The Structure of Scientific Revolutions

and by students of motion in the Middle Ages, of physical optics
in the late seventeenth century, and of historical geology in the
early nineteenth. They had, that is, achieved a paradigm t}.mt
proved able to guide the whole group’s research. Except wvxth
the advantage of hindsight, it is hard to find another criterion
that so clearly proclaims a field a science.
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What then is the nature of the more professional and esoteric
research that a group’s reception of a single paradigm permits?
If the paradigm represents work that has been done once and
for all, what further problems does it leave the united group to
resolve? Those questions will seem even more urgent if we now
note one respect in which the terms used so far may be mislead-
ing. In its established usage, a paradigm is an accepted model
or pattern, and that aspect of its meaning has enabled me, lack-
ing a better word, to appropriate ‘paradigm’ here. But it will
shortly be clear that the sense of ‘model” and ‘pattern’ that per-
mits the appropriation is not quite the one usual in defining
‘paradigm.” In grammar, for example, ‘amo, amas, amat’ is a
paradigm because it displays the pattern to be used in conjugat-
ing a large number of other Latin verbs, e.g., in producing
‘laudo, laudas, laudat.” In this standard application, the para-
digm functions by permitting the replication of examples any
one of which could in principle serve to replace it. In a science,
on the other hand, a paradigm is rarely an object for replication,
Instead, like an accepted judicial decision in the common law,
it is an object for further articulation andw
new or more stringent conditions.

To see how this can be so, we must recognize how very lim-
ited in both scope and precision a paradigm can be at the time
of its first appearance. Paradigms gain their status because they
are more successful than their competitors in solving a few
problems that the group of practitioners has come to recognize
as acute. To be more successful is not, however, to be either
completely successful with a single problem or notably success-
ful with any large number. The success of a paradigm—whether
Aristotle’s analysis of motion, Ptolemy’s computations of plane-
tary position, Lavoisier’s application of the balance, or Max-
well’s mathematization of the electromagnetic field—is at the
start largely a promise of success discoverable in selected and
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still incomplete examples. Normal science consists in the actual-
ization of that promise, an actualization achieved by extending
the knowledge of those facts that the paradigm displays as
particularly revealing, by increasing the extent of the match be-
tween those facts and the paradigm’s predictions, and by fur-
ther articulation of the paradigm itself.

Few people who are not actually practitioners of a mature
science realize how much mop-up work of this sort a paradigm
leaves to be done or quite how fascinating such work can prove

the execution. And these points need to be understood. Mop-
ping-up operations are what engage most scicntists throughout
their careers. They constitute what I am here calling norniad
science. Closely examined, whether historically or in the cons
temporary lab01'af01’y, that enterprise seems an attempt to force
nature into the preformed and relatively inflexible box that the
paradigm supplies. No part of the aim of normal science is to
call forth new sorts of phenomena; indeed those that will not fit
the box are often not seen at all. Nor do scientists normally aim
to invent new theories, and they are often intolerant of those in-
vented by others.! Instead, normal-scientific research is directed
to the articulation of those phenomena and theories that the
paradigm already supplies.

Perhaps these are defects. The areas investigated by normal
science are, of course, minuscule; the enterprise now under dis-
cussion has drastically restricted vision. But those restrictions,
born from confidence in a paradigm, turn out to be essential to
the development of science. By focusing attention upon a small
range of relatively esoteric problems, the paradigm forces scien-
tists to investigate some part of nature in a detail and depth that
would otherwise be unimaginable. And normal science pos-
sesses a built-in mechanism that ensures the relaxation of the
restrictions that bound research whenever the paradigm from
which they derive ceases to function effectively. At that point
scientists begin to behave differently, and the nature of their
research problems changes. In the interim, however, during the

1 Bernard Barber, “Resistance by Scientists to Scientific Discovery,” Science,
CXXXIV (1961), 596-602.
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period when the paradigm is successful, the profession will have
solved problems that its members could scarcely have imagined
and would never have undertaken without commitment to the
paradigm. And at least part of that achievement always proves
to be permanent.

To display more clearly what is meant by normal or para-
digm-based research, let me now attempt to classify and illus-
trate the problems of which normal science principally consists.
For convenience I postpone theoretical activity and begin with
fact-gathering, that is, with the experiments and observations
described in the technical journals through which scientists in-
form their professional colleagues of the results of their continu-
ing research. On what aspects of nature do scientists ordinarily
report? What determines their choice? And, since most scien-
tific observation consumes much time, equipment, and money,
what motivates the scientist to pursue that choice to a conclu-
sion?

There are, I think, only three normal foci for factual scientific
investigation, and they are neither always nor permanently dis-
tinct, First is that class of facts that the paradigm has shown to
be particularly revealing of the nature of things. By employing
them in solving problems, the paradigm has made them worth
determining both with more precision and in a larger variety of
situations. At one time or another, these significant factual de-
terminations have included: in astronomy—stellar position and
magnitude, the periods of eclipsing binaries and of planets; in
physics—the specific gravities and compressibilities of materials,
wave lengths and spectral intensities, electrical conductivities
and contact potentials; and in chemistry—composition and com-
bining weights, boiling points and acidity of solutions, struc-
tural formulas and optical activities. Attempts to increase the
accuracy and scope with which facts like these are known
occupy a significant fraction of the literature of experimental
and observational science. Again and again complex special
apparatus has been designed for such purposes, and the inven-
tion, construction, and deployment of that apparatus have de-
manded first-rate talent, much time, and considerable financial
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backing. Synchrotrons and radiotelescopes are only the most
recent examples of the lengths to which research workers will
go if a paradigm assures them that the facts they seek are
important. From Tycho Brahe to E. Q. Lawrence, some scien-
tists have acquired great reputations, not from any novelty of
their discoveries, but from the precision, reliability, and scope
of the methods they developed for the redetermination of a
previously known sort of fact.

A second usual but smaller class of factual determinations is
divected to those facts that, though often without much intrinsic
interest, can be compared directly with predictions from the
paradigm theory. As we shall see shortly, when I turn from the
experimental to the theoretical problems of normal science,
there are seldom many areas in which a scientific theory, par-
ticularly if it is cast in a predominantly mathematical torin can
be directly compared with nature. No more than three sach
areas are even yet accessi Sle toEinstein's oeneral theory of veli
tivity.? Furthermore, even in those arcas where application is
possible, it often demands theoretical and instrumental approni-
mations that severely limit the agreement to be expected T
proving that agreement or finding new arcas in which avices
ment can be demonstrated at all presents a constant challenge
to the skill and imagination of the experimentalist and observer.
Special telescopes to demonstrate the Copernican prediction of
annual parallax; Atwood’s machine, first invented almost a cen-
tury after the Principia, to give the first unequivocal demonstra-
tion of Newton’s second law; Foucault’s apparatus to show that
the speed of light is greater in air than in water; or the gigantic
scintillation counter designed to demonstrate the existence of

2 The only long-standing check point still generally recognized is the pre-
cession of Mercury’s perihelion. The red shift in the spectrum of light from
distant stars can be derived from considerations more elementary than general
relativity, and the same may be possible for the bending of light around the sun,
a point now in some dispute. In any case, measurements of the latter phenome-
non remain equivocal. One additional check point may have been established
very recently: the gravitational shift of Mossbauer radiation. Perhaps there will
soon be others in this now active but long dormant field. For an up-to-date cap-
sule account of the problem, see L. L. Schiff, “A Report on the NASA Conference
on Experimental Tests of Theories of Relativity,” Physics Today, XIV (1961),
42-48.
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the neutrino—these pieces of special apparatus and many others
like them illustrate the immense effort and ingenuity that have
beex required to bring nature and theory into closer and closer
agreement.® That attempt to demonstrate agreement is a second
type of normal experimental work, and it is even more obviously
dependent than the first upon a paradigm. The existence of the
paradigm sets the problem to be solved; often the paradigm
theory is implicated directly in the design of apparatus able to
solve the problem. Without the Principia, for example, measure-
ments made with the Atwood machine would have meant
nothing at all.

<3 A third class of experiments and observations exhausts, I

think, the fact-gathering activities of normal science. It consists
of empirical work undertaken to articulate the paradigm theory,
resolving some of its residual ambiguities and permitting the
solution of problems to which it had previously only drawn
attention. This class proves to be the most important of all, and
its deseription demands its subdivision. In the more mathemat-
ical sciences, some of the experiments aimed at articulation are
directed to the determination of physical constants. Newton’s
work, for cxample, indicated that the force between two unit
masses at unit distance would be the same for all types of matter
at all positions in the universe. But his own problems could be
solved without even estimating the size of this attraction, the
universal gravitational constant; and no one else devised appa-
ratus able to determine it for a century after the Principia ap-
peared. Nor was Cavendish’s famous determination in the
1790’s the last. Because of its central position in physical theory,
improved values of the gravitational constant have been the
object of repeated efforts ever since by a number of outstanding

8 For two of the parallax telescopes, see Abraham Wolf, A History of Science,
Technology, and Philosophy in the Eighteenth Century (2d ed.; London, 1952),
PP 10375, For the Atwood machine, see N. R. Hanson, Patterns of Discovery
(Cambridge, 1958), pp. 100-102, 207-8. For the last two pieces of special appa-
ratus, see M. L. Foucault, “Méthode générale pour mesurer la vitesse de la
lumiére dans l'air et les milieux transparants. Vitesses relatives de la lumiére dans
V'air et dans I'cau . . . ,” Comptes rendus . . . de U'Académie des sciences, XXX

(1830), 551-60; and C. L. Cowan, Jr., et al., “Detection of the Free Neutrino:
A Confirmation,” Science, CXXIV (1956), 103-4.
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experimentalists.* Other examples of the same sort of continu-
ing work would include determinations of the astronomical
unit, Avogadro’s number, Joule’s coefficient, the electronic
charge, and so on. Few of these claborate efforts would have
been conceived and none would have been carried out without
a paradigm theory to define the problem and to guarantee the
existence of a stable solution,

Efforts to articulate a paradigm are not, however, restricted
to the determination of universal constants. They may, for
example, also aim at quantitative laws: Boyle’s Law relating gas
pressure to volume, Coulomb’s Law of electrical attraction, and
Joule’s formula relating heat generated to electrical resistance
and current are all in this category. Perhaps it is not apparent
that a paradigm is prerequisite to the discovery of Tnws like
these. We often hear that they are found by examining meuasure-
ments undertaken for their own sake and without theoretical
commitment. But history offers no support for so excessively
Baconian a method. Boyle’s experiments were not conceivable
(and if conceived would have received another interpretation
or none at all) until air was recognized us an clastic fluid to
which all the elaborate concepts of hydrostatics could be up-
plied.® Coulomb’s success depended upon his constructing spe-
cial apparatus to measure the force between point charges,
(Those who had previously meuasured clectrical forees using
ordinary pan balances, etc., had found no comsistent or stmple
regularity at all.) But that design, in turn, depended upon the
previous recognition that every particle of electrie fluid acts
upon every other at a distance. It was for the force between
such particles—the only force which might safely be assumed

4 1. H. Ploynting] reviews some two dozen measurements of the gravitational
constant between 1741 and 1901 in “Cravitation Constant and Mean Density
of the Earth,” Encyclopaedia Britannica (11th ¢d; Cambridge, 1910-11), XII,
385-89.

5 For the full transplantation of hydrostatic concepts into pneumatics, see The
Physical Treatises of Pascal, trans. 1. H. B. Spicrs and A. G. H. Spicrs, with an
introduction and notes by F. Barry (New York, 1937). Torricelli’s original in-
troduction of the parallelism (“We live submerged at the bottom of an ocean
of the element air”’} occurs on p. 164. Its rapid development is displayed by the
two main treatises.
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a simple function of distance—that Coulomb was looking.®
Joule’s experiments could also be used to illustrate how quanti-
tative laws emerge through paradigm articulation. In fact, so
general and close is the relation between qualitative paradigm
and quantitative law that, since Galileo, such laws have often
been correctly guessed with the aid of a paradigm years be-
fore apparatus could be designed for their experimental
determination.’

Finally, there is a third sort of experiment which aims to
articulate a paradigm. More than the others this one can re-
semble exploration, and it is particularly prevalent in those
periods and sciences that deal more with the qualitative than
with the quantitative aspects of nature’s regularity. Often a
paradigm developed for one set of phenomena is ambiguous in
its application to other closely related ones. Then experiments
are necessary to choose among the alternative ways of applying
the paradigm to the new area of interest. For example, the
paradigm applications of the caloric theory were to heating and
cooling by mixtures and by change of state. But heat could be
released or absorbed in many other ways—e.g., by chemical
combination, by friction, and by compression or absorption of
a gas—and to each of these other phenomena the theory could
be applied in several ways. If the vacuum had a heat capacity,
for example, heating by compression could be explained as the
result of mixing gas with void. Or it might be due to a change
in the specific heat of gases with changing pressure. And there
were several other explanations besides. Many experiments
were undertaken to elaborate these various possibilities and to
distinguish betwecn them; all these experiments arose from the
caloric theory as paradigm, and all exploited it in the design of
experiments and in the interpretation of results.* Once the phe-

6 Duanc Roller and Duane 11. D. Roller, The Development of the Concept of

Electric Charge: Electricity from the Greeks to Coulomb (“Harvard Case His-
torics in Experimental Science,” Case 83 Cambridge, Mass., 1954), pp. 66-80.

7 For examples, see T. S. Kuhn, “The Function of Measurement in Modern
Physical Science,” Isis, LII (1961), 161-93.

8 T. S. Kuhn, “The Caloric Theory of Adiabatic Compression,” Isis, XLIX
(1958}, 132-40.
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nomenon of heating by compression had been established, all
further experiments in the area were paradigm-dependent in
this way. Given the phenomenon, how else could an experiment
to elucidate it have been chosen?

Turn now to the theoretical problems of normal science,
which fall into very nearly the same classes as the experimental
and observational. A part of normal theoretical work, though
only a small part, consists simply in the use of existing theory

to predict factual information of intrinsic value. The manufac-
%ture of astronomical ephemerides, the computation of lens

characteristics, and the production of radio propagation curves
are examples of problems of this sort. Scientists, however, gen-
erally regard them as hack work to be relegated to engineers
or technicians. At no time do very many of them appear in sig-
nificant scientific journals. But these journals do contain a great
many theoretical discussions of problems that, to the non-
scientist, must seem almost identical. These are the manipula-
tions of theory undertaken, not because the predictions in
which they result are intrinsically valuable, but because they
can be confronted directly with experiment. Their purpose is
to display a new application of the paradigm or to increase the
precision of an application that has already been made.

The need for work of this sort arises from the immense diffi-
culties often encountered in developing points of contact be-
tween a theory and nature., These difficultics can be brietly
illustrated by an examination of the history of dynamics after
Newton. By the early eighteenth century those scientists who
found a paradigm in the Principia took the generality of its
conclusions for granted, and they had every reason to do so.
No other work known to the history of science has simultane-
ously permitted so large an increase in both the scope and preci-
sion of research. For the heavens Newton had derived Kepler's
Laws of planetary motion and also explained certain of the
observed respects in which the moon failed to obey them, For
the earth he had derived the results of some scattered observa-
tions on pendulums and the tides. With the aid of additional hut
ad hoc assumptions, he had also been able to derive B wle's Law
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and an important formula for the speed of sound in air. Given
the state of science at the time, the success of the demonstrations
was extremely impressive. Yet given the presumptive generality
of Newton’s Laws, the number of these applications was not
great, and Newton developed almost no others, Furthermore,
compared with what any graduate student of physics can
achieve with those same laws today, Newton’s few applications
were not even developed with precision. F inally, the Principia
had been designed for application chiefly to problems of celes-
tial mechanics. How to adapt it for terrestrial applications,
particularly for those of motion under constraint, was by no
means clear. Terrestrial problems were, in any case, already
being attacked with great success by a quite different set of tech-
niques developed originally by Galileo and Huyghens and ex-
tended on the Continent during the eighteenth century by the
Bernoullis, d’Alembert, and many others. Presumably their tech-
niques and those of the Principia could be shown to be special
cases of a more general formulation, but for some time no one
saw quite how.?

Restrict attention for the moment to the problem of precision.
We have already illustrated its empirical aspect. Special equip-
ment—like Cavendish’s apparatus, the Atwood machine, or
improved telescopes—was required in order to provide the
special data that the concrete applications of Newton’s par-
adigm demanded. Similar difficulties in obtaining agreement
existed on the side of theory. In applying his laws to pendulums,
for example, Newton was forced to treat the bob as a mass
point in order to provide a unique definition of pendulum
length. Most of his theorems, the few exceptions being hypo-
thetical and preliminary, also ignored the effect of air resistance.
These were sound physical approximations. Nevertheless, as
approximations they restricted the agreement to be expected

¥ C. Truesdell, “A Program toward Rediscovering the Rational Mechanics of the
Age of Reason,” Archive for History of the Exact Sciences, T (1960), 3-36, and
“Reactions of Late Baroque Mechanics to Success, Conjecture, Error, and Failure
in Newton’s Principia,” Texas Quarterly, X (1967), 281-97. T. L. Hankins, “The

Reception of Newton’s Second Law of Motion in the Eighteenth Century.”
Archives internationales dhistoire des sciences, XX (1967), 42-65.
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between Newton’s predictions and actual experiments. The
same difficulties appear even more clearly in the application of
Newton’s theory to the heavens. Simple quantitative telescopic
observations indicate that the planets do not quite obey Kep-
ler’s Laws, and Newton’s theory indicates that they should not.
To derive those laws, Newton had been forced to neglect all
gravitational attraction except that between individual planets
and the sun. Since the planets also attract each other, only
approximate agreement between the applied theory and tele-
scopic observation could be expected.!®

The agreement obtained was, of course, more than satisfactory
to those who obtained it. Excepting for some terrestrial prob-
lems, no other theory could do nearly so well. None of those who
questioned the validity of Newton’s work did so because of its
limited agreement with experiment and observation. Neverthe-
less, these limitations of agreement left many fascinating theo-
retical problems for Newton’s successors. Theoretical techniques
were, for example, required for treating the motions of more
than two simultaneously attracting bodies and for Investigating
the stability of perturbed orbits. Problems like these occupied
many of Europe’s best mathematicians during the eighteenth
and early nineteenth century. Euler, Lagrange, Laplace, and
Gauss all did some of their most brilliant work on problems
aimed to improve the match between Newton's paradigm and
observation of the heavens. Many of these figures worked simul-
taneously to develop the mathematics required for applications
that neither Newton nor the contemporary Continental school of
mechanics had even attempted. They produced, for example, an
immense literature and some very powerful mathematical tech-
niques for hydrodynamics and for the problem of vibrating
strings. These problems of application account for what is prob-
ably the most brilliant and consuming scientific work of the
eighteenth century. Other examples could be discovered by an
examination of the post-paradigm period in the development of
thermodynamics, the wave theory of light, electromagnetic the-

10 Wolf, op. cit.,, pp. 75-81, 96-101; and William Whewell, History of the
Inductive Sciences (rev. cd.; London, 1847), I1, 213-71.
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ory, or any other branch of science whose fundamental laws are
fully quantitative. At least in the more mathematical sciences,
most theoretical work is of this sort.

But it is not all of this sort. Even in the mathematical sciences
there are also theoretical problems of paradigm articulation;
and during periods when scientific development is predomi-
nantly qualitative, these problems dominate, Some of the prob-
lems, in both the more quantitative and more qualitative sci-
ences, aim simply at clarification by reformulation. The Prin-
cipia, for example, did not always prove an easy work to apply,
partly because it retained some of the clumsiness inevitable in
a first venture and partly because so much of its meaning was
only implicit in its applications. For many terrestrial applica-
tions, in any case, an apparently unrelated set of Continental
techniques seemed vastly more powerful. Therefore, from Euler
and Lagrange in the eighteenth century to Hamilton, Jacobi,
and Hertz in the nineteenth, many of Europe’s most brilliant
mathematical physicists repeatedly endeavored to reformulate
mechanical theory in an equivalent but logically and aestheti-
cally more satisfying form. They wished, that is, to exhibit the
explicit and implicit lessons of the Principia and of Continental
mechanics in a logically more coherent version, one that would
be at once more uniform and less equivocal in its application to
the newly elaborated problems of mechanics,!*

Similar reformulations of a paradigm have occurred repeated-
ly in all of the sciences, but most of them have produced more
substantial changes in the paradigm than the reformulations of
the Principia cited above. Such changes result from the em-
pirical work previously described as aimed at paradigm artic-
ulation, Indeed, to classify that sort of work as empirical was
arbitrary. More than any other sort of normal research, the
problems of paradigm articulation are simultaneously theoret-
ical and experimental; the examples given previously will serve
equally well here. Before he could construct his equipment and
make measurements with it, Coulomb had to employ electrical
theory to determine how his equipment should be built. The

11 René Dugas, Histoire de la mécanique (Neuchatel, 1950), Books IV-V.
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consequence of his measurements was a refinement in that
theory. Or again, the men who designed the experiments that
were to distinguish between the various theories of heating by
compression were generally the same men who had made up
the versions being compared. They were working both with
fact and with theory, and their work produced not simply new
information but a more precise paradigm, obtained by the elim-
ination of ambiguities that the original from which they worked
had retained. In many sciences, most normal work is of this sort.

These three classes of problems—determination of significant
fact, matching of facts with theory, and articulation of theory—
exhaust, I think, the literature of nom
and theoretical. They do not, of course, quite exhaust the entire
literature of science. There are also extraordinary problems, and
it may well be their resolution that makes the scientific enter-
prise as a whole so particularly worthwhile. But extraordinary
problems are not to be had for the asking. They emerge only on
special occasions prepared by the advance of normal research.
Inevitably, therefore, the overwhelming majority of the prob-
lems undertaken by even the very best scientists usually fall in-

to one of the three categories outlined above. Work under tlTej

paradigm can be conducted in no other way, and to desert the
paradigm is to cease practicing the science it defines. We shall
shortly discover that such desertions do occur. They are the
pivots about which scientific revolutions turn. But before begin-
ning the study of such revolutions, we require a more pano-
ramic view of the normal-scientific pursuits that prepare the
way.

IV. Normal Science as Puzzle-solving

Perhaps the most striking feature of the normal research
problems we have just encountered is how little they aim to
produce major novelties, conceptual or phenomenal. Sometimes,
as in 2 wave-length measurement, everything but the most eso-
teric detail of the result is known in advance, and the typical
latitude of expectation is only somewhat wider. Coulomb’s
measurements need not, perhaps, have fitted an inverse square
law; the men who worked on heating by compression were
often prepared for any one of several results. Yet even in cases
like these the range of anticipated, and thus of assimilable, re-
sults is always small compared with the range that imagination
can conceive. And the project whose outcome does not fall in
that narrower range is usually just a research failure, one which
reflects not on nature but on the scientist.

In the eighteenth century, for example, little attention was
paid to the experiments that measured electrical attraction with
devices like the pan balance. Because they yielded neither con-
sistent nor simple results, they could not be used to articulate
the paradigm from which they derived. Therefore, they re-
mained mere facts, unrelated and unrelatable to the continuing
progress of electrical research. Only in retrospect, possessed of
a subsequent paradigm, can we see what characteristics of elec-
trical phenomena they display. Coulomb and his contempo-
raries, of course, also possessed this later paradigm or one that,
when applied to the problem of attraction, yielded the same
expectations. That is why Coulomb was able to design appa-
ratus that gave a result assimilable by paradigm articulation.
But it is also why that result surprised no one and why several
of Coulomb’s contemporaries had been able to predict it in
advance. Even the project whose goal is paradigm articulation
does not aim at the unexpected novelty.

But if the aim of normal science is not major substantive nov-

elties—if failure to come near the anticipated result is usually
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VI. Anomaly and the Emergence of
Scientific Discoveries

Normal science, the puzzle-solving activity we have ju‘s‘t
examined, is a highly cumulative enterprise, eminently s.u.cccss;
ful in its aim, the steady extension of the scope and precision o
scientific knowledge. In all these respects it ﬁtsy with great pre(i
cision the most usual image of scientific work. Y ef one stan'dar
product of the scientific enterprise is missing. Normal science
does not aim at novelties of fact or theory and, when successful,
finds none. New and unsuspected phenomena are, hoxx:ever, rc-’
peatedly uncovered by scientific research, and }‘adl'cal nc.\‘\
theories have again and again been invcnted by scientists. }gs
tory even suggests that the scientific enterprise ha.s qe\’elo?tstl a
uniquely powerful technique for producmg surprises 0 'n]b
sort. If this characteristic of science is to be reconciled \@t 1
what has already been said, then research'unde'r a par.adl'gm
must be a particularly effective way of inducing palaldlglhnl
change. That is what fundamental noveltics of fact and t 1001)f
do. Produced inadvertently by a game playe(‘l under one SCt, 0
rules, their assimilation requires the elaboration of a.nother seF.
After they have become parts of science, the enterprise, at least

\1 of those specialists in whose particular field the novelties lie, is

never quite the same again. U

We must now ask how changes of this sort can come about,
considering first discoveries, or noveltle.s c.)f fs'mct, and then 1m
ventions, or novelties of theory. That distinction b.etwcen ¢ 1‘5'-
covery and invention or between fact an(ll tl.\eory wxl.liélc?vx{.cvc'x,‘
immediately prove to be cxceedil?gly artfficml'. Its arti ga 1ty‘ is
an important clue to several of this essay’s main thgses. vxanlnlnli
ing selected discoveries in the rest of this section, \xle,ds nal
quickly find that they are not isolated events bl:t‘extexls ed epi-
sodes with a regularly recurrent structure. I?wcovmy com'-
mences with the awareness of anomaly, i.e., with Fhe 1:ecogm—
tion that nature has somehow violated the paradigm-induced
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expectations that govern normal science. It then continues with
a more or less extended exploration of the area of anomaly. And
it closes only when the paradigm theory has been adjusted so
that the anomalous has become the expected. Assimilating a
new sort of fact demands a more than additive adjustment of

tist has learned to see nature in a different way—the new fact is
not quite a scientific fact at all,
To see how closely factual and theoretical novelty are inter-
twined in scientific discovery examine a particularly famous
example, the discovery of oxygen. At least three different men
have a legitimate claim to it, and several other chemists must,
in the early 1770’s, have had enriched air in a laboratory vessel
without knowing it.! The progress of normal science, in this case
of pneumatic chemistry, prepared the way to a breakthrough
quite thoroughly. The earliest of the claimants to prepare a rela-
tively pure sample of the gas was the Swedish apothecary, C,
W. Scheele. We may, however, ignore his work since it was not
published until oxygen’s discovery had repeatedly been an-
nounced elsewhere and thus had no effect upon the historical
pattern that most concerns us here.? The second in time to
establish a claim was the British scientist and divine, Joseph
Priestley, who collected the gas released by heated red oxide of
mercury as one item in a prolonged normal investigation of the
“airs” evolved by a large number of solid substances. In 1774 he
identified the gas thus produced as nitrous oxide and in 1775,
led by further tests, as common air with less than its usual quan-
tity of phlogiston. The third claimant, Lavoisier, started the
work that led him to oxygen after Priestley’s experiments of
1774 and possibly as the result of a hint from Priestley. Early in
L For the still classic discussion of oxygen’s discovery, see A. N. Meldrum,
The Eighteenth-Century Revolution in Science—the First Phase (Calcutta,
1930), chap. v. An indispensable recent review, including an account of the
priority controversy, is Maurice Daumas, Lavoisier, théoricien et expérimentateur
(Paris, 1955), chaps. ii-iii. For a fuller account and bibliography, see also T. S.

Kuhn, “The Historical Structure of Scientific Discovery,” Science, CXXXVI
(June 1, 1962), 760-64,

2 See, however, Uno Bocklund, “A Lost Letter from Scheele to Lavoisier,”
Lychnos, 1957-58, pp. 39-62, for a different evaluation of Scheele’s role.

theory, and until that adjustment is completed—until the scien’j
L
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1775 Lavoisier reported that the gas obtained by heating the
red oxide of mercury was “air itself entire without alteration
[except that] . . . it comes out more pure, more respirable.”® By
1777, probably with the assistance of a second hint from Priest-
ley, Lavoisier had concluded that the gas was a distinct species,
one of the two main constituents of the atmosphere, a con-
clusion that Priestley was never able to accept.

This pattern of discovery raises a question that can be asked
about every novel phenomenon that has ever entered the con-
sciousness of scientists. Was it Priestley or Lavoisier, if either,
who first discovered oxygen? In any case, when was oxygen
discovered? In that form the question could be asked even if
only one claimant had existed. As a ruling about priority and
date, an answer does not at all concern us. Nevertheless, an at-
tempt to produce one will illuminate the nature of discovery,
because there is no answer of the kind that is sought. Discovery
is not the sort of process about which the question is appro-
priately asked. The fact that it is asked—the priority for oxygen
has repeatedly been contested since the 1780’s—is a symptom of
something askew in the image of science that gives discovery so
fundamental a role. Look once more at our example. Priestley’s
claim to the discovery of oxygen is based upon his priority in
isolating a gas that was later recognized as a distinct species.
But Priestley’s sample was not pure, and, if holding impure
oxygen in one’s hands is to discover it, that had been done by
everyone who ever bottled atmospheric air. Besides, if Priestley
was the discoverer, when was the discovery made? In 1774 he
thought he had obtained nitrous oxide, a species he already
knew; in 1775 he saw the gas as dephlogisticated air, which is
still not oxygen or even, for phlogistic chemists, a quite unex-
pected sort of gas. Lavoisiers claim may be stronger, but it
presents the same problems. If we refuse the palm to Priestley,
we cannot award it to Lavoisier for the work of 1775 which led

8J. B. Conant, The Overthrow of the Phlogiston Theory: The Chemical Reo-
olution of 1775-1789 (“Harvard Case Histories in E:g)erimental Science,” Case

2; Cambridge, Mass., 1950), p. 23. This very usef pamphlet reprints many
of the relevant documents.
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him to identify the gas as the “air itself entire.” Presumably we
wait for the work of 1776 and 1777 which led Lavoisier to see
not merely the gas but what the gas was. Yet even this award
could be questioned, for in 1777 and to the end of his life
Lavoisier insisted that oxygen was an atomic “principle of acid-
ity” and that oxygen gas was formed only when that “principle”
united with caloric, the matter of heat.? Shall we therefore say
that oxygen had not vet been discovered in 1777? Some may be
tempted to do so. But the principle of acidity was not banished
from chemistry until after 1810, and caloric lingered until the
1860’s. Oxygen had become a standard chemical substance be-
fore either of those dates.
Clearly we need a new vocabulary and concepts for analyz-
ing events like the discovery of oxygen. Though undoubtedly
[ correct, the sentence, “Oxygen was_discovered,” misleads by
~suggesting that discovering something is a single simple act
assimilable to our usual (and also questionable) concept of sce-
ing. That is WWSO readily assume that discovering, like
seeing or touching, should be unequivocally attributable to an
individual and to a moment in time. But the latter attribution is
always impossible, and the former often is as well. Ignoring
Scheele, we can safely say that oxygen had not been discovered
before 1774, and we would probably also say that it had been
discovered by 1777 or shortly thereafter. But within those limits
or others like them, any attempt to date the discovery must in-
evitably be arbitrary because discovering a new sort of phenom-
enon is necessarily a complex event, one which involves recog-
nizing both that something is and what it is. Note, for example,
that if oxygen were dephlogisticated &ir Tor us, we should insist
without hesitation that Priestley had discovered it, though we
would still not know quite when. But if both observation and
conceptualization, fact and assimilation to theory, are insepa-
rably linked in discovery, then discovery is a process and must
take time. Only when all the relevant conceptual categories are
prepared in advance, in which case the phenomenon would not

* H. Metzger, La philosophie de la matiére chez Lavoisier (Paris, 1935); and
Daumas, op. cit., chap. vii.
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occur effortlessly, together, and in an instant,
~~ Grant now that discovery involves an extended, though not
necessarily long, process of conceptual assimilation. Can we also
say that it involves a change in paradigm? To that question, no
general answer can yet be given, but in this case at least, the
answer must be yes. What Lavoisier announced in his papers
from 1777 on was not so much the discovery of oxygen as the
oxygen theory of combustion. That theory was the keystone for
a reformulation of chemistry so vast that it is usually called the
chemical revolution. Indeed, if the discovery of oxygen had not
been an intimate part of the emergence of a new paradigm for
chemistry, the question of priority from which we began would
never have seemed so important. In this case as in others, the
value placed upon a new phenomenon and thus upon its dis-
coverer varies with our estimate of the extent to which the
phenomenon violated paradigm-induced anticipations. Notice,
however, since it will be important later, that the discovery of
oxygen was not by itself the cause of the change in chemical
theory. Long before he played any part in the discovery of the
new gas, Lavoisier was convinced both that something was
wrong with the phlogiston theory and that burning bodies ab-
sorbed some part of the atmosphere. That much he had re-
corded in a sealed note deposited with the Secretary of the
French Academy in 1772.° What the work on oxygen did was to
give much additional form and structure to Lavoisier’s earlier
sense that something was amiss. It told him a thing he was al-
ready prepared to discover—the nature of the substance that
combustion removes from the atmosphere. That advance aware-
ness of difficulties must be a significant part of what enabled
Lavoisier to see in experiments like Priestley’s a gas that Priest-
ley had been unable to see there himself. Conversely, the fact
that a major paradigm revision was needed to see what Lavoi-
sier saw must be the principal reason why Priestley was, to the
end of his long life, unable to see it:

5 The most authoritative account of the origin of Lavoisier’s discontent is
Henry Guerlac, Lavoisier—the Crucial Year: The Background and Origin of
His First Experiments on Combustion in 1772 (Ithaca, N.Y., 1961).

56

Anomaly and the Emergence of Scientific Discoveries

Two other and far briefer examples will reinforce much that
has just been said and simultaneously carry us from an elucida-
tion of the nature of discoveries toward an understanding of the
circumstances under which they emerge in science. In an effort
to represent the main ways in which discoveries can come
about, these examples are chosen to be different both from each
other and from the discovery of oxygen. The first, X-rays, is a
classic case of discovery through accident, a type that occurs
more frequently than the impersonal standards of scientific re-
porting allow us easily to realize. Its story opens on the day that
the physicist Roentgen interrupted a normal investigation of
cathode rays because he had noticed that a barium platino-
cyanide screen at some distance from his shielded apparatus
glowed when the discharge was in process. Further investiga-
tions—they required seven hectic weeks during which Roentgen
rarely left the laboratory—indicated that the cause of the glow
came in straight lines from the cathode ray tube, that the radia-
tion cast shadows, could not be deflected by a magnet, and
much else besides. Before announcing his discovery, Roentgen
had convinced himself that his effect was not due to cathode
rays but to an agent with at least some similarity to light.®

Even so brief an epitome reveals striking resemblances to the
discovery of oxygen: before experimenting with red oxide of
mercury, Lavoisier had performed experiments that did not
produce the results anticipated under the phlogiston paradigm;
Roentgen’s discovery commenced with the recognition that his
screen glowed when it should not. In both cases the perception
of anomaly—of a phenomenon, that is, for which his paradigm
had not readied the investigator—played an essential role in
preparing the way for perception of novelty. But, again in both
cases, the perception that something had gone wrong was only
the prelude to discovery. Neither oxygen nor X-rays emerged
without a further process of experimentation and assimilation.
At what point in Roentgen’s investigation, for example, ought
we say that X-rays had actually been discovered? Not, in any

6 L. W. Taylor, Physics, the Pioneer Science (Boston, 1941), pp. 790-94; and
T. W. Chalmers, Historic Researches (London, 1949), pPp- 218-19.

57



o

/
\l/

¥ /

N s,
WV ,,ﬁ)
AN

7
7

The Strucfure of Scientific Revolutions

case, at the first instant, when all that had been noted was a ?

glowing screen. At least one other investigator had scen that
glow and, to his subsequent chagrin, discovered nothing at all.?
Nor, it is almost as clear, can the moment of discovery be
pushed forward to a point during the last weck of investigation,
by which time Roentgen was exploring the properties of the
new radiation he had already discovered. We can only say that
X-rays emerged in Wiirzburg between November 8 and Decem-
ber 28, 1895.

In a third area, however, the existence of significant parallels
between the discoveries of oxygen and of Xerays is far less
apparent. Unlike the discovery of oxygen, that of X-rays was
not, at least for a decade after the event, implicated in any ob-
vious upheaval in scientific theory. In what sense, then, can the
assimilation of that discovery be said to have necessitated para-
digm change? The case for denying such a change is very
strong.|To be sure, the paradigms subscribed to by Roentgen

nd"his contemporaries could not have been used to predict
tX-rays. (Maxwell’s electromagnetic theory had not yet been
iaccepted everywhere, and the particulate theory of cathode

rays was only one of several current speculations.) But neither _

did those paradigms, at least in any obvious sense, prohibit the
existence of X-rays as the phlogiston theory had prohibited
Lavoisier’s interpretation of Priestley’s gas. On the contrary, in
1895 accepted scientific theory and practice admitted a number
of forms of radiation—visible, infrared, and ultraviolet. Why
could not X-rays have been accepted as just one more form of a
well-known class of natural phenomena? Why were they not,
for example, received in the same way as the discovery of an
additional chemical element? New elements to fill empty places
in the periodic table were still being sought and found in Roent-
gen’s day. Their pursuit was a standard project for normal
science, and success was an occasion only for congratulations,
not for surprise.

7 E. T. Whittaker, A History of the Theories of Acther and Electricity, 1 (2d
ed.; London, 1951), 358, n, 1. Sir George Thomson has informed me of a sec-
ond npear miss. Alerted by unaccountably fogged photographic plates, Sir Wil-
liam Crookes was also on the track of the discovery.
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X-rays, however, were grected not only with surprise but
with shock. Lord Kelvin at first pronounced them an elaborate
hoax.?® Others, though they could not doubt the evidence, were
clearly staggered by it. Though X-rays were not prohibited by
established theory, they violated deeply entrenched expecta-
tions. Those expectations, I suggest, were implicit in the design
and interpretation of established laboratory procedures. By the
1890°s cathode ray equipment was widely deployed in nu-
merous European laboratories. If Roentgen’s apparatus had
produced X-rays, then a number of other experimentalists must
for some time have been producing those rays without knowing
it. Perhaps those rays, which might well have other unacknowl-
edged sources too, were implicated in behavior previously ex-
plained without reference to them. At the very least, several
sorts of long familiar apparatus would in the future have to be
shielded with lead. Previously completed work on normal
projects would now have to be done again because earlier scien-
tists had failed to recognize and control a relevant variable.
X-rays, to be sure, opened up a new field and thus added to the
potential domain of normal science. But they also, and this is
now the more important point, changed fields that had already
existed. In the process they denied previously paradigmatic
types of instrumentation their right to that title.

In short, consciously or not, the decision to employ a particu-
lar piece of apparatus and to use it in a particular way carries an
assumption that only certain sorts of circumstances will arise.
There are instrumental as well as theoretical expectations, and
they have often played a decisive role in scientific development.
One such expectation is, for example, part of the story of
oxygen’s belated discovery. Using a standard test for “the good-
ness of air,” both Priestley and Lavoisier mixed two volumes of
their gas with one volume of nitric oxide, shook the mixture over
water, and measured the volume of the gaseous residue. The
previous experience from which this standard procedure had
evolved assured them that with atmospheric air the residue

8 Silvanus P. Thompson, The Life of Sir Willium Thomson Baron Kelvin of
Largs (London, 1910), 11, 1195,
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would be one volume and that for any other gas (or for polluted
air) it would be greater. In the oxygen experiments both found
a residue close to one volume and ‘identified the gas according-
ly. Only much later and in part through an accident did Priest-
ley renounce the standard procedure and try mixing nitric oxide
with his gas in other proportions. He then found that with
quadruple the volume of nitric oxide there was almost no resi-
due at all. His commitment to the original test procedure—~a pro-
cedure sanctioned by much previous experience—~had been
simultaneously a commitment to the non-existence of gases that
could behave as oxygen did.¢

Mustrations of this sort could be multiplied by reference, for
example, to the belated identification of uranium fission. One
reason why that nuclear reaction proved especially difficult to
recognize was that men who knew what to expect when bom-
barding uranium chose chemical tests aimed mainly ut elements
from the upper end of the periodic table.'” Ought we conclude
from the frequency with which such instrumental commitments
prove misleading” that science should abandon standard tests
and standard instruments? That would result in an inconceiv-
able method of research. Paradigm procedures and applications
are as necessary to science as paradigm laws and theories, and
they have the same effects. Inevitably they restrict the phenom-
enological field accessible for scientific investigation at any

? Conant, op. cit., pp. 18-20,

10K. K. Darrow, “Nuclear Fission,” Bell System Technical Journal, XIX
(1940), 267-89. Krypton, one of the two main fission products, seems not to
have been identified by chemical means until after the reaction was well under-
stood. Barium, the other product, was almost identified chemically at a late
stage of the investigation because, as it happened, that element had to be
added to the radioactive solution to precipitate the heavy element for which
nuclear chemists were looking. Failure to separate that added barium from the
radioactive product finally led, after the reaction had been repeatedly investi-
gated for almost five years, to the following report: “As chemists we should be
led by this research . . . to change all the names in the preceding [reaction)
schema and thus write Ba, La, Ce instead of Ra, Ac, Th. But as ‘nuclear chemists,’
with close affiliations to physics, we cannot bring ourselves to this leap which
would contradict all previous experience of nuclear physics. It may be that a
series of strange accid%nts renders our results deceptive” (Otto Hahn and Fritz
Strassman, “Uber den Nachweis und das Verhalten der bei der Bestrahlung des

Urans mittels Neutronen entstehended Erdalkalimetalle,” Die Naturwissen-
schaften, XXVII [1939], 15).
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given time. Recognizing that much, we may simultaneously see
an essential sense in which a discovery like X-rays necessitates
paradigm change—and therefore change in both procedures and
expectations—for a special segment of the scientific community.
As a result, we may also understand how the discovery of X-rays
could scem to open a strange new world to many scientists and
could thus participate so eﬁectively in the crisis that led to
twentieth-century physics.

Our final example of scientific discovery, that of the Leyden
jar, belongs to a class that may be described as theory-induced.
Initially, the term may seem paradoxical. Much that has been
said so far suggests that discoveries predicted by theory in ad-
vance are parts of normal science and result in no new sort of
fact. I have, for example, previously referred to the discoveries
of new chemical elements during the second half of the nine-
teenth century as proceeding from normal science in that way.
But not all theories are paradigm theories. Both during pre-
paradigm periods and during the crises that lead to large-scale
changes of paradigm, scientists usually develop many specu-
lative and unarticulated theories that can themselves point the
way to discovery. Often, however, that discovery Is not quite
the one anticipated by the speculative and tentative hypothesis.
Only as experiment and tentative theory are together articu-
lated to a match does the discovery emerge and the theory be-
come a paradigm.

The discovery of the Leyden jar displays all these features as
well as the others we have observed before. When it began,
there was no single paradigm for electrical research. Instead, a
number of theories, all derived from relatively accessible phe-
nomena, were in competition. None of them succeeded in order-
ing the whole variety of electrical phenomena very well, That
failure is the source of several of the anomalies that provide
background for the discovery of the Leyden jar. One of the
competing schools of electricians took electricity to be a fluid,
and that conception led a number of men to attempt bottling
the fluid by holding a water-filled glass vial in their hands and
touching the water to a conductor suspended from an active
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electrostatic generator. On removing the jar from the machine
and touching the water (or a conductor connected to it) with
his free hand, each of these investigators experienced a severe
shock. Those first experiments did not, however, provide elec-
tricians with the Leyden jar. That device emerged more slowly,
and it is again impossible to say just when its discovery was
completed. The initial attempts to store electrical fluid worked
only because investigators held the vial in their hands while
standing upon the ground. Electricians had still to learn that
the jar required an outer as well as an inner conducting coating
and that the fluid is not really stored in the jar at all. Somewhere
in the course of the investigations that showed them this, and
which introduced them to several other anomalous effects, the
device that we call the Leyden jar emerged. Furthermore, the
experiments that led to its emergence, many of them performed
by Franklin, were also the ones that necessitated the drastic re-
vision of the fluid theory and thus provided the first full para-
digm for electricity.!!

To a greater or lesser extent (corresponding to the continunm
from the shocking to the anticipated result), the characteristics
common to the three examples above are chiaracteristic of i
discoveries from which new sorts of phenomena emerge. Those
characteristics include: the previous awarencss of unomaly, the
gradual and simultaneous emergence of both observational ard
conceptual recognition, and the consequent change of paradizin
categories and procedures often accompanied by resistance.
There is even evidence that these same characteristics are bult
into the nature of the perceptual process itsclf. In a psychologi-
cal experiment that deserves to be far better known outside the
trade, Bruner and Postman asked experimental subjects to iden-
tify on short and controlled exposure a series of playing cards.
Many of the cards were normal, but some were made anoma-

11 For various stages in the Leyden jar’s evolution, see 1. B. Cohen, Franklin
and Newton: An Inquiry into Speculative Newtonian Experimental Science and
Franklin’s Work in Electricity as an Example Thereof (Philadelphia, 1956), pp.
385-86, 400-406, 452-67, 506-7, The last stage is described by Whittaker, op.
cit., pp. 50-52.
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lous, e.g., a red six of spades and a black four of hearts. Each ex-
perimental run was constituted by the display of a single card to
a single subject in a series of gradually increased exposures.
After each exposure the subject was asked what he had seen,
and the run was terminated by two successive correct identifica-
tions.*®

Even on the shortest exposures many subjects identified most
of the cards, and after a small increase all the subjects identified
them all. For the normal cards these identifications were usually
correct, but the anomalous cards were almost always identified,
without apparent hesitation or puzzlement, as normal. The
black four of hearts might, for example, be identified as the four
of either spades or hearts. Without any awareness of trouble, it
was immediately fitted to one of the conceptual categories pre-
pared by prior experience. One would not even like to say that
the subjects had seen something different from what they iden-
tified. With a further increase of exposure to the anomalous
cards, subjects did begin to hesitate and to display awareness of
anomaly. Exposed, for example, to the red six of spades, some
would say: That’s the six of spades, but there’s something wrong
with it—the bluck has a red border, Further increase of exposure
resulted in still more hesitation and confusion until finally, and
sometimes quite suddenly, most subjects would produce the
correet identification without hesitation. Moreover, after doing
this with two or three of the anomalous cards, they would have
little further difficulty with the others, A few subjects, however,
were never able to make the requisite adjustment of their cate-
gories. Liven at forty times the average exposure rcequired to
recognize normal cards for what they were, more than 10 per
cent of the anomalous cards were not correctly identificd. And
the subjects who then failed often experienced acute personal
distress. One of them exclaimed: “I can’t make the suit out)
whatever it is. It didn’t even look like a card that time. I don’
know what color it is now or whether it’s a spade or a heart. I'n

127. 8. Bruner and Leo Postman, “On the Pereeption of Tncongruity:.
Paradigm,” Journal of Personality, XVIIT (1949), 206-23.
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not even sure now what a spade looks like. My God!”** In the
next section we shall occasionally see scientists behaving this
way too.

Either as a metaphor or because it reflects the nature of the
mind, that psychological experiment provides a wonderfully
simple and cogent schema for the process of scientific discovery.
In science, as in the playing card experiment, novelty emerges
only with difficulty, manifested by resistance, against a back-
ground provided by expectation. Initially, only the anticipated
and usual are experienced even under circumstances where
anomaly is later to be observed. Further acquaintance, how-
ever, does result in awareness of something wrong or does relate
the effect to something that has gone wrong before. That aware-

_ness of anomaly opens a period in which conceptual categories

{ are adjusted until the initially anomalous has become the antici-

pated. At this point the discovery has been completed. I have
already urged that that process or one verv much like it is in-
volved in the emergence of all fundumental scientific novcltiosi
Let me now point out that, recognizing the process, we can at
last begin to see why normal science, a pursuit not directed to
novelties and tending at first to suppress them, should neverthe-
less be so effective in causing them to avise.

In the development of any science, the first received para-
digm is usually felt to account quite successfully for most of the
observations and experiments easily accessible to that science’s
practitioners, Further development, therefore, ordinarily calls
for the construction of elaborate equipment, the development
of an esoteric vocabulary and skills, and « refinement of con-
cepts that increasingly lessens their resemblance to their usual
common-sense prototypes. That professionalization leads, on
the one hand, to an immense restriction of the scientist’s vision
and to a considerable resistance to paradizm chanue. The sci-
ence has become increasingly rigid. On the other hand, within
those areas to which the paradigm dirccts the attention of the

13 Ibid., p. 218. My colleague Postman tells e that, though knowinyg uli

about the apparatus and display in advance, he nevertheless found looking at the
incongruous cards acutely uncomfortable.
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group, normal science leads to a detail of information and to a
precision of the observation-theory match that could be
achieved in no other way, Furthermore, that detail and preci-
sion-of-match have a value that transcends their not always very
high intrinsic interest. Without the special apparatus that is
constructed mainly for anticipated functions, the results that
lead ultimately to novelty could not occur. And even when the
apparatus exists, novelty ordinarily emerges only for the man
who, knowing with precision what he should expect, is able to
recognize that something has gone wrong. Anomaly appears
only against the background provided by the paradigm. The
, more precise and far-reaching that paradigm is, the more sensi-
‘tive an indicator it provides of anomaly and hence of an occa-
sion for paradigm change. In the normal mode of discovery,
even resistance to change ha§a use that will be explored more
fully in the next section. By ensuring that the paradigm will not
be too easily surrendered, resistance guarantees that scientists
will not be lightly distracted and that the anomalies that lead
to paradigm change will penetrate existing knowledge to the
core. The very fact that a significant scientific novelty so often
emerges simultaneously from several laboratories is an index
both to the strongly traditional nature of normal science and to
the completeness with which that traditional pursuit prepares
the way for its own change.




VIl. Crisis and the Emergence of
Scientific Theories

All the discoveries considered in Section VI were causes of or
contributors to paradigm change. Furthermore, the changes in
which these discoveries were implicated were all destructive as
well as constructive. After the discovery had been assimilated,
scientists were able to account for a wider range of natural
phenomena or to account with greater precision for some of
those previously known, But that gain was achieved only by
discarding some previously standard beliefs or procedures and,
simultancously, by replacing those components of the previous
paradigm with others. Shifts of this sort are, I have argued,
associated with all discoveries achieved through normal science,
excepting only the unsurprising ones that had been anticipated
in all but their details. Discoveries are not, however, the only
sources of these destructive-constructive paradigm changes. In
this section we shall begin to consider the similar, but usually
far larger, shifts that result from the invention of new theories.

Having argued already that in the sciences fact and theory,
discovery and invention, are not categorically and permanently
distinet, we can anticipate overlap between this section and the
last. (The impossible suggestion that Priestley first discovered
oxygen and Lavoisier then invented it has its attractions. Oxy-
gen has already been encountered as discovery; we shall shortly
meet it again as invention.) In taking up the emergence of new
theories we shall inevitably extend our understanding of dis-
covery as well. Still, overlap is not identity. The sorts of dis-
coveries considered in the last section were not, at least singly,
responsible for such paradigm shifts as the Copernican, New-
tonian, chemical, and Einsteiniun revolutions. Nor were they
responsible for the somewhat smaller, because more exclusively
professional, changes in paradigm produced by the wave theory
of light, the dynamical theory of heat, or Maxwell's electromag-
netic theory. How can theories like these avise from normal
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science, an activity even less directed to their pursuit than to
that of discoveries?

If awareness of anomaly plays a role in the emergence of new
sorts of phenomena, it should surprise no one that a similar but
more profound awareness is prerequisite to all acceptable
changes of theory. On this point historical evidence is, I think,
entirely unequivocal. The state of Ptolemaic astronomy was a
scandal before Copernicus’ announcement.! Galileo’s contribu-
tions to the study of motion depended closely upon difficulties
discovered in Aristotle’s theory by scholastic critics.” Newton’s
new theory of light and color originated in the discovery that
none of the existing pre-paradigm theories would account for
the length of the spectrum, and the wave theory that replaced
Newton’s was announced in the midst of growing concern about
anomalies in the relation of diffraction and polarization effects
to Newton’s theory.® Thermodynamics was born from the col-
lision of two existing nineteenth-century physical theories, and
quantum mechanics from a variety of difficulties surrounding
black-body radiation, specific heats, and the photoelectric
effect.* Furthermore, in all these cases except that of Newton
the awareness of anomaly had lasted so long and penetrated so
deep that one can appropriately describe the fields affected by
it as in a state of growing crisis. Because it demands large-scale
paradigm destruction and major shifts in the problems and
techniques of normal science, the emergence of new theories is
generally preceded by a period of pronounced professional in-

1 A, R. Hall, The Scientific Revolution, 1500-1800 (London, 1954), p. 16.«

2 Murshall Clagett, The Science of Mechanics in the Middle Ages (Madison,
Wis., 1959), Parts II-III. A. Koyré displays a number of medieval elements in
Galileo’s thought in his Etudes Galiléennes (Paris, 1939), particularly Vol. L.

3 For Newton, see T. S. Kuhn, “Newton’s Optical Papers,” in Isaac Newton’s
Papers and Letters in Natural Philosophy, ed. 1. B. Cohen (Cambridge, Mass.,
1958), pp. 27-45. For the prelude to the wave theory, see E. T. Whittaker, A
History of the Theories of Aether and Electricity, 1 (2d ed.; London, 1951),
04-109; and W. Whewell, History of the Inductive Sciences (rev. ed.; London,
1847}, I, 396—166.

1 For thermodynamics, see Silvanus P. Thompson, Life of William Thomson
Buron Kelein of Largs (London, 1910), I, 266-81. For the quantum theory, sce
Iritz Reiche, The Quantum Theory, trans. H. S. Hatfield and II. L. Brosc ( Lon-

don, 1922), chaps. i-ii.
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security. As one might expect, that insecurity is generated by
the persistent failure of the puzzles of normal science to come
out as they should. Failure of existing rules is the prelude to a
search for new ones.

Look first at a particularly famous case of paradigm change,
the emergence of Copernican astronomy. When its predecessor,
the Ptolemaic system, was first developed during the last two
centuries before Christ and the first two after, it was admirably
successful in predicting the changing positions of both stars and
planets. No other ancient system had performed so well; for the
stars, Ptolemaic astronomy is still widely used today as an engi-
neering approximation; for the planets, Ptolemy’s predictions
were as good as Copernicus’. But to be admirably successful is
never, for a scientific theory, to be completely successful. With

{respect both to planetary position and to precession of the
equinoxes, predictions made with Ptolemy’s system never quite
(conformed with the best available observations. Further reduc-
tion of those minor discrepancies constituted many of the
principal problems of normal astronomical research for many of
Ptolemy’s successors, just as a similar attempt to bring celestial
observation and Newtonian theory together provided normal
research problems for Newton’s eightcenth-century successors.
For some time astronomers had every reason to suppose that
these attempts would be as successful as those that had led to
Ptolemy’s system. Given a particular discrepancy, astronomers
were invariably able to eliminate it by making some particular
adjustment in Ptolemy’s system of compounded circles. But as
time went on, a man looking at the net result of the normal
research effort of many astronomers could observe that astron-
omy’s complexity was increasing far more rapidly than its accu-
racy and that a discrepancy corrected in one place was likely to
show up in another.®

Because the astronomical tradition was repeatedly inter-
rupted from outside and because, in the absence of printing,
communication between astronomers was restricted, these dif-

51. L. E. Dreyer, A History of Astronomy from Thales to Kepler (2d ed;
New York, 1953), chaps. xi-xii.
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ficulties were only slowly recognized. But awareness did come.
By the thirteenth century Alfonso X could proclaim that if God
had consulted him when creating the universe, he would have
received good advice. In the sixteenth century, Copernicus’ co-
worker, Domenico da Novara, held that no system so cumber-
some and inaccurate as the Ptolemaic had become could pos-
sibly be true of nature. And Copernicus himself wrote in the
Preface to the De Revolutionibus that the astronomical tradi-
tion he inherited had finally created only a monster. By the
early sixteenth century an increasing number of Europe’s best
astronomers were recognizing that the astronomical paradigm
was failing in application to its own traditional problems. That
recognition was prerequisite to Copernicus’ rejection of the

Ptolemaic paradigm and his search for a new one. His famous
preface still provides one of the classic descriptions of a crisis_

state.®

Breakdown of the normal technical puzzle-solving activity is
not, of course, the only ingredient of the astronomical crisis that
faced Copernicus. An extended treatment would also discuss
the social pressure for calendar reform, a pressure that made the
puzzle of precession particularly urgent. In addition, a fuller
account would consider medieval criticism of Aristotle, the rise
of Renaissance Neoplatonism, and other significant historical
elements besides. But technical breakdown would still remain
the core of the crisis. In a mature science—and astronomy had
become that in antiquity—external factors like those cited above
are principally significant in determining the timing of break-
down, the ease with which it can be recognized, and the area in
which, because it is given particular attention, the breakdown
first occurs. Though immensely important, issues of that sort are
out of bounds for this essay.

If that much is clear in the case of the Copernican revolution,
let us turn from it to a second and rather different example, the
crisis that preceded the emergence of Lavoisier’s oxygen theory
of combustion. In the 1770’s many factors combined to generate

8 T. S. Kuhn, The Copernican Revolution (Cambridge, Mass., 1957), pp.
135-43.
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a crisis in chemistry, and historians are not altogether agreed
about either their nature or their relative importance. But two
of them are generally accepted as of first-rate significance: the
rise of pneumatic chemistry and the question of weight rela-
tions. The history of the first begins in the seventeenth century
with development of the air pump and its deployment in chemi-
cal experimentation, During the following century, using that
pump and a number of other pneumatic devices, chemists came
increasingly to realize that air must be an active ingredient in
chemical reactions. But with a few exceptions—so equivocal
that they may not be exceptions at all-chemists continued to
believe that air was the only sort of gas. Until 1756, when Jo-
seph Black showed that fixed air (CO:) was consistently dis-
tinguishable from normal air, two samples of gas were thought
to be distinct only in their impurities.”

After Black’s work the investigation of gases proceeded rapid-
ly, most notably in the hands of Cavendish, Priestley, and
Scheele, who together developed a number of new techniques
capable of distinguishing one sample of gas from another. All
these men, from Black through Scheele, believed in the phlogis-
ton theory and often employed it in their design and interpreta-
tion of experiments. Scheele actually first produced oxygen by
an elaborate chain of experiments designed to dephlogisticate
heat. Yet the net result of their experiments was a variety of gas
samples and gas properties so elaborate that the phlogiston
theory proved increasingly little able to cope with laboratory
experience. Though none of these chemists suggested that the
theory should be replaced, they were unable to apply it con-
sistently. By the time Lavoisier began his experiments on airs in
the early 1770’s, there were almost as many versions of the
phlogiston theory as there were pneumatic chemists.® That

7 ]. R. Partington, A Short History of Chemistry (2d ed.; London, 1951 ), pp-
48-51, 73-85, 90-120.

8 Though their main concern is with a slightly later period, much relevant
material is scattered throughout J. R. Partington and Douglas McKie's “His-
torical Studies on the Phlogiston Theory,” Annals of Science, 11 (1937), 361-
404; I1I (1938), 1-58, 337-71; and IV (1939), 337-71.
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proliferation of versions of a theory is a very usual symptom of
crisis. In his preface, Copernicus complained of it as well.

The increasing vagueness and decreasing utility of the phlo-
giston theory for pneumatic chemistry were not, however, the
only source of the crisis that confronted Lavoisier. He was also
much concerned to explain the gain in weight that most bodies
experience when burned or roasted, and that again is a problem
with a long prehistory. At least a few Islamic chemists had
known that some metals gain weight when roasted. In the
seventeenth century several investigators had concluded from
this same fact that a roasted metal takes up some ingredient
from the atmosphere. But in the seventeenth century that con-
clusion seemed unnecessary to most chemists, If chemical reac-
tions could alter the volume, color, and texture of the ingre-
dients, why should they not alter weight as well? Weight was
not always taken to be the measure of quantity of matter. Be-
sides, weight-gain on roasting remained an isolated phenome-
non. Most natural bodies (e.g., wood) lose weight on roasting
as the phlogiston theory was later to say they should.

During the eighteenth century, however, these initially ade-
quate responses to the problem of weight-gain became increas-
ingly difficult to maintain. Partly because the balance was in-
creasingly used as a standard chemical tool and partly because
the development of pneumatic chemistry made it possible and
desirable to retain the gaseous products of reactions, chemists
discovered more and more cases in which weight-gain accom-
panied roasting. Simultaneously, the gradual assimilation of
Newton’s gravitational theory led chemists to insist that gain in
weight must mean gain in quantity of matter. Those conclusions
did not result in rejection of the phlogiston theory, for that
theory could be adjusted in many ways. Perhaps phlogiston had
negative weight, or perhaps fire particles or something else en-
tered the roasted body as phlogiston left it, There were other
explanations besides. But if the problem of weight-gain did not
lead to rejection, it did lead to an increasing number of special
studies in which this problem bulked large. One of them, “On




The Structure of Scientific Revolutions

phlogiston considered as a substance with weight and [ana-
lyzed] in terms of the weight changes it produces in bodies with
which it unites,” was read to the French Academy early in 1772,
the year which closed with Lavoisier’s delivery of his famous
sealed note to the Academy’s Secretary. Before that note was
written a problem that had been at the edge of the chemist’s
consciousness for many years had become an outstanding un-
solved puzzle. Many different versions of the phlogiston theory
were being elaborated to meet it. Like the problems of pneu-
matic chemistry, those of weight-gain were making it harder
and harder to know what the phlogiston theory was. Though
still believed and trusted as a working tool, a paradigm of
eighteenth-century chemistry was gradually losing its unique
status. Increasingly, the research it guided resembled that con-
ducted under the competing schools of the pre-paradigm
period, another typical effect of crisis.

Consider now, as a third and final example, the late nine-
teenth century crisis in physics that prepared the way for the
emergence of relativity theory. One root of that crisis can be
traced to the late seventeenth century when a number of nat-
ural philosophers, most notably Leibniz, criticized Newton’s
retention of an updated version of the classic conception of ab-
solute space.'® They were very nearly, though never quite, able
to show that absolute positions and absolute motions were with-
out any function at all in Newton’s system; and they did suc-
ceed in hinting at the considerable aesthetic appeal a fully
relativistic conception of space and motion would later come to
display. But their critique was purely logical. Like the early
Copernicans who criticized Aristotle’s proofs of the earth’s sta-
bility, they did not dream that transition to a relativistic system
could have observational consequences. At no point did they
relate their views to any problems that arose when applying
Newtonian theory to nature. As a result, their views died with

? H. Guerlac, Lavoisier—the Crucial Year (Ithaca, N.Y.,, 1961). The entire
book documents the evolution and first recognition of a crisis. For a clear state-
ment of the situation with respect to Lavoisier, see p. 35,

10 Max Jammer, Concepts of Space: The History of Theories of Space in
Physics (Cambridge, Mass., 1954), pp. 114-24.
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them during the early decades of the eighteenth century to be
resurrected only in the last decades of the nineteenth when they
had a very different relation to the practice of physies,

The technical problems to which a relativistic philosophy of
space was ultimately to be related began to enter normal sci-
ence with the acceptance of the wave theory of light after about
1815, though they evoked no crisis until the 1890’s. If light is
wave motion propagated in a mechanical ether governed by
Newton’s Laws, then both celestial observation and terrestrial
experiment become potentially capable of detecting drift
through the ether. Of the celestial observations, only those of
aberration promised sufficient accuracy to provide relevant in-
formation, and the detection of ether-drift by aberration
measurements therefore became a recognized problem for nor-
mal research. Much special equipment was built to resolve it.
That equipment, however, detected no observable drift, and
the problem was therefore transferred from the experimentalists
and observers to the theoreticians, During the central decades
of the century Fresnel, Stokes, and others devised numerous
articulations of the ether theory designed to explain the failure
to observe drift. Each of these articulations assumed that g
moving body drags some fraction of the ether with it. And each
was sufficiently successful to explain the negative results not
only of celestial observation but also of terrestrial experimenta-
tion, including the famous experiment of Michelson and Mor-
ley."* There was still no conflict excepting that between the
various articulations. In the absence of relevant experimental
techniques, that conflict never became acute.

The situation changed again only with the gradual accept-
ance of Maxwell’s electromagnetic theory in the last two dec-
ades of the nineteenth century. Maxwell himself was a New-
tonian who believed that light and electromagnetism in general
were due to variable displacements of the particles of a mechan-
ical ether. His earliest versions of a theory for electricity and

11 Joseph Larmor, Aether and Matter . . . Including a Discussion of the In-

gt—zzeg’cgz?)f—ég? Earth’s Motion on Optical Phenomeng (Cambridge, 1900), pp.
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magnetism made direct use of hypothetical properties wit'h
which he endowed this medium. These were dropped from his
final version, but he still believed his electromagnetic the.ory
compatible with some articulation of the Newtonian mechanical
view.!? Developing a suitable articulation was a challenge for
him and his successors. In practice, however, as h'as happened
again and again in scientific development, the required artlclula—,
tion proved immensely difficult to produce. Just as (;opemxclls
astronomical proposal, despite the optimlsrr'x of its a'.uthor,
created an increasing crisis for existing theques o'f motion, so
Maxwell’s theory, despite its Newtonian origin, ultimately pro-
duced a crisis for the paradigm from which it had sprung.
Furthermore, the locus at which that crisis became most ac'ute
was provided by the problems we have just been considering,
those of motion with respect to the ether. .
Maxwell’s discussion of the electromagnetic behavior of
bodies in motion had made no reference to ethe'r drag, and it
proved very difficult to introduce such drag into llns theory. As a
result, a whole series of earlier observations designed to detect
drift through the ether became anomalous, The years aftver 1890
therefore witnessed a long series of attempts, both experimental
and theoretical, to detect motion with respect to the ether an-d
to work ether drag into Maxwell’s theory. The former were uni-
formly unsuccessful, though some analysts thought t.h'elr results
equivocal. The latter produced a number of promising star'ts,
particularly those of Lorentz and Fitzgerald., b'ut they also .dlS-
closed still other puzzles and finally resulted in just that prolifer-
ation of competing theories that we have prew‘ously found. to
be the concomitant of crisis.'* It is against that historical setting
that Einstein’s special theory of relativity emer.ged in 1905.
These three examples are almost entirely typical. Ip eac}'l case
a novel theory emerged only after a pronounced failure in the
ell and Modern Physics {London,
18;265.c’ill‘;lps;lii:zegégcﬁa:{fvrzﬁ'ss %rl;r]kaz!igsge, see his own book,yA Treatise on

Electricity and Magnetism (3d ed.; Oxford, 1892), p. 470, .
13 For astronomy’s role in the development of mechanics, see Kuhn, op. cit.,

chap. vii.
15Whittaker, op. cit.,, I, 886-410; and Il (London, 1953), 27-40.
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normal prohlem-so]ving activity, Furthermore, except for the
case of Copernicus in which factors external to science played a
particularly large role, that breakdown and the proliferation of
theories that is its sign occurred no more than a decade or two
before the new theory’s enunciation, The novel theory seems a
direct response to crisis. Note also, though this may not be quite
so typical, that the problems with respect to which breakdown
occurred were all of a type that had long been recognized. Pre-
vious practice of normal science had given every reason to con-
sider them solved or all but solved, which helps to explain why
the sense of failure, when it came, could be so acute. Failure
with a new sort of problem is often disappointing but never
surprising. Neither problems nor puzzles yield often to the first
attack. F inally, these examples share another characteristic that
may help to make the case for the role of crisis impressive: the
solution to each of them had been at least partially anticipated
during a period when there was no crisis in the corresponding
science; and in the absence of crisis those anticipations had
been ignored.

The only complete anticipation is also the most famous, that
of Copernicus by Aristarchus in the third century B.c. It is often
said that if Greek science had been less deductive and less
ridden by dogma, heliocentric astronomy might have begun its
development eighteen centuries earlier than it did.’® But that
is to ignore all historical context. When Aristarchus’ suggestion
was made, the vastly more reasonable geocentric system had ng_
needs that a heliocentric system might even conceivably hayg
fulfilled. The whole development of Ptolemaic astronomy, both
its triumphs and its breakdown, falls in the centuries after Aris-
tarchus’ proposal. Besides, there were no obvious reasons for
taking Aristarchus seriously. Even Copernicus’ more elaborate
proposal was neither simpler nor more accurate than Ptolemy’s
system. Available observational] tests, as we shall see more clear- {

15 For Aristarchus’ work, see T. L. Heath, Aristarchus of Samos: The Ancient’
Copernicus (Oxford, 1918), Part II. For an extreme statement of the traditional
position about the neglect of Aristarchus’ achievement, see Arthur Koestler, The
Sleepwalkers: A History of Man’s Changing Vision of the Universe (London,
1959), p. 50.
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ly below, provided no basis for a choice between themn. Under
those circumstances, one of the factors that led astronomers to
Copernicus (and one that could not have led them to Aristar-
chus) was the recognized crisis that had been responsible for
innovation in the first place. Ptolemaic astrononiy had t.nl'vd to
solve its problems; the time had come to give a campetitor a
chance. Our other two examples provide no similarly full antici-
pations. But surely one reason why the theories of combgstion
by absorption from the atmosphere—theories developed in the
seventeenth century by Rey, Hooke, and Mayow—failed to get
a sufficient hearing was that they made no contact with a recog-
nized trouble spot in normal scientific practice.'® Anfi th'e long
neglect by eighteenth- and nineteenth-century scientists of
Newton’s relativistic critics must largely have been due to a
similar failure in confrontation.

Philosophers of science have repeatedly demonstrated that
more than one theoretical construction can always be placed
upon a given collection of data. History of science indicates
that, particularly in the early developmental stages of a new
paradigm, it is not even very difficult to invent such alternates.
But that invention of alternates is just what scientists seldom
undertake except during the pre-paradigm stage of their sci-
ence’s development and at very special occasions during ‘1ts
subsequent evolution. So long as the tools a paradigm supplies
continue to prove capable of solving the problems it defines,
science moves fastest and penetrates most deeply through con-
fident employment of those tools. The reason is clear. As in
manufacture so in science—retooling is an extravagance to be
reserved for the occasion that demands it. The significance of
crises is the indication they provide that an occasion for retool-
ing has arrived.

16 Partington, op. cit., pp. 78-85.
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Let us then assume that crises are a necessary precondition
for the emergence of novel theories and ask next how scientists
respond to their existence. Part of the answer, as obvious as it
is important, can be discovered by noting first what scientists
never do when confronted by even severe and prolonged anom-
alies. Though they may begin to lose faith and then to consider
alternatives, they do not renounce the paradigm that has led
them into crisis. They do not, that is, treat anomalies as counter-
instances, though in the vocabulary of philosophy of science
that is what they are. In part this generalization is simply a
statement from historic fact, based upon examples like those
given above and, more extensively, below. These hint what our
later examination of paradigm rejection will disclose more fully:
T"once it has achieved the status of paradigm, a scientific theory
\is declared invalid only if an alternate candidate is available to

take its place. No process yet disclosed by the historical stud
of scientific development at all resembles the methodologica
stereotype of falsification by direct comparison with nature,
That remark does not mean that scientists do not reject scien-
tific theories, or that experience and experiment are not essen-
tial to the process in which they do so. But it does mean—what
will ultimately be a central point—that the act of judgment that
leads scientists to reject a previously accepted theory is always
based upon more than a comparison of that theory with the
world. The decision to reject one paradigm is always simulta-
ncously the decision to accept another, and the judgment lead-
ing to that decision involves the co rismbszthpm\_gm
with nature and with each other.

There is, in addition, a second reason for doubting that scien-
tists reject paradigms because confronted with anomalies or
counterinstances. In developing it my argument will itself fore-
shadow another of this essay’s main theses. The reasons for
doubt sketched above were purely factual; they were, that is,
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themselves counterinstances to a prevalent epistemological
theory. As such, if my present point is correct, they can at best
help to create a crisis or, more accurately, to reinforce one that
is already very much in existence. By themselves they cannot
and will not falsify that philosophical theory, for its defenders
will do what we have already seen scientists doing when con-
fronted by anomaly. They will devise numerous articulations
and ad hoc modifications of their theory in order to eliminate
any apparent conflict. Many of the relevant modifications and
qualifications are, in fact, already in the literature. If, therefore,
these epistemological counterinstances are to constitute more
than a minor irritant, that will be because they help to permit
the emergence of a new and different analysis of science within
which they are no longer a source of trouble. Furthermore, if a
typical pattern, which we shall later observe in scientific revo-
lutions, is applicable here, these anomalies will then no longer
seem to be simply facts. From within a new theory of scientific
knowledge, they may instead seem very much like tautologies,
statements of situations that could not conceivably have been
otherwise.

It has often been observed, for example, that Newton’s sec-
ond law of motion, though it took centuries of difficult factual
and theoretical research to achieve, behaves for those com-
mitted to Newton’s theory very much like a purely logical state-
ment that no amount of observation could refute.! In Section X
we shall see that the chemical law of fixed proportion, which
before Dalton was an occasional experimental finding of very
dubious generality, became after Dalton’s work an ingredient
of a definition of chemical compound that no experimental
work could by itself have upset. Something much like that will
also happen to the generalization that scientists fail to reject
paradigms when faced with anomalies or counterinstances.
They could not do so and still remain scientists.

Though history is unlikely to record their names, some men
have undoubtedly been driven to desert science because of

! See particularly the discussion in N. R, Haunson, Patterns of Discovery
(Cambridge, 1958), pp. 99-105.
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their inability to tolerate crisis. Like artists, creative scientists
must occasionally be able to live in a world out of joint—else
where I have described that necessity as “the essenti nsion” |
implicit in scientific research.? But that rejection of science in |
favor of another occupation is, I think, the only sort of paradigm |
rejection to which counterinstances by themselves can lead-
Once a first paradigm through which to view nature has been
found, there is no such thing as research in the absence of any
paradigm. To reject one paradigm wit i eously sub-'
stituting anbther isto reject science itself. T hat act reflects not
on the paradigm but on the man, Illeyitabl-y-he—wi]l:ﬁg.s_een.by
his colleagues as “the carpenter who blames his tools.”

The same point can be made at least equally effectively in
reverse: there is no such thing as research without counter-
instances. For what is it that differentiates normal science from
science in a crisis state? Not, surely, that the former confronts
no counterinstances. On the contrary, what we previously called
the puzzles that constitute normal science exist only because no
paradigm that provides a basis for scientific research ever com-
pletely resolves all its problems. The very few that have ever
seemed to do so (e.g., geometric optics) have shortly ceased to
yield research problems at all and have instead become tools
for engineering. Excepting those that are exclusively instru-
mental, every problem that normal science sees as a puzzle can
be seen, from another viewpoint, as a counterinstance and thus
as a source of crisis. Copernicus saw as counterinstances what
most of Ptolemy’s other successors had seen as puzzles in the
match between observation and theory, Lavoisier saw as a
counterinstance what Priestley had scen as a successfully solved
puzzle in the articulation of the phlogiston theory. And Einstein
saw as counterinstances what Lorentz, Fitzgerald, and others
had seen as puzzles in the articulation of Newton’s and Max-

*T. S. Kuhn, “The Essential Tension: Tradition and Innovation in Scientific
Research,” in The Third (1959) University of Utah Research Conference on
the Identification of Creative Scientific Talent, ed. Calvin W. Taylor (Salt Lake
City, 1959), pp. 162-77. For the comparable phenomenon among artists, see
Frank Barron, “The Psychology of Imagination,” Scientific American, CXCIX
(Scptember, 1958), 151-66, esp. 160,
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well’s theories. Furthermore, even the existence of crisis does|
not by itself transform a puzzle into a counterinstance. Thereqi;
no such sharp dividing line, Instead, by proliferating versions o
the paradigm, crisis loosens the rules of normal puzzle-solvin
in ways that ultimately permit a new paradigm to emerge.
There are, I think, only twd alternatives: either no scientific
theory ever confronts a counterinstance, or all such theories
confront counterinstances at all times.

How can the situation have seemed otherwise? That question
necessarily leads to the historical and critical elucidation of
philosophy, and those topics are here barred. But we can at
least note two reasons why science has seemed to provide so apt
an illustration of the generalization that truth and falsity are
uniquely and unequivocally determined by the confrontation of
statement with fact. Normal science does and must continually
strive to bring theory and fact into closer agreement, and that
activity can easily be seen as testing or as a scarch for confirma-
tion or falsification. Instead, its object is to solve a puzzle for
Whose very existence the validity of the paradigm must be

\§1§Wilure to achieve a solution discredits only thé scien-

ist and not tFé"Hfé‘GTy’.ngﬁé:?vm'mOrc than above, the proverb
; 'W;mﬁp?df carpenter who blames his tools.” In addi-
“tion, the manner in which science pedagogy entangles discus-
sion of a theory with remarks on its exemplary applications has
helped to reinforce a confirmation-theory drawn predominantly
from other sources. Given the slightest reason for doing so, the
man who reads a science text can easily take the applications to
be the evidence for the theory, the reasons why it ought to be
believed. But science students accept theories on the authorit

of teacher and text, not because of evidence. What alternatives

{_have they, or what competence? The applications given in texts
are not there as evidence but because learning them is part of
learning the paradigm at the base of current practice. If appli-
cations were set forth as evidence, then the very failure of texts
to suggest alternative interpretations or to discuss problems for
which scientists have failed to produce paradigm solutions

80

The Response to Crisis

would convict their authors of extreme bias. There is not the
slightest reason for such an indictment,

How, then, to return to the initial question, do scientists re-
spond to the awareness of an anomaly in the fit between theory
and nature? What has just been said indicates that even a dis-
crepancy unaccountably larger than that experienced in other
applications of the theory need not draw any very profound
response. There are always some discrepancies. Even the most
stubborn ones usually respond at last to normal practice. Very
often scientists are willing to wait, particularly if there are many
problems available in other parts of the field. We have already
noted, for example, that during the sixty years after Newton’s
original computation, the predicted motion of the moon’s
perigee remained only half of that observed. As Europe’s best
mathematical physicists continued to wrestle unsuccessfully
with the well-known discrepancy, there were occasional pro-
posals for a modification of Newton’s inverse square law. But no
one took these proposals very seriously, and in practice this
patience with a major anomaly proved justified. Clairaut in
1750 was able to show that only the mathematics of the applica-
tion had been wrong and that Newtonian theory could stand as
before® Even in cases where no mere mistake seems quite pos-
sible (perhaps because the mathematics involved s simpler or
of a familiar and elsewhere successful sort), persistent and
recognized anomaly does not always induce crisis. No one
seriously questioned Newtonian theory because of the long-
recognized discrepancies between predictions from that theory
and both the speed of sound and the motion of Mercury. The
first discrepancy was ultimately and quite unexpectedly re-
solved by experiments on heat undertaken for a very different
purpose; the second vanished with the general theory of rela-
tivity after a crisis that it had had no role in creating. Apparent-

3W. Whewell, History of the Inductive Sciences (rev. ed,; London, 1847),
I1, 220-21,

4 For the sPeed of sound, see T. §. Kuhn, “The Caloric Theory of Adiabatic
Compression,” Isis, XLIV (1958), 136-87. For the secular shift in Mercury’s
perihelion, sce E. T. Whittaker, A 1 istory of the Theories of Acther and Electric-
ity, 11 (London, 1953), 151, 179.
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ly neither had secemed sufficiently fundamental to evoke the
malaise that goes with crisis. They could be recognized as
counterinstances and still be set aside for later work.

It follows that if an anomaly is to evoke crisis, it must usually
be more than just an anomaly. There are always difficulties
somewhere in the paradigm-nature fit; most of them are set
right sooner or later, often by processes that could not have
been foreseen. The scientist who pauses to examine every
anomaly he notes will seldom get significant work done. We
therefore have to ask what it is that makes an anomaly seem
worth concerted scrutiny, and to that question there is probably
no fully general answer. The cases we have already examined
are characteristic but scarcely prescriptive. Sometimes an anom-
aly will clearly call into question explicit and fundamental gen-
eralizations of the paradigm, as the problem of ether drag did
for those who accepted Maxwell’s theory. Or, as in the Coperni-
can revolution, an anomaly without apparent fundamental in-
port may evoke crisis if the applications that it inhibits have a
particular practical importance, in this cuse for calendar design
and astrology. Or, as in eighteenth-century chemistry, the de-
velopment of normal science may transform an anomaly that
had previously been only a vexation into ua source of crisis: the
problem of weight relations had a very ditferent status after the
evolution of pnewmatic-chemical techniques. Presumably there
are still other circumstances that can make ancanomaly particu-
larly pressing, and ordinarily several of these will combine. We
have already noted, for example, that one source of the crisis
that confronted Copernicus was the mere fength of time during
which astronomers had wrestled unsuccesstully with the reduc-
tion of the residual discrepancies in Ptolemny’s system.

When, for these reasons or others like them, an anomaly
comes to seem more than just another puzzle of normal science,
the transition to crisis and to extraordinary science has begun.
The anomaly itself now comes to be more generally recognized
as such by the profession. More and more attention is devoted
to it by more and more of the field’s most eminent men. If it still
continues to resist, as it usually does not, many of them may
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come to view its resolution as the subject matter of their disci-
pline. For them the field will no longer look quite the same as it
had earlier. Part of its different appearance results simply from
.the new fixation point of scientific scrutiny. An even more
Important source of change is the divergent nature of the
humerous partial solutions that concerted attention to the prob-
lem has made available. The early attacks upon the resistant
problem will have followed the paradigm rules quite closel
But with continuing resistance, more and more of the attacl{s'
upon it will have involved some minor cr not so minor articula-
tion of the paradigm, no two of them quite alike, each partiall
successful, but none suﬁiciently so to be accepted as paradi nyn
by the group. Through this proliferation of divergent articugla-
tions (more and more frequently they will come to be described
as ad hoc adjustments), the rules of normal science becom
mcrez'isingly blurred. Though there still is a paradigm, few
fIr)ractxtlioners prove to be entirely agreed about what it is. ,Even
q(:;:;:;z I>1/ standard solutions of solved problems are called in
.When acute, this situation is sometimes recognized by the
scientists involved. Copernicus complained that in hisy da
a.stro'nomers were so “inconsistent in these [astronomical ] inves)-]
tigations . . . that they cannot even explain or observe the cop.
stant length of the seasonal year.” “With them ” he continued
it is as though an artist were to gather the h;.nds feet, head
and other members for his images from diverse m,odels’ each
p.art excellently drawn, but not related to a single bod’ and
since they in no way match each other, the result woZl’d be
monster rather than man.™ Einstein, restricted by current usa
to less florid language, wrote only, “It was as if the ground hagcfl3
been pulled out from under one, with no firm foundation to be
seen anywhere, upon which one could have built,”s And Wolf-
gang Pauli, in the months before Heisenberg’s paper on matrix

5 Quoted in T. S. K , .
1957Q),p_ ISér,l S. Kuhn, The Copernican Revolution (Cumbridge, Mass.,

6 Albert Einstein, “Autobiogmphicul Note,” in Albert Einstein: Ph

Scientist, ed. P. A. Schilpp (Evanston, 1IL,, 1949), p. 45. ilosopher-
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mechanics pointed the way to a new quantum theory, wrote to
a friend, “At the moment physics is again terribly confused. In
any case, it is too difficult for me, and I wish I had been a movie
comedian or something of the sort and had never heard of
physics.” That testimony is particularly impressive if contrasted
with Pauli’s words less than five months later: “Heisenberg’s
type of mechanics has again given me hope and joy in life. To
be sure it does not supply the solution to the riddle, but I be-
lieve it is again possible to march forward.”

Such explicit recognitions of breakdown are extremely rare,
but the effects of crisis do not entirely depernd upon its conscious
recognition. What can we say these effects are? Only two of
them seem to be universal. All crises begin with the blurring of
a paradigm and the consequent loosening of the rules for nor-
mal research. In this respect research during crisis very much
resembles research during the pre-paradigm period, except that
in the former the locus of difference is both smaller and more
clearly defined. And all crises close in one of three ways. Some-
times normal science ultimately proves able to handle the crisis-
provoking problem despite the despair of those who have seen
it as the end of an existing paradigm. On other occasions the
problem resists even apparently radical new approaches. Then
scientists may conclude that no solution will be forthcoming
in the present state of their field. The problem is labelled and
set aside for a future generation with more developed tools. Or,
finally, the case that will most concern us here, a crisis may end
with the emergence of a new candidate for paradigm and with
the ensuing battle over its acceptance. This last mode of closure
will be considered at length in later sections, but we must antici-
pate a bit of what will be said there in order to complete these
remarks about the evolution and anatomy of the crisis state.

The transition from a paradigm in crisis to a new one from
which a new tradition of normal science can emerge is far from
a cumulative process, one achicved by an articulation or exten-

7 Ralph Kronig, “The Turning Point,” in Theoretical Physics in the Twenticth

Century: A Memorial Volume to Woljgang Punlio v M, Ficrz and V. F. Weiss-
k()pf (NCW YOl’k, 1960), pl’) 22, 25-26. x\!mh of this witich (11'\(”[)('\ the crisis
in quantum mechanics in the years inunediately betore 1925,
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sion of the old paradigm. Rather it is a_reconstruction of the
field from new fundamentals, @ Teconstruction that o angey

some of the field’s most elementary theoretical generalizations
as well as many of its paradigm methods and applications. Dm\j
ing the transition period there will be a large but never com-
plete overlap between the problems that can be solved by the
old and by the new paradigm. But there will also be a decisive

difference in the modes of solution. When the transition is com-

plete, the profession will have changed its view of the field, its

methods, and its goals. One perceptive historian, viewing a

classic case of a science’s reorientation by paradigm change,

recently described it as “picking up the other end of the stick,”

a process that involves “handling the same bundle of data as

before, but placing them in a new system of relations with one

another by giving them a different framework.” Others who

have noted this aspect of scientific advance have emphasized its

similarity to a change in visual gestalt: the marks on paper that

were first seen as a bird are now scen as an antelope, or vice

versa.’ That parallel can be misleading. Scientists do not see

something as something elseyfmstead, they simply see it) We

have already examined some oF the proble saying

that Priestley saw oxygen as dephlogisticated air. In addition,

the scientist does not preserve the gestalt subject’s freedom to

switch back and forth between ways of seeing. Nevertheless,

the switch of gestalt, particularly because it is today so familiar,

is a useful elementary prototype for what occurs in full-scale

paradigm shift.

The preceding anticipation may help us recognize crisis as an
appropriate prelude to the emergence of new theories, particu-
larly since we have already examined a small-scale version of
the same process in discussing the emergence of discoveries,
Just because the emergence of a new theory breaks with one
tradition of scientific practice and introduces a new one con-
ducted under different rules and within a different universe of

]qj;gerbcrt Butterfield, The Origins of Modern Science, 1300-1800 (London
9. pp. I-7. ’

¥ Huansun, op. cit., chap. i.
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discourse, it is likely to occur only when the first tradition is felt
to have gone badly astray. That remark is, however, no more
than a prelude to the investigation of the crisis-state, and, unfor-
tunately, the questions to which it leads demand the‘comlpe-
tence of the psychologist even more than that of the historian.
What is extraordinary research like? How is anomaly made law-
like? How do scientists proceed when aware 01'11y thz?t some-
thing has gone fundamentally wrong at a level with w}'nch their
training has not equipped them to deal? Those questions need
far more investigation, and it ought not all be historical. What
follows will necessarily be more tentative and less complete
than what has gone before.

Often a new paradigm emerges, at least in embryo, before a
crisis has developed far or been explicitly recognized. Lavoi-
sier’s work provides a case in point, His sealed note was de-
posited with the French Academy less than a year after the
first thorough study of weight relations in the phlogiston theory
and before Priestley’s publications had revealed the full extent
of the crisis in pneumatic chemistry. Or again, Thomas Young's
first accounts of the wave theory of light appeared at a very
early stage of a developing crisis in optics, one that would be
almost unnoticeable except that, with no assistance fforr'x Young,
it had grown to an international scientific scandal within a dec-
ade of the time he first wrote. In cases like these one can say
only that a minor breakdown of the paradigm an@ the very first
blurring of its rules for normal science were sufﬁcxent' to induce
in someone a new way of looking at the field. What 'mtervened
between the first sense of trouble and the recognition of an
available alternate must have been largely unconscious.

In other cases, however—those of Copernicus, Einstein, r?md
contemporary nuclear theory, for example—considerable time
clapses between the first consciousness of breakdown gnd t'he
emergence of a new paradigm. When that occurs, 'the hxstpnan
may capture at least a few hints of what extraordinary science
is like. Faced with an admittedly fundamental anomaly in
theory, the scientist’s first effort will often be to isolate it more
precisely and to give it structure. Though now aware that they
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cannot be quite right, he will push the rules of normal science
harder than ever to see, in the area of difficulty, just where and
how far they can be made to work. Simultaneously he will seek
for ways of magnifying the breakdown, of making it more strik-
ing and perhaps also more suggestive than it had been when
displayed in experiments the outcome of which was thought to
be known in advance. And in the latter effort, more than in any
other part of the post-paradigm development of science, he will
look almost like our most prevalent image of the scientist. He
will, in the frst place, often seem a man searching at random,
trying experiments just to see what will happen, looking for an
effect whose nature he cannot quite guess. Simultaneously,
since no experiment can be conceived without some sort of
theory, the scientist in crisis will constantly try to generate
speculative theories that, if successful, may disclose the road to
a new paradigm and, if unsuccessful, can be surrendered with
relative ease.

Kepler’s account of his prolonged struggle with the motion
of Mars and Priestley’s description of his response to the prolif-
eration of new gases provide classic examples of the more ran-
dom sort of research produced by the awareness of anomaly.’®
But probably the best illustrations of all come from contempo-
rary research in field theory and on fundamental particles. In
the absence of a crisis that made it necessary to see just how far
the rules of normal science could stretch, would the immense
effort required to detect the neutrino have seemed justified? Or,
if the rules had not obviously broken down at some undisclosed
point, would the radical hypothesis of parity non-conservation
have been either suggested or tested? Like much other research
in physics during the past decade, these experiments were in
part attempts to localize and define the source of a still diffuse
set of anomalies.

This sort of extraordinary research is often, though by no

10 For an account of Kepler’s work on Mars, see J. L. E. Dreyer, A History
of Astronomy from Thales to Kepler (2d ed.; New York, 1953), pp. 880-93.
Occasional inaccuracies do not prevent Dreyer’s précis from providing the ma-

terial necded here. For Priestley, see his own work, esp. Experiments and Ob-
servations on Different Kinds of Air (London, 1774-75).
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means generally, accompanied by another. It is, I think, particu-
larly in periods of acknowledged crisis that scientists have
turned to philosophical analysis as a device for unlocking the
riddles of their field. Scientists have not generally needed or
wanted to be philosophers. Indeed, normal science usually holds
creative philosophy at arm’s length, and probably for good
reasons. To the extent that normal research work can be con-
ducted by using the paradigm as a model, rules and assumptions
need not be made explicit. In Section.V we noted that the full
set of rules sought by philosophical analysis need not even exist.
But that is not to say that the search for assumptions (even for
non-existent ones) cannot be an effective way to weaken the
grip of a tradition upon the mind and to suggest the basis for a
new one. It is no accident that the emergence of Newtonian
physics in the seventeenth century and of relativity and quan-
tum mechanics in the twentieth should have been both pre-
ceded and accompanied by fundamental philosophical analyses
of the contemporary research tradition.!* Nor is it an accident
that in both these periods the so-called thought experiment
should have played so critical a role in the progress of research.
As I have shown elsewhere, the analytical thought experimenta-
tion that bulks so large in the writings of Galileo, Einstein,
Bohr, and others is perfectly calculated to expose the old para-
digm to existing knowledge in ways that isolate the root of
crisis with a clarity unattainable in the laboratory.!?

With the deployment, singly or together, of these extraordi-
nary procedures, one other thing may occur. By concentrating
scientific attention upon a narrow area of trouble and by pre-
paring the scientific mind to recognize experimental anomalies
for what they are, crisis often proliferates new discoveries. We
have already noted how the awareness of crisis distinguishes

11 For the philosophical counterpoint that accompanied seventeenth-century
mechanics, see René Dugas, La mécanique au XVI1I¢ siécle (Neuchatel, 1954),
particularly chap. xi. For the similar ninetcenth-century episode, see the same
author’s earlier book, Histoire de la mécanique (Neuchatel, 1950), pp. 41943,

12T, S. Kubn, “A Function for Thought Experiments,” in Mélanges Alexandre
Koyré, ed. R, Taton and 1. B. Cohien, to be published by Hermann (Paris) in

1963.
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Lavoisier’s work on oxygen from Priestley’s; and oxygen was not
the only new gas that the chemists aware of anomaly were able
to discover in Priestley’s work. Or again, new optical discoveries
accumulated rapidly just before and during the emergence of
the wave theory of light. Some, like polarization by reflection
were a result of the accidents that concentrated work in an area’
of trouble makes likely. (Malus, who made the discovery, was
just starting work for the Academy’s prize essay on double re-
fraction, a subject widely known to be in an unsatisfactory
state.) Others, like the light spot at the center of the shadow of
a circular disk, were predictions from the new hypothesis, ones
whose success helped to transform it to a paradigm for later
work. And still others, like the colors of scratches and of thick
plates, were effects that had often been seen and occasionally
remarked before, but that, like Priestley’s oxygen, had been
assimilated to well-known effects in ways that prevented their
being seen for what they were.’® A similar account could be
given of the multiple discoveries that, from about 1895, were a
constant concomitant of the emergence of quantum mechanics.
Extraordinary research must have still other manifestations
and effects, but in this area we have scarcely begun to discover
the questions that need to be asked., Perhaps, however, no more
are needed at this point. The preceding remarks should suffice
to show how crisis simultaneously loosens the stereotypes and
provides the incremental data necessary for a fundamental
paradigm shift. Sometimes the shape of the new paradigm 13
foreshadowed in the structure that extraordinary research has
given to the anomaly. Einstein wrote that before he had any
substitute for classical mechanics, he could see the interrelation
between the known anomalies of black-body radiation, th
photoelectric effect, and specific heats.’* More often no ’such
structure is consciously seen in advance. Instead, the new para-
digm, or a sufficient hint to permit later articulation, emerges

13 For the new optical discoveries in i
] ‘ general, see V., Ronchi, Histoire d,
Iz;rmzere ( Paris, %956), chap. vii, For the earlier explanation of one o? tlfeslz
effects, see ] Priestley, The History and Present State of Discoveries Relatin
to Vision, Light and Colours (London, 1772), pp. 498-590. €
Y Einstein, loe. cit,
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all at once, sometimes in the middle of the night, in the mind of
a man deeply immersed in crisis. What the nature of that final
stage is—how an individual invents (or finds he has invented) a
new way of giving order to data now all assembled—must here
remain inscrutable and may be permanently so. Let us here note
only one thing about it. Almost always the men who achieve
these fundamental inventions of a new paradigm have been
either very young or very new to the field whose paradigm they
change.’® And perhaps that point need not have been made ex-
plicit, for obviously these are the men who, being little com-
mitted by prior practice to the traditional rules of normal sci-
ence, are particularly likely to see that those rules no longer de-
fine a playable game and to conceive another set that can re-
place them.

The resulting transition to a new paradigm is scientific revo-
lution;, a subject that we are at long last prepared to approach
directly. Note first, however, one last and apparently elusive
respect in which the material of the last three sections has pre-
pared the way. Until Section VI, where the concept of anomaly
was first introduced, the terms ‘revolution’ and ‘extraordinary
science’ may have seemed equivalent, More important, neither
term may have seemed to mean more than ‘non-normal science,’
a circularity that will have bothered at least a few readers. In
practice, it need not have done so. We are about to discover that
a similar circularity is characteristic of scientific theories.
Bothersome or not, however, that circularity is no longer un-
qualified. This section of the essay and the two preceding have
educed numerous criteria of a breakdown in normal scientific
activity, criteria that do not at all depend upon whether break-
down is succeeded by revolution. Confronted with anomaly or

15 This generalization about the role of youth in fundamental scientific re-
search is so common as to be a cliché, Furthermore, a glance at almost any list
of fundamental contributions to scientific theory will provide impressionistic
confirmation. Nevertheless, the generalization badly needs systematic investiga-
tion. Harvey C. Lehman (Age and Achievement [Princeton, 1953]) provides
many useful data; but his studies make no attempt to single out contributions
that involve fundamental reconceptualization, Nor do they inquire about the
special circumstances, if any, that may accompany relatively late productivity
in the sciences.
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with crisis, scientists take a different attitude toward existing
paradigms, and the nature of their research changes accord-
ingly. The proliferation of competing articulations, the willing-
ness to try anything, the expression of explicit discontent, the
recourse to philosophy and to debate over fundamentals, all
these are symptoms of a transition from normal to extraordina
research. It is upon their existence more than upon that of revo-
lutions that the notion of normal science depends.
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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

ientific Mng 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 intcrim, 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 seeking to defend the old institutional con-
stellation, the others seekingio 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 in.d;:hggi);‘ce. 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 X1 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, ca
emerge only to the extent that his anticipations about nature
and his instruments prove wrong. Often the importance of the
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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. ’
not occur if the two were logically compatible. In the process of
bme second must displace the first. Even &
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
au 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 geuld energy conservation become part of sci-
ence.! And on};e;fter 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 inclusjvenessTemeiug o permis-
sible view of the relation between successive scientifie thoories,
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 ut this point. But today,
unfortunately, that cannot be done because the view of the
subject developed above cannot be muintained 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 categoricully 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 Williem 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 developed as follows.
Relativistic dynamics cannot have shown Newtonian dynamics
to be wrong, for Newtonian dynamics is still used with great
success by most engineers and, in selected applications, by
many physicists. Furthermore, the propriety of this use of the
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 example, if Newto-
nian theory is to provide a good approximate solution, the rel-
ative velocities of the bodies considered must be small com-
pared with the velocity of light. Subject to this condition 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 possibly 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 Newtonian
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 evidence, 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 make 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 chemical
phenomena. It explained why bodies burned—they were rich
in phlogiston—and why metals had so many more properties in
common than did their ores. The metals were all compounded
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 occurs 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 argument
will 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 rescarch enters an area
or seeks a degree of precision for whicl past practice with the
theory offers no precedent. These prohibitions are logically wis
exceptionable. 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 coni-
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 already
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 Theory (Cambridge, 1950),
pp. 13-16; and J. R. Partington, A Short History of Chemistry (2d ed.; London,
1951),, pp. 85-88. Thf: fullest and most symputhL"tic account of the )’)]llogist'on
theory’s achievements is by H. Metzger, Newton, Stahl, Boerhaave et lu doctrine
chimique (Paris, 1930), Part I1.

* Compare the conclusions reached through a very different sort of analysis

by R. B. Braithwaite, Scientific Explanation (Cambridge, 1953), pp. S50-87,
esp. p. 76.
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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, E1, Es,
.+, Es, 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 E;’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, N1, Nz, . .., Nu, 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 Ni’s are a special case of the laws of relativistic mechanics,|:
they are not Newton’s Laws. Or at least they are not unles
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 Ni’s; and they there still repr
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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 Ny’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, 7~

These remarks should suffice to show what might, in another
philosophical climate, have been taken for granted. At least for
scientists, most of the apparent differences between a discarded
scientific 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 th ‘
betveonecesie puscid e GGy @l i |
cilable. Can we then say more explicitly what sorts of dilferences

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-
mensur, i i as 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.?

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, sce Maric Bous, “The Estublishment of the
Mechanical PhilosollJ]hy," Osiris, X (1952), 412-541. For the effect of particle-
shape on taste, see ibid., p. 483.
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solution. Huyghens, Wren, and Wallis carried it still further,
partly by experimenting with colliding pendulum bobs, but
mostly by applying previously well-known characteristics of
motion to the new problem. And Newton embedded their re-
sults in his laws of motion. The equal “action” and “reaction” of
the third law are the changes in quantity of motion experienced
by the two parties to a collision. The same change 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 standards of
corpuscularism remained in effect, the search for a mechanical
explanation of gravity was nue 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 that alterna-
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 mid-
eighteenth century that interpretation had been almost uni-
versally accepted, and the result was a genuine reversion
(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
284-98, 343-56. , ), pp. 177-85,
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tion, and motion as physically irreducible primary properties of
matter.’
The resulting change in the standards and problem-field ?f
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 50,
electrical phenomena increasingly displayed an order different
from the one they had shown when viewed as the effects of a
mechanical efluvium 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.
71 B. Cohen, Franklin and Newton: An Inquiry into Speculative Newtonian

Experimental Science and Franklin's Work in Flectricity as an Example Thercof

(Philadelphia, 1956), chaps. vi-vii.

8 For electricity, see ibid, chaps. vili-ix. For chemistry, see Metzger, op, cit,,
Part I.
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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-
10 E. T. Whittaker, A History of the Theorics of Acther and Electricity, 11
(London, 1953), 28-30.
11 For a brilliant and entirely up-to-date attempt to fit scientific development

into this Procrustean bed, sce C. C. Gillispic, The Edge of Objectivity: An
Essay in the History of Scientific Ideus (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 problerps unsolved,
paradigm debates always involve the question': Which proble.ms
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 qf
science. Now I wish to display a sense in which they are consti-
tutive of nature as well.
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X. Revolutions as Changes of World View

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 THS
man who first saw the exterior of the box from above [ater Sées
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 containe

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 mcre 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 ¢ idence 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 picce 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. Ul’timately he
may even learn to see those lines without seeing elthe'ar' 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. B'y the
same token, the subject of the anomalous card epfperlment
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 eﬁectxver.less (?f
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 observation, 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 subjgct 'is for
the psychologist ). The same sorts of problems would.arlse if the
scientist could switch back and forth like the subject of the

gestalt experiments. The period during which light was “sgrpe-
times a wave and sometimes a particle” was a period of crisis—
a period when something was wrong—and it endec} 01?1y with
the development of wave mechanics and the realization that
light was a self-consistent entity different from both vs./aves 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 thereforc 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

* Peter Doig, A Concise Ilistory of Astronomy (London, 1950), pp- 115-16.
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had been observed off and on for almost a century was scen 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 Egﬂglgg]_ﬂxut 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 conscquences
were more far-reaching. Probably, though the cvidence 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 aid 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.

6 Joseph Needham, Science and Civilization in China, 1II (Cambridge,
1959), 423-29, 434-36.
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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 modern
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 Revolution (Cambridge, Mass., 1957), Pp-
206-9.
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plained.® The electrical phenomena visible in the carly 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-
tore. 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 clectrie-
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 hud 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 sce 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.

2 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. Galilteo, 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 by 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 1bid., 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 verv close to the one with which
Galileo first approached the pendulum. At least in Oresme’s
case, and almost certainly in Gulileo’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, hut only
swinging stones, for the scientist to sce. Pendulums were
brought into existence by something very like a paradigm-in-
duced gestalt switch.

Do we, however, really need to deseribe what separates Gali-
leo from Aristotle, or Lavoisicr 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 legitinate
sense in which we can say that they pursued their reseanch in
different worlds? Those guestions can no longer be postponed,
for there is obviously another and fur 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
themselves are fixed once and for all by the nature of the en-
vironment 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 saving 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

121




The Structure of Scientific Revolutions

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

nses. 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 oww%}gn the
contrary, Galileo interpreted observations on the P lum,
Aristotle observations on falling stones, Musschenbroek obser-
vations on a charge-filled bottle, and Franklin obscrvations 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 cach of them the scientist, by virtue of an aceepted
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 lust—can only articulate a paradigm, not
correct it. Paradigms are not corrigible by normal science at all.
Instead, as we have already scen, normal science ultimately
leads only to the recognition of anomalies and to crises. And
these are terminated, not by deliberation und 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 flush” 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-

13 [Jucques] Hadamard, Subconscient intuition, et logique dans la recherche
scientifique (Conférence jaite au Palais de la Découverte le 8 Décembre 1945
[Alencon, n.d.]), pp- 7-8. A much fuller account, though one exclusively re-
stricted to muthemuticul innovations, is the same author's The Psychology of
Invention in the Muathematical Field (Princeton, 1949),

14T, S, Kuhn, “A Function for Thought Experiments,” in Mélanges Alexandre

Koyré, ed, R. Taton and 1. B, Cohen, to be published by Hermann (Paris) in
1963,
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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
experience for the man who saw the swinging stone as Galileo
did.

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 yicld 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

15 A, Koyré, Etudes Galiléennes (Paris, 1939), 1, 46 51, and "Gualileo and
Plato,” Journal of the History of Ideas, IV (1943), 400 425,

16 Kuhn, “A Function for Thought Esperiments,” in Melanges Alcxandre
Koyré (sce n, 14 for full citation).

17 Koyrd, Etudes ..., I, 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 average 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

38 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.
ut is sensory experience fixed and neutral? Are theories
imply man-made_interpretations of given data? The episte-
iological viewpoint that has most often guided Western philos-
@Wﬂﬁ%ﬁm—rgs 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 sume 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 modern 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 things; the
inverting lenses show that two men with different retinal 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 they presuppose a
paradigm, taken either from a current scientific theory or from
some fraction of everyday discourse, and they then try to elimi-
nate from it all non-logical and non-perceptual terms. In a few
realms of discourse this effort has been carried very far and with
fascinating results. There can be no question that efforts of this
sort are worth pursuing, But their result is a language that—like
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 this point in
describing the aims of his Structure of Appearance: “It is fortu-
nate that nothing more [than phenomena known to exist] is in
question; for the notion of ‘possible’ cases, of cases that do not
exist but might have existed, is far from clear.”® No language
thus restricted to reporting a world fully known in advance can

.produce mere neutral and objective reports on the given.”

Philosophical investigation has not yet provided 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 (Cambridge, Mass., 1951), pp.
4-5. The passage is worth quoting more extensively: “If all and only those
residents of Wilmington in 1947 that weigh between 175 and 180 pounds have
red hair, then ‘red-haired 1947 resident of Wilmington® and ‘1947 resident of
Wilmington weighing between 175 and 180 pounds’ may be joined in a con-
structional definition. . . . The question whether there ‘might have been” some-
one to whom one but not the other of these predicates would apply has no
bearing . . . once we have determined that there is no such person. . .. It is
fortunate that nothing more is in question; for the notion of ‘possible’ cases, of
cases that do not exist but might%ave 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 sce 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
arcas together from the flux of experience. 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’ meauns or who his
mother is. Simultancously he is learning some of the differences
between males and females as well as something 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 denied its traditional title ‘planet’ to the sun were not only
learning what ‘planet’ meant or what the sun was. Instead, thev
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

endulum 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 de isticated ai ' ' is
sotf 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 precipitate
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.*

Affinity theory, however, drew the line separating physical

20 H. Metzger, Newton, Stahl, Boerhaave et la doctrine chimique (Paris,
1930), pp. 34-68.
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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 Ibid., pp. 124-29, 139-48. For Dalton, see Leonard K. Nash, The Atomic-
Molecular Theory (“Harvard Case Histories in Experimental Science,” Case 4;
Cambridge, Mass., 1950), pp. 14-21L.
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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.*
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-

22 I. R, Partington, A Short History of Chemistry (2d ed.; London, 1951),
pp- 161-63.

23 A, N. Meldrum, “The Development of the Atomic Theory: (1) Berthollet’s
Doctrine of Variable Proportions,” Manchester Memoirs, LIV (1910), 1-16.
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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 distin guish-

24 L. K. Nash, “The Origin of Dalto ’s Chemi i ” Isi
XLVIT (1656} 10118 g n hemical Atomic Theory,” Isis,
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ing a mixture from a compound, If, for example, atoms could
combine chemically only in simple whole-number rutios, 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.?® 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: (8) 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 almnost another
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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