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IX. The Nature and Necessity of
Scientific Revolutions

These remarks permit us at last to consider the problems that
provide this essay with its title. What are scientific revolutions,
and what is their function in scientific development? Much of
the answer to these questions has been anticipated in earlier
sections. In particular, the preceding discussion has indicated
that scientific revolutions are here taken to be those non-cumu-
lative developmental episodes in which an older paradigm is
replaced in whole or in part by an incompatible new one. There
is more to be said, however, and an essential part of it can be
introduced by asking one further question. Why should a
change of paradigm be called a revolution? In the face of the
vast and essential differences between political and scientific
development, what parallelism can /justify the metaphor that
finds revolutions in both?

One aspect of the parallelism must already be apparent. Polit-
ical revolutions are inaugurated by a growing sense, often re-
stricted to a segment of the political community, that existing
institutions have ceased adequately to meet the problems posed
by an environment that they have in part created. In much the
same way, scientific revolutions are inaugurated by a growing
sense, again often restricted to a narrow subdivision of the
scientific g>xmmunity, that an existing paradigm has ceased to
function adequately in the exploration of an aspect of nature to
which that paradigm itself had previously led the way. In both
political and scientific development the sense of malfunction
that can lead to crisis is prerequisite to revolution. Furthermore,
though it admittedly strains the metaphor, that parallelism
holds not only for the major paradigm changes, like those
attributable to Copernicus and Lavoisier, but also for the far
smaller ones associated with the assimilation of a new sort of
phenomenon, like oxygen or X-rays. Scientific revolutions, as we
noted at the end of Section V, need seem revolutionary only to
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those whose paradigms are affected by them. To outsiders they
may, like the Balkan revolutions of the early twentieth century,
seem normal parts of the developmental process. Astronomers,
for example, could accept X-rays as a mere addition to knowl-
edge, for their paradigms were unaffected by the existence of
the new radiation. But for men like Kelvin, Crookes, and Roent-
gen, whose research dealt with radiation theory or with cathode
ray tubes, the emergence of X-rays necessarily violated one
paradigm as it created another. That is why these rays could be
discovered only through something’s first going wrong with
normal research.

This genetic aspect of the parallel between political and
scientific development should no longer be open to doubt. The
parallel has, however, a second and more profound aspect upon
which the significance of the first depends. Political revolutions
aim to change political institutions in ways that those institu-
tions themselves prohibit. Their success therefore necessitates
the partial relinquishment of one set of institutions in favor of
another, and in the interim, society is not fully governed by in-
stitutions at all. Initially it is crisis alone that attenuates the role
of political institutions as we have already seen it attenuate the
role of paradigms. In increasing numbers individuals become
increasingly estranged from political life and behave more and
more eccentrically within it. Then, as the crisis deepens, many
of these individuals commit themselves to some concrete pro-
posal for the reconstruction of society in a new institutional
framework. At that point the society is divided into competing
camps or parties, one secking to defend the old institutional con-
stellation, the others seeking to institute some new one. And,
once that polarization has occurred, political recourse fails. Be-
cause they differ about the institutional matrix within which
political change is to be achieved and evaluated, because they
acknowledge no supra-institutional framework for the adjudi-
cation of revolutionary difference, the parties to a revolutionary
conflict must finally resort to the techniques of mass persuasion,
often including force. Though revolutions have had a vital role
in the evolution of political institutions, that role depends upon
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their being partially extrapolitical or extrainstitutional events.

The remainder of this essay aims to demonstrate that the
historical study of paradigm change reveals very similar charac-
teristics in the evolution of the sciences. Like the choice be-
tween competing political institutions, that between competing
paradigms proves to be a choice between incompatible modes
of community life. Because it has that character, the choice is
not and cannot be determined merely by the evaluative pro-
cedures characteristic of normal science, for these depend in
part upon a particular paradigm, and that paradigm is at issue.
When paradigms enter, as they must, into a debate about para-
digm choice, their role is necessarily circular. Each group uses
its own paradigm to argue in that paradigm’s defense.

The resulting circularity does not, of course, make the argu-
ments wrong or even ineffectual. The man who premises a para-
digm when arguing in its defense can nonetheless provide a
clear exhibit of what scientific practice will be like for those
who adopt the new view of nature. That exhibit can be im-
mensely persuasive, often compellingly so. Yet, whatever its
force, the status of the circular argument is only that of per-
suasion. It cannot be made logically or even probabilistically
compelling for those who refuse to step into the circle. The
premises and values shared by the two parties to a debate over
paradigms are not sufficiently extensive for that. As in political
revolutions, so in paradigm choice—there is no standard higher
than the assent of the relevant community. To discover how
scientific revolutions are effected, we shall therefore have to
examine not only the impact of nature and of logic, but also the
techniques of persuasive argumentation effective within the
quite special groups that constitute the community of scientists.

To discover why this issue of paradigm choice can never be
unequivocally settled by logic and experiment alone, we must
shortly examine the nature of the differences that separate the
proponents of a traditional paradigm from their revolutionary
successors. That examination is the principal object of this sec-
tion and the next. We have, however, already noted numerous
examples of such differences, and no one will doubt that history
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can supply many others. What is more likely to be doubted than
their existence—and what must therefore be considered first—is
that such examples provide essential information about the
nature of science. Granting that paradigm rejection has been a
historic fact, does it illuminate more than human credulity and
confusion? Are there intrinsic reasons why the assimilation of
either a new sort of phenomenon or a new scientific theory must
demand the rejection of an older paradigm?

First notice that if there are such reasons, they do not derive
from the logical structure of scientific knowledge. In principle,
a new phenomenon might emerge without reflecting destruc-
tively upon any part of past scientific practice. Though discov-
ering life on the moon would today be destructive of existing
paradigms (these tell us things about the moon that seem in-
compatible with life’s existence there), discovering life in some
less well-known part of the galaxy would not. By the same
token, a new theory does not have to conflict with any of its
predecessors. It might deal exclusively with phenomena not
previously known, as the quantum theory deals (but, signif-
icantly, not exclusively) with subatomic phenomena unknown
before the twentieth century. Or again, the new theory might
be simply a higher level theory than those known before, one
that linked together a whole group of lower level theories with-
out substantially changing any. Today, the theory of energy
conservation provides just such links between dynamics, chem-
istry, electricity, optics, thermal theory, and so on. Still other
compatible relationships between old and new theories can be
conceived. Any and all of them might be exemplified by the
historical process through which science has developed. If they
were, scientific development would be genuinely cumulative.
New sorts of phenomena would simply disclose order in an
aspect of nature where none had been seen before. In the evolu-
tion of science new knowledge would replace ignorance rather
than replace knowledge of another and incompatible sort.

Of course, science (or some other enterprise, perhaps less
effective) might have developed in that fully cumulative man-
ner. Many people have believed that it did so, and most still
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seem to suppose that cumulation is at least the ideal that histori-
cal development would display if only it had not so often been
distorted by human idiosyncrasy. There are important reasons
for that belief. In Section X we shall discover how closely the
view of science-as-cumulation is entangled with a dominant
epistemology that takes knowledge to be a construction placed
directly upon raw sense data by the mind. And in Section XI we
shall examine the strong support provided to the same historio-
graphic schema by the techniques of effective science pedagogy.
Nevertheless, despite the immense plausibility of that ideal
image, there is increasing reason to wonder whether it can pos-
sibly be an image of science. After the pre-paradigm period the
assimilation of all new theories and of almost all new sorts of
phenomena has in fact demanded the destruction of a prior
paradigm and a consequent conflict between competing schools
of scientific thought. Cumulative acquisition of unanticipated
novelties proves to be an almost non-existent exception to the
rule of scientific development. The man who takes historic fact
seriously must suspect that science does not tend toward the
ideal that our image of its cumulativeness has suggested. Per-
haps it is another sort of enterprise.

If, however, resistant facts can carry us that far, then a second
look at the ground we have already covered may suggest that
cumulative acquisition of novelty is not only rare in fact but im-
probable in principle. Normal research, which is cumulative,
owes its success to the ability: of scientists regularly to select
problems that can be solved with conceptual and instrumental
techniques close to those already in existence. (That is why an
excessive concern with useful problems, regardless of their rela-
tion to existing knowledge and technique, can so easily inhibit
scientific development.) The man who is striving to solve a
problem defined by existing knowledge and technique is not,
however, just looking around. He knows what he wants to
achieve, and he designs his instruments and directs his thoughts
accordingly. Unanticipated novelty, the new discovery, can
emerge only to the extent that his anticipations about nature
and his instruments prove wrong. Often the importance of the

Vol. 1i, No. 2
96

The Nature and Necessity of Scientific Revolutions

resulting discovery will itself be proportional to the extent and
stubbornness of the anomaly that foreshadowed it. Obviously,
then, there must be a conflict between the paradigm that dis-
closes anomaly and the one that later renders the anomaly law-
like. The examples of discovery through paradigm destruction
examined in Section VI did not confront us with mere historical
accident. There is no other effective way in which discoveries
might be generated.

The same argument applies even more clearly to the inven-
tion of new theories. There are, in principle, only three types of
phenomena about which a new theory might be developed. The
first consists of phenomena already well explained by existing
paradigms, and these seldom provide either motive or point of
departure for theory construction. When they do, as with the
three famous anticipations discussed at the end of Section VII,
the theories that result are seldom accepted, because nature pro-
vides no ground for discrimination. A second class of phenom-
ena consists of those whose nature is indicated by existing para-
digms but whose details can be understood only through further
theory articulation. These are the phenomena to which scien-
tists direct their research much of the time, but that research
aims at the articulation of existing paradigms rather than at the
invention of new ones. Only when these attempts at articulation
fail do scientists encounter the third type of phenomena, the
recognized anomalies whose characteristic feature is their stub-
born refusal to be assimilated to existing paradigms. This type
alone gives rise to new theories. Paradigms provide all phenom-
ena except anomalies with a theory-determined place in the
scientist’s field of vision.

But if new theories are called forth to resolve anomalies in the
relation of an existing theory to nature, then the successful new
theory must somewhere permit predictions that are different
from those derived from its predecessor. That difference could
not occur if the two were logically compatible. In the process of
being assimilated, the second must displace the first. Even a
theory like energy conservation, which today seems a logical
superstructure that relates to nature only through independent-
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ly established theories, did not develop historically without
paradigm destruction. Instead, it emerged from a crisis in which
an essential ingredient was the incompatibility between New-
tonian dynamics and some recently formulated consequences of
the caloric theory of heat. Only after the caloric theory had
been rejected could energy conservation become part of sci-
ence.! And only after it had been part of science for some time
could it come to seem a theory of a logically higher type, one
not in conflict with its predecessors. It is hard to see how new
theories could arise without these destructive changes in beliefs
about nature. Though logical inclusiveness remains a permis-
sible view of the relation between successive scientific theories,
it is a historical implausibility.

A century ago it would, I think, have been possible to let the
case for the necessity of revolutions rest at this point. But today,
unfortunately, that cannot be done because the view of the
subject developed above cannot be maintained if the most prev-
alent contemporary interpretation of the nature and function
of scientific theory is accepted. That interpretation, closely asso-
ciated with early logical positivism and not categorically re-
jected by its successors, would restrict the range and meaning
of an accepted theory so that it could not possibly conflict with
any later theory that made predictions about some of the same
natural phenomena. The best-known and the strongest case for
this restricted conception of a scientific theory emerges in dis-
cussions of the relation between contemporary Einsteinian dy-
namics and the older dynamical equations that descend from
Newton’s Principia. From the viewpoint of this essay these two
theories are fundamentally incompatible in the sense illustrated
by the relation of Copernican to Ptolemaic astronomy: Ein-
stein’s theory can be accepted only with the recognition that
Newton’s was wrong. Today this remains a minority view.? We
must therefore examine the most prevalent objections to it.

! Silvanus P. Thompson, Life of William Thomson Baron Kelvin of Largs
(London, 1910), I, 266-81.

2 See, for example, the remarks by P. P. Wiener in Philosophy of Science,
XXV (1958), 298.
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The gist of these objections can be developefl as follov.vs.
Relativistic dynamics cannot have shown Newtonian Qynamms
to be wrong, for Newtonian dynamics is still useq w1th great
success by most engineers and, in selected appl'lcatlons, by
many physicists. Furthermore, the propriety of this use of tl?e
older theory can be proved from the very theory that has, in
other applications, replaced it. Einstein's theory can be used to
show that predictions from Newton’s equations will be as.good
as our measuring instruments in all applications that. satisfy a
small number of restrictive conditions. For examplt?, if Newto-
nian theory is to provide a good approximate solution, the rel-
ative velocities of the bodies considered must be srx?a.ll com-
pared with the velocity of light. Subject to this copdltlon and
a few others, Newtonian theory seems to be derivable from
Einsteinian, of which it is therefore a special case. '

But, the objection continues, no theory can pf)SSlbly conflict
with one of its special cases. If Einsteinian science seems to
make Newtonian dynamics wrong, that is only because some
Newtonians were so incautious as to claim that Newtqman
theory yielded entirely precise results or that it was valid at
very high relative velocities. Since they could not have had any
evidence for such claims, they betrayed the standards of science
when they made them. In so far as Newtonian_theory was ever
a truly scientific theory supported by valid.ewdence, it still is.
Only extravagant claims for the theory—claims that were never
properly parts of science—can have been shown by Einstein to
be wrong. Purged of these merely human extravagances, New-
tonian theory has never been challenged and cannot be.

Some variant of this argument is quite sufficient to ma_ke any
theory ever used by a significant group of competent scientists
immune to attack. The much-maligned phlogiston theory, for
example, gave order to a large number of physical and chemlf:a}i
phenomena. It explained why bodies burned—they were ric
in phlogiston—and why metals had so many more properties i
common than did their ores. The metals were a!l compou.nded
from different elementary earths combined with phlogiston,
and the latter, common to all metals, produced common prop-
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erties. In addition, the phlogiston theory accounted for a num-
ber of reactions in which acids were formed by the combustion
of substances like carbon and sulphur. Also, it explained the
decrease of volume when combustion oceurs in a confined vol-
ume of air—the phlogiston released by combustion “spoils” the
elasticity of the air that absorbed it, just as fire “spoils” the
elasticity of a steel spring.® If these were the only phenomena
that the phlogiston theorists had claimed for their theory, that
theory could never have been challenged. A similar argu,ment
W1.ll suffice for any theory that has ever been successfully ap-
plied to any range of phenomena at all,

But to save theories in this way, their range of application
must be restricted to those phenomena and to that precision of
observation with which the experimental evidence in hand al-
ready deals.* Carried just a step further (and the step can
scarcely be avoided once the first is taken), such a limitation
prohibits the scientist from claiming to speak “scientifically”
about any phenomenon not already observed. Even in its pres-
ent form the restriction forbids the scientist to rely upon a the-
ory in his own research whenever that research enters an area
or seeks a degree of precision for which past practice with the
theory.oEers no precedent. These prohibitions are logically un-
exceptionalle. But the result of accepting them would be the
end of the research through which science may develop further,

By now that point too is virtually a tautology. Without com-
mitment to a paradigm there could be no normal science, Fur.
thermore, that commitment must extend to areas and to degrees
of precision for which there is no full precedent. If it did not
the paradigm could provide no puzzles that had not alread):
been solved. Besides, it is not only normal science that depends
upon commitment to a paradigm. If existing theory binds the

8 James B. Conant, Overthrow of the Phlogiston The
, Ove ory (Cambri
{)gs 11;&-1% ?3‘15(1-8]8 R'i_ll’arft‘_uhgtzn, Ad Short Hi.s-t%ry of Cherr:tystgy ‘?;d r;g{;:eiigggg,
, PP ¢ - the tullest and most sympathetic account of the phlogistor
thoorhs L} \ ¢ i [o) € phlogiston
chimri}c’] s (2 ﬁ;:;ﬁe&t(s) )1.:» llgg,rt HI.LMetzger, Netwton, Stahl, Boerhaave et }(Z doctrine
# Compare the conclusions reached through i
by g e the o ons | ugh a ve gixfferent sort of analysis
es?i) o ithwaite, Scientific Explanation (Cam ridge, 1953), pp- 50-87,
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scientist only with respect to existing applications, then there
can be no surprises, anomalies, or crises. But these are just the
signposts that point the way to extraordinary science. If positiv-
istic restrictions on the range of a theory’s legitimate applicabil-
ity are taken literally, the mechanism that tells the scientific
community what problems may lead to fundamental change
must cease to function. And when that occurs, the community
will inevitably return to something much like its pre-paradigm
state, a condition in which all members practice science but in
which their gross product scarcely resembles science at all. Is
it really any wonder that the price of significant scientific ad-
vance is a commitment that runs the risk of being wrong?

More important, there is a revealing logical lacuna in the
positivist’s argument, one that will reintroduce us immediately
to the nature of revolutionary change. Can Newtonian dynam-
ics really be derived from relativistic dynamics? What would
such a derivation look like? Imagine a set of statements, E, Es,
.+« » Ea, which together embody the laws of relativity theory.
These statements contain variables and parameters representing
spatial position, time, rest mass, etc. From them, together with
the apparatus of logic and mathematics, is deducible a whole
set of further statements including some that can be checked
by observation. To prove the adequacy of Newtonian dynamics
as a special case, we must add to the Ei’s additional statements,
like (v/c)? << 1, restricting the range of the parameters and
variables. This enlarged set of statements is then manipulated
to yield a new set, Ny, N, . . ., Nm, which is identical in form
with Newton’s laws of motion, the law of gravity, and so on.
Apparently Newtonian dynamics has been derived from Ein-
steinian, subject to a few limiting conditions.

Yet the derivation is spurious, at least to this point. Though
the Ny’s are a special case of the laws of relativistic mechanics,
they are not Newton’s Laws. Or at least they are not unless
those laws are reinterpreted in a way that would have been im-
possible until after Einstein’s work. The variables and param-
eters that in the Einsteinian E/s represented spatial position,
time, mass, etc., still occur in the N/’s; and they there still repre-
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sent Einsteinian space, time, and mass. But the physical refer-
ents of these Einsteinian concepts are by no means identical
with those of the Newtonian concepts that bear the same name.
(Newtonian mass is conserved; Einsteinian is convertible with
energy. Only at low relative velocities may the two be measured
in the same way, and even then they must not be conceived to
be the same.) Unless we change the definitions of the variables
in the N/s, the statements we have derived are not Newtonian.
If we do change them, we cannot properly be said to have de-
rived Newton’s Laws, at least not in any sense of “derive” now
generally recognized. Our argument has, of course, explained
why Newton’s Laws ever seemed to work. In doing so it has
justified, say, an automobile driver in acting as though he lived
in a Newtonian universe. An argument of the same type is used
to justify teaching earth-centered astronomy to surveyors. But
the argument has still not done what it purported to do. It has
not, that is, shown Newton’s Laws to be a limiting case of Ein-
stein’s. For in the passage to the limit it is not only the forms of
the laws that have changed. Simultaneously we have had to
alter the fundamental structural elements of which the universe
to which they apply is composed.

This need to change the meaning of established and familiar
concepts is central to the revolutionary impact of Einstein’s
theory. Though subtler than the changes from geocentrism to
heliocentrism, from phlogiston to oxygen, or from corpuscles
to waves, the resulting conceptual transformation is no less de-
cisively destructive of a previously established paradigm. We
may even come to see it as a prototype for revolutionary reorien-
tations in the sciences. Just because it did not involve the intro-
duction of additional objects or concepts, the transition from
Newtonian to Einsteinian mechanics illustrates with particular
clarity the scientific revolution as a displacement of the concep-
tual network through which scientists view the world.

These remarks should suffice to show what might, in another
philosophical climate, have been taken for granted. At least for
cientists, most of the apparent differences between a discarded
cientific theory and its successor are real. Though an out-of-
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date theory can always be viewed as a special case of its up-to-
date successor, it must be transformed for the purpose. And the
transformation is one that can be undertaken only with the ad-
vantages of hindsight, the explicit guidance of the more recent
theory. Furthermore, even if that transformation were a legiti-
mate device to employ in interpreting the older theory, the
result of its application would be a theory so restricted that it
could only restate what was already known. Because of its econ-
omy, that restatement would have utility, but it could not suf-
fice for the guidance of research.

Let us, therefore, now take it for granted that the differences
between successive paradigms are both necessary and irrecon-
cilable. Can we then say more explicitly what sorts of differences
these are? The most apparent type has already been illustrated
repeatedly. Successive paradigms tell us different things about
the population of the universe and about that population’s be-
havior. They differ, that is, about such questions as the existence
of subatomic particles, the materiality of light, and the conser-
vation of heat or of energy. These are the substantive differences
between successive paradigms, and they require no further illus-
tration. But paradigms differ in more than substance, for they
are directed not only to nature but also back upon the science
that produced them. They are the source of the methods, prob-
lem-field, and standards of solution accepted by any mature
scientific community at any given time. As a result, the recep-
tion of a new paradigm often necessitates a redefinition of the
corresponding science. Some old problems may be relegated to
another science or declared entirely “unscientific.” Others that
were previously non-existent or trivial may, with a new para-
digm, become the very archetypes of significant scientific
achievement. And as the problems change, so, often, does the
standard that distinguishes a real scientific solution from a mere
metaphysical speculation, word game, or mathematical play.
The normal-scientific tradition that emerges from a scientific
revolution is not only incompatible but often actually incom-
mensurable with that which has gone before.

The impact of Newton’s work upon the normal seventeenth-
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century tradition of scientific practice provides a striking exam-
ple of these subtler effects of paradigm shift. Before Newton
was born the “new science” of the century had at last succeeded
in rejecting Aristotelian and scholastic explanations expressed in
terms of the essences of material bodies. To say that a stone fell
because its “nature” drove it toward the center of the universe
had been made to look a mere tautological word-play, some-
thing it had not previously been. Henceforth the entire flux of
sensory appearances, including color, taste, and even weight,
was to be explained in terms of the size, shape, position, and
motion of the elementary corpuscles of base matter. The attri-
bution of other qualities to the elementary atoms was a resort to
the occult and therefore out of bounds for science. Moliére
caught the new spirit precisely when he ridiculed the doctor
who explained opium’s efficacy as a soporific by attributing to it
a dormitive potency. During the last half of the seventeenth
century many scientists preferred to say that the round shape of
the opium particles enabled them to sooth the nerves about
which they moved.s

In an earlier period explanations in terms of occult qualities
had been an integral part of productive scientific work.
Nevertheless, the seventeenth century’s new commitment to
mechanico-corpuscular explanation proved immensely fruitful
for a number of sciences, ridding them of problems that had de-
fied generally accepted solution and suggesting others to replace
them. In dynamics, for example, Newton’s three laws of motion
are less a product of novel experiments than of the attempt to
reinterpret well-known observations in terms of the motions and
interactions of primary neutral corpuscles. Consider just one
concrete illustration. Since neutral corpuscles could act on each
other only by contact, the mechanico-corpuscular -view of
nature directed scientific attention to a brand-new subject of
study, the alteration of particulate motions by collisions. Des-
cartes announced the problem and provided its first putative

5 For corpuscularism in general, see Marie Boas, “The Establishment of the
Mechanical Philosophy,” Osiris, X (1952), 412-541. For the effect of particle-
shape on taste, see ibid., p- 488.
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solution. Huyghens, Wren, and Wallis carried it still further,
partly by experimenting with colliding pendulum b(?bs., but
mostly by applying previously well-known charactenstl?s of
motion to the new problem. And Newton embedded th.elr”re-
sults in his laws of motion. The equal “action” and “reaction” of
the third law are the changes in quantity of motion experienc.ed
by the two parties to a collision. The same cbg.n.ge of motion
supplies the definition of dynamical force implicit in the second
law. In this case, as in many others during the seventeenth cen-
tury, the corpuscular paradigm bred both a new problem and a
large part of that problem’s solution.® .

Yet, though much of Newton’s work was directed to problems
and embodied standards derived from the mechanico-corpuscu-
lar world view, the effect of the paradigm that resulted from his
work was a further and partially destructive change in the prob-
lems and standards legitimate for science. Gravity, interpreted
as an innate attraction between every pair of particles of mat-
ter, was an occult quality in the same sense as the scholastics
“tendency to fall” had been. Therefore, while the standard§ of
corpuscularism remained in effect, the search for a mechanical
explanation of gravity was nne of the most challenging problems
for those who accepted the Principia as paradigm. Newton de-
voted much attention to it and so did many of his eighteenth-
century successors. The only apparent option was to reject New-
ton’s theory for its failure to explain gravity, and tha.t altemaf-
tive, too, was widely adopted. Yet neither of these views ulti-
mately triumphed. Unable either to practice science without
the Principia or to make that work conform to the corpuscular
standards of the seventeenth century, scientists gradually ac-
cepted the view that gravity was indeed innate. By the miq-
eighteenth century that interpretation had beex% almost uni-
versally accepted, and the result was a genuine rfever51on

(which is not the same as a retrogression) to a scholastic stand.-
ard. Innate attractions and repulsions joined size, shape, posi-

¢ R. Dugas, La mécanique au XVII¢ siécle (Neuchatel, 1954), pp. 177-85,
284-98, 345-56.
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tion, and motion as physically irreducible primary properties of
matter.”

The resulting change in the standards and problem-field of
physical science was once again consequential. By the 1740’s,
for example, electricians could speak of the attractive “virtue”
of the electric fluid without thereby inviting the ridicule that
had greeted Moliére’s doctor a century before. As they did so,
electrical phenomena increasingly displayed an order different
from the one they had shown when viewed as the effects of a
mechanical effluvium that could act only by contact. In particu-
lar, when electrical action-at-a-distance became a subject for
study in its own right, the phenomenon we now call charging by
induction could be recognized as one of its effects. Previously,
when seen at all, it had been attributed to the direct action of
electrical “atmospheres” or to the leakages inevitable in any
electrical laboratory. The new view of inductive effects was, in
turn, the key to Franklin’s analysis of the Leyden jar and thus to
the emergence of a new and Newtonian paradigm for electric-
ity. Nor were dynamics and electricity the only scientific fields
affected by the legitimization of the search for forces innate to
matter. The large body of eighteenth-century literature on
chemical affinities and replacement series also derives from this
supramechanical aspect of Newtonianism. Chemists who be-
lieved in these differential attractions between the various
chemical species set up previously unimagined experiments and
searched for new sorts of reactions. Without the data and the
chemical concepts developed in that process, the later work of
Lavoisier and, more particularly, of Dalton would be incompre-
hensible.®* Changes in the standards governing permissible
problems, concepts, and explanations can transform a science.
In the next section I shall even suggest a sense in which they
transform the world.

5 1. B. Co};esn, Franklir‘; and Zzewton: An Inquiry into Speculative Newtonian
xperimental Science and Franklin’s Work in Electricity as an E l
(Philadelphia, 1956), chaps. vi-vii. y as an Example Thereof

8 For electricity, see ibid, iii-i hemi .
Part 1 ity, see ibid, chaps. viii-ix. For chemistry, see Metzger, op. cit.,
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Other examples of these nonsubstantive differences between
successive paradigms can be retrieved from the history of any
science in almost any period of its development. For the moment
let us be content with just two other and far briefer illustrations.
Before the chemical revolution, one of the acknowledged tasks
of chemistry was to account for the qualities of chemical sub-
stances and for the changes these qualities underwent during
chemical reactions. With the aid of a small number of ele-
mentary “principles”—of which phlogiston was one—the chemist
was to explain why some substances are acidic, others metalline,
combustible, and so forth. Some success in this direction had
been achieved. We have already noted that phlogiston ex-
plained why the metals were so much alike, and we could have
developed a similar argument for the acids. Lavoisier’s reform,
however, ultimately did away with chemical “principles,” and
thus ended by depriving chemistry of some actual and much
potential explanatory power. To compensate for this loss, a
change in standards was required. During much of the nine-
teenth century failure to explain the qualities of compounds was
no indictment of a chemical theory.®

Or again, Clerk Maxwell shared with other nineteenth-cen-
tury proponents of the wave theory of light the conviction that
light waves must be propagated through a material ether. De-
signing a mechanical medium to support such waves was a
standard problem for many of his ablest contemporaries. His
own theory, however, the electromagnetic theory of light, gave
no account at all of a medium able to support light waves, and it
clearly made such an account harder to provide than it had
seemed before. Initially, Maxwell's theory was widely rejected
for those reasons. But, like Newton’s theory, Maxwell’s proved
difficult to dispense with, and as it achieved the status of a para-
digm, the community’s attitude toward it changed. In the early
decades of the twentieth century Maxwell’s insistence upon the
existence of a mechanical ether looked more and more like lip
service, which it emphatically had not been, and the attempts to
design such an ethereal medium were abandoned. Scientists no

9 E. Meyerson, Identity and Reality (New York, 1930}, chap. x.
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longer thought it unscientific to speak of an electrical “displace-
ment” without specifying what was being displaced. The result,
again, was a new set of problems and standards, one which, in
the event, had much to do with the emergence of relativity
theory.?®

These characteristic shifts in the scientific community’s con-
ception of its legitimate problems and standards would have
less significance to this essay’s thesis if one could suppose that
they always occurred from some methodologically lower to
some higher type. In that case their effects, too, would seem
cumulative. No wonder that some historians have argued that
the history of science records a continuing increase in the matu-
rity and refinement of man’s conception of the nature of sci-
ence.' Yet the case for cumulative development of science’s
problems and standards is even harder to make than the case for
cumulation of theories. The attempt to explain gravity, though
fruitfully abandoned by most eighteenth-century scientists, was
not directed to an intrinsically illegitimate problem; the objec-
tions to innate forces were neither inherently unscientific nor
metaphysical in some pejorative sense. There are no external
standards to permit a judgment of that sort. What occurred was
neither a decline nor a raising of standards, but simply a change
demanded by the adoption of a new paradigm. Furthermore,
that change has since been reversed and could be again. In the
twentieth century Einstein succeeded in explaining gravitation-
al attractions, and that explanation has returned science to a set
of canons and problems that are, in this particular respect, more
like those of Newton’s predecessors than of his successors. Or
again, the development of quantum mechanics has reversed the
methodological prohibition that originated in the chemical revo-
lution. Chemists now attempt, and with great success, to explain
the color, state of aggregation, and other qualities of the sub-
stances used and produced in their laboratories. A similar rever-
(L?ngég.lg‘;gl;fzggjé OA History of the Theories of Aether and Electricity, 11

11 For a brilliant and entirely up-to-date attempt to fit scientific development
into this Procrustean bed, see C. C. Gillispie, The Edge of Objectivity: An
Essay in the History of Scientific Ideas (Princeton, 1960).
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sal may even be underway in electromagnetic theory. Space, in
contemporary physics, is not the inert and homogenous sub-
stratum employed in both Newton’s and Maxwell’s theories;
some of its new properties are not unlike those once attributed
to the ether; we may someday come to know what an electric
displacement is.

By shifting emphasis from the cognitive to the normative
functions of paradigms, the preceding examples enlarge our un-
derstanding of the ways in which paradigms give form to the
scientific life. Previously, we had principally examined the para-
digm’s role as a vehicle for scientific theory. In that role it func-
tions by telling the scientist about the entities that nature does
and does not contain and about the ways in which those entities
behave. That information provides a map whose details are
elucidated by mature scientific research. And since nature is too
complex and varied to be explored at random, that map is as
essential as observation and experiment to science’s continuing
development. Through the theories they embody, paradigms
prove to be constitutive of the research activity. They are also,
however, constitutive of science in other respects, and that is
now the point. In particular, our most recent examples show that
paradigms provide scientists not only with a map but also with
some of the directions essential for map-making. In learning a
paradigm the scientist acquires theory, methods, and standards
together, usually in an inextricable mixture. Therefore, when
paradigms change, there are usually significant shifts in the

. criteria determining the legitimacy both of problems and of

proposed solutions.

That observation returns us to the point from which this sec-
tion began, for it provides our first explicit indication of why the
choice between competing paradigms regularly raises questions
that cannot be resolved by the criteria of normal science. To the
extent, as significant as it is incomplete, that two scientific
schools disagree about what is a problem and what a solution,
they will inevitably talk through each other when debating the
relative merits of their respective paradigms. In the partially
circular arguments that regularly result, each paradigm will be
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shown to satisfy more or less the criteria that it dictates for itself
and to fall short of a few of those dictated by its opponent. There
are other reasons, too, for the incompleteness of logical contact
that consistently characterizes paradigm debates. For example,
since no paradigm ever solves all the problems it defines and
since no two paradigms leave all the same problems unsolved,
paradigm debates always involve the question: Which problems
is it more significant to have solved? Like the issue of competing
standards, that question of values can be answered only in
terms of criteria that lie outside of normal science altogether, and
it is that recourse to external criteria that most obviously makes
paradigm debates revolutionary. Something even more funda-
mental than standards and values is, however, also at stake. I
have so far argued only that paradigms are constitutive of
science. Now I wish to display a sense in which they are consti-
tutive of nature as well.

Vol.lI, No. 2
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Examining the record of past research from the vantage of
contemporary historiography, the historian of science may be
tempted to exclaim that when paradigms change, the world
itself changes with them. Led by a new paradigm, scientists
adopt new instruments and look in new places. Even more
important, during revolutions scientists see new and different
things when looking with familiar instruments in places they
have looked before. It is rather as if the professional community
had been suddenly transported to another planet where famil-
iar objects are seen in a different light and are joined by un-
familiar ones as well. Of course, nothing of quite that sort does
occur: there is no geographical transplantation; outside the
laboratory everyday affairs usually continue as before. Never-
theless, paradigm changes do cause scientists to see the world
of their research-engagement differently. In so far as their only
recourse to that world is through what they see and do, we may
want to say that after a revolution scientists are responding to
a different world.

It is as elementary prototypes for these transformations of the
scientist’s world that the familiar demonstrations.of a switch in
visual gestalt prove so suggestive. What were ducks in the scien-
tist’s world before the revolution are rabbits afterwards. The
man who first saw the exterior of the box from above later sees
its interior from below. Transformations like these, though
usually more gradual and almost always irreversible, are com-
mon concomitants of scientific training. Looking at a contour
map, the student sees lines on paper, the cartographer a picture
of a terrain. Looking at a bubble-chamber photograph, the stu-
dent sees confused and broken lines, the physicist a record of
familiar subnuclear events. Only after a number of such trans-
formations of vision does the student become an inhabitant of
the scientist’s world, seeing what the scientist sees and respond-
ing as the scientist does. The world that the student then enters
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is not, however, fixed once and for all by the nature of the en-
vironment, on the one hand, and of science, on the other.
Rather, it is determined jointly by the environment and the par-
ticular normal-scientific tradition that the student has been
trained to pursue. Therefore, at times of revolution, when the
normal-scientific tradition changes, the scientist’s perception of
his environment must be re-educated—in some familiar situa-
tions he must learn to see a new gestalt. After he has done so the
world of his research will seem, here and there, incommensu-
rable with the one he had inhabited before. That is another
reason why schools guided by different paradigms are always
slightly at cross-purposes.

In their most usual form, of course, gestalt experiments illus-
trate only the nature of perceptual transformations. They tell us
nothing about the role of paradigms or of previously assimilated
experience in the process of perception. But on that point there
is a rich body of psychological literature, much of it stemming
from the pioneering work of the Hanover Institute. An experi-
mental subject who puts on goggles fitted with inverting lenses
initially sees the entire world upside down. At the start his per-
ceptual apparatus functions as it had been trained to function in
the absence of the goggles, and the result is extreme disorienta-
tion, an acute personal crisis. But after the subject has begun to
learn to deal with his new world, his entire visual field flips
over, usually after an intervening period in which vision is
simply confused. Thereafter, objects are again seen as they had
been before the goggles were put on. The assimilation of a
previously anomalous visual field has reacted upon and changed
the field itself.* Literally as well as metaphorically, the man
accustomed to inverting lenses has undergone a revolutionary
transformation of vision,

The subjects of the anomalous playing-card experiment dis-
cussed in Section VI experienced a quite similar transformation.
Until taught by prolonged exposure that the universe contained

1The original experiments were by George M. Stratton, “Vision without
Inversion of the Retinal Image,” Psychological Review, IV (1897), 341-60,

463-81. A more up-to-date review is provided by Harvey A. Carr, An Intro-
duction to Space Perception (New York, 1935), pp. 18-57,
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anomalous cards, they saw only the types of cards for which
previous experience had equipped them. Yet once experience
had provided the requisite additional categories, they were able
to see all anomalous cards on the first inspection long enough to
permit any identification at all. Still other experiments demon-
strate that the perceived size, color, and so on, of experimentally
displayed objects also varies with the subject’s previous training
and experience.? Surveying the rich experimental literature from
which these examples are drawn makes one suspect that some-
thing like a paradigm is prerequisite to perception itself. What a
man sees depends both upon what he looks at and also upon
what his previous visual-conceptual experience has taught him
to see. In the absence of such training there can only be, in Wil-
liam James’s phrase, “a bloomin’ buzzin’ confusion.”

In recent years several of those concerned with the history of
science have found the sorts of experiments described above
immensely suggestive. N. R. Hanson, in particular, has used
gestalt demonstrations to elaborate some of the same conse-
quences of scientific belief that concern me here.? Other col-
leagues have repeatedly noted that history of science would
make better and more coherent sense if one could suppose that
scientists occasionally experienced shifts of perception like
those described above. Yet, though psychological experiments
are suggestive, they cannot, in the nature of the case, be more
than that. They do display characteristics of perception that
could be central to scientific development, but they do not
demonstrate that the careful and controlled observation exer-
cised by the research scientist at all partakes of those character-
istics. Furthermore, the very nature of these experiments makes
any direct demonstration of that point impossible. If historical
example is to make these psychological experiments seem rele-

2 For examples, see Albert H. Hastorf, “The Influence of Suggestion on the
Relationship between Stimulus Size and Perceived Distance,” Journal of Psy-
chology, XXIX (1950), 195-217; and Jerome S. Bruner, Leo Postman, and

John Rodrigues, “Expectations and the Perception of Color,” American Journal
of Psychology, LXIV (1951), 216-27.

3 N. R. Hanson, Patterns of Discovery (Cambridge, 1958), chap. i.
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vant, we must first notice the sorts of evidence that we may and
may not expect history to provide.

The subject of a gestalt demonstration knows that his percep-
tion has shifted because he can make it shift back and forth re-
peatedly while he holds the same book or piece of paper in his
hands. Aware that nothing in his environment has changed, he
directs his attention increasingly not to the figure (duck or rab-
bit) but to the lines on the paper he is looking at. Ultimately he
may even learn to see those lines without seeing either of the
figures, and he may then say (what he could not legitimately
have said earlier) that it is these lines that he really sees but
that he sees them alternately as a duck and as a rabbit. By the
same token, the subject of the anomalous card experiment
knows (or, more accurately, can be persuaded) that his percep-
tion must have shifted because an external authority, the ex-
perimenter, assures him that regardless of what he saw, he was
looking at a black five of hearts all the time. In both these cases,
as in all similar psychological experiments, the effectiveness of
the demonstration depends upon its being analyzable in this
way. Unless there were an external standard with respect to
which a switch of vision could be demonstrated, no conclusion
about alternate perceptual possibilities could be drawn.

With scientific obse}vation, however, the situation is exactly
reversed. The scientist can have no recourse above or beyond
what he sees with his eyes and instruments. If there were some
higher authority by recourse to which his vision might be shown
to have shifted, then that authority would itself become the
source of his data, and the behavior of his vision would become
a source of problems (as that of the experimental subject is for
the psychologist ). The same sorts of problems would arise if the
scientist could switch back and forth like the subject of the
gestalt experiments. The period during which light was “some-
times a wave and sometimes a particle” was a period of crisis—
a period when something was wrong—and it ended only with
the development of wave mechanics and the realization that
light was a self-consistent entity different from both waves and
particles. In the sciences, therefore, if perceptual switches ac-
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company paradigm changes, we may not expect scientists to
attest to these changes directly. Looking at the moon, the con-
vert to Copernicanism does not say, “I used to see a planet, but
now I see a satellite.” That locution would imply a sense in
which the Ptolemaic system had once been correct. Instead, a
convert to the new astronomy says, “I once took the moon to be
(or saw the moon as) a planet, but I was mistaken.” That sort of
statement does recur in the aftermath of scientific revolutions. If
it ordinarily disguises a shift of scientific vision or some other
mental transformation with the same effect, we may not expect
direct testimony about that shift. Rather we must look for indi-
rect and behavioral evidence that the scientist with a new para-
digm sees differently from the way he had seen before.

Let us then return to the data and ask what sorts of transfor-
mations in the scientist’s world the historian who believes in such
changes can discover. Sir William Herschel’s discovery of
Uranus provides a first example and one that closely parallels
the anomalous card experiment. On at least seventeen different
occasions between 1690 and 1781, a number of astronomers, in-
cluding several of Europe’s most eminent observers, had seen a
star in positions that we now suppose must have been occupied
at the time by Uranus. One of the best observers in this group
had actually seen the star on four successive nights in 1769 with-
out noting the motion that could have suggested another identi-
fication. Herschel, when he first observed the same object
twelve years later, did so with a much improved telescope of his
own manufacture. As a result, he was able to notice an apparent
disk-size that was at least unusual for stars. Something was
awry, and he therefore postponed identification pending further
scrutiny. That scrutiny disclosed Uranus’ motion among the
stars, and Herschel therefore announced that he had seen a new
comet! Only several months later, after fruitless attempts to fit
the observed motion to a cometary orbit, did Lexell suggest that
the orbit was probably planetary.* When that suggestion was
accepted, there were several fewer stars and one more planet in
the world of the professional astronomer. A celestial body that

4 Peter Doig, A Concise History of Astronomy (London, 1950), pp. 115-16.
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had been observed off and on for almost a century was seen dif-
ferently after 1781 because, like an anomalous playing card, it
could no longer be fitted to the perceptual categories (star or
comet) provided by the paradigm that had previously pre-
vailed.

The shift of vision that enabled astronomers to see Uranus,
the planet, does not, however, seem to have affected only the
perception of that previously observed object. Its consequences
were more far-reaching. Probably, though the evidence is
equivocal, the minor paradigm change forced by Herschel
helped to prepare astronomers for the rapid discovery, after
1801, of the numerous minor planets or asteroids. Because of
their small size, these did not display the anomalous magnifica-
tion that had alerted Herschel. Nevertheless, astronomers pre-
pared to find additional planets were able, with standard instru-
ments, to identify twenty of them in the first fifty years of the
nineteenth century.® The history of astronomy provides many
other examples of paradigm-induced changes in scientific per-
ception, some of them even less equivocal. Can it conceivably
be an accident, for example, that Western astronomers first saw
change in the previously immutable heavens during the half-
century after Copernicus’ new paradigm was first proposed?
The Chinese, whose cosmological beliefs did not preclude celes-
tial change, had recorded the appearance of many new stars in
the heavens at a much earlier date. Also, even without the ajd of
a telescope, the Chinese had systematically recorded the ap-
pearance of sunspots centuries before these were seen by Galileo
and his contemporaries.® Nor were sunspots and a new star the
only examples of celestial change to emerge in the heavens of
Western astronomy immediately after Copernicus. Using tradi-
tional instruments, some as simple as a piece of thread, late six-
teenth-century astronomers repeatedly discovered that comets
wandered at will through the space previously reserved for the

5 Rudolph Wolf, Geschichte der Astronomie (Munich, 1877), pp- 513-15,

683-93. Notice particularly how difficult Wolf's account makes it to explain
these discoveries as a consequence of Bode’s Law.

8 Joseph Needham, Science and Civilization in China, II ambri
1090} D by e ization in China, IIl (Cambridge,
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immutable planets and stars.” The very ease and rapidity with
which astronomers saw new things when looking at old objects
with old instruments may make us wish to say that, after Coper-
nicus, astronomers lived in a different world. In any case, their
research responded as though that were the case.

The preceding examples are selected from astronomy because
reports of celestial observation are frequently delivered in a
vocabulary consisting of relatively pure observation terms. Only
in such reports can we hope to find anything like a full parallel-
ism between the observations of scientists and those of the psy-
chologist’s experimental subjects. But we need not insist on so
full a parallelism, and we have much to gain by relaxing our
standard. If we can be content with the everyday use of the
verb ‘to see,” we may quickly recognize that we have already en-
countered many other examples of the shifts in scientific percep-
tion that accompany paradigm change. The extended use of
‘perception’ and of ‘seeing’ will shortly require explicit defense,
but let me first illustrate its application in practice.

Look again for a moment at two of our previous examples
from the history of electricity. During the seventeenth century,
when their research was guided by one or another effluvium
theory, electricians repeatedly saw chaff particles rebound from,
or fall off, the electrified bodies that had attracted them. At
least that is what seventeenth-century observers said they saw,
and we have no more reason to doubt their reports of percep-
tion than our own. Placed before the same apparatus, a modem
observer would see electrostatic repulsion (rather than me-
chanical or gravitational rebounding), but historically, with one
universally ignored exception, electrostatic repulsion was not
seen as such until Hauksbee’s large-scale apparatus had greatly
magnified its effects. Repulsion after contact electrification was,
however, only one of many new repulsive effects that Hauksbee
saw. Through his researches, rather as in a gestalt switch, re-
pulsion suddenly became the fundamental manifestation of
electrification, and it was then attraction that needed to be ex-

7T. S. Kuhn, The Copernican Revnlution (Cambridge, Mass., 1957), pp.
206-9.
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plained.® The electrical phenomena visible in the early eight-
eenth century were both subtler and more varied than those
seen by observers in the seventeenth century. Or again, after the
assimilation of Franklin’s paradigm, the electrician looking at a
Leyden jar saw something different from what he had seen be-
fore. The device had become a condenser, for which neither the
jar shape nor glass was required. Instead, the two conducting
coatings—one of which had been no part of the original device—
emerged to prominence. As both written discussions and pic-
torial representations gradually attest, two metal plates with a
non-conductor between them had become the prototype for the
class.® Simultaneously, other inductive effects received new de-
scriptions, and still others were noted for the first time.

Shifts of this sort are not restricted to astronomy and electric-
ity. We have already remarked some of the similar transforma-
tions of vision that can be drawn from the history of chemistry.
Lavoisier, we said, saw oxygen where Priestley had seen de-
phlogisticated air and where others had seen nothing at all. In
learning to see oxygen, however, Lavoisier also had to change
his view of many other more familiar substances. He had, for
example, to see a compound ore where Priestley and his con-
temporaries had seen an elementary earth, and there were other
such changes besides. At the very least, as a result of discover-
ing oxygen, Lavoisier saw nature differently. And in the absence
of some recourse to that hypothetical fixed nature that he “saw
differently,” the principle of economy will urge us to say that
after discovering oxygen Lavoisier worked in a different world.

I shall inquire in a moment about the possibility of avoiding
this strange locution, but first we require an additional example
of its use, this one deriving from one of the best known parts of
the work of Galileo. Since remote antiquity most people have
seen one or another heavy body swinging back and forth on a
string or chain until it finally comes to rest. To the Aristotelians,

8 Duane Roller and Duane H. D. Roller, The Development of the Concept
of Electric Charge (Cambridge, Mass., 1954 ), pp. 21-29.

9 See the discussion in Section VII and the literature to which the reference
there cited in note 9 will lead.
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who believed that a heavy body is moved by its own nature
from a higher position to a state of natural rest at a lower one,
the swinging body was simply falling with difficulty. Con-
strained by the chain, it could achieve rest at its low point only
after a tortuous motion and a considerable time. Galileo, on the
other hand, looking at the swinging body, saw a pendulum, a
body that almost succeeded in repeating the same motion over
and over again ad infinitum. And having seen that much, Gali-
leo observed other properties of the pendulum as well and con-
structed many of the most significant and original parts of his
new dynamics around them. From the properties of the pendu-
lum, for example, Galileo derived his only full and sound argu-
ments for the independence of weight and rate of fall, as well as
for the relationship between vertical height and terminal veloc-
ity of motions down inclined planes.® All these natural phe-
nomena he saw differently from the way they had been seen
before.

Why did that shift of vision occur? Through Galileo’s indi-
vidual genius, of course. But note that genius does not here
manifest itself in more accurate or objective observation of the
swinging body. Descriptively, the Aristotelian perception is just
as accurate. When Galileo reported that the pendulum’s period
was independent of amplitude for amplitudes as great as 90°,
his view of the pendulum led him to see far more regularity than
we can now discover there.!! Rather, what seems to have been
involved was the exploitation by genius of perceptual possibili-
ties made available by a medieval paradigm shift. Galileo was
not raised completely as an Aristotelian. On the contrary, he
was trained to analyze motions in terms of the impetus theory, a
late medieval paradigm which held that the continuing motion of
a heavy body is due to an internal power implanted in it b)f the
projector that initiated its motion. Jean Buridan and Nicole
Oresme, the fourteenth-century scholastics who brought the
impetus theory to its most perfect formulations, are the first men

10 Galileo Galilei, Dialogues concerning Two New Sciences, trans. H. Crew
and A. de Salvio (Evanston, Ill, 1946), pp. 80-81, 162-66.

11 Ibid., pp. 91-94, 244.
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known to have seen in oscillatory motions any part of what Gali-
leo saw there. Buridan describes the motion of a vibrating string
as one in which impetus is first implanted when the string is
struck; the impetus is next consumed in displacing the string
against the resistance of its tension; tension then carries the
string back, implanting increasing impetus until the mid-point
of motion is reached; after that the impetus displaces the string
in the opposite direction, again against the string’s tension, and
so on in a symmetric process that may continue indefinitely.
Later in the century Oresme sketched a similar analysis of the
swinging stone in what now appears as the first discussion of a
pendulum.’* His view is clearly very close to the one with which
Galileo first approached the pendulum. At least in Oresme’s
case, and almost certainly in Galileo’s as well, it was a view
made possible by the transition from the original Aristotelian to
the scholastic impetus paradigm for motion. Until that scholas-
tic paradigm was invented, there were no pendulums, but only
swinging stones, for the scientist to see. Pendulums were
brought into existence by something very like a paradigm-in-
duced gestalt switch.

Do we, however, really need to describe what separates Gali-
leo from Aristotle, or Lavoisier from Priestley, as a transforma-
tion of vision? Did these men really see different things when
looking at the same sorts of objects? Is there any legitimate
sense in which we can say that they pursued their research in
different worlds? Those questions can no longer be postponed,
for there is obviously another and far more usual way to de-
scribe all of the historical examples outlined above. Many
readers will surely want to say that what changes with a para-
digm is only the scientist’s interpretation of observations that
ihemselves are fixed once and for all by the nature of the en-

ironment and of the perceptual apparatus. On this view, Priest-
ley and Lavoisier both saw oxygen, but they interpreted their
observations differently;|Aristotle and Galileo both saw pendu-

12 M. Clagett, The Science of Mechanics in the Middle Ages (Madison, Wis.,
1959), pp. 537-38, 570.
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lums, but they differed in their interpretations of what they both
had seen.

Let me say at once that this very usual view of what occurs
when scientists change their minds about fundamental matters
can be neither all wrong nor a mere mistake. Rather it is an
essential part of a philosophical paradigm initiated by Descartes
and developed at the same time as Newtonian dynamics. That
paradigm has served both science and philosophy well. Its ex-
ploitation, like that of dynamics itself, has been fruitful of a
fundamental understanding that perhaps could not have been
achieved in another way. But as the example of Newtonian dy-
namics also indicates, even the most striking past success pro-
vides no guarantee that crisis can be indefinitely postponed. To-
day research in parts of philosophy, psychology, linguistics, and
even art history, all converge to suggest that the traditional
paradigm is somehow askew. That failure to fit is also made in-
creasingly apparent by the historical study of science to which
most of our attention is necessarily directed here.

None of these crisis-promoting subjects has yet produced a
viable alternate to the traditional epistemological paradigm, but
they do begin to suggest what some of that paradigm’s charac-
eristics will be. I am, for example, acutely aware of the difficul-
ties created by saying that when Aristotle and Galileo looked at
swinging stones, the first saw constrained fall, the second a
pendulum. The same difficulties are presented in an even more
fundamental form by the opening sentences of this section:
though the world does not change with a change of paradigm,
the scientist afterward works in a different world. Nevertheless,
I am convinced that we must learn to make sense of statements
that at least resemble these. What occurs during a scientific
revolution is not fully reducible to a reinterpretation of indi-
vidual and stable data. In the first place, the data are not un-
equivocally stable. A pendulum is not a falling stone, nor is oxy-
gen dephlogisticated air. Consequently, the data that scientists
collect from these diverse objects are, as we shall shortly see,
themselves different. More important, the process by which
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either the individual or the community makes the transition
from constrained fall to the pendulum or from dephlogisticated
air to oxygen is not one that resembles interpretation. How
could it do so in the absence of fixed data for the scientist to
interpret? Rather than being an interpreter, the scientist who
embraces a new paradigm is like the man wearing inverting
lenses. Confronting the same constellation of objects as before
and knowing that he does so, he nevertheless finds them trans-
formed through and through in many of their details.

None of these remarks is intended to indicate that scientists
do not characteristically interpret observations and data. On the
contrary, Galileo interpreted observations on the pendulum,
Aristotle observations on falling stones, Musschenbroek obser-
vations on a charge-filled bottle, and Franklin observations on
a condenser. But each of these interpretations presupposed a
paradigm. They were parts of normal science, an enterprise
that, as we have already seen, aims to refine, extend, and articu-
late a paradigm that is already in existence. Section III pro-
vided many examples in which interpretation played a central
role. Those examples typify the overwhelming majority of re-
search. In each of them the scientist, by virtue of an accepted
paradigm, knew what a datum was, what instruments might be
used to retrieve it, and what concepts were relevant to its inter-
pretation. Given a paradigm, interpretation of data is central to
the enterprise that explores it.

But that interpretive enterprise—and this was the burden of
the paragraph before last—can only articulate a paradigm, not
correct it. Paradigms are not corrigible by normal science at all.
Instead, as we have already seen, normal science ultimately
leads only to the recognition of anomalies and to crises. And
these are terminated, not by deliberation and interpretation,
but by a relatively sudden and unstructured event like the
gesalt switch. Scientists then often speak of the “scales falling
from the eyes” or of the “lightning flash” that “inundates” a
previously obscure puzzle, enabling its components to be seen
in a new way that for the first time permits its solution. On other
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occasions the relevant illumination comes in sleep.’® No ordi-
nary sense of the term ‘interpretation’ fits these flashes of intui-
tion through which a new paradigm is born. Though such intui-
tions depend upon the experience, both anomalous and con-
gruent, gained with the old paradigm, they are not logically or
piecemeal linked to particular items of- that experience as an
interpretation would be. Instead, they gather up large portions
of that experience and transform them to the rather different
bundle of experience that will thereafter be linked piecemeal to
the new paradigm but not to the old.

To learn more about what these differences in experience can
be, return for a moment to Aristotle, Galileo, and the pendulum.
What data did the interaction of their different paradigms and
their common environment make accessible to each of them?
Seeing constrained fall, the Aristotelian would measure (or at
least discuss—the Aristotelian seldom measured) the weight of
the stone, the vertical height to which it had been raised, and
the time required for it to achieve rest. Together with the re-
sistance of the medium, these were the conceptual categories
deployed by Aristotelian science when dealing with a falling
body.!* Normal research guided by them could not have pro-
duced the laws that Galileo discovered. It could only—and by
another route it did—lead to the series of crises from which
Galileo’s view of the swinging stone emerged. As a result of
those crises and of other intellectual changes besides, Galileo
saw the swinging stone quite differently. Archimedes” work on
floating bodies made the medium non-essential; the impetus
theory rendered the motion symmetrical and enduring; and
Neoplatonism directed Galileo’s attention to the motion’s circu-

18 [Jacques] Hadamard, Subconscient intuition, et logique dans la recherche
scientifique (Conférence faite au Palais de la Découverte le 8 Décembre 1945
[Alengon, n.d.]), pp. 7-8. A much fuller account, though one exclusively re-
stricted to mathematical innovations, is the same author’s The Psychology of
Invention in the Mathematical Field (Princeton, 1949).

14T, S, Kuhn, “A Function for Thought Experiments,” in Mélanges Alexandre
Koyré, ed. R. Taton and I. B. Cohen, to be published by Hermann (Paris) in
1968.
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lar form. He therefore measured only weight, radius, angular
displacement, and time per swing, which were precisely the
data that could be interpreted to yield Galileo’s laws for the
pendulum. In the event, interpretation proved almost unneces-
sary. Given Galileo’s paradigms, pendulum-like regularities
were very nearly accessible to inspection. How else are we to
account for Galileo’s discovery that the bob’s period is entirely
independent of amplitude, a discovery that the normal science
stemming from Galileo had to eradicate and that we are quite
unable to document today. Regularities that could not have
existed for an Aristotelian (and that are, in fact, nowhere pre-
cisely exemplified by nature) were consequences of immediate
gxgerience for the man who saw the swinging stone as Galileo
id.

Perhaps that example is too fanciful since the Aristotelians
recorded no discussions of swinging stones. On their paradigm
it was an extraordinarily complex phenomenon. But the Aristo-
telians did discuss the simpler case, stones falling without un-
common constraints, and the same differences of vision are
apparent there. Contemplating a falling stone, Aristotle saw a
change of state rather than a process. For him the relevant
measures of a motion were therefore total distance covered and
total time elapsed, parameters which yield what we should now
call not speed but average speed.'® Similarly, because the stone
was impelled by its nature to reach its final resting point, Aris-
totle saw the relevant distance parameter at any instant during
the motion as the distance to the final end point rather than as
that from the origin of motion.”” Those conceptual parameters
underlie and give sense to most of his well-known “laws of mo-
tion.” Partly through the impetus paradigm, however, and part-
ly through a doctrine known as the latitude of forms, scholastic
criticism changed this way of viewing motion. A stone moved
by impetus gained more and more of it while receding from its

16 A, Koyré, Etudes Galiléennes (Paris, 1939), I, 46-51: and “Galileo and
Plato,” Journal of the 1listory of Ideas, IV (1943), 400-428.

16 Kuhn, “A Function for Thought Experiments,” in Mélanges Alexandre
Koyré (see n. 14 for full citation).

17 Koyré, Etudes . . . , 11, 7-11.
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starting point; distance from rather than distance to therefore
became the revelant parameter. In addition, Aristotle’s notion
of speed was bifurcated by the scholastics into concepts that
soon after Galileo became our avcrage speed and instantaneous
speed. But when seen through the paradigm of which these con-
ceptions were a part, the falling stone, like the pendulum, ex-
hibited its governing laws almost on inspection. Galileo was not
one of the first men to suggest that stones fall with a uniformly
accelerated motion.’® Furthermore, he had developed his theo-
rem on this subject together with many of its consequences be-
fore he experimented with an inclined plane. That theorem was
another one of the network of new regularities accessible to
genius in the world determined jointly by nature and by the
paradigms upon which Galileo and his contemporaries had been
raised. Living in that world, Galileo could still, when he chose,
explain why Aristotle had seen what he did. Nevertheless, the
immediate content of Galileo’s experience with falling stones
was not what Aristotle’s had been. ’

It is, of course, by no means clear that we need be so con-
cerned with “immediate experience”—that is, with the percep-
tual features that a paradigm so highlights that they surrender
their regularities almost upon inspection. Those features must
obviously change with the scientist’s commitments to para-
digms, but they are far from what we ordinarily have in mind
when we speak of the raw data or the brute experience from
which scientific research is reputed to proceed. Perhaps im-
mediate experience should be set aside as fluid, and we should
discuss instead the concrete operations and measurements that
the scientist performs in his laboratory. Or perhaps the analysis
should be carried further still from the immediately given. It
might, for example, be conducted in terms of some neutral ob-
servation-language, perhaps one designed to conform to the
retinal imprints that mediate what the scientist sees. Only in
one of these ways can we hope to retrieve a realm in which ex-
perience is again stable once and for all—in which the pendu-
lum and constrained fall are not different perceptions but rather

18 Clagett, op. cit., chaps. iv, vi, and ix.
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different interpretations of the unequivocal data provided by
observation of a swinging stone.

But is sensory experience fixed and neutral? Are theories
simply man-made interpretations of given data? The episte-
mological viewpoint that has most often guided Western philos-
ophy for three centuries dictates an immediate and unequivocal,
Yes! In the absence of a developed alternative, I find it impos-
sible to relinquish entirely that viewpoint. Yet it no longer func-
tions effectively, and the attempts to make it do so through the
introduction of a neutral language of observations now seem to
me hopeless.

The operations and measurements that a scientist undertakes
in the laboratory are not “the given” of experience but rather
“the collected with difficulty.” They are not what the scientist
sees—at least not before his research is well advanced and his
attention focused. Rather, they are concrete indices to the con-
tent of more elementary perceptions, and as such they are
selected for the close scrutiny of normal research only because
they promise opportunity for the fruitful elaboration of an ac-
cepted paradigm. Far more clearly than the immediate experi-
ence from which they in part derive, operations and measure-
ments are paradigm-determined. Science does not deal in all
possible laboratory manipulations. Instead, it selects those rele-
vant to the juxtaposition of a paradigm with the immediate

experience that that paradigm has partially determined. As a
result, scientists with different paradigms engage in different
concrete laboratory manipulations. The measurements to be
performed on a pendulum are not the ones relevant to a case of
constrained fall. Nor are the operations relevant for the elucida-
tion of oxygen’s properties uniformly the same as those required
when investigating the characteristics of dephlogisticated air.

As for a pure observation-language, perhaps one will yet be
devised. But three centuries after Descartes our hope for such
an eventuality still depends exclusively upon a theory of per-
ception and of the mind. And modem psychological experi-
mentation is rapidly proliferating phenomena with which that
theory can scarcely deal. The duck-rabbit shows that two men
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with the same retinal impressions can see different thir.xgs-, 'the
inverting lenses show that two men with different fetmal im-
pressions can see the same thing. Psychology supplies a great
deal of other evidence to the same effect, and the doubts that
derive from it are readily reinforced by the history of attempts
to exhibit an actual language of observation. No current attempt
to achieve that end has yet come close to a generally applicable
language of pure percepts. And those attempts that come
closest share one characteristic that strongly reinforces several
of this essay’s main theses. From the start t_hey presuppose a
paradigm, taken either from a current scientific theory or ffor-n
some fraction of everyday discourse, and they then try to elimi-
nate from it all non-logical and non-perceptual terms. In a fe.:w
realms of discourse this effort has been carried very far and w1t.h
fascinating results. There can be no question that efforts of t.hls
sort are worth pursuing. But their result is a language that—.hke
those employed in the sciences—embodies a host of expectations
about nature and fails to function the moment these expecta-
tions are violated. Nelson Goodman makes exactly t%}is point in
describing the aims of his Structure of Appearance: It is fqrtg-
nate that nothing more [than phenomena known to exist] is in
question; for the notion of ‘possible’ cases, of c,e,xses that do not
exist but might have existed, is far from clear. 1-9 No language
thus restricted to reporting a world fully known in 3dvanc.e can
produce mere neutral and objective reports on the given.
Philosophical investigation has not yet prov.lded even a hint of
what a language able to do that would be like. .
Under these circumstances we may at least suspect that scien-
tists are right in principle as well as in practice when they treat

19 N. Goodman, The Structure of Appearance (Cambr}fige, Mass(.i, 1?1151 )t,hppé
4-5. The passage is worth quoting more extensively: “If all and o g hose
residents of Wilmington in 1947 that weigh between 175 and ‘180 pomfn.ds tavf
red hair, then ‘red-haired 1947 resident of Wilmington and 1_9_47) drfy'sn en o_
Wilmington weighing between 175 and 180 pounds’ may lbe]]omcb in a ocxtr)lg-
structional definition. . . . The question whether there ‘might 113(;0 elen hs "
one to whom one but not the other of these predicates would apply asItn‘
bearing . . . once we have determined that there is no such‘ pers_cl))lin.’. . 1;
fortunate that nothing more is in question; for the notion of ‘possible’ cases, o
cases that do not exist but might have existed, is far from clear.
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oxygen and pendulums (and perhaps also atoms and electrons)
as the fundamental ingredients of their immediate experience,
As a result of the paradigm-embodied experience of the race,
the culture, and, finally, the profession, the world of the scien-
tist has come to be populated with planets and pendulums, con-
densers and compound ores, and other such bodies besides.
Compared with these objects of perception, both meter stick
readings and retinal imprints are elaborate constructs to which
experience has direct access only when the scientist, for the spe-
cial purposes of his research, arranges that one or the other
should do so. This is not to suggest that pendulums, for example,
are the only things a scientist could possibly see when looking
at a swinging stone. (We have already noted that members of
another scientific community could see constrained fall.) But it
is to suggest that the scientist who looks at a swinging stone can
have no experience that is in principle more elementary than
seeing a pendulum. The alternative is not some hypothetical
“fixed” vision, but vision through another paradigm, one which
makes the swinging stone something else.

All of this may seem more reasonable if we again remember
that neither scientists nor laymen learn to see the world piece-
meal or item by item. Except when all the conceptual and
manipulative categories are prepared in advance—e.g., for the
discovery of an additional transuranic element or for catching
sight of a new house—both scientists and laymen sort out whole
areas together from the flux of expericnce. The child who trans-
fers the word ‘mama’ from all humans to all females and then to
his mother is not just learning what ‘mama’ meaus or who lis
mother is. Simultancously he is learning some of the differences
between males and females as well as somcthing about the ways
in which all but one female will behave toward him. His reac-
tions, expectations, and beliefs—indeed, much of his perceived
world—change accordingly. By the same token, the Copernicans
who denicd its traditional title “planet’ to the sun were not only
learning what ‘planct” meant or what the sun was. Instead, they
were changing the meaning of ‘planet’ so that it could continue
to make useful distinctions in a world where all celestial bodies,
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not just the sun, were seen differently from the way they had
been seen before. The same point could be made about any of
our earlier examples. To see oxygen instead of dephlogisticated
air, the condenser instead of the Leyden jar, or the pendulum
instead of constrained fall, was only one part of an integrated
shift in the scientist’s vision of a great many related chemical,
electrical, or dynamical phenomena. Paradigms determine large
areas of experience at the same time. ,

It is, however, only after experience has been thus deter-
mined that the search for an operational definition or a pure
observation-language can begin. The scientist or philosopher
who asks what measurements or retinal imprints make the
pendulum what it is must already be able to recognize a
pendulum when he sees one. If he saw constrained fall instead,
his question could not even be asked. And if he saw a pendulum,
but saw it in the same way he saw a tuning fork or an oscillating
balance, his question could not be answered. At least it could
not be answered in the same way, because it would not be the
same question. Therefore, though they are always legitimate
and are occasionally extraordinarily fruitful, questions about
retinal imprints or about the consequences of particular labora-
tory manipulations presuppose a world already perceptually
and conceptually subdivided in a certain way. In a sense such
questions are parts of normal science, for they depend upon the
existence of a paradigm and they receive different answers as a
result of paradigm change.

To conclude this section, let us henceforth neglect retinal
impressions and again restrict attention to the laboratory opera-
tions that provide the scientist with concrete though fragmen-
tary indices to what he has already seen. One way in which such
laboratory operations change with paradigms has already been
observed repeatedly. After a scientific revolution many old
measurements and manipulations become irrelevant and are
replaced by others instead. One does not apply all the same
tests to oxygen as to dephlogisticated air. But changes of this
sort are never total. Whatever he may then see, the scientist
after a revolution is still looking at the same world. Further-
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more, though he may previously have employed them different-
ly, much of his language and most of his laboratory instruments
are still the same as they were before. As a result, postrevolu-
tionary science invariably includes many of the same manipula-
tions, performed with the same instruments and described in
the same terms, as its prerevolutionary predecessor. If these en-
during manipulations have been changed at all, the change
must lie either in their relation to the paradigm or in their con-
crete results. I now suggest, by the introduction of one last new
example, that both these sorts of changes occur. Examining the
work of Dalton and his contemporaries, we shall discover that
one and the same operation, when it attaches to nature through
a different paradigm, can become an index to a quite different
aspect of nature’s regularity. In addition, we shall see that occa-
sionally the old manipulation in its new role will yield different
concrete results,

Throughout much of the eighteenth century and into the
nineteenth, European chemists almost universally believed that
the elementary atoms of which all chemical species consisted
were held together by forces of mutual affinity. Thus a lump of
silver cohered because of the forces of affinity between silver
corpuscles (until after Lavoisier these corpuscles were them-
selves thought of as compounded from still more elementary
particles). On the same theory silver dissolved in acid (or salt
in water) because the particles of acid attracted those of silver
(or the particles of water attracted those of salt) more strongly
than particles of these solutes attracted each other. Or again
copper would dissolve in the silver solution and precipitaté
silver, because the copper-acid affinity was greater than the
affinity of acid for silver. A great many other phenomena were
explained in the same way. In the eighteenth century the theory
of elective affinity was an admirable chemical paradigm, widely
and sometimes fruitfully deployed in the design and analysis of
chemical experimentation.2

Affinity theory, however, drew the line separating physical

20 H. Metzger, Newton, Stahl, Boerhaat i imi i
1930}, g 34§68. » Boerhaave et la doctrine chimique (Paris,
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mixtures from chemical compounds in a way that has become
unfamiliar since the assimilation of Dalton’s work. Eighteenth-
century chemists did recognize two sorts of processes. When
mixing produced heat, light, effervescence or something else of
the sort, chemical union was seen to have taken place. If, on the
other hand, the particles in the mixture could be distinguished
by eye or mechanically separated, there was only physical mix-
ture. But in the very large number of intermediate cases—salt in
water, alloys, glass, oxygen in the atmosphere, and so on—these
crude criteria were of little use. Guided by their paradigm, most
chemists viewed this entire intermediate range as chemical, be-
cause the processes of which it consisted were all governed by
forces of the same sort. Salt in water or oxygen in nitrogen was
just as much an example of chemical combination as was the
combination produced by oxidizing copper. The arguments for
viewing solutions as compounds were very strong. Affinity
theory itself was well attested. Besides, the formation of a com-
pound accounted for a solution’s observed homogeneity. If, for
example, oxygen and nitrogen were only mixed and not com-
bined in the atmosphere, then the heavier gas, oxygen, should
settle to the bottom. Dalton, who took the atmosphere to be a
mixture, was never satisfactorily able to explain oxygen’s failure
to do so. The assimilation of his atomic theory ultimately cre-
ated an anomaly where there had been none before.**

One is tempted to say that the chemists who viewed solutions
as compounds differed from their successors only over a matter
of definition. In one sense that may have been the case. But that
sense is not the one that makes definitions mere conventional
conveniences. In the eighteenth century mixtures were not fully
distinguished from compounds by operational tests, and per-
haps they could not have been. Even if chemists had looked for
such tests, they would have sought criteria that made the solu-
tion a compound. The mixture-compound distinction was part
of their paradigm—part of the way they viewed their whole

21 1bid., pp. 124-29, 139-48. For Dalton, see Leonard K. Nash, The Atomic-
Molecular TEeory (“Harvard Case Histories in Experimental Science,” Case 4;
Cambridge, Mass., 1950), pp. 14-21.
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field of research—and as such it was prior to any particular labo-
ratory test, though not to the accumulated experience of chemis-
try as a whole.

But while chemistry was viewed in this way, chemical phe-
nomena exemplified laws different from those that emerged
with the assimilation of Dalton’s new paradigm. In particular
while solutions remained compounds, no amount of chemical
experimentation could by itself have produced the law of fixed
proportions. At the end of the eighteenth century it was widely
known that some compounds ordinarily contained fixed propor-
tions by weight of their constituents. For some categories of re-
actions the German chemist Richter had even noted the further
regularities now embraced by the law of chemical equivalents.?
But no chemist made use of these regularities except in recipes
and no one until almost the end of the century thought of
generalizing them. Given the obvious counterinstances, like
glass or like salt in water, no generalization was possible with-
out an abandonment of affinity theory and a reconceptualization
of the boundaries of the chemist’s domain, That consequence
became explicit at the very end of the century in a famous de-
bate between the French chemists Proust and Berthollet. The
first claimed that all chemical reactions occurred in fixed pro-
portion, the latter that they did not. Each collected impressive
experimental evidence for his view. Nevertheless, the two men
necessarily talked through each other, and their debate was en-
tirely inconclusive. Where Berthollet saw a compound that
could vary in proportion, Proust saw only a physical mixture.2
To that issue neither experiment nor a change of definitional
convention could be relevant. The two men were as funda-
mentally at cross-purposes as Galileo and Aristotle had been,

This was the situation during the years when John Dalton un-
dertook the investigations that led finally to his famous chemical
atomic theory. But until the very last stages of those investiga-

pp?::lé_li{é;’artington, A Short Ilistory of Chemistry (2d ed.; London, 1951),

23 A. N. Mcldrum, “The Development of the Atomic Theory: (1 ’
: rum, : Bert!
Doctrine of Variable Proportions,” Manchester Mecemoirs, LIi’y ((IQio)frll(ilfl}?ts
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tions, Dalton was neither a chemist nor interested in chemistry.
Instead, he was a meteorologist investigating the, for him,
physical problems of the absorption of gases by water and of
water by the atmosphere. Partly because his training was in a
different specialty and partly because of his own work in that
specialty, he approached these problems with a paradigm dif-
ferent from that of contemporary chemists. In particular, he
viewed the mixture of gases or the absorption of a gas in water
as a physical process, one in which forces of affinity played no
part. To him, therefore, the observed homogeneity of solutions
was a problem, but one which he thought he could solve if he
could determine the relative sizes and weights of the various
atomic particles in his experimental mixtures. It was to deter-
mine these sizes and weights that Dalton finally turned to
chemistry, supposing from the start that, in the restricted range
of reactions that he took to be chemical, atoms could only com-
bine one-to-one or in some other simple whole-number ratio.?*
That natural assumption did enable him to determine the sizes
and weights of elementary particles, but it also made the law of
constant proportion a tautology. For Dalton, any reaction in
which the ingredients did not enter in fixed proportion was
ipso facto not a purely chemical process. A law that experiment
could not have established before Dalton’s work, became, once
that work was accepted, a constitutive principle that no single
set of chemical measurements could have upset. As a result of
what is perhaps our fullest example of a scientific revolution, the
same chemical manipulations assumed a relationship to chemi-
cal generalization very different from the one they had had
before.

Needless to say, Dalton’s conclusions were widely attacked
when first announced. Berthollet, in particular, was never con-
vinced. Considering the nature of the issue, he need not have
been. But to most chemists Dalton’s new paradigm proved con-
vincing where Proust’s had not been, for it had implications far
wider and more important than a new criterion for distinguish-

24 L. K. Nash, “The Origin of Dalton’s Chemical Atomic Theory,” Isis,
XLVII (1956), 101-16.
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ing a mixture from a compound. If, for example, atoms could
combine chemically only in simple whole-number ratios, then
a re-examination of existing chemical data should disclose exam-
ples of multiple as well as of fixed proportions. Chemists
stopped writing that the two oxides of, say, carbon contained
56 per cent and 72 per cent of oxygen by weight; instead they
wrote that one weight of carbon would combine either with 1.3
or with 2.6 weights of oxygen. When the results of old manipu-
lations were recorded in this way, a 2:1 ratio leaped to the eye;
and this occurred in the analysis of many well-known reactions
and of new ones besides. In addition, Dalton’s paradigm made
it possible to assimilate Richter’s work and to see its full general-
ity. Also, it suggested new experiments, particularly those of
Gay-Lussac on combining volumes, and these yielded still other
regularities, ones that chemists had not previously dreamed of.
What chemists took from Dalton was not new experimental
laws but a new way of practicing chemistry (he himself called
it the “new system of chemical philosophy™), and this proved so
rapidly fruitful that only a few of the older chemists in France
and Britain were able to resist it.25 As a result, chemists came to
live in a world where reactions behaved quite differently from
the way they had before.

As all this went on, one other typical and very important
change occurred. Here and there the very numerical data of
chemistry began to shift. When Dalton first searched the chemi-
cal literature for data to support his physical theory, he found
some records of reactions that fitted, but he can scarcely have
avoided finding others that did not. Proust’s own measurements
on the two oxides of copper yielded, for example, an oxygen
weight-ratio of 1.47:1 rather than the 2:1 demanded by the
atomic theory; and Proust is just the man who might have been
expected to achieve the Daltonian ratio.?® He was, that is, a fine

25 A, N. Meldrum, “The Development of the Atomic Theory: (6) The Re-
ception Accorded to the Theory Advocated by Dalton,” Manchester Memoirs,
LV (1911), 1-10.

26 For Proust, see Meldrum, “Berthollet’s Doctrine of Variable Proportions,”
Manchester Memoirs, LIV (1910), 8. The detailed history of the gradual
changes in measurements of chemical composition and of atomic weights has
yet to be written, but Partington, op. cit., provides many useful leads to it.
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experimentalist, and his view of the relation between mixtures
and compounds was very close to Dalton’s. But it is hard to
make nature fit a paradigm. That is why the puzzles of normal
science are so challenging and also why measurements under-
taken without a paradigm so seldom lead to any conclusions at
all. Chemists could not, therefore, simply accept Dalton’s theory
on the evidence, for much of that was still negative. Instead,
even after accepting the theory, they had still to beat nature
into line, a process which, in the event, took almost anqtl}er
generation. When it was done, even the percentage composition
of well-known compounds was different. The data themselves
had changed. That is the last of the senses in which we may
want to say that after a revolution scientists work in a different

world.
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