prime. The correct num­
ber � 12345678912345678912345678-
91. Using a new and fast Monte Carlo 
test for primality, Cassel made the re­
markable discovery that if the cycle 12-
3456789 is repeated seven times and 
then followed by 1234567, the result is 
a pseudoprime with odds of about a tril­
lion to one that it is a genuine prime. 
Perhaps some reader can prove that it 
is indeed a prime. 

Stanley J. Benkoski wrote to say that 
my theory that cockroaches might trig­
ger earthq uakes by psychokinesis had 
gained credibility in California. "Gover­
nor Brown has asked that each state em­
ployee be released for one half hour per 
day to assist in eradication of cock­
roaches. Officials estimate that cock­
roaches will be extinct in California by 
July 13, 1978. and then earthquakes will 
be relegated to historical curiosities." 
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BOOKS 
William Beebe and his successor aquanauts, 

and a people that lives on sweet palm juice 

by Philip Morrison 

N
ATURAL MAN: THE LIFE OF WIL­

LIAM BEEBE, by Robert Henry 
Welker. Indiana University 

Press ($11.50). SUBMERSIBLES AND 
THEIR USE IN OCEANOGRAPHY AND 
OCEAN ENGINEERING, edited by Richard 
A. Geyer. Elsevier Scientific Publishing 
Company ($49). DIVING MEDICINE, edit­
ed by Richard H. Strauss, M.D. Grune & 
Stratton ($23). One morning in April, 
1925, a naturalist of the New York Zoo­
logical Society took a few steps down a 
ladder into the waters of Darwin Bay in 
the Gahipagos. In his log we read that he 
"found it most exciting experience. Trite 
but true to say it opens a new world." 
William Beebe was no quiet specialist 
but a literary figure of social promi­
nence, a friend and colleague of Theo­
dore Roosevelt's, an author with hun­
dreds of articles and a dozen books to 
his name. That same year Putnam pub­
lished a volume of felicitous essays, Jun­
gle Days. The vivid field reports from 
British Guiana are still remembered by 
many a reader for their graceful lan­
guage, engaged intelligence, affection 
for the natural world and informed and 
catholic perception. "The vast tangle of 
a fallen jungle tree" lived in Beebe's 
pages; the reader 50 years ago could 
learn of thrips and sloths, and of the 
chain of jungle life represented by the 
protozoon found in a frog eaten by a fish 
caught by a snake that had been taken 
by a bird found dead by Beebe. The 
theme was broader than the bright plu­
mage and high adventures of Beebe's 
earlier books; at the height of his powers 
he wrote of ecology and evolution. 

In Natural Man, a biography of a pro­
lific writer of personal narrative who left 
no autobiography and no open papers, 
the man is sought behind the work. Bee­
be turns out to be less open, more veiled, 
than we had thought; he nonetheless re­
mains the yea-sayer and the child of 
light, a comfortable Fifth Avenue Tho­
reau whose critique of his century in­
dicted only one terror, war. Perhaps the 
most novel thread picked out by the 
acute biographer, who is at Case West­
ern Reserve University, is Beebe's some­
what ambiguous feminism. His scientif­
ic field companions were often women 
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(including his first wife, who was rather 
unfairly treated in Beebe's corpus), and 
"a long history of the liberation of wom­
en from restrictive conventions" can be 
traced in the photographs and the text. 
Beebe was "at least ... a participant," if 
not clearly an advocate of the change, 
from his first wife's plea in Edwardian 
days for a split riding skirt to the easy 
costume and central responsibility of 
another young woman who is seen on 
deck in the 1930's, monitoring the essen­
tial telephone line from the bathysphere 
below. 

The books stand on the shelves and in 
some memories today. But the new 
world Beebe saw in Darwin Bay opened 
a path. He was the "first famous and 
highly trained natural scientist to take to 
helmet diving " as fieldwork. First he 
collected and observed in shallow tropi­
cal waters (down to 50 feet) in a weight­
ed helmet with an air hose, off Haiti and 
then off Bermuda. Within two years he 
dreamed of the depths. No living human 
being had ever returned from much be­
low 500 feet of water, and yet life was 
there in plenty: the deep-sea dredges 
brought up strange creatures. Beebe had 
to visit that world, although it would tax 
his expressive powers once he saw it: 
dark and alien, untouchable, only a 
cramped view seen through two six-inch 
ports of fused quartz. 

In 1926 The New York Times made 
known Beebe's vague project for a new 
vehicle "like a laundry boiler hanging 
from the mother ship by a steel ca­
ble ... equipped with neither lights nor 
telephone wires." A young New En­
gland engineer named Otis Barton read 
the paper. He had already thought 
through the plans for a tethered steel 
ball that would be genuinely practical 
for the depths. Once he was able to meet 
Beebe ("as unapproachable as an Indian 
potentate " )  Barton unrolled his impres­
sive blueprints and, even better, ex­
plained how an inheritance would en­
able him to cover the cost of construc­
tion. In time the 5,OOO-pound cast steel 
bathysphere entered the darkness; Bee­
be went into the sea with Barton 32 
times, reaching a depth of 3,028 feet in 
the summer of 1934 off Bermuda. Au-

guste Piccard's stratospheric gondola 
and the bathysphere hung beside each 
other on display in Chicago, a popular 
success in that wretched year of the 
Great Depression. (This reviewer, then 
a half-hungry teenage hitchhiker, wan­
dered those fairgrounds for weeks in de­
light.) 

Other men and other vessels have 
since plumbed the depths. The balloon­
ist Piccard developed his own postwar 
vessels: deep-sea free balloons with gas­
oline-filled floats, steel-shot ballast and 
a cast-steel gondola not unlike the bathy­
sphere. The bathysphere is a fright­
ening craft by today's engineering ap­
praisal. There is total dependence on the 
umbilical cable, no recourse to emer­
gency buoyancy. Any motion is "even 
more frightening" to contemplate. The 
passenger being towed below calls up 
for evasive action: "'A large coral head 
is dead ahead' would be the observer's 
calm remark." 

Once the third Piccard submersible, 
Trieste II, refitted under U.S. Navy own­
ership, reached the ocean bottom in the 
Marianas Trench in 1960, depth had 
been mastered. A speculative boom 
in manned submersibles began. The 
American aerospace engineers and their 
opulent firms, confident in their outer­
space triumphs and with an eye on Navy 
resources to come, built a "very large 
national base for deep-submergence en­
gineering," with plenty of powerful one­
of-a-kind vehicles. Then "one by one 
the first generation of submersibles was 
retired, scrapped or put into storage. 
There were few survivors." 

The insider's symposium on submers­
ibles edited by Richard A. Geyer de­
votes half a dozen knowing chapters to 
an appraisal of the various craft in oper­
ation today, manned and unmanned, 
free or tethered, in worldwide service 
for 14 nations. Some ISO submersibles 
of all types are listed, and just what they 
do in the present era of careful study of 
costs and benefits is detailed. Their ma­
jor application is in the burial and in­
spection of undersea pipelines and ca­
bles, primarily in the oil fields of the 
North Sea, whose depth and cold are 
often beyond divers' limits. The harvest­
ing off Hawaii of fresh pink and black 
coral of jewelry grade at a depth of 300 
meters was the next most important ac­
tivity until it was stopped by a fatal acci­
dent when Star Ilwas mislaunched from 
its transport. (Two divers trying to free 
the vessel exceeded safe air-breathing 
limits in the fall of 1975.) Ten more pa­
pers review case histories in geology, 
ocean waste disposal, archaeology, the 
study of reefs and fishing grounds, the 
laying of underwater pipelines, rescue 
and retrieval and other subjects. 

Three of these modern submersibles 
will be characterized to stand for the lot. 
Take Curv III (cable-controlled under-
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water recovery vehicle). She (or it) re­
sembles a sled with a cargo of hardware 
topped by a big flat box. She is no beauty 
but does handsomely. taking two televi­
sion cameras and a film camera. a strobe 
unit and other lights and good sonar 
down 2.000 meters or more. There is a 
ton of payload tools. all mobile by air. 
and an electrohydraulic manipulator. 
Curv I replaced the manned Alvin after 
that brave craft became entangled with 
a lost thermonuclear bomb for an anx­
ious moment under the seas off Spain in 
1966. Curv III was flown all the way 
from San Diego to Cork in 1973 in time 
to find and attach a line to Pisces II I and 
rescue her crew of two. sunk nearly 500 
meters down in bad weather. 

The Pisces class consists of about a 
dozen manned submersibles that have 
been operable since 1969. They are a 
commercial success and are particularly 
busy in the North Sea. Carrying keen­
eyed crews helped by television. sonar. 
scoops and drills (a payload of a ton as 
against a dead weight of 11 tons). they 

are just what is needed to follow a costly 
pipeline across the bottom. Or take 
RCV-225. another commercial product 
from San Diego. Winch it over the side 
on a kind of dumbwaiter. a launcher 
held to your ship by a strong armored 
cable. Once down. the vehicle flies out 
of its launcher on a light. flexible tether. 
carrying lights. a low-light-level televi­
sion camera and some instrumentation. 
About the size of a medicine ball. the 
drone carries sharp eyes down to 2.000 
meters. Four motors propel it. keeping 
depth and heading automatically if de­
sired. On shipboard up above are the 
controls and a careful watch on the tele­
vision screen. 

These and many other craft are dis­
cussed for the trade in this book. which 
is a little repetitious but nonetheless sat­
isfying. How Beebe would have wel­
comed a trip in Nemo or its kin. free­
swimming submersibles with a com­
pletely transparent sphere enclosing the 
two-man crew! These vessels offer a true 
panorama down to the stress limit of the 

Nemo,jrom Submersibles and Their Use in Oceanography and Ocean Engineering 

32 

cast acrylic balls. perhaps as much as 
900 meters down. 

Surprisingly enough the free divers. in 
the footsteps of Jacques-Yves Cousteau 
and his wartime partner Emile Gagnan. 
are not far behind. They are undertak­
ing commercial contracts for the sup­
port of oil-recovery operations down to 
1.500 feet; demonstrations ashore in a 
Marseilles test tank have been conduct­
ed at 600 meters of pressure. The main 
technique. described in Diving Medicine. 
is saturation diving. The workers are 
compressed in a tank. which is lowered 
to the working depth. When work is fin­
ished for the day. they return to their 
tank. which is hoisted out of the water. 
and in it they continue to be maintained 
at the working-depth pressure. Days 
may be spent on such a schedule. The 
support tank is a real dwelling and thus 
is relatively complex. Decompression 
also takes days. but the dangerous bub­
bles that can come with decompression 
do not form-much-because the gas­
fluid system stays close to equilibrium. 

At depth one cannot safely breathe 
nitrogen. Above 10 atmospheres of 
pressure that gas induces nitrogen nar­
cosis. the "rapture of the depths." The 
effect is biophysical in nature; molecu­
lar nitrogen is quite inert in biochemis­
try. The dissolved nitrogen appears to 
somehow cause an expansion of the 
key lipid mem branes of the nerve synap­
ses. thereby inducing the intoxication. a 
partial anesthesia. Helium does not dis­
solve as much. and it causes no narcosis 
at moderate pressures; divers have long 
breathed a helium-oxygen mixture. In­
crease the pressure. however. and finally 
even helium induces a'related but con­
trary neurological syndrome. affecting 
motor function more than mental abil­
ities: tremor and convulsion appear. 
There is evidence that lipid membranes 
are simply compressed under helium 
pressure so that the thinned layers then 
excite more easily. (In tadpoles such 
pressure can reverse anesthesia.) Mix ni­
trogen with helium and their two effects 
mutually compensate; provide as well 
necessary oxygen partial pressure and 
down the diver can safely go. The tri­
mix (helium. nitrogen and oxygen). or 
perhaps some even more subtle atmo­
sphere. is the gateway to greater depth. 

What is the limit? We do not know. 
Presumably irreversible changes are 
eventually induced in proteins or other 
biopolymers. The energy-density in­
crease of simple pressure amounts to 
about that of one degree Celsius of tem­
perature for every few hundred meters 
of depth. On this naive basis one might 
expect that human beings could indeed 
dive a long way. although a free dive 
kilometers down must not be very dif­
ferent from having a high fever. 

This readable and even exciting vol­
ume is a practical guide for physicians 
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written by a score of experienced diving 
physiologists and physicians. It is also 
the best kind of guide, with a back­
ground of theory and wide-ranging 
practical scope, including cases and 
comment. The jargon is pretty dense, 
but the general scientific reader should 
be able to find his way, and divers with 
any technical bent will be wonderfully 
served. Where else can we learn of the 
terrible ciguatera, a specific biointoxi­
cation? Ingest some uncertain kind of 
tropical algae, often by eating a perfect­
ly edible fish that has itself chosen 
wrong, and you get it. There are no anti­
dotes, and one in about eight cases is 
fatal. What the philosopher must won­
der at is that the sufferer's sense of tem­
perature is reversed: a hot object feels 
cold and a cold object feels hot! By the 
way, schools will find this volume a 
fountain of illustrations and problems in 
simple but deep physics, chemistry and 
human biology. 

HARVEST QF THE PALM: ECOLOGICAL 
CHANGE IN EASTERN INDONESIA, 

by James J. Fox. Harvard University 
Press ($15). "It is not unusual on Roti to 
come upon an entire family dining re­
gally from the contents of a couple of 
Ion tar [palm leaf] buckets, one contain­
ing five or six liters of sweet palm juice, 
the other brimfull of salty, slimy, slight­
ly sour strands of green seaweed." These 
people drink more meals than they eat; 
that palm-sugar solution is their su­
crose-rich staple. 

The lontar fan-leaf palm (Borassus 
sundaicus Beccari) is a massive single 
stem two or three feet in diameter that 
soars straight up to a height of 90 feet, 
bearing high a crown of great leaves. It 
blossoms twice a year for a generation; 
at each blossoming the sweet sap can be 
made, by the right cut across the bud, to 
flow copiously for a couple of months. 
The yield can be astonishing: a good tree 
provides the skilled tapper with 300 or 
400 liters of sweet juice per year con­
taining a measured 15 to 17 percent of 
sucrose. Half a dozen such trees yield 
the calories of an acre of wetland rice. In 
season the juice is drunk directly, but it 
can be stored by cooking to a dark thick 
syrup or even to hard sugar. 

On this extraordinary base (the trees 
grow wild almost everywhere on Roti) 
the rocky, poorly watered island sup­
ports a population density that here and 
there reaches the high values typical of 
wetland rice regions. Like all well-fed 
peoples the 75,000 islanders (a small 
cluster of islands nearby share the cul­
ture) are not limited to their staple. They 
grow some rice and maize and also fish, 
and a main protein source is the pig. A 
materials-flow sheet would be a delight 
(what do the pigs eat besides syrup? ), 
but the book does not report any quanti­
tative nutritional data. 

A Rotinese in the crown of a IOJltar palm, from Harvest of the Palm 

The Ion tar has its relatives (often of 
the same species) in lands all the way 
from the two shores of South India 
through Burma, Thailand and Indochi­
na and across Indonesia. Almost every­
where else the trees do not give sweet 
juice, only a raffish fermented product, 
soured or alcoholic or strongly flavored 
with lime or some other substance to 
inhibit swift fermentation as the juice 
collects in the heat of the day. On Roti 
the islanders harvest sweet juice without 
additives by collecting it twice a day, in 
the early morning and in the afternoon, 
and by scrupulously putting it only in 
clean, fresh receptacles. 

It seems that the Rotinese came to 
their island long before they were a 
palm-tapping people. Initially they 
tapped the palm casually to eke out a 
grain grower's living. Eventually they 
perfected the elegant process of today. 
The men tap trees for a living, having 
given up the hardscrabble swidden grain 
farming of neighboring-and poorer­
islands. There is a poem about a clan 
founder: "Tapping Ion tar twice a day / 

Comes from Dou-Danga .... " With Dou­
Danga they entered the sweet life. 

There can be no doubt that is the kind 
of life it is. The Rotinese are proud and 
confident; they are prosperous and are 
even spreading their complex subsist­
ence culture to other islands in direct 
competition with more familiar hus­
bandry, some of it introduced by the 
Dutch. Theirs is no relict culture, either. 
They have long distilled gin and prac­
ticed law; Rotinese are found through­
out Indonesian life, from pillars of the 
establishment to leading Communists in 
exile. They adopted the Malay language 
long ago as a literary and unifying 
tongue, the better to deal with the colo­
nial power. (Malay in a modern form is 
now the official language of the Repub­
lic.) Their schools are Malay and so is 
their Bible, but these litigious, talkative 
islanders stoutly maintain their many 
ministates and dialect differences in the 
mother tongue. 

Fox is at pains to make it clear that 
this is in no way the automatic work of 
the generous palm, even accepting the 
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iiWE SOLVE PROBLEMS. 
IF YOU THINK THE 

AUDI 5000 IS BEAUTIFUL, 
SO MUCH THE BETIER:' 

AN INTERVlEW WITH HERBERT BROCKHAUS, HEAD OF STRUCTURAL TESTING 

Are you saying 
that beauty 
wasn't your 
prime concern? 

Brockhaus: W ith us, styling and engi­
neering go hand in hand. They are one 
and the same. W hen [ look at the car, 
[ can see all the parts underneath. Like 

x-ray vision, if you will. The styling is an essential part 
of the engineering and vice versa, which isas it should be. 
[f the car is attractive, it is basically because of the ele­
gant engineering solutions. 

Isn't it a bit 
pompous to 
say you solve 
problems? 
Don't all car 
manufacturers? 

Brockhaus: Some car manufacturers 
are more like plastic surgeons-they 
change the skin. But for us, you might 
say solving problems is our driving 
force. So we built the Audi 5000 from 

the ground up. We have all the necessary equipment 
and testing facilities. At Audi a surprisingly high per­
centage of our total budget is allocated to Research 
and Development. 

All right, what 
problems did 
you solve with 
the Audi 500Q? 

Brockhaus: Overall, we solved the 
problem of making a large, lively car 
that is comfortable to drive with re­
markable handling and performance. 

To do this, vye had to develop totally new ideas, from 
the first 5-cylinder gasoline engine to a new concept of 
interior design utilizing psychology. 

Five cylinders? 
Psychological 
design? Sounds 
extreme. 

Brockhaus: Extreme? No. Innovative, 
perhaps. That's my point about solving 
problems-we needed an engine with 
efficiency, like a 4 and performance, 

like a 6. So we were the first to make a 5-cylinder gaso­
line engine. We knew from psychological testing that 
harsh interiors could make a driver more aggressive. 
So we developed cheerful interiors which would be 
comfortable and pleasing and help the driver to remain 
calm and relaxed. 

Were all your 
solutions 
so innovative? 

Brockhaus: No. But they are equally 
important. For example, we not only 
are concerned with the exterior finish 

of a car, but the interior protective finish, as well. There-

fore, we designed particularly large openings inside the 
doors, and other body panels, so that we could get suffi­
cient layers of protective coatings into all the normally 
hidden body areas. Attention to a thousand minor de­
tails like these makes for a better car overall. 

What's a 
minor detail, 
for example? 

Brockhaus: Well, a nice little detail was 
the radio speakers. As an ciption,wede­
veloped a new radio installation that 

achieves a real high fidelity sound with excellent fre­
quency response over the entire audible audio range. [ 
doubt that many of your readers would find this impor­
tant. But it mattered a great deal to us because it was 
an interesting challenge. 

Is everything 
in the car 
brand new? 

Brockhaus: No, no. We continue to 
use front-wheel drive, as we have for 
over forty years. Front-wheel drive 

gives excellent tracking stability in rain, ice and snow. 
You really should try the Audi 5000 in bad weather; 
you will be pleased with how it feels. 

Do you think 
there's a 
better car? 

Brockhaus: You can't ask the question 
in this form. There are cars that cost 
548,000Theymaywell be "better," but 

are they realistically what one needs in normal driving 
situations? [ don't think so. 

What about Brockhaus: You have to ask yourself 
cars twice as whether they can have double the 
expensive as 

hA d b the Audi 500Q? worth. T e u i 5000 costs a out 
$8,500':' in America and its the largest 

German car you can buy for the money. As a matter of 
fact, some of my colleagues thought a much higher 
price would have been justified. 

Then why would Brockhaus: That's a very good ques­
someone pay up tion. Until now, if they wanted a large 
to twice as much German car like the Audi 5000, per­
for another car? 

haps they had to pay double. Come to 
think of it, they still can. But now there's a choice so 
we've solved that problem too. 
*Suggested 1978 retail price $8450. P.O.E., transp., local taxes, and dealer delivery charges, additional. 
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genius of Dou-Danga. The islanders' ge­
ography made them not worth econom­
ic invasion. yet they were assaulted for 
strategic advantage. They learned early 
that Christianity. education and having 
neither plantation lands nor much tax­
able crop all made for a workable ac­
commodation with their rulers. Half of 
the volume discusses such matters. far 
from sugar and syrup. and we are prom­
ised an entire volume on the political 
tradition of their state. The author sub­
mits plenty of near-parallels to prove his 
case. The palm offered opportunity. and 
the Rotinese seized it over a period of 
centuries. Their neighbors on the island 
of Savu made a different world of the 
same strands. 

The rajas and a tapper on his way up 
the tree alike wear the elegant textiles of 
these islands. yarn-dyed woven figures 
of world-famous intricacy. One can 
hope for more volumes. on both the his­
tory and the material culture-and the 
public health-of these people who live 
by strong. sweet draughts. 

ARACHNIDA. by Theodore Savory. Sec­
n ond edition. Academic Press 
($21.15). Our own class of animals. the 
mammals. may number some 15.000 or 
20.000 species. counting extinct forms. 
and its major subdivisions. the orders. 
span such diversity as bats. marine ani­
mals and primates. The arachnids (it 
was Lamarck who grouped them first; 
Linnaeus "had given inadequate atten­
tion to the invertebrates") are a class 
too. with three times as many known 
forms. and the list is growing fast. The 
orders are indeed diverse. The smallest 
mite is about a tenth of a millimeter 

long. and a big scorpion of the Carbon­
iferous measured 36 centimeters. The 
range is less great between the shrew and 
the blue whale! 

Arachnida, by a distinguished British 
arachnologist who is a writer of grace 
and a classical scholar as well. achieves 
a comprehensive and even encyclopedic 
quality while remaining brief. engaging 
and personal. Part of the author's suc­
cess is that he treats the best-known and 
most-studied forms with a light touch 
but adds detail and meaning to his ac­
count of the unusual and unfamiliar. 
Part is simply his gift for the meaning­
ful. The zoological nomenclature is here 
and there rather dense (like most stu­
dents of diversity, Savory spends a good 
deal of space on careful discriminations 
of form), but the book is both readable 
and authoritative. 

It is also wide-ranging: Savory writes 
both of spiders and scorpions and of 
their human students. He includes chap­
ters on the arachnids' economic impor­
tance, history, collection and preser­
vation and medical interest and even 
covers linguistic arachnology. Webs, 
courtship, arachnids in amber and un­
reasoning arachnophobia earn enlight­
ening little essays. A hundred pages sur­
vey the class as a biological whole: 
organs. growth and development. hab­
its. dispersal. evolution and taxonomy. 
Somewhat more space is devoted to a 
discussion of the 17 orders one by one, 
including very brief accounts of orders 
known only from the fossil record. 

It appears that the scorpions are the 
oldest; perhaps they were the first of all 
animals to venture on dry land, proba­
bly from intertidal life. Their remark-

Stegophrynus dammermani, a species of spider of the order Amblypygi, from Arachnida 
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able courtship, a promenade a deux, 
surely memorializes this daring change; 
the sperm are borne on a complex gelati­
nous structure attached to the ground. 
They are thus kept from drying out, and 
the ritual ensures quick transfer. If you 
seek scorpions now among the dunes of 
the California desert, you can hardly 
improve on the prowess of S. C. Wil­
liams. That doughty hunter used an ul­
traviolet lamp and located 2.000 within 
four hours by their greenish-yellow fluo­
rescence, noting that "at one time seven­
teen specimens were seen glowing in the 
light of one lamp." The fluorescent sub­
stance can be detected in solution in mu­
seum preservatives. but it has not yet 
been characterized chemically. 

Take the order Ricinulei. eyeless trop­
ical forms looking rather like smooth­
coated spiders. From the year 1838 to 
the 1930's the order was well known but 
excessively rare; "not only every species 
but actually every specimen captured 
could readily be traced." In 1933 a few 
hundred specimens were found in the 
Cameroons; between 1967 and 1973 the 
number of species known has been dou­
bled to about 40 and the number of indi­
viduals taken has risen into the thou­
sands. One Mexican cave yielded 1,035 
specimens of a single species. They were 
recognized as having existed in the Car­
boniferous-the time of arachnid explo­
sion-before any living form was found, 
and they remained incredibly rare for 
more than a century, features that 
"make them the most romantic order of 
the Arachnida." 

Here are the formidable wind scor­
pions and the acetic-acid-secreting vine­
garroons, the bizarre harvestmen ("dad­
dy longlegs"), the ticks and the mites 
and all the rest. The study of ticks and 
mites, the order Acari. has the greatest 
direct economic importance; the ani­
mals are Ubiquitous, intensely special­
ized and generally tiny and well hidden. 
Acarology is booming, with wild talk of 
half a million species. 

The most widespread affliction in hu­
mans "caused" by a spider was taran­
tism. common first in Italy and then in 
Spain from the 15th to the 19th century. 
It was a real disorder. its only cure was 
dancing and it reappeared in a patient 
summer after summer. We can excul­
pate the bite of the tarantula. Those spi­
ders still abound around Taranto and 
people still dance the graceful tarantel­
la. but the disorder has gone. An anony­
mous editor of a work in 1795 published 
the explanation Savory favors: "The 
women durst no longer act a frantic part 
in the character of Bacchantes. Unwill­
ing to give up so darling an amusement. 
they devised other pretenses. Accident 
may have led them to the discovery of 
the tarantula; and upon the strength of 
its poison, the Puglian dames still enjoy 
their old dance, though time has effaced 
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A plastic foam 
that lielps protect you 17 different ways 

A Uniroyal plastic foam called 
Ensolite® has changed the 

shape of the old-fashioned life 
jacket. But that's only part of what 
Ensolite does. It helps protect peo­
ple in places as different as football 
fields and mountaintops. 

The first time you notice Ensolite 
may be the next time you buy a life 
jacket. 

Life preservers used to be stiff and 
uncomfortable-a lot of people 
wouldn't wear them for love or money. 
Obviously, life jackets can't save lives 
when they're so uncomfortable that 
they're left in the bottom of the boat. 

According to the U. S. Coast Guard, 
life preservers that are more comfort­
able are more likely to be worn than 
stiff, bulky types. 

Buoyant Ensolite life preservers are 
compact, lightweight, soft, and drape 

easily around your body. (In fact, most 
manufacturers of quality life jackets 
now use Ensolite.) 

But these are only some of En so lite' s 
remarkable properties. 

Used in 
hundreds of products 

Ensolite is also a shock-absorbent pad­
ding, used in everything from football 

Qp'en cell foam vs. Ensolite. Left: cross 
section of ordinary urethane foam. Open 
cells absorb water, readily collapse upon 
impact. Right: cross section of Ensolite. 
Closed cells with solid walls shut out air and 
water. Ideal for insulation, flotation, shock 
absorption. 
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Some of the way� shock-absorbing, buoyant, insulating Ensolite can protect you: 
iners for baseball and football helmets, wrestlers' masks, life jackets, elbow and hip pads, 

shin guards, karate gloves, insulated boots, flotation suits. 

helmets to operating-table mats. It 
cushions the falls of wrestlers, ballet 
dancers, and even U.S. astronauts­
who were protected by Ensolite mats 
while practicing the maneuvers they'd 
make in weightless space. 

Ensolite is also used to insulate cars, 
airplanes, and other vehicles against 
heat and cold. Mountain climbers have 

More "comfortable" tennis 

Laboratory tests show 
simulated tennis racket handle 
padded with Ensolite (bottom) 
absorbs 4.7 times as much stress 
as handle without Ensolite. 

With Ensolite: 
681bs. pressure/sq. in. 

even slept on I/Z /I sheets of Ensolite in 
temperatures plunging to -30°F. 

But helping protect people isn't all 
that Ensolite does. 

It cuts noise and vibration in air­
conditioning units. Keeps oil-contain­
ment booms afloat at sea. Keeps con­
densation from forming in the missile 
tubes and hull of Polaris submarines. 

(It also reduced the weight 
of the sub by 22 tons.) 

Forming plastic 
with gas 

Ensolite evolved out of 
Uniroyal's expertise in 
c o m m e r c i a l  b l o w i n g. 
agents- the chemicals used 
to turn plastic and rubber 
substances into spongy 
foams. 

By working with highly 
sophistica ted Uniroyal 
blowing agents, our chem­
ists created a formidable 
range of different Ensolite 
foams- for everything from 

featherweight insulation to the bump­
ers used in docking supertankers. 

Over 1,400 
Uniroyal discoveries 

Ensolite is only one of Uniroyal's dis­
coveries. We've been granted more 
than 1,400 patents in the past 17 years. 
We have over 1,500 scientists, engi­
neers, and technicians in many fields 
working to develop new Uniroyal 
products. 

Uniroyal discoveries have paid off in 
substantial sales growth. We're a com­
pany with $1.6 billion in assets these 
days. But we like to think our biggest 
asset isn't even on the balance sheet. 

Our urge to discover. 

For more information on the many applica­
tions of Uniroyal Ensolite as an insulating, 
shock-absorbing, and flotation material, 
write to John Kroske, Uniroyal, Inc., 312 

North Hill Street, 
Mishawaka, Indiana 

UNIRDV"L 46544.0r telephone 
.ft (219) 255-2181. 

chemical, rubber and plastic products worldwide 
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If You're Serious About Getting 
A Lot For Your Money. 

$4481 is LeMans' manufac­
turer's suggested retail price 
including dealer preparation. 
Taxes, title, license, destination 
charges additional. Priced 
higher in California. And here's 
just a sarnple of all you get: More 
head, leg and luggage room 

than last year· New door and 
body seals to help seal out noise 
• Rich full-width cloth seats 
• Thick one-piece, cut-pile 
carpeting • Fully upholstered 
door panels· Deluxe cushion 
steering wheel • Concealed 
windshield wipers· New 

color-accented, soft-bumper 
design· New crosshatch 
grille • Radial Tuned Suspension 
and much, much more . 
Price LeMans. Price all 
our Pontiacs at your 
Pontiac dealer. ,1978, Pontiac's best year yet! 

PONTIAC LEMANS 84481. 
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the memory of its ancient name and in­
stitution .

.
. 

There is only one photograph. The 
many technical line drawings are curi­
ously denatured, often showing mere 
fragments of the beasts. Although visu­
ally ordinary, this is a remarkable text, 
demanding to be supplemented by a mu­
seum collection or at least by the Little 
Golden Guide with its fine paintings. 

COPPER: ITS GEOLOGY AND ECONOM­
ICS, by Robert Bowen and Anan­

da Gunatilaka. John Wiley & Sons 
($49.50). The red metal has been much 
sought after by our kind for a long time. 
Around Lake Superior there are rich 
veins worked 5,000 years ago, and "ex­
tensive ancient workings" are known 
near Ndola in the copper belt of Zam­
bia. The biggest systematic producer 
documented in the early world, in about 
the time of Moses, was Egypt; world 
prod uction has grown from that base by 
a factor of about 200,000. As a trace 
element copper is not rare. The upper 
kilometer of the earth's crust holds a 
mean content of some 50 parts of cop­
per per million that has somehow mi­
grated to the crust from the deep inte­
rior. There is copper enough for our 
industry for geological eras, but its re­
covery is economically daunting. 

What makes a copper mine is concen­
tration. The ancient miners looked for 
showy minerals with a copper content of 
15 percent. The grade has steadily de­
clined; it was below 8 percent in Europe 
by the time' of -the Renaissance, and to­
day most copper is won from low-grade 
ores, the U.S. average grade being about 
.65 percent. Huge open pits, such as the 
biggest U.S. mine at Bingham in Utah 
and the world's largest producer at Chu­
quicamata in the red Chilean desert, are 
exploited with large-scale rock-moving 
techniq ues. 

The pit at Bingham was once a narrow 
canyon. Since the years just before 
World War I it has been enlarged into an 
oval hole three kilometers long, two and 
a half kilometers wide and more than 
three-quarters of a kilometer deep. Ev­
ery working day the bulldozers push 
some 200,000 tons of rock into the huge 
ore trucks. Such dilute ore bodies, each 
containing many cubic kilometers of 
rock, lie at various depths along a belt in 
western America from Alaska to Ant­
arctica. Their copper is spread (mostly 
as grains of the double sulfide of iron 
and copper) through the mass of fine­
grained intrusive rocks that supply the 
name: porphyry copper ores. 

Going deeper for the porphyries, we 
shall win copper enough for a good 
many decades at the present rate of use, 
say 10 million tons per year. In 1976 a 
porphyry ore body in western Panama 
was announced that is thought to be the 
largest reserve in the world, reportedly 

three billion tons at .6 percent copper 
content. After the porphyries there will 
be the nodules. The ocean floor at great 
depth is covered with small dark nod­
ules of layered iron and manganese ox­
ide. Their total volume is immense, and 
already several international consorti­
ums are planning to raise them by the 
millions of tons in the J980's. The hope 
is for a major addition to the cobalt sup­
ply and an important amount of manga­
nese, but the nodules can supply only 1 
percent or so of world copper by 1985 
(if we accept a United Nations forecast); 
their copper content can be recovered 
on a large scale only in the next century. 

This volume is an up-to-date and ex­
pert review by two economic geologists 
from the School of Mines of the Univer­
sity of Zambia at Lusaka. About three­
quarters of the book, with a few color 
photomicrographs and many line draw­
ings, is a rather technical summary of 
the nature and origins of the principal 
copper deposits of the world; the rest is a 
well-informed, if openly opinionated, 
nontechnical survey of the economics, 
pricing, uses and control of copper min­
ing and investment. The authors are 
keen partisans of the market system but 
offer a fair-minded country-by-country 
review of copper nationalization in re­
cent times. 

The geology is detailed, uncertain and 
complex for a general reader. A few 
points stand out tentatively among the 
controversies. It is fairly clear from the 
location and age of the American por­
phyry ores that they were formed as the 
Pacific Ocean floor underthrust the 
American plate. Four or five kilometers 
deep under the flat cone of some new 
volcano the hot brines brought copper 
in solution to fill the shattered fabric of 
the fine-textured rock. (There is even a 
drawing of the entire model system.) A 
10 percent leaching of the normal cop­
per content out of 100 cubic kilometers 
of the rock body involved would ac­
count for the copper concentration of a 
typical deposit. The geochemistry is not 
yet evident, but it is discussed at length. 
There is little doubt that we are slowly 
learning how to seek the strange and in­
tricate consequences of the drifting con­
tinents. 

Copper mines are running on short 
time today. The price is too low: the 
reasons are big stocks, plenty of scrap 
and industrial recession. Aluminum has 
won the long-distance power lines. Yet 
the London Metal Exchange, which fix­
es most of the world prices even though 
its dealers handle only small amounts of 
copper, in 1973 mixed oil with copper; 
the price tripled at the time of the oil 
embargo. By late 1974 the curve had 
fallen almost to the previous floor, and 
it has recovered only weakly. In the 
strange chemistry of international trade 
copper is more volatile than petroleum. 

WINDOWS· GlIDING DOORS 
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World Oil Production 

There is only a finite amount of oil and there are limits to the rate 

at which it can be recovered. Sometime before the year 2000 the 

decreasing supply of it will fail to meet the increasing demand 

T

he supply of oil will fail to meet 
increasing demand before the 
year 2000. As oil production inev­

itably levels off and then falls. alterna­
tive fuels will have to meet the demand 
for energy. which will continue to grow 
in the face of even vigorous attempts at 
conservation. The oil-importing coun­
tries have perhaps as few as five years or 
perhaps as many as 20 in which to ac­
complish a transition from dependence 
on oil to greater reliance on other fossil 
fuels. on nuclear energy and eventually 
on renewable energy sources. Because 
large investments and long lead times 
are required for developing new energy 
resources the effort must begin immedi­
ately. 

These are among the major conclu­
sions of a two-year international study. 
the Workshop on Alternative Energy 
Strategies. Some 70 people recruited 
from business and industry. government 
and the universities in 15 major non­
Communist oil-importing countries 
came together under the direction of 
Carroll L. Wilson of the Massachusetts 
Institute of Technology to study world 
energy supply and demand. to identify 
potential problems in satisfying energy 
requirements and to consider strategies 
that might solve the problems. (The 
"world" we considered was the world 
outside the Communist areas. The 
U.S.S.R. and China are major producers 
and consumers of energy. but statistics 
on their reserves. production. consump­
tion and trade are rough estimates at 
best and their trade with non-Commu­
nist countries does not loom large.) The 
workshop participants came from the 
U.S .. Canada. Mexico. Venezuela. the 
United Kingdom. France. West Germa­
ny. the Netherlands. Denmark. Sweden. 
Norway. Finland. Italy. Iran and Japan. 

The workshop developed projections 
of energy supply and demand under var-
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ious assumptions. notably concerning 
economic growth and the price of ener­
gy. Two basic scenarios were formu­
lated. one assuming a high economic 
growth rate and high energy prices and 
the other a low growth rate and constant 
prices. The high-growth. high-price sce­
nario assumed that economic growth in 
the non-Communist world would aver­
age 5.2 percent per year between 1976 
and 1985 and 4 percent between 1985 
and 2000. and that energy prices would 
remain constant (in real terms) until 
1985 and increase 50 percent by 2000. 
The low-growth. constant-price scenar­
io assumed that economic growth would 
average 3.4 percent per year until 1985 
and then 2.8 percent until 2000. and that 
real energy prices would remain con­
stant during the entire period. 

Within that framework energy-de­
mand forecasts were prepared for the 
various regions for each fuel and were 
aggregated to project the total energy 
demand in 1985 and 2000. In the case of 
oil. which today meets more than half of 
the energy needs of industrial societies. 
the projections suggest that energy-con­
servation efforts will have some effect. 
so that the growth in demand will be less 
than the 6 percent average annual rate 
between 1960 and 1972. Given high eco­
nomic growth and high oil prices. the 
demand for oil was postulated to grow 
at the rate of 3.6 percent per year until 
1985 and at 2.6 percent per year be­
tween 1985 and 2000. With low growth 
and constant prices the projected rates 
of growth in oil demand were 2.5 per­
cent and then 1.8 percent. These rates 
established two demand curves for oil. 
The next task was to consider how long 
the supply of oil is likely 10 satisfy those 
demands. (Although the workshop was 
concerned primarily with energy pros­
pects up to 2000. the central importance 
of oil prompted us to consider the pros-

pects for oil reserves and production un­
til the year 2025; projections beyond 
2000 are necessarily highly speculative.) 
In this article I shall tell how the work­
shop projected estimates of future oil 
supply and reached its conclusions on 
the relation of supply and demand. 

It is a popular misconception that oil is 
found in vast underground pools that 

need only to be pumped dry. Actually 
oil is found in small spaces in porous 
rock. somewhat like water in a sponge. 
It seeps slowly through the porous mate­
rial until it is trapped by impervious 
rock. often as a layer between water and 
gas. The oil is usually under pressure. 
and a well releases that pressure; the oil 
flows into the well. where it either rises 
to the surface (if the pressure in the field 
is sufficient) or is pumped out. Oil recov­
ery under natural pressure is considered 
"primary" production. and in the U.S. 
today such production recovers on the 
average about 25 percent of the oil in 
a reservoir. "Secondary" recovery is 
achieved. in fields where it is feasible. by 
pumping water or gas into the reservoir 
to produce more pressure on the oil. 
"Tertiary" recovery. not yet widely ap­
plied. can sometimes be achieved if the 
viscosity of the oil is lowered so that it 
flows more easily. either by heating the 
oil (by injecting steam. for example) or 
by injecting chemicals into the reservoir. 
Secondary and tertiary methods have 
increased recovery in the U.S. from 
about 25 percent of the oil in place in the 
1940's to about 32 percent now. Most of 
the world's oil is produced from conven­
tional fields by these methods and by the 
recovery of natural-gas liquids as a by­
product of natural gas. The workshop 
considered only those sources. exclud­
ing oil from shale. tar sands and the liq­
uefaction of coal. 

The major factors that determine po-
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tential oil supply are the amount of 
proven reserves (oil recoverable from 
known reserves at current prices and 
with current technology) and the rate at 
which those reserves can be exploited. 
Each field has a potential production 
rate that depends on the size of the field. 
its geology and its installed facilities. In 
general it is impossible to produce more 
than 10 percent of the recoverable re­
serves in a field in any one year without 
reducing the amount of oil that can ulti­
mately be recovered. In some fields the 
rate may be higher and in others it may 
be lower. but overall a reserves-to-pro­
duction (R/ P) ratio of 10 to 1 is proba­
bly the minimum ratio that is feasible 
for the world's oil reserves. To apply a 
10-to-l R/ P ratio globally. however. 
would be to imply that all known oil 
fields can simultaneously produce at the 
maximum rate. The fact is that some 
fields will always be under development 
and will not yet be producing oil even 
though they contribute to the proven-re­
serves total. A more justifiable estimate 
of the maximum rate of production 
from worldwide proven reserves is pro­
vided by an R/ P ratio of 15 to 1. 
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What one needs in order to project a 
basic oil-supply curve is therefore a 
yearly figure for the remaining proven 
reserves. That is obtained by adding to 
the proven reserves of a base year the 
gross additions to reserves and then sub­
tracting the amount of oil that has been 
withdrawn from reserves: the cumula­
tive actual production. The maximum 
potential production from those re­
serves is determined by dividing the re­
serves figure by 15. As long as oil de­
mand is less than potential production. 
actual production by definition equals 
demand: when demand exceeds poten­
tial production. demand is necessarily 
limited to potential production. which 
then becomes actual production. The 
important question is: At what point 
does an R/ P ratio of 15 bring potential 
production below projected demand? 
To establish that date we need (having 
estimated the demand) to determine the 
proven reserves in a base year and the 
probable annual rate of gross additions 
to reserves. 

Estimates of proven recoverable re­
serves are uncertain. and they change 
from year to year. The workshop analy-
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sis was based on figures published at the 
end of 1975 by Oil and Gas Journal, com­
piled from estimates made by govern­
ments and oil companies. Remaining 
proven reserves were then put at 555 
billion barrels. some 80 percent of it in 
the member nations of the Organiza­
tion of Petroleum Exporting Countries 
(OPEC). mostly in the Middle East. 
Production to date. on the other hand. 
has been primarily in North America. In 
all some 846 billion barrels had been 
discovered in the non-Communist world 
by 1975. about a third of which had 
been consumed. 

One guide to the rate of discovery in 
the future is the rate at which proven 
reserves have been increased in the past. 
There are two ways to evaluate past dis­
coveries. One can simply compare con­
secutive year-end published figures or 
one can backdate the changing and gen­
erally increasing estimates of the oil in 
each field to the year in which the field 
was discovered. For example. a field dis­
covered in 1960 might initially be esti­
mated to contain a billion barrels of re­
coverable reserves. Five years later in­
formation obtained as the field is devel-
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OIL IS GENERALLY FOUND under pressure in porous rock, often 
in a geological structure such as the one shown here. Drilling a well 
into the oil-bearing stratum releases the pressure, and in primary pro­
duction the oil flows to the surface (a) or is pumped out (b). When the 

natural pressure is too low to bring the oil to the well, secondary re­
covery may be achieved by pumping water (c) or gas (d) into the field to 
increase the pressure. In tertiary recovery the oil's viscosity is lowered 
by injecting steam, which heats it (e), or by injecting a chemical (,f). 
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oped or as recovery techniques improve 
might increase the estimate to 1.2 billion 
barrels. Comparing year-end estimates 
attributes the extra .2 billion to 1965; 
the backdating method attributes the .2 
billion to the 1960 discovery. 

The year-to-year method emphasizes 
current changes in the rate of additions 
to reserves-new estimates for estab­
lished fields as well as the impact of 
newly discovered fields [see upper illus­
tration on opposite page]. It shows the 
five-year average (which smoothes out 
year-to-year fluctuations) rising from 
about 22 billion barrels per year be­
tween 1950 and 1965 to more than 50 
billion between 1965 and 1970. when 
the magnitude of Middle East reserves 
in fields discovered before 1950 was be­
ing recognized. Since 1970 the yearly 
additions to reserves have been only 
about 25 billion per year. The backdat­
ing method. on the other hand. empha­
sizes that much of the late�1960's in­
crease was in fields discovered before 
1950 [see lower illustration on opposite 
page]. It flattens out the 1950-to-1970 
rate to an average of about 18 billion 
barrels per year. with a drop to 15 bil­
lion after 1970. 

In making estimates for the fu­
ture it is necessary to consider 

two different components of gross addi­
tions to reserves: first. reserves in genu-

PROVEN RESERVES 

TOTAL: 658 BILLION BARRELS 

SAUDI ARABIA 152 

OTHER MIDDLE EAST 208 

OTHER OPEC 90 

NORTH AMERICA 40 

OTHER NON·OPEC 65 

COMMUNIST AREAS 103 

inely new discoveries and. second. addi­
tions to reserves in fields discovered 
before 1975. either through reassess­
ment of what they contain or through 
enhanced ability to recover the oil. 

The rate at which genuinely new re­
serves were added in the past would 
have been much lower without the dis­
covery of the massive reserves in the 
Middle East. where about 60 percent of 
all the non-Communist world's known 
reserves have been found in a region 
that measures only some 800 by 500 
miles. Might such a prolific oil-bearing 
region be found again? It is not very 
likely. Many of the remaining possible 
areas of the world have already been 
evaluated by seismic testing or explora­
tory wells and no evidence of a new 
Middle East has come to light. New dis­
coveries probably will continue to be 
made in the Middle East itself. but there 
the rate at which new reserves are found 
has already fallen off. 

In the Middle East and elsewhere it is 
in areas that are identified as being most 
likely to contain large accumulations of 
oil that exploratory wells will first be 
drilled. and the discovery rate will de­
cline further as the search moves into 
less promising areas. At the same time 
the incentive for exploring will be re­
duced as the likelihood of finding large 
fields declines. Although some 30.000 
oil fields have been discovered. about 75 

CUMULATIVE PRODUCTION 

TOTAL: 341 BILLION BARRELS 

SAUDI ARABIA 23 
OTHER MIDDLE EAST 61 

OTHER OPEC 55 

NORTH AMERICA 133 

OTHER NON·OPEC 19 
COMMUNIST AREAS 50 

WORLD'S REMAINING OIL RESERVES as of tbe end of 1975 were estimated (left) by 
Oil and Gas Journal. Of the total of 658 billion barrels, 555 billion were in the world outside 
the Communist areas. Note that whereas most of the remaining recoverable reserves were in 
the Middle East, most of the production of oil up to 1975 (right) had been in North America. 
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percent of the remaining oil lies in a few 
very large fields. each of which holds 
more than 500 million barrels of recov­
erable reserves. Only 240 such fields 
have been discovered in the past 100 
years; there cannot be many more. Yet 
in hostile environments, such as the 
North Sea, a field with 500 million re­
coverable barrels is about the smallest 
field that can justify the high cost of de­
velopment. All in all it seems unlikely 
that genuinely new discoveries will con­
tinue to be made at even the rate of 15 
billion barrels per year that has been 
achieved over the past five years. 

What about additions to reserves in 
fields discovered before 1975? The esti­
mation of recoverable reserves has be­
come much more accurate than it was in 
the 1950's, so that the upward correc­
tions of the past 25 years are not likely 
to be repeated on anything like the same 
scale. A more probable source of addi­
tions to reserves is the improvement of 
recovery techniques. Today the average 
world recovery rate is probably about 
30 percent. Each 1 percent increase in 
the rate will therefore increase recover­
able reserves by a thirtieth. Applying 
such a factor to the proven reserves 
of 555 billion barrels and to half of 
the cumulative production of 291 bil­
lion barrels (as an indication of reserves 
not previously considered recoverable) 
works out to an addition of about 25 
billion barrels for each 1 percent in­
crease in the recovery rate. John D. 
Moody, a petroleum consultant, and 
Robert E. Geiger of the Mobil Oil Cor­
poration have suggested that the world­
wide recovery rate will eventually aver­
age 40 percent, which would mean an 
addition of 250 billion barrels to re­
serves in currently known fields. 

T
aking all these factors into account, 
the workshop based its projections 

on two different gross-addition rates for 
the period from 1975 to 2000: 20 billion 
and 10 billion barrels per year. The 
higher rate assumes that new discoveries 
will decline gradually and that enhanced 
recovery will make a significant contri­
bution, accounting for at least half of 
the gross additions by 2000. The lower 
rate assumes a more rapid decrease in 
the rate of new discoveries and a much 
smaller yield from enhanced recovery. 
We assumed that between 2000 and 
2025 gross additions would decline 
gradually to four billion barrels per year 
(in the high-additions case) or three bil­
lion barrels (in the low-additions case) 
as total discoveries approach the inevi­
table ceiling: the total ultimately recov­
erable reserves, which we took to be 
about 1.6 trillion barrels in the non­
Communist areas. 

We were now in a position to develop 
oil-supply profiles for the two demand 
scenarios I outlined above, one assum­
ing a high rate of economic growth and 
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high energy prices and the other assum- 60 

ing a low growth rate and constant 
prices. 

Given high growth and high prices-
and also the higher rate of additions to 
reserves, which is more likely if oil 
prices are high-production first fails to 
meet demand in 1997. That is, applying 
the R/ P ratio of 15 to 1 to the recover­
able-reserves figure for 1997 yields a po­
tential production in that year of 86 mil­
lion barrels per day, whereas demand in 
that year is projected as being 87 million 
barrels per day. Thereafter, as reserves 
continue to decrease, the 15-to-l R/ P 
ratio reduces production to 80 million 
barrels per day in 2000 and about 30 
million in 2025 [see top illustration on 
page 47]. If in this scenario we substitute 
the lower rate of additions to reserves 
(which is less likely but certainly possi­
ble), production ceases to meet demand 
in 1990, when it peaks at only 72 million 
barrels per day. Thereafter it declines to 
50 million barrels per day in 2000 and 
about 20 million in 2025. 

Given low growth, constant prices 
and'the low rate of additions to reserves, 
oil production fails to meet demand in 
1994, when production peaks at 66 mil­
lion barrels per day compared with a 
projected demand in that year of 66.5 
million barrels. Production then falls to 
53 million and about 20 million barrels 
per day in 2000 and 2025 [see bottom 
illustration on page 47]. If, in the face of 
low growth and constant prices, addi­
tions to reserves proceed at the higher 
rate, production could meet demand 
unti12004, when production would peak 
at 81 million barrels per day. 

The trouble with the oil-supply pro­
files I have just described is that they 
make a somewhat unrealistic assump­
tion: that oil-producing countries will 
continue to increase their production to 
keep pace with demand, limited only by 
an R/ P ratio of 15 to 1. In the real world 
some oil-producing countries outside 
OPEC may want to reduce their depen­
dence on imported oil and may there­
fore produce oil at a rate higher than the 
rate set by a 15-to-l ratio. More impor­
tant, the countries that are net oil ex­
porters (in particular the members of 
OPEC) may restrict production well be­
fore the 15-to-l ratio is reached in an 
attempt to conserve their reserves. It is 
therefore necessary to modify the analy­
sis: to look at production in the non­
OPEC and the OPEC countries sepa­
rately. 

T
o consider non-OPEC and OPEC 
production separately requires an 

estimate of how future additions to re­
serves will be divided between the two 
regions. There are' no well-established 
geological estimates. We assumed that 
50 percent of the additions will be in the 
non-OPEC countries and 50 percent in 
OPEC, which is to say 10 billion and five 
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billion barrels per year for each region 
on the high-additions assumption and 
the low-additions assumption respec­
tively. Much of the non-OPEC region is 
still unexplored and should yield a large 
proportion of the new discoveries; en­
hanced recovery will be more important 
within OPEC, where 80 percent of the 
known proven reserves are situated. 

Each national team participating in 
the workshop estimated its country's oil 
production for the period from 1975 to 
2000 and similar estimates were devel­
oped for the other non-OPEC oil-pro-

ducing countries, For the period from 
2000 to 2025 production in the non­
OPEC countries was estimated by the 
methods outlined above. with the fur­
ther assumptions that the R/ P ratio 
would tend to decline toward 10 to 1 and 
that the rate of additions to reserves 
would also decline [see upper illustration 
on page 48]. 

Calculating future OPEC production 
is somewhat more complicated. because 
different countries have very different 
producing capabilities. economic inter­
ests and policies. What is clear is that to 
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achieve the most optimistic oil-produc­
tion profile would require OPEC pro­
duction to reach more than 50 million 
barrels per day before 1995, which may 
not be feasible for technological reasons 
or for reasons of national policy. The 
currently installed "usable capacity" of 
the OPEC countries is about 37 million 
barrels per day, and in many countries 
the expansion of equipment and infra­
structure for producing and transport­
ing oil is unlikely to take place on the 
scale that would be required. The most 
telling influence on OPEC production, 
however, will probably be the insistence 
of particular countries on extending the 
life of their reserves by restricting pro­
duction. Some OPEC governments have 
already suggested specific limits, which 
would hold OPEC production to a level 
some 4. 8 million barrels per day below 
OPEC's usable capacity. Such restric­
tions are most likely to be imposed by 
countries that are "low absorbers" of oil 
revenues-countries, such as Saudi Ara­
bia, Kuwait and Libya, that are earning 
more oil revenue than they can current­
ly apply to domestic needs. On the other 
hand, Venezuela and Ecuador have al­
ready set a ceiling on production to pro­
long the flow of oil revenue, even 
though they are "high absorbers" of 
such income. 

The government-imposed restrictions 
could have a considerable impact on 
potential production rates. For exam-

30,000 FIELDS IN ALL 

100 PERCENT 
OF RESERVES 

pie, the OPEC countries of the Arabian 
Peninsula alone (Saudi Arabia, Kuwait, 
Qatar and the United Arab Emirates) 
have 58 percent of OPEC proven re­
serves. If an RIP ratio of 15 to 1 were 
the only constraint, they could. today 
produce oil at the rate of 17.4 billion 
barrels per year, or 47 million barrels 
per day, which is about equal to the total 
non-Communist output. They already 
have in place a usable capacity of 16.8 
million barrels per day. Yet in 1975 they 
actually produced only 11.3 million bar­
rels per day. And if the restrictions they 
have suggested might be imposed are 
in fact imposed, then their production 
would be held at 12. 8 million barrels per 
day in the future. 

T
aking account of such constraints 
as these, we made three different 

assumptions about ceilings on Arabian 
Peninsula production, ceilings whose ef­
fect would be felt before the 15-to-1 RI 
P ratio is reached. If government lim­
its are set at or near present production 
levels, total Arabian Peninsula output 
would be held to about 13 million bar­
rels per day. If Saudi Arabia allows its 
production to increase to about 15 mil­
lion barrels per day (from some nine 
million barrels in 1977), the Arabian Pe­
ninsula's production would be held to 
20 million barrels per day. If Saudi Ara­
bia allows its production to rise to 20 
million barrels per day, the output of the 

240 FIELDS WITH MORE 
THAN .5 BILLION BARRELS 

• 

peninsula would be held to about 25 
million barrels per day. 

The OPEC countries outside the Ara­
bian Peninsula have a usable capacity of 
20.2 million barrels per day; restrictions 
proposed by three of these countries 
could limit non-Arabian OPEC produc­
tion to .8 million barrels per day less 
than that capacity. Moreover, the re­
serves of some of these countries are 
already being reduced rather rapidly, so 
that any new additions are likely to en­
able them to maintain production at the 
present level rather than to increase it 
significantly. We therefore assumed an 
ultimate limit of 20 million barrels per 
day for OPEC production outside the 
Arabian Peninsula, a limit that takes 
into account both the physical con­
straints imposed by diminishing re­
serves and the formal restrictions that 
may be imposed by governments. 

Adding the non-Arabian 20 million 
barrels per day to the three projected 
Arabian Peninsula limits (13, 20 and 
25 million barrels per day) yields three 
assumed maximum figures for potential 
OPEC production: 33, 40 and 45 mil­
lion barrels per day. In the revised anal­
ysis OPEC production is assumed to rise 
with demand only until it reaches one of 
these three limits, to stay at that level as 
long as the RI P ratio exceeds 15 and 
then to decline as remaining reserves de­
cline [see lower illustration on page 48]. 

By combining the estimated produc-

15 FIELDS WITH MORE 
THAN 10 BILLION BARRELS 

73 PERCENT 
OF RESERVES 

/ 

34 PERCENT 
OF RESERVES 

FOUR LARGEST 
FIELDS 

21 PERCENT 
OF RESERVES 

IMPORTANCE OF LARGE OIL FIELDS is indicated by this illus­
tration, which shows that of the 30,000 fields that have been discov­
ered only 240 contain more than half a billion barrels of recoverable 
reserves but that tbose 240 account for 73 percent of the non-Com-

munist world's known reserves. Only 15 fields contain more than 10 
billion barrels of reserves and those fields account for more than a 
third of the total. The four largest fields, one in Venezuela and three 
in tbe Arabian Peninsula, together contain a fifth of the known reserves. 
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tion of the non-OPEC countries with 
these various assumptions about con­
strained OPEC production we were able 
to develop a new and presumably more 
realistic set of oil-supply curves to set 
against projected demand [see illustra­
tions on page 49]. The impact of the 
OPEC constraints is clear: production 
peaks earlier; the gap between supply 
and demand opens earlier. On the other 
hand. oil that is kept in the ground in the 
1990's helps to maintain reserves and 
can be produced after 2000. making 
the decline in production somewhat less 
precipitous. 

Given the high-growth. high-price 
scenario and the high rate of additions 
to reserves. for example. the 45-million­
barrel OPEC limit moves the peak in the 
oil supply back to 1989 (compared with 
1997 in the unlimited case) and down to 
71 million barrels per day (compared 
with 86 million). but the supply can be 
maintained near 70 million barrels per 
day for some 15 years. With OPEC pro­
duction limited to 33 million barrels per 
day. demand outruns supply as early as 
1981. at only 55 million barrels per day; 
OPEC continues to produce at the 33-
million-barrel level through 2025. how­
ever. so that total supply falls off only 
slowly as non-OPEC production de­
clines. 

With demand set by the low-growth 
scenario and with a low rate of additions 
to reserves. an OPEC production limit 
of 40 million barrels per day ordains a 
peak in supply five years earlier and five 
million barrels per day lower than in the 
unlimited case. but again the supply 
curve is flattened out. If OPEC produc­
tion is limited to 33 million barrels per 
day. total supply is constrained to 55 
million barrels per day in 1983 and falls 
off only with declining non-OPEC pro­
duction until after 2013. when OPEC 
production finally drops below 33 mil­
lion barrels. 

Are these projections too pessimistic? 
I\. Some observers might consider our 
assumptions about gross additions to re­
serves to be conservative. There have 
been optimistic estimates that the entire 
world's ultimately recoverable reserves 
may be as large as three trillion barrels. 
which means some 2.4 trillion barrels in 
the non-Communist areas instead of the 
1.6 trillion we took as our central esti­
mate. One basis for the optimistic fore­
casts is the expectation that new discov­
eries may be larger than we assumed. 
particularly in underdeveloped coun­
tries that have not yet been subjected to 
intensive exploration. The other basis 
is the expectation that major break­
throughs in techniques for secondary 
and tertiary production will make it pos­
sible to recover substantially more oil 
than we assumed. Neither of these possi­
bilities can be ruled out. What. then. if 
one supposes that as much as 30 billion 

1oor----,-----,----,-----,----,-----,----,-----,----,----, 

90�··········· ··-�----r·· ··--�----l 

>- 70 
� 
0 
a: 
UJ 
CL 
en -' 
UJ 
a: 
a: 
� In 
U. 
0 
en 
z 
0 
:J -' 
� 

°1�9�775--1�9�870---1�9�85�--1�9�970---1�9�9�5--�20�0�0---2�0�0�5--�20�1�0--�20�1�5��20�2=0�2=0�2�5 
OIL-SUPPLY PROFILE was developed by applying a reserves-to-production (R / P) ratio of 
15 to 1 to projected figures for recoverable reserves. This is the profile according to the high­
growth, high-energy-price scenario. Assuming a high rate of additions to reserves (which is 
more likely if oil prices are high), production (dark colored curve) fails to meet demand (gray) 
in 1997. Given a lower rate of additions, production (light color) fails to meet demand in 1990. 

100 

90 

80 

>- 70 
� 
0 
a: 
UJ 

60 CL 
en -' 
UJ 
a: 
a: 50 � 
In 
U. 
0 
en 40 z 
0 
:J -' 
� 30 

20 

10 

o 

I , ; 
-.. 

, 

--�� 
J!JJJt..... 

� 

� 
� 

, �",..� 

\ , 

\.. 1\ 
! 

r-··-·b� "-

.--.. 

\ i'-... �",.. 
'" "-

"- � 
"' 

� '" 

, � 
1 r---

, 
....... ".-e--..... ... , _ ..... _ . . .. " .. _._ -

e-- .. -_ .  
! 

I ! 
I 

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 

SIMILAR PROFILE for low-growth, constant-energy-price scenario shows production (dark 
color) failing to meet demand in 1994, given a low rate of additions to reserves (tbe more likely 
situation). If a high rate of additions is assumed, production (light color) would meet demand 
until 2004. Profiles on this page assume that production is not constrained by governments. 
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barrels per year will be added to proven 
reserves between 1975 and 2000 rather 
than 20 billion barrels per year, our high 
estimate? 

If there were no constraints on OPEC 
production, the 30-billion rate would al­
low the oil supply to meet potential de-
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mand (in the high-growth case) until 
sometime between 2005 and 20 10, when 
the limiting R/ P ratio of 15 to 1 would 
be reached and production would peak 
and then decline. As I have shown, how­
ever, the level at which OPEC countries 
are willing to produce oil is more impor-

2000 2005 2010 2015 2020 2025 

NON-OPEC PRODUCTION is separated from that of the Organization of Petroleum Export­
ing Countries (OPEC) in order to consider the effects of government limits, Curves show esti­
mated non-OPEC production to 2000, and projections to 2025 assuming declining additions 
to reserves and declining R / P ratio, for high-growth (color) and low-growth (black) scenarios. 
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(light colored line). For the low-growth scenario and low additions to reserves the curves as­
sume that production is held to 33 million barrels per day (black line), or to 40 million barrels 
(broken black line), or is not constrained (gray). The projections are speculative beyond 2000. 
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tant than the theoretical limit imposed 
by the R/ P ratio. The year in which an 
OPEC limit of. say. 45 million barrels 
per day is reached depends on the level 
of production in non-OPEC countries. 
Even with a discovery rate outside 
OPEC of 15 billion barrels per year 
(half the optimistic 30-billion estimate 
for the yearly addition to reserves) the 
OPEC limit would be reached. and 
would constrain total supply, soon after 
1990. By 2000, with OPEC production 
limited to 45 million barrels per day. 
total production might be between 75 
and 80 million barrels per day. 

This would be less than 10 million 
barrels in excess of the figure for total 
production that we arrived at by assum­
ing a discovery rate of 20 billion barrels 
per year. And it would still be some 15 
million barrels per day below the de­
mand projected for the high-growth sce­
nario. In other words. adopting even the 
most optimistic estimates of additions 
to reserves delays the drop in produc­
tion for only a few years and reduces 
the gap between supply and demand by 
only a few million barrels per day. 

T
he future of the oil supply is un­
certain, to say the least. The con­

clusion is clear, however, that the de­
mand for oil in the year 2000 is unlikely 
to be satisfied by crude oil from conven­
tional sources. Even in the absence of 
government limits on production. sup­
ply will meet demand in 2000 only in the 
case of the most optimistic assumption 
about additions to reserves. A more im­
portant constraint on production than 
the actual size of reserves is likely to be 
the level of production set by producing 
countries that have large reserves and a 
limited need for current oil revenue. 
Limits likely to be set by such members 
of OPEC will probably cause the oil 
supply to peak sometime around 1990 
at the latest; lower limits could bring 
the date into the early 1980·s. 

Although the end of the era of growth 
in oil supply is probably only 15 years 
away at the most. it may be followed by 
10 years or so of fairly constant produc­
tion. giving governments and consumers 
some time in which to make the adjust­
ments that will be necessitated by a real 
decline in the oil supply. If oil is discov­
ered. or recovery techniques are im­
proved. on a scale greater than can now 
be foreseen. the effect would be only to 
delay for a few years-not to obviate­
the necessary transition to other fuels. 
For governments and consumers to al­
low oil consumption to increase in the 
fond hope that more oil will somehow 
turn up is to run the risk that the com­
plex interactions of geology, politics, 
economic growth and prices will instead 
dictate a drop in oil production even 
earlier than we have thought likely, thus 
increasing the difficulty of adjusting to a 
world in which oil is scarce. 
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MORE REALISTIC PROFILES take into account government lim­
its. These curves are for the high-growth, high-price scenario and 
a high rate of additions til reserves. Here non-OPEC production is 
shown combined with OPEC production that is limited to 45 million 
barrels per day (left) and to 33 million barrels per day (right) to give 
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REALISTIC PROFILE for the low-growth, constant-price scenar­
io and a low rate of additions to reserves shows similar effects. With 
OPEC production limited to 40 million barrels per day (left) or to 33 
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total production in the non-Communist areas of the world (heavy 
colored line). In both cases a comparison with the unconstrained total 
(broken colored line) shows that the imposition of government limits 
would cut supply below demand (gray line) sooner (as early as 1981) 
but that the subsequent fall in oil supply would be less precipitate. 
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million barrels per day (right), production fails to meet demand soon­
er than in the unconstrained case, but later production of reserves 
that have been conserved keeps supply fairly steady for some time. 
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Heavy Leptons 

The class of elementary particles of matter that includes 

the electron and the muon has a new member: the tau. It 

may be the first in a sequence of charged hea vy leptons 

by Martin L. Perl and William T. Kirk 

T
he small family of elementary 
particles known as the leptons 
(from the Greek for "light ones") 

can be distinguished from the two other 
major classes of subatomic matter by a 
number of criteria. among which mass is 
perhaps the least important. For exam­
ple. the leptons differ from the generally 
heavier hadrons primarily by being in­
sensitive to the strong nuclear force. the 
dominant short-range force that binds 
together the particles of the atomic nu­
cleus. The leptons share this immunity 
to the strong force with the photon. the 
massless carrier of the electromagnetic 
force. which forms a one-member class 
of its own. Unlike the photon. however. 
both the leptons and the hadrons are ca­
pable of interacting by means of the 
weak nuclear force. the even shorter­
range force responsible for the radioac­
tive decay of nuclear particles. 

One of the most striking things about 
the leptons is that there are so few of 
them. Here again they stand in contrast 
to the hadrons. which have proliferated 
notoriously in recent years. reaching the 
point where they now total several hun­
dred distinct particles. arrayed in vari­
ous subclasses. The most familiar of the 
hadrons are the two main constituents 
of the atomic nucleus. the proton and 
the neutron; one of the latest additions 
to this class is the psi, or 1, particle. dis­
covered in 1974. (Burton Richter of 
Stanford University and Samuel C. C. 
Ting of the Massachusetts Institute of 
Technology shared the 1976 Nobel 
prize for physics for their independent 
discovery of this particle.) The lepton 
family. on the other hand. has for some 
time been thought to consist of only four 
particles (together with their corre­
sponding antiparticles): the electron. 
discovered in the form of cathode rays 
more than 80 years ago; the muon. first 
observed in cosmic-ray showers some 
40 years ago. and two kinds of neutrino. 
one associated with the electron (called 
the electron neutrino) and the other as­
sociated with the muon (the muon neu­
trino). Neutrinos. long suspected on the­
oretical grounds: were detected for the 
first time some 20 years ago. 
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Another sense in which the leptons 
are special has emerged just recently. A 
considerable body of evidence points to 
the conclusion that hadrons are not ele­
mentary particles at all but rather are 
composite structures built up of the sim­
pler constituents termed quarks. Prior 
to the discovery of the psi particle all the 
known hadrons could be accounted for 
by assuming that they represented vari­
ous combinations of three different 
kinds of quark (labeled "up." "down" 
and "strange") and their corresponding 
antiquarks. The main significance of the 
discovery of the psi particle was that it 
provided compelling evidence for the 
existence of a fourth kind of quark. 
which had earlier been named the 
"charmed" quark. According to the re­
vised quark picture. the psi particle is a 
hadron consisting of a charmed quark 
and a charmed antiquark. 

There is no evidence that the leptons 
are anything but pointlike objects. and 
so it seems that they. unlike the hadrons. 
are truly elementary particles. in the tra­
ditional sense of being indivisible. The 
list of the already known particles that 
can still be considered elementary in this 
sense has accordingly become quite 
short: four kinds of quarks (and their 
antiquarks). four kinds of leptons (and 
their antileptons) and the photon (which 
is its own antiparticle). In this context 
the search for additional members of 
the lepton family has acquired new 
meaning. because such particles. if any 
exist. would also be counted among the 
few genuinely fundamental constituents 
of matter. 

During the past few years a group of 
physicists led by one of us (Perl) has 
been conducting just such a search at 
the Stanford Linear Accelerator Center 
(SLAC) as part of a larger experimental 
program carried out jointly by research 
groups from SLAC and from the Uni­
versity of California's Lawrence Berke­
ley Laboratory. We have had at our dis­
posal a potentially powerful tool for 
creating new leptons: the SPEAR elec­
tron-positron storage ring. a device in 
which counterrotating beams of matter 
(electrons) and antimatter (positrons) 

can be made to pass through each other. 
causing occasional high-energy colli­
sions in which the original particles are 
annihilated and. out of the resulting 
flash of energy. new particles are creat­
ed. With this system we have uncovered 
evidence of the existence of a fifth kind 
of lepton. The new particle. which is 
electrically charged (like the electron 
and the muon). is much heavier than any 
of the previously known leptons; in­
deed. it is heavier than some hadrons. 
We shall relate here the story of the dis­
covery of the new heavy lepton and its 
antiparticle. which we have named the 
tau and the antitau. 

How does one go about finding a new 
kind of elementary particle? It 

helps to follow a few guiding principles. 
First. have a clear idea of what you are 
looking for; then you will know when 
you have found it. Second. if the object 
must be made artificially. as we had to 
do in this case. then find a way to make it 
in copious quantities. Third. make sure 
that the new object has some distin­
guishing characteristics that will tell you 
when you have it. 

To get an idea of what we were look­
ing for we took our lead from the known 
properties of the electron and the muon. 
In other words. we decided to look for a 
particle that has an electric charge of 
either - 1 or + 1 and that is acted on by 
both the electromagnetic force and the 
weak force but not by the strong force. 
Two questions followed. First. in our 
search for a new charged lepton what 
mass should we look for? Second. bear­
ing in mind that the electron lasts indefi­
nitely but that the muon decays in about 
two millionths of a second. what should 
we expect the lifetime of the new parti­
cle to be? 

The question of mass was a difficult 
one. because there was (and still is) no 
theory that accounts either for the ob­
served masses of the muon and the elec­
tron or for the ratio of their masses (ap­
proximately 200 to 1). All that was 
known as of four years ago was that 
some experiments carried out at the 
ADONE electron-positron colliding-
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ELECTRON-POSITRON STORAGE RING at the Stanford Lin­
ear Accelerator Center (SLAC) is seen from directly overhead in this 
aerial photograph of the SLAC experimental area. The buildings in 
the photograph are arrayed in a roughly fan-shaped pattern that ra­
diates from the high-energy end of the two-mile linear particle accel­
erator, located just out of the picture to the right. The SPEAR collid­
ing-beam storage ring, which was used to create the new heavy lep­
tons described in this article, is the oval structure near the bottom. 

Electrons and positrons generated by the linear accelerator are inject­
ed into the SPEAR device through the two tangential arms. The two 
buildings athwart the straight sections of the ring house the inter­
action regions, where the two counterrotating beams are made to pass 
through each other, causing the matter-antimatter collisions that lead 
to the creation of new particles. The charged-particle detector shown 
in the diagram on page 53 is housed in the larger of the two inter­
action buildings. The storage ring itself is about 80 meters across. 
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PARTICLE' MASS 

ELECTRON (e-) .51 MeV 

ELECTRON NEUTRINO ( "e) 0 

MUON (Ie) 1 06 MeV 

MUON NEUTRINO (",,) 0 

1,800 TO 
TAU (T ) 1.900 MeV 

LESS THAN 
TAU NEUTRINO (I',) 600 MeV 

(MAY BE 0) 

LIFETIME 

STABLE 

STABLE 

2.2 x 1 0-6 
SECOND 

STABLE 

LESS THAN 
5 x 10 12 
SECOND 

NOT KNOWN 
(MAY BE 
STABLE) 

ANTIPARTICLE 

POSITRON (e+) 

ELECTRON ANTINEUTRINO (ve) 

ANTI MUON (1-'+) 

MUON ANTINEUTRINO (v,,) 

ANTITAU (T ) 

TAU ANTINEUTRINO (1),) 

LEPTON F AMIL Y has until recently been thought to consist of just four weakly interacting 
particles (and their corresponding antiparticles): the electron, the muon and two kinds of neu­
trino. The mass of the newly discovered charged heavy lepton, the tau, and its antiparticle, the 
antitau (given here in Me V, or millions of electron volts), is approximately 4,000 times the 
mass of the electron and 20 times the mass of the muon. The significance of this mass ratio 
is not known. Muons decay abruptly into electrons through the weak interaction. Taus de­
cay even more quickly into electrons, muons or other particles, also through the weak inter­
action. Not all the theoretically possible decays of the tau and the antitau have been observed. 

beam facility in Italy had set a lower 
limit of about 1.000 million electron 
volts (MeV) on the mass of any new 
charged lepton: an energy equivalent to 
roughly 10 times the mass of the muon 
and 2,000 times the mass of the electron. 
Our group at SLAC, however, had no 
idea whether the mass of a new charged 
lepton, if one existed, would be within 
reach of our experimental equipment. 
which could detect particles with a mass 
as high as 3,500 MeV. 

The question of the lifetime of the hy­
pothetical particle, it turned out. had 
a better theoretical answer: less than a 
hundred-billionth of a second for any 
charged lepton with a mass greater than 
1,000 MeV. The lightest charged lepton. 
the electron, is stable simply because 
there is no lighter charged particle into 
which it can decay. The muon is un­
stable because it can decay into an 
electron. The muon-to-electron decay 
does not take place in the simplest con­
ceivable way. however. which would be 
for the muon to change spontaneously 
into an electron and a photon through 
the electromagnetic interaction, even 
though more than enough energy would 
be released in the process to prod uce a 
photon. Instead the muon is observed to 
decay through the weak interaction into 
three particles: an electron, an electron 
antineutrino and a muon neutrino. 

Physicists explain this odd behavior 
by invoking an empirical rule whose ba­
sic significance remains unclear. They 
ascribe to the electron and the muon 
separate intrinsic properties, which we 
shall refer to here as "electronlikeness" 
and "muonlikeness." and they postulate 
that each of these properties is exhibited 
by a group of four related particles. 
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Thus the electron, the electron neutrino, 
the antielectron (or positron) and the 
electron antineutrino are all said to ex­
hibit the property of electron likeness (or 
antielectronlikeness in the case of the 
antiparticles), whereas the muon, the 
muon neutrino, the antimuon and the 
muon antineutrino all exhibit muonlike­
ness (or antimuonlikeness). The rule 
then states simply that in any particle 
interaction or decay process involving 
leptons the properties of electronlike­
ness and muonlikeness must be sepa­
rately conserved. 

It follows that the simple electromag­
netic decay of a muon into an electron 
and a photon is not possible because in 
the process the muonlikeness of the 
muon would have to change into the 
electronlikeness of the electron. The 
more complicated weak decay of the 
muon into an electron, an electron anti­
neutrino and a muon neutrino does oc­
cur. because the muon neutrino pre­
serves the m uonlikeness of the muon. 
whereas the electronlikeness of the elec­
tron is exactly canceled by the antielec­
tronlikeness of the electron antineutri­
no. (In actual practice particle physicists 
employ the terms electron lepton num­
ber and muon lepton number to denote 
the properties of electronlikeness and 
muonlikeness. and the rule in question is 
called the conservation of lepton num­
ber: in our view, however, these formal 
terms tend to obscure the fundamental 
mystery of the separate uniq ue proper­
ties of the electron and the muon.) 

In any event we had to decide on some 
comparable property for the hypotheti­
cal charged heavy lepton we were look­
ing for. One possibility was to assign an 
electron lepton number (or electronlike-

ness) to the new lepton. thereby allow­
ing it to decay electromagnetically into 
an electron and a photon. A more in­
triguing possibility was to assume that 
the new lepton-antilepton pair came 
with their own separate lepton number 
and their own associated neutrino-anti­
neutrino pair. According to this view. 
the electron and the muon might be just 
the beginning of a sequence of charged 
leptons. each with its own unique "like­
ness." The general name adopted for 
these highly speculative particles at the 
time was sequential charged heavy lep­
tons, with the "heavy" indicating that 
their masses would be greater than that 
of the electron or the muon. Soon after 
the first fragmentary evidence for such a 
particle was obtained. we began to use 
the symbol U (for "unknown" particle). 
but now that we have substantial evi­
dence for its existence we call it tau. af­
ter the first letter of the Greek word 
TpLTOV. meaning "third." The name is 
meant to indicate that the tau is the third 
charged lepton in the sequence begin­
ning with the electron and the muon. 

As we have noted. an effective search 
fl for a new elementary particle re­
quires some idea of its properties. a 
method for producing the particle in 
sufficient quantities and a means of dis­
tinguishing the new particle from the 
particles already known, Experiments 
utilizing the SPEAR electron-positron 
storage ring at SLAC can satisfy both 
of the last two requirements. This ma­
chine. which began operating in 1972. 
consists of about 100 magnets in a ring­
shaped array some 80 meters in diame­
ter. The electron and positron beams for 
SPEAR, which are generated by the 
SLAC two-mile linear accelerator. are 
injected into the storage ring during a 
"filling time" of anywhere from 10 to 30 
minutes. The beams circulate in a vacu­
um chamber that passes through the 
ring of magnets, and the deflection and 
focusing provided by the magnets hold 
the beams in stable orbits for periods of 
several hours. The circulating beams do 
not encounter each other except at two 
points on opposite sides of the ring. 
where they are made to pass through 
two interaction regions. In order to max­
imize the chance of collisions each beam 
contains about 100 billion particles in 
a single tightly packed "bunch" that is 
only a few centimeters long. Although 
each bunch makes a complete trip 
around the ring more than a million 
times a second, the chance that a parti­
cle in one beam will make a direct hit on 
a particle in the other beam is so remote 
that such a collision typically happens 
only once every few seconds. 

In order to study all the particles that 
might be produced in a single electron­
positron annihilation two groups of 
physicists from SLAC joined forces sev­
eral years ago with two groups from the 
Lawrence Berkeley Laboratory to build 
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a general-purpose particle detector to 
surround one of the interaction regions 
of the SPEAR device. The detector has 
a cylindrical central section contain­
ing four concentric spark chambers im­
mersed in a strong magnetic field. Sur­
rounding the spark chambers is a sys­
tem of scintillation counters for detect­
ing charged particles. Whenever two 

or more charged particles are detected 
by the counters. the inner spark cham­
bers are actuated and the paths of the 
charged particles are recorded with the 
aid of a computer on magnetic tape. The 
computer can then reconstruct the paths 
of the particles. yielding a diagrammatic 
"picture" of the event. 

ers is the aluminum magnet coil. fol­
lowed by another cylindrical system of 
counters for detecting electromagnetic 
showers. These counters can distinguish 
electrons or positrons. which generate 
large showers. from hadrons or muons. 
which produce smaller showers. Out­
side all this hardware is an octagonal set 
of iron plates at least eight inches thick Outward from the scintillation count-

CYLINDRICAL 
SPARK CHAMBERS 

FLAT SPARK 
CHAMBERS FOR 
DETECTING 
MUONS 

SCINTILLATION 

COUNTERS 

FOR TRIGGERING 
SPARK CHAMBERS 

ONE METER 

GENERAL-PURPOSE PARTICLE DETECTOR surrounding one 
of tbe interaction regions of tbe SPEAR electron-positron storage 
ring is viewed bere in cross section, witb tbe trajectories of tbe collid­
ing beams at rigbt angles to tbe plane of tbe diagram and tbe collision 
point in tbe plane of tbe diagram at tbe center (colored dot). Tbe cylin­
drical inner part of tbe detector contains four concentric spark cbam­
bers, eacb consisting of four layers of closely spaced wires (black dots). 
In tbe actual device tbere are some 100,000 sucb wires, strung about 
a millimeter apart. Wben tbe detector is in operation, a bigb voltage 
is applied across pairs of adjacent wire layers, and spark discbarges 
(colored dashes) mark tbe ionization trails of cbarged particles passing 
througb tbe inert gas tbat fills tbe cbambers. Outside tbe spark cbam­
bers are two systems of cbarged-particle counters, separated by an 

LEAD SCINTILLATOR 
COUNTERS 
FOR DETECTING 
ELECTROMAGNETIC 

SHOWERS 

IRON PLATES 

aluminum magnet coil. Wbenever tbe inner system of scintillation 
counters detects tbe passage of two or more cbarged particles, tbe cy­
lindrical spark cbambers are actuated and tbe patbs of tbe particles 
are recorded. (Tbe patbs are bent sligbtly by tbe magnetic field; tbe 
amount of bending indicates tbe particle's momentum.) Tbe outer 
system of lead scintillator counters registers tbe distinctive electro­
magnetic sbowers generated by different types of particles. Enclosing 
all tbis equipment is an octagonal set of tbick iron plates. Of all tbe 
cbarged particles tbat can be produced in tbe electron-positron col­
lisions at tbe center of tbe detector tbe only ones tbat can penetrate 
tbe iron and be detected in tbe outermost system of flat spark cbam­
bers are tbe muons. An interpretation of tbe "electron-muon" event 
sbown in color bere is given in the bottom illustration on page 55. 
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SIMPLIFIED DIAGRAMS of four possible outcomes of the mutual 
annihilation of an electron and a positron were drawn with the aid of 
a computer-assisted display system connected to the charged-particle 
detector at the Stanford colliding-beam facility. In representations of 
this kind electric discharges caused by the passage of charged par­
ticles through either the inner cylindrical spark chambers or the outer 
flat ones are symbolized by small black crosses. Only those counters 
that have detected particles are shown; the small rectangles are the 
inner "trigger" counters, and the larger, flatter rectangles are the out-

er electromagnetic-shower counters. The octagonal outline indicates 
the outer surface of the iron plates. The colored lines connecting the 
detection signals are bent into circular arcs by the strong magnetic 
field inside the magnet coil, but they are straight outside the coil. The 
first picture at the left shows a typical electron-positron event, in 
which the original electron-positron pair disappear and, out of the 
resulting energy, a new electron-positron pair emerge back to hack, 
each with half of the total energy of the colliding particles. (On emerg­
ing from the collision point negatively charged particles curve right 

and then more spark chambers. In gen­
eral hadrons cannot penetrate the iron 
plates because they interact with the 
iron nuclei through the strong force. 
Electrons and positrons are also un­
able to penetrate the iron because they 
have already lost most of their energy 
through the production of large electro­
magnetic showers. Muons, however. do 
penetrate the iron and are detected in 
the outer spark chambers. Hence the de­
tector can not only measure the direc­
tion and the momentum of the newly 
created particles but also separately 
identify hadrons, electrons and muons. 
It Was its ability to distinguish these dif­
ferent kinds of particles that enabled us 
to find the tau-antitau pair. 

The SPEAR ring can be adjusted to 
store beams of electrons and positrons 
with an energy of up to four billion elec­
tron volts (GeV) in each beam. Since the 
collisions that occur are between matter 
and antimatter, a possible outcome of 
such a collision is what is called an anni­
hilation reaction. The reaction actually 
takes place in two steps. First the collid­
ing electron and positron disappear, and 
in so doing they create the short-lived 
state of pure electromagnetic energy 
called a virtual photon. Then after an 
immeasurably brief time (10-25 second) 
the virtual photon rematerializes into 
any one of a very large number of possi­
ble combinations of new particles. Some 
of the possible outcomes are the re-cre­
ation of an electron-positron pair, the 
creation of a muon-antimuon pair, the 
creation of a hadron-antihadron pair 
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(for instance a proton and an antipro­
ton) or the creation of a large number of 
hadrons. What we proposed to do was to 
use the same method to produce a heavy 
lepton-antilepton pair. 

I f such pairs of new heavy leptons were 
actually being created in the elec­

tron-positron collisions at SPEAR. how 
would we be able to recognize them? 
Our earlier estimate of the tau's life­
time-less than a hundred-billionth of a 
second-meant that a newly created tau 
particle would travel less than a centi­
meter from its point of creation to the 
point where it decays, even if its velocity 
were roughly equal to that of light (30 
billion centimeters per second). This 
path is too short to be directly detected 
by our experimental apparatus, and so 
we had to look for a way to recognize 
tau particles indirectly by identifying 
some distinctive pattern that appears 
when they decay. 

Our decision to attribute a unique lep­
ton number, or "taulikeness," to the tau 
and its neutrinos meant that we did not 
expect the tau to decay electromagneti­
cally into either an electron or a muon 
with the accompanying emission of a 
photon. Instead we assumed that the 
tau, like the muon, would decay through 
the weak interaction and that several 
different decay modes would be possible 
for the tau because of its large mass. We 
selected two of these· possible weak-de­
cay modes for special attention. 

In the first decay mode the tau decays 
into a tau neutrino, a muon and a muon 

antineutrino. and in the inverse process 
the antitau decays into a tau antineutri­
no, an antirnuon and a muon neutrino. 
In the second decay mode the tau decays 
into a tau neutrino, an electron and an 
electron antineutrino, and the antitau 
decays into a tau antineutrino, a posi­
tron and an electron neutrino. 

These two decay modes were picked 
because they were expected to occur fre­
quently. More important, the seeming­
ly complex decay process!;s described 
above are really very simple when they 
are viewed in the context of the actual 
experiment. The reason is that all the 
neutrinos and antineutrinos produced in 
the decay processes are such elusive par­
ticles that the experimental apparatus 
simply does not "see" them at all. Thus 
what the apparatus actually records in 
each case is merely the tracks of two 
charged particles: either an electron and 
an antimuon, or a positron and a muon. 

This final outcome has a distinctive 
experimental "signature" for two rea­
sons. First, the appearance of an elec­
tron and a muon (or their antiparticles) 
in the final state seems to violate the 
principle of the conservation of lepton 
num.ber; the rule is not really violated, 
however, because the undetected neutri­
nos make up the balance. Second, there 
is a lot of missing energy, but that of 
course is also accounted for by the un­
seen neutrinos. 

We first began to find evidence of such 
electron-muon events in 1974. In a sam­
ple of 10,000 events of all types we iden­
tified 24 as electron-muon events. AI-
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and positively charged particles curve left in the perpendicular mag­
netic field; hence the particle track in the eight-o'clock position is 
that of the electron, whereas the one in the two-o'clock position is 
that of the positron.) The second diagram shows a muon-muon event, 
in which the newly created particles are a negative muon (in the half 
past seven position) and a positive antimuon (in the half past one posi­
tion). Unlike the electron and the positron, which lose most of their 
energy in generating electromagnetic showers and so cannot pene­
trate the iron plates, the muons pass freely through the iron and are 

detected in the outermost spark chambers. In the third diagram the 
original electron and positron annihilate each other to form a pair of 
hadrons, in this case a proton and an antiproton. Iu the fourth dia­
gram the tracks of four hadrons are seen in the detector: two charged 
pions and two charged kaons. A fifth particle, a neutral pion, is also 
produced in this annihilation reaction, but since it is uncharged it can­
not be detected directly. None of the hadrons are capable of penetrat­
ing the iron plates. The formulas with the pictures describe interac­
tions in a shorthand notation com?,only used by particle physicists. 

though the number of such events was 
low. we were encouraged. because if the 
events were real. it meant that the mass 
of the tau was within the energy range of 
the SPEAR system. 

At that early stage. however. we had 
to maintain a skeptical attitude. because 
with just 24 events there were various 

ways we could be wrong. First of all. our 
detector was far from perfect in iden­
tifying electrons and muons. Indeed. 
about 20 percent of the time it misiden­
tified a hadron as either an electron or a 
muon. A careful study of the problem 
indicated. however. that only five or six 
of the 24 events could possibly be attrib-

uted to a misidentified hadron among 
the decay products. 

A second reason for skepticism was 
the fact that although we might have 
found a new particle. it might actually 
be a new hadron rather than a new lep­
ton. As it happened there was at that 
time a prime candidate for such a new 

TYPICAL ELECTRON-MUON EVENT observed recently in the 
charged-particle detector at SPEAR is shown in the diagram at the 
left. The telltale "signature" of such an event is the detection of one 
particle that traverses the iron plates (the muon) and another that 
does not (the electron). The event is interpreted in the greatly en­
larged view at the right in terms of the hypothesis that the electron 

/ 
/ 

/ 

and the muon come from the weak decay of a tau-antitau pair. The 
creation and decay of the heavy leptons happen within a few milli­
meters of the center of the detector and hence cannot be seen directly. 
Each tau particle decays into one charged particle and a pair of neu­
trinos; only the charged particles, in this case a negatively charged 
electron and a positively charged muon (or antimuon), are detected. 
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hadron: the charmed hadron called the 
D meson, which had not yet been dis­
covered. It was conceivable that the 
electron-muon events might be coming 
from the prod uction and decay of D me­
sons, accompanied by neutrinos and 
neutral K mesons. The neutral K meson 
is peculiar in that half of the time it de­
cays so slowly that it would have es­
caped from our detector before the de­
cay took place. In that case. if both of 
the neutral K mesons happened to es­
cape. one would see only the electron 
and the muon in the detector and one 
might then be misled into thinking that 
the decay of a tau-antitau pair had actu­
ally been observed. As we accumulated 
more electron-muon events, however. 
particularly at higher energies. our col­
league Gary J. Feldman was able to 
demonstrate that most of the electron­
muon events could not have come from 
the production of D-meson pairs. be­
cause there were too few cases in which 
we observed both the electron-muon 
signal and the expected decay products 
of the neutral K mesons. 

In the two years following our initial 
discovery we continued to collect 

more electron-muon events (we now 
have about 200) and to look for other 
ways of testing our data. One important 
test was to see whether the energy distri­
bution of the electron and the muon was 
what one would expect from the weak 
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decay of a heavy lepton into three parti­
cles. We found that the data did fit the 
three-body hypothesis well but that it 
did not fit the alternative two-body hy­
pothesis [see illustration below]. 

In another test we considered other 
possible decay modes of the tau-antitau 
pair. If. for example, one of the tau par­
ticles were to decay into a meson (me­
sons are a subclass of the hadrons) and 
the other were to decay into a muon. 
then one would expect to see distinctive 
muon-meson events. Such events would 
be distinctive because. like the electron­
muon events, they would seem to vio­
late the principle of the conservation of 
lepton number. A group of physicists 
from the University of Maryland. the 
University of Pavia and Princeton Uni­
versity found a few such muon-meson 
events in an experiment at SPEAR, and 
later our Stanford-Berkeley group was 
able to collect about 100 similar events. 

Certain other links remained to be 
closed in the chain of evidence. The 
German Electron Synchrotron Labora­
tory in Hamburg has an electron-posi­
tron storage ring called DORIS. which 
has a particle-producing capability simi­
lar to SPEAR's. If tau particles were be­
ing created in the Stanford device. they 
should also be created in the Hamburg 
one. For a year or so there were no re­
ports of heavy leptons being found at 
DORIS. but then a group at the Ham­
burg facility began to observe electron-

----- ..... 
--
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OBSERVED MOMENTUM OF PARTICLES AS FRACTION OF MAXIMUM 

POSSIBLE MOMENTUM ABOVE 650 MeV (PERCENT) 

EVIDENCE in support of the conclusion that the newly discovered elementary particle is in­
deed a lepton and not some novel kind of hadron is presented in this graph of the energy dis­
tribution of the particles observed emerging from the distinctive electron-muon events. Only 
events in which the momentum of both the electron and the muon were above a certain value 
(650 MeV) were considered. Assuming that the tau is a heavy lepton that decays weakly into 
three particles (either an electron and two neutrinos or a muon and two neutrinos), the data 
would be expected to follow the solid colored curve. If the tau were another kind of particle that 
decays into an electron or a muon, in either case accompanied by a single undetected neutral 
particle, then the data would follow the broken colored curve. The observed energy distribution 
is consistent with the three-body hypothesis and not with the alternative two-body hypothesis. 
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muon events and later muon-meson 
events; in both cases they had the char­
acteristics expected for the tau-antitau 
pair. Additional confirmation was pro­
vided when another group at DORIS 
discovered a number of electron-meson 
events. which are analogous to the 
muon-meson events. 

At an international meeting on the 
physics of leptons and photons held last 
August in Hamburg five experimental 
groups working at SPEAR and two 
groups working at DORIS reported the 
results of their independent searches for 
heavy-lepton production in electron­
positron annihilation. All the groups 
agreed on the following points: (1) that 
they had evidence for a new particle. (2) 
that the new particle was not a charmed 
hadron, (3) that the mass of the new par­
ticle was between 1.800 and 1.900 MeV 
(close to 20 times the muon's mass and 
4.000 times the electron's) and (4) that 
all the measured properties of the new 
particle were consistent with the prop­
erties one would expect for a heavy 
charged lepton. 

One way of showing that the new par­
ticle is a lepton and not a hadron is to 
measure its rate of production as a func­
tion of the total energy of the electron­
positron collision. From studies of the 
prod uction of pairs of hadrons it is 
known that when the total energy of the 
system is raised above a certain thresh­
old energy. the production rate first in­
creases for a time and then begins to 
decrease rapidly. The rapid decrease en­
sues because when there is too much en­
ergy available. the hadrons. which are 
composite particles. cannot hold togeth­
er. Instead of a pair of hadrons many 
hadrons are produced. In contrast. since 
leptons are pointlike particles that do 
not break up. one would expect the pro­
duction rate of leptons to rise rapidly 
from the threshold energy. reach a max­
imum and then decrease rather slowly 
as the energy is increased. Using the 
electron-muon events as a measure of 
the production rate of tau-antitau pairs. 
we have determined that the production 
rate of the new particles changes with 
increasing energy in the manner predict­
ed for lepton pairs and not in the manner 
predicted for hadron pairs [see illustra­
tion on opposite page]. 

Although all the experiments to date 
agree that there is a new heavy lepton. 
there is still much we do not know about 
it. For example. the existing data are 
consistent with the idea that the tau is 
not affected by the strong force. but this 
insensitivity has not been tested as thor­
oughly for the tau as it has been for the 
electron and the muon. In addition 
many of the elementary particles. in­
cluding the leptons. are in a state of per­
petual rotation about their own axes. 
like spinning tops. but it has not yet been 
established that the tau has the same 
spin characteristics as the electron and 
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the muon. We also do not know yet 
whether the tau is the sequential heavy 
lepton we initially set out to find. In oth­
er words, does the tau have its own 
unique tau lepton number, or taulike­
ness, or is it an entirely new kind of lep­
ton with even more peculiar properties? 

Experiments at other laboratories 
based on the interactions of muon neu­
trinos do not seem to have created any 
tau particles; hence it is unlikely that the 
tau is muonlike. Nevertheless. there re­
mains the possibility that it is electron­
like. (If it is, however, there must be a 
rather special and complicated mecha­
nism at work to suppress the expected 
electromagnetic decay of the tau into an 
electron and a photon.) Furthermore, 
not all the possible decay modes of the 
tau have been observed. and it is only 
through knowing the full set of decay 
modes that one can know just what kind 
of lepton the tau is. 

Another area that will require further 
experimental and theoretical study is 
the question of why the mass of the 
tau (between 1,800 and 1,900 MeV) is 
so close to the estimated mass of the 
charmed D meson ( 1.865 MeV), partic­
ularly when there is strong evidence that 
the tau is itself not a charmed hadron. 
As it happens, there is another such puz­
zling correspondence in particle phys­
ics: the mass of the muon ( 106 MeV) is 
quite close to the mass of the pi meson, 
or pion ( 140 MeV). Are these merely 
chance coincidences or is there some un­
known relation between the masses of 
the leptons and the hadrons? 

There are other questions. For exam­
ple, what determines the masses of 

the leptons? It is hard to make sense of 
the observed mass seq uence of the elec­
tron. the muon and the tau: .5 1, 106 and 
1.800 to 1,900 MeV. The numbers in­
crease too quickly to be an arithmetic 
series and too slowly to be a geometric 
series. Of course. given only three 
points, there are many empirical formu­
las that could be found to fit the se­
quence, but none of them would be 
based on a fundamental understanding 
of the leptons. since no one knows what 
accounts for the individual masses of 
the leptons. 

And what is one to make of the prop­
erties electronlike, muonlike and tau­
like? Perhaps there is nothing further to 
understand about these properties. Just 
as physicists have come to accept elec­
tric charge as a fundamental property of 
particles for which they have no deep 
understanding, so too they may simply 
have to accept the unique lepton proper­
ties electronlike. muonlike and taulike. 
It is still not known why the total electric 
charge is conserved in all particle inter­
actions; perhaps it is not possible to 
know why the total lepton numbers are 
conserved in all lepton reactions. 

Answers may nonetheless be in the 
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FURTHER EVIDENCE that the tau is a lepton and not a hadron is presented in this graph, in 
which the rate of production of the new particle is plotted as a function of the total energy re­
leased in the electron-positron collision. If the new particles were hadrons, then as the total 
energy of the system is raised above a certain threshold energy their production rate would be 
expected to first increase for a time and thereafter decrease rapidly (broken colored curve). If 
the tau particles were leptons, however, their production rate would rise rapidly from thresh­
old energy, reach a maximum and then decrease slowly as the energy is increased (solid col­
ored curves). Again the data are consistent with the heavy-lepton hypothesis and not with the 
alternative hypothesis. The dark colored curve is based on the assumption that the mass of the 
new lepton is 1,900 MeV; the light colored curve is based on the assumption that the mass of the 
new lepton is 1,800 MeV. The data suggest that the actual mass lies between the two values. 

offing. Two new high-energy electron­
positron colliding-beam accelerators are 
now under construction: the PEP ma­
chine at SLAC and the PETRA ma­
chine in Hamburg. Both devices will 
achieve an energy of 18,000 MeV or 
more per beam, which means that the 
search for additional charged leptons 
can be extended up to masses perhaps 
five times greater than the present upper 
limit of about 3,500 MeV. Most of the 
experiments being planned for PEP and 
PETRA include in their design ways to 
search for new heavy leptons. usually 
by looking for electron-m uon events. 
Whether or not new leptons are found it 
is certain that the search will be more 
difficult. if only because the electron­
muon events from the decay of the tau 
particles will be an annoying back­
ground. Experimenters will have to dis­
tinguish new and interesting electron­
muon events from old and uninteresting 
ones resulting from the tau-antitau de­
cay. On the other hand, the electron­
muon events from the taus will be help­
ful in checking out the new devices. 

Finally. there is a deeper question for 
which no answer exists at present. What 
is the relation between the two multi­
member classes of particles that now 
seem truly elementary, the leptons and 
the quarks? Before the discovery of the 
tau particles there were only four known 
types of lepton and four known types of 

quark (counting each particle and its an­
tiparticle as one type). There was a nice 
symmetry here, and certain theories re­
lating the leptons and the quarks made 
use of it. With the discovery of the new 
heavy lepton, however, the symmetry is 
destroyed; there are now more known 
leptons than there are known quarks. 
two more if the tau is sequential with its 
own tau neutrino. 

Meanwhile, however. a group of 
physicists at the Fermi National Accel­
erator Laboratory (Fermilab) has re­
cently reported evidence of the possible 
existence of a new. fifth kind of quark. 
Thus the number of quarks may also be 
increasing. Some theories preserve the 
symmetry between the leptons and the 
quarks, others forgo the need for such a 
symmetry, but almost all provide for the 
possibility of additional quarks and lep­
tons. This apparent proliferation in the 
types of leptons and quarks, although 
still a matter of speculation. is some­
what alarming. In many ways it would 
be preferable if the truly elementary 
particles could remain as few in number 
as they were in the pre-tau days, or bet­
ter yet in the pre-tau and pre-charmed­
quark days. One cannot, however, dic­
tate to nature what the fundamental 
constituents of matter should be. One 
can only hope to be up to the task of 
finding the constituents and understand­
ing them. 
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The Electronic Telephone 
One of the few components of the telephone system that has been 
little touched by the revolution in electronics is the instrument 
itself A telephone based on integrated circuits is in the offing 

Anyone who has used a push-button .n. telephone and heard the electron-
ic tones it generates might sup­

pose the revolution in electronics had 
encompassed the telephone long ago. 
Such is not the case. The telephone of 
today works according to electrome­
chanical principles that were developed 
even before the telephone was invented. 
Although many components of the tele­
phone system have been transformed by 
the developments of recent years in inte­
grated circuitry, the instrument itself 
has been left behind. As an engineer 
who has worked to develop an electron­
ic telephone, I believe I know the rea­
sons for this state of affairs. I can also 
say with confidence that the electronic 
telephone will be commonplace within 
a few years and that it will offer sub­
stantial improvements over the service 
available today. 

If technological advances alone were 
the controlling factor. the electronic tel­
ephone would have been in service some 
years ago. As will become apparent 
from what follows, the tardiness of its 
arrival is explained by a complicated 
mixture of the evolutionary require­
ments of the telephone system, econom­
ic factors and certain human reactions. 
When the electronic telephone does ar­
rive on the scene. it will provide a quali­
ty of sound equivalent to what one hears 
with today's high-fidelity entertainment 
systems, it will make possible radical 
changes in the physical form of tele­
phones and it will offer the user a variety 
of conveniences that will add a new di­
mension to the service itself. 

Let me set the stage by reviewing 
the basic principles of the modern tele­
phone system and describing the way it 
evolved. Then the place of the advanced 
electronic telephone set will become ap­
parent. 

The major objective in telephony is to 
provide voice communication over 

large distances. The traditional ap­
proach has been to convert the sound 
waves of the user's speech into electrical 
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energy that can be transmitted efficient­
ly over wires. The electrical waves, 
which ideally are identical in both form 
and frequency with the original sound 
waves, enter the receiver in the earpiece 
of the listener's set and then are con­
verted back to sound waves correspond­
ing more or less to the original speech 
pattern. 

In addition to enabling the user to talk 
and listen the telephone set must be able 
to both select any other set in the system 
for a connection and indicate to him 
when it is in use. No telephone can per­
form these functions without assistance 
from an interconnection system. Each 
set in a given geographical area is con­
nected (by way of a pair of copper wires 
called the loop) to a central office that 
is a switching center. Telephone calls 
within the area are routed through that 
office; calls to numbers outside the area 
are routed to other offices through inter­
office trunk lines. 

Picture a user's initiating a telephone 
call. He lifts the handset of his telephone 
(set A), whereupon the central office re­
turns a dial tone to let him know that a 
line is available. He then dials a number 
(the number of set B); the central office 
selects the correct pair of wires and 
sends a ringing signal to set B. If some­
one answers set B by lifting the hand­
set, the central office connects A and B. 
Communication is thereby established. 
The central office also senses the termi­
nation of the call and releases the lines 
for other calls. When a long-distance 
call is made, the central office automati­
cally records the information needed for 
billing. The sections of the central office 
that perform these various functions are 
termed supervisory circuits. 

In North America the basic rotary­
dial telephone (known as the 500 set in a 
series of models tha t began in the 1920' s 
with the 200 set) represents the starting 
and finishing point of the voice-commu­
nication network. Some 160 million of 
the sets are in service in North America. 
A typical instrument consists of a hand­
set. containing a transmitter and a re-

ceiver. that is connected to the base with 
an extendable cord holding four con­
ductors. The base houses a transformer 
system designed to separate outgoing 
and incoming speech signals. a switch 
for connecting and disconnecting the 
telephone and the loop. a dial pulser to 
signal the required numbers to the cen­
tral office and a bell to signal an incom­
ing call to the subscriber. 

The transmitter is a microphone con­
trolled by the sound it receives. It oper­
ates on the principle that the vibration 
of a diaphragm can vary the strength of 
an externally supplied electric current. 
It does so by changing the resistance of a 
small enclosure. the "carbon button." 
that is filled with granules of carbon. As 
the diaphragm is displaced. the plung­
er attached to it varies the pressure ap­
plied to the granules. so that the total 
resistance across the button changes 
by amounts approximately equal to the 
variations in the incident sound. If a 
voltage is applied to the carbon button 
in order to generate a steady electric 
current. sound waves incident on the 
diaphragm will result in a mod ulation of 
the current. 

(The power for the telephone set is 
provided by a central-office battery sys­
tem supported by auxiliary generators. 
That is why telephone service is usually 
maintained when the supply of electric 
power for other devices is interrupted.) 

The receiver in the earpiece contains 
a diaphragm and a permanent magnet 
that has a coil wound around it. The 
incoming electric signal is applied to the 
winding of the coil. thereby causing a 
perturbation of the permanent magnetic 
field. The perturbation vibrates the dia­
phragm. which generates sound waves 
corresponding to the original speech 
pattern. 

The transmitter and receiver connect 
with the loop through a speech circuit. 
which is often referred to as a "two-wire. 
four-wire" network because the four 
wires from the handset are reduced to 
two at the connection with the loop. The 
primary function of the speech circuit is 
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to separate the circuits for talking and 
listening in order to limit the amount of 
the talker's signal (the side tone) in his 
own receiver. The amount of side tone is 
important from the viewpoint of human 
reactions. Too much side tone tires the 
ear and causes the talker to lower his 
voice, which reduces the volume of the 
sound reaching the listener. It also re­
produces room noise in the listener's re­
ceiver and so degrades the intelligibility 
of the incoming speech. Too little side 
tone gives the telephone an unnatural 
"dead" sound and tends to cause the 
user to talk too loudly. 

Another factor that must be taken into 
I\. account is the location of the tele­
phone with respect to the central office. 
The distance between the two can vary 
from a few feet to a few miles. The effec­
tive resistance of the copper-wire loop 
increases in proportion to its length, 
thereby attenuating the signals on the 
line. An additional problem is that the 
efficiency of the carbon transmitter 
drops as the current feeding it is reduced 
by the increased resistance on the line. 

The standard telephone set has been 
designed to compensate for these losses 
in some measure. The compensation is 
termed equalization and is achieved by 
adding two varistors, or variable resis­
tors, to the speech network. They offer a 
high resistance to low values of direct 
current and vice versa. The direct-cur­
rent voltage from the central office is 
constant. The role of the varistors is to 
compensate for the fact that in short 
loops the current is relatively high, tend­
ing to make voices too loud, and that in 
long loops the current is relatively low, 
tending to force talkers to raise their 
voice. 

The bell ringer of a telephone is a 
conventional electromechanical make­
and-break circuit that drives a clap­
per against two bells. The hook switch 
serves to disconnect the voice network 
and the dial circuits when the set is not in 
use. It is held open by the weight of the 
handset resting in the cradle. When the 
handset is lifted, the speech network is 
connected to the loop, causing a direct 
current to flow. The current actuates a 
relay in the central office, and the relay 
connects the loop to the supervisory cir­
cuits. The central office returns an audi­
ble tone, indicating to the caller that the 
system is ready to receive the number of 
the person he wants to reach. 

The traditional method of signaling 
the number is with the familiar rotary 
dial. If the caller turns the hole aligned 
with 6 to the end stop, a spring is wound 
and various electric contacts are actuat­
ed. When the dial is released, the speed 
of return is controlled by a governor so 
that only six break pulses are conveyed 
to the central office at the correct rate. 
The rate is typically 10 pulses per sec-

STANDARD TELEPHONE of the push-hutton type consists of the internal components 
shown here, At the top of the photograph one sees from left to right the bell ringer, the hook 
switch and the oscillator circuit for the electronic tones generated by the push buttons. The cir­
cular silver and black objects are the transmitter and receiver transducers. At the bottom left 
is the speech network. The other objects are some of tI!e 120 parts of the push-button assembly. 
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ELECTRONIC TELEPHONE now on trial in the Bell Canada system has these major com­
ponents. The bell ringer, the tone oscillator and the speech network have been replaced by three 
integrated circuits, which are contained in the unit at the top left. The push-button assembly 
has far fewer parts, and two identical dynamic transducers serve as transmitter and receiver. 
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EVOLUTION OF THE TELEPHONE is traced in photographs 
made at the Bell Canada historical collection in Montreal. Proceed­
ing from left to right and top to bottom one sees a facsimile of the 
"gallows" telephone of Alexander Graham Bell; an early desk tele­
phone employed before 1890; the two-part "candlestick" telephone; 
an early handset telephone; the first combined telephone (meaning 
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that the bell and the speech circuit, which in earlier telephones were 
in a separate box that was usually mounted on a wall near the tele­
phone, were in the housing of the instrument), and the "500 set," a 
dial instrument that was introduced in 1951 and is still standard in 
much of North America. Push-button telephone now in use is much 
the same as the 500 set except that a key pad has replaced the dial. 
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ond, with an interruption of approxi­
mately a sixteenth of a second between 
one pulse and the next. 

The push-button device works differ­
ently. Each time a button is pushed a 
transistor oscillator is turned on and a 
pair of tones (a different combination of 
two tones, selected from eight possible 
frequencies) is generated. A decoder in 
the central office detects and translates 
the tones. 

Apart from push-button dialing no 
I1. change in the basic design or per­
formance of the standard set has been 
made in North America since 1953. 
Therefore the appearance of an alI-elec­
tronic telephone. which is now on trial 
with Bell Canada, is a significant step 
forward. In this telepl:lOne the conven­
tional electromechanical components 
such as the bell ringer, the transformer­
coupled speech network and the tone­
oscillator dial have been replaced by in­
tegrated-circuit "chips," one for each 
function. (Integrated circuits make it 
possible to interconnect thousands of 
transistors, diodes and resistors on a sin­
gle piece of silicon, typically . 15 inch 
square.) The three chips are intercon­
nected with certain external compo­
nents to make up the basic telephone 
set. Dynamic transd ucers replace the 
carbon transmitter and the magnetic 
receiver. 

The dynamic transducer works on the 
principle that an electric cond uctor vi­
brating in a magnetic field generates a 
voltage at its terminals. The transducer 
consists of a thin diaphragm to which a 
small coil is rigidly attached. The action 
of sound waves on the diaphragm caus­
es the coil to move in the radial field of a 
permanent magnet, thus generating an 
alternating-current signal. Although the 
dynamic unit is powered by sound (un­
like the carbon microphone, which re­
quires an electric current), the output 
signal is small; the unit therefore is as­
sisted by an amplifier circuit to provide 
an adequate volume of sound. 

The speech-network chip is designed 
to work with dynamic transducers, and 
so it includes amplifiers for both the 
transd ucer that serves as the transmitter 
and the identical transducer that serves 
as the receiver . The gain of the amplifi­
ers is automatically adjusted in propor­
tion to the variation in loop current be­
tween short and long loops. In this way 
speech levels are equalized to compen­
sate for variations in loop lengths . A 
balancing circuit in the speech network 
provides the correct side-tone level. Ad­
ditional circuits perform certain "hand­
shaking" functions with the tone-gener­
ator chip. 

Tone signaling is based on an interna­
tionally accepted standard of frequen­
cies that includes four tones of low fre­
quency and three of high frequency. (A 
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TELEPHONE SYSTEM is depicted schematically and in a simplified way to show the basic 
functions required to make a telephone call. Each telephone set is connected by a copper wire 
called a loop to a central switching office. The telephone from which a call is originating sig­
nals to the office the number being called. Supervisory and switching circuits in the central of­
fice connect the two sets for the conversation and disconnect them when the call is over. The 
supervisory and switching circuits also provide power for the telephones, detect the demand for 
service when a handset is lifted, return a dial tone to the caller and send out the ringing signals. 
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OPERATION OF TELEPHONE is depicted in terms of a 500 set. The instrument consists of 
a handset, containing a transmitter in the mouthpiece and a receiver in the earpiece, that is con­
nected to the base through a cord that carries four conductors. The base houses a speech net­
work, which isolates the outgoing and incoming signals; a hook switch that connects and dis­
connects the telephone and the 100Pi a pulsing switch that is actuated by the rotary dial and 
signals a number to the central office, and the bell. The function of the side-tone circuitry is 
to control the amount of extraneous noise, including the talker's voice, reaching the earpiece. 
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OLD AND NEW TRANSDUCERS are portrayed: The carbon microphone at the left repre­
sents a design that was invented in 1876 and is still used in conventional telephone sets. Sound 
waves from speech cause the diaphragm to vibrate so that the carbon granules are compressed 
to a greater or a lesser extent depending on the volume of the incident sound. The carbon acts as 
a variable resistor: if a current is made to flow across it, the sound waves change the resistance 
of the carbon button and thus the amount of current flowing. The dynamic transducer at the 
right serves as both transmitter and receiver in the electronic telephone. It is based on the prin­
ciple that a metallic conductor vibrating in a magnetic field generates a voltage. In the trans­
ducer a small coil is rigidly attached to a light diaphragm. Action of sound waves on the dia­
phragm causes the coil to move in the field of the magnet, thereby generating an electric signal. 

fourth high-group frequency has been 
designated to allow for a fourth column 
of push buttons in the future. The key 
pad would then have 16 buttons instead 
of 12.} 

Suppose a caller pushes the 5 button. 
The high-group tone is 1,336 hertz (cy­
cles per second) and the low-group tone 
is 770 hertz [see illustration on opposite 
page]. The tone frequencies must be ac­
curate to within 1.5 percent of their stip­
ulated value under all conditions of tem­
perature throughout the life of the set. 
The chip achieves this level of accuracy 
by a method of digital division. A high­
frequency oscillator that serves as a 
master clock is divided down by two 
counters. one counter for each group of 
tones. The division is controlled by a 
digital encoder that causes the counters 
to divide down in a specific sequence in 
order to generate the correct tone fre­
quencies. The dial pad operates by clos­
ing two contacts each time a button is 
pushed. A decoder on the chip senses the 
closings and sets up the division pro­
grams accordingly. The chip also in­
cludes a digital-to-analogue converter 
that translates the divided-down fre­
quencies from a digital stream of O's and 
l's to an alternating sound signal. which 
is the tone one hears. 

To illustrate the handshaking between 
the tone-generator chip and the speech­
network chip let us follow a typical se­
quence of events in the generation of a 
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tone signal. When a button on the dial 
pad is pushed. the keyboard decoder on 
the tone-generator chip signals a "com­
mon switch" on the network chip. This 
switch. which is so named because it 
performs a number of identical func­
tions every time a button is pushed. re­
turns power to the tone generator to 
start up the clock oscillator and the divi­
sion circuits. Simultaneously it switches 
out the microphone. since voice signals 
on the line at the same time as tones 
could upset the tone receiver in the cen­
tral office. and directs the tone signals 
to the amplifier in the transmitter. The 
common switch also substantially low­
ers the gain of the amplifier in the receiv­
er. so that the caller does not get a sud­
den blast of sound through the earpiece. 
The entire sequence is reversed when 
the button is released. 

The ringer chip does not actually 
make anything ring. Instead it generates 
two tones of slightly different- frequen­
cy. (The selection of the frequencies 
presents a problem in human reactions: 
the sound should be subjectively pleas­
ing. but it should also be just irritating 
enough to encourage the hearer to an­
swer the call instead of lingering to en­
joy the tone.) 

The electromechanical telephone that 
serves most of North America is 

a fairly sophisticated instrument. the 
product of 100 years of development. A 

review of the major events in that course 
of development will indicate why the 
electronic telephone is only now able to 
replace the electromechanical device. 

One must bear in mind the fact that 
the ownership of telephone equipment 
has been largely retained by the tele­
phone companies. As a result the com­
panies have a large investment of capital 
in their existing plant. Substantial ad­
vantages of cost and performance must 
be shown before any company would be 
willing to replace its installed equip­
ment. Moreover. any new design must 
be fully compatible with the existing 
system. 

Another consequence of the heavy 
capital investment is that equipment 
must maintain a high degree of reliabili­
ty for a long time. typically for 40 years. 
For example. many central offices that 
were set up in the 1930's are still operat­
ing. Similar barriers await the new de­
sign at the manufacturing plant. where 
the obsolescence of established pro­
duction techniques is not necessarily 
welcomed. How. then. have these fac­
tors been compatible with technologi­
cal progress in the evol ution of the tele­
phone set? 

The basic telephone functions of talk­
ing. listening. signaling and ringing were 
all developed before 1890 by Alexander 
Graham Bell and his contemporaries. 
The first significant innovation in the tel­
ephone beyond these basic designs came 
some 25 years later in the form of the 
rotary dial. The change was made not 
so much for technological reasons (the 
manual system was actually better than 
the dial system) but because the rapid 
expansion of the telephone system was 
accompanied by a growing shortage of 
operators. 

The one-piece telephone set took even 
longer. Although it was conceived be­
fore 1900. it was not introduced on a 
significant scale until the late 1920·s. 
Why did it take so long to make such 
an obvious improvement? The problem 
was familiar to the children of the time. 
who with the two-part set could make 
the telephone "sing" to itself by placing 
the receiver next to the transmitter. The 
howl was caused by acoustic coupling 
between the transducers by way of the 
side-tone circuit. The effect was inten­
sified when attempts were made to put 
the receiver and the transmitter in the 
same handset. because then the sound 
could be coupled between them direct­
ly through the handle. It took consider­
able research to produce a nonsinging 
telephone. 

Further development. mainly in the 
output of the transmitter and the receiv­
er. led to the introduction of the 500 set. 
The push-button set. which was intro­
duced in 1963. has essentially the same 
components as the 500 set except for the 
rotary dial. Nevertheless. the push-but-
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ton set represents the beginning of the 
electronic-telephone era because it has a 
single transistor in the tone-generating 
circuit. 

In 1967 a Norwegian design offered a 
significant departure from the conven­
tional set by replacing the carbon micro­
phone with a dynamic transducer and an 
electronic amplifier circuit. A further re­
finement was the electronic speech net-

. work incorporated in a Danish tele­
phone introduced in 1973. 

Since a new design will not be widely 
accepted unless it offers substantial 

advantages in either performance or 
cost. one is led to consider what advan­
tages are offered by the electronic tele-

SPEECH NETWORK 

RECEIVER 
I� +- AMPLIFIER 

TRANSMITTER � 

t 

phone. There are several. Let me start 
with performance. 

The carbon microphone of the stan­
dard set has several drawbacks. The effi­
ciency of its output varies considerably 
with the loop current. the age of the de­
vice and the treatment it has received. 
(Some people still bang the handset in 
order to shake up the carbon granules in 
the hope of removing voice distortion 
and increasing the sound output of the 
microphone.) The replacement of the 
carbon transmitter with a linear dynam­
ic microphone removes all these draw­
backs and brings high-fidelity speech 
quality to the telephone. 

The electronic telephone does much 
better than the 500 set at equalization. 

BALANCE HOOK 
NETWORK SWITCH 

V t SURGE 
REGULATOR I� �J PROTECTION 

FOR AND 

The reason in part is that the variation in 
transmitter efficiency is removed. but 
the electronic telephone also compen­
sates almost completely for attenuation 
in long loops. Moreover. the electronic 
set does better at removing the echo on 
short loops. 

Certain other advantages of the elec­
tronic telephone are only potential ones 
at present. The electronic set receives 
about five times more power than it 
needs on a long loop and 100 times more 
on a short loop. If the supervisory sys­
tem could be redesigned accordingly. 
central-office economies would accrue 
in plant arrangements and in power con­
sumption. As matters stand. however. 
the installed base of 160 million stan-
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FUNCTIONS OF ELECTRONIC TELEPHONE are based on three 
"chips," or integrated circuits, one for the speech network, one for 
the tone generator and one for the tone ringer, which replaces the 
standard bell. The chips are connected to certain external compo­
nents such as the hook switch and the protection unit. Also evident 
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here is the two-tone system employed in a push-button unit, even 
one on a nonelectronic telephone. Each number on the dial pad gen­
erates a pair of tones, one tone of high frequency and one of low. For 
example, the tones for the 6 are respectively 1,477 and 770 hertz 
(cycles per second); the 7 button's two tones are 1,209 and 852 hertz. 
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NEW DESIGNS are made possible by the reduction in the number 
and size of the components of an electronic telephone. The design 
portrayed here is at the prototype stage and is weIl within the capabil­
ity of the present technology. The telephone includes a digital dis-

play, which could serve among other things to time long-distance 
calls and to record the steps and results of calculations performed 
by way of the push buttons. It is also possible to record frequently 
caIled numbers, which then can be reached by pushing a single button. 

dard telephones in North America will 
hold back such developments for a good 
many years. 

The immediate economic benefits of 
the electronic telephone arise from the 
substantial reduction in the size and 
number of separate components it re­
quires. The most dramatic example is in 
the push-button equipment. The stan­
dard push-button telephone has more 
than 120 separate parts in the push-but­
ton assembly alone. The reason is that a 
complicated system involving push rods 
and springs is needed to provide the 
common-switch function. The standard 
push-button unit also needs two ferrite­
core inductance transformers for the 
transistor-oscillator circuit. so that the 
resulting unit is bulky and expensive. 
Moreover. the transformers have to be 
tuned individually during manufacture 
to bring the tone frequencies into the 
narrow ranges established for the vari­
ous numbers. The electronic telephone 
performs the common-switch function 
electrically on the network chip. It 
therefore has a simple dial-pad con­
struction consisting of only a few parts. 

The tone ringer. the speech network 
and the protection circuits of the elec­
tronic telephone also have fewer parts 
than their electromechanical equiva­
lents and are smaller. The total saving 
achieved by the electronic set is some 
180 parts. Since most of the remain­
ing components are capacitors. resistors 
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and integrated circuits. the kind of low­
cost. highly automated assembly and 
test methods developed by the consum­
er electronics industry can now be ap­
plied to the manufacture of telephone 
sets. 

Although the electronic telephone 
owes much to the recent advances in in­
tegrated-circuit technology and in the 
performance of semiconductors. inno­
vations in other components have also 
played a part in reducing costs. For ex­
ample. the frequency of the master­
clock oscillator employed in the tone 
generator must be stabilized to within .2 
percent. In the past this strict req uire­
ment could be met only with a precisely 
cut quartz-crystal resonator. The cost of 
such a crystal ranges from 80 cents to 
$5. depending on the desired center fre­
quency. Much cheaper ceramic resona­
tors have recently been developed. Such 
a resonator costs about 30 cents and per­
forms just as well as a crystal in the tone 
generator. Another component. which 
protects the telephone against surges of 
current. has undergone a threefold cost 
reduction in the past two years. 

The electronic telephone offers more 
benefits than improved performance 

and reduced manufacturing costs. The 
shape of the telephone. which must now 
accommodate the bulky electromechan­
ical components. can be redesigned in a 
variety of ways. limited almost solely by 

the imagination of the designer. Many 
features that can now be obtained only 
with expensive additional equipment 
will be integral to the electronic tele­
phone. For example. by means of an in­
expensive memory chip it will be possi­
ble to reach prestored numbers by push­
ing a single button. No longer will it be 
necessary to search for the number of 
the police station or the fire department 
in an emergency; each number can be 
stored. If a number is busy. it will re­
main in the memory and can be tried 
again by pushing one button. 

For only a few more dollars one could 
add a display panel resembling the one 
on an electronic calculator. With such a 
panel one could time long-distance 
calls. verify stored telephone numbers 
and perform calculations on the key­
board. Another option for the user of an 
electronic telephone is that he can vary 
both the volume and the sound quality 
of the tone ringer to suit the situation. 
achieving. say. a soft. mellow tone in the 
bedroom and a hard. shrill tone in the 
workshop. A residential "hold" feature 
that would enable the user to transfer a 
call from one extension to another with­
out having to return to the first one later 
to replace the handset can be incorpo­
rated easily in the electronic module. 
Eventually a "no hands" capability that 
would enable the user to talk and listen 
without the handset might be built into 
every telephone. 
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LuckJ shats? 

Bah! 
Pictures like these you don't get by 
strolling along whistling a tune and 
whipping out your camera now and 
then. Here, for example, is a hint of 

what it took to catch that pileated 
woodpecker tending her brood. 

The bittern, freezing on her nest 
to blend in, was easier. Dick Robinson, 
our bird man, merely waited the days 
out until the eggs were about to hatch 
and her maternal juices suppressed her 
flight reaction. 

Robinson, whose job with us is to 
tell Canadians how to get more out of 
their photography, has written a de­
tailed and magnificently illustrated 
essay which leaves the impression 
that the way for a birder to under­
stand wild birds and graduate from 
the numbers game of "life lists" is to 
photograph them. To follow his inge­
nious suggestions is most time­
consuming, but they should prove 
inspiring to both the field biologist 
and those to whom time is given to be 

happily consumed. They appear in 

The 10th Here's How, Kodak Pub­
lication No. AE-llO, available through 
photo retailers. 

The book also contains how-to­
do-it articles on photographing sports, 
crystal patterns by polarized light, 
wildflowers, nature trails, and attrac­
tive specimens of humanity in a home 
studio. Mr. Robinson would prefer 
you turn your mind to one of those 
themes if you know you are the type 
for whom getting your bird pictures 
could become as important as the 
subsequent welfare of your feathered 
subject with its task of perpetuating 
its own species. 
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THE LEAS I 
REMARKABLE THING 

ABOUT winds and rotten weather. 

THE NEW 
. Frontdiscbrakes.R?� ial 

tires. Rack-and-plnlon . 
steering. Breathless cor-

RABBIT DIESEL IS �!�:��� t�l� 

53 MPG 'W economy car? H 'AV If so, you're

. 

ready 

HI. for remarkable , thing #2: 

40 MPG CITY. More room for 

You've read it right, friends. 
According to the EPA esti­

mates the new Rabbit Diesel 
gets the highest mileage of any 

car in America. (Of course, 
mileage may vary depending 
on how and where you drive, 
optional equipment, and your. 
car's condition.) 

But if by chance you're look­
ing for more, read on. Because 
the most astonishing news 
about our economy car isn't 
the economy. It's the car. 

Remarkable thing #1: 
eye-opening performance. 

Are you the kind of person 
who gets a thrill out of zipping 
from 0 to 50  in a mere 11.5 sec­
onds? Well, thanks to an effi­
cient use of aerodynamics 
and weight, you'll be ecstatic 
in a Rabbit. In fact, it's already 
set 31 world records for Diesels. 

You'll also be thrilled to know 
the 1978 Rabbit comes with 
such things as an "indepen­
dentstabilizer rearaxle" which 
manages to combine the 
stable tracking of a rigid rear 
axle with the smoothness of an 
independent suspension. 

"Negative steering roll ra­
dius" which helps maintain di­
rectional stability even in the 
event of a front-tire blowout. 

"Front-wheel drive" for better 
tracking, especially in high 

people than 
• 40 other cars. 

A Volkswagen Rabbit looks 
smaller than other cars, right? 

But inside, our engineers 
cleverly devoted 8rk of the 
interior to functional room. 

Open the trunk and (believe 
it or not!) there's more lug­
gage space than a Cadillac 
Seville. 

Fold down the rear seat and 
(amazingly!) there's almost as 
m u c h  l u g g a g e  s p a c e  a s  
some station wagons. 

Then open the door. Your 
e y e s  d o n't d ece i v e  you. 
There's more people space 
than Chev y  Monza, Datsun 
510, Pinto Wagon and 37 other 
cars you could buy. 

But wait. While you have the 
door open, notice remark­
able thing #3; a stroke o f  
sheer genius: 

. The seat belts 
actually put themselves on. 

No fumbling about on the 
floor trying to find them. 

No mumbling about what a 
pain normal seat belts are. 

It's like magic . 
Jus t  close the door a n d  

they're on. 
This type of passive restraint 

system will be mandatory in 
1984. And only a Model 'T' 
Rabbit has it now. 

Another stroke of genius: a 
cooling fan with brains. 

'EPA Gas Mileage Guide © VOlKSWAGEN OF AMERICA. INC. 

When it's freezing out and a 
fan isn't needed, our cooling 
fan knows enough to shut itself 
off. (That saves you noise and 
energy.) 

When it's boiling out, our 
cooling f an has the g o o d  
sense t o  keep running even 
after the car is shut off. (Be­
cause that's an important time 
t o  p r o t e c t  y o u r  e n g i n e  
against overheating.) Then it 
automatically stops when the 
engine is cooled off. 

Last but least, 
a word about money. 

Happily, all  Rabbits are 
frugal when it  comes to money. 

The problem is, which Rabbit 
should you buy? 

A gas-powered Rabbit -
which is a wonderful car to 
begin with. 

Or a Rabbit Diesel - which 
costsabout$200morethanour 

"C and ''[' gas models. 
What do you get for $200? 
For one thing, diesel fuel 

costs about 10¢ a gallon less 
than gasoline: 

For another, a diesel engine 
never needs a major tune-up. 
Because there are no spark­
plugs, pOints, condensers, or 
carburetors to tune. 

All this, and great mileage, 
too. 

A tough choice, to be sure. 
But then, a Rabbit is the only 

car in its class that gives you a 
choice at all. 

Wha t  could b e  more r e­
markable than that? 

VOLKSWAGEN 
DOES IT 
AGAIN 
~ 
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SCIENCE AND THE CITIZEN 
Bill of Health llericans are living longer and pay­

ing more for the privilege. The 
two trends are related: older peo­

ple are subject to higher rates of illness 
and disability and require more health 
services than others, and expenditures 
for people over 65 have increased in the 
past 10 years more rapidly than expen­
ditures for younger people, in part be­
cause Medicare has made health ser­
vices increasingly available to the elder­
ly poor. In Health, United States, 1976-
1977, the second report in an annual se­
ries mandated by Congressional legisla­
tion in 1974, the Department of Health, 
Education, and Welfare emphasizes the 
interrelation of longevity and health­
care spending and its significance for the 
future in view of the projected growth of 
the elderly population. 

The U.S. death rate was 8.9 per 1,000 
of population in 1975, the lowest ever in 
this country. (The age-adjusted rate was 
1.8 times as high for men as it was for 
women, 1.4 times as high for nonwhites 
as it was for whites; black children less 
than five years old had a death rate twice 
as high as that of white children.) On the 
basis of current death rates the average 
U.S. life expectancy at birth was 72.5 
years in 1975 (up from 70.9 years in 
1970); it was 77.2 years for a white fe­
male and 69.4 for a white male, 72.3 for 
a nonwhite female and 63.6 for a non­
white male. Life expectancy at age 65 
increased more between 1950 and 1975 
than it had in the first half of the century. 
It was 11.9 years in 1900, 13.8 in 1950 
and 16 years in 1975. Most of the gain 
was among women. Because the rates at 
every age are higher for men than they 
are for women, the sex ratio is skewed: 
although 105 males are born for every 
100 females, among people over 65 
there are only 69 men per 100 women. 
Longevity and a sharp reduction in the 
birth rate (from 19.4 per 1.000 in 1965 
to 14.8 in 1975) have combined to in­
crease the proportion of the population 
aged over 65: from 9 percent in 1955 to 
10.5 percent in 1975 and a projected 
11.5 percent in the year 2000. In 1900 
there were only 3.1 million people 65 
and older in the U.S.; in 1975 there were 
22.4 million, or proportionately more 
than twice as many; by 2030 there will 
be 55 million, according to current pro­
jections, and probably more as mortali­
ty rates decline further. Substantial re­
ductions since 1950 in heart disease and 
cerebrovascular disease (stroke) ac­
count for most of the decrease in mor­
tality among the elderly; the death rate 
from cancer rose 12 percent between 
1950 and 1975. 

Expenditures for health care more 
than tripled between the fiscal years 

1965 and 1976, from $39 billion (5.9 
percent of the gross national product) to 
$139 billion (8.6 percent of the G.N.P.). 
About half of the increase can be attrib­
uted to inflation in the prices of medical 
goods and services, 40 percent to greater 
per capita utilization of health services 
and 10 percent to population growth. 
The rate of increase in spending has 
been more for the elderly than it has for 
other people. From fiscal 1966 to 1976 
the average annual rate of increase in 
per capita expenditures was 13 percent 
for those 65 and older and 11 percent 
for those under 65. The average per cap­
ita health-care bill in 1975 was $1.360 
for the elderly, $472 for people aged 19 
to 64 and $212 for those under 19. The 
source of these funds changed dramati­
cally with the advent of Medicare. In 
fiscal 1966 only 30 percent of the money 
spent for health care for people 65 and 
over came from public funds; in 1976 
the public share was 68 percent. 

The Support of Science 

"Shortly after taking office," said Pres-
ident Carter in his budget message 

to Congress, "I determined that invest­
ment in basic research on the part of the 
Federal Government had fallen far too 
low over the past decade." As a result 
his new budget caI1s for an increase of 
10.9 percent in the funds for basic sci­
ence. This represents a real increase of 
about 5 percent after subtracting an ex­
pected 6 percent loss due to inflation. 
The total figure for research and devel­
opment in the proposed budget for fiscal 
1979 comes to $27.9 billion, in effect a 
"no growth" increase of 6.1 percent over 
the $26.3 billion for fiscal 1978. The 
proposed research-and-development to­
tal is divided as follows: $3.65 billion 
for basic science (up 10.9 percent), $6.7 
billion for applied science (up 7.4 per­
cent) and $17.5 billion for development 
(up 4.6 percent). The small increase in 
funds for development represents an ac­
tual decrease in constant dollars. To 
achieve the reduction the Administra­
tion proposes to eliminate several devel­
opment projects no longer considered 
vital. notably the fast breeder reactor 
and demonstration plants involving 
costly technologies (such as the gasifica­
tion of coal). 

In reaching $3.65 billion the proposed 
budget for basic science measurably ex­
ceeds for the first time the record Feder­
al expenditure for basic science 
achieved in 1967 (when the expendi­
tures are compared in constant 1972 
dollars). The 1967 expenditure in con­
stant 1972 dollars was $2.177 billion. 
That sum was barely equaled by last 
year's budget. The proposed 1979 bud­
get for basic science, in the same con-

stant dollars, is higher by $102 million. 
M.ore than 80 percent of the proposed 

funds for basic science are allocated to 
five Federal departments or entities: the 
National Institutes of Health, $856 mil­
lion (up 12.2 percent); the National Sci­
ence Foundation, $755 million (up 9.7 
percent); the National Aeronautics and 
Space Administration, $520 million (up 
11.1 percent); the Department of Ener­
gy, $468 million (up 8.1 percent), and 
the Department of Defense, $364 mil­
lion (up 13.4 percent). In the recent past 
some 47 percent of all Federal funds for 
basic research have been spent in the 
nation's colleges and universities. It 
seems likely, however, that they would 
receive more than 47 percent of the pro­
posed increment of $360 million in basic 
science funds and therefore would enjoy 
an increase of more than 10.9 percent in 
basic science grants from the Govern­
ment. (For example, academic institu­
tions would receive virtually all the 
$160 million increase for basic science 
that the proposed budget allocates to the 
National Institutes of Health and the 
National Science Foundation and a 
large part of the extra $95 million allo­
cated to the departments of Defense. 
Energy and Agriculture. According to 
Frank Press, the President's science and 
technology adviser, "the growth in basic 
research support provided in the 1979 
budget . . .  is intended to encourage inno­
vative research and to assist in amelio­
rating some of the problems currently 
associated with the performance of re­
search in colleges and universities. such 
as the growing obsolescence of equip­
ment and the lack of opportunities for 
young investigators." 

The new budget identifies several ar­
eas of national concern for substantial 
increases in support. Funding for re­
search on climate would increase nearly 
40 percent from $75 million to $104 
million. The Department of Agriculture 
would have $30 million, or 100 percent 
more than last year, for basic research to 
raise the productivity of major food 
crops and to improve knowledge of hu­
man nutrition. The budget of the Na­
tional Institute of Child Health and Hu­
man Development would be increased 
26 percent to $197 million. The budget 
of the Department of Energy contains 
$265 million for construction of the in­
tersecting storage rings (ISABELLE) at 
the Brookhaven National Laboratory 
(see "Head-On Physics" below). The 
National Science Foundation will be en­
abled to continue construction of the 
Very Large Array radio telescope in 
New Mexico. The NASA budget will 
include funds for only four space shut­
tles instead of the five originally pro­
posed, thereby making more money 
available for scientific projects. These 
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include the Solar Polar miSSIOn, in 
which a spacecraft will pass over and 
explore the sun's poles for the first time, 
and the Solar Mesopheric Explorer, 
which will study the effect of solar radi­
ation on the earth's ozone layer. Work 
will continue on the large space tele­
scope (to be placed in orbit by shuttle), 
on the Landsat-D earth-resources-sur­
vey satellite and on a spacecraft to go 
into orbit around Jupiter and probe its 
atmosphere. 

A New Eminent Domain 

The projection of large increases in 
coal production in the U.S. during 

the coming decades has brought for­
ward proposals for carrying substantial 
amounts of coal as a .slurry in pipelines. 
Over a given route the method would be 
an alternative to, or perhaps a supple­
ment to, transportation by railroad. The 
pipeline interests, facing difficulty 
(sometimes from railroads) in obtaining 
the property rights they need, have 
urged Congress to enact legislation that 
would enable pipeline enterprises to ob­
tain rights of way by eminent domain. 
The Congressional Office of Technolo­
gy Assessment, asked by several com­
mittee chairmen to look into the matter, 
has concluded that "coal slurry pipe­
lines do represent under some specific 
circumstances the least costly available 
means for transporting coal" and that 
without a right of eminent domain pipe­
lines would have difficulty competing 
with railroads. 

The finding should not be taken as a 
recommendation, since the office points 
out in a 190-page report, A Technology 
Assessment 0/ Coal Slurry Pipelines, that a 
decision depends on the weights that are 
assigned to other issues. The report 
identifies three major groups of issues. 
The first group concerns the desirabil­
ity from social, economic and environ­
mental standpoints of developing an 
industry for carrying coal by pipeline. 
The second concerns the extent to which 
the present regulatory and institutional 
arrangements would have to be changed 
to provide for the allocation of coal traf­
fic between pipelines and railroads in a 
way that would represent the least cost 
to society. The third concerns the bal­
ance between state and Federal control 
over such matters as the allocation of 
water resources, the ownership of land 
and the protection of the environment. 

The study examines the issues under 
11 headings. Among other things, it 
finds that under the assumption that 
pipelines would carry some 200 million 
tons of coal per year by the end of the 
20th century the railroads might experi­
ence slower increases in coal revenues 
than they could expect otherwise, al­
though the competitive threat would be 
less than the threats posed by adverse 
regulatory policy or reduced rates of im­
provement in railroad productivity. An-
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other finding is that the water-related 
impacts of coal-slurry pipelines can be 
diminished if sources of water can be 
found that are suitable for transporting 
coal but not for most other purposes. 
The possibilities include saline ground 
water, treated sewage effluent and re­
turn flows from irrigation. If it is deter­
mined that coal-slurry pipelines should 
be built, the report says, some kind of 
eminent-domain authority "would ap­
pear to be a necessity." If the aim is to 
encourage the rapid development of 
pipelines, "Federal legislation has some 
clear advantages," but if the intent is to 
let the states keep "the power to protect 
their interests as they perceive them, 
then preemption by a Federal statute 
would be undesirable." 

That Old Chondrite Moon 

Carbonaceous chondrites are a class 
of meteorites rich in volatile com­

pounds that are believed to have con­
densed directly out of the primordial 
nebula from which the sun and the plan­
ets were formed; thus they are samples 
of the most primitive material in the so­
lar system. Close examination of the 
larger of Mars's two moons, Phobos, by 
the spacecraft Viking Orbiter 1 has now 
revealed that it may be composed of 
carbonaceous chondritic material. 

According to three reports by a large 
group of investigators in Science, during 
the last two weeks of February, 1977, 
Viking Orbiter 1 was guided so that it had 
17 close encounters with the tiny Mar­
tian moon, an ellipsoid measuring 
roughly 27 by 20 kilometers, approach­
ing it to within 300 kilometers each time. 
During these encounters the spacecraft 
made some 125 television pictures with 
a resolution of 30 meters or less. It also 
observed the surface of Phobos at infra­
red wavelengths and gathered other val­
uable data. 

During the encounters the physical 
appearance of Phobos and reflectance 
spectra of it revealed that the surface of 
the Martian moon is quite different 
from that of the earth's moon. The lunar 
surface consists of basaltic materials. 
The reflectance spectra of Phobos are 
similar to reflectance spectra of the as­
teroids Ceres and Pallas, which are 
composed of material similar to that of 
carbonaceous chondrites. Observations 
of the effect of Phobos' gravity on the 
trajectory of Viking Orbiter 1 revealed 
that the density of the Martian moon is 
lower than had been supposed: 2.0 ± .6 
grams per cubic centimeter. 

The investigators write: "On the basis 
of a good match between the reflectance 
spectra of Phobos and Ceres, and taking 
advantage of the extensive research 
done to identify the surface composition 
of this asteroid, we conclude that the 
surface composition of Phobos is also 
similar to that of carbonaceous chon­
drites." Moreover, the low measured 

density of Phobos "is consistent with 
that of type 1 or type 2 carbonaceous 
chondrites, but it definitely rules out ba­
salts which have densities close to 3 

. [grams per cubic centimeter]." 
The uncertainty in the density value 

still allows the possibility that Phobos 
might be made up of type-2 carbona­
ceous chondri tic material, although the 
weight of the evidence seems to point to 
type-l material. Type-2 carbonaceous 
chondrites contain chondrules: tiny 
spherical inclusions that are believed to 
have once been molten droplets. The 
presence of chondrules requires that at 
one stage the meteoritic material was 
subjected to a temperature high enough 
to melt part of it. Type-l carbonaceous 
chondrites contain no chondrules but 
are classed as chondrites because they 
are chemically and mineralogically sim­
ilar to the chondrule-bearing type-2 car­
bonaceous chondrites. 

The evidence that Phobos may be a 
huge carbonaceous chondrite will bear 
on hypotheses about the satellite's histo­
ry and origin. In recent years it has gen­
erally been thought that Phobos is a nat­
ural satellite of Mars that formed along 
with the planet. This hypothesis has 
been popular mainly because of the 
characteristics of Phobos' orbital mo­
tion. "The compositional results ... may 
force a reevaluation of the natural-satel­
lite hypothesis of Phobos' origin," the 
investigators conclude. Calculations by 
John S. Lewis of the Massachusetts In­
stitute of Technology and others regard­
ing the formation of bodies in the solar 
system indicate that at Mars's distance 
from the sun the temperature of the pri­
mordial solar nebula may have been too 
high for volatile-rich carbonaceous 
chondritic material to have condensed. 
If the calculations are correct, they im­
ply that Phobos formed in the outer re­
gions of the asteroid belt and was then 
captured by Mars. 

Head-On Physics 

Just as a collision between automo­
biles is most violent when the cars 
meet head on, so high-energy inter­

actions of elementary particles are ob­
served most efficiently in machines 
where collisions are arranged between 
particles moving with equal speed in op­
posite directions. Three large machines 
of this kind are operating now, and their 
success has evidently influenced the de­
sign of the next generation of accelera­
tors. Of the high-energy machines now 
planned or already under construction 
at least six will provide collisions be­
tween opposed beams of particles. 

The principal advantage of head-on 
interactions is that virtually all the ener­
gy invested in accelerating the particles 
is released in the collision. Protons are 
now routinely accelerated to an energy 
of 400 billion electron volts (400 giga­
volts, or GeV). When such a particle 
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collides with a proton at rest, however, 
less than 28 GeV is made available for 
the creation of new particles. If two pro­
tons, each with an energy of 400 GeV, 
could be made to collide head on, essen­
tially all their energy (800 GeV) would 
be liberated. To reach the same effective 
energy by bombarding a fixed target 
would require an accelerator with an en­
ergy of some 350,000 GeV (350 tera­
volts, or Te V). . 

Head-on collisions are arranged by 
storing counterrotating beams of parti­
cles in concentric or intersecting rings. 
After the rings are filled by an auxiliary 
accelerator the beams circulate stably 
for hours. A price must be paid for the 
high effective energy of the colliding­
beam devices: the rate of interactions is 
quite low compared with that of a fixed­
target accelerator. The beams usually 
pass through each other without inter­
acting at all, and in existing machines a 
collision of interest is observed only 
once every few seconds. For this reason 
the number of particles stored and the 
confinement of the beam to a small 
cross-sectional area are important in de­
termining the performance of the ma­
chine. 

Two of the large rings that are operat­
ing now store counterrotating beams of 
electrons and their antiparticles, posi­
trons. One is at the Stanford Linear Ac­
celerator Center (SLAC) in California 
and the other is on the site of the Ger­
man Electron Synchrotron (DESY) near 
Hamburg. It is in these machines that 
the new family of particles with the 
property called charm have been ob­
served most clearly. The ring at SLAC 
has also produced events that suggest 
the existence of a new lepton, or particle 
related to the electron (see "Heavy Lep­
tons," by Martin L. Perl and William T. 
Kirk, page 50). Both rings have a maxi­
mum energy of about 4 GeV per beam, 
and both are soon to be replaced by larg­
er machines. 

A new German storage ring, to be 
called PETRA, will employ the existing 
ring as part of an injector system. The 
maximum energy available will be 19 
GeV per beam, for a total of 38 GeV. 
Construction is already well under way 
(an eighth of the ring has been installed 
and tested), and the project should be 
completed in about a year. The new 
electron-positron storage ring at Stan­
ford, which will be called PEP, is being 
built at the end of the SLAC two-mile 
electron accelerator. The new ring will 
have a circumference of 2.2 kilometers, 
roughly 10 times the size of the present 
colliding-beam machine. Current plans 
call for a maximum energy of 18 GeV 
per beam, but a proposal has been made 
to raise the limit to 24 GeV. Collisions 
will take place at six interaction regions, 
five of which will be available for phys­
ics experiments. A few initial experi­
ments have already been approved, and 
the particle detectors required for them 
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are being built. PEP itself will be com­
pleted in 1979 or 1980, depending on the 
rate at which money is made available. 

Smaller storage rings for electrons 
and positrons have been operating for 
some time at the Frascati laboratories 
near Rome and at the Serpukhov Insti­
tute for High-Energy Physics near Mos­
cow. Three more small rings ate now 
under construction. At the Orsay labo­
ratories near Paris a machine with two 
tangent rings will be installed. At Cor­
nell University an electron synchrotron 
is being converted to store beams of 
electrons and positrons with energies of 
from 1.5 to 10 GeV. A ring called 
VEPP-4, capable of 7 GeV per beam, is 
nearing completion at Novosibirsk in 
the U.S.S.R. 

All the foregoing machines store elec­
trons and positrons; the one remaining 
large ring that is operating now stores 
beams of protons. This is the facility 
called the Intersecting Storage Rings 
(ISR) at the European Organization for 
Nuclear Research (CERN) near Gene­
va. It is capable of a maximum energy of 
28 GeV per beam. 

A much larger machine of the same 
kind, called ISABELLE, will be built at 
the Brookhaven National Laboratory 
on Long Island. ISABELLE will consist 
of two interlaced rings, each ring capa­
ble of supporting a proton beam that 
can be adjusted continuously over a 
range of energies from 30 to 400 GeV. 
Not only these higher energies but also 
the number of protons stored will repre­
sent an improvement over the perfor­
mance of earlier accelerators. The cir­
culation of the protons in each ring will 
be equivalent to an electric current of 
some eight amperes. The beams will be 
confined to the rings and will be fo­
cused by 1,084 superconducting mag­
nets installed in a tunnel 3.7 kilometers 
in circumference. 

At the Fermi National Accelerator 
Laboratory (Fermilab) near Chicago, 
which now has only a fixed-target accel­
erator, two colliding-beam projects are 
under consideration that might reach 
energies even higher than those of ISA­
BELLE. A new ring of superconducting 
magnets (capable of accelerating pro­
tons to 1 Te V) is being installed in the 
same tunnel as the existing proton syn­
chrotron. By storing protons in both the 
new ring and the old one collision ener­
gies of 1.3 TeV might be achieved. An­
other possibility is to simultaneously 
store protons and antiprotons in the su­
perconducting ring. In principle an ener­
gy of 2 TeV could then be attained, but 
techniques for creating stable, intense 
beams of antiprotons are still being in­
vestigated. 

A proton-antiproton storage ring is 
also under study at CERN, along with 
several other proposals. One of these is 
notable for being the largest of the con­
templated storage devices. It would be 
an electron-positron ring an order of 

magnitude larger than PEP and PET­
RA' with a circumference of more than 
40 kilometers and a maximum energy 
of 200 GeV per beam. 

It is impossible to say what will be 
found with the new instruments, but 
there are two matters left unsettled by 
studies at lower energy that will surely 
be given high priority. One is the study 
of quarks, the elementary particles 
thought to make up the structure of the 
proton and many related particles; the 
new electron-positron rings might settle 
the question of how many kinds of 
quark there are. Another is the search 
for the particles labeled Wand Z, which 
are thought to transmit the "weak" force 
of nuclear beta decay. The Wand Z are 
perhaps the most highly prized trophies 
of contemporary physics. With estimat­
ed masses of from 50 to 100 GeV they 
are probably beyond the range of PEP 
and PETRA, but they should be seen 
with ISABELLE or with the storage 
rings being considered at Fermilab and 
CERN. 

Microbial Magnets 

Anew lead in the case of the north­
seeking bacteria was disclosed re­

cently by two workers engaged in the 
investigation. The story goes back to the 
fall of 1975, when Richard P. Blake­
more, a microbiologist now at the Uni­
versity of New Hampshire, reported a 
curious discovery. As he was examining 
samples of mud collected from freshwa­
ter and marine ponds in the vicinity of 
Woods Hole, Mass., Blakemore noted 
in his microscope that certain kinds of 
bacteria consistently swim north when 
they are separated from the sediments. 
He found that their direction of swim­
ming could be readily changed by mov­
ing a small bar magnet up to the micro­
scope slide. 

Blakemore joined forces with Adria­
nus J. Kalmijn, a specialist in the sen­
sory biophysics of marine vertebrates at 
the Woods Hole Oceanographic Institu­
tion, to establish that the bacteria also 
orient toward the north in an artificial­
ly generated uniform magnetic field 
comparable in strength to the earth's 
magnetic field. Furthermore, Blake­
more and Kalmijn were able to show 
that when the bacteria are outside the 
laboratory environment (in a nearby 
woods free of man-made distortions of 
the geomagnetic field), they actually fol­
low the steeply inclined lines of force 
of the geomagnetic field. The north­
seeking tendency of the bacteria was 
particularly evident when the ambient 
magnetic field was reversed with the 
aid of large Helmholtz coils: the sin­
gle-ceil organisms immediately changed 
course, making 180-degree U-turns sev­
eral cell diameters wide. They realigned 
themselves with the field in a matter of 
seconds, this time heading in the oppo­
site direction. On the basis of the mag-
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netic behavior of the bacteria and Blake­
more's finding that they contain iron­
rich particles, the two investigators ten­
tatively assumed that their specimens 
had a permanent magnetic-dipole mo­
ment; in other words, they resembled a 
miniature bar magnet. 

The latest word from Kalmijn and 
Blakemore is that they have managed 
to substantiate this novel hypothesis ex­
perimentally by subjecting the bacteria 
to a comparatively strong magnetic 
pulse. The pulses were superimposed on 
the earth's steady magnetic field, and the 
vertical component of the earth's field 
was nulled in order to have the bacteria 
for convenience move only in the hori­
zontal plane. When the pulse was anti­
parallel to the horizontal component 
of the earth's field (and was sufficiently 
strong). the experimenters observed that 
the applied field instantly caused the 
bacteria to turn around and swim in the 
opposite direction (that is, straight to the 
south), which is what one would expect 
from the reversal of their intrinsic mag­
netic-dipole moments. 

It was found that to affect 50 percent 
of the freshwater specimens a pulse 
strength of approximately 375 to 400 
gauss was needed. For the marine spe­
cies the corresponding value was signifi­
cantly higher: between 525 and 550 
gauss. Depending on the strength of the 
applied magnetic pulse, the bacteria ei­
ther remained northbound or became 
southbound; none were completely de­
polarized. In that respect, Kalmijn and 
Blakemore point out, the test organisms 
exhibit the properties characteristic of 
single magnetic domains in a ferromag­
netic material. They conclude that al­
though the biological role of this re­
sponse remains to be determined, the 
magnetic behavior of these bacteria pro­
vides direct evidence of ferromagnetic 
orientation in nature. 

The Pharaoh's Wine Cellar 

The Egyptians were growing grapes 
and pressing wine long before Bac­

chus brought his gift to the Greeks; 
sealed wine jars are among the royal 
treasures of the First Dynasty (about 
3000 B.C.). Some 1,500 years later, by 
the time of Amenhotep III (1413-1379 
B.C.), the wine-jar inscriptions had be­
come even more informative than the 
labels on the best bottles of today. Most 
of the inscriptions identified the year of 
pressing (modern equivalent: vintage 
year), the geographic locale (modern 
equivalent: appellation contr6!ee), the 
vineyard ownership (modern equiva­
lent: chateau) and the chief vintner re­
sponsible for the product (modern 
equivalent: none). 

So concludes Leonard H. Lesko of the 
University of California at Berkeley, by 
profession an Egyptologist and by avo­
cation a student of wine. Responding to 
the upsurge of interest in ancient Egypt 

accompanying the touring exhibition of 
the treasures of Tutankhamen, Lesko 
recently published a 46-page study of 
Egyptian wine making, "King Tut's 
Wine Cellar," which features his analy­
sis of the inscriptions on 24 wine jars 
recovered from the pharaoh's tomb. 

When Howard Carter entered the 
burial chambers of Tutankhamen 
(reigned 1361-1352 B.C.) in 1922, Lesko 
notes, he found in the storage annex 36 
wine jars, 26 of which were inscribed. 
Two of the inscriptions were incom­
plete, but most of the other labels, writ­
ten in hieratic script, specified the year, 
the district, the vineyard owner and the 
chief vintner. Additional information 
on four of the jars indicated that the 
wine was sweet, suggesting that Egyp­
tian wine was usually dry. 

Of the 24 complete labels 22 either 
identify the grape district as being the 
"Western River," the part of the Nile 
delta that today surrounds Alexandria, 
or specify locations elsewhere in the fer­
tile delta area. One of the two other jars 
is almost certainly from the delta; the 
label indicates that the wine in it was 
pressed in the same year under the su­
pervision of the same chief vintner as 
the wine in one of the jars with a West­
ern River label. 

The labels name a total of 15 chief 
vintners. One of them, Kha'y (the name 
is evidently Syrian rather than Egyp­
tian), produced in two consecutive years 
the wine in six of the jars stored in the 
annex; the wine in five of the six had 
been pressed from grapes grown on del­
ta land identified as Tutankhamen's 
Western River estate. Only three of the 
other 14 vintners are represented by 
more than one jar. One had worked at 
his profession for at least five years, the 
interval between the first and the second 
jar he supplied. The other produced 
both of his jars in a single year. At least 
one chief vintner in addition to Kha'y 
was an immigrant; this was 'Aperers­
hop, evidently another Syrian, who 
produced one of the jars of sweet wine. 

The pharaoh's vintners fermented 
more than grapes. Three of the wine jars 
in the annex, one of them bearing the 
name of Kha'y, contained a beverage 
identified as "Sdh," which was probably 
made from fermented pomegranates. 
The writer of the labels was at pains to 
note in each instance that the Sdh was of 
"very good quality." Comment of this 
kind, except for the distinction between 
sweet and regular wine, is absent from 
all but one of the remaining 21 wine 
labels. On a jar that contained the only 
non delta pressing, brought to the tomb 
by an overland journey of 150 miles 
from the Western Desert oasis of Khar­
ga, the label writer added the notation: 
"Wine of good quality." His judgment 
will never be put to the test. When Car­
ter uncovered King Tut's wine cellar 56 
years ago, millenniums of evaporation 
had emptied the jars. 
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The Surface of Mars 

The Viking spacecraft have provided an unparalleled view of it 

from orbit and from the ground, adding much evidence on how it 

has been shaped by volcano, meteorite impact, water and wind 

by Raymond E. Arvidson, Alan B. Binder and Kenneth L. Jones 

T
he two Viking landers have now 
been on the surface of Mars for 
nearly a full Martian year; the two 

Viking orbiters have been circling and 
photographing the planet for slightly 
longer. Ever since the landers touched 
down in the summer of 1976 they have 
been gathering data on the characteris­
tics of the Martian atmosphere. rocks 
and soil. Meanwhile the orbiters have 
been monitoring the water-vapor con­
tent of the atmosphere. mapping the 
temperature of the surface and photo­
graphing the surface with unprecedent­
ed resolution and clarity. 

Together the photographs made and 
analytical experiments done by the four 
spacecraft reveal that Mars is a planet 
with an even more complex history than 
had been suspected. They have provided 
evidence that even the most ancient cra­
tered terrain has been modified by vol­
canic activity. that early in the planet's 
history flowing water was a significant 
agent in shaping its features and that 
since then surface material has been ex­
tensively redistributed by high-velocity 
winds. Surprisingly. the surface has 
been little eroded by such aeolian activi­
ty. In appearance the surface of Mars is 
more like rocky volcanic deserts on the 
earth than it is like the highly cratered 
surface of the moon. yet Mars. once vi­
sualized as being largely a world of gent­
ly rolling dunes. seems to possess little 
sand. The Viking mission has also pro­
vided evidence that has both strength­
ened and altered hypotheses concerning 
the early Martian atmosphere and cli­
mate proposed after the Mariner 9 mis­
sion of 197 1 and 1972. 

Mars before Viking 

Mariner 9 photographed practically 
the entire surface of Mars at a resolu­
tion of a few kilometers and a small 
fraction of the surface at a resolution of 
a few hundred meters. The global cover­
age of Mars by Mariner 9 indicated that 
the planet was divided into two distinct­
ly different hemispheres: a rugged. 
heavily cratered southern hemisphere 
traversed by huge channel-like depres-
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sions and a smooth. lightly cratered 
northern hemisphere dotted with ex­
tinct volcanoes. The two types of terrain 
are divided roughly along a great cir­
cle inclined to the equator by about 30 
degrees. 

The craters in· the southern hemi­
sphere range in size up to the basin Hel­
las. which is 1.600 kilometers across. 
The abundance of craters in some of the 
more heavily cratered regions is compa­
rable to the abundance of craters in the 
bright highlands of the moon. Samples 
of rocks and soil collected on the lunar 
highlands during the Apollo missions 
have been dated. and their ages indicate 
that most of the craters on the lunar 
highlands were excavated between four 
and four and a half billion years ago. 
At that time the moon was torrentially 
bombarded by the interplanetary debris 
left over from the formation of the solar 
system. Since the abundance of craters 
on Mars is similar to that on the moon. it 
is believed the Martian cratered terrain 
is approximately the same age as the lu­
nar highlands. In other words, almost 
half of the surface of Mars is ancient 
terrain where many of the larger land 
forms have remained unchanged for 
some four billion years. 

Mariner 9 revealed that the sparsely 
cratered areas 'in the northern hemi­
sphere of Mars are plains of lava that 
extensively flooded the surface at differ­
ent times after the heavy bombardment 
of the planet ceased. The few craters on 
the plains record the occasional impact 
of a stray asteroid or comet. Although 
there is no way as yet to estimate with 
confidence the absolute ages of the 
plains. the abundances of craters in dif­
ferent regions vary widely. which im­
plies that the ages of the plains range 
from hundreds of millions to some bil­
lions of years. 

The channels on Mars photographed 
in such detail by Mariner 9 seemed to 
imply that the past climate of the planet 
must have been quite different from the 
present one. If all the water in the Mar­
tian atmosphere today were condensed 
in one place, it would form a body of 
water no larger than Walden Pond. In 

fact. the abundance of water in the at­
mosphere today is so low that rain is an 
impossibility. 

By the time the Viking landers 
touched down most investigators were 
convinced that the largest channels. 
which are tens of kilometers wide, were 
carved by water derived from the melt­
ing of ice below the surface. Some inves­
tigators believe the ice is a remnant from 
a denser atmosphere the planet may 
have had in its first billion years. Ac­
cording to calculations made by Fraser 
P. Fanale of the Jet Propulsion Labora­
tory of the California Institute of Tech­
nology, the early Martian atmosphere 
may have contained ammonia and 
methane in addition to carbon dioxide 
and water vapor. According to James B. 
Pollack of the Ames Research Center of 
the National Aeronautics and Space 
Administration, such an atmosphere 
would have acted to trap infrared radia­
tion (the "greenhouse effect") and would 
have been warm enough to hold sub­
stantial amounts of water vapor. At 
some time in the past various reactions 
would have removed the ammonia and 
methane from the atmosphere. The at­
mosphere would then have become 
more transparent to infrared radia­
tion. As a consequence the atmosphere 
would have cooled and the water vapor 
in it would have condensed and precipi­
tated onto the surface, where it would 
have made its way to the polar regions 
and into the planet's impact-fractured 
crust and regolith (the loose material ly­
ing on the crust). 

Mariner 9 also revealed that both the 
north and south poles of Mars are cov­
ered with ice and windblown dust as 
much as several kilometers thick. In the 
oldest deposits the ice and dust are non­
layered; in the younger ones they alter­
nate in layers. each layer some tens of 
meters thick. 

The large quantities of dust in these 
deposits provide more evidence that at 
one time the atmosphere of Mars was 
denser than it is today; the present atmo­
sphere does not seem capable of trans­
porting such quantities of material to 
the poles. In fact. the most recent proc-
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ess has been one of partial erosion of the 
deposits by the wind. moving debris 
away from the polar deposits to form a 
mantle blanketing much of the surface 
at high latitudes. The layered deposits 
imply that the past climate of Mars not 
only was different but also may have 
been subject to periodic changes. 

On the basis of the photographs from 
Mariner 9 a number of hypotheses were 
proposed for the origin of the polar de� 
posits. Some investigators suggested 
that the deposits of ice and dust accu­
mulated mostly during an early period 
when the Martian atmosphere was dens­
er . Others suggested that the polar de­
posits have been accumulating through­
out Mars's history and that their accu­
mulation has been modulated by the 
amount of solar radiation received by 
the planet. particularly at the poles. Cal­
culations by Carl Sagan and his col­
leagues at Cornell University and by 
William K. Hartmann of the Planetary 
Science Institute in Flagstaff. Ariz .. indi­
cated that the amount of heat received 
by Mars could have been changed by 
the requisite amount if the luminosity of 
the sun has varied.  Such variations are 
thought to occur over a period of be­
tween a million and 100 million years. 

Moreover. William R. Ward of the Jet 
Propulsion Laboratory showed that the 
tilt of M ars's axis of rotation changes 
considerably with time because of the 
pull of the sun on the planet's equatorial 
bulge. Currently the axis of Mars is tilt­
ed from the vertical with respect to the 
plane of its revolution around the sun by 
about 25 degrees .  Over a period of be­
tween 100.000 and a million years. how­
ever. the tilt of the axis changes from a 
minimum of 15 degrees to a maximum 
of 35. To add an even greater degree of 
complexity. more recent calculations by 
Ward. Joseph A. Burns of Cornell and 
O. Brian Toon of the Ames Research 
Center show that the tilt of the axis 
could have occasionally reached 45 de­
grees during ah earlier period. before 
the formation of the great volcanic 
bulge Tharsis. 

A radiometer aboard the early Mari­
ner 7 spacecraft revealed that the sea­
sonal ice caps on Mars were composed 

FROST ON MARS was photographed by Vi­

king Lander 2 near local noon on September 
13 of last year, which was late winter in the 
Martian northern hemisphere. The lander is 
located in Utopia Planitia at a latitude of 48 
degrees. The view is to the southwest over the 
vehicle's deck. The frost is the white patches 
at the base of the rocks. It is probably a rem­
nant of a thin deposit of water ice, perhaps 
mixed with a clathrate in which carbon diox­
ide ice is caged inside water ice. The frost had 
slowly accumulated earlier in the winter as 
water was transferred to the northern hemi­
sphere from the southern hemisphere. Anaiy­
sis of the color of the surface indicates that 
the frost had been on the ground for at least 
100 days before this photograph was made. 
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of frozen carbon dioxide. It seemed like­
ly that the resid ual ice cap that remained 
during the summer was also composed 
of carbon dioxide ice. If the permanent 
ice cap consisted of carbon dioxide ice. a 
relatively small increase in the atmo­
spheric temperature should increase the 
pressure of the Martian atmosphere 
from its present value of some two to 10 
millibars to somewhere between 30 mil-

libars and one bar: the atmospheric 
pressure at sea level on the. earth. The 
estimate of 30 millibars. calculated by 
Bruce C. Murray and his colleagues at 
the California Institute of Technology. 
was based on the amount of solar radia­
tion received by the ice caps when 
Mars's spin axis was at its maximum tilt 
of 35 degrees. and on the assumption 
that the atmosphere transported a mini-

mum amount of heat to the poles. The 
estimate of one bar. calculated by Sagan 
and his co-workers. was an upper limit 
resulting from a runaway greenhouse 
effect. whereby an initial increase in 
temperature leads to an increase in at­
mospheric pressure. which allows more 
heat to be transported to the poles. 
which in turn allows even more carbon 
dioxide ice to evaporate. 

"BIG JOE" is the name given the large dark boulder to the right of 
the center of this photograph made by Viking Lander 1 at local noon 
on August 23, 1976. The boulder is some two meters across and is 
about 10 meters away from the lander; it is one of a number of boul­
ders that can be seen lying among drifts of fine-grained material, It 
is likely that Big Joe was once covered by drifted material, some of 
which still seems to be clinging to the top of it as a yellowish brown 
deposit. The picture was made in the summer of the northern hemi­
sphere, a season noted for its lack of dust storms, yet the yellowish 
brown color of the sky is due to suspended particles of dust. Appar-
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ently some dust is present in the Martian atmosphere most of the time. 
The profile of an impact crater some 300 meters from the lander can 
be seen on the horizon in the middle of the picture. The numbers bor­
dering the picture aid in the interpretation of the photograph. The 
numbers in the vertical column at the far left show the elevation in 
degrees above and below the camera's horizontal plane; the numbers 
in the top two horizontal rows show azimuth in degrees respectively 
in the coordinate system of the camera and in that of the lander. Due 
north is at an azimuth IIf 130 degrees. The other numbers on photo­
graph refer to the scan lines by which the camera built up the image. 
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In warmer periods. or during periods 
when the poles of Mars point more 
toward the sun than they do at present. 
the density of the Martian atmosphere 
would have been higher and more dusty 
material would have been eroded at low 
latitudes and transported to the poles. 
As the atmosphere cooled over the poles 
and condensed to form the ice cap. dust 
suspended in it would have been depos­
ited along with the condensates. In cool­
er periods. however. so much of the at­
mosphere would have condensed over 
the poles that at lower latitudes its gas­
eous remnant would have become quite 
thin and would have transported far less 
dust to the poles. 

The Viking Orbiter Observations 

The Viking orbiters. which began 
their coverage of Mars early in the sum­
mer of 1976. photographed the planet 
with much greater clarity than Mariner 9 
did. The difference was due largely to 
the fact that Mariner 9 approached Mars 
when the planet was still enveloped in a 
dust storm. Moreover. after the storm 
enough dust remained suspended in the 
atmosphere to significantly obscure the 
surface of Mars for several terrestri­
al months. The Viking orbiters began 
making images of Mars when the atmo­
sphere was relatively free of dust. More­
over. although the Viking orbiter cam­
eras were Vidicon systems similar to 
those carried on Mariner 9, they had 
considerably better resolution. 

The Viking orbiter photographs show 
that much of the surface of Mars retains 
crisp topographic detail: lava flows. 
wrinkle ridges and crater ejecta stand 
out in sharp relief. In addition the pho­
tographs show numerous lava flows in 
even the most primitive cratered terrain. 
From these last features Michael H. 
Carr of the U.S. Geological Survey and 
his colleagues suggest that early in 
Mars's history even much of the ancient 
cratered terrain in the southern hemi­
sphere was flooded with lava. Such vol­
canic leveling would explain why the 
highly cratered terrain on Mars is rela­
tively smooth compared with the moun­
tainous highlands of the moon. 

The fact that the most ancient fea­
tures on Mars are still sharply defined 
also indicates that during the planet's 
history there has been relatively little 
breakdown of rock and redistribution of 
debris. The only clear evidence for'wind 
erosion on a large scale is found in re­
gions composed of older sedimentary 
deposits. such as those near the poles. It 
is likely that the polar deposits are only 
partly consolidated and are therefore 
easily eroded by the wind. 

The Viking orbiters have shown that 
the northern plains at high latitudes are 
more than simple mantles of debris. 
They are a complex of lava flows and 
deposits of windblown dust that have 
themselves been partially stripped by 

FLOW OF DEBRIS surrounds the 25-kilometer crater Arandas, photographed by Viking Or­
biter 1 on July 22, 1976. Although the rim of the crater is clearly defined, the material around 
it appears to have flowed along the ground instead of being ejected as the meteorite struck the 
surface. At the top left the flow may have been deflected around a small crater. The radial 
grooves on the surface of the flow may have been eroded into it during the last stages of the im­
pact process. Flow was probably created when heat from the meteorite's impact melted ice be­
low the surface, and water and steam transported material away from crater in a coherent flow. 

the wind. Closer to the north pole the 
orbiter cameras found large fields of 
dunes girdling the residual ice cap; the 
dunes seem to be composed of particles 
the size of grains of sand. Sand-sized 
particles. which on Mars probably 
range from . r millimeter to several mil­
limeters. are too large and heavy to re­
main suspended in the rarefied atmo­
sphere and be carried away. but they are 
sufficiently small and light to be rolled 
and lifted for short distances by the 
wind. Dust particles. however. which on 
Mars are smaller than about .1 millime­
ter. are sufficiently small and light to be 
carried away in suspension. 

The bulk of both the debris on the 
northern plains and the dunes closer to 
the poles apparently consists of material 
eroded from the polar deposits them­
selves. When the deposits were stripped 
by the wind. the embedded dust was car­
ried away and any sand lagged behind 
and accumulated in dunes close to the 
poles. A puzzle here is that although the 
polar deposits contain dust. they seem to 
be yielding both dust and sand. The an­
swer may be that the sand-sized parti­
cles are actually dust-sized particles that 
have been cemented together by oxides. 
salts or perhaps even ice. 

Interpretation of the data from the ra­
diometers on the Viking orbiters by 

Hugh H. Kieffer of the University of 
California at Los Angeles and his asso­
ciates showed that during the summer in 
the northern hemisphere of Mars the 
temperature over the residual north-po­
lar ice cap was some 205 degrees Kelvin 
(68 degrees below zero Celsius). This re­
sult was striking. Since the atmospheric 
pressure at the surface of Mars is only 
about six millibars. the temperature 
would have to be less than 1 48 degrees 
K. to maintain a permanent cap of car­
bon dioxide ice. Even if the ice in the ice 
cap were a clathrate compound in which 
carbon dioxide ice was caged inside wa­
ter ice. it could not exist at a tempera­
ture higher than about 1 55 degrees K. 
The only condensate that can remain 
stable at 205 degrees K. is water ice. 

Further support for the view that the 
residual polar cap consists only of water 
ice comes from an analysis of data from 
the Viking orbiter spectrometers made 
by Crofton B. Farmer and his associates 
at the Jet Propulsion Laboratory. They 
find that during the summer at northern 
latitudes the amount of water vapor in 
the atmosphere is such that the tempera­
tures must be higher than 200 degrees K. 

Observations of the residual south­
polar cap during the summer in the 
southern hemisphere are difficult to in­
terpret because of the effect of a global 
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dust cloud that may have modulated at­
mospheric temperatures. The residual 
southern ice cap is probably water ice 
too. although measurements of its tem­
perature are ambiguous. and there is a 
slim chance that its major constituent is 
carbon dioxide ice. 

Since it seems that there is water ice at 
both poles. hypotheses involving water 
as an active agent in Mars's past have 
gained measurably more acceptance. 
Moreover. the Viking orbiter photo­
graphs have revealed that the channels 
on Mars are even more abundant than 
was indicated by the Mariner 9 photo­
graphs and that the channels extend to 
smaller sizes and form a much more in­
tegrated drainage system than had been 
previously perceived. The runoff of rain 
from an ancient dense atmosphere may 
have carved some of the treelike net­
works of channels. Other channels may 

have been formed when underground 
ice was melted by heat released in vol­
canic activity. Then the channels would 
have been created when the ice melted. 
the ground above it slumped and the wa­
ter flowed away. In this case the forma­
tion of the channels would seem to be 
directly linked to the thermal history of 
the planet. 

Intriguing evidence for the presence 
of water ice in the crust and regolith of 
Mars has also been obtained from ex­
amining pictures of the peculiar ter­
races. ramparts and lobes characteristic 
of the ejecta of many of the large cra­
ters. On the moon the ejecta from im­
pact craters appear to have been blocks 
of material that were hurled outward by 
the original impact and fell back to the 
surface. excavating myriads of second­
ary impact craters. On Mars the ejecta 
deposits surround the impact craters al-

most like a solidified flow. The probable 
explanation is that the heat of the im­
pact melted and vaporized water ice 
trapped in the crust. and the liquid water 
and steam transported the ejecta away 
from the crater in a coherent. ground­
hugging flow of debris. In some pho­
tographs one can even see where the 
flow was diverted around obstacles in 
its path. 

Although water is now being recog­
nized as an important agent in Mars's 
past. the discovery that the polar regions 
are probably dominated by water ice in­
stead of carbon dioxide ice places severe 
constraints on the intensity of past cli­
matic fluctuations. If a water-ice cap on 
Mars received more sunlight. it would 
begin to evaporate. subliming directly 
from the solid ice to a vapor. In order 
for the vapor pressure of water on Mars 
to reach the pressure required for liquid 

CHRYSE PLANITIA, tbe site of Vikillg Lallder 1, is a rolling plain 
littered witb blocks. Just visible to tbe rigbt of tbe center are several 
areas of exposed bedrock. Below tbem small linear deposits or streaks 
of sediment can be seen extending away from tbe rocks. Tbe streaks 
extend rougbly in a nortb-to-soutb direction. Toward tbe upper left 

is a large field of drifted material wbere deposits accumulated during 
a period wben winds were also blowing from nortb to soutb. Because 
of tbe panoramic geometry of tbe image it seems tbat tbe streaks 
cbange direction witb azimutb. Tbe center of tbe mosaic is pointing 
toward tbe soutbeast. Tbe entire mosaic covers 160 degrees in azi-
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water to exist the temperature would 
have to be raised by at least 70 degrees 
K. Such a dramatic rise in temperature 
would be most unlikely to occur even if 
the luminosity of the sun varied by the 
maximum amount allowed by theory 
or if the inclination of the planet's axis 
periodically changed to the maximum 
extent. Indeed. the fact that the most 
ancient surfaces of Mars are so well 
preserved is consistent with the hypoth­
esis that the atmospheric conditions on 
Mars have not fluctuated greatly over 
most of the planet's history. It seems 
likely that the bulk of the polar deposits 
formed very early and have since been 
eroded by the wind. The exact time they 
formed and the reason for their forma­
tion. along with the history of any early. 
dense atmosphere that may have been 
supported by greenhouse effects. how­
ever, remain a mystery. 

Viking Lander 1 touched down on the 
western slopes of the region named 
Chryse Planitia (22.5 degrees north lati­
tude. 47.8 degrees west longitude). 
From orbit the landing site looks much 
like the surface of a lunar mare, or 
"sea": it is a smooth volcanic plain 
sparsely cratered and lined with a series 
of wrinkle ridges. The walls of the cra­
ters seem nearly pristine and the wrin­
kle ridges are also well preserved. The 
amount of erosion must be very slight or 
confined to a scale on the order of me­
ters for the morphology of the ejecta 
deposits and the ridges to be so little 
changed. 

The landing site is some 130 kilome­
ters east of Lunae Planum, one of the 
most heavily cratered plains on Mars. 
Lunae Planum is about a kilometer 
higher in elevation than Chryse Planitia. 
and the boundary between the two re-

gions is marked by an irregular escarp­
ment. A number of large channels 
course through Lunae Planum, emerge 
from the escarpment and extend east­
ward across Chryse Planitia toward the 
landing site. The channels were most 
likely created by ground water from ice 
trapped within Lunae Planum. At some 
time in the past volcanism and geother­
mal heating melted some of the under­
ground ice and the water escaped to the 
surface to create one or more torrential 
floods that cut into the Lunae Planum 
deposits and poured onto Chryse Plani­
tia. The flow of water from Lunae Pla­
num breached several craters and wrin­
kle ridges to the west of the landing site. 

The Surface of Chryse Planitia 

To judge from correlatioI;ls between 
pictures from Viking Lander 1 and pic-

muth. The local topography is such that the distance of the horizon 
ranges from several tens of meters at the left to several kilometers at 
the right. The terrain at the bottom is only a couple of meters from the 
camera. Scale is provided by the surface sampler assembly pin, the 
bright cylindrical object lying in the soil in the bottom middle por-

tion of the mosaic; it is 10 centimeters long. The lander'S footpad is 
at the bottom right, and other parts of the vehicle can be seen to the 
left. Under the spacecraft the retrorocket exhaust blew loose material 
away, exposing a fractured, crusted type of soil called duricrust; a 
few chunks of such soil are visible to the left of the assem bly pin. 
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tures from the Viking orbiters. the land­
er is sitting on the flank of a wrinkle 
ridge. From the lander the site strikingly 
resembles many rocky deserts on the 
earth. particularly those with exposures 
of volcanic rock. The gently rolling 
landscape is yellowish brown in color. 
strewn with rocks and dotted with drifts 
of fine-grained material. Within 30 me­
ters of the spacecraft several outcrops of 
bedrock can be discerned. No positive 
evidence of the flood from Lunae Pla­
num is visible on the photographs from 
the lander: scoured features. channels or 
fluvial deposits cannot be detected. Ap­
parently the flood either did not reach 
the landing site or had largely dissipated 
by the time it passed over it. Alternative­
ly the surface may have been so modi­
fied since the flood that any fluvial fea­
tures are no longer discernible. 

The resemblance of the landing site to 
rocky deserts on the earth was some­
what surprising on the basis of what 

most investigators expected from the 
moonlike orbital pictures of Chryse Pla­
nitia. From orbit the dominant features 
of the region are craters.  From the 
ground there are only a few obvious cra­
ters to be seen in the immediate vicinity 
of the lander . Based on the population 
of large craters visible from orbit. Ed­
ward A. Guinness. Jr .. of Washington 
University calculated that if Mars were 
like the moon. some 35 craters with di­
ameters ranging between 25 and 50 me­
ters should be in the lander's field of 
view. 

A relative deficiency of craters on 
Mars smaller than 50 meters across was 
actually predicted in 1970 by Donald E. 
Gault and Barrett S. Baldwin. Jr . .  of the 
Ames Research Center. They calculated 
that even though the atmosphere of 
Mars is thin. it is dense enough to ablate 
and break up small incoming meteor­
oids before they reach the surface. As a 
result the Martian surface is not subject-

ed to the repetitive high-velocity impact 
of small objects and the consequent 
"gardening" of the top few meters of the 
surface. The only substantial popula­
tion of craters with diameters of less 
than 50 meters should be secondary cra­
ters produced by the impact of debris 
thrown out during the formation of a 
large crater (one that is tens of kilome­
ters in diameter). In contrast. the surface 
of the moon shows a continuous spec­
trum of crater sizes. and the impact of 
small objects over millions of years has 
created a dusty soil. On Mars large im­
pacts would fracture the surface and 
strew over it a discontinuous layer of 
relatively large blocks. just as at the 
landing site . The soil on Mars must have 
been created by other processes. 

In addition to the rocks and outcrops 
visible on the ground at Chryse Planitia. 
fine-grained material is abundant in the 
form of streaks on the lee side of most of 
the rocks; the streaks are several centi-

UTOPIA PLANITIA, the site of Viking Lander 2, is superficially like 
Chryse Planitia in that the terrain is littered with blocks. The ter­
rain is remarkably flat, however, and the horizon is several kilometers 

away. Scale is provided by the largest block in the middle of the image, 
which is 2.75 meters from the spacecraft and is 35 centimeters wide. 
No bedrock seems to be exposed. A prominent trough like depression 
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meters in depth and range from 10 centi­
meters to a meter in length. To the 
northeast of the lander there is a com­
plex of drifts in a field of 'boulders; these 
drifts probably were formed when 
windblown material was trapped among 
boulders that were sufficiently large to 
reduce the velocity of the wind locally. 
Several of the large drifts appear to be 
layered or laminated. On the earth lay­
ers are usually not seen in actively grow­
ing or moving drifts; they are visible 
only when the drifts are stabilized by 
vegetation or cementation and are being 
excavated by wind erosion. It appears 
that on Mars the drifts observed were 
deposited some time ago, that they were 
partially lithified (formed into sedimen­
tary rock) and that they have recently 
been eroded. 

On the average the long axes of the 
windblown streaks behind the rocks 
point almost due south. Photographs 
made by Mariner 9 of regions just to the 

north of the landing site show that large 
streaks extending from craters also 
point roughly south. Both sets of streaks 
seem to indicate that the prevailing 
winds near the surface had blown from 
north to south during the period when 
the streaks were formed. Moreover, the 
pattern of exposed layers on the drifts 
indicates that when the drifts were de­
posited, the wind direction was also 
north to south. 

Another feature at the landing site 
was revealed by the landing itself. Close 
to the spacecraft the retrorocket exhaust 
blew away loose material, exposing a 
crust of soil fractured into a polygonal 
pattern. Such soil, known as duricrust, is 
similar in appearance to the deposits 
called caliche in the U.S. Southwest 
and Mexico. On the earth duricrust is 
formed when dilute solutions of salt mi­
grate up through the soil; the water 
evaporates from the solutions, and the 
salts and other substances collect just 

below the surface. The same process 
probably has operated on Mars. It is 
not known whether on Mars the water 
comes from relatively large pores below 
the surface or from thin films of water 
between grains of material. It probably 
comes from the thin films, because vari­
ations in the water-vapor content of the 
lower atmosphere suggest that water is 
regularly cycled between the surface 
and the atmosphere. 

Direct evidence that salts are present 
in the Martian duricrust was obtained 
by sampling the soil in front of the land­
er and analyzing its chemistry with the 
X-ray-fluorescence spectrometer on the 
lander. Priestley Toulmin III of the U.S. 
Geological Survey and the members of 
his X-ray team found that the amount 
of sulfur, a likely candidate for being 
bound in salt minerals, was somewhat 
greater in clods of soil than it was in 
loose soil. The clods are abundant 
around the lander, and they probably 

about a meter wide and 10 centimeters deep cuts horizontally through 
the middle of the picture. Several drifts of material occupy its bot­
tom. Linear deposits or streaks extend downwind of the rocks at the 

far left. The streaks have approximately the same azimuth as those 
behind the rocks at Cbryse Planitia. The bright plateau on the hori­
zon to the right is approximately in direction of the large crater Mie. 
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are chunks of duricrust broken up by the 
landing and also by the natural wind. 

The Surface of Utopia Planitia 

The search for the landing site for Vi­
king Lander 2 was based partly on the 
desire of investigators to have the sec­
ond lander in a region distinctly differ­
ent from that of Viking Lander 1 but still 
smooth enough for a successful landing. 
The overriding concern. however. was 
to find a location with a high water-va­
por content in order to maximize the 
probability of finding evidence of life. 
The region chosen was the surface of 
Utopia Planitia. which is part of the 
mantle of debris on the vast plains of 
the northern hemisphere. Observations 
from orbit showed that-the surface is cut 
by fractures that break the terrain into 
polygonal forms kilometers on a side. 
The landing site (48 degrees north lati­
tude. 225.6 degrees west longitude) is 
200 kilometers southwest of the large 
crater Mie. 100 kilometers across. 

Soon after Viking Lander 2 had settled 
on the surface it was apparent that from 
the ground the site of Viking Lander 2 
was superficially similar to the site of 
Viking Lander 1: the surface is a rock­
strewn plain with duricrust. That. how­
ever. is where the resemblance ends. Vi­
king Lander 2 came down on a flat plain. 
where most of the topographic relief is 
created by troughli'ke depressions that 
divide the terrain into polygons. No out­
crops of bedrock can be discerned. In­
stead boulders and cobbles either are 
partly embedded in a matrix of fine­
grained material or are resting on top of 
it. Although other explanations for the 
appearance of the landing site are possi­
ble. it is likely that Viking Lander 2 came 
to rest on a lobe of the debris that flowed 
out from the crater Mie. In flows of de­
bris on the earth large rocks are com­
monly carried on top of the flow. leaving 

a field of boulders partly embedded in 
finer-grained material. 

The troughlike depressions visible 
from Viking Lander 2 are approximately 
a meter wide and 10 centimeters deep. 
and the edges of the troughs are slight­
ly turned up. The troughs visible from 
the lander are much smaller than the 
troughs seen from orbit. but it is likely 
that the features have a similar origin. 
The scale and the form of the troughs 
seen from the lander make them a good 
physical analogue of the "patterned 
ground" that is found in cold regions on 
the earth. On the earth patterned ground 
forms in ice-saturated soil where low 
temperatures cause the ground to con­
tract and fracture; the fractures usually 
cut the ground in a polygonal pattern. In 
the spring the frozen soil thaws and the 
fractures fill with water. In the fall the 
water freezes. and in the following win­
ter the ice. which is weaker than the fro­
zen soil. fractures in the same pattern. 
RePt:ated cycles of the process create a 
terrain that is cut by troughs in a polygo­
nal pattern. with the troughs occupied 
by wedges of ice. 

One problem with the proposal that 
this process is currently operating on 
Mars is that the temperatures at Utopia 
Planitia are always below the freezing 
point of water. Benton C. Clark of the 
Martin Marietta Corporation has esti­
mated that even if the ice contained 
salts. the freezing point of the solution 
would be depressed only 10 or 20 de­
grees K. below the melting point of pure 
water. At the temperatures on Utopia 
Planitia the ice would still never melt. 

Patterned ground can be created by 
one other process: the desiccation of 
clays. Clays. which are the leading can­
didate for the major constituent of the 
Martian soils sampled at the landing 
sites. expand and contract by as much as 
20 percent as they absorb water and 
then lose it. If the ground on which the 

Viking Lander 2 is resting was once satu­
rated with water and then dried out. 
cracks may have formed. creating the 
troughs in a polygonal pattern. 

Small streaks can be seen extending 
downwind from some of the rocks at the 
site of Viking Lander 2. just as they do at 
the site of Viking Lander 1. In addition 
several small drifts occupy the floor of 
a large trough in front of the lander. 
Again the drifts indicate that the pre­
vailing wind direction is roughly from 
north to south; thus Chryse Planitia and 
Utopia Planitia may have been subject 
to the same wind system. Since the sites 
are halfway around the planet from 
each other. such a wind system would 
have to have been global. Most likely 
both sets of wind streaks and drifts 
formed during dust storms at Mars's 
closest approach to the sun. when the 
flow of the atmosphere could have been 
in a north-to-south direction in the 
northern hemisphere. The Viking lander 
meteorology stations. which monitored 
winds during the 1977 dust storms. did 
not. however. show any predominance 
of a north-to-south flow. 

The Martian Soil 

The X-ray-fluorescence spectrometer 
on each lander analyzed soil samples 
and determined the abundance of a 
number of elements with atomic num­
bers higher than that of sodium (atomic 
number 1 1). Toulmin and his colleagues 
have examined the data and have shown 
that the overall composition of the soil 
at one site is much the same as that at the 
other. The composition is different from 
that of any single known mineral or type 
of rock. indicating that the soil is prob­
ably a complex mixture of materials. 

The surface of Mars seems to be com­
posed of soil derived from mafic igneous 
rocks. that is. rocks that have crystal­
lized from a melt that was rich in mag-

TWO DRIFTS OF FINE-GRAINED MATERIAL are 15 meters 
from Viking Lander 1. The drift at the right is composed of darker 
material than the drift at the left. Spectra of the dark drift indicate 

that it is the only example of such material at either landing site. All 
the other soil areas seen from the landers are quite similar. They are 
probably the same as the soils that dominate the bright areas of Mars. 
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nesium and iron. Compared with rocks 
on the earth in general. they are rich in 
magnesium. iron and calcium and poor 
in potassium. silicon and aluminum. 
Such abundances are compatible with 
the kind of materials one would expect 
from a partial melting of the Martian 
mantle: the deep layer below the crust. 

It is likely that the soil analyzed by the 
Viking X-ray spectrometers is a mixture 
of iron-rich clay minerals. iron hydrox­
ides. sulfate minerals and carbonate 
minerals. Such a deduction is consistent 
with the results from the combined gas­
chromatograph and mass-spectrometer 
experiments on each lander. which 
found that when samples of soil were 
heated. water vapor and carbon dioxide 
were released. The soil contains about 
1 percent water by weight. some of 
which is probably in hydrated minerals. 

On the earth mafic materials are 
chemically altered by water and give 
rise to iron-rich clayey soils. The same 
kind of process could have operated in 
the Martian past. when liquid water was 
prevalent. Some of the soil could also 
have formed when hot magmas pene­
trated the ice-laden crust and regolith. 
erupting explosively to form clay tuffs. 
In addition. if a sufficient quantity of 
water was available . the heat from im­
pacts may have been sufficient to alter 
volcanic rock materials into clays. 

An intriguing alternative hypothesis 
has been proposed by Robert L. Hugue­
nin of the University of Massachusetts. 
He suggests that the soil has largely been 
produced by oxidation stimulated by ul­
traviolet irradiation of the rocks. Ultra­
violet radiation from the sun is not ab­
sorbed by the Martian atmosphere be­
cause the atmosphere does not have an 
ozone layer. In the presence of small 
amounts of water vapor such radiation 
is capable of breaking down aluminosil­
icate minerals by causing ions such as 
those of iron to migrate toward the sur­
face. thus disrupting the minerals' crys­
tal structure. The extent to which the 
soil might have been created by such a 
process is not known. 

Two magnets were mounted on the 
hoe that was part of the soil-acquisition 
scoop on each lander. One of the mag­
nets was mounted flush with the hoe's 
surface; the other was embedded in the 
metal so that its effective strength was a 
twelfth that of the first. At both sites 
equal amounts of material clung to both 
magnets after the hoe had been inserted 
into the soil. According to Robert B. 
Hargraves of Princeton University and 
David W. Collinson of the University of 
Newcastle upon Tyne . for equal aggre­
gates of material to cling to both mag­
nets between 3 and 7 percent of the ma­
terial by weight must be magnetic. If the 
soil had a lower concentration of mag­
netic material. the aggregates would not 
cling to the weaker magnet. Hence mag­
netic material is present in significant 
amounts in the Martian soil. 
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WAVELENGTH (MICROMETERS) 

REFLECTANCE SPECTRA are shown for the bright drift and the dark drift at the site of 
Viking Lander 1 and also for a trench dug there by the surface sampler. The spectra were pro­
duced at the Langley Research Center of the National Aeronautics and Space Administration 
with a specialized technique devised by Friedrich O. Huck and Stephen K. Park. The spectra 
show the fraction of sunlight reflected at wavelengths between .S micrometer (in the hlue) and 
1.0 micrometer (in the near infrared). The shapes of the spectra for the bright drift (dark color) 
and for the trench (light color) are similar. Both show an absorption band at .93 micrometer, 
which implies that they have a similar composition. The only major difference between them 
is in the intensity of the light reflected. (The difference is actually to be expected because the 
soil in the trench was disturbed when the trench was dug, thereby increasing the soil's micro­
topography, increasing its degree of scattering and shadowing and decreasing its reflectance.) 
The reflectance spectrum of the dark drift (black), however, has a different shape. The absorp­
tion band at .93 micrometer is gone, making the spectrum look flat, and there may be a shallow 
band near 1.0 micrometer. The difference between the bright drifts and the dark ones may 
mimic the difference between large bright and dark areas on Mars as it is seen from the earth. 

The color of the material clinging to 
the magnets is the same as the color of 
the surface. which indicates that the 
magnetic materials are covered or 
stained with the same materials coloring 
the Martian soil. Reasonable candidates 
for the magnetic minerals are magnetite 
and maghemite. both of which are iron 
oxides. and metallic nickel-iron. Mag­
hemite is yellowish brown or reddish in 
color. and if it is present. it may contrib­
ute to the color of Mars. The abundance 
of the magnetic material and its prob­
able nature is also consistent with a 
source that is mafic. such as mafic ba­
salts. 

The cameras on the Viking landers 
made pictures of the surface and the sky 
in six regions of the spectrum. ranging 
from about .5 micrometer (in the blue) 
to 1.0 micrometer (in the near infrared). 
The color pictures were generated by 
first determining the spectral irradiance 

of Mars in each of the regions and then 
computing the hue . brightness and satu­
ration of color for the range of wave­
lengths to which the human eye is sensi­
tive. The spectral irradiance of the sur­
face of Mars is a product of the irradi­
ance from the sun. the reflectance of the 
surface of Mars and the character of the 
light scattered by the atmosphere. The 
color pictures show that the surface is 
yellowish brown. If the effects of the col­
or introduced by the atmosphere are re­
moved. the color of the surface tends 
even more toward brown. 

The reflectance spectra derived from 
the camera data for various soil areas at 
both landing sites are remarkably simi­
lar and seem to vary only as the lighting 
changes. The spectra are similar in ap­
pearance to spectra made of bright areas 
on Mars with instruments on the earth. 
Those areas are thought to be covered 
with a fine-grained. chemically altered 
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soil. An explanation fitting the available 
data is that most of the soil exposures 
seen at the landing sites and sampled for 
analysis consist of a bright chemical 
weathering product that has been mixed 
on a global scale by the wind. 

The one area seen at the landing sites 
that has a reflectance spectrum appreci­
ably different from the spectrum of all 
the other areas is a drift of material 
some 15 meters away from Viking 
Lander 1. This drift. which is significant­
ly darker than the surrounding soil. may 
have been left behind after the wind car­
ried away brighter material that was 
more easily moved. The spectrum for 
the dark drift is similar to the spectra of 
the dark areas on Mars that have been 
made with instruments on the earth. The 
drift may be composed of partially al­
tered iron-rich igneous rocks that have 

been broken down into soil particles. 
Thus although in general the similarities 
between the soils at the two sites are 
strong. differences do exist that may 
mimic on a small scale the differences 
between the classic bright and dark ar­
eas of Mars seen from the earth. 

Most of the rocks and bedrock out­
crops in the color pictures made by the 
landers appear to be darker than the soil 
on which they rest. but when they are 
viewed under comparable illumination. 
most of them are actually brighter. In 
the majority of the photographs the 
angle between the sun. the surface and 
the camera is larger for the sides of 
the rocks than it is for the soil on the 
ground. and hence the brightness of the 
rocks appears lower. The rocks and soil 
have similar spectral shapes. indicating 
that the rocks are covered with a smooth 

stain or dusting of material similar in 
composition to the soil. The general ap­
pearance of most of the rocks suggests 
that they are volcanic in origin. al­
though some have been eroded signifi­
cantly by the wind. Most of the rocks at 
the site of Viking Lander 2 and some of 
those at the site of Viking Lander 1 are 
pitted like the ones that form from gas­
rich lavas on the earth. Gases dissolved 
in the lava because of the confining pres­
sures at great depths are liberated when 
the lava reaches the surface and form 
pockets of gas. When the molten rock 
cools and hardens. the pockets are pre­
served as bubbles or vesicles in the rock. 
Unfortunately distinguishing between 
pits produced by this process and those 
produced by the wind erosion of softer 
minerals is extremely difficult. 

One of the more intriguing aspects 

CLOSEUP VIEWS OF MARTIAN ROCKS illustrate the variety of 
rocks on Mars. The top two photographs show rocks from Cbryse 
Planitia; the bottom two photographs show rocks from Utopia Pla­
nitia. The rock at the top left is about 25 centimeters long; its pitted or 
mottled nature is reminiscent of igneous rocks on the earth that have 
been abraded by the wind. Duricrust exposed by the retrorocket ex­
haust can be seen to the lower left. The rock at the top right appears 
to be a breccialike volcanic rock about 20 centimeters across. A moat 
scoured by the wind can be seen on one side of the rock; a raised de­
posit of windblown material extends from the other side. The elongat­
ed pits in the soil were made when clods hurled out by the landing 

hit the ground. The rock at the bottom left is a rectangular block 
about 40 centimeters wide. The angular form of the rock indicates 
that its appearance is dominated by fracture planes at right angles to 
one another. Drifted material is visible in the background, along with 
a conical rock that may have been shaped by wind erosion. The pea­
nut-shaped rock at the bottom right may be a piece of lava some 30 
centimeters wide. The pits in it may have been created when gas dis­
solved in the lava formed bubbles or vesicles and then escaped, or 
they may have been pockets of softer minerals preferentially eroded 
by the wind. The landing sites display a variety of rock forms, some 
eroded, some appearing pristine. Most seem to be of volcanic origin. 
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of both landing sites.  and probably of 
Mars in general, is the fact that there 
seems to be a marked deficiency of sand 
compared with a typical desert on the 
earth. The lack of sand at the landing 
sites has been inferred by Henry J. 
Moore II of the U.S.  Geological Survey 
and his associates from photographs of 
the walls of the trenches that were dug 
by the soil samplers of both Viking land­
ers. Their results indicate that the bulk 
of the small particles on Mars are small­
er than . 1  millimeter. Such particles 
would be difficult to erode from the sur­
face. and once eroded they would prob­
ably be carried away by the wind. 

The Winds of Mars 

Particles the size of those of sand exist 
on Mars. probably in the dunes that gir­
dle the Martian ice caps; perhaps they 
even make up the .dark drift exposed at 
the site of Viking Lander 1 and parts of 
the classic dark areas that cover the mid­
dle latitudes of the southern hemi­
sphere. The Martian soil does not. how­
ever. contain the kind of sand found on 
the earth. Most terrestrial sand consists 
of quartz and feldspar minerals that 
have been weathered from acidic igne­
ous and metamorphic rocks. Quartz and 
feldspar. which dominate acidic rocks. 
are resistant to chemical weathering and 
mechanical attack. and the two minerals 
are major constituents of sedimentary 
rocks on the earth. Mars has not differ­
entiated to the extent that acidic rocks 
have been created in large quantities;  
the planet is probably dominated by 
mafic basalts. In such basalts the major 
minerals are olivine. pyroxene and pla­
gioclase feldspar. Huguenin has shown 
that even in the cold. arid environ­
ment of Mars these minerals are rapidly 
weathered by ultraviolet-stimulated ox­
idation. 

If. as is suspected. the bright soil at the 
landing sites is made up of clay miner­
als. the soil would be very fine-grained. 
Particles the size of grains of sand could 
exist. however. as aggregates of small­
er particles.  Such sand-sized aggregates 
would have a short lifetime in the Mar­
tian aeolian system. Grains bouncing 
along the surface travel roughly at the 
speed of th(! wind. Since Mars's atmo­
sphere is only about a hundredth as 
dense as the earth·s.  winds of about 50 
meters per second ( 180 kilometers per 
hour) would be needed to erode sand­
sized particles from the Martian sur­
face. Particles of terrestrial sand carried 
at that velocity would be powerfully 
erosive. but aggregates of clayey materi­
al would rupture on impact into harm­
less motes of dust. Even mineral grains 
such as olivine. pyroxene or feldspar 
would be likely to rupture if they were 
carried at such velocities.  One conse­
quence of this situation on Mars is that 
the rate of aeolian erosion is probably 
low compared with the rate on the earth. 

The low rate of erosion probably ex­
plains why much of the Martian surface 
looks so crisp and pristine. The loose 
material can be moved around readily. 
but the rock erodes very slowly. 

The skies at the landing sites are yel­
lowish brown. and have remained that 
color over the Martian year the landers 
have been on Mars. This observation 
is somewhat unexpected. According to 
calculations by Pollack. the color is due 
mainly to particles of dust suspended 
in ·the atmosphere up to a height of 40 
kilometers. It was expected that large 
amounts of dust would be suspended in 
the atmosphere after the major dust 
storms.  which occur when the planet 
passes perihelion. the point on its orbit 
where it is closest to the sun. The lander 
photographs showed. however. that the 
skies were yellowish brown even when 
Mars was at aphelion. the point on its 
orbit where it is farthest from the sun. 
At that time major dust storms are rare. 
Dust either is often raised on Mars or is 
dynamically supported by atmospheric 
turbulence for long periods of time. 
Even on the dustiest days. however. if 
all the dust were precipitated onto the 
surface. the layer would be only a frac­
tion of a millimeter thick. 

The landers have gathered data dur­
ing two large dust storms .  both of which 
began in the southern hemisphere as 
Mars neared perihelion in 1 977.  The 
first storm began in February and the 
second in May. The dust cloud was 
quickly distributed around the planet by 
high-altitude winds. Each storm took 
several months to subside. At the land­
ing sites in the northern hemisphere the 
wind only rarely reached velocities suffi­
ciently high to disturb the soil on the 
ground. It seems probable that after 
both storms a thin layer of dust accumu­
lated on the landers and on the surfaces 
around them. The layer of dust indicates 
that not all the material raised from the 
southern hemisphere is returned. Over a 
period of time the dust storms should 
denude the middle-southern latitudes of 
dust. exposing the bedrock and leaving 
behind deposits of darker. less weath­
ered material. Perhaps such deposits are 
the classic Martian dark areas seen from 
the earth. 

The latitude on Mars that is directly 
below the sun at perihelion is the point 
at which most dust storms begin. This 
perihelion subsolar point slowly varies 
with time because the axis of Mars pre­
cesses. Martian precession should cause 
the latitude of the perihelion sub solar 
point to migrate between + 25 degrees 
and - 2 5  degrees in latitude with a peri· 
od of 50.000 years. Lawrence A. Soder­
blom of the U.S. Geological Survey has 
pointed out that if the dark areas on 
Mars are regions stripped of a relatively 
large fraction of the bright layer of mo­
bile dust. they may migrate around the 
equator with the same period. In other 
words. some 20.000 years ago most of 

the perihelion dust storms may have be­
gun at the latitude of Viking Lander 1, 
and Chryse Planitia may have been par­
tially stripped of its bright deposits. If 
that is the case. the drifts and streaks 
seen at the site of Viking Lander 1 may 
be younger than 20.000 years .  

The Future 

It is clear that the Viking mission has 
greatly increased our knowledge of the 
geology of Mars. We now have a good 
understanding of what the surface looks 
like and of the kind of surface materials 
present. The discovery that at least one 
of the residual ice caps consists of water 
ice has significantly added to our knowl­
edge of the intensity of the planet's cli­
matic fluctuations. There remain impor­
tant questions about the evolution of the 
Martian surface. The ages of the plan­
et's various terrains are not known with 
much certainty. The structure and com­
position of the interior of Mars are still 
largely a mystery. Without such knowl­
edge it is not possible to construct a 
unique theoretical model of how the 
planet formed and evolved. 

Some of the questions may be an­
swered by further analysis of the Viking 
data. Others will have to await future 
missions. One possible mission is an or­
biter. much more sophisticated than the 
terrestrial satellite Landsat. capable of 
mapping detailed chemical and mineral­
ogical characteristics of the Martian 
surface. Another possibility is an un­
manned surface rover capable of tra­
versing hundreds of kilometers over a 
period of several years. which would be 
able to analyze the regolith in more de­
tail than any satellite in orbit could. A 
third possibility is a series of penetrator 
rockets launched from an orbiting plat­
form that could embed themselves in 
the planet's surface at various . points 
and provide a network of meteorologi­
cal and seismological sensors.  A fourth 
possibility is a mission that would return 
samples of Martian material, affording 
the kind of data that can be obtained 
only in a terrestrial laboratory. One 
need only consider the vast amounts of 
data that were obtained by analyzing the 
samples returned from the moon in the 
Apollo missions to appreciate the extent 
of the information that could be gained ' 
from samples returned from Mars. 

The future exploration of Mars can 
be justified from a number of points of 
view. Perhaps the most important is that 
the earth and Mars seem to have fol­
lowed evolutionary tracks that are suffi­
ciently different for the two planets to 
have had unique histories.  Their evolu­
tionary tracks have been sufficiently 
similar . however. to provide for mean­
ingful comparisons of data on their at­
mosphere. surface and interior. There 
can be little doubt that understanding 
the history of Mars will increase our 
understanding of the earth. 
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designed around a shopping bag. 
It's true. We had supermarket shopping bags flown to 
our factory when we designed the Honda Civic@ 
Hatchbacks . Measuring the bags helped us determine 
the size of the rear cargo area. 

This may seem like a lot of fuss over a small detail . 
But at Honda we do everything that way. For all 
its simplicity, the Honda Civic has been planned with 
meticulous care. 

So you see? It's not by accident that four full-sized 
shopping bags fit inside our hatch . 

Of course , four also happens to be the number of 
full-sized people that fit inside our Civic's passenger 
compartment. And if we went to all that trouble to 
make a shopping bag comfortable , j ust imagine what 
we must have done to make you comfortable . 

m - lmE!lm 
We make it simple. 

© 1978 American Honda Motor Co. , Inc. Civic® is a Honda trademark. 
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The Flow of Energy 
in a Forest Ecosystem 

Life on the earth is sustained by the finite amount of solar energy 

that is fixed by green plants. Quantitative study of the energetics 

ofa forest has shown how this energy is partitioned and controlled 

by James R. Gosz, Richard T. Holmes, Gene E. Likens and F. Herbert Bormann 

E
cology. like economics. concerns it­

self with the movement of valu­
able commodities through a com­

plex network of producers and consum­
ers. Just as an economy runs on money. 
so does an ecosystem run on energy. all 
of which comes initially from the sun. A 
basic functional unit of nature. an eco­
system comprises a group of living or­
ganisms and the physical and chemical 
environment in which they live. For our 
purposes it can be thought of as being 
made up of plants. animals. organic de­
bris. available nutrients. soil minerals. 
water and gases. all linked by food webs 
and flows of energy and nutrients. Pro­
ducing and consuming organisms inter­
act in a self-regulating manner. usually 
irrrelation to the total amount of energy 
available in the ecosystem. 

Although the natural world would 
seem to receive a virtually limitless in­
flux of energy capital in the form of so­
lar radiation. its energy budget is actual­
ly quite small. This paradox can be ex­
plained by the fact that living organisms 
do not utilize solar energy directly; they 
have access to only the small portion of 
it that is converted by green plants into a 
stored chemical form through the proc­
ess of photosynthesis. The organic mat­
ter fixed by plants is utilized by animal 
consumers; the plants are also consum­
ers to the extent that they utilize some 
of the energy stored in their tissues for 
their own maintenance. Animals are as­
sociated with a grazing food web (in 
which living plant tissue is the source of 
energy) or a detritus food web (in which 
dead tissues are the source). 

Because most consumers are ineffi­
cient in their utilization of chemical en­
ergy the finite amount of fixed solar en­
ergy in an ecosystem places stringent 
limits on the number of plants and ani­
mals it can support. These organisms 
have accordingly had to evolve diverse 
strategies to obtain their share of the 
available energy. The analysis by our 
group of the energy budget of a for­
est ecosystem in the northeastern U.S. 
has begun to reveal in some detail how 
living organisms partition and control 
the movement of energy through the 
system. 

There are three general ways to inves­
tigate the dynamics of energy in na­

ture. each of which has its own inherent 
strengths and weaknesses. The most spe­
cific approach is population analysis. 
which estimates the energy budget of a 
particular population in the wild. The 
analysis is done by determining the 
amount of energy in the form of organic 
matter that is consumed. assimilated 
and excreted by individual organisms. 
together with the amount of energy re­
quired for growth and for maintenance 
activities such as respiration (the oxida­
tion of foodstuff). These data. obtained 
in the laboratory. are then combined 
with demographic surveys of the popu­
lation in its natural habitat to yield an 
estimate of how much energy the popu­
lation utilizes. The population approach 
is time-consuming. however. and as a 
result only a limited number of species 
have been studied. 

The second approach is food-chain 

ABSORPTION OF SOLAR RADIATION by a hardwood forest at Temperate Zone latitudes 
is indicated in the aerial photograph on the opposite page, which was made with a special emul­
sion sensitive to near-infrared wavelengths. Plant foliage absorbs light primarily at blue and red 
wavelengths and reflects the rest; thus the healthy trees in this photograph appear red because 
they reflect the near infrared. The trees that appear green have been partially stripped of leaves 
by gypsy-moth caterpillars, reducing their ability to absorb and fix solar radiation. In years 
when defoliating insects are particularly abundant they may have a major impact on the func­
tioning of the forest ecosystem by affecting the rate and amount of energy fixation. The photo­
graph was provided by Robert L. Talerico of the Northeastern Station of the U.S. Forest Service. 

analysis. in which the population ener­
getics of only one or two species at dif­
ferent levels of a food chain is investi­
gated. For example. a plant species may 
serve as food for a species of insect. 
which in turn serves as food for a species 
of bird. Each species is viewed as form­
ing a single link in the food chain. and 
alternative pathways for energy flow are 
ignored. This approach can yield de­
tailed information about how species in­
teract to partition available energy re­
sources. but it provides little useful in­
formation about the partitioning of en­
ergy within the complex food webs of an 
ecosystem. 

The third and the broadest approach 
is ecosystem analysis. in which the 
amount of energy transferred between 
the consumer compartments in an eco­
system is quantified. Since the inputs 
and outputs of each compartment can 
be calculated. this approach makes it 
possible to draw up a balance sheet for 
energy flow. To provide a bookkeeping 
structure for the balance sheet topo­
graphical boundaries are defined for the 
ecosystem under investigation. so that 
energy flow can be expressed per unit of 
land or water per unit of time. The ener­
gy is usually expressed in units of kilo­
calories per square meter per year. A 
kilocalorie is 1 .000 calories; one calo­
rie is defined as the amount of energy 
required to raise the temperature of one 
gram of water one degree Celsius. One 
kilocalorie is also equivalent to 3.97 
British thermal units (B.t.u.'s). 

The ecosystem we have studied is in 
the Hubbard Brook Experimental For­
est. which is operated by the U.S. Forest 
Service in the White Mountain National 
Forest of New Hampshire. Within the 
experimental forest are a number of wa­
tersheds underlain by a bed of imper­
meable bedrock and divided by ridges 
(topographic highs). One of them. des­
ignated Watershed 6. is maintained in a 
natural condition so that it can serve as 
a base-line reference for experimental 
studies of hydrology and biogeochemi-
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cal cycling. The analysis of energy flow 
was done on this watershed. which has a 
total area of 1 32.300 square meters. The 
vegetation of the natural watershed is a 
well-developed. second-growth forest of 
sugar maple. beech and yellow birch. 
and it has been undisturbed by fire or 
cutting since 1 91 9. when much of the 
first growth was removed by lumbering. 

Although Watershed 6 has definite to­
pographical boundaries defined by the 
underlying bedrock and the ridge di­
vides. it is "open" in the sense that sur­
vival depends on the continuous input 
and output of energy in the form of both 
radiation and organic matter. Energy­
containing organic matter can be trans­
ported across ecosystem boundaries by 
meteorological forces such as precipita­
tion or wind. by geological forces such 
as running water and by biological vec­
tors such as the movement of animals. 
All these avenues of transport must be 
taken into account in quantitatively de­
scribing the flow of energy through the 
ecosystem. 

Measuring the movement of energy 
across ecosystem boundaries is usually 
a difficult task. but it was simplified in 
our watershed ecosystem by several fac­
tors. For one thing. since the ecosystem 
is underlain by impenetrable bedrock 
the geological output of organic matter 
could be easily quantified because it in­
evitably turned up in the streams drain-

ing the watershed. Moreover. biological 
transport across the ecosystem bounda­
ries was considered negligible because 
the animals randomly consumed and 
discharged organic material as they 
moved in and out of the ecosystem from 
similar forests in surrounding regions. 
Measurement of the solar-energy input. 
the meteorological input and the geo­
logical output was therefore sufficient 
for us to estimate the total flux of energy 
through the ecosystem. 

The amount of solar radiation re­
ceived by an ecosystem during any given 
day is determined by the latitude. the 
climate and the time of year. There may 
also be variations from year to year as a 
result of changing weather patterns. We 
based our analysis of energy flow on so­
lar-radiation data obtained from June 1 .  
1 969. through May 31 . 1 970. a typical 
year for the Hubbard Brook region. 
During that period a total of 1 .254.000 
kilocalories per square meter of solar 
radiation reached Watershed 6. of 
which 1 0.400 kilocalories per square 
meter (.8 percent) was fixed in chemical 
form by plants through photosynthesis. 
The plants of this forest need 55 percent 
of the energy they fix for their own 
maintenance. so that the actual amount 
of new plant tissue formed that year 
(the net primary production) was about 
4.680 kilocalories per square meter. or 
some .4 percent of the total annual input 
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RESPIRATION 

HEAT 

GRAZING 
FOOD WEB 

BASIC PA THW A YS of energy flow through an ecosystem all originate with solar radiation, 
a small percentage of which is converted by green plants into organic material through the 
process of photosynthesis. This organic material may be consumed either as living plant tissue 
by herbivores in the grazing food web or as dead tissue by decomposers in the detritus food 
web; these animals in turn provide the food base for a variety of carnivores. Assimilated organ­
Ic matter that is not utilized for the growth of individual organisms or populations is "burned" 
by the process of respiration to power the metabolism of plants and animals. Becanse respired 
energy is ultimately lost as heat, an ecosystem requires a continual influx of solar energy. 

94 

of solar energy. This percentage is the 
net primary production efficiency. 

The estimate for the net primary pro­
duction efficiency is inaccurate for two 
reasons. First. it is misleading to express 
plant prod uction efficiency in terms of 
total annual solar radiation. since the 
plants in this region are leafless or dor­
mant for about eight months of the year. 
Although there is a low level of photo­
synthetic activity in some species during 
the winter months. virtually all the 
growth comes in the late-spring and 
summer months. Thus it is preferable to 
calculate the efficiency of photosynthe­
sis on the assumption that plant growth 
is limited to the period from June 
through September. The total solar radi­
ation during this four-month period was 
480.000 kilocalories per square meter. 
meaning that the net primary prod uc­
tion of 4.680 kilocalories per square me­
ter would amount to about 1 percent of 
the solar-energy input. which is some­
what larger than our initial estimate of 
.4 percent. 

Moreover. although the energy value 
for the total solar radiation includes the 
energies of all the wavelengths of elec­
tromagnetic radiation that reach the 
earth from the sun. the photosynthetic 
process does not utilize all wavelengths 
with equal efficiency. Chlorophyll ab­
sorbs light strongly in the blue and red 
portions of the visible spectrum and re­
flects most of the green light. whereas 
the other pigments in plant foliage. such 
as the carotenes and the xanthophylls. 
absorb the green wavelengths and trans­
fer some of the absorbed energy to the 
chlorophyll molecules. where it can be 
utilized in photosynthesis. The com­
bined effect of these various pigments is 
that the energy in about half of the 
wavelengths in the solar radiation is 
available for conversion into chemical 
form. Taking this into consideration in 
our calculations. it would appear that 
photosynthesis is slightly more efficient 
than it is described as being above: dur­
ing the growing season about 2 percent 
of the solar energy of the appropriate 
wavelengths is converted into organic 
matter. 

The fact that only a tiny fraction of 
the solar radiation reaching the eco­

system is converted into new plant tissue 
does not mean that the plant community 
is wasteful or that the remainder of the 
energy is not utilized. Much of the radi­
ation from the sun generates heat when 
it is absorbed by the ground or oth­
er components of the ecosystem, and 
without heat to maintain normal lev­
els of metabolism. photosynthesis could 
not operate. Another energy-dependent 
process crucial to the functioning of 
plants is transpiration: the movement of 
water from the soil through the plant 
and its evaporation at the surface of the 
leaf. Transpiration has been shown to be 
an important factor for normal plant 
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growth, and it removes water without 
eroding the landscape or carrying away 
essential nutrients. The total amount 
of water removed from the ecosystem 
by nonbiological evaporation and tran­
spiration together (evapotranspiration) 
can be calculated in our watershed by 
subtracting the output of water in the 
stream from the input of water in pre­
cipitation. 

We have estimated that each year 
evapotranspiration removes a volume 
of water equivalent to a layer 49.4 centi­
meters (about 20 inches) deep over the 
entire area of the watershed. At the nor­
mal temperatures in our forest approxi­
mately 585 calories is required to evap­
orate a gram of water, so that evapo­
transpiration requires 288,990 kilocalo­
ries per square meter per year: about 23 
percent of the total annual input of solar 
energy. In the growing season evapo­
transpiration removes 34.2 centimeters 
of water and consumes 200,000 kilocal­
ories per square meter, or about 42 per­
cent of the solar radiation for the four­
month period. Thus with the exception 
of the green and infrared wavelengths 
that are reflected by plants most of the 
incoming solar radiation is responsible 
for creating the environmental condi­
tions that enable the plant community to 
fix 4,680 kilocalories per square meter 
of energy into organic matter per year. 

The other major input of energy into 
the ecosystem is the meteorological 
transport of organic matter, either in 
particulate form by the wind or in chem· 
ical form dissolved in rain and snow. 
Precipitation falling on the Hubbard 
Brook watersheds contains an average 
of about three milligrams of organic 
carbon per liter, which corresponds to 
an energy input of about 35 kilocalories 
per square meter per year. Although the 
meteorological input is small compared 
with the solar-radiation input, it is more 
than five times the energy contained in 
the organic matter leaving the ecosys­
tem in stream water. Moreover, since 
the energy is in chemical form, it is di­
rectly available to consumers. 

Once energy has been converted into 
chemical form by photosynthesis or 
transported into the ecosystem by wind 
or precipitation it may enter the grazing 
food web through the direct consump­
tion of living plant tissue or enter the 
detritus food web of the soil. Alterna­
tively it may leave the ecosystem 
through animal movement such as bird 
migration, as dissolved organic matter 
in the stream, as volatile organic matter 
in the air or as heat. If the plant produc­
tion is larger than the amount of organic 
matter entering the various food webs 
and export pathways, the excess will be 
accumulated in the living-plant bio­
mass: the total amount of living plant 
tissue in the ecosystem. 

We have calculated that of the total 
yearly primary production of 4,680 ki­
localories per square meter 3,481 kilo-
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PHOTOSYNTHETIC PRODUCTION by plants is not uniform throughout the year but is 
largely concentrated in the four-month period from June through September; during the other 
eight months most of the trees in northern forests are in a leafless or dormant state. The solid 
curve shows the relative photosynthesis in the ecosystem under favorable summer conditions; 
the broken curve shows it under stressed conditions, such as low moisture. The efficiency with 
which plants convert solar energy into organic matter should therefore be calculated on the ba­
sis of the amount of solar energy received by plants in growing season and not the entire year. 
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TOTAL ABSORPTION SPECTRUM for all the various pigments prescnt in plant foliage in­
dicates that about half of the wavelengths making up solar radiation are utilized in photosyn­
thesis. Foliage reflects light most strongly in the green and infrared portions of the spectrum. 
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calories per square meter enters the de­
tritus and grazing food webs and 1 .1 99 
kilocalories per square meter is stored in 
the vegetation biomass. Of the amount 
of energy stored 952 kilocalories per 
square meter is aboveground and 247 
kilocalories per square meter is below­
ground. Thus it is clear that this second­
growth forest is still growing and in­
creasing its biomass following the lum­
bering operations early in the century. 

The total living-plant biomass of the 
forest contained 71 .420 kilocalories per 
square meter in 1 970, with 59,696 kilo­
calories per square meter aboveground 
and 1 1 ,724 kilocalories per sq uare me­
ter belowground. Although the living 
biomass of the forest may appear to be 
the largest storage form of organic mat­
ter and energy, it is not; the organic mat-

SOLAR RADIATION 

480,000 

ter lying on the forest floor and mixed 
into the soil contains 1 .7 times as much 
energy. The floor of the forest contained 
34,322 kilocalories per square meter in 
1 970; the organic matter in the soil to 
a depth of 36 centimeters contained 
88,1 20 kilocalories per square meter. 
These figures indicate the magnitude of 
the detritus system in this forest and 
probably in most forests at Temperate 
Zone latitudes. 

The living plant tissue that is available 
to consumers in the forest ecosystem 

is of three types: seeds and fruits, foliage 
and woody tissue. Seed production (80 
kilocalories per square meter per year) 
and foliage production (1 .485 kilocalo­
ries per square meter per year) are frac­
tions of the year's net primary pro-

duction. These tissues are consumed by 
organisms in both the grazing and the 
detritus food webs. The woody tissue 
produced in the current year's growth 
is normally stored in the vegetation bio­
mass; the portion of woody tissue that 
is utilized by consumers is primarily 
dead stem, branch and root tissue that 
represents plant production from pre­
vious years. 

The major consumers in the grazing 
food web are leaf-eating insects, pri­
marily caterpillars. Although mice, 
chipmunks, deer and snowshoe hares 
consume some leaf tissue at or near 
the ground, the wide variation in the 
amounts consumed in different years is 
related mainly to fluctuations in the cat­
erpillar population. Of the 1 .485 kilocal­
ories per square meter per year net pro-
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LIGHT 
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ENERGY IN A HARDWOOD FOREST is partitioned as is indicat­
ed in this diagram of an ecosystem within the Hubbard Brook Experi­
mental Forest in New Hampshire, The ecosystem is a watershed that 
is bordered by ridge divides and underlain by impermeable bedrock, 
Tbe numerals represent inputs and outputs of energy in units of kilo­
calories per square meter per year, with relative energies indicated by 

the width of the tubes (the width of the total plant production tube 
is arbitrarily expanded at the bracket). Energy inputs include the 
amount of solar radiation that is converted into organic matter by 
photosynthesis, together with direct inputs of organic matter carried 
by precipitation. Outputs include the portion of solar energy reflect­
ed or lost as heat; the energy consumed by the evaporation of wa-
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duction of foliage in the Hubbard Brook 
forest these animals consume amounts 
ranging from less than 1 percent in most 
years to more than 40 percent in others. 
For example. in 1 969 through 1 97 1 .  
when a species o f  defoliating caterpil­
lar. the saddled prominent (Heterocampa 
guttivita Walker). was extremely abun­
dant. about 44 percent of the total leaf 
tissue at Hubbard Brook was consumed. 
In some areas within the watersheds and 
in other parts of the northeastern U.S. 
trees and patches of forest were totally 
stripped of leaves. Such severe out­
breaks occur only occasionally in north­
ern forests. but they represent times 
when leaf-eating insects can have an 
important impact on the functioning of 
the ecosystem by affecting the rate and 
amount of energy fixation. 

TEOROLOGICAL 
INPUT 

GRAZING­
CONSUMER 

,RESPIRATION 

In most years about 75 percent of the 
net annual production in our ecosystem 
is not consumed by animals in the graz­
ing food web or accumulated in the liv­
ing-plant biomass. Instead it falls to 
the forest floor and enters the detritus 
energy pathway. The average annual 
amount of energy entering this pathway 
is estimated at 3.505 kilocalories per 
square meter. The fall of leaves. branch­
es and trunks from the forest canopy is 
the major route of energy transfer. ac­
counting for 83 percent of the total. The 
remaining 17 percent is derived from a 
variety of sources: root death (12 per­
cent). litter fall from lower vegetation (2 
percent). organic matter carried in pre­
cipitation or washed from foliage (2 per­
cent). fecal material from animals in the 
grazing food web (.9 percent) and organ-

ic material exuded by roots (. 1 percent). 
Only about one kilocalorie per square 
meter per year (.03 percent) is added 
from the death of animals in the grazing 
food chain. 

The organic matter falling to the for­
est floor is utilized by consumers in the 
detritus food web. including bacteria. 
fungi and a variety of invertebrates such 
as protozoa. millipedes and certain in­
sect larvae. These consumers in turn 
serve as prey for carnivorous inverte­
brates (such as centipedes. beetles and 
spiders) and certain vertebrates (such as 
shrews. salamanders. rodents and some 
birds). Since 75 percent of the energy in 
the net primary production enters the 
detritus pathway each year. an impor­
tant question is whether the organisms 
of the detritus food web consume the 

DETRITUS­
CONSUMER 

RESPIRATION
) 

METEOROLOGICAL STREAM· LITTER FALL 
INPUT CONSUMER 

RESPIRATION 
31 2.035 2.260 

ter (evapotranspiration); the energy contained in the organic matter 
transported out of the system in the stream, and the energy lost as 
heat fOllowing the respiration of organisms in the ecosystem. An ex­
cess of inputs over outputs results in an increase in the total amount 
of energy stored in the ecosystem (the net ecosystem productivity). 
The majority of the energy contained in the annual production of 

plant tissue enters the detritus food chain either directly or indirectly, 
resulting in a large buildup of energy in and on the forest floor. En­
ergy is also transferred from forest compartments of the ecosystem 
into the stream by seepage and litter fall. Because the ratio of land 
area to stream area is 570: 1, small transfers of energy from each 
square meter of land amount to large inputs of energy into stream. 
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entire annual input of energy or whether 
there is an accumulation of organic mat­
ter on the forest floor. An analysis of 
litter fall and forest-floor characteristics 
for several northern hardwood forests in 
New Hampshire suggests that after log­
ging activity there is a net decline of or­
ganic matter for 1 5  to 20 years. after 
which a net accumulation occurs for 
about 150 years. Although our forest 
ecosystem has been undisturbed for 
some 60 years. the forest floor is accu­
mulating about 150 kilocalories per 
square meter per year. The sum of the 
increase in the living-plant biomass 
( 1 . 1 99 kilocalories per square meter per 
year) and the energy content of the for­
est floor ( 1 50 kilocalories per square 
meter per year) represents the total net 
production of organic matter by the eco­
system. 

One of the major outputs of energy 
from the ecosystem is the loss of 

organic matter to the streams draining 
the watershed. Since this factor can be 
quantified. it enables us to evaluate the 
energy dynamics of the aquatic portion 
of the ecosystem. There are three path­
ways for energy to enter the stream. One 
is by the primary production in the 
stream itself of aquatic plants. which 
utilize solar radiation directly. Our 
stream. however. is characteristic of 
most small headwater streams in dense­
ly forested regions in that it is heav­
ily shaded and contains a very small 
amount of plant life. mostly mosses. As 
a result the contribution of energy by 
aquatic plants is only 10 kilocalories per 
square meter of streambed per year. 

about .2 percent of the total input of 
energy into the stream. 

The two remaining pathways. the 
transfer of organic matter into the 
stream from the surrounding forest and 
forest floor. and the movement of par­
ticulate and dissolved organic matter 
into the streambed iIi drainage water. 
account for the majority of the energy 
entering the stream: a total of 6.039 ki­
localories per square meter of stream­
bed per year. Expressing the energy in­
put per square meter of stream area 
is useful in considering the energy dy­
namics of the stream. but it is some­
what misleading in discussing the total 
transfer of energy from the terrestrial 
portion of the ecosystem. since the 
streambed occupies only about .2 per­
cent of the area of the watershed. Al­
though the energy contributions by litter 
fall from the forest canopy and precipi­
tation are direct in that one square meter 
of stream surface is functionaUy equal 
to one square meter of land. litter that is 
blown into the stream and water drain­
ing into the stream are subject to a con­
centrating effect. Because of the high ra­
tio of land area to stream area relatively 
small losses from each square meter of 
terrestrial surface make large contribu­
tions to the energetics of the stream. In 
the Hubbard Brook ecosystem the total 
input of energy to the stream from the 
forest is about 1 percent of the net pro­
ductivity of the vegetation in the forest. 

The output of energy from the stream 
flows primarily through two pathways: 
the conversion of chemical energy into 
heat by the respiration of stream organ­
isms and the downstream movement of 

SADDLED PROMINENT (Heterocampa guttivita) is a defoliating caterpillar indigenous to 
the Hubbard Brook region. In years when it is unusually populous it may consume more than 
40 percent of the annual production of foliage. The caterpillars assimilate only about 14 per­
cent of the energy in ingested leaf tissue; the rest is excreted and enters the detritus food web. 
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organic matter in the water. About a 
third of the energy passing through the 
stream ecosystem as organic matter is 
utilized by stream organisms. such as 
bacteria. insects and trout. Because the 
loss of energy by the respiration of these 
organisms is much larger than the ener­
gy fixed by the photosynthesis of aquatic 
plants. the consumers in the stream are 
dependent on the energy input from the 
surrounding land areas. The energy­
containing organic matter that is carried 
away by the flowing water (4.004 kilo­
calories per square meter per year) ap­
parently serves as an energy source for 
aquatic organisms farther downstream. 
where inputs from the adjacent land ar­
eas are proportionately smaller. 

Most of the energy stored in the 
stream at any one time is held in the 
organic matter of the detritus reservoir 
(4.730 kilocalories per square meter of 
streambed). with only 14.5 kilocalories 
per square meter in the living biomass. 
The energy stored in the stream is small 
compared with the amount of energy 
moving through it during the course of 
a year. The ratio between the amount 
of energy present in a segment of the 
stream as detritus and biomass and the 
annual flux of energy passing through 
that segment is called the residence 
time. In our stream the residence time is 
.8 year. that is. on the average the energy 
contained in organic matter remains in a 
given portion of the stream for less than 
10 months. As the organic matter de­
composes or is flushed out it is replaced 
by transfer from the adjacent land areas 
or upstream areas. usually within the 
same year. (Debris dams. whose struc­
tural framework is provided by large 
logs. are an exception and may remain 
for .several years.) The residence time 
for energy in the forest is generally 
much longer: about 19 years for the en­
ergy fixed by photosynthesis. This figure 
is of course an average. since some ener­
gy is lost quickly (such as that used up in 
plant respiration) and some is stored in 
tree biomass and released many years 
later when the tree is decomposed. 

The amount of energy in food that is 
converted into the body tissue of a 

consumer population depends on sever­
al factors. After consumption a certain 
amount of energy is not assimilated by 
the organism and is excreted as fecal 
material. A portion of the assimilated 
energy is then utilized by the organism 
for maintenance activities such as respi­
ration; that energy is ultimately convert­
ed into heat and lost from the system. 
The portion of ener�y in excess of the 
maintenance requirement is converted 
into the growth of the population. either 
as an increase of body weight or as addi­
tional offspring. The utilization of ener­
gy in a consumer population for growth 
or increased reproduction is referred to 
as secondary production. 

Each species of consumer in the eco-
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FOOD WEBS of consumers in tbe Hubbard Brook ecosystem are 
diagrammed, togetber witb tbe consumption rate of organisms in 
eacb population. All numerical values are in units of kilocalories per 
square meter per year. Tbe consumption of leaf tissue by herbivorous 
insects varies greatly from year to year and may bave widespread ef­
fects on the utilization of energy by otber consumers. In most years 
a large amount of organic material falIs to tbe forest floor and enters 

tbe detritus food web, wbere it is utilized by fungi, bacteria and cer­
tain invertebrates. Tbese organisms serve as food for carnivorous in­
vertebrates, salamanders, shrews and some animals primarily associ­
ated with the grazing food web. Birds participate in tbe grazing food 
web by eating berries and caterpillars, but tbey also are able to tap 
tbe large detritus energy pool cbaracteristic of nortbern bardwood­
forest ecosystems by feeding on insects wbose larvae feed on detritus. 
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system differs in its abundance and in 
the efficiency with which it utilizes ener­
gy. Although detailed information on 
the energy requirements of the decom­
posers, such as bacteria and fungi, and 
their invertebrate predators is not yet 
available, we do have estimates for 
several animal species in the Hubbard 
Brook ecosystem. 

Caterpillars may consume large 
quantities of foliage, but the rate at 
which they extract energy from their 
food is low. Our measurements indicate 
that Heterocampa guttivita assimilates 
only about 14 percent of the energy in 
the leaf tissue it ingests. The remainder 
is excreted as fecal material and falls to 
the forest floor, where it enters the detri­
tus food web. Of the energy assimilated 
by the caterpillar about 60 percent is 
utilized for respiration and about 40 
percent is incorporated into new tissue. 
This tissue production forms a portion 
of the energy base for a variety of con­
sumers, including invertebrate preda­
tors, birds, and mammals of both the 
detritus and the grazing food webs. 

Shrews and salamanders are the two 
most important groups of vertebrate an­
imals that capture and eat the inverte­
brates of the forest floor. There are two 
species of shrews and five species of sal­
amanders within our ecosystem, all of 
which rely primarily on invertebrates 
for food. Since shrews maintain a high 
and relatively constant body tempera­
ture, they are active throughout the 
year, even under the winter mantle of 
snow. They utilize roughly 98 percent of 
their assimilated energy for respiration 
and only about 2 percent for growth or 

EGESTION RESPIRATION ,..-----,.EJD 
INGESTION r / 

ASSIMILATION 1'�----': I ,j, STORAGEJ 

ENERGY BUDGETS for tbe major above­
ground consumer organisms in tbe Hubbard 
Brook forest are represented scbematically • 
Tbe size of tbe cubes is proportional to tbe bio­
mass of eacb population at midsummer, when 
it is maximal. The tubes passing through 
the boxes represent the efficiency of energy 
utilization by each organism. Energy ingested 
in the form of organic matter is either passed 
through the digestive tract and excreted or as­
similated by the organism. Assimilated energy 
is then utilized in respiration or channeled into 
the production of new tissues through growth 
or reproduction. The "cold-blooded" animals, 
such as insects and salamanders, are more ef­
ficient at channeling energy into increased bio­
mass, whereas "warm-blooded" vertebrates, 
such as mammals and birds, utilize about 98 
percent of their assimilated energy for respi­
ration and only about 2 percent for growth. 
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reproduction. With such a large meta­
bolic requirement shrews must eat often 
to survive. An adult short-tailed shrew 
(Blarina brevicauda) at Hubbard Brook 
weighs about 15 grams and requires 
some 15.2 kilocalories of food energy 
per day. The prey of the shrews (spiders. 
beetle larvae and other ground-dwelling 
invertebrates) contain on an average 
about . 1 1  kilocalorie per individual prey 
item. so that a typical shrew would need 
138 such "meals" per day. Assuming 
that the shrew is active for 12 hours of 
the day. it would have to capture and eat 
one prey item about every five minutes. 
These values would vary somewhat de­
pending on the density and the type of 
the prey. on the temperature and on oth­
er environmental variables. but it is 
clear that there is little time in a shrew's 
life for anything but eating. 

In contrast to shrews. salamanders are 
cold-blooded amphibians that use pro­
portionately less energy in respiration. 
particularly during the cold months of 
the year. when their metabolic processes 
are significantly slowed. The salaman­
der population consumes only about a 
sixth as much energy as the shrew pop­
ulation ( 1. 1  kilocalories per square me­
ter per year compared with 7. 1 kilocal­
ories). but approximately 60 percent 
of its assimilated energy is channeled 
into the production of new individuals. 
Thus salamanders are very efficient at 
transforming assimilated energy into 
increased biomass. It is interesting that 
shrews and salamanders. both of which 
are vertebrate animals occupying simi­
lar habitats within the ecosystem. have 
evolved such divergent strategies. 

Birds are also an important group of 
insect predators in the forested wa­

tersheds at Hubbard Brook. They vary 
in abundance from a maximum of 322 
individuals per 10 hectares (24.7 acres) 
in midsummer. when the young have 
just left the nest. to a minimum of 14 per 
10 hectares in midwinter. By combin­
ing information on population densities 
and biomass fluctuations throughout the 
year with laboratory estimates of energy 
utilization per unit mass we have esti­
mated that the bird population at Hub­
bard Brook assimilates 5.2 kilocalories 
per square meter per year. As with the 
shrews. 98 percent of this energy is uti­
lized for respiration. with the remaining 
2 percent going into the production of 
new tissue. 

The bird population of the forest is 
very mobile. and many species migrate 
south before the winter season. thereby 
transporting energy out of the system. 
Our data indicate that the biomass of 
the bird population in the forested eco­
system is fairly constant from year to 
year. suggesting that the production of 
new tissue (. 1 kilocalorie per square me­
ter per year) balances the loss of bird 
biomass to mortality. It is difficult to 
assess how much of the mortality is in-
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side the ecosystem and how much is out­
side. but in any case the amount of ener­
gy involved is quite small. Even if we 
assume that all the mortality in migrat­
ing birds occurs outside the ecosystem, 
the maximum possible amount of ener­
gy lost to migration would be .1 kilocal­
orie per square meter annually, a mi­
nute fraction of the total energy flux 
through the system. 

Of the food ingested by birds in the 
forest 8 1  percent is derived from animal 
sources, almost exclusively insects; the 
remainder is plant matter, mostly fruits 
and seeds obtained during the fall and 
winter. In years when leaf-eating cater­
pillars are abundant these insects make 
up the bulk of the bird population's diet, 
and birds are hence clearly linked to the 
grazing food web. In years when cater­
pillars are not abundant, however, we 
have found that many species of forest 
birds eat predominantly adult insects, 
mostly flies, wasps and beetles, all of 
which are linked in some way to the de­
tritus food web. For example, the adult 
flies are largely represented by groups 
whose larvae feed on dead organic mat­
ter on the forest floor (the houseflies, the 
Muscidae, and the fungus gnats, the 
Mycetophilidae) or in the streams (the 
black flies, the Simuliidae). 

The same is true of the adult beetles, 
whose larvae prey mainly on soil-dwell­
ing organisms, and the adult wasps 
(mostly the Ichneumonidae), whose lar­
vae are parasitic on insects in the detri­
tus food web. It therefore seems that al­
though birds exploit leaf-eating insects 
when they are available, a significant 
portion of their summer diet-and con­
sequently of their total energy intake­
consists either of adult insects whose 
larvae feed on detritus or of predators 
on these insects. In this way birds are 
able to tap the large detritus energy pool 
characteristic of forest ecosystems at 
Temperate Zone latitudes. This finding 
also underlies the variety of routes that 
energy can take in such an ecosystem. 

The rodent fauna of the Hubbard 
Brook forest consists mainly of the east­
ern chipmunk and three species of 
mouse: the deer mouse, the woodland 
jumping mouse and the red-backed 
vole. These rodents derive energy di­
rectly from the primary producers 
(leaves, shoots, seeds and buds), from 
other consumers (invertebrates in the 
forest litter and occasionally birds' eggs 
and young) and from decomposers (fun­
gi); the prey therefore include members 
of both the grazing and the detritus food 
webs. Collectively the mice consume an 
estimated 1 1. 1  kilocalories per sq uare 
meter per year, whereas the chipmunk, 
because of its larger body size and high­
er population density, consumes nearly 
three times as much. In fact, the single 
species of chipmunk in our ecosystem 
utilizes more energy than all the mice, 
shrews, birds and salamanders com-

bined, making it potentially more im­
portant in the pattern of energy flow 
than the other animal species. 

The overall diagram of energy flow 
through the consumer compartments of 
the ecosystem is now fairly well worked 
out. It is clear that the largest proportion 
of the energy fixed by plants in this 
northern hardwood forest is channeled 
to the decomposers in the forest floor. 
As we pointed out above, however, 
some of this energy is still available to 
the larger consumers, since it supports 
many populations of insect-eating in­
vertebrates, amphibians and mammals. 
Even the birds in the forest canopy man­
age to exploit the detritus energy pool 
by feeding on adult insects whose larvae 
feed on detritus. 

Although we have made considerable 
progress toward understanding the ener­
getic relations and hence the functional 
relations within the forest ecosystem, 
the relations among the consumer com­
partments and the factors that regulate 
the flow of energy within the system are 
just beginning to be elucidated in their 
full complexity. For example, how im­
portant are the leaf-eating insects in af­
fecting the rate of energy fixation by 
plants? As we have mentioned, in some 
years insect defoliators consume as 
much as 44 percent of the green leaf 
tissue in the ecosystem, which suggests 
that they have a major impact on pri­
mary production, but the long-range ef­
fects of insect defoliation on plant pro­
ductivity still remain to be determined. 
Similarly, what influence do seed preda­
tors (bird, mammal and insect) have on 
the reproduction of forest trees? And 
how do organisms in the detritus food 
web regulate the rate of nutrient cycling 
and consequently the productivity of the 
forest? Since many soil organisms feed 
on living root tissue, they may act as 
consumers in the grazing food web and 
hence affect the ability of plants to ab­
sorb nutrients and fix energy. 

These and other questions must be an­
swered before we shall have a com­

plete understanding of the regulatory ef 
fects of consumers on the functioning of 
forested ecosystems. Additional ques­
tions arise when we consider the influ­
ence of man's activities on natural sys­
tems. For example, atmospheric pollu­
tants, such as ozone and acidic chem­
icals dissolved in precipitation, are 
known to have adverse effects on vege­
tation, but little is known about their 
effects on consumer or decomposer or­
ganisms. Do the consumers have a 
greater impact on energy flow when the 
plant community is stressed by an exter­
nal toxicant? Such questions are not 
merely academic. An in-depth under­
standing of the natural regulatory mech­
anisms influencing ecosystem function­
ing is essential to the development of 
sound forest-management plans. 
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How Cells Make A TP 
The prevailing theory is the "chemiosm 0 tic " one. Light or oxidation 

drives protons across a membrane; then the energy-rich compound 

A TP is formed as the protons flow back through a complex of enzymes 

by Peter C. Hinkle and Richard E. McCarty 

Energy acquired by living cells is 
conserved in useful form mainly 
as molecules of adenosine triphos­

phate . abbreviated ATP. Whether the 
energy comes ultimately from light or 
from the oxidation of organic com­
pounds. most of it is invested in the 
manufacture of ATP. which then serves 
as an "energy currency" that can be 
spent in powering the other functions 
of the cell. 

The overall chemical reactions that 
lead to the synthesis of A TP are now 
well understood. In the chloroplasts of 
green plant cells hydrogen atoms-or 
electrons and protons-are extracted 
from water. The protons are released 
into solution and the electrons are driv­
en by the energy of light through a se­
quence of carrier molecules. Eventually 
the electrons and the protons combine 
with carbon dioxide to form organic 
molecules. In the mitochondria of all 
cells with nuclei electrons donated by 
organic molecules are passed along a 
similar chain of carrier molecules and 
are ultimately accepted by oxygen. 
forming water . Many of the intermedi­
ate stages in these energy transforma­
tions have been worked out. but one cru­
cial step has remained puzzling . It has 
not been clear how the transfer of elec­
trons through the series of carrier mole­
cules is coupled to the synthesis of ATP. 
Enough energy for A TP formation is 
made available by the electron transfer. 
but the mechanism of A TP synthesis has 
proved difficult to characterize. 

A hypothetical mechanism for cou­
pling electron transfer to A TP synthesis 
was proposed in 1 96 1  by Peter Mitchell 
of the Glynn Research Laboratories in 
England. Mitchell suggested that the 
flow of electrons through the system 
of carrier molecules drives positive­
ly charged hydrogen ions. or protons. 
across the membranes of chloroplasts. 
mitochondria and bacterial cells. As a 
result an electrochemical proton gradi­
ent is created across the membrane. The 
gradient consists of two components: a 
difference in hydrogen ion concentra­
tion. or pH. and a difference in electric 
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potential. The synthesis of ATP is driv­
en by a reverse flow of protons down the 
gradient. Mitchell's proposal is called 
the chemiosmotic theory. In the past 1 5  
years work by Mitchell and his col­
league Jennifer M. Moyle and by many 
other workers has shown that the basic 
postulates of the chemiosmotic theo­
ry are almost certainly right. although 
some of the details of the theory are 
still controversial. 

In the chemiosmotic theory there is no 
isolated molecular engine where the 
flow of energy from light or from oxida­
tion is coupled to A TP synthesis. In­
stead the crucial role is played by a 
membrane that divides one region from 
another. The membrane provides much 
more than shelter. confinement and a 
controlled internal milieu. It is an asym­
metrical arrangement of the carrier 
molecules across the membrane that al­
lows the proton gradient to be estab­
lished.  Even the topological properties 
of the membrane are important: it must 
form a closed envelope if the proton 
gradient is to be maintained. so that in 
energy metabolism the most important 
distinction is the one between inside 
and outside . 

An essential concept for an under­
£\. standing of A TP synthesis is that of 
free energy. which measures the amount 
of energy in a chemical system available 
for doing work. Any chemical reaction. 
whether or not it takes place in the living 
cell. can proceed only in the direction of 
lower free energy. 

The reaction of carbohydrate with 
oxygen (to yield carbon dioxide and wa­
ter) releases a large quantity of free en­
ergy . Hence the reaction. which takes 
place in the physiological process called 
respiration. is thermodynamically fa­
vored.  In photosynthesis the same over­
all reaction proceeds in reverse: carbon 
dioxide and water are combined to yield 
carbohydrates and molecular oxygen 
(02), By itself this reaction would call 
for an increase in free energy. and so it 
can take place only when energy is sup­
plied from an external source. The ener-

gy. of course . comes from sunlight; sev­
eral photons. or quanta of light. must be 
absorbed for every molecule of carbon 
dioxide converted into carbohydrate . 
The photons are absorbed by pigment 
molecules.  which are thereby promoted 
to an excited state of high free energy. 
The overall reaction. in which the excit­
ed pigments are considered among the 
reactants. proceeds as required by the 
laws of thermodynamics in the direction 
of lower free energy. 

Energy constraints of the same kind 
apply to the synthesis of ATP. The ATP 
molecule consists of a nitrogen-contain­
ing organic base (adenine) .  a sugar (ri­
bose) and a string of three phosphate 
groups. It is one of the class of mole­
cules called nucleotides. In most of the 
reactions where A TP serves as an ener­
gy currency only the terminal phosphate 
group is involved.  ATP is formed by 
attaching a third phosphate to adeno­
sine diphosphate (ADP) with the elimi­
nation of water . The reaction does not 
proceed spontaneously; on the contrary. 
a substantial quantity of energy must be 
supplied.  Much of that energy can then 
be recovered in the reverse reaction. in 
which A TP is split into ADP and inor­
ganic phosphate. By donating the termi­
nal phosphate group to other molecules. 
ATP creates phosphorylated species of 
high free energy. which can participate 
in reactions that otherwise could not 
take place . 

The energy transactions of biochem­
istry are conveniently measured in units 
of kilocalories per mole . One kilocalorie 
is the quantity of energy needed to raise 
the temperature of a kilogram of wa­
ter one degree Celsius. A mole is the 
amount of a substance in grams that 
is numerically equal to its molecular 
weight; a mole of the sugar glucose. for 
example. weighs 1 80 grams. The com­
plete oxidation of glucose yields about 
700 kilocalories per mole . The amount 
of energy needed to form A TP depends 
on the chemical environment. but it is 
never more than about 1 5  kilocalories 
per mole . Hence each mole of glucose 
oxidized provides enough energy for the 
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MEMBRANE VESICLES display "knobs" on their surface that have 
been identified as part of an enzyme complex capable of synthesizing 
adenosine triphosphate, or ATP. The vesicles at the top were prepared 
from the inner membranes of the subcellular organelles called mito­
chondria; those in the middle are from the inner membranes of chlo­
roplasts, the photosynthetic organelles found in green plant cells; the 
vesicles at the bottom are from membranes of the bacterium Esche­
richia coli. All the membrane systems are capable of making ATP, 
and their similarity in appearance suggests that they employ simi-

lar mechanisms. The knobs are made up of several protein subunits, 
known collectively as F 1; they are attached to a membrane protein 
called F 0- In the vesicles shown here the F 1 protein protrudes from 
the outer surface of the membrane, but that is its natural orientation 
only in chloroplasts. In mitochondria and bacteria the protein is ordi­
narily inside; it is outside here because the disrupted membranes form 
inside-out vesicles. The mitochondrial and chloroplast vesicles were 
prepared by the authors and the bacterial vesicles by E. Hertzberg. 
The micrographs were made by John N. Telford of Cornell University. 
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OXIDATIVE PHOSPHORYLATION couples the release of euergy by the oxidation of mole­
cules derived from carbohydrates and fats to the synthesis of ATP. In cells with nuclei oxidative 
phosphorylation takes place only in mitochondria. The basic events of the mitochondrial proc­
ess are depicted here as they are interpreted in the chemiosmotic theory. Electrons and protons 
(or hydrogen atoms) from carbohydrates and fats are conveyed by molecules of the hydrogen 
carrier NADH to a system of enzymes in the mitochondrial membrane. In respiration pairs of 
electrons cross the membrane three times, each time transporting two protons from inside the 
mitochondrion to outside. The result is a gradient in proton concentration and electric potential 
that tends to force the protons back through the membrane. The energy of the gradient drives 
the process of ATP synthesis. For each two protons traversing the F I-F Q complex one mole­
cule of ATP is formed from adenosine diphosphate (ADP) and inorganic phosphate (P;>. 
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PHOTOSYNTHETIC PHOSPHORYLATION in chloroplasts derives the energy needed for 
making A TP from light. As in oxidative phosphorylation, hydrogen ions are transported across 
the membrane to create a proton gradient, and ATP is synthesized as the protons flow back 
across the membrane down the gradient. In chloroplasts, however, the direction of proton flow 
is reversed: the light-driven movement of electrons pumps protons inward, making the interior 
acidic, and phosphorylation is driven by an outward flow. Moreover, the stoichiometry, or ratio 
of reactant molecules and ions, is different from that in mitochondria. Each two electrons 
cross the membrane only twice, translocating only four protons, and for each molecule of ATP 
formed three protons must pass through the enzyme complex, which is designated CF I-F Q. 
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synthesis of about 46 moles of ATP. Ac­
tually no more than 36 moles of ATP. 
and perhaps as few as 25. are formed for 
each mole of glucose oxidized. The cou­
pling of these reactions is clearly al­
lowed thermodynamically. 

If a chemical process leads to a state 
of lower free energy, the reaction can 
proceed. but it should not be assumed 
that it necessarily will. Glucose and oxy­
gen. for example. are quite stable at 
room temperature; they react (the glu­
cose burns) only when they are heated. 
The applied heat represents an activa­
tion energy. which is recovered along 
with the 700 kilocalories per mole 
evolved by the oxidation. In biological 
systems the need for activation energy is 
red uced by the catalytically active pro­
teins called enzymes. Because virtually 
all biochemical reactions are mediated 
by enzymes they can take place at physi­
ological temperatures and pressures and 
they are confined to particular chemical 
pathways.  It is important to note that 
enzymes do not affect the direction in 
which a reaction proceeds, only the rate 
of the reaction. The action of an enzyme 
is somewhat like that of a lubricant: it 
cannot make the reaction go uphill. but 
it can make it roll downhill faster. 

In oxidative metabolism almost 95 
percent of the energy captured in A TP is 
derived from the transfer of electrons 
from carbohydrates or other substrates 
to oxygen. In photosynthesis all the en­
ergy is derived from the transport of 
electrons in the other direction. from 
water to carbon dioxide. The chemios­
motic theory is concerned with those 
stages of metabolism that begin with 
electron transfer and end with A TP syn­
thesis. In mitochondria and bacteria 
these processes are called oxidative 
phosphorylation; in chloroplasts and 
photosynthetic bacteria they are called 
photosynthetic phosphorylation. Many 
of the details of both systems remain 
uncertain. What we shall present here is 
the theory of phosphorylation that now 
seems to be most nearly in accord with 
experimental observations. 

The overall chemistry of oxidation 
and of photosynthesis consists in a 

transfer of hydrogen. but it is not neces­
sary at each stage of the process to trans­
port complete hydrogen atoms_ Indeed. 
in the chemiosmotic theory hydrogen 
carriers alternate with molecules that 
carry only electrons. The use of electron 
carriers is possible because protons are 
soluble in water and in the aqueous me­
dium of the cell. whereas electrons are 
not. When a molecule that bears a whole 
hydrogen atom interacts with another 
molecule that accepts only electrons. 
the proton is released into solution. 
When an electron carrier then donates 
its electron to a hydrogen carrier. the 
hydrogen atom is reconstituted by with­
drawing a proton from the medium. 
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The transfer of an electron or a hydro­
gen atom from one molecule to another 
is called an oxidation-reduction reac­
tion. The molecule that donates the elec­
tron or the hydrogen is said to be oxi­
dized by the molecule that accepts it; the 
electron acceptor or hydrogen acceptor . 
conversely . is said to be reduced. When­
ever one substance is oxidized. another 
must be reduced. In this context the 
term oxidation sometimes causes confu­
sion. Oxygen is indeed a strong oxidiz­
ing agent. but the chemical process of 
oxidation is a general one that can pro­
ceed in the absence of oxygen. Any ac­
ceptor of electrons can be regarded as 
an oxidant. 

In the mitochondrion hydrogen is ex­
tracted from carbohydrates through the 
complicated series of chemical transfor­
mations called the citric acid cycle. The 
details of the cycle will not concern us 
here; it suffices to report that its overall 
effect is to break down the carbon chain 
of glucose to carbon dioxide and to de­
liver the liberated hydrogen atoms to 
the molecule nicotinamide adenine di­
nucleotide. or NAD+. The plus sign has 
been included in the abbreviation to 
show that the molecule ordinarily car­
ries a positive electric charge. Each mol­
ecule of NAD+ accepts two electrons 
and one proton. The proton and one 
electron bind to a carbon atom in the 
NAD+ molecule; the other electron 
neutralizes the positive charge. This re­
duced form of NAD+ is designated 
NADH. NADH is the principal inter­
mediary between the citric acid cycle 
and the enzymes in the inner mitochon­
drial membrane that eventually deliver 
electrons to oxygen. forming water . The 
overall process is called respiration. and 
the hydrogen carriers and electron carri­
ers in the membrane are called the respi­
ratory chain. 

In the version of the chemiosmotic 
theory of mitochondrial respiration that 
now seems most plausible. each pair of 
electrons transferred from NADH to 
oxygen results in the outward transloca­
tion of six protons across the mem­
brane. The ratio is expressed in terms of 
pairs of electrons because the electrons 
appear in pairs both at the beginning of 
the respiratory chain (at NADH) and at 
the end (where they reduce an oxygen 
atom to water). Within the respiratory 
chain the electrons are transported one 
at a time by some carriers and in pairs by 
others. 

NADH donates its two electrons and 
one proton to a carrier group called fla­
vin mononucleotide. or FMN.  In this 
process NADH is oxidized. or restored 
to the form NAD+. and FMN.  having 
accepted two electrons and a proton. 
takes up an additional proton from the 
medium inside the membrane and is 
thereby reduced to F MNH2. The FMN 
molecule i s  attached to  a large protein. 
which is embedded in the mitochondrial 

membrane and probably extends all the 
way across it. 

By a mechanism that has not yet been 
elucidated FMNH2 transfers the two 
hydrogen atoms from the interior sur­
face of the membrane to the exterior 
surface. There the atoms are ionized and 
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the protons are released in the extrami­
tochondrial medium. so that the first 
two protons have been transported 
across the membrane. In one hypotheti­
cal transport mechanism the protons are 
released by the flavin group inside the 
membrane. and they reach the external 
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PROTON TRANSPORT by active mitochondria can be observed as a change in the concen­
tration of hydrogen ions in the medium surrounding the organelles. The mitochondria were 
suspended in a medium that contained a source of electrons for respiration but had been de­
pleted of oxygen. When a pulse of oxygen was introduced into the suspension, the pH of the 
medium declined sharply, a change that corresponds to an increase in the concentration of pro­
tons. When the oxygen was used up, protons slowly leaked back into the mitochondria. FCCP, 
a molecule that makes membranes permeable to protons, dissipated the proton gradient quickly. 
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CHANGE IN pH in a suspension of chloroplasts is in the direction opposite to that observed 
with mitochondria. The chloroplasts were suspended in a medium containing an acceptor of 
hydrogen atoms and were kept in the dark. When the suspension was illuminated, the concen­
tration of hydrogen ions declined (indicating that protons were being taken up by the organ­
elles), and when the light was turned off, the gradient decayed slowly. Again FCCP acceler­
ated the leakage of protons, which in this case was out of the organelle and into the medium. 
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medium through a channel in the pro­
tein molecule. 

As the two protons are released by 
FMN the two electrons are passed on to 
other proteins. which because of the ele­
ments associated with them are called 
iron-sulfur proteins. or FeS. Having giv­
en up two protons and two electrons. 
FMNH2 is restored to its original form 
of FMN and can be reduced again by 
NADH. 

Unlike FMN.  the iron-sulfur proteins 

VALINOMYCIN 

K' 

NIGERICIN 

GRAMICIDIN A 

carry only electrons. not complete hy­
drogen atoms; moreover. they carry the 
electrons one at a time rather than in 
pairs. There are several types of iron­
sulfur proteins in this part of the respira­
tory chain. and they may be arranged 
across the membrane so that they can 
transfer the electrons back to the interi­
or side. The electrons then enter the 
most complicated part of the respira­
tory chain. and the part where the 
chemiosmotic theory is the most spec-
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IONOPHORES, molecules that carry ions across membranes, are essential tools in the study 
of chemiosmotic mechanisms. Most simple ions are soluble in water but not in the lipid matrix 
of membranes, and so the membranes are impermeable to them. The ionophore valinomycin is 
a cyclic molecule that is soluble in membranes and selectively carries potassium ions (K +). Nigeri­
cin also transports potassium, but only in exchange for protons; it is insoluble in the membrane 
unless one ion or the other is bound. Gramicidin A forms a pore in the membrane, made up of 
two helical molecules, that is permeable to ions with one positive charge. The proton iono­
phores were first studied as molecules classified functionally as "un couplers": they inhibit phos­
phorylation but stimulate respiration. That mode of action is explained by their ability to dis­
sipate a proton gradient. The proton ionophores are all weak acids that readily gain or lose a 
proton (at the positions shown in color) and can diffuse across the membrane in either state. 
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ulative. Mitchell has recently proposed 
a mechanism for electron transfer 
through this section of the chain. which 
we shall present. although definitive ex­
perimental support for the idea is still 
lacking. 

The carrier to which the iron-sulfur 
proteins donate the pair of electrons 

is a small molecule called Ubiquinone. 
or coenzyme Q; it is usually abbreviated 
Q. Mitchell calls his proposed mecha­
nism the Q cycle . Ubiquinone is a ring­
shaped molecule with two oxygen atoms 
attached to it and with three possible 
oxidation states. In the fully oxidized.  or 
quinone. form both oxygen atoms are 
connected to the ring by double bonds.  
Attaching a hydrogen atom to one of the 
oxygens creates the semiquinone form. 
or QH·. In the fully reduced form. 
called hydroquinone or QH2. both oxy­
gens have hydrogen atoms attached .  

In  the proposed Q cycle the iron-sul­
fur proteins donate an electron to each 
of two Ubiquinone molecules. which 
take up protons from the internal medi­
um to form two molecules of the semi­
quinone. QH·. Two more electrons are 
then supplied by molecules of another 
protein in the respiratory chain. cyto­
chrome b. (The source of these electrons 
will be discussed below.)  By taking up 
two more protons from inside the mito­
chondrion two molecules of fully re­
duced QH2 are formed .  

Ubiquinone i s  soluble in  the lipid ma­
trix of the membrane. and it therefore 
may be mobile . Unlike the other carri­
ers. which presumably remain station­
ary and serve merely as conduits for hy­
drogen atoms or electrons. ubiquinone 
may migrate as a molecule from one 
side of the membrane to the other. In 
support of this hypothesis is the obser­
vation that there are about 10 times 
as many ubiquinone molecules in the 
membrane as there are molecules of 
other components of the respiratory 
chain. In the proposed Q cycle the two 
molecules of hydroquinone cross from 
the inner surface of the membrane. 
where they acquired a total of four hy­
drogen atoms. to the outer surface. 
There each QH2 molecule gives up an 
electron to the next protein in the respi­
ratory chain. cytochrome Clo and releas­
es a proton outside the mitochondrion. 
Hence the total number of protons 
transported so far is four. 

Each of the Ubiquinone molecules is 
now in the semiquinone. or QH·. state . 
They complete the cycle by returning to 
the fully oxidized form. Each gives up 
its remaining proton to the external me­
dium and transfers the associated elec­
tron to cytochrome b. All six protons 
have now been moved across the mem­
brane and expelled from the mitochon­
drion. but the fate of four electrons 
remains to be determined: two were 
deposited with cytochrome Cl and two 
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MEMBRANE OF THE MITOCHONDRION has embedded in it 
the enzymes and other components of the respiratory chain. The ar­
rangement of the molecules, however, is not yet certain, and the mod­
el presented here is somewhat conjectural. Respiration begins with 
NADH, which gives up two electrons and a proton to flavin mononu­
cleotide (FMN); another proton is picked up from the internal me­
dium, so that the reduced form of the molecule (FMNH2) carries 
two complete hydrogen atoms. The protons are expelled and the elec­
trons return through an iron-sulfur protein (FeS) to the inner surface 
of the membrane. There the two electrons are donated to two mole­
cules of ubiquinone (Q), each of which acquires a proton to form the 
semiquinone (QH ' ). Unlike the other components of the respiratory 
chain the quinones probahly migrate as molecules through the mem­
brane (broken Jines). The semiquinone takes on two more electrons 

from cytochrome b and with two more protons from inside the mito­
chondrion is converted into the fully reduced hydroquinone (QH2). 
Each hydro quinone gives up one electron to cytochrome Cl and re­
leases the corresponding proton outside. The remaining two electrons 
are then returned to the cycle through cytochrome b and the last two 
of six protons are released. Finally the two electrons deposited with 
cytochrome Cl pass through cytochromes c, a and a3 to oxygen, which 
is thereby reduced to water. The proton circuit is completed by the 
Fl-Fo complex, where each two protons driven inward bring about 
the synthesis of one A TP molecule. Other processes are also pow­
ered by the proton gradient. They include the reduction of NADP+ 
by NADH, the transport of calcium (Ca++) and sodium (Na+) ions 
and the exchange of ADP for ATP. The illustrations on this page and 
the next two pages are based on drawings made by Maija V. Hinkle. 

with cytochrome b. The cytochromes 
are all proteins with an embedded heme 
group: a large ring structure with a cen­
tral iron atom that can readily accept or 
donate an electron. The two electrons 
on cytochrome b molecules are returned 
across the membrane to the Q cycle: 
they ultimately reduce two more mole­
cules of QH' to QH2. It was from this 
closed loop that the electrons were ob­
tained to reduce the semiquinones dis­
cussed above . 

The two electrons deposited with 
molecules of cytochrome Cl continue 
through the respiratory chain to its end. 
They are passed from cytochrome Cl, 
which is embedded in the exterior sur-

face of the membrane, to cytochrome c, 
which lies on the exterior surface . The 
two electrons then go to cytochrome a 
and, crossing the membrane for the last 
time , are transferred to cytochrome aa· 
Finally , cytochrome aa is oxidized by 
molecular oxygen. The two electrons 
are donated to an oxygen atom and two 
protons are picked up from the interior 
medium of the mitochondrion to form 
a water molecule. 

In this long sequence of oxidation-re­
duction reactions the pair of electrons 
makes three round-trip crossings of the 
membrane and exports two protons 
each time. The first passage is made 
through reduced flavin mononucleo-

tide, FMNH2. After returning through 
the iron-sulfur proteins the electrons 
traverse to the exterior side again with 
hydroquinone. The second return trip is 
made through cytochrome b, where the 
electrons reduce another pair of ubiqui­
none molecules and migrate to the out­
side surface for the third and last time. 
Finally they return to the inside of the 
mitochondrion through the system of 
cytochromes (Cl ,  c, a and aa) and are 
delivered to oxygen. The flow of elec­
trons in the mitochondrion is an electric 
current. The potential difference be­
tween NADH and oxygen is about 1 .2 
volts, and the total current in the mito­
chondria of a human being at rest is 
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MEMBRANE OF THE BACTERIUM E. coli bas a system of respiratory proteins similar to 
tbe system in mitocbondria. Electrons and protons are donated to flavin adenine dinucleo­
tide (F ADH2), wbicb exports tbe two protons; tbe electrons are returned to tbe inner surface 
througb iron-sulfur proteins (FeS). Tbe electrons, togetber witb two protons from tbe internal 
medium, tben reduce a single molecule of ubiquinone to bydroquinone (QH2), wbicb diffuses 
across tbe membrane and releases tbe protons outside. Finally tbe electrons proceed througb 
cytochromes band 0 to water. Just four protons are translocated for eacb electron pair instead 
of six. As in mitocbondria, pbospborylation requires two protons for eacb molecule of ATP. 
Sodium and calcium transport are coupled to tbe movement of protons down tbe gradient, and 
so is tbe uptake of certain sugars, sucb as lactose, and amino acids, sucb as proline. Tbe rotation 
of tbe flagellum is also powered by tbe influx of protons. At tbe root of tbe flagellum is a ring of 
16 proteins, apposed to a similar ring in tbe cell wall. 1f a proton must pass througb eacb protein 
to rotate tbe flagellum a sixteentb of a turn, 256 protons would be consumed in eacb revolution. 

1 10 

about 1 00 amperes. so that 1 20 watts of 
power are generated .  

It must be emphasized that this recon­
struction of the mitochondrial mem­
brane proteins and their interactions is 
tentative. Only for a few of the mole­
cules is there any evidence bearing on 
their position in the membrane. F M N  
must b e  exposed o n  the interior surface 
since NADH reacts with it only there. 
Conversely. cytochrome c must be ex­
ternal since it can be removed by wash­
ing mitochondria with salt solutions. 
Two complexes of cytochrome mole­
cules. one made up of band c and the 
other of a and aa. have both been shown 
to span the membrane. although the ex­
act position of each cytochrome has not 
yet been established. Other arrange­
ments of the same molecules. however, 
could lead to the same result: that the 
transfer of two electrons from NADH 
to oxygen is coupled to the export of six 
protons from inside the mitochondrion 
to outside it. 

The respiratory chain of the bacteri­
um Escherichia coli incorporates sev­

eral components analogous to those 
found in mitochondrial membranes and 
operates according to the same princi­
ples. There is a major difference, how­
ever: for each pair of electrons passing 
through the respiratory chain only four 
protons (instead of six) are exported 
from the bacterial cell. The number of 
protons transported also varies with the 
conditions under which the bacteria are 
grown. 

Similarities between bacteria and mi­
tochondria are not unexpected. Both 
mitochondria and chloroplasts are be­
lieved to have evolved from bacteria 
that may have entered cells as parasites 
or symbionts early in the history of the 
nucleated cells and only later became 
captive organelles. M itochondria and 
chloroplasts have their own genetic ma­
terial. which in form resembles that of 
bacteria. Many proteins of mitochon­
dria and chloroplasts are more like bac­
terial proteins than they are like cellu­
lar proteins of equivalent function. 

In E. coli the respiratory chain is ap­
parently simpler than it is in mitochon­
dria. Electrons are carried to the respi­
ratory proteins in the cell membrane 
by NADH and are donated to a flavin 
group analogous to FMN; the group is 
flavin adenine dinucleotide. or FAD. 
Like F M N .  FAD is associated with a 
protein. and it carries two hydrogen at­
oms to the outer surface of the mem­
brane, where the protons are released. 
The electrons are passed on to iron-sul­
fur proteins. which transport them back 
across the membrane. As in mitochon­
drial respiration. the second hydrogen 
carrier is ubiquinone, but at present 
there is no evidence for a Q cycle in E. 
coli. The two electrons are donated to a 
single quinone molecule. which takes up 
two protons from inside the cell to form 
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CHLOROPLAST 

2H+ 

MEMBRANE OF THE CHLOROPLAST incorporates a Iigbt-driv­
en system of pigments and otber molecules tbat translocates protons 
inward. Two pbotons, or quanta of Iigbt, must be absorbed for eacb 
electron carried from water to tbe ultimate acceptor of electrons, 
NADP +. For eacb pair of electrons passing througb tbe cbain of car­
riers three protons are taken up outside tbe cbloroplast and four ap­
pear inside. Tbe first pboton is absorbed by an array of cbloropbyll 
molecules, tbe antenna complex associated witb a specialized cbloro­
pbyll designated P-680. Two electrons freed from P-680 molecules 
cross tbe membrane and are replaced by electrons taken from a mole-

cule of water. Tbe electrons from P-680, witb two protons from out­
side tbe membrane, reduce plastoquinone (PQ) to PQH2• Tbe pro­
tons are released inside wben tbe electrons are transferred to cyto­
chrome J. Tbe electrons tben proceed tbrougb plastocyanin (PC) to a 
second pbotocenter, P-700. Witb tbe absorption of additional pbo­
tons tbe electrons complete tbeir journey tbrougb an iron-sulfur pro­
tein (FeS), ferredoxin (Fd) and flavin adenine dinucleotide (FADH2) 
to NADP+. Tbe syntbesis of ATP in tbe CF J-FO complex is the only 
process in cbloroplasts known to require a proton gradient; three pro­
tons apparently cross tbe membrane for eacb ATP molecule formed. 

the hydroquinone. After it has migrated 
across the membrane the hydroquinone 
releases the two protons outside and 
passes the two electrons on to two cyto­
chrome b molecules.  Finally the elec­
trons flow back across the membrane 
through cytochrome b to cytochrome o. 
which is oxidized by molecular oxygen. 
In summary. the pair of electrons cross­
es the membrane twice in each direction 
and translocates four protons outward. 
In other bacteria the respiratory chain 
takes other forms. and in some it is simi­
lar to the mitochondrial chain. It should 
also be pointed out that several com­
pounds in addition to NADH can be ox­
idized by mitochondria and bacteria. 

In chloroplasts the electron-transfer 
chain has some carrier molecules simi­
lar to those of the respiratory chains of 
mitochondria and bacteria. but the flow 
of electrons is in the opposite direction. 
The chain begins with water and ends 
with a phosphorylated form of NAD+. 
nicotinamide adenine dinucleotide phos­
phate . or NADP+. What is even more 
remarkable . the direction of proton 
translocation is also opposite to that 
of mitochondria. Chloroplasts have a 
triple system of membranes: the outer 
two define the organelle . and the inner 
one. which is very convoluted.  contains 
the apparatus of photosynthetic phos­
phorylation. In chloroplasts protons are 
translocated inward across the inner 

membrane and are accumulated inside. 
For electrons to flow from water to 

NADP + the free energy of the initial 
state must be raised. The required ener­
gy is supplied by the absorption of light 
by pigments stationed at two points in 
the electron-transfer chain. Each pho­
ton absorbed drives an electron across 
the inner membrane. 

The first photon is absorbed by an ar­
ray of molecules that includes several 
hundred chlorophyll molecules and oth­
er pigments. all of which are bound to 
proteins. This dense collection of light­
absorbing substances. called the anten­
na complex. is embedded in the inner 
surface of the membrane. The energy 
of excitation is communicated rapidly 
from the antenna complex to a special­
ized chlorophyll molecule called P-680. 
("P" stands for "pigment" and the num­
ber refers to the wavelength of light. ex­
pressed in nanometers. that the mole­
cule absorbs.) Chlorophylls have a ring­
like structure similar to that of the heme 
group. except that the central cavity is 
occupied by a magnesium atom instead 
of an iron atom. In P-680 light energy 
alters the distribution of electrons in the 
ring and makes one electron available 
for transfer. 

The electron from P-680 is apparently 
transferred to an electron acceptor on 
the outer surface of the membrane im­
mediately after a photon is absorbed. 

On the absorption of another photon the 
process is repeated. The two oxidized P-
680 molecules are reduced by two elec­
trons derived from water with the help 
of an enzyme that contains manganese. 
The oxygen atom from the water mole­
cule is released and diffuses out of the 
chloroplast and the two protons go into 
solution inside the inner membrane. 

The two electrons that cross the mem­
brane from P-680 are picked up at the 
outer surface by a hydrogen carrier sim­
ilar in structure to ubiquinone but called 
plastoquinone . or PQ. The electrons. 
with two protons extracted from the ex­
ternal solution. reduce PQ to PQH2• 
which migrates back across the mem­
brane to the inner surface. There the 
PQH2 releases the protons internally 
and transfers the electrons to cyto­
chrome /. a protein of the same type as 
cytochrome c. 

The next electron carrier in the chain 
is the copper-containing protein plasto­
cyanin. and it turns the electrons over to 
the second photochemically active site. 
The most important component of this 
system is another specialized chloro­
phyll molecule . designated P-700. When 
P-700 is excited by light absorption in 
the antenna complex. the electrons are 
once again moved to the outer surface 
of the membrane . where they are ac­
cepted by an iron-sulfur protein. The 
route then continues along the outer sur-
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face from that iron-sulfur protein to an­
other one, ferredoxin. From there the 
electrons go to a proton containing 
FAD, which withdraws two protons 
from the external medium to form 
FADH2. Finally NADP+ acquires the 
electrons and a proton from F ADH2 to 
form NADPH. When the passage of 
two electrons through the chain is com­
plete, three protons have disappeared 
outside the membrane and four protons 
have appeared inside. 

This model of the chloroplast inner 
membrane, like the model of the mito­
chondrial and bacterial membranes dis-
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cussed above, is a tentative reconstruc­
tion based on fragmentary evidence . 
Structural studies of the membrane 
have shown that ferredoxin is on the 
outside and that functional plastocyanin 
is on the inner surface. Other features of 
the model are more speculative. H. T. 
Witt and his colleagues at the Max Vol­
mer Institute in Berlin have shown that 
an electric potential is created across 
the chloroplast inner membrane in less 
than 1 0.8 second after illumination. The 
speed of the reaction is strong evidence 
that the electrons released by the spe­
cialized chlorophylls are transferred 

FLAVIN 

across the membrane: less direct meth­
ods for creating a potential would be 
too slow. 

The proton gradient established by 
photochemical or oxidative electron 

transport represents a store of free ener­
gy. much like water pumped up a gravi­
tational gradient to an elevated reser­
voir. The energy can be recovered by 
allowing the protons to flow back across 
the membrane through an appropriate 
"mil!." The main work done by the flow 
of protons down the gradient is the 
phosphorylation of ADP to form ATP.  
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CARRIER MOLECULES in botb respiratory and photosynthetic 
chains are specialized for the transport of electrons or hydrogen at­
oms. The active centers of several carriers are shown; R stands for the 
rest of the molecules, The hydrogen atom (or atoms) donated to the 
oxidized forms of the carriers to generate the reduced forms are in 
color. NAD+ accepts two electrons and a proton to form NADH, One 
electron neutralizes the charge on the ring nitrogen atom, and the 
other combines with a proton to hydrogenate a carbon atom, A very 
similar molecule, NADP +, is a carrier in chloroplasts. The flavins FAD 
and FMN are the active parts of flavoproteins. Two hydrogen atoms 
are donated to FAD and FMN to form FADH2 and FMNH2. Iron­
sulfur proteins are electron carriers rather than hydrogen carriers; the 
active center of one type is a cagelike structure in which the elec­
tron's charge is distributed among the iron and sulfur atoms. Some 

of the sulfur atoms are sulfide (S - -), and the remainder are from the 
amino acid cysteine in the protein (R). Ubiquinone is a hydrogen car­
rier in mitochondrial and bacterial membranes. In its fully reduced 
and protonated form the oxygen atoms on the benzene ring have hy­
drogen atoms attached to them. In the fully oxidized state the oxygen 
atoms are linked to the carbon ring by double bonds. Ubiquinone can 
also exist in a half-reduced or semiquinone form, which is not shown 
in the illustration. The semiquinone is a free radical, and the unpaired 
electron is delocalized by resonance over the carbon ring. Plastoqui­
none, a hydrogen carrier in chloroplasts, is very similar to ubiqui­
none. Chlorophyll and the heme group of cytochromes are also simi­
lar in structure. In cytochromes electron is carried primarily by iron 
atom (Fe) at the center of the large heme ring; the positive charge 
of oxidized chlorophyll is probably distributed throughout the ring. 
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but other processes such as the active 
transport of some ions are also powered 
by the gradient. 

Energy is stored in the proton gradi­
ent in two forms. or in other words the 
gradient has two components. One com­
ponent is the difference in concentration 
or chemical activity of protons on oppo­
site sides of the membrane. The protons 
tend to diffuse from a region of high 
concentration to a region of low con­
centration when a pathway through the 
membrane is provided.  Proton concen­
tration is measured in terms of pH. 
which is defined as the negative loga­
rithm of the hydrogen ion concentra­
tion. The energy of the concentration 
gradient is determined by the difference 
in pH across the membrane and is inde­
pendent of the absolute magnitude of 
the pH. 

The electric charge carried by the pro­
ton contributes the second component 
to the energy of the gradient. The net 
movement of charges across the mem­
brane creates a difference in electric po­
tential. and all charged particles are af­
fected by the resulting electrostatic field. 
The total energy of the proton gradient 
is the sum of the concentration (or os­
motic) component and the electric com­
ponent. 

Because of the difference in concen­
tration and in electric potential a proton 
that has been expelled from a mitochon­
drion experiences a force tending to 
draw it back across the membrane . The 
movement of the proton in response to 
that force can be made to do work. such 
as the work of phosphorylation. 

The enzymes that couple the diffusion 
of protons back through the membrane 
to the synthesis of A TP appear to be 
remarkably similar in mitochondria. 
bacteria and chloroplasts. They are con­
spicuous in electron micrographs as 
globular bodies protruding from the 
surface of the membrane. The protrud­
ing "knob."  designated Fl. was isolated 
in 1 960 by Efraim Racker. Maynard E. 
Pullman and Harvey Penefsky of the 
Public Health Research Institute of the 
City of New York. It is a soluble protein 
made up of five kinds of subunit. some 
of which are present in multiple copies. 
F 1 is attached to the membrane through 
another set of proteins designated F o. 
which is embedded in the membrane 
and is thought to pass all the way 
through it. F 1 is readily removed from 
the membrane. but Fo can be removed 
only when the membrane itself is de­
stroyed with detergents. The entire sys­
tem of enzymes is called the F l-F 0 
complex. 

In mitochondria and in bacteria the 
Fl-FO complex is oriented with the 
knobs protruding into the interior ma­
trix from the inner surface of the mem­
brane. The evidence indicates that for 
every two protons passing inward 
through the complex one molecule of 
ADP is combined with inorganic phos-

phate to form ATP. An important ob­
servation is that the reaction is revers­
ible: under appropriate circumstances 
the Fl-FO complex can split ATP mole­
cules and employ the energy made 
available to pump protons out of the 
mitochondrion or bacterial cell. Like all 
enzymes. the F rF 0 complex controls 
the rate of the reaction. but the direction 
of the reaction is determined by the bal­
ance of free energy. 

In chloroplasts the equivalent enzyme 
system is called the CF l-F 0 complex. 
and it is oriented in the opposite direc­
tion. that is. the knob protrudes from the 
outer surface of the membrane. The ori­
entation is exactly what would be ex­
pected. since the direction of the proton 
gradient in chloroplasts is also opposite 
to that in mitochondria and bacteria. 
Protons flow outward through the CF I­
F 0 complex. and the A TP is formed in 
the space between the inner and the out­
er chloroplast membranes.  Another dif­
ference is more difficult to account for: 
the chloroplast CF1-FO complex appar­
ently requires three protons per A TP 
synthesized instead of two. 

The mechanism of A TP synthesis at 
the active site of the F l-F 0 complex 

is not understood. Several hypotheses 
have been formulated. but the evidence 
from studies of the enzyme is not yet 
sufficient to decide among them. 

The active site is apparently associat­
ed with the F 1 part of the complex. the 
knobs seen in electron micrographs. 
Even when the F 1 components are iso­
lated and in solution. they catalyze the 
splitting of A TP to yield ADP and phos­
phate . the reverse of the phosphoryla­
tion reaction driven by a proton gra­
dient. The forward reaction cannot be 
observed with isolated F 1 molecules. of 
course. because a proton gradient can­
not be established in solution. Of the five 
kinds of protein subunit in Fl. only the 
two largest are required for A TP-split­
ting activity . The smallest of the sub­
units is an inhibitor of catalytic activity 
that presumably serves as a check valve: 
it prevents the reaction from proceeding 
at all when the proton gradient is low. 
since under those circumstances the re­
action would proceed in reverse. con­
suming ATP . 

The F 0 part of the complex. which is 
left behind in the membrane when F 1 is 
removed. exhibits no catalytic activity 
with A TP. On the other hand. the re­
moval of F 1 makes the membrane high­
ly permeable to protons. and these leaks 
can be plugged by rebinding F 1 or by 
certain inhibitors. These observations 
have led to the view that Fo serves as 
a channel through which protons cross 
the membrane to Fl' 

One of the hypothetical catalytic 
mechanisms was proposed by Mitchell. 
In this scheme a phosphate group binds 
to the enzyme at an active site within the 
F 1 part of the complex but near the end 

of the proton channel through F o. Two 
protons driven down the channel by the 
membrane potential and the pH gradi­
ent attack one of the phosphate oxygens. 
pulling it loose to form a molecule 
of water . The unattached phosphorus 
bond created in this way converts the 
phosphate group into a highly reactive 
species that can bind directly to ADP. 

In the main alternative hypothesis 
protons have a less direct role. This indi­
rect hypothesis actually embraces sever­
al possible mechanisms. The idea com­
mon to all of them is that the passage of 
protons through the F 1 part of the com­
plex could change the conformation of 
protein. For example. the binding of a 
proton to a group in the protein could 
cause it to move as a result of electrical 
interactions with other charged regions. 
Paul D. Boyer of the University of Cali­
fornia at Los Angeles has proposed that 
proton-induced changes in protein con­
formation near the active site could re­
sult in A TP synthesis. In one such mech­
anism the dissociation of the completed 
A TP molecule from the enzyme is the 
crucial. energy-requiring step. Although 
free ADP cannot combine with phos­
phate without an input of energy. the 
reaction might take place spontaneously 
if both molecules were bound to a pro­
tein. The resulting A TP would remain 
bound to the enzyme and could be disso­
ciated from it only by the addition of 
energy. That energy would be supplied 
by a change of conformation . .  driven in 
turn by the translocation of protons. 

In 1 97 1  I .  J. Ryrie and Andre T. Ja­
gendorf of Cornell University observed 
changes in the conformation of CF 1 
bound to chloroplasts when the chloro­
plasts were illuminated or when the pH 
of the medium in which they were sus­
pended was rapidly changed from acidic 
to basic. creating a momentary pH gra­
dient. R. P. Magnusson. J. Fagan and 
one of us (McCarty) showed that the 
reactivity of a chemical group in one 
subunit of CF 1 is enhanced when chlo­
roplasts are illuminated. Penefsky and 
others have shown that the F 1 protein of 
mitochondria also undergoes structural 
changes when it is exposed to an electro­
chemical proton gradient. In 1 97 3  E. C. 
Slater and his colleagues at the Univer­
sity of Amsterdam found that CF 1 and 
F 1 have ADP and ATP firmly bound to 
them. In chloroplasts the ADP bound 
to CF 1 can be exchanged for nucleotide 
molecules in the medium when a proton 
gradient is formed. The bound ADP can 
be phosphorylated. but only at a low 
rate. It is probably not bound at a cata­
lytic site in the enzyme but may regulate 
the structure or the functioning of F 1 
molecules. 

These findings can be interpreted as 
evidence for an indirect mechanism of 
phosphorylation. in which conforma­
tional changes have an essential role. 
Mitchell's direct hypothesis cannot be 
ruled out. however . Conformational 
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changes in enzymes are hardly unusual 
and may be universal in enzymes. The 
changes in F 1 could be associated with 
a direct mechanism or they could be 
incidental to the catalytic activity . 

The movement of molecules or ions 
across a membrane can proceed 

spontaneously only in a direction that 
tends to reduce a concentration gradient 
or a gradient in electric potential. In the 
cell and in subcellular organelles many 
substances must be assimilated or ex-

NADH TO UBIQUINONE 

UBIQUINONE 
TO CYTOCHROME c 

NADH 

o 

Fe(CN).--­
... 

pelled against a gradient. and so most 
transport requires energy . The move­
ment of some ions and molecules is driv­
en directly by the proton gradient. 

An example of proton-linked trans­
port is the flow of sodium ions (Na + ) out 
of the mitochondrion in exchange for 
hydrogen ions. In this system one sodi­
um ion is expelled from the mitochon­
drion for each proton that crosses the 
membrane in the opposite direction. 
The exchange is assumed to be mediated 
by a membrane protein. 

1 
M INUTES 

-t. 
I I I 

2H+/2e­
I 
! 

2 

Sodium transport is driven by only 
one component of the electrochemical 
proton gradient, namely the difference 
in proton concentration, or pH. The 
membrane potential has no effect, since 
while it accelerates the proton's  inward 
passage it retards the outward move­
ment of the sodium ion and the two ef­
fects exactly cancel. The reaction comes 
to equilibrium when the sodium gradi­
ent is equal to the pH gradient in proton 
concentration. An equivalent transport 
system powers the uptake of inorganic 
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SEGMENTS OF THE ENZYME SYSTEM from mitocbondrial 
membranes can be isolated and assembled in artificial membrane 
vesicles; wben eacb segment is supplied with appropriate substrates, 
it is seen to transport protons across tbe membrane. Tbe first seg­
ment consists of tbose components of tbe respiratory cbain extend­
ing from NADH to ubiquinone, including FMN and tbe iron-sulfur 
proteins. Tbe second segment includes all tbe molecules from ubiqui­
none to cytochrome c. Tbe tbird segment completes tbe respiratory 
cbain, extending from cytochrome c to oxygen. Tbe fourtb isolat­
ed system is tbe F I-Fo complex, wbicb is operated in reverse, so tbat 
it splits ATP to form a proton gradient. Tbe respiratory systems are 
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driven by adding a donor and an acceptor of electrons; tbey can be 
natural substrates, sucb as NADH or oxygen, or artificial ones, sucb 
as ferricyanide (Fe(CN - - -) 6), ubiquinone analogues (Q l or Q 2) or 
tbe reductant napbtboquinol sulfonate (NQSH2). Proton transport 
is measured by monitoring tbe pH of tbe external medium. In some 
cases tbe reaction causes a permanent cbange in tbe pH, wbicb is in­
dependent of tbe gradient, but since tbat offset is not affected by tbe 
proton ionopbore FCCP it can be measured separately. Wben cor­
rections are applied for tbe permanent offset, so tbat only tbe effects 
of tbe proton gradient are measured, it is seen tbat eacb segment of 
tbe respiratory cbain transports two protons for eacb electron pair. 
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phosphate . which enters the mitochon­
drion as a negatively charged ion. The 
movement of the phosphate ions is bal­
anced by a counterflow of hydroxyl ions 
(OH -) .  

The other component of the proton 
gradient. the membrane potential, can 
also drive active transport. The uptake 
of calcium ions (Ca + + ) by the mito­
chondrion. for example. is powered by 
the membrane potential and is indepen­
dent of the pH gradient. Calcium prob­
ably enters without a countercurrent 
of any other ion. its transport being 
motivated entirely by electrostatic for­
ces that pull it toward the negatively 
charged inner surface of the membrane. 
The membrane potential also provides 
the motive force for the exchange of 
ADP and ATP molecules.  ensuring a 
continuing supply of substrate for phos­
phorylation and exporting the product. 
ADP carries a charge of minus 3 and 
A TP a charge of minus 4.  so that the 
exchange is equivalent to the outward 
movement of one negative charge or 
the inward movement of one positive 
charge. 

The proton gradient in chloroplasts 
is apparently not coupled to any func­
tion other than phosphorylation. with 
the possible exception of magnesium 
ion transport. In bacteria. on the other 
hand. a great variety of metabolic proc­
esses seem to derive their energy from 
the proton gradient. Indeed.  Mitchell 
was studying transport across bacte­
rial membranes when he proposed the 
chemiosmotic theory in 1 96 1 .  

The mechanism o f  sodium transport 
in E. coli is apparently similar to that in 
mitochondria. Calcium transport. how­
ever. is in the direction opposite to that 
in mitochondria. that is. E. coli excretes 
calcium. The bacterial calcium trans­
port is probably an electrically neutral 
exchange of two protons for each Ca + + 
ion. a movement powered by the pH 
gradient. 

In 1 963 Mitchell proposed that up­
take of the sugar lactose by E. coli could 
be coupled to an influx of protons. even 
though lactose is an electrically neutral 
molecule rather than an ion. Subsequent 
studies have shown that lactose trans­
port can be driven by an artificially 
formed proton gradient and. converse­
ly. that the influx of lactose into starved 
cells is accompanied by an influx of pro­
tons. The transport system appears to be 
symmetrical: the sugar can be concen­
trated on either side of the membrane. 
depending on the polarity of the proton 
gradient. Similar systems for the uptake 
of certain amino acids have been discov­
ered in E. coli. 

It should be pointed out that these are 
not the only systems of active transport 
in bacteria; there are at least two others 
that are not directly coupled to the pro­
ton gradient. Glucose and some other 
sugars are brought into the bacterial cell 
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SECONDS 

RATE OF PHOSPHORYLATION appears to be limited by tbe magnitude of the proton gra­
dient. The rate of ATP synthesis was measured in vesicles made from mitochondrial mem­
branes. When an artificial electrochemical proton gradient was imposed, the initial rate of syn­
thesis was even greater than that observed under natural conditions, but the rate declined as 
the gradient decayed. When the gradient was created by respiration, a constant rate of synthesis 
was eventually attained, but the initial rate depended on the experimental conditions. If all the 
reactants needed for respiration were supplied but ADP was withheld, phosphorylation began 
immediately at a high, steady rate. If tbe missing reactant was NADH, bowever, there was a 
lag of about a second before the maximum rate of synthesis was achieved. Presumably the time 
was required for the respiratory chain to build up a proton gradient. These findings indicate 
that a proton gradient can supply energy fast enough to meet the demands of phosphorylation. 
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pH GRADIENT 

KINETICS OF PHOTOPHOSPHORYLATION were studied in functioning chloroplasts. 
The rate of ATP synthesis and the magnitude of the proton gradient were determined separate­
ly but under similar conditions in chloroplasts illuminated with various intensities of light. The 
relation derived from these measurements (black curve and scale) shows that the rate of phos­
phorylation is strongly dependent on the pH gradient. In particular no ATP is made until the 
difference in pH reaches about two pH units, presumably because protons moving down a 
smaller gradient have too little energy to drive the reaction. The rate measurements can be 
made to fall along a straight line by replotting them as a function of the cube of the internal 
proton concentration (colored curve and scale). This third-power relation supports other evi­
dence suggesting three protons are required for each molecule of ATP formed in chloroplasts. 
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by a system in which the essential pre­
liminary event is the phosphorylation of 
the sugar. Other molecules cross the 
membrane by first binding to soluble 
proteins in a system that derives the 
energy needed for active transport from 
the splitting of ATP. 

An extraordinary mechanical linkage 
driven by the proton gradient is the fla­
gellum responsible for motility in E. coli 
and other bacteria. It now appears that 
the flagellum moves by rotating like a 
propeller . The shaft at the root of the 
flagellum passes through a bearing in 
the rigid cell wall and terminates in a 
rotor in the cell membrane. The rotor 

DIR ECT M ECHAN I S M  

appears to be a ring of 1 6  proteins, and it 
is apposed to another protein ring that 
may act as a "stator" in the cell wall. 

Howard C. Berg and his co-workers at 
the University of Colorado have recent­
ly determined that the flagellar rotor is 
powered by the electrochemical proton 
gradient. Berg's calculation of the ener­
gy required for rotation suggests that 
about 250 protons would have to flow 
inward to power one revolution if the 
gradient is a typical one for E. coli. The 
protons presumably flow through the 
protein ring that forms the rotor, gener­
ating force against the adjacent ring in 
the cell wall. An obvious hypothesis is 

Pi ADP 

Nw 

that the passage of one proton through 
each of the 16 subunits in the ring ro­
tates the flagellum through a sixteenth 
of a turn. A complete revolution would 
then require 16 X 1 6 ,  or 256,  protons. 

When Mitchell proposed the chemi­
osmotic theory, the transloca­

tiOIl of protons in mitochondria and 
chlOroplasts was unknown. (Indeed, he 
first suggested that respiration would 
pump protons into mitochondria rather 
than out of them.) The existence of a 
proton-transport system coupled to res­
piration was established by Mitchell and 
Moyle, who employed a comparatively 

I N D I RECT MECHANISM 

2W .,-___ --J ADP 
+ Pi 

0 0 0  
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POSSIBLE MECHANISMS of pbospborylation in tbe F I-Fo com­
plex fall into two categories, called direct and indirect. In tbe direct 
mecbanism (left) first event is binding of a pbospbate ion and ADP 
to tbe F 1 part of tbe enzyme complex. Protons move througb a cbannel 
in tbe F 0 part and tben attack one of tbe pbospbate oxygens, wbicb is 
removed as a molecule of water. Finally an oxygen of ADP attacks 
tbe pbospborus atom, forming ATP. Tbe ATP molecule tben dissoci­
ates from tbe enzyme. A variety of indirect metbods are possible; one 
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example is sbown bere (right). At tbe active site of tbe enzyme it 
migbt be possible for ADP and inorganic pbospbate to combine spon­
taneously, witbout an input of free energy. Tbe resulting ATP mole­
cule would be securely bound to tbe enzyme, bowever, and ener­
gy would be needed to release it. Tbe energy migbt be ..supplied by 
protons tbat bind at a position otber tban tbe active site and tbat 
tbereby cbange tbe conformation of tbe enzyme. Tbe protons would 
tben be released into tbe solution on tbe F 1 side of tbe membrane. 
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simple technique to measure the num­
ber of protons transported for each pair 
of electrons. Mitochondria are suspend­
ed in a medium that contains no oxygen; 
then the concentration of hydrogen ions 
is monitored as a known quantity of 
oxygen is injected into the solution. The 
proton concentration is observed to rise 
immediately and rapidly; when the ox­
ygen is exhausted. the concentration 
slowly returns to normal as protons leak 
back across the membrane. Adding a 
substance called a proton ionophore im­
mediately dissipates the gradient; such 
ionophores are known to make mem­
branes permeable to protons. The in­
verse behavior can be demonstrated in 
chloroplasts. After a brief flash of light 
the proton concentration in the external 
medium falls rapidly and then slowly 
regains its original level as protons leak 
out of the chloroplasts. Again proton 
ionophores collapse the gradient. 

Measuring the magnitude of the gra­
dient is complicated by the need to de­
termine the difference in pH and the 
membrane potential separately. The 
gt'adient in proton concentration can be 
determined by measuring the uptake of 
weak acids into mitochondria or bacte­
ria; in chloroplasts a weak base is em­
ployed instead of an acid. The mem­
brane potential is revealed by the uptake 
of an ion (other than H + or OH -)  that is 
free to pass through the membrane and 
reach an equilibrium concentration gra­
dient. 

In mitochondria the proton gradient 
has been found to consist of a pH differ­
ence of about 1 .4 pH units (acid outside) 
and a membrane potential of some 1 40 
millivolts (positive outside) . Vesicles 
prepared from E. coli membranes have a 
pH gradient of two units and a mem­
brane potential of about 70 millivolts. 
with the same polarity as in mitochon­
dria. The way in which the electrochem­
ical gradient is partitioned into its two 
components depends on what ions are 
present in the solution and on the exter­
nal pH. In chloroplasts. of course. the 
gradient is oriented in the opposite di­
rection. What is more. in the steady state 
almost the entire gradient in chloro­
plasts is expressed as a difference in pro­
ton concentration. Under these condi­
tions the membrane potential is negligi­
ble because the membrane is permeable 
to chloride ions. but the pH gradient 
reaches a magnitude of about 3 . 5  units. 
As a result the interior matrix of chlo­
roplasts can become strongly acidic. 
reaching a pH of about 4 .  In effect the 
chloroplast accumulates hydrochloric 
acid inside. It should be noted in passing 
that the enzymes of carbon dioxide fixa­
tion in chloroplasts are all between the 
inner and outer membranes and thus are 
not exposed to this harsh environment. 
The interior of mitochondria and bacte­
ria. on the other hand. is the site of many 

enzymatic reactions.  Mitochondria and 
bacteria have mechanisms.  such as the 
exchange of protons for sodium ions. 
that maintain the internal pH close to 
neutrality . 

The entire electrochemical gradient. 
regardless of how it is partitioned into 
components of pH difference and mem­
brane potential. can be measured in 
terms of energy. It  is the energy ac­
quired by a proton when it is transport­
ed across the membrane against the gra­
dient. or the energy given up by a proton 
when it is carried back across the mem­
brane with the gradient. In chloroplasts 
the electrochemical gradient is equal to 
about 4 .8  kilocalories per mole of pro­
tons; in vesicles made from E. coli mem­
branes it is 4.4 kilocalories per mole . 
Mitochondria have the largest total gra­
dient. about 5 . 3  kilocalories per mole of 
protons. 

The detection of a proton gradient 
generated by respiration is by no 

means a demonstration that phosphory­
lation is driven by the gradient. The pro­
ton ionophores. however. provide evi­
dence bearing on this point. The first of 
the ionophores to be discovered. dini­
trophenol. was found to have an effect 
on oxidative phosphorylation long be­
fore its mode of action was understood.  
In 1 948 William F.  Loomis and Fritz 
A. Lipmann of the Harvard Medical 
School showed that dinitrophenol inhib­
its ATP synthesis but stimulates elec­
tron transport; in other words. it uncou­
ples respiration from phosphorylation. 
In 1 963 Mitchell proposed that dinitro­
phenol acts by ferrying protons across 
membranes. and he showed that the ad­
dition of dinitrophenol to bacteria equil­
ibrates a pH gradient across the mem­
brane. It has since been shown that the 
effectiveness of various uncouplers is 
correlated with their capacity to act as 
ionophores.  One alternative hypothesis 
is that the uncouplers act by interfering 
with the F J-Fo complex. but the most 
potent uncoupler. a molecule designat­
ed SF6847 . is completely effective at a 
concentration of about one molecule for 
every five F J-Fo complexes .  

For complete uncoupling both the pH 
gradient and the membrane potential 
must be dissipated.  The proton iono­
phores can accomplish this because they 
carry the protons themselves across the 
membrane. Each of the two compo­
nents of the gradient can also be abol­
ished individually by other ionophores . 
Valinomycin. an ionophore that carries 
potassium ions (K + ) .  dissipates only the 
membrane potential. In the presence of 
valinomycin a countercurrent of potas­
sium ions neutralizes the difference in 
electric potential. but with continued 
respiration there is a compensating in­
crease in the pH gradient. Nigericin. an­
other ionophore . brings about an electri-
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Who do you call 
to help the S�ce Shuttle program 
get oft the ground' 

You should see what's 
taking off at the Kennedy 
Space Center these days. 

The whole place is flying. 
The first reusable space 
vehicle gets a recycled 
launch site . 

To get ready for the first 
Space Shuttle launch by 

1979, over 21 facilities and 
operations at the Center 
must be adapted and refitted. 

The result? 
An efficient recycled 

launch site for an efficient 
reusable space vehicle. 

It's a complex assign­
ment entailing hundreds of 
design analyses and systems 

modifications - and it's a 
project monitored for NASA 
by a team from PRe. 

To this very special 
task, Planning Research 
Corporation brings uncom­
mon resources - the unique 
strength of 19 technical ser­
vice companies in one. And 

the worldwide professional 
skills of more than 5 ,000 
experts in over 100 technical 
disciplines. 
The largest diversified 
professional services 
company in the world. 

In fact, for every pro­
blem you can think of, 
chances are there's a PRe 
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team of specialists already 
working on answers. 

Planning a major dam 
system in the Philippines. 

Monitoring solar energy 
projects for ERDA. 

Designing a criminal 
justice data system for New 
Zealand. 

Developing the first 
national real estate computer 
service in the U. S.  

The list of PRC projects 
goes on. And on. 
Planning, engineering, 
architecture. Management 
consulting. Information 
services. We're here to help. 

The point is, there's no 

To help launch the Space Shuttle era at the Kennedy Space Center, 
PRC has provided cost analyses and design engineering, and 
scheduled and monitored construction of hundreds of system and 
site modifications at more than 2 1  Center facilities. 

problem too technical, too 
complex or too big for Plan­
ning Research Corporation 
to handle. 

As a matter of fact, what 
could PRC do for you? 
Planning Research Corpora­
tion, 1850 K Street, N.W , 
Washington, D. C. 20006. 
Call (202) 293-4700. 

Call 
pre 
Planning Research 
Corporation 
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Saving 
the Main 
Frame. 
Some 

centra l  

com puters 

get bogged 

down by n icke l  The Harr is 1 600 Remote Co mm u n i cat ions Processor 

and d i me jobs from d istant p lants and off ices . 

With Harr is " i nte l l igent" term i nals 

and contro l le rs , remote locat ions can 

hand l e  rout i ne process i ng on the spot, 

savi ng mai n frame t i me for mai n frame work. 

Write :  Harr is Corporat ion ,  

55 Pu b l ic  Sq uare ,  C leve land ,  Oh io  4411 3 .  

COM M U N I CATIONS AN D 
INFORMATION HANDLING 
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cally neutral exchange of protons for 
potassium ions. It thereby acts to elimi­
nate the pH gradient. so that continued 
respiration enhances the membrane po­
tential. Phosphorylation can continue in 
the presence of either ionophore. In the 
presence of both ionophores. however. 
both components of the proton gradi­
ent are collapsed and phosphorylation is 
strongly inhibited. 

When a proton ionophore is present. 
the energy of respiration is dissipated as 
heat. In the mitochondria of brown fat 
tissue this effect is employed to maintain 
body temperature. In these mitochon­
dria a protein in the membrane short­
circuits the proton gradient; fatty acids 
may also act as proton ionophores.  

A persuasive demonstration of the 
role of the proton gradient in phos­
phorylation was achieved in 1 966 by Ja­
gendorf and Ernest O. Uribe of Johns 
Hopkins University. They showed that 
imposing an artificial pH gradient can 
result in ATP synthesis. Chloroplast in­
ner membranes were suspended in a so­
lution at pH ,4 (moderately acidic). then 
the solution was rapidly brought to pH 8 
(slightly basic). so that protons were 
driven outward. A TP was formed in 
amounts corresponding to 1 00 mole­
cules for each CF I complex. Mitchell 
later reported the synthesis of ATP in 
mitochondria exposed to a transition in 
the opposite direction. from basic to 
acidic. William S.  Thayer of Cornell 
and one of us (Hinkle) have also elicited 
A TP synthesis by imposing artificial 
gradients on inverted vesicles formed 
from mitochondrial membranes.  The 
maximum yield of about 1 0  A TP for 
each F I was obtained when a pH gradi­
ent was combined with a membrane po­
tential. 

I f an electrochemical proton gradient 
is to serve as the intermediate state 

coupling respiration to phosphoryla­
tion. then it must be energetically and 
kinetically competent to do so. Enough 
protons must be translocated to account 
for the amount of A TP synthesized. the 
protons must have sufficient energy to 
provide the free energy of synthesis. and 
the rates of proton translocation and 
phosphorylation must correspond. 

A basic assumption of the membrane 
models presented above was that two 
protons are translocated for each "cou­
pling site ."  or each passage of a pair of 
electrons across the membrane . Thus in 
the mitochondrion. which is thought to 
have three coupling sites. six protons are 
thought to be translocated for each pair 
of electrons passing from NADH to 
oxygen. The mitochondrion is said to 
have an H + /0 ratio. or an H + /2e- ra­
tio. of 6.  E. coli and chloroplasts. which 
are thought to have two coupling sites. 
have an H + /2e- ratio of 4. 

The study of such ratios in chemical 

reactions is called stoichiometry . The 
stoichiometry of proton translocation 
can be determined experimentally in mi­
tochondria and bacteria by the oxygen­
pulse method and in chloroplasts by 
measuring proton translocation follow­
ing a light flash. Recently Martin D. 
Brand. Baltazar Reynafarje and Albert 
L. Lehninger of the Johns Hopkins 
School of Medicine have reported ex­
perimental findings that more than six 
protons are translocated by mitochon­
dria for each electron pair passing from 
NADH to oxygen. If their findings turn 
out to be correct. significant modifica­
tions of Mitchell's theory will be neces­
sary. One of us (Hinkle) has studied pro­
ton translocation in vesicles formed 
from mitochondrial membranes and in 
artificial membrane vesicles incorporat­
ing mitochondrial respiratory enzymes. 
The H + /2e- ratio measured in these 
systems agrees with the findings of 
Mitchell and Moyle. but the controver­
sy is not yet resolved. 

The stoichiometry of proton translo­
cation by the F I-Fo complex is most 
conveniently measured by driving the 
process in reverse. that is. by splitting 
A TP to create a proton gradient. What 
is measured is the number of protons 
translocated for each A TP molecule 
split. which is presumably equal to the 
number of protons required to synthe­
size a molecule of ATP. Through an 
A TP-pulse method. analogous to the 
oxygen-pulse method.  Mitchell deter­
mined that mitochondria translocate ap­
proximately two protons for each ATP. 
a finding confirmed by Thayer and one 
of us (Hinkle) in inverted mitochondrial 
vesicles. As we noted above. the corre­
sponding enzyme of chloroplasts. CF 1-
Fo. seems to require three protons per 
ATP. but direct measurements of this 
ratio are difficult to make. Values rang­
ing from 2 to 4 have been reported.  and 
the ratio of 3 was deduced indirectly . 

From these ratios the overall stoi­
chiometry of oxidative and photosyn­
thetic phosphorylation can be estimat­
ed. If six protons are translocated for 
each pair of electrons in mitochondria. 
and two protons are required to flow 
back across the membrane for each 
ATP formed. then no more than three 
A TP molecules can be synthesized for 
each electron pair. The ratio is only an 
upper limit. since fewer A TP molecules 
would be produced if some protons 
were diverted into other processes. such 
as active transport. The overall ratio has 
been determined experimentally many 
times by measuring the number of ATP 
molecules synthesized for each oxygen 
atom reduced to water. In mitochondria 
the experimental evidence is generally 
considered to indicate a ratio of three 
ATP molecules for each pair of elec­
trons passing from N ADH to oxygen. 
Several recent studies. however. have 

suggested that the ratio may be as low as 
two. A possible mechanism that might 
account for the lower ratio. based on the 
need for energy to transport ADP and 
ATP. will be discussed below. 

In chloroplasts. where only four pro­
tons are translocated for each electron 
pair and where three protons are re­
quired for each A TP synthesized by 
CF I-Fo.  the maximum stoichiometry of 
synthesis should be four A TP molecules 
for every three electron pairs. Most ob­
served ratios are consistent with that 
value. although ratios greater than 4 / 3  
have occasionally been reported. 

From these stoichiometries an energy 
balance sheet for A TP synthesis can 

be drawn up. As we calculated above. 
the electrochemical proton gradient in 
chloroplasts represents an energy store 
of about 4 . 8  kilocalories per mole of 
protons. Since three protons flow back 
across the membrane for each ATP 
formed. an energy of 3 X 4 .8 .  or 1 4 .4 .  
kilocalories is available for phosphory­
lation. Other estimates suggest that the 
maximum free energy required for ATP 
synthesis in chloroplasts is 1 4 . 5  kilocal­
ories per mole. and so the energy bud­
get is very close to balancing. 

The energetic demands of mitochon­
drial phosphorylation are somewhat 
more complicated. The protons crossing 
the mitochondrial membrane. it will be 
remembered.  have an energy of 5 . 3  kilo­
calories per mole. but only two protons 
are consumed for each ATP formed. 
The free energy made available. then. is 
1 0 .6 kilocalories per mole . which is in­
sufficient since a maxim um of about 1 5  
kilocalories is required for phosphoryla­
tion. There is an important difference. 
however. between phosphorylation in 
chloroplasts and in mitochondria. since 
in the latter the reaction takes place in­
side the inner membrane. In that envi­
ronment the high concentration of reac­
tants (ADP and phosphate) and the low 
concentration of prod uct (A TP) shifts 
the equilibrium point of the reaction 
and effectively reduces the free ener­
gy required. Inside the mitochondrion 
A TP synthesis demands only about 1 1  
kilocalories per mole. which is within 
range of the calculated energy available. 

The reduction in the energy require­
ment of phosphorylation in mitochon­
dria does not come without a cost. The 
cost is the energy needed to concentrate 
ADP and phosphate in the interior cavi­
ty and to remove ATP. From a study of 
the transport reactions Martin Klingen-
1:>erg and his colleagues at the University 
of M unich have concluded that the 
counterflow of ADP and A TP ions in­
volves the net movement of charge 
across the membrane . The exchange of 
reactants and products could therefore 
be powered by the membrane potential. 
Similarly . phosphate is absorbed in ex-

1 2 1 
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change for OH - ions and its transport is 
therefore driven by the pH gradient. The 
combined effect of these transactions is 
to transport an additional proton for 
each A TP synthesized and exported.  
Hence a total of three protons is expend­
ed for each A TP appearing outside the 
mitochondrion, and the total energy 
available is 3 X 5 . 3 ,  or 1 5 .9 ,  kilocalo­
ries per mole. The stoichiometry of mi­
tochondrial phosphorylation is also 
changed: the H + i2e- ratio is reduced 
from 3 to 2 ,  in agreement with recent 
findings .  

If a proton gradient is to be a satisfac­
tory intermediate between electron flow 
and phosphorylation, then it not only 
must provide sufficient free energy but 
also must be kinetically competent. The 
rate at which protons are produced must 
at least equal the rate at which they are 
consumed. 

Thayer and one of us (Hinkle) made a 
stringent test of the chemiosmotic theo­
ry by comparing the rate of A TP synthe­
sis in inverted mitochondrial vesicles 
driven by respiration with that driven by 
an artificial electrochemical proton gra­
dient. In the first tenth of a second the 
artificial gradient drove A TP synthesis 
faster than the oxidation of NADH did, 
but thereafter synthesis driven by the ar­
tificial gradient declined as the gradient 
decayed. The implication is that the rate 
of phosphorylation is controlled by the 
magnitude of the gradient. A difference 
in the initial rate of synthesis was also 
observed in two systems of vesicles with 
naturally generated gradients. One sus­
pension of vesicles had all the reactants 
needed for oxidative phosphorylation 
except NADH, which was added at the 
last moment to start the reaction; in the 
other suspension the one missing com­
ponent was ADP. The system triggered 
by adding NADH started much slower, 
presumably because time was required 
for the proton gradient to build up. In 
the system lacking ADP respiration 
could establish the gradient in advance 
and phosphorylation could begin imme­
diately when ADP was added. 

More recently Boyer and his col­
leagues have shown that the rate of A TP 
synthesis in chloroplasts exposed to an 
acid-to-base transition is equal to the 
maximum rate driven by light. A. R.  
Portis, Jr . .  and one of us (McCarty) 
have found that the rate of phosphoryla­
tion in chloroplasts is critically depen­
dent on the magnitude of the pH gra­
dient. Indeed, the rate is proportional 
to the cube of the internal proton con­
centration, a finding consistent with 
other indications that three protons 
pass through the CF rFo complex for 
each molecule of A TP formed. 

One of the most powerful techniques 
of biochemistry consists in taking 

apart a complex system of enzymes and 
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reassembling selected parts of it so that 
the operation of each part can be exam­
ined in isolation. This method can be 
applied to the study of oxidative and 
photosynthetic phosphorylation by em­
bedding selected proteins in an artificial 
membrane. 

In 1 97 1  Yasuo Kagawa and Racker, 
who had by then moved to Cornell, de­
veloped a method of incorporating iso­
lated transport enzymes into artificial 
vesicles made of phospholipids, the fat­
like molecules that form the basic ma­
trix of all biological membranes. The 
vesicles were made by mixing the phos­
pholipids and the selected proteins with 
a detergent and then removing the de­
tergent by dialysis. The molecules as­
semble themselves spontaneously into 
closed vesicles. 

The first vesicles made by Kagawa 
and Racker incorporated the mitochon­
drial F I-Fa complex. They were invert­
ed with respect to normal mitochondria, 
that is, the F I knobs were on the outer 
surface rafher than the inner one. As a 
result the splitting of ATP by the F l-Fa 
complex transported protons inward. 

Since then one of us (Hinkle) and his 
co-workers have employed the same 
method to study each of the three seg­
ments of the mitochondrial respiratory 
chain separately. Each of the systems 
could be driven by adding a different 
combination of oxidants and reduc­
tants. In each case the resulting electron 
flow was found to be coupled to the 
transport of protons with a stoichiome­
try similar to that observed in mito­
chondria. Both a proton concentration 
gradient and a membrane potential 
could be formed. 

Racker and his co-workers have con­
structed vesicles incorporating both the 
F rF a complex and segments of the res­
piratory chain. Care must be taken in 
preparing such particles to see that all 
the components in a single vesicle have 
the same sided ness. When all the func­
tional proteins are properly oriented,  
the vesicles are capable of oxidative 
phosphorylation. With Walther Stoeck­
enius of the University of California at 
San Francisco, Racker has also com­
bined the mitochondrial F I-F a complex 
with a light-driven proton pump, called 
bacteriorhodopsin, from a salt-loving 
bacterium. The hybrid vesicles exhibit 
light-driven phosphorylation. 

These reconstituted systems offer per­
suasive evidence that each segment of 
the respiratory chain transports protons 
and that a proton gradient alone, gener­
ated by any means, will drive phospho­
rylation by the F I-Fa complex. They 
strongly suggest that a proton gradient is 
not only necessary for A TP synthesis 
but also sufficient. The investigation of 
the chemiosmotic theory can thus move 
on from testing basic postulates to ex­
amining detailed mechanisms. 
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The Combinatorial Mathematics 
of Scheduling 

What is the best way to organize work so that it is finished in the 
shortest possible time? Discoveries in mathematics and computer 
science reveal the values and limits of various scheduling methods 

Scheduling problems arise in almost 
all areas of human activity . The Vi­
king mission to Mars called for co­

ordinating the activities of more than 
20.000 people. Meeting the daily manu­
facturing quota in an automobile plant 
can depend on the precise allocation of 
manpower and tools. Even the prepara­
tion of a multicourse dinner can present 
a nontrivial scheduling problem. It 
might appear that there are natural al­
gorithms. or step-by-step proced ures. 
for constructing highly efficient sched­
ules. That. however. is not the case . Ap­
parently logical ways of constructing 
schedules cannot be counted on to per­
form equally well in different situations. 
For example. in some instances increas­
ing the number of workers on a job can 
actually increase the time required to 
meet a schedule. Some of the common­
est and most intuitive sched uling proce­
dures can give rise to unexpected and 
even seemingly paradoxical results. 

Over the past few years several math­
ematical models of scheduling proces­
ses have been devised and closely ana­
lyzed in an effort to find the causes of 
such anomalous results. It was neces­
sary to determine how inefficient dif­
ferent sched uling proced ures could be 
and how poor performance could be 
eliminated or at least minimized. The 
research has shown that in most cases 
perfect results cannot be expected of 
efficient scheduling algorithms. Never­
theless. general guidelines have emerged 
for avoiding the pitfalls in sched uling 
problems and for finding acceptable so­
lutions to particular problems. Here I 
shall describe some recent results of this 
kind that apply to one of the most basic 
scheduling models. The model deals 
with the behavior of the finite sets of 
quantities that are involved in sched ul­
ing problems. The analysis of the model 
demonstrates the productive interaction 
that often occurs between computer sci­
ence and mathematics.  In this instance 
the theory of algorithms is paired with 
combinatorial theory (in particular the 
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study of finite sets) to yield important 
results in sched uling theory . 

In order to provide insight into sched­
uling problems a model must isolate the 
essential parts of real sched uling situa­
tions. The basic scheduling model con­
sists of a system of m identical proc­
essors Plo • • •  'Pm and a set of tasks 
A. B • . . . .  T to be performed by the 
processors. (The processors could be 
workers on an assembly line or physical 
devices such as electronic microproces­
sors . )  With each task T there is associat­
ed a positive number T(T); it is the 
amount of time required by the proces­
sor to execute. T, and so it is called the 
execution time of T. Although each 
processor is capable of executing each 
of the tasks. no processor can execute 
more than one task at a time. Moreover. 
when a processor begins to execute a 
task T, it must continue executing the 
task until T is completed.  

A scheduling algorithm is the set of 
rules by which tasks are assigned to 
the individual processors; changing the 
rules changes the algorithm. In the mod­
el the order in which tasks are selected 
for execution depends on two factors: a 
collection of precedence constraints and 
a priority list. If task R must be complet­
ed before task S can be started. R is 
called a predecessor of S. This relation 
is called a precedence constraint and 
is written R � S. The priority list L is 
an ordering of the tasks according to 
the preferences of the sched uler: 
L = (B. C. R • . . .  ) .  The list is not re­
q uired to be consistent with any prec­
edence constraints that may exist. This 
model is often called the priority-list 
scheduling model because changing the 
priority list is the only way to alter the 
schedules the model constructs. 

The operation of the model begins at 
time t = 0 with all the processors scan­
ning the priority list of the set of tasks 
from the beginning in search of "ready 
tasks." A task is said to be ready for 
execution if all its predecessors have 
been completed and no processor has 

begun to execute it. Of course. at time 
t = 0 the ready tasks are those with no 
predecessors.  If two or more processors 
are competing for a task. the task is as­
signed to the processor Pi that has the 
lowest index number i. When a proces­
sor cannot find a ready task. it stops 
scanning and becomes idle . The proces­
sor remains idle until a task is complet­
ed somewhere in the system. The task 
might be a predecessor of other tasks 
that would become ready on its comple­
tion. Therefore whenever a task is com­
pleted. all idle processors instantaneous­
ly begin to scan the priority list from the 
beginning. The sched ule ends when the 
final task has been completed; the finish­
ing time is denoted w. (For the purpose 
of simplification the time spent in scan­
ning the list is not included in the operat­
ing time of the model . )  

The model. which describes a typical 
sched uling situation. was studied to 

find answers to the following questions: 
How does the finishing time depend on 
the choice of the priority list? How does 
it depend on the precedence constraints? 
How does it depend on the execution 
times? How does it depend on the num­
ber of processors? In particular. how 
can the list be chosen in order to mini­
mize the finishing time? In other words. 
the model serves to evaluate the sched­
uling algorithm by assessing its per­
formance under different conditions. 
that is. with faster processors. fewer 
tasks and so on. 

The model does not apply to all 
scheduling situations. For example. 
there is no consideration of the proba­
bilistic aspects of sched uling in which. 
say. the execution times of tasks are not 
fixed but random. according to some 
distribution of probabilities .  The model 
also regards finishing time as the only 
measure of algorithm performance. 
when actually there can be several oth­
ers. On the other hand. the model does 
incorporate a number of features  that 
are common to many real situations. 
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A SCHEDULING MODEL isolates the essential elements of real 
scheduling situations. It can be used to study the behavior of algo­
rithms, or step-by-step procedures, for constructing efficient sched­
ules. The basic scheduling model consists of a set of identical proces­
sors and a set of tasks to be performed by the processors according to 
certain rules. With each task T there is associated an execution time 
r(T), equal to the amount of time required to execute T. In the ex­
ample shown in this illustration there are 10 tasks, A, B, • • •  ,1, and two 
processors, Pl and Pz. The tasks to be executed are related by various 
precedence constraints. Task Q is said to be a predecessor of task S 
if Q must be completed before S can be started; this relation is called 
a precedence constraint and is written Q�S. A scheduling algorithm 
is the set of rules by which tasks are assigned to processors. The as­
signment of tasks in the model is determined by the ose of a priority 
list, an ordering of the tasks according to the scheduler's preferences. 
It is not required to be consistent with any precedence constraints 
that may exist. The priority list L for the example is shown at the top 
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CHANGING THE PARAMETERS of the basic scheduling model 
can have unpredictable and often undesirable results. For example, 
when the priority list L of the scheduling problem in the illustration 
at the top of the page is rearranged (top), the finishing time increases 
to 35. A more surprising schedule results when all the execution times 
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I i 
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w = 33 

left; the graph at the bottom left displays the tasks (open circles) 
and the precedence constraints among the tasks (arrows). Each task 
T in the graph is labeled with its name and execution time: Tlr(T). 
The distribution of the tasks begins with all processors scanning the 
priority list from the beginning in search of ready tasks, that is, tasks 
whose precedence constraints have been satisfied. When a ready task 
is located, it is always assigned to the processor Pi with the lowest in­
dex i. In this case A is the first ready task in the list L and so it is as­
signed to the processor Pl' After a task has been assigned to a proces­
sor the unoccupied processors resume scanning the list. The timing 
diagram at the right shows the schedule, or allocation of processing 
time, determined by the rules of the model. The shaded areas in the 
diagram represent periods when a processor was idle. In the model a 
processor may become idle only if there is no ready task in the sys­
tem, and whenever a task is completed, all idle processors begin scan­
ning the list again. The schedule is completed when all the tasks in 
the set have been executed. In this example the finishing time w is 33. 
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in the problem are decreased by 1 (middle): the finishing time in­
creases to 36. Moreover, with the decreased execution times the fin­
ishing time is always at least 36, no matter what priority list is chosen. 
Even when third processor is added to original system (bottom), fin­
ishing time does not decrease but increases to 38 for any choice of list. 
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A SCHEDULE IS OPTIMUM for a particular set of tasks if its finishing time is tbe shortest 
that can be achieved by any rearrangement of the priority list for the tasks. In the scheduling 
problem shown here tbere are no precedence constraints among the tasks, and so the tasks are 
distributed to the processors in the order in which they appear in the priority list L. The finish­
ing time of the resulting schedule (top) is w = 22; during the schedule many of the processors 
are idle for long periods of time_ A different ordering of the tasks resnlts in a schedule with a 
shorter finishing time (bottom). This schedule is clearly optimum because no processor is idle 
at any point before tbe finishing time Wopt = 12. The ratio of the two finishing times is the 
largest possible because it bas been proved that wlwopt is never greater than 2 -11m, where 
m is the number of processors utilized. Tasks in illustration are identified by their execution 
times; since tasks are independent (tbere are no precedence constraints), no confusion results_ 

L * = (9,  9, 8 , 8 , 7 ,  7 ,  6, 6, 5 ,  5 ,  5) 
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IN THE DECREASING-LIST ALGORITHM demonstrated here the more time-consuming 
tasks are executed as early as possible in the schedule so that there is less chance of some of the 
processors being idle while others are still operating near the end of the schedule. In the algo­
rithm a priority list L * is formed by arranging the tasks in decreasing order of execution times. 
When there are precedence constraints among the tasks, the algorithm can perform quite bad­
ly, but when the tasks are independent, the decreasing-list algorithm is guaranteed to give re­
sults that are well within the 2 - 11m bound. In fact, for any list of tasks L, w· 1 W opt (ratio of 
finishing time of decreasing-list schedule for a set of tasks to optimum finishing time for the 
set) is never more than 4/3 - 113m. Five-processor example shown here attains bound exactly. 
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The processors of the model could be 
typists working for a company and the 
tasks could be a set of reports to be 
typed. Although the company presi­
dent's report might be at the head of the 
priority list, his report would probably 
depend on the results of subordinates' 
reports, that is, those reports would be 
predecessors of the president's. The 
processors of the model could also rep­
resent minicomputers in a m ultiprocess­
ing computer system that is executing 
the various subroutines of a complex 
program. Although the model is rather 
simple. it does have sufficient structure 
to exhibit almost the full range of diffi­
culties encountered in general combina­
torial scheduling problems. An example 
will help to demonstrate this fact. 

Assume that there are two processors. 
PI and P2• and 10 tasks to be executed. 
arranged in a list: L = (A, B, . . . . 1). The 
precedence constraints among the tasks 
and the execution times can be conve­
niently displayed in a diagram in which 
each open circle represents a task T, 
each arrow represents a precedence con­
straint and the tasks are labeled TI.(T}: 

E/7 

A/8 <? G1 18 

B!2 �F/7 
DI3 �O I!8 

C/3 �� 
H!2 0 JI8 

At time t = 0 the two processors begin 
to scan L and immediately arrive at task 
A, which. having no predecessors. is 
ready to be executed.  According to the 
rules of the model, A is assigned to the 
processor PI because it has the lower 
index number. The next ready task is B, 
and so it is assigned to P2. At time t = 2. 
B is completed and P2 scans L again, 
finds that task C is ready and begins to 
execute it. The process continues until 
time t = 3 3 .  when all 10 tasks are com­
pleted [see top illustration on preceding 
page]. Since neither processor was idle at 
any time before t = 3 3, the list L is opti­
mum in the sense that no matter how the 
tasks are arranged in a list it is not possi­
ble to finish all of them in a shorter 
amount of time . 

The finishing time w = 33 cannot be 
improved by changing the list. What 

happens when the other parameters of 
the model-the execution times and the 
number of processors-are varied? The 
results'are surprising [see bottom illustra­
tion on preceding page]. If all the execu­
tion times in the example are decreased 
by I, the finishing time increases to 3 6. 
It is tempting to try to explain this odd 
result by postulating that the priority 
list L is simply an extremely poor choice 
for the revised set of execution times and 
that with a better priority list the fin­
ishing time would be reduced.  A little 
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experimentation shows. however. that 
with the new execution times no matter 
how the tasks are arranged the finish­
ing time is never less than 36. 

Suppose another processor is added to 
the original system. With a 50 percent 
increase in processing capability it is not 
unreasonable to expect a comparable 
decrease in the finishing time. In this in­
stance. however. the finishing time is 38. 
no matter what priority list is chosen. 

Two elements of the scheduling mod­
el  are responsible for this unpredict­
able and undesirable behavior . First. no 
processor is allowed to be idle if there is 
a ready task in the system; second. once 
a processor begins to execute a task it 
cannot stop until the task is completed.  
As a result the processors are forced to 
begin the execution of relatively unim­
portant tasks (tasks that are short or that 
are involved in few precedence con­
straints). and once they have begun they 
cannot interrupt execution to begin 
more urgent tasks that subsequently be­
come ready. Of course. the structure of 
the model could be altered. but the fact 
is that it reflects many real scheduling 
situations. Hence it is of interest to know 
just how much of an effect these aspects 
of the model can have on the schedules 
that are created.  There is an unexpected­
ly simple answer to the question. 

Imagine that a set of tasks is executed 
twice: on one occasion with m proces­
sors. a particular priority list. a set of 
precedence constraints and a set of ex­
ecution times. and on another occa­
sion with m' processors. a different list. 
a weaker set of precedence constraints 
and a set of reduced execution times.  
The finishing time is denoted by w for 
the first schedule and by w' for the sec­
ond. The example with two processors 
and 10 tasks showed that w' /w. the ratio 
of the finishing times. can be greater 
than 1. that is. improving the values of 
the model parameters can cause an un­
avoidable increase in the finishing time. 
There is. however. a limit to the ratio 
and thus a limit on the adverse effects of 
the model structure. Some years ago I 
was able to show that w' / w is always less 
than or equal to 1 + (m - 1)/m'. that 
is. w'/ws:. 1 + (m - 1)/m'. Moreover. 
there are examples where w' /w is equal 
to the upper bound 1 + (m - 1)/m'. and 
so the bound cannot be improved by 
substituting a smaller quantity on the 
right-hand side of the inequality. (If a 
smaller bound were used. the examples 
would contradict the inequality .)  

In instances where the schedules that 
are produced by different priority lists 
are compared. the number of processors 
remains the same. Therefore m is equal 
to m' and the inequality takes on its most 
elegant form: w' / w S 2 - 11m. For ex­
ample. if there are three processors. m 
equals 3. and so w' /w is never more 
than 5/3. This result means that for any 
set of tasks scheduled on three proces­
sors even utilizing the worst possible list 
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CRITICAL-PATH SCHEDULING is one of the commonest scheduling algorithms, although 
it does not always perform well. In a critical-path schedule such as the one shown at the top of 
the illustration tasks are distributed to processors according to the relative urgency of the tasks, 
that is, according to the length (the sum of the execution times) of the various processing chains 
each task heads in the unexecuted part of the precedence-constraint diagram. The longest 
chains in the diagram are called the critical paths because those chains are most likely to cause 
bottlenecks in the execution of the set of tasks. A task that heads a current critical path is al­
ways chosen as the next task to be executed in critical-path scheduling. At time t = 0 in this exam­
ple there are four critical paths, each of lengthI4:A-H-L,A-I-L,A-J-L andA-K-L. 
Therefore task A is the first task to be executed, and it is assigned to processor PI because PI 
has a lower index number than P2, Pa or P4' In some instances critical-path schedules are ex­
tremely efficient, but for this particular problem Wcp, finishing time of critical-path sched­
ule, is almost twice Wopl! finishing time of optimum schedule shown at bottom of illustration. 

4 
N 

L 
= 

(A, B, C, D, E, F, G, H, I, J, K, L, M, N, 0, P, 0) 
3 

o o 

P 

WCP = 7 

CRITICAL-PATH SCHEDULES ARE OPTIMUM for scheduling problems in which all the 
execution times are equal and the set of precedence constraints is treelike, that is, no task has 
more than one successor. Because all the execution times are equal (say I) in this special case, 
critical-path scheduling can be accomplished by assigning to each task T a numher L(T) 
equal to the number of tasks in the longest chain headed by T. L(T ) is called the level of T, and 
the schedule is constructed by always choosing a ready task with the highest level as the next 
task to be executed. In the three-processor example shown here the levels are indicated in col­
or. At time t = 0 the ready tasks are A, B, C, D, E, H, K, Nand O. Tasks A, B, C, D and E have 
the highest level, 6, and A is chosen to be the first task executed. T. C. Hu of University of Cali­
fornia at San Diego has shown that the level algorithm always creates optimum schedules in 
this special case, and so WCP = 7 is the best possible finishing time for this particular problem. 
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can increase the finishing time obtained 
with the best possible list by no more 
than 66% percent. The bound 2 - 11m 
is a performance guarantee. It  ensures 
that no matter how complicated or ex­
otic a system of tasks, precedence con­
straints and execution times may be and 
no matter how cleverly or carelessly a 
list is chosen, the ratio of finishing times 
w' I w is still never greater than 2 - 11m . 

I t is obvious that within this bound a 
good or bad choice of a priority list 

can still make a great difference in the 
finishing time of a sched ule. Common 
sense suggests that the best lists might be 
those in which the tasks with the longest 
execution times appear near the begin­
ning of the list. In that case only relative­
ly small additions to processor usage 
would be made at the end of the sched­
ule and there would be less chance that 
some of the processors would be idle 
while others were still operating. 

One of the commonest scheduling al­
gorithms consists in forming a priority 
list L * by placing the tasks in decreasing 
order of execution times and then exe­
cuting the tasks according to the rules of 
the model. The finishing time for this 
decreasing-list algorithm is denoted w* 

A 

B J:-----I--I'------;:D I 

c }------3>--=='D J 

[see bottom illustration on page 126]. How 
good is the algorithm? In other words,  
how close is w* to Wopl, the optimum 
finishing time? When there are prece­
dence constraints among the tasks, the 
algorithm can create the worst possible 
schedule, that is, the ratio of w* to Wopi 
can attain the bound 2 - 11m . 

When there are no precedence con­
straints, the tasks are distributed to the 
processors in the order given in the pri­
ority list. In that case the tasks are said 
to be independent, and it has been shown 
that the decreasing-list algorithm will 
always give results that are well within 
the 2 - 11m bound. In fact, for a set of 
independent tasks the ratio w'l Wopi is 
never more than 4/3 - 113m, which is 
substantially less than 2 - 11m, when 
m becomes large. Since there are in­
stances where the ratio attains the bound, 
the bound cannot be improved. The in­
equality w· I Wopl S 413 - 113m guaran­
tees that applying the decreasing-list al­
gorithm to a set of independent tasks 
will never create a schedule whose fin­
ishing time is more than 331/3 percent 
over the optimum. 

At present there is no algorithm for 
sched uling sets of tasks with precedence 
constraints that compares with the de-

5 

� 1 0  a---;;.vp >��--3» 0 1 
(7,6, 5) -11 7 

� 
J:---+-f---?O 2 

}------3>=O 3 8 

(7,6,3,2) 

L = (A, B, C, F, E, D, G, J , I, H) 

THE CG ALGORITHM creates optimum schedules for the special scheduling problem in 
which all the execution tim es are equal and only two processors execute the set of tasks. In this 
algorithm priority numbers (color) are assigned to each task so that tasks heading long process­
ing chains or having many successors receive higher priority. Before the CG algorithm can be 
implemented all extraneous precedence constraints must be removed from the diagram of tasks 
to be executed. (For example, if A � B and B �  C, then A � C should be eliminated.) A reduced 
diagram is shown at the top left; the execution times have been omitted from the diagram be­
cause they are all equal, say, to 1. The CG algorithm begins by numbering the tasks as is shown 
at the top right. First, the number 1 is assigned to some task that has no successors, and if there 
are other tasks without successors, they are numbered 2, 3 and so on. In the illustration task H, 
which has no successors, was numbered 1 and tasks I and J were respectively numbered 2 and 
3. Thereafter for each task for which all the successors have been numbered the decreasing se­
quence of all the successors' numbers is formed. The next task to be assigned a number is al­
ways the one whose sequence is first in the dictionary order (5, 3, 2 comes before 6, 1; 5, 4, 3; 5, 
3, 2, 1, and so on) of the established sequences. For example, 7, 6, 3, 2, the sequence for tasks 
B and C in the illustration, comes before 7, 6, 5, the sequence for task A. Therefore the num­
bers 8 and 9 are assigned to B and C, and 10 is assigned to A. When all tasks have been numbered, 
priority list L is formed by arranging tasks in decreasing order of as�igned numbers. Timing di­
agram at bottom of illustration shows that CG schedule for tasks A, B, • • .  , H is indeed optimum. 
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creasing-list algorithm for independent 
tasks. In fact, there is no known efficient 
procedure for constructing lists of non­
independent tasks whose schedules for 
three or more processors are guaranteed 
to finish in 2 - € times the optimum fin­
ishing time for some positive number €. 
The inequality w' I w s 2 - 11m shows, 
however , that the schedule for even the 
worst possible list has a finishing time 
that is less than twice the optimum. 
Hence there is clearly much progress to 
be made in this area. 

The preceding discussion raises an ob­
vious question: Why should so much ef­
fort be devoted to creating sched ules 
that are good but not the best? Why not 
try to find the optimum sched ule for a 
set of tasks? One way to do so would be 
to examine all the possible sched ules for 
the tasks and then choose the one with 
the shortest finishing time. The trouble 
with this brute-force approach is that as 
the number of tasks in a set becomes 
large the number of possible priority 
lists (and thus the number of schedules) 
grows so explosively that there is no 
hope of examining even a small fraction 
of them. If there are n tasks in the set, 
the number of different lists is n!, or 
n(n - 1)(n - 2)···1, a very large num­
ber even for relatively small values of n. 
For example , when there are 20 tasks, 
even if a computer could check as many 
as a million schedules per second, it 
would take more than 70,000 years to 
check all 20! lists. 

The number of possible lists n! (and 
hence the number of operations and the 
computer time needed for checking the 
schedules) is an exponential function of 
the number of tasks n. Exponential 
functions increase rapidly as the value 
of the variable n increases .  A polynomi­
al function, however , say n2, does not 
explode as rapidly as n increases. It 
would be practical to insist on optimum 
schedules if an algorithm for finding 
optimum schedules could be found 
in which the number of computational 
steps grows as a polynomial function of 
the number of tasks. 

I t seems highly unlikely that such an 
algorithm will be found. This gloomy 

prospect is the result of the fundamental 
work of Stephen A. Cook of the Univer­
sity of Toronto, who in 1971 introduced 
the concept of NP-complete , or nonde­
terministic - pol ynomial - time - complete , 
problems [see "The Efficiency of Algo­
rithms," by Harry R. Lewis and Christos 
H.  Papadimitriou; SCIENTIFIC AMERI­
CAN, January). Hundreds of problems 
notorious for their computational in­
tractability are now known to belong to 
this class of problems. NP-complete 
problems have two important proper­
ties. First, all methods, or algorithms, 
currently known for finding general so­
lutions to these problems require expo­
nentially increasing amounts of time 
and thus are extremely inefficient. Sec-
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With up to 960 program steps, or 
up to 100 memories, the computer-like 
TI Programmable 59 can access an 
additional 5 ,000-step library of pre­
written programs j u st by dropping in 
a tiny i n t e r c h a n g e a b l e  Solid  S t a t e  
Software,m module. And, with seven 
different library modules available 
now, two additional modules this spring 
and more on the way, whole new worlds 
are open to you through the power of 
programming - even if you've never 
progr a m m e d  b e f o r e .  Magnetic  card 
read/write capability means you can 
also record your own programs and 

make them part of your library. A 
Professional Program Exchange makes 
hundreds of additional programs avail­
able to you and TI's new Specialty 
Pakettes offer programs of interest to 
groups of specialists in a variety of 
fields. The TI Programmable 59 is only 
$299. 9 5 * .  The non-card programmable 
TI-58 is also available at $ 1 24.95.  Add 
the optional PC-l 00A printer/plotter, 
for an additional $ 1 99.95*,  and you can 
print, list, or trace your programs; plot 
curves and histograms,  and print out 
alpha headings. 

This enormous capability at your 
fingertips can help you maximize your 
problem-solving abilities. TI believed 
this strongly enough to invest millions 
in a program to provide 59's to our own 
p r o fe s s i o n a l  e m p l o y e e s  w o r l d w i d e .  
8,000 calculators were distributed b y  
the e n d  o f  1977.  Results over the first 
6 months of the program show time 
devoted to creative work increased 
25%, with a corresponding reduction 
in fact gathering and repetitive tasks ! 

Free literature. 
We want to tell you more about the TI 
Programmable 59 and our other pro­
grammable calculators. And, about 
our software and the PC-1 00A printer/ 
plotter. You'll discover how easily and 

econom­
ically 
you can 
increase 
your own 
personal 
produc­
tivity . . .  
with a 
little 
help 

from Texas Instruments. Circle the 
reader service number shown below. 
Or write:  Texas I n struments, Program­
mable Calculators, P. O.  Box 53, Lub­
bock, Texas 79408. ·U.S .  suggested retail price. 

TEXAS I N STRUMENTS �o 
. . .  I N NOVATORS I N  'UI 

PERSONAL ElECTRON ICS 

TEXAS I N ST R U M EN TS 
© 1 978 Texas I nstruments Incorporated I N C O R P O R A T E D  

© 1978 SCIENTIFIC AMERICAN, INC



ond. if any one of the NP-complete 
problems had an efficient. or polyno­
mial-time . solution. then all of them 
would. It seems highly probable. but it 
has not yet been proved. that the difficul­
ty in finding efficient procedures for 
solving these problems is inherent in 
NP-complete problems;  it appears that 
no such proced ures can exist. 

Most scheduling problems are NP­
complete. In fact. even the comparative­
ly simple situation in which there are no 
precedence constraints and only two 
processors presents an NP-complete 
problem. The discoveries about NP­
completeness changed the direction of 
research on scheduling. Earlier efforts 
were directed at finding optimum. or ex­
act. solutions to scheduling problems. 
but now most attention has been turned 
in the more fruitful direction of deter­
mining approximate solutions easily. of 
finding efficient methods that are guar­
anteed to give close to optimum results. 
The decreasing-list algorithm for sched­
uling independent tasks. guaranteed to 
finish within 33 '/3 percent of the opti­
mum finishing time. exemplifies this 
r1ew approach. 

The decreasing-list algorithm 
achieves its close to optimum finishing 
time by doing a certain amount of work. 
The n tasks to be executed must be sort­
ed into a decreasing list before they are 
distributed to the processors. That sort­
ing can be accomplished in an amount 
of time. or a number of computational 
steps. that is proportional to n log2 n. 
As n increases. n log2 n increases only 
slightly faster. and so the algorithm is 
acceptably efficient. 

By doing more work it is possible to 
obtain schedules that are even clos­

er to the optimum than those construct­
ed with the decreasing-list algorithm. 
Consider a two-processor system. One 
way to obtain such superior schedules 
is to choose. for some integer k, the 2k 
longest tasks, construct the optimum 
schedule for these tasks and then sched­
ule the remaining tasks arbitrarily.  If the 
finishing time of this sched ule is de­
noted Wk. then it can be shown that 
W k /  W opi S 1 + 1 I (2k + 2) . For a set of 
n tasks the entire procedure can be ac­
complished in at most 2kn + 22k opera­
tions. (The term 2kn comes from choos­
ing the 2k longest tasks and the term 22k 

from examining all possible schedules 
for the 2k tasks on the two processors . )  
Since k is a fixed number. the function 
2kn + 22k is a polynomial function of 
n, not an exponential one, and it grows 
moderately as n increases. For exam­
ple. if k is 3 .  then W3/Wopl S 9 / 8  and 
the amount of work required is propor­
tional to at most 6n + 64. In general any 
degree of accuracy can be obtained with 
sufficient work. Of course. the amount 
of work required can rise rapidly; for 
example, obtaining a value of Wk that is 
guaranteed to be within 2 percent of the 
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1/ V 
BIN-PACKING, another type of scheduling problem, involves a set of items, or weights, and 
a collection of identical bins with a fixed weight capacity; tbe problem consists in packing all 
the weigbts of the set into a minimum number of bins. The difficulty in obtaining precise solu­
tions to bin-packing problems is demonstrated in this example. The total of the 100 weights 
shown is 5 X 10 11. Can the weights be packed into 10 bins of capacity 5 X 10 1O? The number 
of possible packings for this relatively small group of weights is so large that even if all the com­
puting power in the world were applied, it is extremely unlikely that an answer to the question 
would be found. Most scheduling problems are similarly complex, and so many algorithms are 
designed to create packings or schedules guaranteed only to be reasonably close to optimum. 

optimum can take an amount of time 
proportional to 48n + 248. which would 
be enough to exhaust more than a few 
computer budgets. 

This type of behavior should not be 
too surprising. Since an exponentially 
increasing amount of time seems to be 
necessary for finding an optimum solu­
tion. it makes sense for the cost of ap­
proximate solutions to behave in the 
same way as the guaranteed accuracy of 
the solutions increases. What is surpris­
ing is that the exponential increase in 
time can be avoided; there is a method 
for constructing schedules for indepen­
dent tasks that are guaranteed to be 
quite close to the optimum that requires 
polynomially increasing amounts of 
time. Oscar H. Ibarra of the University 
of M innesota and Chul Kim of the Uni­
versity of Maryland have recently de­
veloped an efficient algorithm for con­
structing schedules for two processors 
that have a finishing time Wk for which 
W k / W oPI ::;  1 + 1 1k. Implementing the 
algorithm requires an amount of time 
proportional to n + k410g n. (When n 
and k are large. the value of n + k410g n 
is usually much smaller than 22k . )  Sartaj 
K. Sahni of the University of M innesota 
has extended the procedure to create ef­
ficient algorithms that can be applied 
to more than two processors. These pro­
cedures involve a clever combination 
of techniques that are beyond the scope 
of this discussion. but this kind of ap­
proximation may well be able to guar-

antee close to optimum results at a cost 
of reasonable amounts of time. 

Although research into NP-complete­
ness indicates that in general no efficient 
techniques will be found for construct­
ing optimum schedules. there are many 
interesting special cases 9f sched uling 
problems that are not NP-complete and 
that it is possible to construct optimum 
schedules for in polynomial time. M uch 
of the complexity in scheduling prob­
lems is derived from the intricate struc­
ture of precedence constraints and from 
the complicated relations among the ex­
ecution times. Limiting one or both of 
these factors can result in the kinds of 
special cases for which optimum sched­
ules can be found efficiently. 

For example . assume that there is a 
scheduling situation with an arbi­

trary number of processors where all the 
processing times are equal and the set of 
precedence constraints is treelike. that 
is. every task has at most one successor. 
In this instance "critical path" schedul­
ing. one of the commonest sched uling 
methods .  will always create optimum 
schedules [see top illustration on page 
127]. In critical-path scheduling the 
tasks are assigned to processors accord­
ing to the length of the various prece­
dence chains they head in the diagram 
of precedence constraints. The longest 
chains in the unexecuted part of the dia­
gram are the ones that have the greatest 
sum of execution times ;  they are called 
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the critical paths because their tasks are 
the ones most likely to be the bottle­
necks in the exec ution of the set of tasks. 
In critical-path scheduling a task that 
heads a current critical path is always 
chosen as the next task to be executed.  

T.  C .  Hu of the University of Califor­
nia at San Diego proved in 196 1 that 
critical-path sched ules are optimum for 
the special case of treel ike precedence 
constraints and equal execution times. 
Hu's result was one of the first in sched­
uling theory . Because in this special case 
all the execution times are equal.  the 
critical-path sched uling consists in as­
signing to each task T a " Ievel " '  L(T) 
equal to the number of tasks in the long­
est chain headed by T [see bottom illus­
tration 01/ page 127] .  Whenever a proces­
sor is available . a ready task with the 
highest level is assigned to it. 

In another special case of schedul ing 
no limit is placed on the structure of the 
precedence constraints but all the proc­
essing times must be equal and only two 
processors execute the set of tasks. 
There are now several methods for de-

termining optimum sched ules in this sit­
uation. One of them, sometimes called 
the CG algorithm, was developed in 
1972 by Edward G .  Coffman of the Uni­
versity of California at Santa Barbara 
and me. (CG stands for Coffman and 
Graham.) It is much in the spirit of the 
level algorithm for the case of treelike 
precedence constraints. In the CG algo­
rithm, however, the order in which the 
tasks are executed depends on all the 
chains headed by each task rather than 
on a single longest chain, as is the case in 
the level algorithm. 

Before the CG algorithm can be ap­
plied it is necessary to remove all extra­
neous precedence constraints from the 
diagram of the tasks to be executed.  For 
example, if A � B and B � C, then the 
precedence constraint A � C can be 
eliminated .  This process can be accom­
plished in at most n2.8 1  operations for a 
set of n tasks. The CG algorithm begins 
by numbering the tasks in the set [see 
illustration all page 128] . First the num­
ber 1 is assigned to some task that has no 
s uccessors.  Thereafter for each task for 

L = (6, 6, 6 , 6 , 6, 6 ,  6, 1 0, 1 0, 1 0, 1 0, 1 0 , 1 0, 1 0 , 1 6, 1 6, 1 6, 34, 34, 34, 34, 34, 34, 34, 34, 34, 
34, 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 51 , 5 1 ) = (6( x 7) , 1 0( x 7) , 1 6( ..< 3) , 34( .< 1 0) , 5 1 ( ..< 1 0» 
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33 BIN CAPACITY 
50 = 1 0 1  

34 

51 
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FF(L)  = 1 7  
( x 5) ( x l 0) 

- 6  

OPT(L )  = 1 0  

IN THE FIRST-FIT PACKING ALGORITHM weights are packed into bins B1 >B2, . "  in the 
order in which the weights appear in their priority list. (If there is no priority list, the weights 
are arbitrarily arranged into one.) Each weight is placed in the first bin into which it fits. In 
other words, the weight is packed in the bin B i with the smallest index j where the addition of 
the weight does not make the total of the weights in the bin exceed the fixed weight capacity. 
The first-fit packing of the list L shown at the top of the illustration is fairly efficient: FF(L), 
the numher of bins required, equals 17. A more efficient packing of L is shown at the bottom. 
This 1 0-bin packing is clearly optimum, since there is no wasted space in any of the bins. The 
exam pie demonstrates worst possible performance of first-fit packing algorithm because it at­
tains bound that has been established for algorithm: FF(L) S (17  / 1 0)OPT(L), for any list L for 
which OPT(L) is a multiple of 1 0. Numbers of multiple weights and bins are indicated in color. 
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which all the successors have been num­
bered the decreasing sequence of all the 
successors' numbers is formed. The next 
task to be given a number is always the 
one whose sequence is first in the "dic­
tionary order" of the established se­
quences. (In dictionary order 5, 3. 2 
comes before 6 . 1 :  5 . 4, 2 :  5, 3 , 2 , 1, and 
so on.) After all the tasks have been 
numbered from 1 to II the priority list is 
constructed by placing the tasks in de­
creasing numerical order . It has been 
shown that the sched ule constructed 
with this list is always optimum in the 
special case of two processors and equal 
execution times. Basically the CG algo­
rithm works because it gives larger num­
bers and thus higher priority to tasks 
that either head long chains or have 
many successors. The numbering can be 
done in approximately 1/2 operations, 
and so the algorithm is quite efficient. 

The CG algorithm is only one of a 
variety of techniq ues that can be applied 
to special sched uling problems to get 
optimum results. Perhaps extensions of 
these techniques will lead to equally 
successful algorithms for similar prob­
lems, s uch as the problem of three proc­
essors with a set of tasks that have eq ual 
execution times. It should be noted .  
however, that even the sl ightly less  spe­
cial case of two processors with a set of 
tasks that have execution times of e ither 
one unit or two units has recently been 
shown to be NP-complete . 

so far I have discussed only one type of 
sched uling problem, but sched uling 

problems arise in many places and in 
many different forms. One of the most 
interesting problems turns the basic 
scheduling model around : instead of fix­
ing the number of processors and trying 
to minimize the finishing time, the prob­
lem is to try to complete the execution 
of a set of tasks by a fixed time with a 
minim um number of processors. In oth­
er words,  the problem asks how few 
processors will suffice to execute a given 
set of tasks by a fixed deadline. 

When the tasks are independent, this 
sched uling problem is stated in a differ­
ent way and is called the bin-packing 
problem. In a model of the standard bin­
packing problem there is a set of items 
11 , " . , 1r; each item Ik has a weight Wk' 
The problem is to pack all the items into 
a minimum number of bins B ! , B2, . • •  so 
that the total weight of the items in each 
bin does not exceed some fixed weight 
W. (In the terminology of the basic 
scheduling model the items are tasks, 
the weights are execution times, the bins 
are processors and the fixed weight is a 
fixed finishing time .) 

The bin-packing problem arises in a 
variety of guises in many practical situa­
tions. A pl umber must cut a set of pipes 
of different lengths from a minimum 
number of standard-length pipes :  a tele­
vision network would like to sched ule its 
commercials of varying lengths in a 
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FIRST-FIT DECREASING PACKING ALGORITHM improves 
on the first-fit packing algorithm by packing larger weights earlier. 
In the first-fit decreasing packing algorithm the list of weights to be 
packed is rearranged so that the weights are in decreasing order, and 
then the first-fit packing algorithm is applied to the altered list. In the 
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""�<0----------- ex = 1 0  + {- ---------�31 

1 0  

I N  TWO-DIMENSIONAL BIN-PACKING PROBLEM a list of 
planar regions, possibly of different sizes and shapes, must be placed 
without overlapping on a minimum number of identical regions. Plac­
ing sewing patterns on pieces of material is a common instance of this 
type of problem. Solutions to two-dimensional bin-packing problems 
are elusive, even when the shapes involved are highly regular. This 
fact is demonstrated by the following problem : How many squares 
with sides of unit length can be placed inside a larger square with sides 
of length a? If 'a is an integer, the problem is simple, but if a is not 
an integer (say a equals N + 114 for some integer N), the problem is 
more interesting. One obvious solution to the problem is to pack the 
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BIN CAPACITY 
= 524 

FFD(L ' )  = 8 

first-fit decreasin'g packing of L (top) the number of bins required, 
FFD(L) = 7, is clearly optimum since each bin is filled to capacity. Like 
most scheduling algorithms, packing algorithms are subject to unpre­
dictable behavior. When a weight is removed from L (bottom), addi­
tional bin is required for first-fit decreasing packing of smaller list. 
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g X a region by filling an N X N square with N2 unit squares and 
sacrificing the uncovered area (color) of nearly alZ square units as 
unavoidable waste (left). After experimenting with other packings 
(right) it is tempting to conclude that no improvement can be made on 
the obvious packing, but surprisingly this is not the case. Paul Erdos, 
Hugh Montgomery and the author have recently proved that when a 
becomes large, there are packings for any a X a square that leave 
no more than a ·634 ... square units of uncovered area, significantly 
less than the alZ square units wasted in obvious packing. It has not 
yet been determined how small an area can be left uncovered when 
a becomes very large, although a ·5 seems to be a likely possibility. 
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minimum number of program breaks; a 
paper manufacturer must furnish his 
customers with rolls of paper of differ­
ent widths that he slices from a mini­
mum number of standard rolls. In gen­
eral bin-packing problems are extreme­
ly difficult to solve. At present the only 
known methods for producing optimum 
packings (those that require the mini­
mum number of bins) involve examin­
ing essentially all the possible packings 
and then choosing the best. Like most 
scheduling problems. bin-packing is 
NP-complete, and so it is likely that any 
general algorithm for producing opti­
mum packings will be similarly flawed. 
Therefore many bin-packing algorithms 
are designed to create packings that are 
reasonably close to the optimum. 

In considering the bin-packing prob­
lem it is convenient to arbitrarily ar­
range the weights of the items into a list: 
L = (Wj. W2 • . . .  , wr) . Since there are no 
precedence constraints, no confusion 
will arise from identifying an item with 
its weight, and L can be regarded as a list 
of the items to be packed.  One obvious 
way to pack the weights of L is called the 
first-fit packing algorithm [see illustra­
tion on page 130] . Under the rules of this 
algorithm the weights are placed in bins 
in the order of their appearance in L: 
Wj first, W2 second and so on. When it 
is Wk' S turn to be packed, it is put into 
the first bin in which it fits, that is, into 
the bin Bi• with the smallest index i that 
can accommodate the weight. (A weight 
Wk fits into a bin if the addition of Wk to 
the weights already in the bin does not 
make the total of the weights exceed W.) 

How good a sched uling algorithm is 
first-fit packing ? In other words. if 
FF(L) denotes the number of bins re­
quired when the first-fit packing algo­
rithm is applied to L and OPT(L) de­
notes the number of bins required in an 
optimum packing of the weights of L. 
how much larger than OPT(L) can 
FF(L) be ? In 1973 Jeffrey D. Ullman of 
Princeton University discovered that for 
any list L. FF(L) :::; (171 l 0) OPT(L) + 2. 
Ullman also showed that the coefficient 
17/10 cannot be improved .  If OPT(L) is 
a multiple of 10, however . the constant 
2 can be dropped from the inequality: 
FF(L) :::; (171 l 0)OPT(L). It is conjec­
tured that this simpler bound applies in 
all cases. 

This bound shows that first-fit packing 
can perform rather poorly: it can re­

quire as much as 70 percent more than 
the optimum number of bins. Experi­
menting with the first-fit packing algo­
rithm shows that the results are worse 
when large weights appear at the end of 
the list, requir ing that new bins be start­
ed even though a great deal of space 
remains in partly filled bins. It makes 
sense to rearrange the list, putting all the 
large weights near the beginning so that 
the small weights at the end will be 
placed in odd gaps in nearly filled bins. 

This notion suggests a new packing pro­
cedure called the first-fit decreasing 
packing algorithm. The weights of L are 
arranged in a decreasing list and then 
the first-fit packing algorithm is applied. 
The new algorithm turns out to be quite 
effective [see top illustration on preceding 
page]. If FFD(L) denotes the number of 
bins required for the first-fit decreasing 
packing of L. then it can be shown that 
FFD(L) :::; ( I I /9)OPT(L) + 4 for any 
list L. It has been shown that the coeffi­
cient 11/9 cannot be improved .  

The expression (11 /9)OPT(L) + 4 
looks deceptively simple. Substantial 
difficulties are encountered in trying to 
prove that it is indeed the upper bound 
for FFD(L). The only proof known at 
present is one devised by David S,  John­
son of Bell Laboratories and it is more 
than 75 pages long. 

When a large number of bins is re­
quired in a packing problem, the con­
stant 4 in the inequality becomes rel­
atively insignificant. In that case the 
first-fit decreasing packing algorithm is 
guaranteed to pack the weights of any 
list into no more than about 22 percent 
over the optimum number of bins. This 
result is certainly much better than 
the 70 percent increase over the opti­
mum number of bins that can occur in 
the first-fit packing of a particularly un­
wieldy list. 

Within their established bounds the 
first-fit and first-fit decreasing packing 
algorithms ,  like other scheduling proce­
dures. are subject to unexpected behav­
ior as the parameters of the model are 
varied.  For example , removing a weight 
from a list for the first-fit decreasing 
packing algorithm can increase the 
number of bins needed. If the reduced 
list is denoted by L' .  it is still not known 
how large the ratio FFD(L') / FFD(L) 
can be and whether FFD(L) can increase 
when the largest element of L is re­
moved. Once again it is the require­
ment that a weight be placed in the first 
available bin that is responsible for the 
unpredictable behavior of packing algo­
rithms. but such behavior is not uncom­
mon in the more complex scheduling sit­
uations of the real world. 

The simple scheduling model I have 
described has provided a great deal 

of information about problems of real­
istic complexity . Many extensions of the 
basic scheduling model are possible . 
The model can be modified to allow in­
terruption of tasks before completion or 
to allow unforced idleness. It can in­
clude the resources other than proc­
essors that are required for the execu­
tion of tasks. the probabilistic execu­
tion times of tasks. various measures 
of model performance and so on. By 
subjecting these extended models to the 
type of analysis I have discussed here 
investigators today are rapidly gaining 
insight into the difficult problems of 
scheduling. 
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Pieter Bruegel the Elder as a Guide 
to 16th-Century Technology 

The great Flemish artist had a deep interest in the scientific 

concepts and the machines of his time. As a result many of his 

works oikr rare glimpses of practical knowledge 400 years ago 

P ieter Bruegel the Elder. the great 
Flemish artist of the 16th century. 
is noted among other things for the 

copiousness and clarity of detail in his 
paintings and in his designs for engrav­
ings on allegorical subjects. This charac­
teristic of his work provides a rare 
glimpse of 16th-century science and 
technology. Clues of this kind can be 
found in certain paintings among some 
50 surviving from Bruegel's hand. in his 
drawings. of which nearly 80 remain. 
and in several of 170 graphic works 
(copperplate engravings) following de­
signs drawn by Bruegel. To find the 
clues. however. one must examine the 
pictures closely. 

Two paintings done by Bruegel in 
1563 show 16th-century techniques of 
large-scale construction. Both are titled 
Tower 0/ Babel. The "small Babel" is to­
day a principal treasure of the Museum 
Boymans-van Beuningen in Rotterdam. 
The "large Babel" is one of some 14 
Bruegel masterpieces in the Kunsthis­
torisches Museum in Vienna. 

Bruegel began work on this biblical 
theme at least a decade before he fin­
ished the paintings. The Book of Gene­
sis relates that after the Flood. Noah's 
descendants in the land of Shinar set out 
to build a tower whose top would reach 
"unto heaven." God. however. ended 
this impious effort by making the build­
ers speak so many different languages 
that they could no longer communicate 
with one another. They were scattered 
over the earth. and the tower remained 
unfinished. 

To picture this account of the origin 
of humankind'S many tongues Bruegel 
drew on at least three sources outside 
the Bible. The first is the Colosseum in 
Rome. which he saw during a visit to 
Italy as a young man. The second is the 
writings of Herodotus. Finally. Bruegel 
incorporated a number of the machines 
and methods employed in the main har­
bors of the Netherlands in his lifetime. 
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by H. Arthur Klein 

The Babel paintings boldly confront 
the problem of how such a lofty tower 
could have been planned. They depict it 
as being huge but incomplete. Its fin­
ished portions already loom above the 
clouds. Its internal structure is revealed 
as being a series of arches. closely akin 
to the Colosseum in design. That ancient 
amphitheater had been formed from an 
intricate interlocking complex of more 
than 1.000 stone arches. Of these 240 
could be seen from the outside. ar­
ranged in three great elliptical tiers. An­
other 240 major arches were disposed 
radially around interior ellipses. The in­
terior and exterior ellipses were linked 
together solidly by a system of radial 
arches. 480 in number. 

The interior anatomy of the Colosse­
um was adapted by Bruegel to ac­

count for the sheer height and rigidity of 
his imaginary Babel. On the other hand. 
both Babel paintings show a broad spi­
ral ramp winding around the rising tow­
er, whereas the Colosseum had no such 
ramp. According to Herodotus. howev­
er, just such a ramp wound around the 
exterior of the great Babylonian ziggu­
rat. or sacred tower. called Etemenanki. 
Herodotus could hardly have seen the 
ziggurat himself. but from inhabitants 
who said they had seen it he compiled a 
description of a "tower of solid masonry 
upon which was raised a second tower. 
and on that a third and so on up to 
eight." The way from base to summit. he 
related. took the form of a spiral ramp 
that "winds around all the towers." 

The Babel paintings by Bruegel show 
(the one in Rotterdam quite clearly. the 
one in Vienna less so) such a great ramp 
spiraling around the massive tower. The 
fact that it will have made eight turns 
when the indicated construction is com­
pleted suggests the link between Herod­
otus and Bruegel. 

The most significant aspect of the 
paintings in the context of this discus-

sion is the extent to which Bruegel has 
interwoven techniques and devices from 
his Flemish-Dutch environment. Both 
giant towers stand beside an active har­
bor. thereby answering the question of 
how all the building materials could 
have been assembled. The harbors lie 
beside some great body of water or estu­
ary, as did the active and expanding har­
bor of Antwerp. the city in which Brue­
gel lived for a number of years. 

On the waterfront in the small Babel 
one sees. amid the welter of goods and 
materials, the hulking mass of a great 
machine that slants upward and out­
ward beyond its side wheel, looking at 
first like some monstrous ancient siege 
gun. Closer examination reveals it to be 
a huge wood crane or hoist. The great 
wheel at its side is a rotary treadmill. 
a kind of squirrel-cage arrangement in 
which human laborers furnished the 
power for operating the crane. In this 
way Bruegel indicated how the stones of 
the lofty tower were lifted into position. 

The authenticity of the apparatus as 
a 16th-century lifting device is support­
ed in a painting by aoother artist of the 
period. Pieter Pour bus the Elder. The 
painting is a portrait of Jan Fernaguut. a 
merchant in Bruges. Over the shoulder 
of the merchant. as if through an open 
window. one sees a section of the load­
ing dock whose commerce helped to en­
rich him. Rising up in front of the build­
ings on the waterfront is the same kind 
of slanting wood structure. shaped like 
some strange pecking bird. The large 
wood wheel at its side. apparently al­
most 20 feet in diameter. is partly cov­
ered by a slanting roof. which would 
enable the human treadmill workers to 
labor on in bad weather. 

In the large Babel Bruegel placed a 
massive man-powered crane of this type 
on the second level of the spiral ramp. 
The crane has a treadmill wheel on each 
side. Close examination of the tiny de­
tails reveals that at least six and possibly 
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"TOWER OF BABEL," painted by Pieter Bruegel tbe Elder in oil on 
an oak panel, depicts the Babel story told in the Book of Genesis and 
also shows a number of 16th-century construction techniques. They 
include the man-powered lifting devices on the right side of the tower 

DETAILS OF "BABEL" PAINTING include a drum like lifting de­
vice (left) that is on the first level of the ramp, below the crane por­
trayed on the cover of this issue, and two arches (right) that are under 

at the first and second levels of the ramp. This painting, which is in 
the Kunsthistorisches Museum in Vienna, is called the "large Babel" 
to distinguish it from a similar painting, the "small Babel," Bruegel did 
at about the same time (1563). The small Babel is now in Rotterdam. 

construction near the center of the painting. The lifting device, like 
the crane, was powered by men in a treadmill and also relied on a 
block-and-tackle system. It had less lifting capacity than the crane. 
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eight laborers are working within the 
wheels. In the painting the crane is lift­
ing a large slab of stone. 

Could such cranes have raised all the 
massive stones of the tower? A healthy 
adult male laborer is able to deliver 
not much more than . 1  horsepower. or 
roughly 75 watts. over an extended peri­
od of time such as several hours. In 
shorter bursts. however. he might pro­
duce as much as .3 horsepower. or 225 
watts. If six workers were giving their 
best within a treadmill. they might deliv­
er from 1.5 to two horsepower during a 
limited period of time. say a few min­
utes followed by a rest period. 

Even if 20 percent is deducted to al­
low for friction in the bearings and the 
block-and-tackle rigging of the cranes. a 
net of from 1.2 to 1.6 horsepower re­
mains. Since one horsepower is 550 
foot-pounds per second. 1.2 horsepower 
is 660. To lift a one-ton stone slab 50 
feet requires 100.000 foot-pounds of 
work. or energy. That amount could be 
supplied within about 15 1.5 seconds. or 
two and a half minutes. under the condi­
tions I have described. 

At least half a dozen man-powered lift­
.£\. ing machines are shown rather 
clearly in the two Babel masterpieces; a 
few others are suggested less distinctly. 
One of the clearer devices stands one 
ramp below the crane. It is merely a big 
drum; ropes wind around the drum as 
men turn it. Aided by block-and-tackle 

rigging. the device could handle objects 
somewhat lighter than those with which 
the other cranes are designed to deal. 

In 1556 Bruegel began the series of 
designs now widely known as Bruegel's 
Seven Deadly Sins. Avarice was en­
graved and published in 1556. In 1557 
engravings of his designs for Pride, Envy, 
Anger, Gluttony, Lechery and Sloth were 
published. The great success of the Sins 
led inevitably to a series of seven Vir­
tues. These far more sober and somber 
designs were drawn by Bruegel in 1559 
and 1560. The virtues depicted in his 
designs are faith. hope. charity. justice. 
prudence. fortitude and temperance. 

The Avarice engraving discloses what 
might be called the curious case of the 
crossbow arrows. In one part of the en­
graving several sinners are displaying 
their avarice by shooting with cross­
bows at a huge purse suspended tor­
mentingly above them. The arrows as­
cend uncurvingly and then turn and 
drop straight down. 

Bruegel, an artist exceptionally faith­
ful in all physical and natural details. 
has here indicated trajectories varying 
from the paths that were later demon­
strated by ballistic science. The flight 
paths of Bruegel's arrows do agree . 
however. with the conceptions (miscon­
ceptions. rather) that prevailed in his 
day. Bruegel was drawing his represen­
tation of the subject long before Gali­
leo's discovery and publication of the 
fact that projected cannonballs. stones 

and arrows follow parabolic trajecto­
ries. at least to the extent allowed by air 
drag. 

In the cycle on Sins. Bruegel ap­
proached not only problems of motion 
but also aspects of time. The subject ap­
pears specifically in the engraving Sloth. 
There one sees Queen Sloth lying in sod­
den stupor. surrounded by snails. slugs 
and other symbols suited to the theme. 

A gigantic clockwork hangs in a tree 
at the upper right. A human or human­
oid figure in front of the clock is ham­
mering on a bell (an ,alarm reminding us 
and the slothful sinners that it is later 
than we think). Several large clockwork 
gears can be seen in this strange time­
piece. Visible also are the twin weights 
that supplied power for such clocks in 
Bruegel's time. Another essential com­
ponent. which appears just under the 
foot of the bell ringer. is a partly hid­
den iron bar from which hangs a metal 
weight that can be shifted to any of sev­
eral positions by means of notches in the 
bar. In spite of its impossible position in 
the tree this device can be recognized as 
a foliot. an oscillating crossbar that con­
trolled the verge escapement mecha­
nism of the clock. Such a crossbar. 
mounted on a vertical axis. held two 
movable weights. one weight on each 
side of the axis. Shifting the weights 
closer to the axis reduced the period of 
oscillation. thus tending to make the 
clock run faster. Moving them out tend­
ed to make the clock run slower. 

"THE PARABLE OF THE BLIND," painted by Bruegel in 1568, 
portrays a New Testament story. It also reveals Bruegel's attention 

to detail, since physicians have inferred five different forms of blind­
ness from his depiction of the five faces that are clearly visible here. 
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"Tended to" is the appropriate phrase 
here, since the rate of the clock's motion 
was not determined solely by either the 
position or the size of the weights. The 
axle of the bar carried metal pallets, or 
projections, that alternately halted and 
then pushed forward a notched wheel, 
which was customarily called the crown 
wheel. Bruegel shows it as a wheel with 
hooklike projections among the clock 
parts in the tree. The rate at which a 
clock ran was heavily influenced by the 
shape of the hooks on the crown wheel, 
the form of the pallets and the size of the 
weights. A typical clock based on such 
mechanisms might gain or lose as much 
as half an hour in 24 hours. (The ad­
vance represented by the pendulum was 
still to come when Bruegel designed the 
engraving.) 

The crudeness of the timepieces is em­
phasized on the monstrous symbolic 
clock dial at the upper left in the engrav­
ing. It has only one hand (literally a 
hand, which is at the end of a human 
arm). The clocks Bruegel knew best had 
only an hour hand. Clocks with two 
hands had been made by that time, but 
they were rare and costly. A clock with 
a minute hand was of limited use any­
way when a timepiece could be expect­
ed to run quite fast or quite slow during 
a 24-hour period. 

Other symbols that combine mechan­
ical and human characteristics ap­

pear in the engraving of Bruegel's design 
for Gluttony. A huge, horrible head is 
also a windmill. Into its distended jaws 
minuscule laborers haul sacks of grain 
and other materials to be ground (or 
masticated and swallowed). The com­
pulsion to devour mechanically, even 
without need, is manifest. 

In the engraving Lechery one finds 
a relatively sophisticated technical de­
vice, an ornate fountain with twin jets. It 
feeds a pool in which nude couples wade 
and embrace. The stream meandering 
through this landscape of lechery origi­
nates beyond the fountain and turns an 
undershot waterwheel, around which 
slaves of lust can be seen. 

In several of Bruegel's designs de­
mons are waging symbolic wars. In For­
titude, a design in the Virtue series, hosts 
of slaughtering soldiers are in action, 
both mounted and on foot. Two large 
wood battle shields can be seen. One of 
these early forms of mobile armor car­
ries a centrally mounted hinged ham­
mer, which is poised for crashing down 
on approaching attackers. Near the cen­
ter of the design a similar war machine 
has been overturned: its hammer hangs 
useless, and it is about to be overrun by 
approaching cavalry. 

The engraving (probably by Philipp 
Galle) of Bruegel's design for Temper­
ance seems to reveal most fully the art­
ist's appreciation of the technology, sci-

MAN-POWERED CRANE painted in the 16th century by the Flemish artist Pieter Pourbus 
the Elder (1523-1584) shows in somewhat more detail the kind of lifting device depicted by 
Bruegel in the large Babel. The painting occupies a corner of a portrait of Jan Fernaguut of 
Bruges and is intended to show an aspect of the longshore trade that made him wealthy. The 
dark curving line at the lower left is F ernaguut's shoulder. The treadmill of the crane (presum­
ably there was another treadmill on the other side) is covered by a rootlike structure to shelter 
the men who provided the muscle power for operating the crane. One also sees at the base of the 
crane a pivot whereby the structure could be swung toward a ship in the adjacent waterway. 

MAN-POWERED DREDGER, depicted by the Flemish artist Roeland Savery (1576-1639), 
indicates the accuracy of Bruegel's portrayal of man-powered lifting devices of the 16th cen­
tury. The two treadmill wheels at the left operated a chain-linked belt of scoops that were 
lowered into the water. Drawing is now in the Devonshire Collection at Chatsworth in England. 
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ence and art of the time. Temperantia. a 
tall and queenly figure. wears on her 
head as a crown a clock. the most so­
phisticated mechanical device of the 
era. Her right foot presses the blade of a 
windmill. which was the most advanced 
power source. In her left hand she holds 
a pair of spectacles. representing a ma­
jor optical device in a time when the 
telescope and the compound micro­
scope were still in the future. 

Around Temperantia are groups en­
gaged in activities that one can assume 
were esteemed by the artist and the pa­
trons who bought his prints. Reading is 
being taught in a school at the bottom 
right. Reckoning. bookkeeping and ac­
counting are under way at the bottom 
left. Behind that scene an artist works on 
a painting. Higher still are perform­
ances of music by instrumental and cho-

ral groups. Drama is performed (with a 
prompter) on a stage at the upper left. 
Five earnest men. probably theologians. 
engage in a vigorous discussion at the 
right center. above the school. They rep­
resent rhetoric. the art of effective pre­
sentation and persuasion through lan­
guage. 

Symbols of ballistics and the study of 
trajectories are found at the far right. A 
crossbowman aims at a target atop a 
mast. So does the user of an early long 
musket. Beyond them project the muz­
zles of two large. wheeled cannons; piles 
of cannonballs are nearby. 

On a freestanding pillar two men 
make measurements. The man on the 
top of the pillar lowers a plumb line to 
ensure that the pillar is vertical. The 
man on the plank seat at the middle of 
the column employs dividers to ascer-
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tain distances. Far beyond the column. 
in an open field. the measurement of 
land areas seems to be in progress. 
Somewhat to the left of the column a 
man sights along what looks like a pole 
with a wheel at its far end. The device 
provided a simple but quite accurate 
means of measuring angles by sight. Be­
hind this man is an engraver-printer. us­
ing a square to verify angles on a pic­
ture. 

Beyond Temperantia's head is a 
globe. with the continents and oceans 
vaguely suggested. To its right stands 
the geographer-cartographer. who mea­
sures off distances on the surface with 
dividers. On top of the globe stands an 
astronomer. who wields his dividers as if 
to find the distance to the moon. 

Seeking a suitable frontispiece for 
my book The World 0/ Measurements. I 

SIN OF SLOTH was drawn by Bruegel in 1557 as part of a series of 
designs for engravings on the seven deadly sins. Several of the com­
ponents of a clock appear at the upper right, including the foliot un­
der the foot of the horizontal bell ringer. At the upper left is the face 
of a one-handed (literally one-armed) clock. Most of the clocks of 
the 16th century had only an hour hand, since the clocks were too in-

accurate for a minute hand to have been useful. Near the center of the 
engraving is an undershot waterwheel. Presumably Bruegel employed 
these devices to symbolize that time is wasting for the slothful. At the 
bottom right the publisher, H. Cock, identified himself. Cock, who 
was an important dealer in graphics, was proprietor of Four Winds 
art shop in Antwerp, where Bruegel lived for a number of years. 
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found nothing more appropriate than 
segments of the print of Temperance. 
Three segments serve the purpose, epit­
omizing the measurements, units and 
concepts by which science has ad­
vanced. 

Bruegel also showed in several works 
that he was attentive to the princi­

pal ailments afflicting his fellow men 
and to the methods whereby physicians 
or quacks treated either the diseases or 
the psyches of the sick. An engraving 
made in 1559 of his design for The Witch 
0/ Mallaghem betokens the mass crazi­
ness of gullible people. Working in a 
chaotic crowd of distraught Flemings, 
the "healer" is removing stonelike tu­
mors from the heads of the afflicted. 
Bruegel also probed popular gullibility 
and hysteria in a picture titled Pilgrim-

age o/the Epileptics to the Church at Mo­
lenbeek (a Flemish town). The work sur­
vives today in the form of two engrav­
ings made after his death and a drawing 
(probably also a copy made after his 
death) in the Albertina collection in Vi­
enna. In the engravings women who ap­
pear to be suffering more from hysteria 
than from epilepsy are being half-sup­
ported, half-carried by attending men. 
They are being taken to a bridge where 
they are to dance to bagpipe music until 
their seizures have been sweated out or 
worn out. 

Two other paintings by Bruegel have 
notable medical implications. The Beg­
gars, painted in 1568, shows four crip­
pled and distorted figures propped up 
by crutches and sticks and strangely 
dressed in garments trimmed with fox­
tails. Some commentators have suggest-

TE.NAC"ITAT 1 

ed that the men exhibit various symp­
toms and stages of leprosy. 

In The Parable 0/ the Blind Bruegel 
depicts six blind men who are leading 
one another for reasons of safety. The 
first man in the group has tumbled into a 
ditch and the others are certain to fol­
low. Physicians have inferred a differ­
ent kind of blindness in each of the five 
men whose faces can be seen. From the 
left they are blindness resulting from the 
disease known as pemphigus, atrophy 
of the eyeball, corneal leucoma, amau­
rosis and enucleation. 

In 1565 a canal between Antwerp and 
Brussels was completed. The city fa­

thers of Brussels chose Bruegel to por­
tray in a series of pictures the construc­
tion of that canal. The pictures were 
never finished, because Bruegel died in 

VIRTUE OF TEMPERANCE was portrayed by Bruegel in a design 
for this engraving. The drawing includes a number of representations 
of science and technology. Astronomy and measurement of the earth 
are symbolized at the top center. On the column at the right one man 
drops a plumb line and another calculates distances. Other types of 
land measurement go on in the region behind the column. The device 

consisting of a wheel on a rod provided a means of measuring angles. 
Temperantia is associated with a number of symbols of technology, 
including a clock, a pair of eyeglasses and the blade of a windmill. 
Reckoning and reading are symbolized below her. The favorable pub­
lic reception of the engravings on the seven sins led Bruegel to execute 
designs for seven drawings on virtue. He did them in 1559 and 1560. 
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1569, aged not more than 44. (The date 
of his birth is uncertain but is usually 
placed between 1525 and 1530.) The 
choice of Bruegel for the commission 
suggests that the burghers of Brussels, 
proud of the canal and of the technology 
represented in the busy harbor of Ant-

werp, valued his faithful portrayals of 
people and the artifacts of their world. 
This ability makes him today a reward­
ing guide not only to important technol­
ogies of his time but also to significant 
scientific concepts (insights as well as er­
rors) of that distant era. 

SIN OF LUST was another of Bruegel's designs for engravings on the seven deadly sins. This 
detail from the engraving of the design shows a pool fed by a twin-jet fountain. It is one of sev­
eral places in the drawing where lustfulness or lechery (another name sometimes given to the 
engraving) is evident. Presumably the water was raised to the jets by a waterwheel that received 
its power from the stream. A waterwheel that is apparently associated with a mill is also visible. 

CONCEPT OF FORTITUDE, one of the subjects depicted by Bruegel in his series of designs 
for engravings on seven virtues, was conveyed by putting the winged symbol of fortitude in the 
midst of battles and slaughters, The plan gave Bruegel an opportunity to display a number of 
items of military hardware, including this mobile battle shield. Th.e virtues depicted by Bruegel 
included faith, hope, charity, justice and prudence in addition to temperance and fortitude. 
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THE AMATEUR 
SCIENTIST 

Visual illusions that can be achieved 
by putting a dark filter over one eye 

by] earl Walker 

Under certain circumstances a pen­
dulum swinging in a plane per­
pendicular to your line of sight 

can be made to appear to be moving in 
an ellipse around a central vertical axis. 
The effect was first explained in 1922 by 
the German physicist Carl Pulfrich and 
is known as the Pulfrich illusion. You 
can easily set up a demonstration of the 
illusion. 

For the purpose you need three 
things: a simple pendulum consisting of 
a weight on the end of a string, a partial­
ly dark filter such as one glass from a 
pair of sunglasses and a thin vertical ob­
ject. Set the pendulum swinging in a 
plane perpendicular to your line of sight 
and place the thin object behind it. Put 
the dark filter over one eye and look 
with both eyes at the background object. 
The pendulum will seem to be moving 
elliptically. With the" filter over the left 
eye the rotation is clockwise from an 
overhead sense; with the filter over the 

right eye it is counterclockwise. Increas­
ing the darkness of the filter increases 
the apparent depth of the elliptical path. 
Somehow the dark filter causes you to 
perceive a motion with depth when 
there is no depth. 

Pulfrich explained the illusion after 
an associate suggested that the dark fil­
ter delays the image the eye affected by 
the filter sends to the brain. (Pulfrich 
himself was blind in one eye and was 
never able to see the illusion.) The sug­
gestion turned out to be correct. When 
the illumination to one of your eyes is 
decreased, your perception of the scene 
from that eye is delayed by some tens of 
milliseconds from the perception you 
receive from the uncovered eye. 

Suppose your left eye is covered by a 
dark filter and a pendulum is beginning 
to swing from left to right. Your eyes are 
fixed on a background object, with the 
result that its image falls on the fovea 
(the small depression in the retina that 

provides the sharpest vision). The im­
ages of the pendulum bob lie off center 
from the fovea, but because of the visual 
delay from the left eye the image of the 
bob in the left eye lies more off center. 
From that eye you perceive the bob 
where it was some tens of milliseconds 
earlier, hence to the left of its true posi­
tion. The image on the retina is there­
fore more off center from the fovea than 
it would have been without a filter. 
What you apparently sense is the angle 
between the bob and the background 
reference object. The angle for the left 
eye is greater than it is for the right eye, 
and to make sense of that difference you 
interpret the bob as being farther away 
from you than it actually is. The visual 
delay therefore gives the impression of 
depth in the motion of the bob. 

As the bob speeds up in approaching 
the center of its swing the discrepancy in 
the angles between the reference object 
and the bob increases and the apparent 
depth of the bob increases. As the bob 
slows down in reaching the right-hand 
extreme of its swing the discrepancy in 
the angles decreases and the bob seems 
to move closer to you. During the swing 
back the visual delay from the left eye 
makes the bob appear closer to you than 
it really is. The "closest" point is near 
the center of the pendulum's swing, 
where the speed of the bob is greatest. 
The overall motion of the bob is an 
apparent rotation in an elliptical path 
around a vertical axis. 

Increasing the darkness of the filter 
(its optical density) increases the visual 
delay from the filtered eye and therefore 
the depth of the elliptical motion. You 
can most easily control the darkness by 
using two crossed polarizing filters over 

Apparent motion of a pendulum bob ill the Puifrich illusioll 
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one eye. By altering the angle between 
the senses of polarization of the filters 
you can select any degree of darkness. 
With enough darkness the path becomes 
nearly circular. Finally the filter be­
comes so dark that the illusion is lost be­
cause you see the bob only through the 
unfiltered eye. Then the perceived mo­
tion is the actual linear motion. 

The physical processes resulting in the 
delay in visual signals to the brain are 
not completely understood. The visual 
latency is caused either by the decreased 
intensity of the light reaching the retina 
or by a change in the adaptation of the 
eye. Perhaps both factors are involved. 
(The eye adapts to changes in illumina­
tion by varying the size of the pupil and 
by producing more or less of the pig­
ment involved in the visual process.) 
One model of the latency regards the 
visual pathway as being a series of four 
identical electrical delay lines, each 
stage consisting of a resistor, a capacitor 
and an amplifying unit. Albert M. Pres­
trude of the Virginia Polytechnic Insti­
tute and State University suggested that 
the four stages may correspond to the 
layers of horizontal, bipolar, amacrine 
and ganglion cells in the visual pathway, 
but this correlation is not certain. 

In the analogy the sensitivity of the 
visual process (that is, how small an in­
put signal can produce a sufficient out­
put signal) depends on the values of the 
resistors and the strength of the amplify­
ing units. The values of the resistors are 
not fixed, however, but are controlled by 
a feedback signal from the final output 
of the visual system. The response time 
of the system also depends on the resis­
tor values: the greater the resistance, the 
longer the response time. The combined 
effect is that when the stimulus level to 
the eye is decreased, the feedback signal 
from the output of the visual process 
increases the resistance and the amplify­
ing gain in each stage in order to in­
crease the sensitivity. The increased re­
sistance in turn means the system takes 
longer to respond. Therefore decreasing 
the intensity to the eye results in greater 
sensitivity and a longer response time. 

Since the work of Pulfrich the illusion 
has been studied in a variety of settings. 
Some investigators employed two rotat­
ing disks, one for each eye. By looking 
through a system of prisms and lenses 
an observer could fuse the images of 
the two disks to perceive a single rotat­
ing disk. 

Each disk bore a radial line. If the 
disks rotated synchronously, the observ­
er saw a single radial line. Placing a dark 
filter over one eye, however, caused the 
synchronization of the lines to be de­
stroyed. By measuring how much the 
phase between the two disks then had to 
be altered in order to bring the radial 
lines back to an apparently synchro­
nized rotation the experimenter could 
determine the delay introduced by the 
filter. 

LarCje polariz.inq ohec.t 

Arrangement for creating a pendulum illusion 

A particularly interesting technique 
was employed by Bela Julesz of Bell 
Laboratories and Benjamin White of 
San Francisco State University. They 
showed an observer motion pictures of 
computer-generated random dots in 
which each frame was statistically inde­
pendent of the others. Through separate 
viewing systems each eye saw a motion 
picture. In the center of each frame were 
randomly selected dots that formed part 
of a square. 

If only one eye saw the presentation, 
the sensation of a central square was lost 
in the apparent random display of dots. 
If both eyes saw their respective motion 
pictures simultaneously, the central 
square was visible and stood out from 
the background of other random dots. 
The stereoscopic sensation was due to 
the slight shift of the left-eye dots in 
relation to the dots seen by the right 
eye. The same technique is employed in 
conventional stereoscopic pictures, in 
which one eye sees a scene slightly shift­
ed from the other eye's view, creating an 
illusion of depth. 

In the experiment of Julesz and White 
one eye was shown its motion picture 
one frame later than the other eye. The 
central square was therefore lost be­
cause the selection of dots from frame 
to frame was randomly different. An ad­
justable filter was then placed over the 
eye receiving the earlier frame. The 
observer adjusted the darkness of the 
filter until the delay in perception of 
the frame by that eye was sufficient 
for the brain to receive the perceptions 
of the correlated left and right frames 
simultaneously. The central square be­
came visible again. 

In the pendulum illusion the apparent 
depth of the pendulum's motion can be 
produced by adaptation of your eyes as 
well as by a dark filter. Shine a dim light 
into one eye for a few minutes and then 
watch the swinging pendulum. The ilhi­
sion of depth appears, just as if the other 

eye had been looking through a filter. 
The illuminated eye was adapted for 
brighter conditions and thus responded 
faster than usual. 

Some workers have reported that the 
illusion also appears if you adapt one 
eye to darkness. Black out one eye for 15 
or 20 minutes and then look at the pen­
dulum with both eyes. You may find a 
small Pulfrich effect. (Some people do, 
although I do not.) 

Still another example of how adapta­
tion enters into the illusion can be seen 
by carefully watching the depth of the 
pendulum's elliptical motion as a func­
tion of time after placing a dark filter 
over one eye. There should be an imme­
diate visual latency and hence depth to 
the motion. Both should increase over 
the next 20 minutes as the covered eye 
adapts to decreased illumination. 

The elliptical motion of the pendulum 
in the usual Pulfrich illusion disappears 
if you stare at the bob instead of the 
background. Apparently in tracking the 
bob the eyes follow it in its true linear 
path, maintaining the images of the bob 
on the same areas of the retinas, elimi­
nating the changing angles between the 
reference and the bob and thereby de­
stroying the illusion of rotation. The il­
lusion can be regained while you track 
the bob if you darken the background 
for one of your eyes. This effect has been 
demonstrated fairly recently by several 
workers using oscilloscope traces in­
stead of pendulum bobs. The effect can 
also be seen with the simple pendulum. 

Place a large sheet of polarizing filter 
behind the pendulum and a small light 
and the usual reference object behind 
the filter. (Large polarizing sheets are 
available from the Edmund Scientific 
Company, 7778 Edscorp Building, Bar­
rington, N .J. 08007.) Over one eye place 
a smaller piece of polarizing filter ori­
ented to somewhat darken the back­
ground for that eye. The polarizing filter 
behind the pendulum must be large 
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HP measurement and computer advances 

----
.---/ 

New microprocessor-based quartz thermometer 
makes absolute accuracy to ! 0.04° C (and 0.0001°C resolution) 
simple and affordable. 

The HP 2804 digital thermometer achieves ex­
ceptional accuracy because HP calibrates each 
quartz temperature sensor, and stores the indi­
vidual data thus derived in an electronically read­
able calibration module. With this module and the 
sensor inserted in the thermometer, calibration 
tables are effectively eliminated, along with man­
ual corrections and intermediate calculations. 

Temperature measurement with the HP 2804 is 
based on the quartz sensor's frequency output, which 
changes with temperature. Every quartz sensor has a 
unique and stable temperature-vs-frequency re­
sponse. HP indi vidually calibrates each sensor at 
approximately 40 different temperatures, then fits 
these data to a curve using a high-precision regres­
sion technique. The coefficients of each sensor are 
recorded into a PROM which is mounted in a calibra­
tion module shipped with each sensor. In operation, 
the module is inserted into the HP 2804, where its 
data are read and used to compute temperature from 
measured sensor frequency. 

The HP 2804 can measure temperature with an abso­
lute accuracy of ±0.04°C (traceable to NBS) over a 
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range of -50°C to +150°C (or ±0.075°C over the 
instrument's full range of -80°C to +250°C).1 Quartz 
sensors are inherently stable and can make repeat­
able measurements over long periods with extremely 
low drift. A usable resolution of 0.0001 °C makes the 
HP 2804 an excellent choice for measuring minute 
temperature differences. 

The HP 2804 accepts inputs from one or two sensors 
and can read and display temperatures from either, or 
can make differential measurements from both in­
puts. Resolution can be displayed as 0.01°, 0.001°, or 
0.0001°C. Temperature can be displayed in Celsius or 
Fahrenheit. With optional HP-IB interface, the ther­
mometer can easily be connected to computers, con­
trollers, printers, or other digital peripherals. An op­
tional analog output is provided for easy connection 
to strip chart recorders. A built-in self check prevents 
incorrect measurements. 

The price of the HP 2804 starts at $3550*, including 
an HP 18111 sensor. 

ITo achieve specified absolute accuracy a reference temperature adjustment 

must have been made within 30 days. and the thermometer must be at the 

same ambient temperature during the measurement as it was when the 

reference temperature adjustment was made. 
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extend your possibilities. 
If your "clocks" tick in picoseconds, 
we can help 

in some significant new ways. 

Three new HP instruments have advanced the 
state of the art in time measurement to an unpre­
cedented level: You can now measure time inter­
vals with 20-picosecond single-shot resolution; 
generate time delays synchronized precisely to 
an external pulse, in steps as small as 50 ps, with 
less than 200 ps rms jitter; and measure succes­
sive pulses at rates up to 50,000 per second. 

A new universal time interval counter, the HP 5370 
employs a phase-Iockable-phase-startable oscillator 
and digital v_ernier technique to all but eliminate the 
± 1 count quantization error that has helped to defeat 
picosecond single-shot resolution in previous coun­
ters. The microprocessor-based instrument thus 
achieves a number of important new functional ad­
vantages: 
• 20-ps resolution of single events 
• 1-ns accuracy 
• positive or negative interval measurements from 

-10 to +10 seconds 
• automatic characterization of pulse jitter with dis­

play of mean, max, min, and standard deviation 
• pushbutton cancellation of systematic errors 
• simultaneous display of trigger levels on start and 

stop channels 
• frequency and period measurements to 100 MHz 

with II-digit measurement displayed in 1 second 
• fully programmable through HP-IB interface. 

A new digital time synthesizer, the HP 5359 is 20 
times more precise and up to 10,000 times more 
stable than analog pulse generators. A fit companion 
to the HP 5370, the HP 5359 uses the same phase­
lockable-phase-startable oscillator technique to start 
in phase with an external pulse and thus avoid the 
± 1 count clock error that defeats the precision of 
other digital pulse generators. As a result, the HP 
5359 can boast of these accomplishments: 
• adjustable delays of 0-160 ms, precise to 50 ps 
• jitter less than 200 ps rms 
• digital selection of delay and output pulse width 

in steps as small as 50 ps 

HEWLETT'; PACKARD 
1502 Page Mill Road. Palo Alto, California 94304 

For assistance call: Washington (301) 948-6370, Chicago (312) 255-9800, 

Atlanta (404) 955-1500, Los Angeles (213) 877-1282. 

• pulse train output with digital selection of fre­
quency and period to 10 MHz 

• display of amplitude and offset in pos or neg, true 
or complement 

• automatic calibration in 3 sec 
• fully programmable through HP-IB interface. 

If the need to make rapid measurements has you 
bogged down, the new HP 5391 data acquisition 
system for time and frequency measurements can 
help. It can measure successive pulse widths or 
periods with a resolution of 2 ns at rates up to 50,000 

per sec, completely automatically-six times faster 
and at lower cost than is possible with a high-speed 
counter and computer. 

The HP 5370 and 5359 are both priced at $6500* ; the 
HP 5391 with 8K bytes of memory is $1 7,500*, 

Mail to; Hewlett-Packard. 1502 Page Mill Road, Palo Alto, CA 94304. 
Please send me further information on 

( ) HP 2804 quartz thennometer 
( ) HP 5370, [ ) I-IP 5359, and ( ) HP 5391 timing products 

Name _____________________________ ___ 

Company ___________________________ ___ 

Address _____________________________ _ 

City ______________ State ______ Zip ______ ___ 

*Domestic U.S. prices only. 00843 
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enough so that when the pendulum 
swings. the filter remains as a back­
ground. Now track the bob. If the left 
eye sees a darker background than the 
right eye. the bob appears to rotate 
clockwise as before in spite of the track­
ing. Darkening the background by rotat­
ing the polarizing filter over the eye pre­
dictably increases the depth of the bob's 
elliptical path; putting the small filter 
over the other eye yields the expected 
counterclockwise motion. 

As the images of the large polarizing 
filter and the reference object move 
across the retinas the increased visual 
latency of the filtered eye creates the il­
lusion that the distance between the bob 
and the reference object is constantly 
changing. Much of the changing depth is 
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attributed to the bob. perhaps because a 
change in the distance between you and 
the bob is easier to believe than a change 
in the distance between you and the 
background and the reference object. 
both of which are known to be station­
ary. As a result the bob appears to move 
in an elliptical path even if it is the bob 
you are tracking. 

The experiment with the Pulfrich pen­
dulum illusion is a difficult way of mea­
suring the visual latency produced by a 
gi ven dark fil ter. One reason other work­
ers designed different experiments was 
the aim of measuring the latency more 
precisely. In some experiments of my 
own I chose to measure the response 
time by a relatively simple arrangement 
in which an observer would turn off a 

Count 

13 270 n 
+6 v 5 

270 (1 14 
270 n 

light I turned on. The time was mea­
sured in milliseconds. The circuit that 
controlled the light and the digital clock 
for the experiment was designed and 
built for me by Harry Freedman of 
Cleveland State University. 

The integrated circuit chips labeled 
Ie (for integrated circuit) lA and lB in 
the illustration below were "D" flip-flop 
circuits. Initially the Q output from Ie 
lA would produce a logical-O signal and 
the Q a logical-l signal. (In a logical-O 
signal no voltage is produced; a logical-
1 signal is one in which a voltage greater 
than zero is created.) When I tripped the 
switch Sl. the outputs from Q and Q of 
Ie lA changed states; the Q then pro­
d uced a logical-l signal. This output 
state remained until the run was over 

R6 
,f' +6v. 

LED 330 Q 
for observer 

A 13 � Pin numbers of 
89 :>even-seqment dl5p\ay 

15 

Reset vv-- C4 

'�QBC0? 0 

1,000 hz. 
JVU1J1. 

Clock 

0 
10 k 
R5 

10k 
R4 

lC4 
12 

8 

On IC 1, Ie z aVld IC 3 wound 
piVl7 oVld put ·6V. on piVl 14. 
OVl Ie 2 0150 put -6 V 011 piVlS 
12 and 1�. OVl LC.3 also put 
-6 v. on piVl5 9,11 Clnd \3. 

270n 
2 270 n 

3 270 n 
4 270.n 

4AA 
batteries 
ks volts 

each) 

Circuitry of apparatus for measurillg "isuai iatellcy 

D.3 
E2 E # 0 ffe g ff ff U g D = � c::::::r c::::::r 

F 11 14 12 10 7 
G6 

Six-volt source. 

Power swikh ( >!--r�·6 V. 
01 

-=- 6 V. 
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An open and shut case for 
he�xourhomewithwood 

Considering the cost of oil, gas and the amount of air that could reach the 
electric heat these days, it's easy to flames, so wood lasted longer. And 
see why hundreds of thousands of they trapped the heat inside, so that it 
homeowners across North America radiated throughout the room. 
have recently installed a wood stove. But still there were problems. Cast 

But there's more to be said for heat- iron expands a great deal 
ing with wood than the fact that it when it's hot, aIlow-
saves a lot of money. ing air to seep in 

Wood smells and sounds good as it through seams and 
bums. And, in an age of vanishing re- feed the fire. 
sources, it's one form of energy that's And most of 
still growing. these stoves � 

In fact, there's almost as much forest did little to bum
' . 

land in North America today as when the gases 
the colonists first arrived. So regard- that escape 
less of other energy shortages, we've burning 
got wood to bum. wood, containing 

The burning question. most of its heat 

But for centuries, the problem with The burning answer. 
wood has been efficiency. W hat should Then came the Fisher Stove. Its 
we bum it in to get the most heat out of unique two-step combustion chamber 
it? re-circulated wood gases back into the 

The fireplace is no solution. It gives flames for almost total combustion, re-
us beautiful dancing flames, but very suIting not only in more heat but fewer 
little warmth. Some 95% of firewood's ashes. 
heat disappears up the The Fisher Stove's patented spin 
ing a lot of expen- '�;:$����:ES£:lEi, draft controls and virtually air-
sive furnace-heated Iii tight construction meant 
air with it. almost absolute control over 

Benjamin how much air reached the fire. 
Franklin's stove and And its carefully welded, 
the other cast iron solid steel construction made 
stoves that followed sure every Fisher Stove would 
were an improve- deliver years and years of re-
ment. They limited markable heating efficiency. 

Naturally, imitations followed. But 
there's still no other stove around that 
can offer all the patented design fea­
tures you'll find on a Fisher Stove. 

Save 50% or more on your 
heat bill. 

We've prepared a free brochure that 
explains more about Fisher Stoves. It 
shows all five models, and lists dimen­
sions, heating capacities and construc­
tion features . 

It also tells how these stoves are re­
ducing heat bills all over North 
America by 50% or more . And how 
many Fisher Stove owners need only 
two or three cords of wood for a year's 
worth of heat. 

So send in this coupon now. And see 
for yourself why the Fisher Stove has 
helped the heatin� fuel of yesterday 
become the practIcal heating fuel for 
today. 

Ir F:;;e;;t:es-;n:-n:onal, ;;:-c.- - - 1 
p. O. Box 10605, Drawer SA 378 

I Eugene, OR 97440 
I 
I 
I 

Dear Fisher Stoves, 
I know about wood, but I'd like to learn 
more about your stoves. Please send your 
brochure to: 

I Name ______________________ __ 

I Address ____________________ _ 

I City ________________________ _ 

I 
I 

________ Zip __ __ 

C1978 FSII 

L ___________ _ 
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of easy, 
enjoyable, 
money-saving �;;;;;;;��I� electronic 

�� 
kits! 

with your first order of $25 or 
more - perfect for building 
your Heath Personal Computer 
- Color TV - HI-FI - D i g ita l Clocks o r  
Weather Instruments - Auto, Boat o r  Air· 
craft Accessories - Test Equipment - Digi· 
tal Scale - RC Gear - Amateur Radio Equip· 
ment - or any of nearly 400 top quality 
electronic products! 

Send for your FREE COPY Today! 

Heath Co., Dept. 036·390, 
Benton Harbor, M I 49022 � HEATH 

Heath Co., Dept 036-390 I � --------., r,mlljj1.\9l'= Benton Harbor, MI 49022 I 
1 Please send me my FREE Catalog and I 

FREE Soldering Iron Coupon. I I I am not on your mailing list. 

I 
NAME 

I 
I I 
I ADDRESS I 1 

CITY STATE___ I I 
1 CL.652 ZIP___ I 
L ______________ J 

II liS(} LCD 
TI?SS()III 
lrttlpProl 
Dillaman NEW 
11 5100 
1\ S0 15 NEW 
1\-5050 M 
115040 PO 
1130 SP 
Dararll[l 

$19.35 SR-40 23.25 SR-51 II 12.55 TI-57 NEW 19.95 fl·58 NEW 38.75 11·59 NEW 63.00 PC lOOA 
77.55 MBA 95.00 Bus An.,.ISl 26.95 
16.98 II·Programmer NEW 49.95 28.09 II 1790 NEW 39.95 

ASk for Tt Digital Watches _ 

HEWLETT ;''''p� PACKARD 
_ Hp·27 S140.00 

Hp·IO NEW S139.00 HP·29C NEW 156.00 
HP·19C NEW 175.00 HP·80 135.00 
HP·2' 64.00 HP·67 360.00 
HP·22 100.00 HP·9' . 160.00 
HP·25 100.00 HP·92 NEW 500.00 
HP·25C 118.00 HP·97 599.00 

We're HP's authorized franchise dealer - all 
accessories are professionally discounted. 

Also SCM. Olivetti, Casio. Canon. APF. Sharp. 
Craig. San yo. Record-A-Call. Norelco-Phillips 
and more. All at great prices! 

Norelco NT-I 5164.00 Sanyo 9908 5249.95 
Norelco 186 245.00 Sanyo SOOOA 199.95 

WE Will BEAT OR MEET ANY COMPETITORS' PRICE 
IF HE HAS MERCHANOISE ON HANO. All Units shipped 
In of/glnal factory cartons With acceSSOf/es according to 
manufacturers'specdlcatlOns In Calif call (213) 370-
5795 or CALL (800)421·0367 lo,her 'han CAl Above 
prices are for cash only BankAmericard/Vlsa & Master 
Charge prices differ Send money order Pers ck 12 wks 
to clearl In CA add 6% sales tax Add S3 50 min shipping 
charges WE SHIP AIR on rPQuest Sublect to availability 
Send mall orders to DEPT SA-C 
WRITE OR CAll FOR FREE CATALOG. 
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� WRITE OR CALL FOR FREE CATALOG 
WILSHIRE - 2 STORES - HAWTHORNE 

o CALL 

�[f))��[f@[[���� 8111t; 8U�IN!�S 'ROOU(I� 
'6611 HAWTHORNE BLVOULAWNOALE CA 90260 

(213) 370·5795 • 421-0367 
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Relative intensity throuqh filkrs 
Response time of three obserrers as il/tel/sity of light was iI/creased 

and I tripped the reset switch S3, restor­
ing Q and Q to their initial states. 

On tripping Sl the logical-1 signal 
from the Q of IC 1A went to IC 2A, 
which was an "and" gate. Such a gate 
sends out a logical-1 signal only if both 
inputs to it are of the same logical states. 
In this case IC 1 B was already sending a 
logical-1 signal to the gate: when I 
tripped my switch, the gate had two such 
signals coming in and therefore sent a 
logical-1 signal to IC 2C and IC 5 E to 
turn on the light-emitting diode for the 
observer to see. 

Another logical-1 signal was sent 
from the gate IC 2A to another "and" 
gate (lC2B), which compared it with the 
signal coming from an oscillating circuit 
functioning as a clock. At a rate of 1.000 

times per second the clock generated a 
logical-1 signal for IC 2B. Thus IC 2B 
found a match 1.000 times per second in 
its inputs, and so it sent at that rate a 
logical-1 signal of its own to IC 4. The 
IC 4 was a four-digit counter with seven 
segments of decoded outputs that were 
used to drive a four-digit, seven-seg­
ment display indicating the observer's 
response time in milliseconds. 

The IC 4 continues to receive signals 
at the rate of 1,000 per second, and the 
display continues to flash the count until 
the observer trips switch S2. The output 
from Q of IC 1 B is then flipped to be a 
logical-O signal. and the gate IC 2A no 
longer makes a logical match between 
the flip-flops IC 1A and 1 B. The observ­
er's light-emitting diode goes off. and a 

400rr==:::;===;:�=;I::::;::;;::;I:::;::;:::= 1==1;::=::::;:::::::::;:1=:;=;=11 :;=;=;=;1= =:;:::=1 =;::::::;1 1;=::;:::::;: I :::;::;:::;=;-j 

Liqht off 
�300 - fovea's center I 

�1 -
s::: o u '" 
<1\ Liqht on _1 "l------------J fovea's center l--------I --rl�n 

1 1 ----::::::1'1=-----11 i -----=.J 1. 

-

O�========�I ��l ==�==��I�L�� \ ==�I==��I�I�� 
.001 00, .01 .05 -5 

Relative intenSity through filters 
Responses when the StiIllU/IIS light was on the eel/tel' of the fOI'ea and off it 
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logical-1 signal is no longer sent to the 
gate Ie 2B. The clock's signal is there­
fore ignored, and the display stops with 
its last count and hence the observer's 
response time in milliseconds. All re­
mains the same until the reset switch is 
tripped and both Ie 1A and 1 B are put 
back to their original states. 

Nearly all the parts are available from 
the Radio Shack (check a local store or 
write 26 17 West Seventh Street, Fort 
Worth, Tex. 76 107) for less than $ 15. 
The Ie 4 is available from the Nation­
al Semiconductor Corporation (2900 
Semiconductor Drive, Santa Clara, Cal­
if. 9505 1) for $ 12. The seven-segment 
display can be obtained from Litronix 
Inc. ( 19000 Homestead Road, Cuperti­
no, Calif. 950 14) for about $4. 

Be certain never to reverse the battery 
connections or wire the power-supply 
pins of the integrated circuits backward 
or they will be destroyed. The resistor 
R5 should be adjusted so that the clock 
counts at the rate of 1.000 hertz (cycles 
per second). You can check it by allow­
ing the circuit to count for 10 seconds as 
measured on a stopwatch. Since the 
highest reading on the display is 9999, at 
10 seconds the display should again 
show 0000. Adjust the resistor until you 
have achieved this correlation. For ex­
ample, increasing the value of R5 de­
creases the counting rate. 

My observers were three students at 
Cleveland State: Teresa Chandler, 
Sandy Hoskins and Bruce Firtha. An 
observer viewed the light-emitting diode 
through two large, crossed sheets of 
polarizing filters. By adjusting the an­
gle between the polarizing senses of the 
filters I could select the illumination 
reaching the observer. To measure the 
filter angles I affixed a length of clear 
cellophane tape to each filter so that the 
tapes were perpendicular when the fil­
ters were perpendicular, thereby block­
ing the maximum amount of light from 
a light bulb. Other filter orientations 
were measured on a protractor laid be­
tween the tape lengths. Accuracy was 
probably no better than plus or minus 
two degrees. 

The intensity of the light transmitted 
by the crossed filters was compared with 
the intensity (designated 1) transmitted 
by parallel filters. For each orientation 
the relative value of the transmitted in­
tensity was the square of the cosine of 
the angle between the senses of polariza­
tion of the crossed filters. I estimated the 
relative intensity transmitted through 
perpendicular filters from transmission 
data from the Polaroid Corporation for 
the type of polarizing filters I was using. 
Although for perpendicular filters the 
transmission was small, it was not exact­
ly zero. When data were taken with the 
room lights on, the observers cloaked 
their head and the filters with a black 
cloth so that the lights did not produce a 
glare on the observers' side of the filters. 

Whenever the diode light came on, 

Beat it. 
Mavbe. 

Introducing 
GammonMaster II 

the 
totally com­
puterized Back­
gammon partner that drew 
the world expert on the game. GM II can run, block, hit, and 
gammon your socks off. The 
computer tells you where to 
move its pieces, you tell it 
where you moved yours. A nd 
it remem bers. With a vengeance. 
I (s easy to play. A challenge to 
win. 
Reachably priced at $199.50 
You can't beat it. 
lULL FREE 
800-523-2906 
PA and CAN call (215) 92�)·91)9U 
LectroMedia Limited 
P.O.Box 1770 SA 
Philadelphia PA 19105 

APOLLO, SKYLAB 
Slides and Movies 

35mm Slides & 8mm Movies taken by 
astronauts on Apollo moon flights will 
only be available for a LIMITED TIME. 

FIRST MOON LANDING, July 1969 
A. Apollo 11, Set Of 24 Color Slides .. . ........ .  $1 0 
B. Apollo 11, 450 Ft. 8mm Color Movie ...... . . .  $50 
FIRST USE OF "ROVER AUTO" ON MOON, April 1972 

C. Apollo 16, Set Of 24 Color Slides ........... . $10 
D. Apollo 16, 200 Ft. 8mm Color Movie ........ . $20 

LAST MOON LANDING, December 1972 
E. Apollo 17, Set Of 54 Color Slides .......... '$22 
F. Apollo 17, 400 Ft. 8mm Color Movie .......... $40 
'Includes only full circle photo of earth ever taken. 

U.S. & RUSSIAN RENDEZVOUS FLIGHT, July 1975 
G. Apollo·Soyuz, Set Of 48 Color Slides ...... . ... $20 
H. Apollo·Soyuz, 400 Ft. 8mm Color Movie ....... $40 
Includes shots of various parts of Earth From Space. • When Ordering 8mm Movies Ptease Specify • 

OReg. 8 or 0 Super 8. 
Foreign Orders add 10"-for AIRMAIL Postage. 

- - - MONEY-BACK GUARANTEE - - -

MOVIE NEWSREELS, SA3 

Box 2589, Hollywood, Calif. 90028 
o Enclosed find $ _____ send following 

o Enclosed $ For Apollo 11 - Gemini 4 
Videotape, my Player/Recorder is ____ _ 

Name, ______________ _ 

Address, _____________ _ 

City, State, Zip, ___________ _ 

BY EDWIN SCHLOSSBERG/ 
JOHN BROCKMAN 

$12.95 hardcover, 
$5.95 oversize paperback 

St. Martin's Press 
175 Fifth Avenue, New York 10010 

VIDEOTAPE 
CASSETTE! 

Now available: One Hour Videotape 

Cassette of APOLLO 11 Flight, 

and GEMINI 4 Spacewalk-BOTH 

ON ONE VIDEOTAPE. See them on 

your own Betamax, RCA, Zenith, 

JVC or any of the Video Player / 

Recorders now on the market. 

APOLLO 11 and GEMINI 4 - ON 
ONE 1 Hour Tape 

Only $60 Postpaid 
Give Name and Model No. of Your Video Player/ 

Recorder when ordering. Please Use Coupon. 

"FOOTPRINTS ON 
THE MOON" 

Spectacular Hard Cover Book By The Associated 
Press. 215 Pages, Includes 142 Full Color Photo· 
graphs Of U.S. Astronauts, Russian Cosmonauts, 
Rockets, Space Hardware, etc. Many Photos Taken 
In Space And On The Moon. Complete Accounts By 
AP Of Major Space Flights. 

OUT OF PRINT! 
COLLECTOR'S ITEM! 

Originally $10 - While They Last! 

$7.95 POSTPAID 
. MOVIE NEWSREELS 6269 Selma, Box 2589 

Hollywood, California 90028 
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VVhat your home could 
have in common with the Met, 

the Tate, and the Louvre. 
Beautiful, original works by artists 

who are represented in the world's 
great museums and galleries can be 
yours for very reasonable prices. 

We offer original etchings, litho­
graphs and serigraphs signed by 
Calder, Chagall, Dali, Delacroix, 
Renoir and other important artists. 

(Gatja H. Rothe's dramatic mezzo-

tint engraving, The Way Out is just 
one of the many fine prints we've 
recently made available.) 

Our expert advice and full money­
back guarantee are your assurances 
that the art you buy will have lasting 
value and beauty. 

Send for our colorful, descriptive 
brochure, without . ion. 

Original print �� 9fOUP, Ltd. {' 
120 EaSl 16th SHeet. Dept. SA 10. New York. N Y 10022 
[' PLEASE SEND ME YOUR FREE COLOR BROCHURE 

Name 

Address 

Slate Zip 

© 1978 Original print collectors group. Ltd. 

_� ______________________________ J 

SPACE 
AGE 
REVIEW 

A comprehensive, pioneering 
look at man in space. SAR 
analyses the lat est develop­
ments in the exploration, habi­
tation and humanization of the 
high frontier. 

In the February (Pisces) and 
March (Aries) Issues: 

* Low Cost to Orbit -The Key to 
Space Tourism 

* Space Settlements-The Planning 
of the Heavenly City 

* Connecting with the Cosmos­
Search for Extraterrestrial 
Intelligence 

* T he Planet in Revolution -A 
Chronology of Major Space Events 

Published monthly on the 21st. 
Subscriptions: $lO.oo/yr. (U.S.), $13.50 
(Canada & Mexico), $18.50 (Overseas). 
$1.00 (Newsstand), $1.50 (Back Issue). 

Please start m�subscription with the 
Jan 0 Feb 0 March 0 Issue 
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Space Age Review 
378 Cambridge Avenue 
Palo Alto, California 94306 
(415) 325-4755 

�_' � PUBLICATIONS 
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� 

World Statistics in Brief (2nd Edition) 
Sales No. E.77.XVII.15 $ 3.95 

Yearbook of the United Nations 1974 
Sales No. E.76.1.1 Cloth $35.00 

Demographic Yearbook 1975 
Sales No. E/F76.XIII.1 Cloth $42.00 

Yearbook of National Account 
Statistics 1975 
Sales No. E.76.XVII.2 

(3 vols not sold separately) $60.00 

The United Nations Disarmament 
Yearbook 
Sales No. E.77.IX.2 $1 5.00 

United Nations Juridical Yearbook 
1975 
Sales No. E.77.V.3 $1 3.00 

UNITED NATIONS PUBLICATIONS 
Room A-3315 
New York. N.Y. 10017 

or 
UNITED NATIONS PUBLICATIONS 
Palais des Nations 
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the observer turned it off and I record­
ed the response time. For each setting 
of the polarizing filters I took at least 50 
measurements and then plotted their 
mean and their standard deviation. Such 
an average response time includes any 
visual latency and also the larger motor­
response time of the observer. I tried to 
turn on the diode light randomly so that 
the observer could not anticipate the 
event. Particularly large or small re­
sponse times that occasionally resulted 
from neglect or anticipation by the ob· 
server were eliminated from the data. 

One problem you may encounter is to 
find an observer sufficiently interested in 
the experiment to concentrate continu­
ously on the diode. The experiment is 
tiring, and a lack of interest could in­
crease the standard deviations consider­
ably. I took data for observers in a dark 
room, first allowing at least 10 minutes 
for their eyes to adapt to the darkness. 
All data for an observer were taken at a 
single sitting. Mixing data taken on dif­
ferent days would probably complicate 
the experiment because of the possible 
daily changes in motor-response times. 

A plot of the data on a semilog graph 
is shown in the top illustration on page 
148. If the motor-response times were 
eliminated from the experiment, the re­
maining visual-response times would 
presumably follow this same type of 
curve, but at shorter time intervals .  In 
other words. the visual latency would 
increase as the illumination of the stim­
ulus decreased; the rise would be sharp­
er at low levels of illumination. 

I also collected data when the room 
lights were on. Some researchers have 
found that the visual latency decreases 
when the overall illumination surround­
ing the stimulus increases. Within the 
standard deviations in my data, howev­
er, I could find no significant difference 
in an observer's response curve with the 
room lights on and with them off. 

When one of my observers stared at 
the diode, the image of the diode fell on 
the fovea, which has a dense packing of 
cone cells but no rod cells. Some pub­
lished research indicates that the visual 
latency may be different if the image of 
the stimulus falls elsewhere, partly be­
cause the visual response would then 
involve rods. You can search for this 
effect by having the observer stare at 
a small object displaced to the side of 
the diode. 

To check this possible change in visu­
al response I first redetermined the re­
sponse curve for Bruce Firtha (left eye 
only) in a semidark room. His right eye 
was covered with a cardboard patch. 
Firtha stared directly at the diode as be­
fore. The resulting curve was essential­
ly the same as the previous one. Then 
I repeated the experiment with Firtha 
staring at a small dot three centimeters 
to the side of the diode. The diode was 
otherwise surrounded by a featureless 
cardboard background. This procedure 
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made the image of the diode fall about 
four degrees off the center of the fovea 
and thus in a region that has some rods. 
The response curve was the same for the 
higher illumination levels but then in­
creased significantly for lower levels. 

Such an increase suggests that in con­
ditions of low illumination the visual la­
tency increases faster in retinal areas 
outside the fovea than directly in the 
center of the fovea. Vision in bright light 
is termed photopic and is dominated by 
cone response. Vision in dim light is 
termed scotopic and is dominated by 
rod response. The results suggest that 
the scotopic vision away from the center 
of the fovea incorporates more visual 
latency than it does in the center of the 
fovea because of the greater abundance 
of rods. 

You can do much other work on visu­
al latencies. either with this type of ap­
paratus or with some other type. How 
does the response curve change as a 
function of angular distance from the 
center of the fovea? Is the response 
when the stimulus is moved toward the 
nose different from the response when it 
is moved away from the nose? You 
could try to map response curves for the 
area surrounding the fovea. If more 
work indicates that the rod-free center 
of the fovea has a response curve differ­
ent from the curves of other retinal ar­
eas. you might draw tentative conclu­
sions about the visual latency of the rods 
as distinguished from that of the cones. 

You might also try stimulus targets of 
different sizes. A small target viewed di­
rectly stimulates only the center of the 
fovea. whereas a larger target stimulates 
a larger portion of the retina and thus 
could invoke responses from rods. The 
visual response in such a case is a sum­
mation over the entire retinal area that is 
stimulated. 

I am not sure how the response curves 
should look as a function of the room 
lights. Although I did not find any 
change in the response curve by turning 
on the room lights (for as much as I 
measured. at least). you might try to re­
peat the experiment. You could also il­
luminate the eyes directly with a small 
light instead of illuminating the diode 
stimulus and its surroundings. As the 
eyes adapt to a higher illumination lev­
el. do they respond noticeably faster. 
corresponding to my findings in the pen­
dulum illusion? 

Remember that in any experiment 
you must collect a lot of data. average 
the results and then compare the means 
by examining the standard deviations. 
Two means that have been collected 
under different circumstances and that 
fall within one standard deviation of 
each other are normally regarded as 
being indistinguishable. 

Visual latency can affect your percep­
tion of passing scenery while you are 
riding in a car if you watch the roadside 
with a pair of sunglasses from which one 
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Reception Syste m .  I ts High -Pe rformance. Min­
ia ture 2" diagonal screen gives you an e xception­
ally sharp, b rill iant  picture of incredible detail . 
At a distance of 1 foot, the picture is of equivalent 
size and brilliance to that of compact portables 
at a distance of 6 feet, or to that of 25" models at 
12 feet! The B ui l t -In Loudspeaker gives  superb 
sound also . 

As In The Finest Cameras and Watches, Quality 
Performance Is As Important As Size. The 
"Micro Vision" has a uniquely h igh specification . 
VHF and UHF Tuners are as sensi t ive as they 
can be . . .  Dela yed A u tomatic Gain Control . . .  
Continuous Tuning . . .  A u tomatic Fre q uency 
Con trol . . .  Features  Seldom Found in the most  
expensive b/w se t s '  

Important Technical Specifications ( P l e a s e  
Read ) :  • Rugged Construction Includes To ugh ,  
Steel Case.  Sol id-State C i rcuitry Throughout 
• Picture Tube is Carefully Protected and Snugly 
Embedded - Safe & Strong (Perfectly Safe In 
The Mail or Packed In  A Suitcase ) . 12 Month 
Manufacturer 's Replacement or Repair Warranty 
- Fast. Efficient U .5 .  Service Faci l i ty . Push ­
B u tton Selection For US, UK . or European Trans­
missions . Push -B u tton UHF /VHF . Separate 
Brightness. Contrast.  Line -Hold and Frame-Hold 
Con trols . Vision is  High Linearity . Delayed 
AGC . AFC • Bui l t -I n ,  Powerful Signal Aerials 
(telescopic for VHF. Loop for UHF) . Power : 
Inc ludes  4 Standard B a t te r i e s .  R e c h a rgeable 
Bat teries,  12V Car Battery Converter Plug, AC 
A d a p t o r  / R e c h a r g e r  • C a r r y i n g  C a se & E a r ­
p h o n e . 

Call Toll-Free : 1 -800-528-6050 Ext. 

1041. Ariz .  Res . Call  Collect 602-955-
9710.  
- - - - - - - - - - - - - ­
T w o  Week T r i a l  O r d e r  F o rm (Please a l l o w  4 weeks 
f o r  d e l i veries ) P l e a se ship __ S i n c l a i r  M i c r o ­
V i s i o n  Te l e v i s i o n  Rece i v e r ( s )  pl u s  a l l  accessories @ 
$395 ( p l u s  $5 s h i p p i ng a n d  i n s u r a n c e )  e a c h . If not 
Sa t isf ied I m a y  r e t u r n  i t  within two weeks of  rec e i p t  
f o r  a n  i m m e d i a t e  refund . 

o C heck or M . 0 .  E ncl osed (C a l i f . Res . A d d  6% 
S a l e s  T a x )  

D C h a rge M y  C re d i t  C a r d  N u m b e r :  
D B a n kA m e r i c a rd/Visa D M a s t e r  C h a rge 

( I n te r b a n k  #--- J 
D A m e r i c a n  E x p ress D D i n e r s  C l u b  
D C a rte B l a nc h e  

C re d i t  C a rd # ______ E x p .  ___ _ 

N a m e  ______________ _ 

A d d ress _____________ _ 

C i t y / S t a t e / Z i p  __________ _ 

S i g n a t u re ____________ _ 

Sfa" hlne G,.Up. 
Dep t .  244, 924 Anacapa Stree t ,  Santa 
Barbara, CA 93101 

, Starshine. Inc. 1977 
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LE T THEM GROW WITH A QUESTAR 
A child's wonder at the world about him can hold a promise, for many 
a scientist can remember that his present preoccupation with the uni­
verse began with an intense curiosity early in l ife .  

Such a child will learn to master many tools, and the telescope, that 
prime tool of science, should be the first.  A flawless tool is an exten­
sion 9f the mind and hand, and a fine telescope should combine such 
mechanical and optical perfection that it can serve for a lifetime and 
never become a frustration whatever the critical job at hand. Questar, 
the very finest, is such a tool and its lovely versatility adds an extra 
dimension to many fields : astronomy, of course, but also to disciplines 
that are terrestrial in nature. Whether  it will be used for research, or 
simply for the pure enjoyment of  natural phenomenon, even indoors, 
perhaps, where its high powers can focus on the web-spinning of a 
house spider at a distance of ten feet,  it is a gift for ever. And its easy 
portability can take it wherever one travels. 

What other tool could you buy a child that not only would enchant 
and amuse him in his early awakening, but would continue to serve 
him all his l ife ? 

The Sta1ldard Questar with its beautiful star 
�hart is showt, ab ove; at right is the Duplex 
m the leath er carryit'g Case which complements 
b oth models. 

Q U E ST A R ,  T H E  W O R L D ' S  F I N E S T ,  M O S T  V E R S AT I L E  

T E L E S CO P E  I S  P R I C E D  F R O M  $980.  S E N D  F O R  O U R  
N E W  B O O K L E T  I N  F U L L  COLOR W I T H  PHOTOG R A P H S  
BY Q U E S T A R  U W N E R S .  5 1  C O V E R S  M A I L I N G  O N  T H I S  

C O N T I N E N T ;  BY A I R, T O  S O U T H  AM E R I C A, $3 .00; 
E U R O P E  AND N O R T H  A F R I C A ,  $3.50, E L S E W H E R E ,  $4. 

Q U IE §. TAIR 
Bo< 20G. New Hd!>e. PA 1 89 3 8  
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glass has been removed. Fix your view 
on distant objects. first to one side of the 
car and then to the other. At the same 
time compare the speeds at which fore­
ground objects seem to pass you on the 
two sides. If your left eye is covered with 
the dark glass. the objects on the left 
seem to pass slower than those on the 
right. If you judge the speed of the car 
by watching the passing scenery . your 
left-hand view indicates that the car is 
moving slower than it actually is. On 
your right side the car seems to be mov­
ing faster than it actually is. 

The procedure also alters the sizes 
and distances of foreground objects. 
The objects on the side of the car that 
gives a sensation of decreased speed 
tend to seem closer and smaller than 
they really are. The objects on the other 
side seem farther away and larger than 
they actually are. 

These distortions of speed. distance 
and size are produced by the visual la­
tency caused by the dark filter over one 
eye. That eye sends a delayed response 
to the brain. As with the pendulum illu­
sion. the delayed response alters the an­
gle between a foreground object and the 
reference background object. If your 
left eye is covered and you look to the 
right. the angle between the foreground 
object and the reference object is in­
creased because of the delay. The in­
crease is interpreted as meaning that the 
foreground object is farther away than it 
actually is. If the object is regarded as 
being more distant but it still occupies 
the same angular size in your field of 
view. you are forced to conclude that it 
is larger than it really is. Similarly .  if 
you judge it to be more distant but it still 
crosses your field of view at the same 
rate (that is. in a given amount of time it 
crosses a particular angle in your field of 
view regardless of how far away you 
judge it to be). you are forced to con­
clude that it is traveling faster than it 
actually is. The visual latency alters 
your perception of the object's  depth. 
and you in turn misjudge its size and 
speed past you. 

The distortions of speed, distance and 
size can be demonstrated to a small au­
dience by employing a motion picture 
made from a moving car. James T. En­
right of the University of California at 
San Diego suggests that the camera be 
aimed at some distant object to the side 
of the car while the car is traveling at 
about 10 miles per hour. A location that 
has such a distant object and also fore­
ground objects some 1 00 yards away 
will enhance the effect. Each observer in 
the audience wears sunglasses with one 
glass removed or holds some other dark 
filter in front of one eye. 

Writing in Journal 0/ the Franklin In­
stitute in 1940. Ronald rves noted that 
at dusk the streetlights at intersections 
seemed to go on slightly sooner than the 
ones between intersections. Moreover. 
the second group seemed to go on in 
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sequence down the street and away from 
the observer. Assuming that all the 
streetlights were in the same circuit, the 
effect had to be an illusion. 

The effect was due to the visual laten­
cy I have been describing. There were 
more lights at the intersections than at 
any point between intersections, and so 
the observer received more light from 
the intersections. The visual latency for 
a bright stimulus is less than that for a 
dim one. Although all the lights went on 
simultaneously, the ones at intersections 
were perceived first because of the re­
duced visual latency from the stimulus. 
The lights along the street seemed to go 
on one by one, the remoter ones later, 
because their increasingly dim stimulus 
resulted in increased visual latency. 

Can the visual latency resulting from 
sunglasses significantly affect your reac­
tion time when responding to a hazard? 
It might. Suppose your sunglasses are 
dark enough to add 100 milliseconds to 
your response time (an extreme case). If 
you were driving at a speed of 55 miles 
per hour (about 25 meters per second), 
the increased response time would mean 
an additional stopping distance of about 
2 . 5  meters. 

Di5tant ref e re-nee objed 
f'{) ....c:::::::.r"",- _ 

Apparent posit ion 
of man 

\ 

l(' 

Appare.nt speed 
past observer 

(, 
U �> \\ 

True. sped 
of foreq round 
ob j ec.t past 
obse.rve.r 

Delayed \ True \ 
pos ition \ pos i t ion' \ 

\ \ 

YB_\o Observer's motion 
Distortio1ls seen by a movi 1Ig observer 

Whatever the problem . 
Locomotive wheels 
Wood veneers 
Septic tanks 
Solar energy 

can make all the difference· in the world 
A Georgetown , Texas family 

business grew from an eight· man 
operation into a 6 2 - person company 
with information from NTIS on the 
technology of septic tank m anu­
facturing . 

A manufacturer in Quito , Ecuador 
expanded his plant and operations to 
produce improved wood veneers and 
particle board from sawdust with 
methods learned from NTIS reports .  

There is no problem too tough , no 
question tC?D simple for NTIS - the 
only consolidated source for U . S .  
government sponsored research 
reports. With over one million 
publications available ( and never · out· 
of. print) NTIS puts a vast selection of 

inform ation at your fingertips. And 
this information is kept up-to- date -
with over 7 0 , 000 new reports added 
every yearl 

There are many ways you can take 
advantage of NTIS services : send for 
specific reports ; subscribe to weekly 
newsletters ; order on- line searches 
and more. 

NTIS not only expands your 
horizons through appropriate 
technology - it also offers alternative 
technology helping you choose the 
best methods from all  the possibilities 
available. 

Discover some of the important 
ways NTIS can help solve your 
problems - send for your free catalog 
or phone today! 

FREE NTIS Catalog 
Call 202/724-3509 
for fast service or 
mail the coupon now 

r NTiS,"u-:s. fup;;;;':;n;;£ C:m-:e;7.;,
- - - - - - - - - ,  

I Suite 620, Dept : PR- 1 54-78 A3 I I 425 13th Street, N.W., Washington, D.C. 20004 I 
II I YES, please send me the NTIS Information Services Catalog at no cost 
I or obligation . I 
I �� I 
I M� I ; City State __ Zip ___ I 

L�t� _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 
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Why all the interest in using high-strength, 
low-alloy (HSLA) steel in the automobile? To help 
cut weight and thus conserve fuel. 

Not that HSLA steel is lighter than other 
steels. It's not. But it can do an equivalent job in a 
thinner gauge. 

Until recently, however, HSLA steel was 
limited in use to 
simple shapes be-
cause of its poor rn 

ductility, or forma- � 600 
bility. A discovery � 
by our metallur - g> 

gists here at the � 400 

General Motors !!i 
Research Labora- � 200 
tories changed all tii 
that. They found 
that contrary to 
traditional belief, 
ductility can be 

o 

/ " 
SAE980X GM980X I 

I 

I-" 

o 

---I- --....... 

JLAIN CrBON rEEL 

10 20 30 
DUCTILITY (% strain) 

greatly increased without sacrificing strength. 

How? By heat treating. The treatment is 
applied to commercial SAE 980X steel. It im­
proves ductility as much as 50% by dissolving 
brittle carbide particles in the microstructure and 
then introducing a strong but ductile second phase 
(martensite) through controlled cooling. 

Result #1 was a new steel called GM 980X. 
Although weakened by annealing, which enables 
it to form into complex shapes, it recoups its high 
strength during forming. 

Significantly, steel companies can employ 
our heat treatment with their existing annealing 
facilities to make this more ductile HSLA steel. 
And they are now doing so. 

Result #2: GM 980X is already being used to 
stamp lighter weight parts for production and pro­
totype automobiles. 

Result #3: T he research behind GM 980X 

has stirred considerable activity in the steel in­
dustry, at universities, and in independent 
laboratories throughout the world to develop 
additional HSLA steels having better strength­
ductility properties. 

All in all, just part of GM's continuing effort 
to help America meet the growing energy 
challenge. 

Putting the 
heat on high­
strength steel 
to make it 
shilpeup_ 

General Motors 
Research Laboratories 
Warren, Michigan 48090 
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At the Indian hospital in Sells, Arizona, 
Papago Indian Peter Ruiz checks the 
quality of the TV signal coming in from 
a mobile health van miles away. He's 
watching the screen of a TEKTRONIX 
waveform monitor in the STARPAHC* 

communications console. The TEK­
TRON IX automatic video corrector, 
just above the waveform monitor, auto­
matically corrects distortions in both 
color and blaCk and white signals, free­
ing Peter to concentrate on the other 

communication channels. 

Small, isolated villages, in an area of 
the Sonora Desert roughly the size of 
Connecticut, regularly receive mobile 
h e a l th v a n  v i s i t s. T w o- w a y  v ide o ,  

"Getting health care to people in remote areas 
is a worldwide problem that telecommunications is 
helping to solve - whether the people are astronauts in 
space or Papago Indians on the Sonora Desert:' 

Norman Belasco, Project Officer, STARPAHC* 
NASA's Lyndon B. Johnson Space Center, Houston, Texas 

At NASA, Norman Belasco explains 
that one of NASA's early telemedicine 
projects involved the development of 
systems that would support biomedi­
cal research and provide c:linical 
health care capabilities for long-dur­
ation, manned space flights. 

"The STARPAHC* project originated 
when NASA was asked by the Presi­
dent's Domestic Council to examine 
ten pressing national problems - and 
one of them turned out to be the de­
livery of health care to remote areas." 

The resulting program involved the co­
operation of NASA, HEW and its Indian 
Health Service, and the Papago In­
dian Tribe. Lockheed Missiles and 
Space Company, Inc , was selected 
to assemble the system and support 
the field operations. 

One of the requirements of NASA's 
remote-health-care program was that 
commercially available, off-the-shelf 
equipment - or as much as possible 
- be used in the project. That's how 
Tektronix became involved. 

The communications industry uses a 
wide range of Tektronix electronic 
instrumentation. This includes sophis­
ticated television broadcast equip­
ment, which has found many uses be­
yond the commercial television broad­
cast industry. Noncommercial uses 
are as varied as NASA Control's ela­
borate system that enabled us to see 
man take his first step on the moon 
- to the production of video tapes 
that record what a physician sees 
through a bronchoscope. 

. Space Technology Applied to Rural Papago Advanced Health Care 

The TV broadcasting industry around the 
world looks to Tektronix for instruments 
that help to maintain the quality of tele­
vision transmission from the camera to 
the home receiver. The Grass Val ley 
Group, a wholly owned Tektronix subsidi­
ary located in California, is especially 
well known for its production and routing 
switchers, which are used in program 
editing and for special effects, such as 
the split screens, inserts, and montages 
often seen in applications such as sports 
programming. 
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voice, and data signals are transmit­
ted from the van to a mountain-top, 
microwave relay station that is aligned 
with the Sells hospital and a fixed, re­
mote clinic at Santa Rosa. Sells has 
telephone tie lines to consultant and 
referral centers in Phoenix and Tuc­
son, and to a computerized patient­
record file in Albuquerque. 

What the engineer sees. The TV cam­
era transforms images into complex 
analog signals. Special test signals, 
not visible on a home TV set, are sent 
along with the television signal. At 
each step in the broadcast chain, 
engineers use these test signals to 
evaluate picture-signal quality. 

For example, in the STARPAHC sys­
tem, color intensity and hue are con­
trolled by the insertion of a relatively 
new signal called a VIR (vertical inter­
val reference). The insertion is accom­
plished with a TEKTRONIX signal gen­
erator just after the camera picks up 
the image. 

Then a TEKTRONIX Automatic Video 
Corrector samples the VIR signal and 
automatically adjusts both color and 
black and white values before the 
picture is transmitted to the doctor's 
(or home viewer's) receiver. The en­
gineer can check the color signal on 
the TEKTR O NIX waveform monitor 
periodically to be sure that the picture 
being transmitted is the same as the 
picture at the source. 

Many other Tektronix products are 
used throughout the TV industry. Pic­
ture Monitors. Vectorscopes. Demod­
ulators. Analog-to-Digital Converters. 
Spectrum Analyzer.s. Digital Photom­
eters. And oscilloscopes for system 

Inside the mobile van Medic Ken Tio­
kasin examines patient Alfred Pablo, 
while a doctor at the physician's con­
sole miles away in Sells conducts a 
two-way video and voice consultation. 
The physician can remotely control 
the TV cameras on the mobile unit and 
at the Santa Rosa clinic - zoom in 
on a patient's problem, read x-rays, 

examine color specimen slides under 
a microscope, receive an ECG read­
out, and send or receive pertinent 
health-record data. Now, with com­
munication satellite technology, it will 
be possible for physicians to hold 
two-way visual consultations with col­
leagues and patients anywhere in the 
world. 

servicing (including the computer in 
the STARPAHC system). 

But TV is only part of the picture. 

Tektronix serves the total communica­
tions industry. For example, when we 
s a w  t h a t  t h e  t e l e p h o n e  in d u s t r y  
needed a faster and more precise way 
to find cable faults, Tektronix engi­
neers solved the problem with a Cable 
Tester. We work to anticipate the 
needs of people working with every­
thing from CB radios to communica­
tion satellites .. 

A half billion dollars in sales. 
Tektronix' diversified products are 
used in many industries worldwide. 

Progressive managers are using TEK­
TRONIX computer graphics to solve 
problems in areas as diverse as inter­
national monetary exchange to the 
mapping of subterranean oil and coal 
deposits. Almost everywhere comput­
ers are found, TEKTRONIX portable 
oscilloscopes and other service instru­
ments help to maintain them. Quantity 
buyers and suppliers of integrated cir­
cuits use TEKTRONIX IC Test Systems 
to help develop, select, and maintain 
quality control of "chips" for their 
products. 

Foundries save energy and man-hours 
with TEKTRONIX digital ultrasonic test-

ing systems. Almost every R&D lab 
uses TEKTRONIX high-performance 
oscilloscopes to test, measure, and in­
terpret electrical phenomena. Hos­
pitals improve patient care with TEK­
TRONIX physiological monitors. 

And now in microelectronics, TEK­
TRONIX logic analyzers and Micro­
processor Labs give engineers an 
edge in designing new products that 
promise to revolutionize our business 
and personal lives. 

These are just a few of the more than 
800 Tektronix products that serve the 
test, measurement, and information 
display needs of thousands of custom­
ers, worldwide. 

We'll gladly send you information 
about our products, or a copy of our 
annual report. Write to the Marketing 
Communications Department, 
76-260, Tektronix, Inc., P. O. Box 500, 
Beaverton, Oregon 97077. 

By phone-call 503-644-0161. 
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If you like Scotch, you'll love light delicate. Not smoky tasting like Scotch. 
Jameson Irish-and what better day The dedicated Scotch Whiskey drinker 
to try it than St. Patrick's. will instantly appreciate this flavor 

Try a glass of}ameson Irish the way difference. 
you would your favorite Scotch. Though it may take a little time 

You'll notice how much it tastes like getting used to saying, "Jameson Irish on 
fine Scotch-only lighter and more the rocks, please:' 

Jameson. World's largest"selling Irish Whiskey. 

80 & 86 PROOF· CALVERT DI5T. CO., N.Y.C. 
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