THOMAS KUHN

The Nature and Necessity
of Scientific Revolutions

. . . What are scientific revolutions, and what is
their function in scientific development? . . .
[S]cientific revolutions are here taken to be
those non-cumulative 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 es-
sential 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 po-
litical and scientific development, what paral-
lelism can justify the metaphor that finds
revolutions in both?

One aspect of the parallelism must already
be apparent. Political revolutions are inaugu-
rated by a growing sense, often restricted to a
segment of the political community, that exist-
ing 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 nar-
row subdivision of the scientific community,
that an existing paradigm has ceased to func-
tion adequately in the exploration of an aspect
of nature to which that paradigm itself had pre-
viously led the way. In both political and sci-
entific development the sense of malfunction
that can lead to crisis is prerequisite to revolu-
tion. Furthermore, though it admittedly strains
the metaphor, that parallelism holds not only
for the major paradigm changes, like those at-
tributable to Copernicus and Lavoisier, but also
for the far smaller ones associated with the as-
similation of a new sort of phenomenon, like
oxygen or X rays. Scientific revolutions . . .
need seem revolutionary only to those whose
paradigms are affected by them. To outsiders
they may, like the Balkan revolutions of the
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early twentjeth century, seem normal parts of
the developmental process. Astronomers, for
example, could accept X rays as a mere addi-
tion to knowledge, for their paradigms were
unaffected by the existence of the new radia-
tion. But for men like Kelvin, Crookes, and
Roentgen, whose research dealt with radiation
theory or with cathode ray tubes, the emer-
gence of X rays necessarily violated one para-
digm as it created another. That is why these
rays could be discovered only through some-
thing’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,
howevet, a second and more profound aspect
upon which the significance of the first de-
pends. Political revolutions aim to change po-
litical institutions in ways that those institutions
themselves prohibit. Their success therefore
necessitates the partial relinquishment of one
set of institutions in favor of another, and in
the interim, society is not fully governed by in-
stitutions at all. Initially it is crisis alone that at-
tenuates the role of political institutions as we
have already seen it attenuate the role of para-~
digms. In increasing numbers individuals be-
come 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 proposal for the reconstruction of so-
ciety in a new institutional framework. At that
point the society is divided into competing
camps or parties, one seeking to defend the old
institutional constellation, the others seeking
to institute some new one. And, once that po-
larization 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 adjudica-
tion of revolutionary difference, the parties to
a revolutionary conflict must finally resort to
the techniques of mass persuasion, often in-
cluding force. Though revolutions have had a

vital role in the evolution of political institu-
tions, that role depends upon their being par-
tially extrapolitical or extrainstitutional events.

The remainder of this essay aims to demon-
strate that the historical study of paradigm
change reveals very similar characteristics in the
evolution of the sciences. Like the choice be-
tween competing political institutions, that be-
tween competing paradigms proves to be a
choice between incompatible modes of com-
munity life. Because it has that character, the
choice is not and cannot be determined merely
by the evaluative procedures 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 paradigm 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 arguments wrong or even in-
effectual. The man who premises a paradigm
when arguing in its defense can nonetheless
provide a clear exhibit of what scientific prac-
tice will be like for those who adopt the new
view of nature. That exhibit can be immensely
persuasive, often compellingly so. Yet, what-
ever its force, the status of the circular argu-
ment is only that of persuasion. It cannot be
made logically or even probabilistically com-
pelling 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 rele-
vant 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 persua-
sive 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
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examine the nature of the differences that sep-
arate the proponents of a traditional paradigm
from their revolutionary successors. . . . We
have, however, already noted numerous exam-
ples of such differences, and no one will doubt
that history can supply many others. What is
more likely to be doubted than their exis-
tence—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 in-
trinsic 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 phe-
nomenon might emerge without reflecting de-
structively upon any part of past scientific
practice. Though discovering life on the moon
would today be destructive of existing para-
digms (these tell us things about the moon that
seem incompatible 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, significantly, not
exclusively) with subatomic phenomena un-
known 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 without substantially changing any.
Today, the theory of energy conservation pro-
vides just such links between dynamics, chem-
istry, electricity, optics, thermal theory, and so
on. Still other compatible relationships be-
tween 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 develop-

ment 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 evolution of science
new knowledge would replace ignorance
rather than replace knowledge of another and
incompatible sort.

Of course, science (or some other enter-
prise, perhaps less effective) might have devel-
oped in that fully cumulative manner. Many
people have believed that it did so, and most
still seem to suppose that cumulation is at least
the ideal that historical development would
display if only it had not so often been distorted
by human idiosyncrasy. There are important
reasons for that belief. . . . Nevertheless, de-
spite the immense plausibility of that ideal
image, there is increasing reason to wonder
whether it can possibly 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 de-
struction of a prior paradigm and a consequent
conflict between competing schools of scien-
tific thought. Cumulative acquisition of unan-
ticipated 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 cu-
mulativeness has suggested. Perhaps it is an-
other 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 improbable in principle. Normal research,
which is cumulative, owes its success to the
ability of scientists regulatly to select problems
that can be solved with conceptual and instru-
mental techniques close to those already in ex-
istence. (That is why an excessive concern with
useful problems, regardless of their relation to
existing knowledge and technique, can so eas-
ily inhibit scientific development.) The man
who is striving to solve a problem defined by
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existing knowledge and technique is not,
however, just looking around. He knows what
he wants to achieve, and he designs his instru-
ments and directs his thoughts accordingly.
Unanticipated novelty, the new discovery, can
emerge only to the extent that his anticipa-
tions about nature and his instruments prove
wrong. Often the importance of the resulting
discovery will itself be proportional to the ex-
tent 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 lawlike. . . .

The same argument applies even more
clearly to the invention of new theories. There
are, in principle, only three types of phenom-
ena about which a new theory might be devel-
oped. The first consists of phenomena already
well explained by existing paradigms, and these
seldom provide either motive or point of de-
parture for theory construction. When they do
.. . the theories that result are seldom accepted,
because nature provides no ground for discrim-
ination. A second class of phenomena consists
of those whose nature is indicated by existing
paradigms but whose details can be understood
only through further theory articulation. These
are the phenomena to which scientists direct
their research much of the time, but that re-
search aims at the articulation of existing para-
digms rather than at the invention of new ones.
Only when these attempts at articulation fail
do scientists encounter the third type of phe-
nomena, the recognized anomalies whose
characteristic feacure is their stubborn refusal
to be assimilated to existing paradigms. This
type alone gives rise to new theories. Para-
digms provide all phenomena except anomalies
with a theory-determined place in the scien-
tist’s field of vision.

But if new theories are called forth to re-
solve anomalies in the relation of an existing
theory to nature, then the successful new the-
ory must somewhere permit predictions that
are different from those derived from its prede-

cessor. That difference could not occur if the
two were logically compatible. In the process
of being assimilated, the second must displace
the first. Even a theory like energy conserva-
tion, which today seems a logical superstruc-
ture that relates to nature only through
independently established theories, did not de-
velop historically without paradigm destruc-
tion. Instead, it emerged from a crisis in which
an essential ingredient was the incompatibility
between Newtonian dynamics and some re-
cently formulated consequences of the caloric
theory of heat. Only after the caloric theory
had been rejected could energy conservation
become part of science.! And only after it had
been part of science for some time could it
come to seem a theory of a logically higher
type, one not in conflict with its predecessors.
It is hard to see how new theories could arise
without these destructive changes in beliefs
about nature. Though logical inclusiveness re-
mains a permissible view of the relation be-
tween successive scientific theories, it is a
historical implausibility.

A century ago it would, I think, have been
possible to let the case for the necessity of rev-
olutions rest at this point. But today, unfortu-
nately, that cannot be done because the view
of the subject developed above cannot be
maintained if the most prevalent contemporary
interpretation of the nature and function of sci-
entific theory is accepted. That interpretation,
closely associated with early logical positivism
and not categorically rejected by its successors,
would restrict the range and meaning of an ac-
cepted theory so that it would not possibly
conflict with any later theory that made pre-
dictions about some of the same natural phe-
nomena. The best-known and the strongest
case for this restricted conception of a scien-
tific theory emerges in discussions of the rela-
tion between contemporary Einsteinian
dynamics 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
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illustrated by the relation of Copernican to
Ptolemaic astronomy: Einstein’s theory can be
accepted only with the recognition that New-
ton’s was wrong. Today this remains a minority
view.” We must therefore examine the most
prevalent objections to it.

The gist of these objections can be devel-
oped 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 ap-

plications, 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 in-
struments in all applications that satisfy a small
number of restrictive conditions. For example,
if Newtonian theory is to provide a good ap-
proximate solution, the relative velocities of the
bodies considered must be small compared 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 re-
sults or that it was valid at very high relative ve-
locities. 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 sci-
entific theory supported by valid evidence, it
still is. Only extravagant claims for the the-
ory—claims that were never properly parts of
science—can have been shown by Einstein to
be wrong. Purged of these merely human ex-
travagances, Newtonian theory has never been
challenged and cannot be.

Some variant of this argument is quite suffi-
cient to make any theory ever used by a signif-
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icant 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 phlo-
giston—and why metals had so many more
properties in comnmon than did their ores. The
metals were all compounded from different el-
ementary earths combined with phlogiston,
and the latter, common to all metals, produced
common properties. In addition, the phlogis-
ton theory accounted for 2 number of reactions
in which acids were formed by the combustion
of substances like carbon and sulphur. Also, it
explained the decrease of volume when com-
bustion occurs in a confined volume 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 phlo-
giston 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 applied to any
range of phenomena at all.

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

By now that point too is virtually a tautol-
ogy. Without commitment to a paradigm there
could be no normal science. Furthermore, that
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commitment must extend to areas and to de-
grees 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 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 ex-
traordinary science. If positivistic restrictions
on the range of a theory’s legitimate applica-
bility 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 commu-
nity 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 advance is a com-
mitment 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 dy-
namics really be derived from relativistic dynam-
ics? What would such a derivation look like?
Imagine a set of statements, E,, E,, . . ., E,,
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 de-
ducible a whole set of further statements, in-
cluding some that can be checked by
observation. To prove the adequacy of New-
tonian dynamics as a special case, we must add
to the Es 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, N;, N,, . . .,
N,,, which is identical in form with Newton’s
laws of motion, the law of gravity, and so on.
Apparently Newtonian dynamics has been de~

rived from Einsteinian, subject to a few limit-
ing conditions.

Yet the derivation is spurious, at least to this
point. Though the N5 are a special case of the
laws of relativistic mechanics, they are not
Newton’s Laws. Or at least they are not unless
those laws are reinterpreted in a way that
would have been impossible until after Ein-
stein’s work. The variables and parameters that
in the Einsteinian Es represented spatial posi-
tion, time, mass, etc., still occur in the Ns; and
they there still represent Einsteinian space,
time, and mass. But the physical referents of
these Einsteinian concepts are by no means
identical with those of the Newtonian con-
cepts that bear the same name. (Newtonian
mass 1s 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 N5, the statements we have de-
rived are not Newtonian. If we do change
them, we cannot properly be said to have de-
tived Newton’s Laws, at least not in any sense
of “derive” now generally recognized. Our ar-
gument has, of course, explained why New-
ton’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 survey-
ors. 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 funda-
mental structural elements of which the uni-
verse to which they apply is composed.

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

These remarks should suffice to show what
might, in another philosophical climate, have
been taken for granted. At least for scientists,
most of the apparent differences between a dis-
carded scientific theory and its successor are
real. Though an out-of-date theory can always
be viewed as a special case of its up-to-date
successot, it must be transformed for the pur-
pose. And the transformation is one that can
be undertaken only with the advantages of
hindsight, the explicit guidance of the more re-
cent theory. Furthermore, even if that transfor-
mation were a legitimate 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 economy, that restatement would
have utility, but it could not suffice for the
guidance of research.

Let us, therefore, now take it for granted that
the differences between successive paradigms
are both necessary and irreconcilable. Can we
then say more explicitly what sorts of differ-
ences these are? The most apparent type has al-
ready been illustrated repeatedly. Successive
paradigms tell us different things about the pop-
ulation of the universe and about that popula-
tion’s behavior. They differ, that is, about such
questions as the existence of subatomic parti-
cles, the materiality of light, and the conserva-
tion of heat or of energy. These are the
substantive differences between successive para-
digms, and they require no further illustration.
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, problem-
field, and standards of solution accepted by any
mature scientific community at any given time.
As a result, the reception of a new paradigm
often necessitates a redefinition of the corre-
sponding 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 distin-
guishes a real scientific solution from a mere
metaphysical speculation, word game, or math-
ematical play. The normal-scientific tradition
that emerges from a scientific revolution is not
only incompatible but often a¢tually incom-
mensurable with that which has gone before.

The impact of Newton’s work upon the
normal seventeenth-century tradition of scien-
tific practice provides a striking example of
these subtler effects of paradigm shift. Before
Newton was born the “new science” of the
century had at last succeeded in rejecting Aris-
totelian 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 wordplay,
something it had not previously been. Hence-
forth the entire flux of sensory appearances, in-
cluding 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 attribution of other qualities
to the elementary atoms was a resort to the oc-
cult 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 parti-
cles enabled them to soothe the nerves about
which they moved.’ ‘
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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 defied gen-
erally accepted solution and suggesting others
to replace them. In dynamics, for example,
Newton’s three laws of motion are less a prod-
uct of novel experiments than of the attempt
to reinterpret well-known observations in
terms of the motions and interactions of pri-
mary neutral corpuscles. Consider just one
concrete illustration. Since neutral corpuscles
could act on each other only by contact, the
mechanico-corpuscular view of nature di-
rected scientific attention to a brand-new sub-
ject of study, the alteration of particulate
motions by collisions. Descartes announced
the problem and provided its first putative so-
lution. Huyghens, Wren, and Wallis carried it
still further, partly by experimenting with col-
liding pendulum bobs, but mostly by applying
previously well-known characteristics of mo-
tion to the new problem. And Newton em-
bedded their results in his laws of motion. The
equal “action” and “reaction” of the third law
are the changes in quantity of motion experi-
enced 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 sev-
enteenth century, 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-corpuscular world
view, the effect of the paradigm that resulted
from his work was a further and partially de-
structive change in the problems and standards
legitimate for science. Gravity, interpreted as
an innate attraction between every pair of par-
ticles of matter, 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 one
of the most challenging problems for those
who accepted the Principia as paradigm. New-
ton devoted 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 fajlure to explain gravity,
and that alternative, too, was widely adopted.
Yet neither of these views ultimately tri-
umphed. 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 interpreta-
tion had been almost universally accepted, and
the result was a genuine reversion (which is not
the same as a retrogression) to a scholastic stan-
dard. Innate attractions and repulsions joined
size, shape, position, and motion as physically
irreducible primary properties of matter.”

The resulting change in the standards and
problem-field of physical science was once
again consequential. By the 1740s, for exam-
ple, electricians could speak of the attractive
“virtue” of the electrical fluid without thereby
inviting the ridicule that had greeted Moliére’s
doctor a century before. As they did so, elec-
trical phenomena increasingly displayed an
order different from the one they had shown
when viewed as the effects of a mechanical ef-
fluvium that could act only by contact. In par-
ticular, when electrical action-at-a-distance
became a subject for study in its own right, the
phenomenon we now call charging by induc-
tion could be recognized as one of its effects.
Previously, when seen at all, it had been attrib-
uted to the direct action of electrical “atmos-
pheres” or to the leakages inevitable in any
electrical laboratory. The new view of induc-
tive effects was, in turn, the key to Franklin’s
analysis of the Leyden jar and thus to the emer-
gence of 2 new and Newtonian paradigm for
electricity. Nor were dynamics and electricity
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the only scientific fields affected by the legit-
imization of the search for forces innate to mat-
ter. The large body of eighteenth-century
literature on chemical affinities and replace-
ment series also derives from this suprame-
chanical aspect of Newtonianism. Chemists
who believed 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 incom-
prehensible.” Changes in the standards govern-
ing permissible problems, concepts, and
explanations can transform a science. . . .

Other examples of these nonsubstantive dif-
ferences between successive paradigms can be
retrieved from the history of any science in al-
most 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 substances and for the changes these
qualities underwent during chemical reactions.
With the aid of a small number of elementary
“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 phlogis-
ton explained why the metals were so much
alike, and we could have developed a similar ar-
gument for the acids. Lavoisier’s reform, how-
ever, 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 nineteenth-century failure to ex-
plain the qualities of compounds was no indict-
ment of a chemical theory.’

Or again, Clerk Maxwell shared with other
nineteenth-century proponents of the wave
theory of light the conviction that light waves
must be propagated through a material ether.
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Designing 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 sup-
port 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 2 para-
digm, the community’s attitude toward it
changed. In the early decades of the twentieth
century Maxwell’s insistence upon the exis-
tence 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 longer thought it unscientific to speak of an
electrical “displacement” 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 conception of its legitimate prob-
lems and standards would have less significance
to this essay’s thesis if one could suppose that
they always occurred from some methodologi-
cally 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 in-
crease in the maturity and refinement of man’s
conception of the nature of science.” Yet the
case for cumulative development of science’s
problems and standards is even harder to make
than the case of cumulation of theories. The
attempt to explain gravity, though fruitfully
abandoned by most eighteenth-century scien-
tists, was not directed to an intrinsically illegit-
imate problem; the objections to innate forces
were neither inherently unscientific nor meta-
physical 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 de-
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manded by the adoption of a new paradigm.
Furthermore, that change has since been re-
versed and could be again. In the twentieth
century Einstein succeeded in explaining grav-
itational attractions, and that explanation has
returned science to a set of canons and prob-
lems that are, in this particular respect, more
like those of Newton’s predecessors than of his
successors. Or again, the development of quan-
tum mechanics has reversed the methodologi-
cal prohibition that originated in the chemical
revolution. Chemists now attempt, and with
great success, to explain the color, state of ag-
gregation, and other qualities of the substances
used and produced in their laboratories. A sim-
ilar reversal may even be underway in electro-
magnetic 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 1is.

By shifting emphasis from the cognitive to
the normative functions of paradigms, the pre-
ceding examples enlarge our understanding of
the ways in which paradigms give form to the
scientific life. Previously, we had principally ex-
amined the paradigm’s role as a vehicle for sci-
entific theory. In that role it functions 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 ran-
dom, that map is as essential as observation and
experiment to science’s continuing develop-
ment, Through the theories they embody, par-
adigms 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 para-
digm 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 section began, for it provides
our first explicit indication of why the choice
between competing paradigms regularly raises
questions that cannot be resolved by the crite-
ria of normal science. To the extent, as signifi-
cant as it 1s 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 par-
tially circular arguments that regularly result,
each paradigm will be 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 op-
ponent. There are other reasons, too, for the
incompleteness of logical contact that consis-
tently characterizes paradigm debates. For ex~
ample, since no paradigm ever solves all the
problems it defines and since no two paradigms
leave all the same problems unsolved, paradigm
debates always involve the question: Which
problems is it more significant to have solved?
Like the issue of competing standards, that
question of values can be answered only in
terms of criteria that lie outside of normal sci-
ence altogether, and it is that recourse to ex-
ternal criteria that most obviously makes

paradigm debates revolutionary . . . .
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