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I. Introduction: A Role for History

History, if viewed as a repository for more than anecdote or
chronology, could produce a decisive transformation in the image of
science by which we are now possessed. That image has previously been
drawn, even by scientists themselves, mainly from the study of finished
scientific achievements as these are recorded in the classics and, more
recently, in the textbooks from which each new scientific generation
learns to practice its trade. Inevitably, however, the aim of such books is
persuasive and pedagogic; a concept of science drawn from them is no
more likely to fit the enterprise that produced them than an image of a
national culture drawn from a tourist brochure or a language text. This
essay attempts to show that we have been misled by them in
fundamental ways. Its aim is a sketch of the quite different concept of
science that can emerge from the historical record of the research
activity itself.

Even from history, however, that new concept will not be forthcoming
if historical data continue to be sought and scrutinized mainly to answer
questions posed by the unhistorical stereotype drawn from science texts.
Those texts have, for example, often seemed to imply that the content of
science is uniquely exemplified by the observations, laws, and theories
described in their pages. Almost as regularly, the same books have been
read as saying that scientific methods are simply the ones illustrated by
the manipulative techniques used in gathering textbook data, together
with the logical operations employed when relating those data to the
textbook’s theoretical generalizations. The result has been a concept of
science with profound implications about its nature and development.

If science is the constellation of facts, theories, and methods collected
in current texts, then scientists are the men who, successfully or not,
have striven to contribute one or another element to that particular
constellation. Scientific development becomes the piecemeal process by
which these items have been
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The Structure of Scientific Revolutions

added, singly and in combination, to the ever growing stockpile that
constitutes scientific technique and knowledge. And history of science
becomes the discipline that chronicles both these successive increments
and the obstacles that have inhibited their accumulation. Concerned
with scientific development, the historian then appears to have two
main tasks. On the one hand, he must determine by what man and at
what point in time each contemporary scientific fact, law, and theory
was discovered or invented. On the other, he must describe and explain
the congeries of error, myth and superstition that have inhibited the
more rapid accumulation of the constituents of the modern science text.
Much research has been directed to these ends, and some still is.

In recent years, however, a few historians of science have been finding
it more and more difficult to fulfil the functions that the concept of
development-by-accumulation assigns to them. As chroniclers of an
incremental process, they discover that additional research makes it
harder, not easier, to answer questions like: When was oxygen
discovered? Who first conceived of energy conservation? Increasingly, a
few of them suspect that these are simply the wrong sorts of questions
to ask. Perhaps science does not develop by the accumulation of
individual discoveries and inventions. Simultaneously, these same
historians confront growing difficulties in distinguishing the “scientific”
component of past observation and belief from what their predecessors
had readily labeled “error” and “superstition.” The more carefully they
study, say, Aristotelian dynamics, phlogistic chemistry, or caloric
thermodynamics, the more certain they feel that those once current
views of nature were, as a whole, neither less scientific nor more the
product of human idiosyncrasy than those current today. If these out-of-
date beliefs are to be called myths, then myths can be produced by the
same sorts of methods and held for the same sorts of reasons that now
lead to scientific knowledge. If, on the other hand, they are to be called
science, then science has included bodies of belief quite incompatible
with the ones we hold today. Given these alternatives, the historian must
choose the latter. Out-of-
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date theories are not in principle unscientific because they have been
discarded. That choice, however, makes it difficult to see scientific
development as a process of accretion. The same historical research that
displays the difficulties in isolating individual inventions and discoveries
gives ground for profound doubts about the cumulative process through
which these individual contributions to science were thought to have
been compounded.

The result of all these doubts and difficulties is a historiographic
revolution in the study of science, though one that is still in its early
stages. Gradually, and often without entirely realizing they are doing so,
historians of science have begun to ask new sorts of questions and to
trace different, and often less than cumulative, developmental lines for
the sciences. Rather than seeking the permanent contributions of an
older science to our present vantage, they attempt to display the
historical integrity of that science in its own time. They ask, for example,
not about the relation of Galileo’s views to those of modern science, but
rather about the relationship between his views and those of his group,
i.e., his teachers, contemporaries, and immediate successors in the
sciences. Furthermore, they insist upon studying the opinions of that
group and other similar ones from the viewpoint—usually very different
from that of modern science—that gives those opinions the maximum
internal coherence and the closest possible fit to nature. Seen through
the works that result, works perhaps best exemplified in the writings of
Alexandre Koyré, science does not seem altogether the same enterprise
as the one discussed by writers in the older historiographic tradition. By
implication, at least, these historical studies suggest the possibility of a
new image of science. This essay aims to delineate that image by making
explicit some of the new historiography’s implications.

What aspects of science will emerge to prominence in the course of
this effort? First, at least in order of presentation, is the insufficiency of
methodological directives, by themselves, to dictate a unique
substantive conclusion to many sorts of scientific questions. Instructed
to examine electrical or chemical phe-
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nomena, the man who is ignorant of these fields but who knows what it
is to be scientific may legitimately reach any one of a number of
incompatible conclusions. Among those legitimate possibilities, the
particular conclusions he does arrive at are probably determined by his
prior experience in other fields, by the accidents of his investigation, and
by his own individual makeup. What beliefs about the stars, for
example, does he bring to the study of chemistry or electricity? Which of
the many conceivable experiments relevant to the new field does he
elect to perform first? And what aspects of the complex phenomenon
that then results strike him as particularly relevant to an elucidation of
the nature of chemical change or of electrical affinity? For the
individual, at least, and sometimes for the scientific community as well,
answers to questions like these are often essential determinants of
scientific development. We shall note, for example, in Section II that the
early developmental stages of most sciences have been characterized by
continual competition between a number of distinct views of nature,
each partially derived from, and all roughly compatible with, the
dictates of scientific observation and method. What differentiated these
various schools was not one or another failure of method— they were all
“scientific”’—but what we shall come to call their incommensurable ways
of seeing the world and of practicing science in it. Observation and
experience can and must drastically restrict the range of admissible
scientific belief, else there would be no science. But they cannot alone
determine a particular body of such belief. An apparently arbitrary
element, compounded of personal and historical accident, is always a
formative ingredient of the beliefs espoused by a given scientific
community at a given time.

That element of arbitrariness does not, however, indicate that any
scientific group could practice its trade without some set of received
beliefs. Nor does it make less consequential the particular constellation
to which the group, at a given time, is in fact committed. Effective
research scarcely begins before a scientific community thinks it has
acquired firm answers to questions like the following: What are the
fundamental entities
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of which the universe is composed? How do these interact with each
other and with the senses? What questions may legitimately be asked
about such entities and what techniques employed in seeking solutions?
At least in the mature sciences, answers (or full substitutes for answers)
to questions like these are firmly embedded in the educational initiation
that prepares and licenses the student for professional practice. Because
that education is both rigorous and rigid, these answers come to exert a
deep hold on the scientific mind. That they can do so does much to
account both for the peculiar efficiency of the normal research activity
and for the direction in which it proceeds at any given time. When
examining normal science in Sections III, IV, and V, we shall want finally
to describe that research as a strenuous and devoted attempt to force
nature into the conceptual boxes supplied by professional education.
Simultaneously, we shall wonder whether research could proceed
without such boxes, whatever the element of arbitrariness in their
historic origins and, occasionally, in their subsequent development.

Yet that element of arbitrariness is present, and it too has an
important effect on scientific development, one which will be examined
in detail in Sections VI, VII, and VIII. Normal science, the activity in
which most scientists inevitably spend almost all their time, is
predicated on the assumption that the scientific community knows what
the world is like. Much of the success of the enterprise derives from the
community’s willingness to defend that assumption, if necessary at
considerable cost. Normal science, for example, often suppresses
fundamental novelties because they are necessarily subversive of its
basic commitments. Nevertheless, so long as those commitments retain
an element of the arbitrary, the very nature of normal research ensures
that novelty shall not be suppressed for very long. Sometimes a normal
problem, one that ought to be solvable by known rules and procedures,
resists the reiterated onslaught of the ablest members of the group
within whose competence it falls. On other occasions a piece of
equipment designed and constructed for the purpose of normal
research fails
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to perform in the anticipated manner, revealing an anomaly that cannot,
despite repeated effort, be aligned with professional expectation. In
these and other ways besides, normal science repeatedly goes astray.
And when it does—when, that is, the profession can no longer evade
anomalies that subvert the existing tradition of scientific practice—then
begin the extraordinary investigations that lead the profession at last to
a new set of commitments, a new basis for the practice of science. The
extraordinary episodes in which that shift of professional commitments
occurs are the ones known in this essay as scientific revolutions. They
are the tradition-shattering complements to the tradition-bound activity
of normal science.

The most obvious examples of scientific revolutions are those famous
episodes in scientific development that have often been labeled
revolutions before. Therefore, in Sections IX and X, where the nature of
scientific revolutions is first directly scrutinized, we shall deal repeatedly
with the major turning points in scientific development associated with
the names of Copernicus, Newton, Lavoisier, and Einstein. More clearly
than most other episodes in the history of at least the physical sciences,
these display what all scientific revolutions are about. Each of them
necessitated the community’s rejection of one time-honored scientific
theory in favor of another incompatible with it. Each produced a
consequent shift in the problems available for scientific scrutiny and in
the standards by which the profession determined what should count as
an admissible problem or as a legitimate problem-solution. And each
transformed the scientific imagination in ways that we shall ultimately
need to describe as a transformation of the world within which scientific
work was done. Such changes, together with the controversies that
almost always accompany them, are the defining characteristics of
scientific revolutions.

These characteristics emerge with particular clarity from a study of]
say, the Newtonian or the chemical revolution. It is, however, a
fundamental thesis of this essay that they can also be retrieved from the
study of many other episodes that were not so obviously revolutionary.
For the far smaller professional
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group affected by them, Maxwell’s equations were as revolutionary as
Einstein’s, and they were resisted accordingly. The invention of other
new theories regularly, and appropriately, evokes the same response
from some of the specialists on whose area of special competence they
impinge. For these men the new theory implies a change in the rules
governing the prior practice of normal science. Inevitably, therefore, it
reflects upon much scientific work they have already successfully
completed. That is why a new theory, however special its range of
application, is seldom or never just an increment to what is already
known. Its assimilation requires the reconstruction of prior theory and
the re-evaluation of prior fact, an intrinsically revolutionary process that
is seldom completed by a single man and never overnight. No wonder
historians have had difficulty in dating precisely this extended process
that their vocabulary impels them to view as an isolated event.

Nor are new inventions of theory the only scientific events that have
revolutionary impact upon the specialists in whose domain they occur.
The commitments that govern normal science specify not only what
sorts of entities the universe does contain, but also, by implication, those
that it does not. It follows, though the point will require extended
discussion, that a discovery like that of oxygen or X-rays does not simply
add one more item to the population of the scientist’s world. Ultimately
it has that effect, but not until the professional community has re-
evaluated traditional experimental procedures, altered its conception of
entities with which it has long been familiar, and, in the process, shifted
the network of theory through which it deals with the world. Scientific
fact and theory are not categorically separable, except perhaps within a
single tradition of normal-scientific practice. That is why the unexpected
discovery is not simply factual in its import and why the scientist’s world
is qualitatively transformed as well as quantitatively enriched by
fundamental novelties of either fact or theory.

This extended conception of the nature of scientific revolutions is the
one delineated in the pages that follow. Admittedly the extension strains
customary usage. Nevertheless, I shall con-
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tinue to speak even of discoveries as revolutionary, because it is just the
possibility of relating their structure to that of, say, the Copernican
revolution that makes the extended conception seem to me so
important. The preceding discussion indicates how the complementary
notions of normal science and of scientific revolutions will be developed
in the nine sections immediately to follow. The rest of the essay attempts
to dispose of three remaining central questions. Section XI, by
discussing the textbook tradition, considers why scientific revolutions
have previously been so difficult to see. Section XII describes the
revolutionary competition between the proponents of the old normal-
scientific tradition and the adherents of the new one. It thus considers
the process that should somehow, in a theory of scientific inquiry,
replace the confirmation or falsification procedures made familiar by
our usual image of science. Competition between segments of the
scientific community is the only historical process that ever actually
results in the rejection of one previously accepted theory or in the
adoption of another. Finally, Section XIII will ask how development
through revolutions can be compatible with the apparently unique
character of scientific progress. For that question, however, this essay
will provide no more than the main outlines of an answer, one which
depends upon characteristics of the scientific community that require
much additional exploration and study.

Undoubtedly, some readers will already have wondered whether
historical study can possibly effect the sort of conceptual transformation
aimed at here. An entire arsenal of dichotomies is available to suggest
that it cannot properly do so. History, we too often say, is a purely
descriptive discipline. The theses suggested above are, however, often
interpretive and sometimes normative. Again, many of my
generalizations are about the sociology or social psychology of scientists;
yet at least a few of my conclusions belong traditionally to logic or
epistemology. In the preceding paragraph I may even seem to have
violated the very influential contemporary distinction between “the
context of discovery” and “the context of justifica-
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tion.” Can anything more than profound confusion be indicated by this
admixture of diverse fields and concerns?

Having been weaned intellectually on these distinctions and others
like them, I could scarcely be more aware of their import and force. For
many years I took them to be about the nature of knowledge, and I still
suppose that, appropriately recast, they have something important to
tell us. Yet my attempts to apply them, even grosso modo, to the actual
situations in which knowledge is gained, accepted, and assimilated have
made them seem extraordinarily problematic. Rather than being
elementary logical or methodological distinctions, which would thus be
prior to the analysis of scientific knowledge, they now seem integral
parts of a traditional set of substantive answers to the very questions
upon which they have been deployed. That circularity does not at all
invalidate them. But it does make them parts of a theory and, by doing
so, subjects them to the same scrutiny regularly applied to theories in
other fields. If they are to have more than pure abstraction as their
content, then that content must be discovered by observing them in
application to the data they are meant to elucidate. How could history
of science fail to be a source of phenomena to which theories about
knowledge may legitimately be asked to apply?

Vol. 11, No. 2
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VI. Anomaly and the Emergence of Scientific Discoveries

Normal science, the puzzle-solving activity we have just examined, is
a highly cumulative enterprise, eminently successful in its aim, the
steady extension of the scope and precision of scientific knowledge. In
all these respects it fits with great precision the most usual image of
scientific work. Yet one standard 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,
however, repeatedly uncovered by scientific research, and radical new
theories have again and again been invented by scientists. History even
suggests that the scientific enterprise has developed a uniquely powerful
technique for producing surprises of this sort. If this characteristic of
science is to be reconciled with what has already been said, then
research under a paradigm must be a particularly effective way of
inducing paradigm change. That is what fundamental novelties of fact
and theory do. Produced inadvertently by a game played under one set
of rules, their assimilation requires the elaboration of another set. After
they have become parts of science, the enterprise, at least of those
specialists in whose particular field the novelties lie, is never quite the
same again.
We must now ask how changes of this sort can come about, considering
first discoveries, or novelties of fact, and then inventions, or novelties of
theory. That distinction between discovery and invention or between
fact and theory will, however, immediately prove to be exceedingly
artificial. Its artificiality is an important clue to several of this essay’s
main theses. Examining selected discoveries in the rest of this section,
we shall quickly find that they are not isolated events but extended
episodes with a regularly recurrent structure. Discovery commences
with the awareness of anomaly, i.e., with the recognition 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 theory, and until that adjustment is
completed—until the scientist 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 intertwined 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 relatively 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 announced
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
quantity 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

! For the still classic discussion of oxygen’s discovery, see A. N. Meldrum, The

FEighteenth-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.

> 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.
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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 Priestley, Lavoisier had concluded that
the gas was a distinct species, one of the two main constituents of the
atmosphere, a conclusion 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 consciousness 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 attempt 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
appropriately 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 unexpected sort of gas. Lavoisier’s
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

* 1. B. Conant, The Overthrow of the Phlogiston Theory: The Chemical Revolution of
1775-1789 (“Harvard Case Histories in Experimental Science,” Case 2; Cambridge,
Mass., 1950), p. 23. This very useful 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 acidity” 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 yet 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 before either of
those dates.

Clearly we need a new vocabulary and concepts for analyzing 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 seeing. That is why we so 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 inevitably be arbitrary
because discovering a new sort of phenomenon is necessarily a complex
event, one which involves recognizing both that something is and what it
is. Note, for example, that if oxygen were dephlogisticated air for 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 inseparably 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 matiere chez Lavoisier (Paris, 1935); and Daumas,
op. cit., chap. vii.
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be of a new sort, can discovering that and discovering what 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 discoverer
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 absorbed some part of the atmosphere. That much he had
recorded 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 already prepared to discover—the
nature of the substance that combustion removes from the atmosphere.
That advance awareness of difficulties must be a significant part of what
enabled Lavoisier to see in experiments like Priestley’s a gas that
Priestley had been unable to see there himself. Conversely, the fact that
a major paradigm revision was needed to see what Lavoisier saw must be
the principal reason why Priestley was, to the end of his long life, unable
to see it.

® 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).
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Two other and far briefer examples will reinforce much that has just
been said and simultaneously carry us from an elucidation 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
reporting 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 investigations—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 radiation 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), pp. 218-19.
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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-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 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. Political
revolutions are inaugurated by a growing sense, often restricted to a
segment of the political community, that existing institutions have
ceased adequately to meet the problems posed by an environment that
they have in part created. In much the same way, scientific revolutions
are inaugurated by a growing sense, again often restricted to a narrow
subdivision of the scientific community, that an existing paradigm has
ceased to function adequately in the exploration of an aspect of nature
to which that paradigm itself had previously led the way. In both
political and scientific development the sense of malfunction that can
lead to crisis is prerequisite to revolution. Furthermore, though it
admittedly strains the metaphor, that parallelism holds not only for the
major paradigm changes, like those attributable to Copernicus and
Lavoisier, but also for the far smaller ones associated with the
assimilation of a new sort of phenomenon, like oxygen or X-rays.
Scientific revolutions, as we noted at the end of Section V, need seem
revolutionary only to
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those whose paradigms are affected by them. To outsiders they may;, like
the Balkan revolutions of the early twentieth century, seem normal
parts of the developmental process. Astronomers, for example, could
accept X-rays as a mere addition to knowledge, for their paradigms were
unaffected by the existence of the new radiation. But for men like
Kelvin, Crookes, and Roentgen, 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 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 institutions 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 proposal 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 constellation, the others seeking to institute
some new one. And, once that polarization has occurred, political
recourse fails. Because 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 adjudication of
revolutionary difference, the parties to a revolutionary conflict must
finally resort to the techniques of mass persuasion, often including
force. Though revolutions have had a vital role in the evolution of
political institutions, that role depends upon
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their being partially extrapolitical or extrainstitutional events.

The remainder of this essay aims to demonstrate that the historical
study of paradigm change reveals very similar characteristics in the
evolution of the sciences. Like the choice between 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 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 ineffectual. The man who premises a paradigm 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 immensely persuasive, often compellingly
so. Yet, whatever its force, the status of the circular argument is only
that of persuasion. 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 section and the next. We have,
however, already noted numerous examples of such differences, and no
one will doubt that history

Vol. II, No. 2
94



The Nature and Necessity of Scientific Revolutions

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 destructively upon any
part of past scientific practice. Though discovering life on the moon
would today be destructive of existing paradigms (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 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 without substantially changing any. Today, the theory of energy
conservation provides just such links between dynamics, chemistry,
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
evolution 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 manner. 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 historical
development would display if only it had not so often been distorted by
human idiosyncrasy. There are important reasons for that belief. In
Section X we shall discover how closely the view of science-as-
cumulation is entangled with a dominant epistemology that takes
knowledge to be a construction placed directly upon raw sense data by
the mind. And in Section XI we shall examine the strong support
provided to the same historiographic 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 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 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. Perhaps 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 improbable 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 relation to existing knowledge and technique, can so
easily inhibit scientific development.) The man who is striving to solve a
problem defined by existing knowledge and technique is not, however,
just looking around. He knows what he wants to achieve, and he designs
his instruments and directs his thoughts accordingly. Unanticipated
novelty, the new discovery, can emerge only to the extent that his
anticipations about nature and his instruments prove wrong. Often the
importance of the
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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 discloses anomaly
and the one that later renders the anomaly lawlike. 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 invention 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 provides no ground for discrimination. 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 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 stubborn refusal to be assimilated to
existing paradigms. This type alone gives rise to new theories. Paradigms
provide all phenomena except anomalies with a theory-determined
place in the scientist’s field of vision.

But if new theories are called forth to resolve anomalies in the
relation of an existing theory to nature, then the successful new theory
must somewhere permit predictions that are different from those
derived from its predecessor. That difference could not occur if the two
were logically compatible. In the process of being assimilated, the
second must displace the first. Even a theory like energy conservation,
which today seems a logical superstructure that relates to nature only
through independent-
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ly established theories, did not develop historically without paradigm
destruction. Instead, it emerged from a crisis in which an essential
ingredient was the incompatibility between Newtonian dynamics and
some recently formulated consequences of the caloric theory of heat.
Only after the caloric theory had been rejected could energy
conservation become part of 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 remains a permissible
view of the relation between successive scientific theories, it is a
historical implausibility.

A century ago it would, I think, have been possible to let the case for
the necessity of revolutions rest at this point. But today, unfortunately,
that cannot be done because the view of the subject developed above
cannot be maintained if the most prevalent contemporary
interpretation of the nature and function of scientific 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 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 discussions of the relation
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 illustrated by the relation of Copernican to Ptolemaic astronomy:
Einstein’s theory can be accepted only with the recognition that
Newton’s was wrong. Today this remains a minority view.” We must
therefore examine the most prevalent objections to it.

! Silvanus P Thompson, Life of William Thomson Baron Kelvin of Largs

(London, 1910), I, 266-81.

® 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 Newtonian
theory is to provide a good approximate 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 FEinsteinian, 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, Newtonian 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-

Vol. 11, No. 2
99



The Structure of Scientific Revolutions

erties. In addition, the phlogiston theory accounted for a 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
combustion 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 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 applied 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 already 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
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 unexceptionable. 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 commitment to
a paradigm there could be no normal science. Furthermore, 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

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. The fullest and most sympathetic account of the phlogiston theory’s
achievements is by H. Metzger, Newton, Stahl, Boerhaave et la doctrine chimique
(Paris, 1930), Part II.

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

R. B. Braithwaite, Scientific Explanation (Cambridge, 1953), pp. 50-87, 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 positivistic restrictions on the range
of a theory’s legitimate applicability 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 advance 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 dynamics really be derived from
relativistic dynamics? 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 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 (1//c)2 << 1, restricting the
range of the parameters and variables. This enlarged set of statements is
then manipulated to yield a new set, Nj, Ny, ..., N,, 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 Finsteinian,
subject to a few limiting conditions.

Yet the derivation is spurious, at least to this point. Though the Ny’s
are a special case of the laws of relativistic mechanics, they are not
Newton’s Laws. Or at least they are not unless those laws are
reinterpreted in a way that would have been impossible until after
Einstein’s work. The variables and parameters that in the Einsteinian
Ey’s represented spatial position, time, mass, etc., still occur in the Ny’s;
and they there still repre-
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to fit justifies theory rejection, then the Popperians will require some
criterion of “improbability” or of “degree of falsification.” In developing
one they will almost certainly encounter the same network of difficulties
that has haunted the advocates of the various probabilistic verification
theories.

Many of the preceding difficulties can be avoided by recognizing that
both of these prevalent and opposed views about the underlying logic of
scientific inquiry have tried to compress two largely separate processes
into one. Popper’s anomalous experience is important to science because
it evokes competitors for an existing paradigm. But falsification, though
it surely occurs, does not happen with, or simply because of, the
emergence of an anomaly or falsifying instance. Instead, it is a
subsequent and separate process that might equally well be called
verification since it consists in the triumph of a new paradigm over the
old one. Furthermore, it is in that joint verification-falsification process
that the probabilist’s comparison of theories plays a central role. Such a
two-stage formulation has, I think, the virtue of great verisimilitude, and
it may also enable us to begin explicating the role of agreement (or
disagreement) between fact and theory in the verification process. To
the historian, at least, it makes little sense to suggest that verification is
establishing the agreement of fact with theory. All historically
significant theories have agreed with the facts, but only more or less.
There is no more precise answer to the question whether or how well an
individual theory fits the facts. But questions much like that can be
asked when theories are taken collectively or even in pairs. It makes a
great deal of sense to ask which of two actual and competing theories
fits the facts better. Though neither Priestley’s nor Lavoisier’s theory, for
example, agreed precisely with existing observations, few
contemporaries hesitated more than a decade in concluding that
Lavoisier’s theory provided the better fit of the two.

This formulation, however, makes the task of choosing between
paradigms look both easier and more familiar than it is. If there were
but one set of scientific problems, one world within which to work on
them, and one set of standards for their
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solution, paradigm competition might be settled more or less routinely
by some process like counting the number of problems solved by each.
But, in fact, these conditions are never met completely. The proponents
of competing paradigms are always at least slightly at cross-purposes.
Neither side will grant all the non-empirical assumptions that the other
needs in order to make its case. Like Proust and Berthollet arguing about
the composition of chemical compounds, they are bound partly to talk
through each other. Though each may hope to convert the other to his
way of seeing his science and its problems, neither may hope to prove
his case. The competition between paradigms is not the sort of battle
that can be resolved by proofs. We have already seen several reasons
why the proponents of competing paradigms must fail to make complete
contact with each other’s viewpoints. Collectively these reasons have
been described as the incommensurability of the pre- and postrevo-
lutionary normal-scientific traditions, and we need only recapitulate
them briefly here. In the first place, the proponents of competing
paradigms will often disagree about the list of problems that any
candidate for paradigm must resolve. Their standards or their
definitions of science are not the same. Must a theory of motion explain
the cause of the attractive forces between particles of matter or may it
simply note the existence of such forces? Newton’s dynamics was widely
rejected because, unlike both Aristotle’s and Descartes’s theories, it
implied the latter answer to the question. When Newton’s theory had
been accepted, a question was therefore banished from science. That
question, however, was one that general relativity may proudly claim to
have solved. Or again, as disseminated in the nineteenth century,
Lavoisier’s chemical theory inhibited chemists from asking why the
metals were so much alike, a question that phlogistic chemistry had
both asked and answered. The transition to Lavoisier’s paradigm had,
like the transition to Newton’s, meant a loss not only of a permissible
question but of an achieved solution. That loss was not, however,
permanent either. In the twentieth century questions about the qualities
of
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chemical substances have entered science again, together with some
answers to them.

More is involved, however, than the incommensurability of standards.
Since new paradigms are born from old ones, they ordinarily
incorporate much of the vocabulary and apparatus, both conceptual and
manipulative, that the traditional paradigm had previously employed.
But they seldom employ these borrowed elements in quite the
traditional way. Within the new paradigm, old terms, concepts, and
experiments fall into new relationships one with the other. The
inevitable result is what we must call, though the term is not quite right,
a misunderstanding between the two competing schools. The laymen
who scoffed at Einstein’s general theory of relativity because space
could not be “curved”—it was not that sort of thing—were not simply
wrong or mistaken. Nor were the mathematicians, physicists, and
philosophers who tried to develop a Euclidean version of Einstein’s
theory.” What had previously been meant by space was necessarily flat,
homogeneous, isotropic, and unaffected by the presence of matter. If it
had not been, Newtonian physics would not have worked. To make the
transition to Einstein’s universe, the whole conceptual web whose
strands are space, time, matter, force, and so on, had to be shifted and
laid down again on nature whole. Only men who had together
undergone or failed to undergo that transformation would be able to
discover precisely what they agreed or disagreed about. Communication
across the revolutionary divide is inevitably partial. Consider, for
another example, the men who called Copernicus mad because he
proclaimed that the earth moved. They were not either just wrong or
quite wrong. Part of what they meant by ‘earth’ was fixed position. Their
earth, at least, could not be moved. Correspondingly, Copernicus’
innovation was not simply to move the earth. Rather, it was a whole new
way of regarding the problems of physics and astronomy,

3 For lay reactions to the concept of curved space, see Philipp Frank, Einstein, His
Life and Times, trans, and ed. G. Rosen and S. Kusaka (New York, 1947), pp. 142-
46. For a few of the attempts to preserve the gains of general relativity within a
Euclidean space, see C. Nordmann, Einstein and the Universe, trans. . McCabe
(New York, 1922), chap. ix.
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one that necessarily changed the meaning of both ‘earth’ and ‘motion.”
Without those changes the concept of a moving earth was mad. On the
other hand, once they had been made and understood, both Descartes
and Huyghens could realize that the earth’s motion was a question with
no content for science.’

These examples point to the third and most fundamental aspect of
the incommensurability of competing paradigms. In a sense that I am
unable to explicate further, the proponents of competing paradigms
practice their trades in different worlds. One contains constrained
bodies that fall slowly, the other pendulums that repeat their motions
again and again. In one, solutions are compounds, in the other mixtures.
One is embedded in a flat, the other in a curved, matrix of space.
Practicing in different worlds, the two groups of scientists see different
things when they look from the same point in the same direction. Again,
that is not to say that they can see anything they please. Both are
looking at the world, and what they look at has not changed. But in
some areas they see different things, and they see them in different
relations one to the other. That is why a law that cannot even be
demonstrated to one group of scientists may occasionally seem
intuitively obvious to another. Equally, it is why, before they can hope to
communicate fully, one group or the other must experience the
conversion that we have been calling a paradigm shift. Just because it is
a transition between incommensurables, the transition between
competing paradigms cannot be made a step at a time, forced by logic
and neutral experience. Like the gestalt switch, it must occur all at once
(though not necessarily in an instant) or not at all.

How, then, are scientists brought to make this transposition? Part of
the answer is that they are very often not. Copernican-ism made few
converts for almost a century after Copernicus’ death. Newton’s work
was not generally accepted, particularly on the Continent, for more than
half a century after the Prin-

*T. S. Kuhn, The Copernican Revolution (Cambridge, Mass., 1957), chaps. iii, iv,
and vii. The extent to which heliocentrism was more than a strictly astronomical
issue is a major theme of the entire book.

° Max Jammer, Concepts of Space (Cambridge, Mass., 1954), pp. 118-24.
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cipia appeared.® Priestley never accepted the oxygen theory, nor Lord
Kelvin the electromagnetic theory, and so on. The difficulties of
conversion have often been noted by scientists themselves. Darwin, in a
particularly perceptive passage at the end of his Origin of Species, wrote:
“Although I am fully convinced of the truth of the views given in this
volume ..., I by no means expect to convince experienced naturalists
whose minds are stocked with a multitude of facts all viewed, during a
long course of years, from a point of view directly opposite to mine. . . .
[BJut T look with confidence to the future,—to young and rising
naturalists, who will be able to view both sides of the question with
impartiality.”” And Max Planck, surveying his own career in his Scientific
Autobiography;, sadly remarked that “a new scientific truth does not
triumph by convincing its opponents and making them see the light, but
rather because its opponents eventually die, and a new generation grows
up that is familiar with it.”®

These facts and others like them are too commonly known to need
further emphasis. But they do need re-evaluation. In the past they have
most often been taken to indicate that scientists, being only human,
cannot always admit their errors, even when confronted with strict
proof. I would argue, rather, that in these matters neither proof nor
error is at issue. The transfer of allegiance from paradigm to paradigm is
a conversion experience that cannot be forced. Lifelong resistance,
particularly from those whose productive careers have committed them
to an older tradition of normal science, is not a violation of scientific
standards but an index to the nature of scientific research itself. The
source of resistance is the assurance that the older paradigm will
ultimately solve all its problems, that nature can be shoved

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. 93-94.

7 Charles Darwin, On the Origin of Species ... (authorized edition from 6th

English ed.; New York, 1889), I1, 295-96.

® Max Planck, Scientific Autobiography and Other Papers, trans. F. Gaynor (New

York, 1949), pp. 33-34.
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such arguments are less effective in the sciences than in mathematics.
The early versions of most new paradigms are crude. By the time their
full aesthetic appeal can be developed, most of the community has been
persuaded by other means. Nevertheless, the importance of aesthetic
considerations can sometimes be decisive. Though they often attract
only a few scientists to a new theory, it is upon those few that its
ultimate triumph may depend. If they had not quickly taken it up for
highly individual reasons, the new candidate for paradigm might never
have been sufficiently developed to attract the allegiance of the scientific
community as a whole.

To see the reason for the importance of these more subjective and
aesthetic considerations, remember what a paradigm debate is about.
When a new candidate for paradigm is first proposed, it has seldom
solved more than a few of the problems that confront it, and most of
those solutions are still far from perfect. Until Kepler, the Copernican
theory scarcely improved upon the predictions of planetary position
made by Ptolemy. When Lavoisier saw oxygen as “the air itself entire,”
his new theory could cope not at all with the problems presented by the
proliferation of new gases, a point that Priestley made with great success
in his counterattack. Cases like Fresnel’s white spot are extremely rare.
Ordinarily, it is only much later, after the new paradigm has been
developed, accepted, and exploited that apparently decisive arguments—
the Foucault pendulum to demonstrate the rotation of the earth or the
Fizeau experiment to show that light moves faster in air than in water—
are developed. Producing them is part of normal science, and their role
is not in paradigm debate but in postrevolutionary texts.

Before those texts are written, while the debate goes on, the situation is
very different. Usually the opponents of a new paradigm can
legitimately claim that even in the area of crisis it is little superior to its
traditional rival. Of course, it handles some problems better, has
disclosed some new regularities. But the older paradigm can presumably
be articulated to meet these challenges as it has met others before. Both
Tycho Brahe’s earth-centered astronomical system and the later versions

of the
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phlogiston theory were responses to challenges posed by a new
candidate for paradigm, and both were quite successful.”” In addition,
the defenders of traditional theory and procedure can almost always
point to problems that its new rival has not solved but that for their view
are no problems at all. Until the discovery of the composition of water,
the combustion of hydrogen was a strong argument for the phlogiston
theory and against Lavoisier’s. And after the oxygen theory had
triumphed, it could still not explain the preparation of a combustible gas
from carbon, a phenomenon to which the phlogistonists had pointed as
strong support for their view.'® Even in the area of crisis, the balance of
argument and counterargument can sometimes be very close indeed.
And outside that area the balance will often decisively favor the
tradition. Copernicus destroyed a time-honored explanation of
terrestrial motion without replacing it; Newton did the same for an
older explanation of gravity, Lavoisier for the common properties of
metals, and so on. In short, if a new candidate for paradigm had to be
judged from the start by hard-headed people who examined only
relative problem-solving ability, the sciences would experience very few
major revolutions. Add the counterarguments generated by what we
previously called the incommensurability of paradigms, and the
sciences might experience no revolutions at all.

But paradigm debates are not really about relative problem-solving
ability, though for good reasons they are usually couched in those terms.
Instead, the issue is which paradigm should in the future guide research
on problems many of which neither competitor can yet claim to resolve
completely. A decision between alternate ways of practicing science is
called for, and in the circumstances that decision must be based less on

5 For Brahe’s system, which was geometrically entirely equivalent to

Copernicus’, see . L. E. Dreyer, A History of Astronomy from Thales to Kepler (2d
ed.; New York, 1953), pp. 359-71. For the last versions of the phlogiston theory
and their success, see J. R. Partington and D. McKie, “Historical Studies of the
Phlogiston Theory,” Annals of Science, IV (1939), 113-49.

! For the problem presented by hydrogen, see J. R. Partington, A Short History

of Chemistry (2d ed.; London, 1951), p. 134. For carbon monoxide, see H. Kopp,
Geschichte der Chemie, 111 (Braunschweig, 1845), 294-96.
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past achievement than on future promise. The man who embraces a
new paradigm at an early stage must often do so in defiance of the
evidence provided by problem-solving. He must, that is, have faith that
the new paradigm will succeed with the many large problems that
confront it, knowing only that the older paradigm has failed with a few.
A decision of that kind can only be made on faith.

That is one of the reasons why prior crisis proves so important.

Scientists who have not experienced it will seldom renounce the hard
evidence of problem-solving to follow what may easily prove and will be
widely regarded as a will-o-the-wisp. But crisis alone is not enough.
There must also be a basis, though it need be neither rational nor
ultimately correct, for faith in the particular candidate chosen.
Something must make at least a few scientists feel that the new proposal
is on the right track, and sometimes it is only personal and inarticulate
aesthetic considerations that can do that. Men have been converted by
them at times when most of the articulable technical arguments pointed
the other way. When first introduced, neither Copernicus’ astronomical
theory nor De Broglie’s theory of matter had many other significant
grounds of appeal. Even today Einstein’s general theory attracts men
principally on aesthetic grounds, an appeal that few people outside of
mathematics have been able to feel.
This is not to suggest that new paradigms triumph ultimately through
some mystical aesthetic. On the contrary, very few men desert a
tradition for these reasons alone. Often those who do turn out to have
been misled. But if a paradigm is ever to triumph it must gain some first
supporters, men who will develop it to the point where hardheaded
arguments can be produced and multiplied. And even those arguments,
when they come, are not individually decisive. Because scientists are
reasonable men, one or another argument will ultimately persuade
many of them. But there is no single argument that can or should
persuade them all. Rather than a single group conversion, what occurs is
an increasing shift in the distribution of professional allegiances.
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At the start a new candidate for paradigm may have few supporters,
and on occasions the supporters’ motives may be suspect. Nevertheless,
if they are competent, they will improve it, explore its possibilities, and
show what it would be like to belong to the community guided by it.
And as that goes on, if the paradigm is one destined to win its fight, the
number and strength of the persuasive arguments in its favor will
increase. More scientists will then be converted, and the exploration of
the new paradigm will go on. Gradually the number of experiments,
instruments, articles, and books based upon the paradigm will multiply.
Still more men, convinced of the new view’s fruitfulness, will adopt the
new mode of practicing normal science, until at last only a few elderly
hold-outs remain. And even they, we cannot say, are wrong. Though the
historian can always find men—Priestley, for instance—who were
unreasonable to resist for as long as they did, he will not find a point at
which resistance becomes illogical or unscientific. At most he may wish
to say that the man who continues to resist after his whole profession
has been converted has ipso facto ceased to be a scientist.
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