Directions: Read, highlight, take notes, and annotate the following two passages and answer the
reflection questions that follow in preparation for a class discussion. The passages are short, but
dense. Do not be afraid to look up unfamiliar words. Read slowly and carefully.
Passage 1. The following passage is from the introduction to the first chapter of Nobel Laureate
Richard Feynman’s famous Lectures on Physics given at CalTech, where he taught the
introductory physics course for two years. Although he mentions physics specifically, everything
he says is applicable to science in general, including chemistry.
The Feynman Lectures on Physics, 1963
Chapter 1: Atoms in Motion
Introduction
This two-year course in physics is presented from the point of view that you, the reader, are
going to be a physicist. This is not necessarily the case of course, but that is what every professor
in every subject assumes! If you are going to be a physicist, you will have a lot to study: two
hundred years of the most rapidly developing field of knowledge that there is. So much knowledge,
in fact, that you might think that you cannot learn all of it in four years, and truly you cannot; you
will have to go to graduate school too!
Surprisingly enough, in spite of the tremendous amount of work that has been done for all
this time it is possible to condense the enormous mass of results to a large extent—that is, to find
laws which summarize all our knowledge. Even so, the laws are so hard to grasp that it is unfair to
you to start exploring this tremendous subject without some kind of map or outline of the
relationship of one part of the subject of science to another. Following these preliminary remarks,
the first three chapters will therefore outline the relation of physics to the rest of the sciences, the
relations of the sciences to each other, and the meaning of science, to help us develop a “feel” for
the subject.
You might ask why we cannot teach physics by just giving the basic laws on page one and
then showing how they work in all possible circumstances, as we do in Euclidean geometry, where
we state the axioms and then make all sorts of deductions. (So, not satisfied to learn physics in
four years, you want to learn it in four minutes?) We cannot do it in this way for two reasons. First,
we do not yet know all the basic laws: there is an expanding frontier of ignorance. Second, the
correct statement of the laws of physics involves some very unfamiliar ideas which require
advanced mathematics for their description. Therefore, one needs a considerable amount of
preparatory training even to learn what the words mean. No, it is not possible to do it that way. We
can only do it piece by piece.
Each piece, or part, of the whole of nature is always merely an approximation to the complete
truth, or the complete truth so far as we know it. In fact, everything we know is only some kind of
approximation, because we know that we do not know all the laws as yet. Therefore, things must
be learned only to be unlearned again or, more likely, to be corrected.
The principle of science, the definition, almost, is the following: The test of all knowledge is
experiment. Experiment is the sole judge of scientific “truth.” But what is the source of knowledge?
Where do the laws that are to be tested come from? Experiment, itself, helps to produce these laws,
in the sense that it gives us hints. But also needed is imagination to create from these hints the
great generalizations—to guess at the wonderful, simple, but very strange patterns beneath them
all, and then to experiment to check again whether we have made the right guess. This imagining

process is so difficult that there is a division of labor in physics: there are theoretical physicists
who imagine, deduce, and guess at new laws, but do not experiment; and then there are
experimental physicists who experiment, imagine, deduce, and guess.
We said that the laws of nature are approximate: that we first find the “wrong” ones, and then
we find the “right” ones. Now, how can an experiment be “wrong”? First, in a trivial way: if
something is wrong with the apparatus that you did not notice. But these things are easily fixed,
and checked back and forth. So without snatching at such minor things, how can the results of an
experiment be wrong? Only by being inaccurate. For example, the mass of an object never seems
to change: a spinning top has the same weight as a still one. So a “law” was invented: mass is
constant, independent of speed. That “law” is now found to be incorrect. Mass is found to increase
with velocity, but appreciable increases require velocities near that of light. A true law is: if an
object moves with a speed of less than one hundred miles a second the mass is constant to within
one part in a million. In some such approximate form this is a correct law. So in practice one might
think that the new law makes no significant difference. Well, yes and no. For ordinary speeds we
can certainly forget it and use the simple constant-mass law as a good approximation. But for high
speeds we are wrong, and the higher the speed, the more wrong we are.
Finally, and most interesting, philosophically we are completely wrong with the approximate
law. Our entire picture of the world has to be altered even though the mass changes only by a little
bit. This is a very peculiar thing about the philosophy, or the ideas, behind the laws. Even a very
small effect sometimes requires profound changes in our ideas.
Now, what should we teach first? Should we teach the correct but unfamiliar law with its
strange and difficult conceptual ideas, for example the theory of relativity, four-dimensional spacetime, and so on? Or should we first teach the simple “constant-mass” law, which is only
approximate, but does not involve such difficult ideas? The first is more exciting, more wonderful,
and more fun, but the second is easier to get at first, and is a first step to a real understanding of
the first idea. This point arises again and again in teaching physics. At different times we shall
have to resolve it in different ways, but at each stage it is worth learning what is now known, how
accurate it is, how it fits into everything else, and how it may be changed when we learn more.
Passage 2. In this passage, Antoine Lavoisier (1743-1794) discusses his philosophy for scientific
investigation. Lavoisier was a major contributor to chemistry in the 18th century.
From the Introduction to Elements of Chemistry by Antoine Laurent Lavoisier, 1790.
It is a maxim universally admitted in geometry, and indeed in every branch of knowledge, that, in
the progress of investigation, we should proceed from known facts to what is unknown. In early
infancy, our ideas spring from our wants; the sensation of want excites the idea of the object by
which it is to be gratified. In this manner, from a series of sensations, observations, and analyses,
a successive train of ideas arises, so linked together, that an attentive observer may trace back to a
certain point the order and connection of the whole sum of human knowledge.
When we begin the study of any science, we are in a situation, respecting that science, similar to
that of children; and the course by which we have to advance is precisely the same which Nature
follows in the formation of their ideas. In a child, the idea is merely an effect produced by a
sensation; and, in the same manner, in commencing the study of a physical science, we ought to
form no idea but what is a necessary consequence, and immediate effect, of an experiment or
observation. Besides, he that enters upon the career of science, is in a less advantageous situation

than a child who is acquiring his first ideas. To the child, Nature gives various means of rectifying
any mistakes he may commit respecting the salutary or hurtful qualities of the objects which
surround him. On every occasion his judgments are corrected by experience; want and pain are the
necessary consequences arising from false judgment; gratification and pleasure are produced by
judging aright. Under such masters, we cannot fail to become well informed; and we soon learn to
reason justly, when want and pain are the necessary consequences of a contrary conduct.
In the study and practice of the sciences it is quite different; the false judgments we form neither
affect our existence nor our welfare; and we are not forced by any physical necessity to correct
them. Imagination, on the contrary, which is ever wandering beyond the bounds of truth, joined to
self-love and that self-confidence we are so apt to indulge, prompt us to draw conclusions which
are not immediately derived from facts; so that we become in some measure interested in deceiving
ourselves. Hence it is by no means to be wondered, that, in the science of physics in general, men
have often made suppositions, instead of forming conclusions. These suppositions, handed down
from one age to another, acquire additional weight from the authorities by which they are
supported, till at last they are received, even by men of genius, as fundamental truths.
The only method of preventing such errors from taking place, and of correcting them when formed,
is to restrain and simplify our reasoning as much as possible. This depends entirely upon ourselves,
and the neglect of it is the only source of our mistakes. We must trust to nothing but facts: These
are presented to us by Nature, and cannot deceive. We ought, in every instance, to submit our
reasoning to the test of experiment, and never to search for truth but by the natural road of
experiment and observation. Thus mathematicians obtain the solution of a problem by the mere
arrangement of data, and by reducing their reasoning to such simple steps, to conclusions so very
obvious, as never to lose sight of the evidence which guides them.
Thoroughly convinced of these truths, I have imposed upon myself, as a law, never to advance but
from what is known to what is unknown; never to form any conclusion which is not an immediate
consequence necessarily flowing from observation and experiment; and always to arrange the
facts, and the conclusions which are drawn from them, in such an order as shall render it most easy
for beginners in the study of chemistry thoroughly to understand them. Hence I have been obliged
to depart from the usual order of courses of lectures and of treatises upon chemistry, which always
assume the first principles of the science, as known, when the pupil or the reader should never be
supposed to know them till they have been explained in subsequent lessons. In almost every
instance, these begin by treating of the elements of matter, and by explaining the table of affinities,
without considering, that, in so doing, they must bring the principal phenomena of chemistry into
view at the very outset: They make use of terms which have not been defined, and suppose the
science to be understood by the very persons they are only beginning to teach. It ought likewise to
be considered, that very little of chemistry can be learned in a first course, which is hardly
sufficient to make the language of the science familiar to the ears, or the apparatus familiar to the
eyes.

Reflection Questions
Draft answers to each of the questions below. Refer to the text for support.
1. What does Feynman mean when he refers to an “approximation”?
2. According to Feynman, how can the results of an experiment be wrong?
3. Why does Feynman say that we cannot begin teaching a science course by just teaching all
the different laws? Do you think that schools should teach the “correct” law first or the
simpler, easier to understand one?
4. What do you think Lavoisier’s position would be on the issue raised in #3? Would he agree
or disagree with Feynman?
5. How are we like children, according to Lavoisier?
6. According to Lavoisier, how do false judgements become established truths? Can you think
of any examples of this you have experienced?
7. Do you see a connection between imagination and experiment? Do you think Feynman
and/or Lavoisier would agree with you?
8. How do you think Feynman and Lavoisier would define the word “truth”?
9. Compare Feynman’s and Lavoisier’s positions on the nature of the scientific experiment.
How are they the same and how are they different?
10. Do you have any questions that come to mind after reading these passages?

