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This is not a physics textbook. Rather, it is a physics
reader, a collection of some of the best articles and
book passages on physics. A few are on historic events
in science, others contain some particularly memorable
description of what physicists do; still others dea! with
philosophy of science, or with the impact of scientific
thought on the imagination of the artist.

There are old and new classics, and also some little-
known publications; many have been suggested for in-
clusion because some teacher or physicist remembered
an article with particular fondness. The majority of
articles is not drawn from scientific papers of historic
importance themselves, because material from many of
these is readily available, either as quotations in the
Project Physics text or in special collections.

This collection is mzant for your browsing. If you follow
your own reading interests, chances are good that you
will find here many pages that convey the joy these
authors have in their work and the excitement of their
ideas. If you want to follow up on interesting excerpts,
the source list at the end of the reader will guide you
for further reading.
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The Value of Science

Richard P. Feynman

1958

From time to time, people suggest to me that scientists ought
to give more consideration to social problems—especially that
they should be more responsible in considering the impact of
science upon srciety. This same suggestion must be made to
many other scientists, and it seems to be generally believed that
if the scientists would only look at these very difficult social
problems and not spend so much time fooling with the less vital
scientific ones, great success would come of it.

It seems to me that we do think about these problems
from time to time, but we don’t put full-time effort into them—
the reason being that we know we don’t have any magic for-
mula for solving problems, that social problems are very much
harder than scientific ones, and that we usually don’t get any-
where when we do think about them.

I believe that a scientist looking at nonscientific problems is
just as dumb as the next guy—and when he talks about a non-
scientific matter, he will sound as naive as anyone untiained in
the matter. Since the question of the value of science is not a
scientific subject, this discussion is dedicated to proving my
point—by example.

The first way in which science is of value is familiar to every-




one. It is that scientific knowledge enables us to do all kinds
of things and to make all kinds of things. Of course if we make
good things, it is not only to the credit of science; it is also to
the credit of the moral choice which led us to good work. Sci-
entific knewledge is an enabling power to do either good or
bad—but it does not carry instructions on how to use it. Such
power has evident value—even though the power may be negated
by what one does.

I learned a way of expressing this common human problem
on a trip to Honolulu. In a Buddhist temple there, the man in
charge explained a little bit about the Buddhist religion for
tourists, and then ended his talk by telling them he had some-
thing to say to them that they would never forget—and 1 have
never forgotten it. It was a proverb of the Buddhist religion:

“To every man is given the key to the gates of heaven; the
same key opens the gates of hell.”

What then, is the value of the key to heaven? It is true that
if we lack clear irstructions that determine which is the gate to
heaven and which the gate to hell, the key may be a dangerous
object to use, but it obviously has value. How can we enter
heaven without it?

The instructions, also, would be of no value without the key.
So it is evident that, in spite of the fact that science could
produce enormous horror in the world, it is of value because it
can produce something.

Another value of science is the fun called intellectual enjoy-
ment which some people get from reading and learning and
thinking about it, and which others get from working in it. This
is a very real and important point and one which is not con-
sidered enough by those who tell us jt is our social responsi-
bility to reflect on the impact of science on society,

Is this mere personal enjoyment of value to society as a
whole? Nol But it is also a responsibility to consider the value
of society itself. Is it, in the last analysis, to arrange things so
that people can enjoy things? If so, the enjoyment of science is
as important as anything else. -

But I would like not to underestimate the value of the world




The Value of Science

view which is the result of scientific effort. We have been led
to imagine all sorts of things infinitcly more marvelous than
the imaginings of poets and dreamers of the past. It shows that
the imagination of nature is far, far greater than the imagination
of man. For instance, how much more remarkable it is for us
all to be stuck—half of us upside down—by a mysterious attrac-
tion, to a spinning ball that has been swinging in space for bil-
lions of years, than to be carried on the back of an elephant
supported on a tortoise swimming in a bottomless sea.

I have thought about these things so many times alone that
I hope you will excuse me if I remind you of some thoughts
that I am sure you have all had—or this type of thought—which
no one could ever have had in the past, because people then
didn’t have the information we have about the world today.

For instance, I stand at ihe seashore, alone, and start to think.
There are the rushing waves . . . mountains of molecules, each
stupidly ninding its own business . . . trillions apart .. . yet
forming white surf in unison.

Ages on ages . . . before any eyes could see . . . year after
year . . . thunderously pounding the shore as now. For whom,
for what? . . . on a dead planet, with no life to entertain.

Never at rest . . . tortured by energy . . . wasted prodigiously
by the sun . . . poured into space. A mite makes the sea roar.

Deep in the sea, all molecules repeat the patterns of one
another till complex new ones are formed. They make others
like themselves . . . and a new dance starts.

Growing in size and complexity . . . living things, masses
of atoms, DNA, protein . . . dancing a pattern ever more intricate.

Out of the cradle onto the dry land . . . here it is standing

. . . atoms with consciousness . . . matter with curiosity.
Stands at the sea . .. wonders at wondering . . . I . .. a uni-
verse f atoms . . . an atom in the universe.

THE GRAND ADVENTURE

The same thrill, the same awe and mystery, come again
and again when we look at any problem deeply enough. With
more knowledge comes deeper, more wonderful raystery, luring




one on to penetrate deeper still. Never concerned that the an-
swer may prove disappointing, but with pleasure and confidence
we turn over each new stone to find unimagined strangeness
leading on to more wonderful questions and mysteries—certainly
a grand adventure!

It is true that few unscientific peop.z have this particular
type of religious experience. Our poets do not write about it;
our artists do not try to portray this remarkable thing. I don’t
know why. Is nobody inspired by our present picture of the
universe? The value of science remains unsung by singers, so
you are reduced to hearing—not a song or a poem, but an eve-
ning lecture about it. This is not yet a scientific age.

Perhaps one of the reasons is that you have to know how to
read the music. For instance, the scientific article says, perhaps,
something like this: “The radioactive phosphorus content of
the cerebrum of the rat decreases to one-half in a period of
two weeks.” Now, what does that mean?

It means that phosphorus that is in the brain of a rat (and
also in mine, and yours) is not the same phosphorus as it was
two weeks ago, but that all of the atoms that are in the brain
are being replaced, and the ones that were there before have
gone away.

So what is this mind, what are these atoms with conscious-
ness? Last week’s potatoes! That is what now can remember
what was going on in my mind a year ago—a mind which has
long ago been replaced.

That is what it means when one discovers how long it takes
for the atoms of the brain to be replaced by other atoms, to
note that the thing which I call my individuality is only a pat-
temn or dance. The atoms come into my brain, dance a dance,
then go out; always new atoms but always doing the same
dance, remembering what the dance was yesterday.

THE REMARKABLE IDEA

When we read about this in the newspaper, it says, “The
scientist says that this discovery may have importance in the
cure of cancer.” The paper is only interested in the use of the
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idea, not the idea itself. Hardly anyone can understand the
importance of an idea, it is so remarkable. Except that, possibly,
some children catch on. And when a child catches on to an
idea like that, we have a scientist. These ideas do filter down (in
spite of all the conversation about TV replacing thinking), and
lots of kids get the spirit—~and when they have the spirit you
have a scientist. It’s too late for them to get the spirit when they
are in our universities, so we must attempt to explain thesc ideas
to children,

I would now like to turn to a third value that science has.
It is a little more indirect, but uot much. The scientist has a
lot of experience with ignorance and doubt and uncertainty,
and this expcrience is of very great importance, 1 think. When
a scientist doesnt know the answer to a problem, he is ig-
norant. When he has a hunch as to what the result is, he is
uncertain. And when he is pretty dam sure of what the result
is going to be, he is in some doubt. We have found it of para-
mount importance that in order to progress we must recog-
nize the ignorance and leave room for doubt. Scientific knowl-
edgie is a body of statements of varying degrees of certamty—
fome most unsure, some nearly sure, none absolutely certain,

Now, we scientists are used to this, and we take it for granted
that it is perfectly consistent to be unsure—that it s possible
to live and 1.0t know. But I don’t know whether everyone real-
izes that this is true. Our freedom to doubt was bom of a
struggle against authority in the early days of science. It was a
very deep and strong struggle. Permit us to question—to doubt,
that’s all—not to be sure. And I think it is important that we
do not forget the imnortance of this struggle and thus perhaps
lose what we have gained. Here lies a responsibility to society.

We are all sad when we think of the wondrous potentialities
human beings seem to have, as contrasted with their small ac-
compiishments. Again and again people have thought that we
could do much better. They of the past saw in the nightmare
of their times a dream for the future. We, of their future, see
that their dreams, in certain ways surpassed, have in many ways
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remained dreams. The hopes for the future today are, in good
share, thoss of yesterday.

EDUCATION, FOR GOOD AND EVIL

Once some thought that the possibilities people had were
not developed becausz most of those people were ignorant.
With education universal, could all men be Voltaires? Bad can
be taught at least as efficiently as good. Education is a strong
force, but for either good or evil.

Communications between nations must promote understand-
ing: so went another dream. But the machines of communication
can be channeled or choked. What is communicated can be
truth or lie. Communication is a strong force also, but for
either good or bad.

The applied sciences should free men of material problems
at least. Medicine controls diseases. And the record here seems
all to the good. Yet there are men patiently working to create
great plagues and poisons. They are to be used in warfare to-
morrow.

Nearly everybody dislikes war. Our dream today is peace. In
peace, man can develop best the enormous possibilities he
seems to have. But maybe future men will find that peace, too,
can be good and bad. Perhaps peaceful men will drink out of
boredom. Then perhaps Arink will become the great problem
which seems to keep man from getting all he thinks he should
out of his abilities.

Clearly, peace is a great force, as is sobriety, as are material
power, communication, education, honesty and the ideals of
many dreamers.

We have more of these forces to control than did the ancients.
And maybe we are doing a little better than most of them
cov.d do. But what we ought to be able to do seems gigantic
compared with our confused accomplishments.

Why is this? Why can’t we conquer ourselves?

Because we find that even great forces and abilities do not
seem to carry with them clear instructions on how to use them.

4
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The Value of Science

As an example, the great accumulation of understanding as to
how the physical wc:ld behaves only convinces one that this
behavior seems to have 2 kind of ineaninglessness. The sciences
do not directly teach good and bad.
Through all ages men have tried to fathom the meaning of
life. They have realized that if some direction or meaning could
. be given to our actions, great human forces would be unleashed.
i So, very many answers must have been given to the question
of the meaning of it all. But they have been of all different
sorts, and the proponents of one answer have looked with horror
at the actions of the believers in another. Horror, because from
a disagreeing point of view all the great pctentialities of the
race were being channeled into a false and confining blind
alley. In fact. it is from the history of the enormous monstrosities
created by false belief that philosophers have realized the ap-
parently infinite and wondrous capacities of human beings. The
dream is to find the open channel.

What, then, is the meaning of it allP What can we say to
dispel the mystery of existence?

If we take everything into account, not only what the an-
cients knew, but all of what we know today that they didn’t
know, then I think that we must frankly admit that we do
not know.

But, in admitting this, we have probably found the open
channel. .

This is not a new idca;- this is the idea of the age of reason.
This is the philosophy that guided the men who made the
democracy that we live under. The idea that no one really knew
ho'# to run a government led to the idea that we should ar-
rarge a system by which new ideas could be developed, tried
out, tossed out, more new ideas brought in; a trial and error
system. This method was a result of the fact that science was
already showing itself to be a successful venture at the end
of the 18th century. Even then it was clear to socially-minded
people that the openness of the possibilities was an opportunity, .
and that doubt and discussion were essential to progress into
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the unknown. If we want to solve a problem that we have
never solved before, we must leave the door to the unknown
ajar.

OUR RESPONSIBILITY AS SCIENTISTS

We are at the very beginning of tuze for the human race.
It is not unreasonabie that we grapple with problems. There
are tens of thousands of years in the future. Qur responsibility
is to do what we can, learn what we cai, improve the solutions
and pass them on. It is our responsibility to leave the men of
the future a free hand. In the impetuous youth of humanity,
we can make grave errors that can stunt our growth for a long
time. This we will do if we say we have *he answers now, so

yo'ng and ignorant; if we suppress all discussion, all criticism,

saying, “This is it, boys, man is saved!” and thus doom man for
a long time to the chains of authority, confined to the limits
of our present imagination. It has been done so many times
before.

It is our responsibility as scientists, knowing the great prog-
ress and great value of a satisfactory philosophy of ignorance,
the great progress that is the fruit of freedom of thought, to
proclaim the value of tiis freedom, to teach how doubt is not
tc be feared but welcomed aad discussed, and to demand this
freedom as our dut; to all coming generations.

C:f
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Close Reasoning

Fred Hoyle

1957

It is curious in how great a degree human
progress depends on the individual. Humans, numbered in
thousands of millions, seem organised into an ant-like so-
ciety. Yet this is not so. New ideas, the impetus of all
development, come from individual people, not from cor-
porations or states. New ideas, fragile as spring flowers,
casily bruised by the tread of the multitude, may yet be
cherished by the solitary wanderer.

Among the vast host that experienced the coming of the
Cloud, none except Kingsley arrived at a coherent undes-
standing of its real nature, none except Kingsley gave the
reason for the visit of the Cloud to the solar system. His first
bald statement was greeted with outright disbelief even by
his fellow scientists—Alexandrov xcepted.

Weichart was frank in his opinion.

“The whole idea is quite ridiculous,” he said.

. Marlowe shook his head.

*“This comes of reading science fiction.”

“No bloody fiction about Cloud coming straight for
dam’ Sun. No bloody fiction about Cloud stopping. No
bloody fiction about ionisation,” growled Alexaadrov.

McNeil, the physician, was intrigued. The new develop-
ment was more in his line than transmitters and aerials.

“I'd like to know, Chris, what you mean in this context
by the word ‘alive.’”

“Well, Jolm, you know better than I do that the distinc-
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tion between animate and inanimate is more a matter of
verbal convenience than anything else. By and large, inani-
mate matter has a simple structure and comparatively
simple properties. Animate or living matter on the other
hand has a highly complicated structure and is capable of
very involved behaviour. When I said the Cloud may be
alive I meant that the material inside it may be organised
in an intricate fashion, so that its behaviour and conse.
quently the behaviour of the whole Cloud is far more
complex than we previously supposed.”

“Isn't there an element of tautology there'—from
Weichart.

“I said that words such as ‘animate’ and ‘inanimate’
are only verbal conveniences. If they’re pushed too far they
do appear tautological. In more scientific terms I expect the
chemistry of the interior of the Cloud to be extremely
complicated—complicated molecules, complicated structures
built out of molecules, complicated nervous activity. In
short I think the Cloud has a brain.”

“A dam’ straightforward conclusion,” nodded Alexan-
drov.

When the laugh had subsided, Marlowe turned to Kings-
ley.
“Well, Chris, we know what you mean, at any rate we
know near enough. Now let's have your argument. Take
your time. Let's have it point by point, and it'd better be
good.”

“Very well then, here goes. Point number one, the tem-
perature inside the Cloud is suited to the formation of
highly complicated molecules.”

“Right! First point to you. In fact, the temperature is
perhaps a little more favourable than it is here on the
Earth.”

“Second point, conditions are favourable to the forma-
tion of extensive structures built out of complicated mole-
cules.”

“Why should that be so?” asked Yvette Hedelfort.

“Adhesion on the surface of solid particles. The density
inside the Cloud is so high that quite large lumps of solid
material—probably mostly ordinary ice—are almost certainly
to be found inside it. I suggest that the complicated mole-
cules get together when they happen to stick to the surfaces
of these lumps.”
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“A very good point, Chris,” agreed Marlowe.

“Sorry, I don‘t pass this round.” McNeil was shaking
his head. “You talk of complicated molecules being built
up by sticking together on the surface of solid bodies. Well,
it won’t do. The molecules out of which living material is
made contain large stores of internal energy. Indeed, the
processes of life depend on this internal energy. The trou-
ble with our sticking together is that you don't get energy
into the n.olecules that way.”

Kingsley seemed unperturbed.

“And from what source do the molecules of living crea-
tures here on the Earth get their internal supplies of en-
ergy?” he asked McNeil.

“Plants get it from sunlight, and animals get it from
plants, or from other animals of course. So in the last
analysis the energy always comes from the Sun.”

“And where is the Cloud getting energy from nowr”

The tables were turned. And as neither McNeil nor any-
one else seemed disposed to argue, Kingsley went on:

“Let’s accept John’s argument. Let’s suppose that my
beast in the Cloud is built out of the same sort of molecules
that we are. Then the light from some star is required in
order that the molecules be formed. Well, of course star-
light is available far out in the space between the stars, but
it's very feeble. So to get a really strong supply of light the
beast would need to approach close to some star. And
that's just what the beast has done!”

Marlowe became excited.

“My God, that ties three things together, straight away.
The need for sunlight, number one. The Cloud making a
beeline for the Sum, number two. The Cloud stopping
when it reached the Sun, number three. Very good,
Chris.”

“It is a very good beginning, yes, but it leaves some
things obscure,” Yvette Hedelfort remarked. “I d> not
see,” she went on, “how it was that the Cloud came to be
out in space. If it has need of sunlight or starlight, surely it
would stay always around one star. Do you suppose that
this beast of yours has just been born somewhere out in
space and has now come to attach itselt to our Sun?”

“And while you're about it, Chris, will you explain how
your friend the beast controls its .upplies of energy? How
did it manage to fire off those blobs of gas with such

Close Reasoning
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fantastic speed when it was slowing down?” asked Leices-
ter.

“One question at a time! I'll take Harry's first, because
it's probably ecasier. We tried to explain the expulsion of
those blobs of gas in terms of magnetic ficlds, and the expla-
nation simply didn’t work. The trouble was that the re-
quired fields would be so intense that they'd simply burst
the whole Cloud apart. Stated somewhat differently, we
couldn’t find any way in which large quantities of energy
could be localised through a magnetic agency in compara-
tively small regions. But let's now look at the problem
from this new point of view. Let's begin by asking what
method we ourselves would use to produce intense local
concentrations of energy.”

“Explosions!” gasped Barnett.

“That's right, explosions, either by nuclear fission, or
more probably by nuclear fusion. There’s no shortage of
hydrogen in this Cloud.”

“Are you being serious, Chris?”

“Of course I'm being scrious. If I'm right in supposing
that some beast inhabits the Cloud, then why shouldn’t he
be at least as intelligent as we arc?”

“There's the slight difficulty of radioactive products.
Wouldn't these be extremecly deleterious to living ma-
terial?” asked McNeil.

“If they could get at the living material, certainly they
would. But although it isn’t possible to produce cxplosions
with magnetic fields, it is possible to prevent two samples of
material mixing with cach other. I imagine that the beast
orders the material of the Cloud magnetically, that by
means of magnetic fields he can move samples of material
wherever he wants inside the Cloud. I imagine that he takes
very good care to keep .he radioactive gas well separated
from the living material—remember I'm using the term
‘living’ for verbal convenience. I'm not going to be drawn
into a philosophical argument about jt.”

“You know, Kingsley,” said Weichart, “this is going
far better than I thought it would. What I suppose you
would say is that whercas basically we assemble materials
with our hands, or with the aid of machines that we have
made with our hands, the beast assembles materials with
the aid of magnetic energy.”

“That’s the general idea. And I must add that the beast
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seems to me to have far the better of it. For one thing he’s
got vastly more energy to play with than we have.”

“My God, I should think so, billions of times more, at
tne very least,” said Marlowe. “It’s beginning to look,
Chris, as if you're winning this argument. But we objectors
over here in this corner are pinning our faith to Yvette's
question. It seems to me a very good one. What can you
offer in answer to jt?"’

“It is a very good question, Geoff, and I don’t know
that I can give a really convincing answer. The sort of idea
I've got is that perhaps the beast can’t stay for very long
in the close proximity of a star. Ferhaps he comes in pe-
riodically to some star or other, builds his molecules, which
form his food supply as it were, and then pushes off again.
Perhaps he does this time and time again.”

“But why shouldn't the beast be able to stay perma-
nently near a star?”

“Well, an ordinary common or garden cloud, a beastless
cloud, if it were permanently near a star, would gradually
condense into a compact body, or into a number of com-
pact bodies. Indeed, as we all know, our Earth probably
condensed at one time from just such a cloud. Obviously
our friend the beast would find it extremely embarrassing to
have his protective Cloud condense into a planet. So
equally obviously he’lll decide to push off before there's
any danger of that happening. And when he pushes off
he'll take his Cloud with him.”

“Have you any idea of how long that will be?” asked
Parkinson.

“None at all. I suggest that the beast will push off
when he’s finished recharging his food supply. That might
be a matter of weeks, months, years, millennia for all I
know.”

“Don’t I detect a slight smell of rat in all this>”
Barnett remarked.

“Possibly. I don’t know how keen your sense of smell is,
Bill. What’s your trouble?”

“I've got lots of troubles. I should have thought that
your remarks about condensing into a planet apply only to
an inanimate cloud. If we grant that the Cloud is able to
control the distribution of material within itself, then it
could easily prevent condensation from taking place. After
all, condensation must be a sort of stability process and I
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would have thought that quite a moderate degree of con-
trol on the part of your beast could prevent any condensa-
tion at all.”

“There are two replies to that. One is that I believe the
beast will lose his control if he stays too long near the Sun.
If he stays too long, the mannetic field of the Sun will
penetrate into the Cloud. Then the rotation of the Cloud
round the Sun will twist up the magnetic field to blazes. All
control would then be lost.”

“My God, that's an excellent point.”

“It is, isn't it? And here’s another one. However dif-
ferent out beast is to life here on Earth, one point he
must have in common with us. We must both obey the
simple biological rules of selection and development. By
that I mean that we can’t suppose that the Cloud started
off by containing a fully-fledged beast. It must have started
with small beginnings, just as Jife here on Earth started
with small beginnings. So to start with there would be no
intricate control over the distribution of material in the
Cloud. Hence if the Cloud had originally been situated
close to a star, it could not have prevented condensation
into a planet or into a nuniber of planets.”

“Then how do you visualise the early beginnings?”

“As something that happened far out in interstellar
space. To begin with, life in the Cloud must have depended
on the general radiation field of the stars. Even that would
give it more radiation for molecule-building purposes than
life on the Earth gets. Then I imagine that as intelligence
developed it would be discovered that food supplies—i.e.
molecule-building—could be enormously increased by mov-
ing in close to a star for a comparatively brief period.
As 1 see it, the beast must be essentially a denizen of
interstellar space. Now, Bill, have you any more troubles?”

“Well, yes, I've got another problem. Why can’t the
Cloud manufacture its own radiation? Why bother to
come in close to a star? If it understands nuclear fusion to
the point of producing gigantic explosions, why not use
nuclear fusion for producing its supply of radiation?”

“To produce radiation in a controlled fashion requires a
slow reactor, and of course that’s just what a star is. The
Sun is just a gigantic slow nuclear fusion reactor. To pro-
duce radiation on any real scale comparable with the Sun,
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the Cloud would have to make itself into a star. Then the
beast would get roasted. It'd be much too hot inside.”

“Even then I doubt whether a cloud of this mass could
produce very much radiation,” remarked Marlowe. “Its
mass is much too small. According to the mass-luminosity
relation it'd be down as compared with the Sun by a
fantastic amount. No, you're barking up a wrong tree
there, Bill.”

“I've a quesiion that I'd like to ask,” said Parkinson.
“Why do you always refer to your beast in the singular?
Why shouldn’t there be lots of lit.le beasts in the
Cloud?”

‘ “1 have a reason for that, but it'll take quite a while to
explain.” .

“Well, it looks as if we're not going to get much sleep
tonight, so you'd better carry on.”

“Then let's start by supposing that the Cloud contains
lots of little beasts instead of one big beast. I think you'll
grant me that communication must have developed be-

. tween the different individuals.”
. \ “Certainly.”
i “Then what form will the communication take?”

“You're supposed to be telling us, Chris.”

“My question was purely rhetorical. I suggest that com-
munication would be impossible by our methods. We com-
municate acoustically.”

“You mean by talking. That's certainly your method all
right, Chris,” said Ann Halsey.

But the point was lost on Kingsley. He went on.

“Any attempt to use sound would be drowned by the
enormous amount of background noise that must exist in-
side the Cloud. It would be far worse than trying to talk in
a roaring gale. I think we can be pretty sure that communi.

- cation would have to take plare electrically.”

“That seems fair enough.”

“Good. Well, the next point is that by our standards the
distances between the individuals would be very large, since
the Cloud by our standards is enormously large. It would
obviously be intolerable to rely on essentially D.C. methods
over such distances.”

“D.C. methods? Chris, will you please try to avoid jar-
gon.”

“Direct current.”
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“That explains it, I suppose!”

“Oh, the sort of thing we get on the telephone. Roughly
speaking the difference between D.C. communication and
A.C. communication is the difference between the tele-
phone and radio.”

Marlowe grinned at Ann Halsey.

“What Chris is trying to say in his inimitable manner is
that communication must occur by radiative propaga-
tion.”

“If you think that makes it clearer. . . .”

“Of course it's clear. Stop being obstructive, Ann. Radi-
ative propagation occurs when we emit a light signal or a
radio signal. It travels across space through a vacuum at a
speed of 186,000 miles per second. Even at this speed it
would still take about ten minutes for a signal to travel
across the Cloud.

“My next point is that the volume of information that
can be transmitted radiatively is enormously greater than
the amount that we can communicate by ordinary sound.
We've seen that with our pulsed radio transmitters. So if
this Cloud contains separate individuals, the individuals
must be able to communicate on a vastly more detailed
scale than we can. What we can get across in ar lour of
talk they might get across in a hundredth of a second.”

“Ah, I begin to see light,” broke in McNeil. “If com-
munication occurs on such a scale then it becomes some-
what doubtful whe - we should talk any more of separate
individuals!” .

“You're home, John!”

“But I'm not home,” said Parkinson.

“In vulgar parlance,” said McNeil amiably, “what
Chris is saying is that individuals in the Cloud, if there are
any, must be highly telepathic, so telepathic that it becomes
rather meaningless to regard them as being really separate
from each other.”

“Then why didn’t he say so in the first place?”—from
Ann Halcey.

“Because like most vulgar parlance, the word ‘telepa-
thy’ doesn’t really mean very moch.”

“Well, it certainly means a great deal more to me.”

“And what does it mean to you, Ann?”

“It means conveying one’s thoughts without talking, or
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of course without writing or winking or anything like
that.”

“In other words it means—if it means anything at all
—communication by a non-acoustic medium."”

“And that means using radiative propagation,”
chipped in Leicester.

“And radiative propagation means the use of alter-
nating currents, not the direct currents and voltages we use
in our brains.”

“But I thought we were capable of some degree of

_telepathy,” suggested Parkinson.

“Rubbish. Our brains simply don’t work the right way
for telepathy. Everything is based on D.C. voltages, and
radiative transmis:ion is impossible that way.”

“I know this is ~ather a red herring, but I thought these
extrasensory people had established some rather remarkable
correlations,” Parkinson persisted.

“Bloody bad science,” growled Alexandrov. “Correla-
tions obtained after experiments done is bloody bad. Only
prediction in science.”

“T don’t follow.” .

“What Alexis means is that only predictions really count
in science,” explained Weichart. “That's the way Kings-
ley downed me an hour or two ago. It's no good doing a
lot of experiments first and then discovering a lot of correla-
tions afterwards, not unless the correlations can be used for
making new predictions. Otherwise it’s like betting on a
race after it's been run.”

“Kingsley’s ideas have many very interesting neurologi-
cal implications,” McNeil remarked. ‘“Communication
for us is a matter of extreme difficulty. We ourselves have to
make a translation of the electrical activity—essentially D.C.
activity—in our brains. To do this quite a bit of the brain is
given over to the control of the lip muscles and of the vocal
cords. Even so our translation is very incomplete. We
don’t do too badly perhaps in conveying simple ideas, but
the conveying of emotions is very difficult. Kingsley’s little
beasts could, I suppose, convey emotions too, and that's
another reason why it’s rather meaningless to talk of sepa-
rate individuals. It’s rather terrifying to realise that every-
thing we’ve been talking about tonight and conveying so
inadequately from one to another could be communicated

Close Reasoning
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with vastly greater precision and understanding among
Kingsley's little beasts in about a hundredth of a second.”

“I'd like to follow the idea of separate individuals a
little further,” said Barnett, turning to Kingsley. “Would
you think of each individual in the Cloud as building a
radiative transmitter of some sort?”

“Not as building a transmitter. Let me describe how I
see biological evolution taking place within the Cloud. At
an early stage I think there would be a whole lot of more
or less separate disconnected individuals. Then communica-
tion would develop, not by a deliberate inorganic building
of a means of radiative transmission, but through a slow
biological development. The individuals would develop a
means of radiative transmission as a biological organ, rather
as we have developed a mouth, tongue, lips, and vocal
cords. Communication would improve to a degree that we
can scarcely contemplate. A thought would no sooner be
thought than it would be communicated. An emotion
would no sooner be experienced than it v:ould be shared.
With this would come a submergence of the individual and
an evolution into a coherent whole. The beast, as I visual-
ise it, need not be located in a particular place in the
Cloud. Its different parts may be spread through the
Cleud, but I regard it as a neurological unity, interlocked
by a communication system in which signals are transmitted
back and forth at a speed of 186,000 miles a second.”

“We ought to get down to considering those signals
more closely. I suppose they'd have to have a longish
wave-length. Ordinary light presumably would be uscless
since the Cloud is opaque to it,” said Leicester.

“My guess is that the signals are radio waves,” went on
Kingsley. “There's a good reason why it should be so. To
be really efficient one must have complete phase control in a
communication system. This can be done with radio waves,
but not so far as we know with shorter wave-lengths.”

McNeil was excited.

“Our radio transmissions!” he exclaimed. “They’d have
interfered with the beast’s neurological control.”

“They would if they'd been allowed to.”

“What d’you mean, Chris?**

“Well, the beast hasn’t only to contend with our trans-
missions, but with the whole welter of cosmic radio waves.
From all quarters of the Universe there'd be radio waves
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interfering with its neurological activity unless it had devel-
oped some form of protection.”

“What sort of protection have you in mind?"

“Electrical discharges in the outer part of the Cloud
causing sufficient jonisacion to prevent the entry of external
radio waves. Such a protection would be as essential as the
skull is to the human brain.”

Aniseed smoke was rapidly filling tiie room. Marlowe sud-
denly found his pipe too hot to hold and put it down
gingerly.

“My God, you think this explains the rise of ionisation
in the atmosphere, when we switch on our transmitters?”

“That's the general idea. We were talking earlier on
about a feedback mechanism. That I imagine is just what
the beast has got. If any external waves get in too deeply,
then up go the voltages and away go the discharges until
the waves can get in no farther."

“But the ionisation takes place in our own atmos-
phere.”

“For this purpose I think we can regard our atmosphere
as a part of the Cloud. We know from the shimmering of
the night sky that gas extends all the way from the Earth to
the denser parts of the Cloud, the disk-like parts. In short
we're inside the Cloud, electronically speaking. That, I
think, explains our communication troubles. At an earlier
stage, when we were outside the Cloud, the beast didn’t
protect itself hy ionising our atmosphere, but through its
outer electronic shield. But once we got inside the shield
the discharges began to occur in our own atmosphere. The
beast has been boxing-in our transmissions.”

“Very fine reasoning, Chris,” said Marlowe.

“Hellish fine,” nodded Alexandrov.

“How about the one centimetre transmissions? They
went through all right,” Weichart objected.

“Although the chain of reasoning is getting rather long
there's a suggestion that one can make on that. I think it’s
worth making because it suggests the next action we might
take. It seems to me most unlikely that this Cloud is
unique. Nature doesn’t work in unique examples. So let’s
suppose there are lots of these beasts inhabiting the Galaxy.
Then I would expect communication to occur between one
cloud and another. This would imply that some wave-
lengths would be required for external ¢.-mmunication pur-

Close Reasoning
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poses, wave-lengths that could penetrate into the Cloud and
would do no neurological harm.”

“And you think one centimetre may be such a wave-
length?”

“That’s the general idea.”

“But then why was there no reply to our one centimetre
transmission?” asked Parkiisson.

“Perhaps because we sent no message. There’d be no
point in replying to a perfectly blank transmission.”

“Then we ought to start sending pulsed messages on the
one centimetre,” exclaimed Leicester. “But how ~an we
expect the Cloud to decipher them?”

“That’s not an urgent problem tc begin with. It will be
obvious that our transmissions contain information—that
will be clear from the frequent repetition of various pat-
terns. As soon as the Cloud realises that our transmissions
have intelligent control behind them I think we can expect
some sort of reply. How long will it take to get started,
Harry? You're not in a position to modulate the one centi-
metre yet, a.e you.”

“No, but we can be in a couple of days, if we work
night shifts. I had a sort of presentiment that I wasn't
going to see wy bed tonight. Come on, chaps, let'’s get
started.”

Leicester stood up, stretched himself, and ambled out.
The meeting broke up. Kingsley took Parkinson on one
side.

“Look, Parkinson,” he said, “there’s no need to go
gabbling about this until we know more about it.”

“Of course not. The Prime Minister suspects I'm off
my head as it is.”

“There is one thing that you might pass on, though. If
London, Washington, and the rest of the political circus
could get ten centimetre transmitters working, it’s just pos-
sible that they might avoid the fade-out trouble.”

When Kingsley and Ann Halsey were alone later that
night, Ann remarked:

“How on earth did you come on such an idea, Chris?”

“Well, it’s pretty obvious really. The trouble is that
we're all inhibited against such thiuking. The idea that the
Earth is the only possible abode of life runs pretty deep in
spite of all the science fiction and kid’s comics. If we had
been able to look at the business with an impartial eye we
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should have spotted it long ago. Right from the first, things
have gone wrong and they've gone wrong according to a
systematic sort of pattern. Once I overcame the psychologi-
cal block, I saw all the difficulties could be removed by one
simple and entirely plausible step. One by one the bits of
the puzzle fitted into place. I think Alexandrov probably
had the same idea, only his English is a bit on the terse
side.”

“On the bloody terse side, you mean. But seriously, do
you think this communication business will work?”

“I very much hope so. It's quite crucial that it
should.”

“Why do you say that?”

“Think of the disasters the Earth has suffered so far,
without the Cloud taking any purposive steps against us. A
bit of reflection from its surface nearly roasted us. A short
obscuration of the Sun nearly froze us. If the merest tiny
fraction of the energy controlled by the Cloud should be
directed against us we should be wiped out, every plant and
animal.”

“But why should that happen?”

“How can one tell? Do you think of the tiny beetle or
the ant that you crush under your foot on an afternoon’s
walk? One of those gas bullets that hit Jhe Mooun three
months ago would finish us. Sooner or later the Cloud will
probably let fly with some more of ‘em. Or we might be
electrocuted in some monstrous discharge.”

“Could the Cloud really do that?”

“Easily. The energy that it controls is simply monstrous.
If we can get some sort of a message across, then perhaps
the Cloud will take the trouble to avoid crushing us under
its foot.”

“But why should it bother?”

“Well, if a beetle were to say to you, ‘Please, Miss
Halsey, will you avoid treading here, otherwise 1 shall be
crushed,” wouldn’t you be willing to move your foot a
trifie?”

Close Henasonimg
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Scientists oftan stress that there is no single scientific
method. Bridgran emphasizes this freedom to cneoose
between many piocedures, a ficedon essential to <ci-

ence.

On Scientific Method

Percy W. Bridgman

1949

I'r seeMs To ME that there is a good deal of ballyhoo
about scientific method. I venture to think that the
people who talk most about it are the people who
do least about it. Scientific method is what working
scientists do, not what other people or even they
themselves may say about it. No working scientist,
when he plans an experiment in the laboratory, asks
himself whether he is being properly scientific, nor
is he interested in whatever method he may be using
as method, When the scientist ventures to criticize
the work of his fellow scientist, as is not uncommon,
he does not base his criticism on such glittering
generalites as failure to follow the “scientific
method,” ‘but his criticism is specific, based on some
feature characteristic of the particular situation. The
working scientist is always too much concerned with
getting down to brass tacks to be willing to spend
his time on generalities.

Scientific method is something talked about by
people standing on the outside and wondering how
the scientist manages to do it. These people have
been able to uncover various generalities applicable
to at Jeast most of what the scientist does, but it
seems 0 me that these generalities are not very pro-

*From The Teaching Scientist, December 1949, written at the
request of the cditor,
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found, and could have been anticipated by anyone
who knew enough about scientists to know what is
their primary objective. I think that the objectives
of all scientists have this in common—that they are
all trying to get the correct answer to the particular
problem in hand. This may be expressed in more
pretentious language as the pursuit of truth. Now if
the answer to the problem is correct there must be
some way of knowing and proving that it is correct
—the very meaning of truth implies the possibility
of checking or verification. Hence the necessity for
checking his results always inheres in what the
scientist dces. Furthermore, this checking must be
exhaustive, for the truth of a general proposition
may be disproved by a single exceptional case. A
long experience has shown the scientist that various
things are inimical to getting the correct answer. He
has found that it is not sufficient to trust the word
of his neighbor, but that if he wants to be sure, he
must be able to check a result for himself. Hence
the scientist is the enemy of all authoritarianism.
Furthermore, he finds that he often makes mistakes
himself and he must learn how to guard against
them. He cannot permit himself any preconception
as to what sort of results he will get, nor must he
allow himself to be influenced by wishful thinking
or any personal bias. All these things together give
that “objectivity” to science which is often thought
to be the essence of the scientific method.

But to the working scientist himself all this ap-
pears obvious and trite. What appears to him .as
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the essence of the situation is that he is not con-
sciously following any prescribed course of action,
but feels complete freedom to utilize any method or
device whatever which in the particular situation
before him seems likely to yield the correct answer.
In his attack on his specific problem he suffers no
inhibitions of precedent or authority, but is com-
pletely free to adopt any course that his ingenuity is
capable of suggesting to him. No one standing on
the outside can predict what the individual scien-
tist will do or what method he will follow. In short,
science is what scientists do, and there are as many
scientific methods as there are individual scientists.

Ctn, Metnod
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This is Polya's one-page summary ot his book in which
he giscusses strategies and techniques for solving prob-
lems. Polya's examples are from mathematics, but his
ideas are wieful in solving physics problems also.

How to Solve It

George Polya

1957




First.

You have to understand
the problem.

Second.

Find the connection between
the data and the unknown.
You may be obliged

to consider auxiliary problems
if an immediate connection
cannot be found.

You should obtain eventually
a plan of the solution.

‘Third.
Carry out your plan.

Fourth,
Examine the solution obtained.

UNDERSTANDING THE PROBLEM

What is the unknown? What are the data? What is the condition?

Is it possible to satisfy the condition? Is the condition sufficient to
determine the unknown? Or is it insufficient? Or redundant? Or
contradictory?

Draw a figure. Introduce suitable notation.

Separate the various parts of the condition. Can you write them down?

DEVISING A PLAN

Have you seen it before? Or have you seen the same problem in a
slightly different form?

Do you know a related problem? Do you know a theorem that could
be useful?

Look at the unknown! And try to think of a familiar problem having
the same or a similar unknown.

Here is a problem related to yours and solved before. Could you use it?
Could you use its result? Could you use its method? Should you intro-
duce some auxiliary element in order to make its use possible?
Could you restate the problem? Could you restate it still differently?
Go back to definitions.

If you cannot solve the proposed problem try to solve first some related
probiem. Could you imagine a more accessible related problem? A
more general problem? A more special problem? An analogous problem?
Could you solve a part of the problem? Keep only a part of the condi-
tion, drop the other part; how far is the unknown then determined,
how can it vary? Could you derive something useful from the data?
Could you think of other data appropriate to determine the unknown?
Could you change the unknown or the data, or both if necessary, so
that the new unknown and the new data are nearer to each other?

Did you use all the data? Did you use the whole condition? Have you
taken into a: Svnt all essential notions involved in the problem?

CARRYING OUT THE PLAN

Carrying out your plan of the solution, check each step. Can you see
clearly that the step is correct? Can you prove that it is correct?

LOOKING BACK

Can you check the result? Can you check the argument?
Can you derive the result differently? Can you see it at a glance?
Can you use the result, or the method, for some other problem?




The advice is directed primarily to the student planning
@ career in the sciences, but it shouid be of interest to
a wider group.

5 Four Pieces of Advice to Young People

Warren Weaver

1966

One of the great prerogatives of age is the right to give advice to the young.
Of course, the other side of the coin is that one of the prerogatives of youth
is to disregard this advice. But...l am going to give you four pieces of ad-
vice, and you may do with all four of them precisely what you see fit.

The first one is this: | urge each one of you not to decide prematurely what
field of science, what speciaity of science you are going to make your own.
Science moves very rapidly. Five years from now or ten years from now there
will be opportunities in science which are almost not discernible at the pres—
ent time. And, | think there are also, of course, fads in science. Science
goes all out at any one moment for work in one certain direction and the
other fields are thought of as being rather old-fashioned. But, don't let that
fool you. Sometimes some of these very old problems turn out to be extremely
significant.

May 1 just remind you that there is no physical entity that the mind of man has
thought about longer than the phenomenon of light. One would ordinarily say
that it would be simply impossible at the present day for someone to sit down
and get a brand new idea about light, because think of the thousands of
scientists that have worked on that subject. And yet, you see this is what

two scientists did only just a few years ago when the |aser was invented. They
got a brand new idea about light and it has turned out to be a phenomenally
important idea.

So, | urge you not to make up your minds too narrowly, too soon. OFf course,
that means that what you ought to do is to be certain that you get a very solid
basic foundation in science so that you can then adjust yourselves to the
opportunities of the future when they arise. What is that basic foundation?
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Well, of course, you don't expect me to say much more than mathematics, do
you? Because | was originally trained as a mathematician and mathematics is
certainly at the bottom of all this. But | also mecn the fundamentals of physics
and the fundamentals of chemistry. These two, incidentally, are almost
indistinguishable nowadays from the fundamentals of biology.

The second piec of advice that | will just mention to you because maybe some
of you are thinking too exclusively in terms of a career in research. Inmy
judgment there is no life that is possikle to be lived on this planet that is more
pleasant and more rewarding than the combined activity of teaching and
research.

| hope very much that many of you look forward to becoming teachers. It is 2
wonderful life. |don't know of any better one myself, any more pleasant one,
or any more rewarding one. And the almost incredible fact is that they even
pay you for it. And, nowadays, they don't pay you too badly. Of course,
when | started, they did. But, nowadays, the pay is pretty good.

My third piece of advice—may | urge every single one of you to prepare your-
self not only to be a scientist, but to be a scientist-citizen. You have to
accept the responsibilities of citizenship in a free democracy. And those are
great responsibilities and because of the role which science plays in our modern
world, we need more and more people who understand science but who are also
sensitive to and aware of the responsibilities of citizenship.

And the final piece of advice is—and maybe this will surprise you: Do not
overestimate science, do not think that science is all that there is, do not
concentrate so completely on science that you end up by living a warped sort
of life. Science is not all that there is, and science is not capable of soling
all of life's problems. There are also many more very important problems that
science cannot solve.

And so | hope very much there's nobody in this room who is going to spexd the
next seven days without reading some poetry. 1 hope that there's nobody in
this room that's going to spend the next seven days without listening to some
music, some good music, some modern music, some music. | hope very much
that there's nobody here who is not interested in the creative arts, inteiested in
drama, interested in the dance. | hope that you interest yourselves seriously in
religion, because if you do not open your minds and open your activities to this
range of things, you are going to lead too narrow a life.




The size of an animal is related to such physical factors
as gravity and temperature. For most animals there ap-
pears to be an optimum size.

6 On Being the Right Size

J. B. S. Haldane

1928

From what has already been demonstrated, you can plainly see the impossi-
bilty of increasing the size of structures to vast dimensions either in art
or i nature; hkewise the impossibilty of building ships, palaces, or temples
eof enormous size in such a way that their oars, yards, beams, ron bolts,
and, in short, all their other parts will hold together; nor can nature pro-
duce trees of extraordinary size because the branches wounld break down
under their own weight, so also it would be impossible to build up the bony
structures of men, horses, or other animals so as to hold together and per-
form their normal functions if these amimals were to he increased enor-
mously in height; for this increase in height can be accomplished only by
employing a matenal which s harder and stronger than usual, or by en-
larging the size of the bones, thus changing their shape untl the form and
appearance of the animals suggest a monstrosity. This is perhaps what or'r
wise Poet had in mind, when he says, in describing a huge giant:

“Impossible it is to reckon his height

So beyond measure is hus size.” —~GALILEO GALILE!

THE most obvious differences between different animals are differences
of size, but for some reason the zoologists have paid singularly little atten-
tion to them. In a large textbook of zoology before me I find no indication
that the eagle is larger than the sparrow, or the hippopotamus bigger than
the hare, though some grudging admissions are made in the case of the
mouse and the whale. But yet it is easy to show that a hare could not
be as large as a hippopotamus, or a whale as small as a herring. For
every type of animal there is a most convenient size, and a large change
in size inevitably carries with it a change of form.

31
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Let us take the most obvious of possible cases, and consider a giant man
sixty feet high—about the height of Giant Pope and Giant Pagan in the
illustrated Pilgrim’s Progress of my childhood. These monsters were not
only ten times as high as Christian, but ten times as wide and ten times as
thick, so that their total weight was a thousand times his, or about eighty
to ninety tons. Unfortunately the cross sections of their bones were only
a hundred times those of Christian, so that every square inch of giant bone
had to support ten times the weight borne by a square inch of human
bone. As the human thigh-bone breaks under about ten times the human
weight, Pope and Pagan would have broken their thighs every time they
took a step. This was doubtless why they were sitting down in the picture
I remember. But it lessens one’s respect for Christian and Jack the Giant
Killer.

To turn to zoology, suppose that a gazelle, a graceful little creature with
long thin legs, is to become large, it will break its bones unless it does one
of two things. It may make its legs short and thick, like the rhinoceros,
so that every pound of weight has still about the same area of bone to
support it. Or it can compress its body and stretch out its legs obliquely to
gain stability, like the giraffe. 1 mention these two beasts because they
happen to belong to the same order as the gazelle, and both are quite suc-
cessful mechanically, being remarkably fast runners.

Gravity, a mere nuisance to Christian, was a terror to Pope, Pagan,
and Despair. To the mouse and any smaller animal it presents practically
no dangers. You can drop a mouse down a thousand-yard mine shaft;
and, on arriving at the bottom, it gets a slight shock and walks away. A
rat would probably be killed, though it can fall safely from the eleventh
story of a building; a man is killed, a horse splashes. For the resistance
presented to movement by the air is proportional to the surface of the
moving object. Divide an animal's length, breadth, and height each by
ten; its weight is reduced to a thousandth, but its surface only to a hun-
dredth. So the resistance to falling in the case of the small animal is
relatively ten times greater than the driving force.

An insect, therefore, is not afraid of gravity; it can fall without danger,
and can cling to the ceiling with remarkably little trouble. It can go iu for
elegant and fantastic forms of support like that of the daddy-long-legs. But
there is a force which is as formidable to an insect as gravitation to a
mammal. This is surface tension. A man coming out of a bath carries with
him a film of water of about one-fiftieth of an inch in thickness. This
weighs roughly a pound. A wet mouse has to carry about its own weight
of water. A wet fly has to lift many times its own weight and, as every
one knows, a fly once wetted by water or any other liquid is in a very
serious position indeed. An insect going for a drink is in as great danger
as a man leaning out over a precipice in search of food. if it once falls
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into the grip of the surface tension of the water—that is to say, gets wet—
it is likely to remain so until it drowrs. A few insects, such as water-
beetles, contrive to be unwettable, the majority keep well away from their
drink by means of a long proboscis.

Of course tall land animals have other difficulties. They have to nump
their blood to greater heights than a man and, therefore, require a larger
blood pressure and tougher blood-vessels. A great many men die from
burst arteries, especially in the brain, and this danger is presumably still
greater for an elephant or a giraffe. But animals of all kinds find difficul-
ties in size for the following reason. A typical small animal, say a micro-
scopic worm or rotifer, has a smooth skin through which all the oxygen
it requires can soak in, a straight gut with sufficient surface to absorb its
food, and a simple kidney. Increase its dimensions tenfold in every direc-
tion, and its weight is increased a thousand times, so that if it is to use
its muscles as efficiently as its miniature counterpart, it will need a thou-
sand times as much food and oxygen per day and will excrete a thousand
times as much of waste products.

Now if its shape is unaltered its surface will be increased only a hun-
dredfold, and ten times as much oxygen must enter per minute through
each square millimetre of skin, ten times as much food through each
square millimetre of intestine. When a limit is reached to their absorptive
powers their surface has to be increased by some special device. For ex-
ample, a part of the skin may be drawn out into tufts to make gills or
pushed in to make lungs, thus increasing the oxygen-absorbing surface in
proportion to the animal’s bulk. A man, for example, has a hundred
square yards of lung. Similarly, the gut, instead of being smooth and
straight, becomes coiled and develops a velvety surface, and other organs
increase in complicatior. The higher animals are not larger than the lower
because they are more complicated. They are more complicated because
they are larger. Just the same is true of plants. The simplest plants, such
as the green algae growing in stagnant water or on the bark of trees, are
mere round cells. The higher plants increase their surface by putting out
leaves and roots. Comparative anatomy is largely the story of the struggle
to increase surface in proportion to volume.

Some of the methods of increasing the surface are useful up to a point,
but not capable of a very wide adaptation. For example, while vertebrates
carry the oxygen from the gills or lungs all over the body in the blood
insects take air directly to every part of their body by tiny blind tubes
called tracheae which open to the surface at many different points. Now,
although by their breathing movements they can renew the air in the
outer part of the tracheal system, the oxygen has to penetrate the finer
branches by means of diffusion. Gases can diffuse easily through very
small distances, not many times larger than the average length travelled
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by a gas molecule between collisions with other molecules. But when such
vast journeys—from the point of view of a molecule—as a quarter of an
inch have to be made, the process becomes slow. So the portions of an
insect’s body more than a quarter of an inch from the air would always
be short of oxygen. In consequence hardly any insects are much more
than half an inch thick. Land crabs are built on the same general plan as
insects, but are much clumsier. Yet like ourselves they carry oxygen
around in their blood, and are therefore able to grow far larger than any
insects. If the insects had hit on a plan for driving air through their
tissues instead of letting it soak in, they might well have become as large
as lobsters, though other considerations would have prevented them from
becoming as large as man.

Exactly the same difficulties attach to flying. It is an elementary prin-
ciple of aeronautics that the minimum speed needed to keep an aeroplane
of a given shape in the air varies as the square root of its length. If its
linear dimensions are increased four times, it must fly twice as tasi. Now
the power needed for the minimum speed increases more rapidly than the
weight of the machine. So the larger aeroplane, which weighs sixty-four
times as much as the smaller, needs one hundred and twenty-eight times
its horsepower to keep up. Applying the same principles to the birds, we
find that the limit to their size is soon reached. An angel whose muscles
developed no more power weight for weight than those of an eagle or a
pigeon would require a breast projecting for about four feet to house the
muscles engaged in working its wings, wkile to economize in weight, its
legs would have to be reduced to mere stilts. Actually a large bird such as
an eagle or kite does not keep in the air mainly by moving its wings. It
is generally to be seen soaring, that is to say balanced on a rising column
of air. And even soaring becomes more and more difficult with increasing
size. Were this not the case eagles might be as large as tigers and as
formidable to man as hostile aeroplanes.

But it is time that we passed to some of the advantages of size. One
of the most obvious is that it enables one to keep warm. All warm-blooded
animals at res* lose the same amount of heat from a unit area of skin, for
which purpose they nesd a food-supply proportional to their surface and
not to their weight. Five thousand mice weigh as much as a man. Their
combined surface and food or oxygen consumption are about seventeen
times a man's. In fact a mouse eats about one quarter its own weight of
food every day, which is mainly used in keeping it warm. For the same
reason small animals cannot live in cold countries. In the arctic regions
there are no reptiles or amphibians, and no small mammals. The smallest
mammal in Spitzbergen is the fox. The small birds fly away in the winter,
while the insects die, though their eggs can survive six months or more
of frost. The most successful mammals are bears, seals, and walruses.
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t Similarly, the eye is a rather inefficient organ until it reaches a large

size. The back of the human eye on which an image of the outside world
is thrown, and which corresponds to the film of a vaiiera, is composed
of a mosaic of ‘rods and cones’ whose diameter is little more than a length
of an average light wave. Each eye has about half a million, and for two
objects to be distinguishable their images must fall on separate rods or
cones. It is obvious that with fewer but larger rods and cones we should
see less distinctly. If they were twice as broad two points would have to be
twice as far apart before we could distinguish them at a given distance.
But if their size were diminished and their number increased we should
see no better. For it is impossible to form a definite image smaller than a
wave-length of light. Hence a mouse’s eye is not a small-scale model of a
human eye. Its rods and cones are not much smaller than ours, and there-
fore there are far fewer of them. A mouse could not distinguish one

human face from another six feet away. In order that they should be of
any use at all the eyes of small animals have to be much larger in pro-
portion to their bodies than our own. Large animals on the other hand
only require relatively small eyes, and those of the whale and elephant
are little larger than our own.

For rather more recondite reasons the same general principle holds
true of the brain. If we compare ihe brain-weights of a set of very similar
animals such as the cat, cheetah, leopard, and tiger, we find that as we
quadruple the body-weight the brain-weight is only doubled. The larger
animal with proportionately larger bones can economize on brain, eyes,
and certain other organs.

Such are a very few of the considerations which show that for every
type of animal there is an optimum size. Yet although Galileo demon-
strated the contrary njore than three hundred years ago, people still
believe that if a flea were as large as a man it could jump a thousand feet
into the air. As a matter of fact the beight to which an animal can jump
is more nearly inZependent of its size than proportional to it. A flea can
jump about two feet, a man about five. To jump a given height, if we
neglect the resistance of the air, requires an expenditure of energy pro-
portional to the jumper’s weight. But if the jumping muscles form a
constant fraction of the animal’s body, the energy developed per ounce of
muscle is independent of the size, provided it can be developed quickly
enough in the small animal. As a matter of fact an insect’s muscles, al-
though they can contract more quickly the ar own, appear to be
less efficient; as otherwise a flea or grasshoppe could rise six feet into
the air.

And just as there is a best size for every animal, so the same is true
for every human institution. In the Greek type of democracy all the citi-
zens could listen to a series of orators and vote directly on questions of
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legislation. Hence their philosophers held that a small city was the largest
possible democratic state. The English invention of representative gov-
ernment made a democratic nation possible, and the possibility was first
realized in the United States, and later elsewhere. With the development
of broadcasting it has once more become possible for every citizen to
listen to the political views of representative orators, and the future may
perhaps see the return of the nation - te to the Greek form of democ-
racy. Even the referendum has been ma ¢ possible only by the institution
of daily newspapers.

To the biologist the problem of socialism appears largely as a problem
of size. The extreme socialists desire to run every nation as a single busi-
ness concern. I do not suppost that Henry Ford would find much diffi-
culty in running Andorra or Luxembourg on a socialistic basis. He has
already more men on his pay-roll than their population. It is conceivable

that a syndicate of Fords, if we could find them, would make Belgium Ltd.
or Denmark Inc. pay their way. But while nationalization of certain in-
dustries is an obvious possibility in the largest of states, I find it no easier
to picture a completely socialized British Empire or United States than
an elephant turning somersaults or a hippopotamus jumping 2 hedge.
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Not only the scientist is interested in motion.
ticle comments briefly on references to motion

Motion in Words

James B. Gerhart and Rudi H. Nussbaum

1966

Man began describing movement
with words long before there were
physicists to reduce motion to laws.
Our age-old fascination with moving
things is attested to by the astonish-
1ng number of words we have for motion.
We have all kinds of words for all
kinds of movement: special words for
going up, others for coming down; words
for fast motion, words for slow motion.
A thing going up may rise, ascend,
climb, or spring. Going down again, it
may fall or descend; sink, subside, or
settle; dive or drop; plunge or plop;
topple, totter, or merely droop. It
may twirl, wharl, turn and caircle;
rotate, gyrate; twist or spin; roll,
resolve and wheel. It may oscillate,

This ar-
in poetry.
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vibrate, tremble and shake; tumble or
toss, pitech or sway; flutter, jaggle,
quiver, quake; or lurch, or wobble,
or even palpitate. All these words
tell some motion, yet every one has
1ts own character. Some of them you
use over and over in a single day.
Others you may merely recognize. And
st1ll they are but a few of our words
for motion. There are special words
for the moticns of particular things.
Horses, for example, trot and gallop
and canter while men run, or straide,
or saunter. Babies crawl and creep.
Tides ebb and flow, balls bounce, arm-
1es march. Other words tell the gual-
1ty of motion, words like swift or
fleet, lake calm and slow.

¥riters draw vivad mental pictures
for the reader with words alone. Here
1S a poet's descraiption of air flowing
across a field on a hot day:

There came a wind like a bugle:
It quavered through the grass,
and a green chill upon the heat
so ominous did pass,.

Emily Daickinson

Or again, the motion of the sea caused
by the gravitational attraction of the
moon :

The weStern tade crept up along
the sand,

ana o'er and o'er taie sand,

and round and round the sand,

as far as the eye could see.

Charles Kingsley,
The _Sands of Dee

Or, swans startaing into flight;

I sav . . . all suddenly mount

and scatter wheeling in great
broken rangs

upon their clamorous wings.

¥. B. Yeats,
The Wild Swans at Coole

Sometimes just a single sentence wall
convey the whole idea of motion:

38

Lightly stepped a yellow star
to its lofty place

Emily Dickinson
Or, this descraption of a ship sailing:

She walks the water like a thing
of life

Byron, The Corsair

How is 1t that these poets de-
scraibe motion? They recall to us .what
¥e have scen; they compare different
things through samile and metaphor;
tiey rely on the reader to share theair
own emotions, and they ainvate him to
recreate an amage of motion in has own
mind. The poet has his own precision
which 1s not the scaentaist's precasion,
Emily Dickinson well knew 1t was the
grass, not the wand, that quivered,
and that stars don't step. Byron never
saw a walking boat. But this is irrel-
evant. All of us can appre.iate and
enjoy their rich images and see that
they are true 1o the nature of man's
perception, if not to the nature of
motion itself,

From time to time a physicist
readang poetry will faind a poem which
describes something that he has
learned to be of significance to his,
the physicist's descraption. Here 1is
an example:

A ball will bounce, but less and
less. It's not a light-hearted
thing, resents its own resilience.
Falling is what 1t loves,

Richard Wilbur, Juggler

Relativity 1s implicit in this next
example:

The earth revolves with me, yet
makes no motaion,

The stars pale silently in a coral
Sky.

In a whistlzng voad I stand before
my mirror unconcerned, and taie
my tie.

Conrad Aiken,

Morning Song of Senlin




Fig. 1.10 Multiple-tlash photograph show-
ing the precession of a top.

The poet's descraiption of motion
1s a rich, whole vasion, filled with
both his perceptions and his responses.
Yet complete as 1t 1s, the poetic de-
scraption 1s far from the scaentific
one. Indeed, when we compare them, 1t

. 1S easy to forget they deal with the
same things. Just how does the scien-
tific view of motion differ? And to
what purpose? Let's try to answer
these questions by shiftaing slowly
from the poet's description to the
scientist's. As a first step, read
this excerpt from a biography of a
physicist of the last century, Lord
Kelvin. The biographer 1s trying to
convey the electraic quality of Kelvin's
lectures to has Unaversity classes. He
describes a lecturc on tops (referred
to as gyrostats here):

The vivacaity and enthus:iasm of the
Professor at that time was very
great. The animation of has coun-
tenance as he looked at a gyrostat
spinning, standing on a knife edge
on a glass plate in front of him,
and leaning over so that its center
of gravity was on one side of the
point of support; the delight with
which he showed that hurrying of
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the precess:ional motion caused the
gyrostat to rise, and retarding the
precessional motion caused the gy-
rostat to fall, so that the f{reedom
to precess was the secret of 1its
not falling; the immediate applica-
tion of the study of the gyrostat
to the explanation of the preces-
sion of the equinoxes, and rllustra-
tion by a model . . . - all these
delighted has hearers, and made the
lecture memorable.

Andrew Gray, Lord Kelvin, An
Account of his Scientafaic
Life and Work

This paragraph by Gray deals waith
motion, but still it 1s more concerned
with human responses - Kelvin's obvi-
ous pleasure in watching the top, and
his studeni's evident delight in watch-
ing both Kelvain and Kelvin's top. At
the same time 1t says much about the
top's movement, hints at the reasons
behind 1t, and mentions how under-
standing the top has led to under-
standing the precession of the earth's
axis in space.

Gray used some of the everyday
words for motion: rise, fall, spin,
hurry, retard. But he used other words §
and other phrases, too -~ more techni-
cal, less familiar: precess, center
of gravity, equinoxes. Technical words
are important for a scientific descrip-
tion of motion. When the scientist has
dissected a motion and laid out its
components, the need for new terms
enters, the need for words with more
precise meanings, words not clothed
with connotations of emotional re-
sponse. Still, che scientist never can
(and never really wants to), lose the
connotations of common words entarely.
For example, here s Lord Kelvin's at-
tempt to define precession (sce Faig.
1.10), in the sense that Gray used 1t:

This we call positive precessional
rotation. It is the case of a com-
mon spinning=top (peery), spinning
on a very fine point which remaains
at rest i1n a hollow or hole bored
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by atself; not sleeping upright,
nor nodding, but sweeping 1i1ts axis
-ound 1n a circular cone whose
axis 1s vertical.

Wirlliam Thomson (Lord Kelvin)
and P. G. Tart, Treatise
on Natural Philosophy

Thas definition 1is interesting in
several ways. For onc thing, 1t scems
strange today that Kelvin, a Scot,
should feel the need to explain "'spin-
ning-top" by adding "peery,' an ob-
scure word to most of us, but one that
Kelvin evidently thought more collo-
quial. Thank for a moment of how
Kelvin went about his definition. He
used the words of boys spinning tops
for fun, who then, and still today,
say a top sleeps when its axis 1s
nearly straight up, and that 1t nods
as 1t slows and finally {alls. He re-
minded his readers of somethang they
all had seen and of the everyday words
for 2t. (He obviously assumed that
most of his readers once played with
tops.) In fact, this 1s the best way
to define new words - to remind the
reader of something he knows already
and with words he might use himself.
Having once given thais definition
Kelvan never returns to the picture he
employed. It 1s clear, though, that
when he wrote, "positive precessional
rotation,' he brought this image to
his own mind, and that he expected his
readers to do the same.

of dEuFEE:*qﬁ};s not necessary to
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use as many words as Kelvin did to de-
fine precession. Another, more austere,
and to some, more scientific defini-
tion is this:

When the axas of the top travels
round the vertical making a con-
stant angle 1 wath i1t, the motion
is called steady or precessional.

E. J. Routh, Treatise on the
Dynamics of a System of

Rigid Bodies

All that refers to direct, human ex-
perience is missing here. The top 1s
how just something wath an axis, no
longer a bright-paanted toy spinning
on the ground. And 1t 1s not the top
that moves, but its axis, an wmagined
line 1n space, and this line moves
about another imagained line, the ver-
tical. There 1s no poetry herc, only
geometry. This is an exact, precise,
and economical definition, but 1t 1s
abstract, and jncomplete. It does not
describe what anyone watching a real
top seces. In fact, 1t 1s only a few
abstractions from the real top's mo-
tion on which the physicast-definer
has concentrated his attention.

Fun
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The twentieth century arti.t has been able to exploit
his inferest in motion in various ways in works of art.

8 Representation of Movement

P

: Gyorgy Kepes

1944

Matter, the physical basis of all spatial caperience and thus the source
material of representation, 1s kinetic 1n its very essence. From atomic hap-
penings to cosmc actions, all elements in nature are 1n perpetual interae-
tion—in a flux complete. We are living a mobile existence. The carth
is rotating; the sun js moving; trees are growing; flowers arc opening
and closing; clouds are merging, dissolving, coming and going; light and
shadow are hunting cach other in an indcfatigable play; forus are appear-
ing and disappearing; and man, who is cxperiencing all this, is himself
subject to all kinctic change. The pcreeption of physical reality cannot
escape the quality of movement. The very understanding of spatial facts,
the meaning of extension or distances, involves the notion of time—a
fusion of spacetime which is movement. “Nobody has cver noticed a
said Minkowsky in his

place exccpt at a time or a time except at a place,
Principles of Relativity.

The sources of movement perception

As in a wild junglc one cuts new paths in order to progress further, man

builds roads of pereeption on which he is able to approach the mobile

world, to discover order in its relationships. To build these avenues of

perceptual grasp he relies on certain natural factors. One is the nature

of the retina, the sensitive surface on which the mnobile panorama is pro-

jected. The second is the sense of movement of his body—the kinesthetic

sensations of his cye muscles, linihs. head, which have a direct correspond- <
ence with the happenimgs around him. The third is the memory association

of past expericnce, visual and non-visual; his knowledge about the laws

of the physical nature of the surrounding object-world.
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The shift of the retinal image

We perceive any successive stimulation of the retinal receptors as move-
ment, because such progressive stimulations are 1n dynamic interaction
with fixed stimulations, and therefore the two different types of stimulation
can be perceived in a umfied whole only as a dynamic process, movement.
If the retina is stimulated with stationary impacts that follow one another
in rapid succession, the same sensation of optical movement is induced.
Advertising displays with their rapidly flashing electric bulbs are per-
ceived in continuity through the persistence of vision and therefore pro-
duce the sensation of movement, although the spatial position of the light
bulbs is stationary. The movement in the motion picture is based upon
the same source of the visual perception.

The changes of any optical data indicating spatal relationships, such as
size, shape, direction, interval, brightness, clearness, color, imply motion,
If the retinal image of any of these signs undergoes continuous regular
change, expansion or contraction, progression or graduation, one per-
ceives an approaching or receding, expanding or contracting mover.ent. If
one sees a growing or disappearing distance between these signs, he
perceives a horizontal or vertical movement,

“Suppose for instance, that a person is standing still in a thick woods,
where it is impossible for him to distinguish, except vaguely and roughly
in a mass of foliage and branches all around him, what belongs to one
tree and what to another, and how far the trees are separated. The moment
he begins to move forward, however, everything disentangles itself and
immediately he gets an apperception of the content of the woods and the
relationships of objects to each other in space.”?

From a moving train, the closer the object the faster it seeins to move. A
far-away object moves slowly and one very remote appears to be station-
ary. The same phenomenon, with a lower relative velocity, may be noticed
in walking, and with a till higher velocity in a landing aeroplane or in a
moving elevator.

The role of relative velocity

The velocity of motion has an important conditioning effect. Motion
can be too fast or too slow to be perceived as such by our limited sensory
receiving set. The growth of trees or of man, the opening of flowers, the
evaporation of water are movements beyond the threshold of ordinary
visual grasp. One does not see the movement of the hand of a watch. of
a ship on a distant horizon. An acroplane in the highest sky seems to
hang miotionless. No one can see the traveling of light as such. In certain
less rapid motions beyond the visual grasp, one is able, however, to
observe the optical transformation of movement into the illusion of a
solid. A rapidly whirled torch loses its characteristic physical extension,
but it submerges into another three-dimensional-appearing solid—into the
virtual volume of a cone or a sphere. Our inability to distinguish sharply
beyond a certain interval of optical impacts makes the visual impressions
a blur which serves as a bridge to a new optical form. The degree of
velocity of its movement will determine the apparent density of that new
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form. The optical density of the visible world is in a great degree con.

ditioned by our visual ability, which has its particular limitations.

The kinesthetic sensation

When a moving object comes irto the visual field, one pursues it by a

corresponding movement of his eyes, keeping it in a stationary or nearly

stationary position on the retina. Retinal stunulation, then. cannot alone

account for the sensation of movement. Movement.experience, which is

undeniably present in such a case. is induced by the sensation of muscle

movements. Each individual muscle-fibre contains a nerve end, which

registers every movement the muscle makes. That we are able to sense

space in the dark, evaluate direction-distances in the absence of contacted

bodies, 15 due to this muscular sensation—the hinesthetic sensation.

® Helmbholtz, Physiological Opuics

F. G. Lukacs, Actun

From Herbert Rayer Devign Class H. I.. Carpenter. Houtement *

Paul Rand, Cocer Design

® Work done for the author's course in Visual Fundamentals

Memory sources

Experience teaches man to distinguish things and to evaluate their physi.
cal properties. He knows that bodies have weight: unsupported they
will of necessity fall. When, therefore, he sees in midair a body he
knows to be heavy, he automatically associates the direction and velocity
of its downward course. One is also accustomed to secing small objects
as more mobile than large vnes. A man is niore mobile than a mountain;
a bird is more frequently in motion than a tree, the sky. o1 other visible
units in its background. Everything that one experiences is pereeived in
a polar unity in which one pole is accepted as a <tationary background
and the other as a mobile, changing figure.
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Through ol Instory paisters have tied to suggest movement on the
stationary picture surface, to translate some of the optical signs of move-
ment-experience mto terms of the picture-image. Their efforts, howerver.
have been isolated attempts mi which one or the other sources of move-
ment-experience were drawn upon: the <Juft of the retinal image, the
hinesthetic expenience, or the memory of past experiences were suggested

m two.dimensional terms.

These attempts were condiioned mamnly by the habit of using things
a~ the ba.dc measuring unit for cvery event in nature. The constant
characteristics of the things and objects. first of all the human body,
animals. sun. moon, clouds, or trees. were used as the first fixed points of

reference in seehing relation<hips in the optical turmoil of happenings.

Hrefore. painters tried first to represent motion by suggesting the
visible modifications of objects in movement. They knew the visual
characteristics of “tationary objects and therefore «very observable change
served to suggest movement.  The prehistoric artist knew his animals,
knew, for example, how many legs they had. But when he saw an
anmmal in really speedy movement. he could not escape seeing the visual
modification of the known spatial characteristic~. The painter of the
Altamiro caves who pictures a runming reindeer with numerons legs, or
the twentieth century cartoonist picturing a moving face with many
uperimposed profiles, 1s stating a relationship between what he knows and
what he sees.

Other painters, secking to indicate movement, utilized the expressive dis
tortion. of the moving bodies, Michaclangelo, Goya, 2:d also Tintoretto,
I clongatiug and stretching the figure, showed distortion of the face
under the expression of strains of action and mobilized numerous other

prychological references to <uggest action.

The smallest movement is more possessne of the attention than the
greatest wealth of relatively stationary objects, Painters of many different
periods observed this well and explored it ereatively. The optical vitality
of the moving units they emphasized by dynamic outhnes, by a vehement
mterplay of vigorous contrast of light and dark, and by extreme contrast
of colors, In various paintings of Tintorctto. Maflei, Veronese, and Goya,
the optical wealth and intensity of the moving figures are juxtaposed
against the submissive, neutral. visual pattern of the stationary back-
ground.

Ch. D. Gibson.
The Gentleman's Dilemma ceo 100
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Harunobu, Windy Dus Under Willow
Courtess of The Art Insutute of Chicago

Maflei. Painting

The creane exploitation of the successive stimulations of the retinal
receptors iu terms of the picture surface was another device many painters
found uscful. Linear continuance arrests the attention and forces the cye
into a pursuit movement. The cye. following the line, acts as if it were
on the path of a moving thing and attributes to the line the quabity of
movement. When the Greek sculptors orgamved the drapers of their
figures which they represented in motion, the lines were concaved a~

optical forces making the eye pursue their direction.

We know that a heavy object in a bachground that does not offer sub-
<tantial resstance will fall. Seeing such an object we mterpret it as action.
We make a kind of psychological quahfication. Every object seen and m-
terpreted in a frame of reference of gravitation is endowed with potential
action and could appear as falling. rolling. moving. Because we custom.
arily assume an identity between the honzontal and vertical directions on
the picture surface and the mamn directions of space as we perceive them
w our everyday experienees, cvery placing of an object representation on
the picture surface which contradicts the center of gravity, the main direc-
tion of space—the horizontal or vertical axis—causes that object to appear
to be in action. Top and bottom of the picture surface have a significance
in this respect.
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Representation of Movement

Whereas the visual representation of depth had found various complete
systems, such as linear perspective, modelling by shading, a parallel devel.
opment had never taken place in the visual representation of motion
Possibly this has been because the tempo of life was comparatively slow,
therefore, the ordering and representation of events conld be compressed
without serious repercussions in static forinulations. Events were meas.
ured by things, static forms identical with themselves, in a perpetual
fixity. But this static point of view lost all semblance of validity when
daily experiences bombarded man with a velocity of visual impacts in
which the fixity of the things, their self-1dentity, seemed to melt away.
‘The more complex life became, the more dynamic relationships confronted
man, in general and in particular, as visual experiences, the more neces-
sary it becamie to revaluate the old relative conceptions about the fixity of
things and to lock for a new way of seeing that could interpret man’s
su;roundings in their change. It was no accident that o0  age made the
first serious search for a reformulation of the events in nature into
dynamic terms. This reformulation of our ideas about the world included
almost all the aspects one perceives. The interpretation of the objective
world in the terms of physics, the understanding of the living orgamsm,
the reading of the inner movement of social processes, and the visual
interpretation of events were, and still are, struggling for a new gauge
clastic enough to expand and contract in following the dynamic changes
of events,

The influence of the technological conditions

The environment of the man living today has a compleaity which cannot
be compared with any environment of any previous age. The skyscrapers,
the street with its kaleidoscopic vibration of colors, the window-displays
with their multiple mirroring images, the street cars and motor cars,
produce a dynamic simnultaneity of visual impression which cannot be
perceived in the terms of inherited visual habits. In this optical turmoil
the fixed objects appear utterly insufficient as the ing tape of the
cevents. The artificial light, the flashing of electric bulbs, and the mobile
game of the many new types of light-sources bombard man with kinetic
color sensations having a keyboard never before experienced. Man,
the spectator, is himself more mobile than ever before. He rides in street-
cars, motorcars and aeroplanes and his own motion gives to optical impacts
a tenpo far beyond the threshold of a clear object-perception. The ma.
chine man operates adds its own demand for a new way of seeing. The
complicated interactions of its mechanical parts cannot be conceived in a
static way; they must be perceived by understanding of their movements.

‘The motion picture, television, and, in a great degree, the radio, require
a new thinking, i.e., seeing, that takes into account qualities of change,
interpenetration and simultaneity.
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Man can face with success this intricate pattern of the optical events only
as he can develop a speed in his perception to match the speed of his
environment. He can act with confidence only as he learns to orient
himself in the new mobile landscape. He needs to be quicker than the
cvent he intends to master. The origin of the word “speed” has a revealing
meaning. In original form 1n most languages, spced is intimately con-
nected with success. Space and speed are, moreover, in somne early forms
of languages, interchangeable in meaning. Orientation, which is the basis
of survival, is guaranteed by the speed of grasping the relationships of
the events with which man is confronted.

Social and psychological motivations

Significantly, the contemporary attempts to represent movement were made
n the countries where the vitality of living was most handicapped by
outworn social conditions. In Italy, technological advances and their eco-
nomical-social consequences, were tied with the relics of past ideas, institu-
tions. The advocates of change could see no clear, positive direction.
Change as they conceived it meant expansion, imperialist power policy.
The advance guard of the expanding imperialism identified the past with
the monuments of the past, and with the keepers of these monuments;
and they tried to break, with an uninhibited vandalism, everything which
seemed to them to fetter the progress toward their roals. “We want to
free our country from the fetid gangrene of professors, archaeologists,
guides and antique shops,” proclaimed the futurist manifesto of 1909.
The violence of imperialist expansion was identified with vitahty, with
the flux of life itself. Everything which stood in the way of this desire
of the beast to reach his prey was to be destroyed. Movement, speed,
velocity becamne therr idols. Destructive mechanical implements, the
armoured train, machine gun, a blasting bomb, the aeroplane, the motor
car,, boxing, were adored symbols of the new vinhty they sought.

In Russia, where the present was also tied to the past and the people
were struggling for the fresh air of action, interest also focused on the
dynamic qualities of experience. The basic motivation of reorientation
toward a kinetic expression there was quite similar to that of the Italian
futunsts. It was utter disgust with a present held captive by the past.
Russia’s painters, writers, like Russia’s , longed to

pe into a
future frec from the ties of outworn institutions and habits. Museums.
grammiar, authority, were conceived of as enemies; force, moving masscs.
moving machines were friends. But this revolt against stagnant traditions.
this savage ridiculing of all outworn forms, opened the way for the
building of a broader world, The old language, which as Mayakovsky said
“was too feeble to catch up with life,” was reorganized into kinetic
wdioms of revolutionary propaganda. The visual language of the past.
from whose masters Mayakovsky asked with just scorn, “Painters will
you try to capture speedy cavalry with the tiny net of contours?” was
wfused with new living blood of motion picture vision.




Representation of Movement

In therr search to find an optical projection which conformed to the
dynanie reality as they sensed and comprehended it. pamters uncon-
sciowsly repeated the path traced by advancing physical scicnee

Their first step was to represent on the same prcture-plane 4 sequence of
posttions of a moving body. This was hasically nothing but a catalogmg of
stationary spatial locations. The idea corresponded to the concept of
classical physics, which describes objects exrting in thiee-dunensional
space and changmg locations m sequence of absolute time. The concept
of the object was kept. The sequence of events frozen on the picture-
plane only amphficd the contradiction between the dynamic reality and the
fixity of the three-dimensional objcct-concept.

Their sccond step was to fuse the different positions of the object by
filling out the pathway of their movement. Objects w-re no longer con.
sidered as isolated, fixed units. Potential and kiretic energics were
meluded as optical charaeteristics. The object was -egarded to be either
m active motion, indicating its direction by “lmes ~f fo.ce.” or in potential
motion, pregnaut with lines of force, which panted the direction in which
the object would g *f frerd. The painiers thus sought to picture the
mechanical point of view of nature, devising optical equisalents for mass.
force, and gravitation. This innovation signified important progress,
because the indicated lines of forces could function as the plastic forces
of two.dimensional picture-plane.

The third step was guided by desire to integratc the merearingly compli.
cated maze of movement-directions. The chaotic jumble of centrifugal
line of forces nceded to be unified. Simultaneous represe atton of the
numerous visible aspects composing an event was the new representational
technique L:re mntroduced. The cubist space analysis was synchronized
with the e of forces. The body of the moving object, the path of its
movement and its background were portrayed in the same picture by
fusing all these clements in a kinctic pattern. The romantic language of
the futurist manifetos describes the method thus: “The simultancosity
of soul in a work of art; such is the exciting aim of owr art. In painting
a figure on a balcony, seen from within doors, we shall not confine the
view to what can be seen through the framc of the window; we shall give
the sum total of the visual sensation of the strect, the donble row of
houses extending right and left the flowered balconies, etc. . . . m other
words, a simultancity of environment a1 d thercfore a dismemberment
and dislocation of objects, a scattering and confusion of details inde-
pendent of one and another an? wit'out reference to accepted logic,” said
Marinetti. Thi. concept shows a great similarity to the 1dca expressed by
Einstein, cxpounding as a physicist the space-lime interpretat’on of the
general theory of relativity. “The world of events can be described by a
static picture th-s./n onto the background of the four dimensional tnte-
space continuum. In the past science described motion as happenings in
time, gencral theory of relativity interprets events existing in space-time.”
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E. McKnight Kauffer, The Early Bird 1919
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Delauney. Circular Rhythne  Courtesy of The Guggenhean Museun of Non Objective Art
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The closest approximation to representation of motion m the genune
terms of the picture-plane was achieved by the utilivation of olor planes
as the organizing factor. The origin of color iv light, and colors on the
picture surface have an it tendency to return to therr origin. Motion,
therefore, is inherent 1 color  Pamters intent on reahising the full motion
potentialities of color belicved that the unage bevomes o form only in the
progressive interrelationships of opposing colors, Adjacent colorsurfaces
exhibit contrast effects. They reinforce cach other in hue. ~atw abon, and

tensity,

The greater the mtensity of the color-surfaces achieved by a carefully
orgameed use of simultancous and successive contrast, the areater their
spatal movement color in regard to picturesplane Their advancing,
receding. contracting and circulating movement on the <urface creates a
rich vaniety, eircular, spiral, pendular, etc.. n the process of moulding
them into one form which is light or. in practical terms. grev. “Form
is movement,” declared Delaunay. The classical continuous outline of the
objects was therefore chminated and a rhythmic discontinuity created by
groupmg colors in the greatest possible contrast. The picture-plane,
divided into a number of contrasting color-surfaces of different hue, satu-
ration, and intensity, conld be perccived only as a form, as a unified
whole 111 the dynamie sequence of visual perception. The anunation of the
image they achieved is hased upon the progressive steps in bringing oppos:

ing colors into balance.

The centrifugal and centripetal forces of the contrasting  color-plancs
move forward and bachward, up and down, left and right, compelling the
speetator to a kinctic partispation a~ he follows the intrinsic spatial-
direction of colors, The dynamic qualty is based upon the genume
movement of plastic forces in iheir tendency toward balanee, Like a spin
ning top or the running wheel of a bieyele, which can find its balance
only in movement, the plastic image achieves utity in movement, m per-

petual relations of contrasting « olors,

Ao M Cascandre, Poster
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In these two chapters the elements of calculus are intro-
duced and used to define the concept of speed. This ar-
ticle should be useful preparation for reading Feynman's
article on Newton's Laws of Dynamics in this reader.

Speed

W. W. Sawyer

1961

We are going to investigate speed, the speed of a moving object. How
can we see clearly what a moving object is doing? We might make a
“movie” of an object moving along a straight line. Suppose we have
a camera that makés a picture every tenth of a second. Suppose succes-
sive pictures are as shown in Fig. 1. What is the little object doing?
Every tenth of a second, it moves up 1 inch. It seems to be moving with
a steady speed of 10 inches a second.

On another occasion, we might obtain the pictures shown in Fig. 2.
Here, the object advances 2 inches between each picture and the next.
It has a steady speed of 20 inches a second.

Let us look at something with a varying speed. Suppose an object is
accelerating. Between the first and second pictures it might cover 1

INCHES
6}
5t
41
3t [ ]
2t o
- [ ]
o ]
Figure 1
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inch; between the second and third, 2 inches; between the third and
fourth pictures, 3 inches. Its record would be as shown in Fig. 3.

INCHES
6 ®
5k
4t
3t ®
2k
. Al °
Or ®
Figure 3

Already we notice certain things. (1) With steady speeds the dots lie
on a straight line, (2) with accelerated motion, the dots lie on a curve.

QuEsTION 1. Figures 1 and 2 both represent objects moving with steady
speeds. How could one tell, by examining these pictures, which object was
moving faster? It 1s not necessary to bring numbers into the answer. It is
possible to tell, at a single glance, which object is the faster. How?t

We can also make an object record its own motion. In Fig. 4, the
object moves up and down the line PQ. Paper passes underneath from
right to left at a steady speed; the object is inked so that it leaves a
trail on the paper. If the object has a steady speed, its trail will be a
straight line.

T Answers to problems will be found at the back of the book.
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QuesTion 2. Fit the records shown in Fig. 5 to the descriptions:

(a) Moving up rapidly.
(b) Moving up slowly.
(c) Stationary.

(d) Moving down slowly.
(e) Moving down fast.

N N

(i) (ii} (iii) (iv) (v)
Figure §

QuesTiON 3. Fit the records shown in Fig. 6 to the descriptions:

(f) Starting from rest and gradually gaining speed upwards.

(8) Rising fast at first and gradually slowing down to rest.

(h) Starting from rest and gradually acquiring speed downwards.
(i) Falling fast at first and gradually being brought to rest.

AN

(vi) (vii) (viii) (rx}
Figure 6

No special equipment is needed, if you want to demonstrate the
connection between curves and movement. The simplest thing is to draw
the curve first, and then pass it behind a narrow slit; the arrangement is
similar to that of Fig. 4. You will only be able to see a small part of
the curve through the slit, and this will give you the impression of a
point rising and falling.

This has an engineering application. If we want to make an object

behave in a particular way, we can do so by means of a suitably shaped
cam.
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In Fig. 7, for example, the cam moves to the left at a steady pace.
The rod AB remains at rest, until the point C reaches B. It will then
begin to gather speed upward until D reaches B. When in contact with
the straight part DE, the rou will move upwards with steady speed.
The rod loses speed when in contact with the curve EF. Finally, it again
is at rest when the section FG reaches it.

NN e 1

A

CAM
Figure 7 ,

Curves like those in Figs. 5, 6, and 7 help us to think about move-
ment, We can see the curves; details appear in the curves that might
not be apparent in the actual movement; the curves give ' ; something
definite to look at and think about.

The work we have done also tells us something about the scope of
calculus. Calculus begins as the study of speed. But in thinking about
speed, we have been led to the curves drawn above. These curves could
be described in terms of speed. For example, curve (viii) could be
described as the curve that records the movement when an object
moves upward faster and faster. So calculus can be used not only to
describe movement but also to describe the shapes of curves. Calculus
was in fact so used in its earliest days. Kepler, in 1609-1619, discovered
the paths in which the Earth and planets move around the Sun, and the
way in which their speeds varied as they went round. Isaac Newtor.
in the years 1665-1687, was able to show that this was what the planets
ought to do, if the sun attracted them according to the inverse-square
law. Thus, with the help of calculus, he accounted for both the speeds
and the curves. It impressed men very much that the complicated
behavior of the solar system could be deduced from three or four very
simple assumptions—Newton’s laws of motion and his law of gravity.
Newton’s laws, and his application of calculus to astronomy, have a
renewed interest today, when not only can we look at the planct Mars
but some of us may be able actually to go there. Calculus would be
used to calculate the possible orbits from the Earth to Mars, and to
decide which orbit would require the least fuel.




Calculating Velocity

Now let us turn to some simple calculation. How do we work out
the velocity of an object? Suppose, for example, a car is traveling along
a straight road, a turnpike say. At 2 o’clock the mileage recorder shows
70 miles. At 5 o’clock, the mileage is 220 miles. Suppose the car has
been traveling all the time at a steady speed (this is most unlikely in
practice!). How fast has it been going? This is not a difficult question.
Subtracting 70 from 220, we see thai ihe car has gone 150 miles. Sub-
tracting 2 from 5, we see that it has taken 3 hours to do this. We divide
150 by 3 and get 50. So the speed is 50 mph.

Our reason for doing this simple piece of arithmetic is to study the
method, rather than the answer. We want to extract from it a formula
for velocity. We bring some symbols in. Let s miles be the reading of
the mileage recorder at the time ¢ hours. Thus, f = 2 would indicate
that the time was 2 o’clock, and s = 70 would indicate that the car
had gone a total distance of 70 miles. The information we had in the
question above could be put in a table like this:

t 2 5
s 70 220

But we want to get away from the particular numbers 2, 5, 70, 220.
We want a formula for giving the velocity between any two times and
any two places. So we bring in some more symbols.

Generalized problem. “‘At a hours, the mileage is p m.les. At b
hours, thc mileage is ¢ miles. The car moves at a steady speed. Find
its velocity, v miles an hour.” ’

We do the same steps as we did in the particular arithmetical prob-
lem, but we replace the particular numbers by the corresponding
symbols. a should appear now, where 2 appeared in the arithmetic;
b replaces 5, p replaces 70, g replaces 220. The table is:

t a b

s P g
In the arithmetic, we began by subtracting 70 from 220. In the algebra,
w. subtract p from g. So the car has gone (¢ — p) miles. How long has
it taken to do this? Instead of subtracting 2 from 5, we subtract a from
b. The car has taken (b — a) hours. To find the velocity, we divide the
number of miles gone by the number of hours taken. This gives us

Formula (1) Vo=

SRS

2

Speed
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1t is most important to remember that this formula holds only if the car
has a steady speed—if it moves at u constant velocity.

Suppose, for example, a car driver drove 30 miles in one hour, then
spent 3 hours having dinner, suddenly realized how late it was, drove
for an hour at 95 mph, and then had an accident. It would be no good
for this driver to say, *“I have been out for 5 hours and have covered
125 miles. So my speed can only have been 25 mph. The accident was
not my fault.” At the moment of the accident, his speedometer was
showing 95 mph. That is what we mean by velocity; what the speed-
ometer shows ar a particular instan:. 1t has nothing to do with ancient
history. Maybe this driver had not used his car for a year. Then he
could say that he had only covered 125 miles in a year, which is 0.014
miles an hour. Everyone would call this a ridiculous defense. 1 only
emphasize this point because many students of calculus behave exactly
like this man. They remember formula (1). It is so simple that they use
it even in sitvations where it gives the most ridiculous results.

Formula (1) works only when an object travels with constant velocity.
If the velocity varies a little, then formula (1) gives us, not the exact
velocity, but a reasonably close estimate of it. For example, the speed
of a car does not vary much in one second. Formula (1) would give a
reasonable estimate of a car’s speed, if one observed the distance the
car went in a second. Such evidence might be availabie if someone had
been taking a movie when a car crashed, and it would be quite reason-
able to produce that movie in a law court. In calculus, we use something
of the same procedure. We are mainly interested in cases where the
velocity is varying all the time. So we cannot simply quote formula (1).
That would be quite wrong. What we do, is to use formula (1) to
estimate the velocity; by using shorter and shorter times, we try to
arrive at some conclusion.

Negative Velocity

One curious result can be drawn from formula (1) even in the case
of steady velocity. Suppose the car is going backwards. This happens
rarely or never with cars, so our example is somewhat unreal. However,
in science the situation frequently occurs; for example, a stone, thrown
straight up into the air, rises for a certain time, and then falls. When
falling, it is returning to its original position, like a car backing. Suppose
then, a car capable of driving backwards at a steady speed for two or
three hours. How would its table look ? Something Jike this—

t 3 5
s 80 60




At 3 o’clock, it would be 80 miles from home: at 5 o'clock, only 60
miles. In 2 hours, it has returned 20 miles; evidently, it has oeen backing
at 10 mph.

What does formula (1) give? We have to put

a=3, b =5, p = 80, q = 60.
This gives

_q—p _60-280 =20
" b—a 5-3 2
We know the car is backing at 10 mph. The formula gives v = —10,

There are two ways of dealing with this situation.

(1) We might say, “It is absurd to have negative velocities. A
velocity cannot be less than zero. If a car is going backwards, you
must use a different formula. Formula (1) just does not apply then.”

(2) We might say, “We will use formula (1) always when some-
thing moves with a steady speed. If formula (1) gives us a negative
answer, we shall know that the object is moving backwards.”

Policy (2) has been found to be much the most convenient. If we
used policy (1), it would double our work; we should have one set of
rules for things that are rising, another set for things that are falling.
Policy (2) allows us to have a single formula. If, at the end, the answer
comes out negative, we know what that means. Usually, 1n a car, the
speedometer shows only speeds forward. What we are doing now is
rather more like what happens on a ship, where you have “full speed
ahead” and “full speed astern.” One could imagine a car with an ex-
tended speedometer, that went past zero to show *“—5 mph” when the
car was backing at 5 mph, “—10 mph” when 1t was backing at 10
mph, and so on.

In physics, ¢the word velocity is commonly u_ed when direction is
betng taken into account; speed is used when you are simply concerned
with how fast an object is moving, and not bothering whether it is
moving forwards or backwards. Thus a car advancing at 10 mph has

v = —10.

Speed

Rates of Change

If we are traveling in a car, the velocity of the car is the rate at which
the mileage increases Velocity is the rate of change of distance gone.
Calculus is concerned with how fast things change. The thing changing
need not be a distance. We may ask, “How fast is that man growing
rich?” **How fast is this car’s tank being filled with gas?” These are
rates of change—the rate of change of a bank account; the rate of
change of the amount of gas in the tank.

It is convenient to have a symbol for “the rate of change of.” We
shall use a very simple one, the symbol

If / measures any quantity, f* mezsures the rate at which that quantity
is growing (/" is read “*f prime” or f dashed™).

For example, if a boy is & inches in height when he is n years old, A’
means the rate at which he is growing, in inches a year.

If a car goes s miles in ¢ hours, s’ means the rate, in mph, at which
the mileage grows. s miles an hour is in fact the velocity of the car.

If there are g gallons of gas in a tank after ¢ seconds of filling, g’
means the rate at which gas is entering the tank, measured in gallons
a second.

If a man has i dollars when he is » years old, m’ is the rate at which
his wealth is increasing, in dollars a year.

Note here the distinction we made carlier: m’ is not the same as m/n.
If a man has $3000 when he is 30 years old, it does not in the least
follow that his wealth is increasing at the rate of $100 a year. You
could only draw this conclusion if you kniew that, from the time he was
born, he had been saving money at a steady rate. It might be that he
had nothing at all until he was 27, and in the last three years he has
been saving steadily at $1000 a yeai. In that case, m’ would be 1000.
On the other hand, it may be that he is having a difficult time now,

a velocity of 410 mph; when backing at 10 mph, it has a velocity of anld Is w:tunlly 105ing money at $500 a year. In that case m’ = —500.
—10 mph. In both these casss, the speed is 10 mph. This distinction m’ has nothing to do with ancient history. It mea.ures what is happen-
ing now.

will not play any part in this book. We shall always be concerned with
velocity. For example, we might record various movements as in Fig. 8.

B R R

+ 100 mph + 'Omph Omph -10 mph =100 mph
Figure 8
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If s miles is the distance a car has gone in ¢ hours, s* denotes the
velocity of the car in miles an hour. Again, you cannot assume that
s = s/t. If I tell you that I have been driving for 3 hours and have
covered 90 miles, you cannot work out from this how fast I am moving
at this moment. Y ou can only see what s” is by looking at the speedome-
ter. 1 may be traveling at sixty. In thiscase, s = 90, t = 3, 5" = 60.
Or my car may be at rest. In thatcase s = 90, ¢+ = 3, 5’ = 0. ] may
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even be backing at 10 miles an hour. Then s =90, t = 3, s* = —10

All this merely amounts to saying that, if I tell you what time it is
and where I am, you cannot tell me how fast I am moving. However it
is necessary to emphasize this. Students seem to have had drilled into
them “‘velocity is distance divided by time.” This is so only in the case
of steady velocity. But the whole point of calculus is to study variable
velocity, as when a ball is falling to the earth or a rocket taking off
from the earth.

s’ then is the number to which ihe speedometer is pointing at any
particular moment.

ExaMPLES. Translate into calculus symbolism:
(1) After I had been traveling for 5 hours, I had covered 120 miles and was
driving at 40 mph.

ANSWER. Fort = 5,5 = 120 and s’ = 40.

(2) After 2 hours' driving, my speedometer showed 50 mph and after 3 hours
1t showed 45 mph.

ANSWER. Fort = 2,58 = 50. Fort = 3, s = 45.

(3) For the first two hours, 1 drove at a steady speed of 40 mph.

ANSWER. s° = 40 for every value of 7 from O to 2.

Finding Velocity in Simple Cases

There are some cases in which velocity can be found by arithmetic
alone. These cases are, of course, not very interesting or exciting; the
interesting results come in the problems where new methods are
needed. These simple cases, however, can get us used io the s” symbolism.

Suppose the mileage on my car is zero, and I drive at a steady velocity
of 10 mph for a certain time. The table giving my mileage at any time is

t 01 2 3 4
s 0 10 20 30 40

Here, s = 10¢ is the law What is s'? We said at the outset that my
velocity was steady at 10 mph, and " measures my velocity. So s = 10.
Let us set this out formally.

Result A. If
s = 101,

Speed
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Since my velocity is 10 mph all the time, 5" = 10 does not simply
mean that 5" is 10 at some particular instant, but that ar any instant
during the motion 5" has the value 10. s = 10¢ is a law for the motion
in the sense that it tells you where the car is at any time. If you ask,
“Where is the car after 14 hours?” 1 substitute t = 14 in the formula
s = 10t and get s = 15. " = 10is also a law, in the sense that it tells
me the velocity at any time; it says that the velocity is always 10.

Here we have an example of one of the first problems of calculus:
given a law that tells you where an object is at any time, find a law for
its velocity at any time.

Exercises

1. To begin with, the mileage of my car is zero. I drive at a steady velocity of
20 mph. What law gives my position at any time? What is my velocity at
any time? Write the answers to both questions as equations.

2. The position of a car at any time is given by the equation s = 30s. What is
the mileage when ¢ = 0? when ¢t = 1? when r = 2? when ¢ = 3? What
is the velocity of the car? What equation gives s'?

3. The position of a car at any time is given by the equation s = 40r. Find
the equation for the velocity of the car.

’ L3

4. Complete the statement, “if s = 501, 5" = ...”.

5. If k stands for any fixed number (like 20, 30, 40, 50 in the preceding
examples) and s = kt,thens’ = ... ?

In the examples just considered, we started each time with zero
mileage. This however is not necessary. Consider the law s = 10¢ + 3.
The table for this is

tr 01 2 3 4
s 3 13 23 33 43

Here, the mileage recorder showed 3 at the beginning. The table shows
that the car covers 10 miles with every hour that passes. The velocity
is 10 mph, and so ' = 10. We thus have

Result B. If

s = 10t 4 3,
s’ = 10.




ERICIS

[AFuiToxt Provided by ERIC

Velocity at an Instant

Steady velocity is too simple to be very exciting. We now turn to
the real problem, the question of variable velocity.

It should be emphasized that the quantity v or s’, for which we
are seeking, is intended to measure velocity at an instant. In everyday
life we find this quite simple; we glance at the speedometer of a car;
the needle points to 60 mph and we conclude that 60 mph is our speed
at this instant. But when we start to examine what this means, we meet
a certain paradox. The very idea of velocity seems to involve fivo times,
the beginning and end of an interval. We measure velocity in miles
an hour, and these words imply that we see how far an object goes in
a certain time. If the time allowed is zero, the distance the object goes
is zero. However fast it may be going, two photographs of it taken at
the same time will show it at the same place.

If in formula (1) we were to try to discover the velocity at an instant,
by making a and b coincide, then p and ¢ also would coincide, and the
formula would give us 0 =+ 0 as the velocity—which does not help us
at all.

We have used curves to record the movement of objects. A steep
line corresponds to an object. moving fast; a gentle slope to an object
moving slowly (Figs. 5 and 6). So our question could be posed in terms
of curves. Instead of saying, “What is the velocity at this instant?’ we
could ask, “What is the steepness of the curve at the point P?” (see
Fig. 9). This seems a sensible sort of question. We would agree, for




Figure 9 Figure 10

example. that, for the curve sho