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VI11. The Response to Crisis

Let us then assune that crises are a necessary precondition for the enmergence of novel theories
and ask next how scientists respond to their existence. Part of the answer, as obvious as it is
i mportant, can be di scovered by noting first what scientists never do when confronted by even
severe and prol onged anonalies. Though they may begin to | ose faith and then to consider
alternatives, they do not renounce the paradigmthat has led theminto crisis. They do not, that
is, treat anonalies as counterinstances, though in the vocabul ary of philosophy of science that
is what they are. In part this generalizationis sinply a statenent fromhistoric fact, based
upon exanples like those given above and, nore extensively, below These hint what our |ater
exam nation of paradigmrejection will disclose nore fully: once it has achi eved the status of
paradigm a scientific theory is declared invalid only if an alternate candidate is available to
take its place. No process yet disclosed by the historical study of scientific devel opment at
all resenbl es the met hodol ogi cal stereotype of falsification by direct comparison with nature.
That remark does not nmean that scientists do not reject scientific theories, or that experience
and experinent are not essential to the process in which they do so. But it does nean--what wll
ultimately be a central point--that the act of judgnent that |eads scientists to reject a
previously accepted theory is always based upon nore than a conparison of that theory with the
worl d. The decision to reject one paradigmis always sinultaneously the decision to accept
another, and the judgment |eading to that decision involves the conparison of both paradigns
with nature and with each ot her.

There is, in addition, a second reason for doubting that scientists reject paradi gns because
confronted with anonalies or counterinstances. In developing it ny argunent will itself

f oreshadow another of this essay's main theses. The reasons for doubt sketched above were purely
factual; they were, that is,

thensel ves counterinstances to a preval ent epistenol ogical theory. As such, if ny present point
is correct, they can at best help to create a crisis or, nore accurately, to reinforce one that
is already very much in existence, By thensel ves they cannot and will not falsify that

phi | osophi cal theory, for its defenders will do what we have al ready seen scientists doing when
confronted by anonmaly, They will devise nunmerous articulations and ad hoc nodifications of their
theory in order to elimnate any apparent conflict. Many of the relevant nodifications and
qualifications are, in fact, already in the literature. If, therefore, these epistenol ogica
counterinstances are to constitute nore than a minor irritant, that will be because they help to
permit the energence of a new and different analysis of science within which they are no | onger
a source of trouble. Furthernore, if a typical pattern, which we shall |ater observe in
scientific revolutions, is applicable here, these anonalies will then no |onger seemto be
simply facts. Fromwithin a new theory of scientific know edge, they may i nstead seemvery nuch
i ke tautol ogies, statenents of situations that could not conceivably have been otherw se,

It has often been observed, for exanple, that Newton's second | aw of notion, though it took
centuries of difficult factual and theoretical research to achieve, behaves for those committed
to Newon's theory very nuch like a purely |ogical statement that no amount of observation could
refute.1 In Section X we shall see that the chemical |aw of fixed proportion, which before
Dal t on was an occasi onal experinental finding of very dubious generality, becane after Dalton's
work an ingredient of a definition of chemical conmpound that no experinmental work could by
itself have upset. Sonething much like that will also happen to the generalization that
scientists fail to reject paradi gns when faced with anonalies or counterinstances, They coul d
not do so and still remain scientists. Though history is unlikely to record their names, sone
men have undoubtedly been driven to desert science because of their inability to tolerate
crisis, Like artists, creative scientists nust occasionally be able to live in a world out of
joint--el sewhere | have described that necessity as "the essential tension" inplicit in
scientific research.2 But that rejection of science in favor of another occupation is, | think
the only sort of paradigmrejection to which counterinstances by thensel ves can | ead. Once a
first paradi gmthrough which to view nature has been found, there is no such thing as research
in the absence of any paradigm To reject one paradigmw thout sinultaneously substituting



another is to reject science itself. That act reflects not on the paradi gmbut on the nan,
Inevitably he will be seen by his coll eagues as "the carpenter who blames his tools."

The sane point can be nade at |east equally effectively in reverse: there is no such thing as
research without counterinstances, For what is it that differentiates normal science from
science in a crisis state? Not, surely, that the fornmer confronts no counterinstances, On the
contrary, what we previously called the puzzles that constitute normal science exist only
because no paradigmthat provides a basis for scientific research ever conpletely resolves al
its problens. The very few that have ever seened to do so (e.g., geonetric optics) have shortly
ceased to yield research problens at all and have instead becone tools for engineering.
Excepting those that are exclusively instrumental, every problemthat normal science sees as a
puzzl e can be seen, from another viewpoint, as a counterinstance and thus as a source of crisis.
Coperni cus saw as counterinstances what nost of Ptoleny's other successors had seen as puzzles
in the match between observation and theory. Lavoisier saw as a counterinstance what Priestley
had seen as a successfully solved puzzle in the articulation of the phlogiston theory. And

Ei nstein saw as counterinstances what Lorentz, Fitzgerald, and others had seen as puzzles in the
articulation of Newton's and Maxwel |'s theories. Furthernore, even the existence of crisis does
not by itself transforma puzzle into a counterinstance. There is no such sharp dividing |ine.

I nstead, by proliferating versions of the paradigm crisis |oosens the rules of normal puzzle-
solving in ways that ultimately permt a new paradigmto enmerge. There are, | think, only two
alternatives: either no scientific theory ever confronts a counterinstance, or all such theories
confront counterinstances at all tinmnes.

How can the situation have seened otherw se? That question necessarily leads to the historica
and critical elucidation of philosophy, and those topics are here barred. But we can at | east
note two reasons why science has seened to provide so apt an illustration of the generalization
that truth and falsity are uniquely and unequivocally deternined by the confrontation of
statement with fact. Normal science does and nmust continually strive to bring theory and fact
into cl oser agreenment, and that activity can easily be seen as testing or as a search for
confirmation or falsification. Instead, its object is to solve a puzzle for whose very exi stence
the validity of the paradi gmnust be assuned. Failure to achieve a solution discredits only the
scientist and not the theory. Here, even nore than above, the proverb applies: "It is a poor
carpenter who blanes his tools." In addition, the manner in which science pedagogy entangles

di scussion of a theory with renmarks on its exenplary applications has helped to reinforce a
confirmation-theory drawn predom nantly from ot her sources. G ven the slightest reason for doing
so, the man who reads a science text can easily take the applications to be the evidence for the
theory, the reasons why it ought to be believed. But science students accept theories on the
authority of teacher and text, not because of evidence. What alternatives have they, or what
conpetence? The applications given in texts are not there as evidence but because |earning them
is part of learning the paradigmat the base of current practice. |If applications were set forth
as evidence, then the very failure of texts to suggest alternative interpretations or to discuss
probl ems for which scientists have failed to produce paradi gm sol uti ons would convict their

aut hors of extreme bias. There is not the slightest reason for such an indictnent.

How, then, to return to the initial question, do scientists respond to the awareness of an
anomaly in the fit between theory and nature? Wat has just been said indicates that even a

di screpancy unaccountably larger than that experienced in other applications of the theory need
not draw any very profound response. There are always sone di screpanci es. Even the nost stubborn
ones usually respond at last to nornmal practice. Very often scientists are willing to wait,
particularly if there are many problens available in other parts of the field. W have al ready
noted, for exanple, that during the sixty years after Newton's original conputation, the
predicted notion of the noon's perigee remained only half of that observed. As Europe's best

mat hemat i cal physicists continued to westle unsuccessfully with the well-known discrepancy,
there were occasional proposals for a nodification of Newton's inverse square |law. But no one
took these proposals very seriously, and in practice this patience with a najor anonaly proved
justified. Clairaut in 1750 was able to show that only the mathematics of the application had
been wrong and that Newtonian theory could stand as before.3 Even in cases where no nere nistake
seens quite possible (perhaps because the mathematics involved is sinpler or of a famliar and
el sewhere successful sort), persistent and recogni zed anomaly does not al ways induce crisis. No
one seriously questioned Newtonian theory because of the |ong-recogni zed di screpanci es between
predictions fromthat theory and both the speed of sound and the notion of Mercury. The first

di screpancy was ultimately and quite unexpectedly resolved by experinments on heat undertaken for
a very different purpose; the second vani shed with the general theory of relativity after a
crisis that it had had no role in creating.4 Apparently neither had seened sufficiently



fundanental to evoke the nal aise that goes with crisis. They could be recogni zed as
counterinstances and still be set aside for |ater work.

It follows that if an anonmaly is to evoke crisis, it nust usually be nore than just an anomaly.
There are always difficulties sonewhere in the paradigmnature fit; nost of themare set right
sooner or later, often by processes that could not have been foreseen. The scientist who pauses
to exani ne every anonmaly he notes will seldomget significant work done. W therefore have to
ask what it is that nakes an anomaly seem worth concerted scrutiny, and to that question there
is probably no fully general answer. The cases we have already exam ned are characteristic but
scarcely prescriptive. Sonetinmes an anormaly will clearly call into question explicit and
fundanent al generalizations of the paradigm as the problemof ether drag did for those who
accepted Maxwell's theory. O, as in the Copernican revol ution, an anonaly wi thout apparent
fundanmental inport nay evoke crisis if the applications that it inhibits have a particul ar
practical inmportance, in this case for cal endar design and astrology. O, as in eighteenth-
century chem stry, the devel opnent of normal science may transform an anonaly that had
previously been only a vexation into a source of crisis: the problemof weight relations had a
very different status after the evolution of pneumatic-chem cal techniques. Presumably there are
still other circunstances that can nake an anonmaly particularly pressing, and ordinarily severa
of these will conbine. W have already noted, for exanple, that one source of the crisis that
confronted Copernicus was the nere length of time during which astrononmers had westled
unsuccessfully with the reduction of the residual discrepancies in Ptoleny's system

VWhen, for these reasons or others |like them an anomaly cones to seem nore than just another
puzzl e of normal science, the transition to crisis and to extraordi nary sci ence has begun. The
anomaly itself now comes to be nore generally recognized as such by the profession. Mre and
nore attention is devoted to it by nore and nore of the field' s nost eminent nmen. If it stil
continues to resist, as it usually does not, nmany of themnmay cone to viewits resolution as the
subject matter of their discipline. For themthe field will no Ionger |ook quite the same as it
had earlier. Part of its different appearance results sinply fromthe new fixati on point of
scientific scrutiny. An even nore inportant source of change is the divergent nature of the
nunerous partial solutions that concerted attention to the problem has nade avail able. The early
attacks upon the resistant problemw |l have followed the paradigmrules quite closely. But with
continui ng resistance, nore and nore of the attacks upon it will have involved sonme mnor or not
so minor articulation of the paradigm no two of themquite alike, each partially successful

but none sufficiently so to be accepted as paradigmby the group. Through this proliferation of
divergent articulations (nore and nore frequently they will come to be described as ad hoc
adjustrents), the rules of normal science becone increasingly blurred. Though there still is a
paradi gm few practitioners prove to be entirely agreed about what it is. Even formerly standard
solutions of solved problens are called in question

VWhen acute, this situation is sonetinmes recogni zed by the scientists involved. Copernicus

conpl ained that in his day astrononers were so "inconsistent in these [astrononical]
investigations . . . that they cannot even explain or observe the constant |length of the
seasonal year." "Wth them" he continued, "it is as though an artist were to gather the hands,
feet, head and other nenbers for his inmages fromdiverse nodels, each part excellently drawn,

but not related to a single body, and since they in no way match each other, the result would be
nmonster rather than man."5 Einstein, restricted by current usage to less florid | anguage, wote
only, "It was as if the ground had been pulled out fromunder one, with no firmfoundation to be
seen anywhere, upon which one could have built."6 And Wl fgang Pauli, in the nonths before

Hei senberg' s paper on matrix nmechanics pointed the way to a new quantumtheory, wote to a
friend, "At the nonent physics is again terribly confused. In any case, it is too difficult for
me, and | wish | had been a novie conedian or sonething of the sort and had never heard of
physics." That testinony is particularly inpressive if contrasted with Pauli's words |ess than
five nonths later: "Heisenberg's type of nechanics has again given ne hope and joy in life. To
be sure it does not supply the solution to the riddle, but |I believe it is again possible to
march forward."7

Such explicit recognitions of breakdown are extrenely rare, but the effects of crisis do not
entirely depend upon its conscious recognition. Wat can we say these effects are? Only two of
them seemto be universal. Al crises begin with the blurring of a paradi gmand the consequent
| oosening of the rules for normal research. In this respect research during crisis very nuch
resenbl es research during the pre-paradi gm period, except that in the former the | ocus of
difference is both smaller and nore clearly defined. And all crises close with the energence of
a new candi date for paradigmand with the subsequent battle over its acceptance. These are



subjects to be considered in later sections, but we nust anticipate a bit of what will be said
there in order to conplete these remarks about the evolution and anatony of the crisis state.

The transition froma paradigmin crisis to a new one fromwhich a new tradition of nornal

sci ence can enmerge is far froma cunul ati ve process, one achieved by an articul ation or
extension of the old paradigm Rather it is a reconstruction of the field fromnew fundanental s,
a reconstruction that changes sonme of the field s nost elenmentary theoretical generalizations as
well as many of its paradi gm nethods and applications. During the transition period there wll
be a | arge but never conplete overlap between the problens that can be solved by the old and by
the new paradigm But there will also be a decisive difference in the nodes of solution. \Wen
the transition is conplete, the profession will have changed its view of the field, its methods,
and its goals. One perceptive historian, viewing a classic case of a science's reorientation by
par adi gm change, recently described it as "picking up the other end of the stick," a process
that involves "handling the same bundl e of data as before, but placing themin a new system of
relations with one another by giving thema different franework."8 O hers who have noted this
aspect of scientific advance have enphasized its simlarity to a change in visual gestalt: the
mar ks on paper that were first seen as a bird are now seen as an antel ope, or vice versa.9 That
paral l el can be mnisleading. Scientists do not see sonething as sonething else; instead, they
simply see it. We have al ready exami ned sonme of the problenms created by saying that Priestley
saw oxygen as dephlogisticated air. In addition, the scientist does not preserve the gestalt
subject's freedomto switch back and forth between ways of seeing. Neverthel ess, the switch of
gestalt, particularly because it is today so famliar, is a useful elenentary prototype for what
occurs in full-scale paradigmshift.

The preceding anticipation may hel p us recognize crisis as an appropriate prelude to the
energence of new theories, particularly since we have already exanmined a snall-scal e version of
the sane process in discussing the energence of discoveries. Just because the energence of a new
theory breaks with one tradition of scientific practice and introduces a new one conducted under
different rules and within a different universe of discourse, it is likely to occur only when
the first tradition is felt to have gone badly astray. That remark is, however, no nore than a
prelude to the investigation of the crisis-state, and, unfortunately, the questions to which it

| eads demand t he competence of the psychol ogi st even nmore than that of the historian. Wat is
extraordinary research |ike? How is anonaly nmade | awl i ke? How do scientists proceed when aware
only that sonething has gone fundanentally wong at a level with which their training has not
equi pped themto deal ? Those questions need far nore investigation, and it ought not all be
historical. What follows will necessarily be nore tentative and | ess conpl ete than what has gone
bef ore.

O'ten a new paradi gm energes, at |east in enbryo, before a crisis has devel oped far or been
explicitly recognized. Lavoisier's work provides a case in point. H s sealed note was deposited
with the French Acadeny |ess than a year after the first thorough study of weight relations in
the phlogi ston theory and before Priestley's publications had revealed the full extent of the
crisis in pneumatic chem stry. O again, Thomas Young's first accounts of the wave theory of
light appeared at a very early stage of a developing crisis in optics, one that woul d be al nost
unnoti ceabl e except that, with no assistance from Young, it had grown to an internationa
scientific scandal within a decade of the tinme he first wote. In cases |ike these one can say
only that a mnor breakdown of the paradigmand the very first blurring of its rules for nornmal
science were sufficient to induce in sonmeone a new way of |ooking at the field. Wat intervened
between the first sense of trouble and the recognition of an available alternate nmust have been
| argel y unconsci ous.

I n other cases, however--those of Copernicus, Einstein, and contenporary nucl ear theory, for
exanpl e--consi derabl e time el apses between the first consci ousness of breakdown and the
energence of a new paradigm Wen that occurs, the historian nay capture at least a few hints of
what extraordinary science is like. Faced with an admittedly fundanental anormaly in theory, the
scientist's first effort will often be to isolate it nore precisely and to give it structure.
Though now aware that they cannot be quite right, he will push the rules of nornal science
harder than ever to see, in the area of difficulty, just where and how far they can be nmade to
wor k. Sinultaneously he will seek for ways of magnifying the breakdown, of making it nore
striking and perhaps al so nore suggestive than it had been when di splayed in experinments the
out come of which was thought to be known in advance. And in the latter effort, nmore than in any
ot her part of the post-paradi gm devel opnment of science, he will |ook al nost |ike our nost

preval ent inmage of the scientist. He wll, in the first place, often seema nman searchi ng at
random trying experinments just to see what will happen, |ooking for an effect whose nature he



cannot quite guess. Sinultaneously, since no experinent can be conceived w thout sone sort of
theory, the scientist in crisis will constantly try to generate specul ative theories that, if
successful, may disclose the road to a new paradi gm and, if unsuccessful, can be surrendered
with relative ease.

Kepl er's account of his prolonged struggle with the notion of Mars and Priestley's description
of his response to the proliferation of new gases provide classic exanples of the nore random
sort of research produced by the awareness of anomaly.l 0 But probably the best illustrations of
all come fromcontenporary research in field theory and on fundanental particles. In the absence
of a crisis that nade it necessary to see just how far the rules of normal science could
stretch, would the imense effort required to detect the neutrino have seened justified? O, if
the rul es had not obviously broken down at sone undi scl osed point, would the radical hypothesis
of parity non-conservati on have been either suggested or tested? Like much other research in
physics during the past decade, these experiments were in part attenpts to localize and define
the source of a still diffuse set of anonalies.

This sort of extraordinary research is often, though by no neans generally, acconpani ed by
another. It is, | think, particularly in periods of acknow edged crisis that scientists have
turned to phil osophical analysis as a device for unlocking the riddles of their field.
Scientists have not generally needed or wanted to be phil osophers. Indeed, normal science
usual l'y holds creative phil osophy at arms |l ength, and probably for good reasons. To the extent
that normal research work can be conducted by using the paradigmas a nodel, rules and
assunptions need not be made explicit. In Section V we noted that the full set of rules sought
by phil osophi cal anal ysis need not even exist. But that is not to say that the search for
assunmptions (even for non-existent ones) cannot be an effective way to weaken the grip of a
tradition upon the nmnd and to suggest the basis for a newone. It is no accident that the
energence of Newt oni an physics in the seventeenth century and of relativity and quantum
mechani cs in the twentieth should have been both preceded and acconpani ed by fundanent al

phi | osophi cal anal yses of the contenporary research tradition.11 Nor is it an accident that in
both these periods the so-called thought experinment should have played so critical a role in the
progress of research. As | have shown el sewhere, the anal ytical thought experinentation that

bul ks so large in the witings of Galileo, Einstein, Bohr, and others is perfectly calculated to
expose the old paradigmto existing know edge in ways that isolate the root of crisis with a
clarity unattainable in the | aboratory. 12

Wth the depl oynent, singly or together, of these extraordinary procedures, one other thing may
occur. By concentrating scientific attention upon a narrow area of trouble and by preparing the
scientific mnd to recogni ze experinental anomalies for what they are, crisis often proliferates
new di scoveries. W have al ready noted how the awareness of crisis distinguishes Lavoisier's
wor k on oxygen from Priestley's; and oxygen was not the only new gas that the chem sts aware of
anomaly were able to discover in Priestley's work. O again, new optical discoveries accumnul ated
rapidly just before and during the energence of the wave theory of light. Sone, like

pol ari zation by reflection, were a result of the accidents that concentrated work in an area of
troubl e nakes likely. (Malus, who nade the discovery, was just starting work for the Acadeny's
prize essay on double refraction, a subject widely known to be in an unsatisfactory state.)

O hers, like the light spot at the center of the shadow of a circular disk, were predictions
fromthe new hypot hesis, ones whose success helped to transformit to a paradigmfor |ater work.
And still others, like the colors of scratches and of thick plates, were effects that had often
been seen and occasionally remarked before, but that, like Priestley's oxygen, had been

assimlated to well-known effects in ways that prevented their being seen for what they were. 13
A simlar account could be given of the nultiple discoveries that, from about 1895, were a
constant concom tant of the emergence of quantum mechani cs.

Extraordi nary research nust have still other manifestations and effects, but in this area we
have scarcely begun to di scover the questions that need to be asked. Perhaps, however, no nore
are needed at this point. The preceding remarks should suffice to show how crisis sinmultaneously
| oosens the stereotypes and provides the increnental data necessary for a fundanmental paradi gm
shift. Sonetimes the shape of the new paradigmis foreshadowed in the structure that

extraordi nary research has given to the anonaly. Einstein wote that before he had any
substitute for classical mechanics, he could see the interrelation between the known anomalies
of bl ack-body radiation, the photoelectric effect, and specific heats.14 Mre often no such
structure is consciously seen in advance. Instead, the new paradigm or a sufficient hint to
pernmit later articulation, energes all at once, sonetines in the niddle of the night, in the
mnd of a man deeply inmmersed in crisis. Wat the nature of that final stage is--how an



i ndi vidual invents (or finds he has invented) a new way of giving order to data now al

assenbl ed--must here remain inscrutable and may be pernmanently so. Let us here note only one
thing about it. Al nost always the nen who achi eve these fundanental inventions of a new paradi gm
have been either very young or very newto the field whose paradi gmthey change. 15 And perhaps
that point need not have been made explicit, for obviously these are the men who, being little
committed by prior practice to the traditional rules of normal science, are particularly likely
to see that those rules no | onger define a playable gane and to conceive another set that can
repl ace them

The resulting transition to a new paradigmis scientific revolution, a subject that we are at
long | ast prepared to approach directly. Note first, however, one |last and apparently el usive
respect in which the naterial of the last three sections has prepared the way. Until Section VI,
where the concept of anonaly was first introduced, the terns 'revolution' and 'extraordinary

sci ence' may have seened equivalent. Mre inportant, neither term may have seenmed to nean nore
than 'non-normal science,' a circularity that will have bothered at |east a few readers. In
practice, it need not have done so. W are about to discover that a simlar circularity is
characteristic of scientific theories. Bothersome or not, however, that circularity is no |onger
unqual i fied. This section of the essay and the two precedi ng have educed nunerous criteria of a
breakdown in normal scientific activity, criteria that do not at all depend upon whet her
breakdown i s succeeded by revolution. Confronted with anomaly or with crisis, scientists take a
different attitude toward existing paradigns, and the nature of their research changes
accordingly. The proliferation of conpeting articulations, the willingness to try anything, the
expression of explicit discontent, the recourse to phil osophy and to debate over fundanentals,
all these are synptons of a transition fromnormal to extraordinary research. It is upon their
exi stence nore than upon that of revolutions that the notion of normal science depends.
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| X. The Nature and Necessity of Scientific
Revol uti ons

These remarks pernit us at |ast to consider the problens that provide this essay with its title.
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the answer to these questions has been anticipated in earlier sections. In particular, the
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i ntroduced by asking one further question. Wiy should a change of paradigmbe called a
revolution? In the face of the vast and essential differences between political and scientific
devel opnment, what parallelismcan justify the nmetaphor that finds revolutions in both?

One aspect of the parallelismnust already be apparent. Political revolutions are inaugurated by
a grow ng sense, often restricted to a segnent of the political comunity, that existing
institutions have ceased adequately to neet the probl ems posed by an environnent that they have
in part created. In much the sane way, scientific revolutions are inaugurated by a grow ng
sense, again often restricted to a narrow subdivision of the scientific community, that an

exi sting paradi gm has ceased to function adequately in the exploration of an aspect of nature to
whi ch that paradigmitself had previously led the way. In both political and scientific

devel opnment the sense of nmalfunction that can lead to crisis is prerequisite to revol ution
Furthernore, though it admittedly strains the metaphor, that parallelismholds not only for the
maj or paradi gm changes, |ike those attributable to Copernicus and Lavoisier, but also for the
far small er ones associated with the assimlation of a new sort of phenonenon, |ike oxygen or X-
rays. Scientific revolutions, as we noted at the end of Section V, need seemrevolutionary only
to those whose paradigns are affected by them To outsiders they may, |ike the Bal kan

revol utions of the early twentieth century, seemnornal parts of the devel opnental process.
Astronomers, for exanple, could accept X-rays as a nmere addition to know edge, for their

par adi gns were unaffected by the exi stence of the new radiation. But for nmen |ike Kelvin,
Crookes, and Roentgen, whose research dealt with radiation theory or with cathode ray tubes, the
energence of X-rays necessarily violated one paradigmas it created another. That is why these
rays coul d be discovered only through something's first going wong with normal research

This genetic aspect of the parallel between political and scientific devel opnment should no

| onger be open to doubt. The parallel has, however, a second and nore profound aspect upon which
the significance of the first depends. Political revolutions aimto change politica

institutions in ways that those institutions thenselves prohibit. Their success therefore
necessitates the partial relinqui shment 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 nunbers individuals become increasingly estranged frompolitica

life and behave nore and nore eccentrically within it. Then, as the crisis deepens, many of



these individuals conmt thensel ves to sonme concrete proposal for the reconstruction of society
in anewinstitutional framework. At that point the society is divided into conpeting canps 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 w thin which political change is to be

achi eved and eval uated, because they acknow edge no supra-institutional franework for the

adj udi cation of revolutionary difference, the parties to a revolutionary conflict nmust finally
resort to the techni ques of nass persuasion, often including force. Though revol utions have had
avital role in the evolution of political institutions, that role depends upon their being
partially extra political or extrainstitutional events.

The renmai nder of this essay ains to denonstrate that the historical study of paradi gm change
reveal s very similar characteristics in the evolution of the sciences. Like the choice between
competing political institutions, that between competing paradi gns proves to be a choice between
i nconmpati bl e nbdes of community |ife. Because it has that character, the choice is not and
cannot be determned nerely by the evaluative procedures characteristic of normal science, for
these depend in part upon a particul ar paradigm and that paradigmis at issue. Wen paradi gns
enter, as they nust, into a debate about paradi gmchoice, their role is necessarily circular
Each group uses its own paradigmto argue in that paradigm s defense

The resulting circularity does not, of course, nmake the argunments wong or even ineffectual. The
man who prem ses a paradi gmwhen arguing in its defense can nonethel ess provide a clear exhibit
of what scientific practice will be like for those who adopt the new view of nature. That

exhi bit can be i mensely persuasive, often conpellingly so. Yet, whatever its force, the status
of the circular argunment is only that of persuasion. It cannot be nade logically or even
probabilistically conpelling for those who refuse to step into the circle. The premi ses and

val ues shared by the two parties to a debate over paradignms are not sufficiently extensive for
that. As in political revolutions so in paradi gmchoice—there is no standard higher than the
assent of the relevant community. To discover how scientific revolutions are effected, we shal
therefore have to exam ne not only the inpact of nature and of |ogic, but also the techni ques of
persuasi ve argunentation effective within the quite special groups that constitute the community
of scientists.

To discover why this issue of paradi gm choice can never be unequivocally settled by |ogic and
experinent alone, we rmust shortly exam ne the nature of the differences that separate the
proponents of a traditional paradigmfromtheir revolutionary successors. That examination is
the principal object of this section and the next. W have, however, already noted nunerous
exanpl es of such differences, and no one will doubt that history can supply many others, Wat is
nore |ikely to be doubted than their existence--and what nust therefore be considered first--is
that such exanpl es provide essential information about the nature of science, Granting that
paradi gmrej ection has been a historic fact, does it illumnate nore than human credulity and
confusion? Are there intrinsic reasons why the assinilation of either a new sort of phenonenon
or a new scientific theory nmust denmand the rejection of an ol der paradign®

First notice that if there are such reasons, they do not derive fromthe |ogical structure of
scientific know edge. In principle, a new phenomenon ni ght ermerge wi thout reflecting
destructively upon any part of past scientific practice. Though di scovering life on the noon
woul d today be destructive of existing paradigns (these tell us things about the nobon that seem
inconpatible with life's existence there), discovering life in some |ess well-known part of the
gal axy woul d not. By the sane token, a new theory does not have to conflict with any of its
predecessors, It mght deal exclusively with phenonena not previously known, as the quantum
theory deals (but, significantly, not exclusively) wth subatonic phenonena unknown before the
twentieth century. O again, the new theory mght be sinply a higher |evel theory than those
known before, one that |inked together a whole group of |ower |evel theories wthout
substantially changi ng any, Today, the theory of energy conservation provides just such |links
bet ween dynam cs, chemi stry, electricity, optics, thermal theory, and so on. Still other
conpati bl e relationshi ps between old and new theories can be conceived, Any and all of them

m ght be exenplified by the historical process through which science has devel oped, If they
were, scientific devel opnent woul d be genuinely cunul ative, New sorts of phenonmena would sinply
di scl ose order in an aspect of nature where none had been seen before. In the evolution of

sci ence new know edge woul d repl ace i gnorance rather than replace know edge of another and

i nconpati bl e sort.



O course, science (or sone other enterprise, perhaps |ess effective) night have devel oped in
that fully cunul ati ve manner, Many peopl e have believed that it did so, and nost still seemto
suppose that cumulation is at least the ideal that historical devel opnent would display if only
it had not so often been distorted by human idi osyncrasy, There are inportant reasons for that
belief. In Section X we shall discover how closely the view of science-as-cunmulation is
entangl ed with a dom nant epi stenol ogy that takes know edge 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 techni ques of effective science pedagogy,
Nevert hel ess, despite the i mense plausibility of that ideal inmage, there is increasing reason
to wonder whether it can possibly be an inage of science, After the pre-paradigmperiod the
assimlation of all new theories and of alnost all new sorts of phenonena has in fact denanded
the destruction of a prior paradigmand a consequent conflict between conpeting schools of
scientific thought. Cunul ative acquisition of unanticipated novelties proves to be an al nost
non- exi stent exception to the rule of scientific devel opnment. The man who takes historic fact
seriously nust suspect that science does not tend toward the ideal that our inage of its
cumul ati veness has suggested, Perhaps it is another sort of enterprise,

I f, however, resistant facts can carry us that far, then a second | ook at the ground we have

al ready covered may suggest that cumulative acquisition of novelty is not only rare in fact but
i mprobable in principle. Normal research, which is cumulative, owes its success to the ability
of scientists regularly to select problens that can be solved with conceptual and instrunental
techni ques close to those already in existence, (That is why an excessive concern wth usefu
probl ems, regardless of their relation to existing know edge and techni que, can so easily
inhibit scientific developnent.) The nman who is striving to solve a problem defined by existing
know edge and technique is not, however, just |ooking around, He knows what he wants to achi eve,
and he designs his instrunents and directs his thoughts accordingly, Unanticipated novelty, the
new di scovery, can energe only to the extent that his anticipations about nature and his
instruments prove wong, Often the inportance of the resulting discovery will itself be
proportional to the extent and stubbornness of the anomaly that foreshadowed it. Obviously,
then, there nust be a conflict between the paradi gmthat discloses anonmaly and t he one that

| ater renders the anonmaly | awlike. The exanpl es of discovery through paradi gm destruction

exam ned in Section VI did not confront us with nere historical accident. There is no other
effective way in which discoveries night be generated.

The sane argunent applies even nore clearly to the invention of new theories. There are, in
principle, only three types of phenonena about which a new theory might be devel oped. The first
consi sts of phenonena already well explained by existing paradi gns, and t hese sel dom provi de
either motive or point of departure for theory construction. Wen they do, as with the three
famous antici pations discussed at the end of Section VII, the theories that result are sel dom
accepted, because nature provides no ground for discrinination. A second class of phenonena
consi sts of those whose nature is indicated by existing paradi gns but whose details can be
understood only through further theory articulation. These are the phenonena to which scientists
direct their research nuch of the tinme, but that research ains at the articulation of existing
paradi gns rather than at the invention of new ones. Only when these attenpts at articulation
fail do scientists encounter the third type of phenonena, the recogni zed anonal i es whose
characteristic feature is their stubborn refusal to be assinilated to existing paradigns. This
type alone gives rise to new theories. Paradigns provide all phenonena except anonalies with a
theory-deternmined place in the scientist's field of vision

But if new theories are called forth to resolve anonmalies in the relation of an existing theory
to nature, then the successful new theory nust sonmewhere permit predictions that are different
fromthose derived fromits predecessor. That difference could not occur if the two were

| ogically conmpatible. In the process of being assinilated, the second nust displace the first.
Even a theory like energy conservation, which today seens a | ogical superstructure that rel ates
to nature only through independently established theories, did not devel op historically without
par adi gm destruction. Instead, it emerged froma crisis in which an essential ingredient was the
i nconmpatibility between Newtonian dynamics and sone recently fornul ated consequences of the
caloric theory of heat. Only after the caloric theory had been rejected coul d energy
conservation becone part of science.l And only after it had been part of science for sone tine
could it cone to seema theory of a logically higher type, one not in conflict with its
predecessors. It is hard to see how new theories could arise w thout these destructive changes
in beliefs about nature. Though | ogical inclusiveness remains a permssible view of the relation
bet ween successive scientific theories, it is a historical inplausibility.



A century ago it would, | 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 devel oped above cannot be mamintained if the nost preval ent contenporary
interpretation of the nature and function of scientific theory is accepted. That interpretation
closely associated with early logical positivismand not categorically rejected by its
successors, would restrict the range and neani ng of an accepted theory so that it could not
possibly conflict with any later theory that nmade predictions about sone of the sane natura
phenomena. The best-known and the strongest case for this restricted conception of a scientific
theory energes in discussions of the relation between contenporary Einsteinian dynanics and the
ol der dynami cal equations that descend from Newton's Principia. Fromthe viewpoint of this essay
these two theories are fundanmentally inconpatible in the sense illustrated by the relation of
Copernican to Ptol emai ¢ astronony: Einstein's theory can be accepted only with the recognition
that Newton's was wong. Today this remains a minority view 2 W nust therefore exani ne the nost
preval ent objections to it.

The gi st of these objections can be devel oped as follows. Relativistic dynam cs cannot have
shown Newt oni an dynamics to be wong, for Newtonian dynamics is still used with great success by
nost engi neers and, in selected applications, by many physicists. Furthernore, the propriety of
this use of the older theory can be proved fromthe very theory that has, in other applications,
replaced it. Einstein's theory can be used to show that predictions from Newton's equations w |l
be as good as our neasuring instruments in all applications that satisfy a small nunber of
restrictive conditions. For exanple, if Newtonian theory is to provide a good approximate
solution, the relative velocities of the bodies considered nust be small conmpared with the
velocity of light. Subject to this condition and a few others, Newtonian theory seens to be
derivabl e 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
Ei nstei ni an sci ence seens to nmake Newtoni an dynanmics wong, that is only because sone Newt oni ans
were so incautious as to claimthat Newtonian theory yielded entirely precise results or that it
was valid at very high relative velocities. Since they could not have had any evi dence for such
clains, they betrayed the standards of science when they made them |In so far as Newt oni an
theory was ever a truly scientific theory supported by valid evidence, it still is. Only
extravagant clainms for the theory--clains that were never properly parts

Sone variant of this argunent is quite sufficient to make any theory ever used by a significant
group of conpetent scientists inmmune to attack. The nuch-nmaligned phl ogi ston theory, for
exanpl e, gave order to a |l arge nunber of physical and chenical phenonena. It explai ned why
bodi es burned--hey were rich in phlogi ston~-and why netals had so many nore properties in comon
than did their ores. The netals were all conpounded fromdifferent elenentary earths conbi ned

wi th phlogiston, and the latter, common to all nmetals, produced conmon properties. In addition,
the phl ogi ston theory accounted for a nunber of reactions in which acids were forned by the
conbusti on of substances |ike carbon and sul phur. Also, it explained the decrease of vol unme when
combustion occurs in a confined volume of air--the phlogiston rel eased by conbustion "spoil s"
the elasticity of the air that absorbed it, just as fire "spoils" the elasticity of a stee
spring.3 If these were the only phenonena that the phlogiston theorists had clained for their
theory, that theory could never have been challenged. A sinilar argument will suffice for any
theory that has ever been successfully applied to any range of phenonena at all

But to save theories in this way, their range of application nust be restricted to those
phenonmena and to that precision of observation with which the experinmental evidence in hand
already deals.4 Carried just a step further (and the step can scarcely be avoi ded once the first
is taken), such a limtation prohibits the scientist fromclainmng to speak "scientifically"
about any phenonenon not already observed. Even in its present formthe 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 |ogically uexceptionable. But the result of accepting them would be the end of
the research through which science may devel op further

By now that point too is virtually a tautology. Wthout comritnent to a paradigmthere could be
no normal science. Furthernore, that commtnent nust extend to areas and to degrees of precision
for which there is no full precedent. If it did not, the paradigmcould provide no puzzles that
had not already been solved. Besides, it is not only normal science that depends upon comm t nent
to a paradigm |f existing theory binds the scientist only with respect to existing
applications, then there can be no surprises, anonalies, or crises. But these are just the



signposts that point the way to extraordinary science. |f positivistic restrictions on the range
of a theory's legitimate applicability are taken literally, the nechanismthat tells the
scientific comunity what problens may | ead to fundanental change nust cease to function. And

when that occurs, the comunity will inevitably return to sonmething nmuch like its pre-paradi gm
state, a condition in which all nenbers practice science but in which their gross product
scarcely resenbles science at all. Is it really any wonder that the price of significant

scientific advance is a conmitnent that runs the risk of being wong?

More inportant, there is a revealing logical lacuna in the positivist's argunent, one that will
rei ntroduce us inmmediately to the nature of revolutionary change. Can Newtoni an dynanmics really
be derived fromrelativistic dynam cs? Wat woul d such a derivation | ook Iike? |Inmagine a set of
statenments, E1, E2, . . ., En, which together enbody the laws of relativity theory. These
statenments contain variables and paraneters representing spatial position, tine, rest nmass, etc.
Fromthem together with the apparatus of |ogic and nmathematics, is deducible a whole set of
further statenents including some that can be checked by observation. To prove the adequacy of

Newt oni an dynami cs as a special case, we nust add to the Ei's additional statenents, like (v/c)
squared < < 1, restricting the range of the paraneters and vari ables. This enlarged set of
statenents is then manipulated to yield a newset, N1, N2, . . . , Nm whichis identical in

formwith Newmon's aws of notion, the law of gravity, and so on. Apparently Newtoni an dynam cs
has been derived from Einsteinian, subject to a fewlimting conditions.

Yet the derivation is spurious, at least to this point. Though the Ni's are a special case of
the laws of relativistic mechanics, they are not Newon's Laws. O at |east they are not unless
those laws are reinterpreted in a way that woul d have been inpossible until after Einstein's
wor k. The variables and paraneters that in the Einsteinian Ei's represented spatial position

time, mass, etc., still occur in the Nis; and they there still represent Einsteinian space,
time, and mass. But the physical referents of these Einsteinian concepts are by no neans
identical with those of the Newtonian concepts that bear the same nane. (Newt oni an mass is

conserved; Einsteinian is convertible with energy. Only at lowrelative velocities may the two
be neasured in the sanme way, and even then they nmust not be conceived to be the sane.) Unless we
change the definitions of the variables in the Ni'S, the statenents we have derived are not
Newt oni an. If we do change them we cannot properly be said to have derived Newton's Laws, at

| east not in any sense of "derive" now generally recognized. Qur argunent has, of course,
expl ai ned why Newton's Laws ever seemed to work. In doing so it has justified, say, an
autonobil e driver in acting as though he lived in a Newtonian universe. An argunment of the sane
type is used to justify teaching earth-centered astronony to surveyors. But the argunent has
still not done what it purported to do. It has not, that is, showm Newton's Laws to be a
l[imting case of Einstein's. For in the passage to the limt it is not only the forms of the

| aws that have changed. Sinultaneously we have had to alter the fundanmental structural elenents
of which the universe to which they apply is conposed.

This need to change the neani ng of established and familiar concepts is central to the

revol utionary inpact of Einstein's theory. Though subtler than the changes from geocentrismto
hel i ocentrism from phl ogi ston to oxygen, or from corpuscles to waves, the resulting conceptua
transformation is no | ess decisively destructive of a previously established paradigm W nmay
even come to see it as a prototype for revolutionary reorientations in the sciences. Just
because it did not involve the introduction of additional objects or concepts, the transition
from Newtonian to Einsteinian nmechanics illustrates with particular clarity the scientific
revol ution as a displacenment of the conceptual network through which scientists view the world.

These remarks should suffice to show what might, in another philosophical clinmate, have been
taken for granted. At |east for scientists, nost of the apparent differences between a di scarded
scientific theory and its successor are real. Though an out-of-date theory can al ways be vi ewed
as a special case of its up-to-date successor, it nust be transformed for the purpose. And the
transformation is one that can be undertaken only with the advantages of hindsight, the explicit
gui dance of the nore recent theory. Furthernore, even if that transformation were a legitimte
device to enploy in interpreting the older theory, the result of its application would be a
theory so restricted that it could only restate what was al ready known. Because of its econony,
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 paradigns are
bot h necessary and irreconcilable. Can we then say nore explicitly what sorts of differences
these are? The nost apparent type has already been illustrated repeatedly. Successive paradi gns
tell us different things about the popul ation of the universe and about that popul ation's



behavi or. They differ, that is, about such questions as the existence of subatomic particles,
the materiality of light, and the conservation of heat or of energy. These are the substantive
di fferences between successive paradigns, and they require no further illustration. But
paradigns differ in nore than substance, for they are directed not only to nature but al so back
upon the science that produced them They are the source of the methods, problemfield, and
standards of solution accepted by any nature scientific comunity at any given tine. As a
result, the reception of a new paradigmoften necessitates a redefinition of the correspondi ng
sci ence. Sone old problens nmay be rel egated to another science or declared entirely
"unscientific." Ohers that were previously non-existent or trivial may, with a new paradi gm
becone the very archetypes of significant scientific achievenment. And as the probl ens change,
so, often, does the standard that distinguishes a real scientific solution froma nere

net aphysi cal specul ati on, word gane, or mat hematical play. The normal -scientific tradition that
energes froma scientific revolution is not only inconpatible but often actually inconmensurable
with that which has gone before.

The inpact of Newton's work upon the normal seventeenth-century tradition of scientific practice
provides a striking exanple of these subtler effects of paradigmshift. Before Newton was born
the "new science" of the century had at |ast succeeded in rejecting Aristotelian and schol astic
expl anations expressed in terms of the essences of material bodies. To say that a stone fel
because its "nature" drove it toward the center of the universe had been made to | ook a nere
taut ol ogi cal word-play, sonething it had not previously been. Henceforth the entire flux of
sensory appearances, including color, taste, and even weight, was to be explained in terns of
the size, shape, position, and notion of the el ementary corpuscles of base matter. The
attribution of other qualities to the elenentary atons was a resort to the occult and therefore
out of bounds for science. Mliere caught the new spirit precisely when he ridiculed the doctor
who expl ai ned opium s efficacy as a soporific by attributing to it a dormtive potency. During
the last half of the seventeenth century nmany scientists preferred to say that the round shape
of the opium particles enabled themto sooth the nerves about which they noved.5

In an earlier period explanations in terns of occult qualities had been an integral part of
productive scientific work. Neverthel ess, the seventeenth century's new comitnent to nechani co-
cor puscul ar expl anati on proved i mensely fruitful for a number of sciences, ridding them of
probl ems that had defied generally accepted solution and suggesting others to replace them In
dynanics, for exanple, Newton's three laws of notion are | ess a product of novel experinments
than of the attenpt to reinterpret well-known observations in terms of the notions and

i nteractions of primary neutral corpuscles. Consider just one concrete illustration. Since
neutral corpuscles could act on each other only by contact, the mechanico-corpuscul ar view of
nature directed scientific attention to a brand-new subject of study, the alteration of
particul ate notions by collisions. Descartes announced the problemand provided its first
putative solution. Huyghens, Wen, and Wallis carried it still further, partly by experinenting
with colliding pendul um bobs, but nostly by applying previously well-known characteristics of
notion to the new problem And Newton enbedded their results in his laws of notion. The equa
"action" and "reaction" of the third law are the changes in quantity of notion experienced by
the two parties to a collision. The same change of notion supplies the definition of dynam ca
force inplicit in the second law. In this case, as in nmany others during the seventeenth
century, the corpuscul ar paradigmbred both a new problemand a | arge part of that problenis
solution.6

Yet, though much of Newton's work was directed to probl ens and enbodi ed standards derived from
the mechani co-corpuscul ar world view, the effect of the paradigmthat resulted fromhis work was
a further and partially destructive change in the problens and standards legitinmate for science.
Gravity, interpreted as an innate attraction between every pair of particles of natter, was an
occult quality in the same sense as the schol astics' "tendency to fall" had been. Therefore,
whil e the standards of corpuscularismrenained in effect, the search for a nechanica

expl anation of gravity was one of the nost challenging problens for those who accepted the
Principia as paradigm Newton devoted rmuch attention to it and so did many of his eighteenth-
century successors. The only apparent option was to reject Newton's theory for its failure to
explain gravity, and that alternative, too, was w dely adopted. Yet neither of these views
ultimately triunphed. Unable either to practice science without the Principia or to nmake that
work conformto the corpuscul ar standards of the seventeenth century, scientists gradually
accepted the view that gravity was indeed innate. By the nid-eighteenth century that

i nterpretati on had been al nbst universally accepted, and the result was a genuine reversion
(which is not the sane as a retrogression) to a scholastic standard. Innate attractions and



repul si ons joined size, shape, position, and notion as physically irreducible primary properties
of matter.7

The resulting change in the standards and problemfield of physical science was once again
consequential. By the 1740's, for exanple, electricians could speak of the attractive "virtue"
of the electric fluid without thereby inviting the ridicule that had greeted Mdliere's doctor a
century before. As they did so, electrical phenonmena increasingly displayed an order different
fromthe one they had shown when viewed as the effects of a nechanical effluviumthat could act
only by contact. In particular, when electrical action-at-a-distance becane a subject for study
inits own right, the phenomenon we now call charging by induction could be recogni zed as one of
its effects. Previously, when seen at all, it had been attributed to the direct action of

el ectrical "atnobspheres" or to the | eakages inevitable in any electrical |aboratory. The new

vi ew of inductive effects was, in turn, the key to Franklin's analysis of the Leyden jar and
thus to the energence of a new and Newt oni an paradigmfor electricity. Nor were dynam cs and
electricity the only scientific fields affected by the legitim zation of the search for forces
innate to matter. The |large body of eighteenth-century literature on chemical affinities and
repl acenent series also derives fromthis supramechani cal aspect of Newtoni anism Chem sts who
believed in these differential attractions between the various chenical species set up

previ ously uni magi ned experinents and searched for new sorts of reactions. Wthout the data and
the chemi cal concepts devel oped in that process, the later work of Lavoisier and, nore
particularly, of Dalton would be inconprehensible.8 Changes in the standards governi ng
perm ssi bl e probl ens, concepts, and expl anations can transforma science. In the next section |
shal | even suggest a sense in which they transformthe world.

O her exanpl es of these nonsubstantive differences between successive paradigns can be retrieved
fromthe history of any science in alnbst any period of its devel opnent. For the nonment |let us
be content with just two other and far briefer illustrations. Before the chem cal revolution

one of the acknow edged tasks of chemistry was to account for the qualities of chenica

subst ances and for the changes these qualities underwent during chemical reactions. Wth the aid
of a small nunber of elenentary "principles"--of which phlogiston was one--the chem st was to
expl ai n why sone substances are acidic, others nmetalline, conbustible, and so forth. Sonme
success in this direction had been achieved. W have al ready noted that phlogiston explai ned why
the netals were so nuch alike, and we could have devel oped a simlar argunent for the acids.
Lavoisier's reform however, ultimately did away with chem cal "principles," and thus ended by
depriving chem stry of sonme actual and nmuch potential explanatory power. To conpensate for this
| oss, a change in standards was required. During nuch of the nineteenth century failure to
explain the qualities of compounds was no indictrment of a chenical theory.9

O again, Cerk Maxwell shared with other nineteenth-century proponents of the wave theory of
light the conviction that |ight waves nust be propagated through a material ether. Designing a
mechani cal mediumto support such waves was a standard problem for many of his abl est
contenporaries. His ow theory, however, the el ectronmagnetic theory of light, gave no account at
all of a nmediumable to support |ight waves, and it clearly made such an account harder to
provide than it had seened 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

achi eved the status of a paradigm the commnity's attitude toward it changed. In the early
decades of the twentieth century Maxwell's insistence upon the existence of a mechanical ether

| ooked nore and nore like |ip service, which it enphatically had not been, and the attenpts to
desi gn such an ethereal nmedium were abandoned. Scientists no |onger thought it unscientific to
speak of an electrical "displacenent” wthout specifying what was bei ng di spl aced. The result,
again, was a new set of problens and standards, one which, in the event, had nuch to do with the
emergence of relativity theory.l0

These characteristic shifts in the scientific comunity's conception of its legitinmate problens
and standards woul d have | ess significance to this essay's thesis if one could suppose that they
al ways occurred from sone met hodol ogically | ower sone higher type. In that case their effects,
too, would seem cunul ative. No wonder that sone historians have argued that the history of

sci ence records a continuing increase in the maturity and refinenent of nan's conception of the
nature of scence.1l Yet the case for cunul ative devel opnent of science’s problens and standards
is even harder to nake than the case for cunul ation of theories. The attenpt to explain gravity,
though fruitfully abandoned by nost eighteenth-century scientists, was not directed to an
intrinsically illegitimate problem the objections to innate forces were neither inherently
unscientific nor netaphysical in sone 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 sinmply a change demanded by the adoption of a new paradigm Furthernore, that change has
since been reversed and could be again. In the twentieth century Einstein succeeded in

expl aining gravitational attractions, and that explanation has returned science to a set of
canons and problens that are, in this particular respect, nore like those of Newon's
predecessors than of his successors. O again, the devel opnment of quantum mechani cs has reversed
t he net hodol ogi cal prohibition that originated in the chemical revolution. Chem sts now attenpt,
and with great success, to explain the color, state of aggregation, and other qualities of the
subst ances used and produced in their |aboratories. A sinilar reversal may even be underway in
el ectromagnetic theory. Space, in contenporary physics, is not the inert and honogenous
substratum enpl oyed in both Newton's and Maxwel|l's theories; some of its new properties are not
unli ke those once attributed to the ether; we nay soneday come to know what an el ectric

di spl acenent is.

By shifting enphasis fromthe cognitive to the normative functions of paradi gns, the preceding
exanpl es enl arge our understanding of the ways in which paradigns give formto the scientific
life. Previously, we had principally exam ned the paradigms role as a vehicle for scientific
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 conplex and varied to be explored at random that map is as essential as observation and
experinment to science's continuing devel oprent. Through the theories they enbody, paradi gns
prove to be constitutive of the research activity. They are al so, however, constitutive of
science in other respects, and that is nowthe point. In particular, our nost recent exanples
show t hat paradi gns provide scientists not only with a map but also with some of the directions
essential for map-making. In learning a paradigmthe scientist acquires theory, nethods, and
standards together, usually in an inextricable mxture. Therefore, when paradi gnms change, there
are usually significant shifts in the criteria determning the legitinmcy both of problens and
of proposed sol utions.

That observation returns us to the point fromwhich this section began, for it provides our
first explicit indication of why the choice between conpeting paradigns regularly raises
questions that cannot be resolved by the criteria of normal science. To the extent, as
significant as it is inconplete, that two scientific schools di sagree about what is a problem
and what a solution, they will inevitably talk through each other when debating the relative
merits of their respective paradigns. In the partially circular argunents that regularly result,
each paradigmwi ||l be shown to satisfy nore or less the criteria that it dictates for itself and
to fall short of a few of those dictated by its opponent. There are other reasons, too, for the
i nconpl et eness of |ogical contact that consistently characterizes paradi gm debates. For exanple,
since no paradi gmever solves all the problens it defines and since no two paradi gns | eave all
the sane probl ens unsol ved, paradi gm debates al ways involve the question: Wich problens is it
nore significant to have sol ved? Like the issue of competing standards, that question of val ues
can be answered only in terns of criteria that |lie outside of nornmal science altogether, and it
is that recourse to external criteria that nost obviously rmakes paradi gm debates revol utionary.
Sonet hi ng even nore fundanental than standards and values is, however, also at stake. | have so
far argued only that paradigns are constitutive of science. Now | wish to display a sense in

whi ch they are constitutive of nature as well
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X. Revol utions as Changes of Wrld View

Exam ning the record of past research fromthe vantage of contenporary historiography, the

hi stori an of science may be tenpted to exclaimthat when paradi gns change, the world itself
changes with them Led by a new paradigm scientists adopt new i nstrunents and | ook in new

pl aces. Even nore inportant, during revolutions scientists see new and di fferent things when
looking with familiar instrunents in places they have | ooked before. It is rather as if the
prof essi onal conmunity had been suddenly transported to another planet where familiar objects
are seen in a different light and are joined by unfamliar ones as well. O course, nothing of
quite that sort does occur: there is no geographical transplantation; outside the |aboratory
everyday affairs usually continue as before. Neverthel ess, paradi gm changes do cause scientists
to see the world of their research-engagenent differently. In so far as their only recourse to
that world is through what they see and do, we may want to say that after a revolution
scientists are responding to a different world.

It is as elenmentary prototypes for these transformations of the scientist's world that the

fam liar denonstrations of a switch in visual gestalt prove so suggestive. Wiat were ducks in
the scientist's world before the revolution are rabbits afterwards. The man who first saw the
exterior of the box fromabove later sees its interior frombel ow Transformations |ike these,
though usual ly nore gradual and al nost always irreversible, are conmon conconitants of
scientific training. Looking at a contour map, the student sees |ines on paper, the cartographer
a picture of a terrain. Looking at a bubbl e-chanmber phot ograph, the student sees confused and
broken lines, the physicist a record of famliar subnuclear events. Only after a nunber of such
transformations of vision does the student becone an inhabitant of the scientist's world, seeing
what the scientist sees and responding as the scientist does. The world that the student then
enters is not, however, fixed once and for all by the nature of the environment, on the one
hand, and of science, on the other. Rather, it is deternined jointly by the environnent and the
particular normal -scientific tradition that the student has been trained to pursue. Therefore,

at times of revolution, when the normal-scientific tradition changes, the scientist's perception
of his environnent must be re-educated--in sonme fam liar situations he nmust learn to see a new
gestalt. After he has done so the world of his research will seem here and there,

i ncormensurable with the one he had inhabited before. That is another reason why school s gui ded
by different paradigns are always slightly at cross-purposes.

In their most usual form of course, gestalt experiments illustrate only the nature of

perceptual transformations. They tell us nothing about the role of paradigns or of previously
assim | ated experience in the process of perception. But on that point there is a rich body of
psychol ogi cal literature, much of it stemm ng fromthe pioneering work of the Hanover Institute.
An experinmental subject who puts on goggles fitted with inverting lenses initially sees the
entire world upside down. At the start his perceptual apparatus functions as it had been trained
to function in the absence of the goggles, and the result is extrene disorientation, an acute
personal crisis. But after the subject has begun to learn to deal with his new world, his entire
visual field flips over, usually after an intervening period in which vision is sinply confused.
Thereafter, objects are again seen as they had been before the goggles were put on. The
assimlation of a previously anonal ous visual field has reacted upon and changed the field



itself.1 Literally as well as metaphorically, the nman accustomed to inverting | enses has
undergone a revolutionary transformati on of vision

The subjects of the anomal ous pl ayi ng-card experinment discussed in Section VI experienced a
quite simlar transformation. Until taught by prol onged exposure that the universe contained
anonal ous cards, they saw only the types of cards for which previous experience had equi pped
them Yet once experience had provided the requisite additional categories, they were able to
see all anomal ous cards on the first inspection |ong enough to permt any identification at all

Still other experiments denonstrate that the perceived size, color, and so on, of experinentally
di spl ayed objects also varies with the subject's previous training and experience.2 Surveying
the rich experinmental literature from which these exanpl es are drawn nmakes one suspect that

sonething li ke a paradigmis prerequisite to perception itself. Wat a man sees depends both
upon what he | ooks at and al so upon what his previous visual-conceptual experience has taught
himto see. In the absence of such training there can only be, in WIlliam Janes's phrase, "a
bl oom n" buzzin' confusion."

In recent years several of those concerned with the history of science have found the sorts of
experinents described above i mensely suggestive. N. R Hanson, in particular, has used gestalt
denmonstrations to el aborate sone of the same consequences of scientific belief that concern ne
here.8 O her coll eagues have repeatedly noted that history of science would nake better and nore
coherent sense if one could suppose that scientists occasionally experienced shifts of
perception like those descri bed above. Yet, though psychol ogi cal experinments are suggestive,
they cannot, in the nature of the case, be nore than that. They do display characteristics of
perception that could be central to scientific devel opnent, but they do not denonstrate that the
careful and controll ed observati on exercised by the research scientist at all partakes of those
characteristics. Furthernore, the very nature of these experinents makes any direct
denponstration of that point inmpossible. If historical exanple is to nake these psychol ogi ca
experinents seemrelevant, we nust first notice the sorts of evidence that we may and may not
expect history to provide.

The subject of a gestalt denonstration knows that his perception has shifted because he can nake
it shift back and forth repeatedly while he holds the same book or piece of paper in his hands.
Aware that nothing in his environnment has changed, he directs his attention increasingly not to
the figure (duck or rabbit) but to the lines on the paper he is looking at. Utimtely he may
even learn to see those lines without seeing either of the figures, and he may then say (what he
could not legitimtely have said earlier) that it is these lines that he really sees but that he
sees themalternately as a duck and as a rabbit. By the sane token, the subject of the anonal ous
card experinent knows (or, nore accurately, can be persuaded) that his perception nust have

shi fted because an external authority, the experinmenter, assures himthat regardl ess of what he
saw, he was | ooking at a black five of hearts all the tinme. In both these cases, as in al

sim lar psychol ogi cal experiments, the effectiveness of the denmponstrati on depends upon its being
anal yzable in this way. Unless there were an external standard with respect to which a switch of
vi sion coul d be denonstrated, no concl usion about alternate perceptual possibilities could be

dr awn.

Wth scientific observation, however, the situation is exactly reversed. The scientist can have
no recourse above or beyond what he sees with his eyes and instrunents. |If there were sone

hi gher authority by recourse to which his vision mght be shown to have shifted, then that
authority would itself beconme the source of his data, and the behavior of his vision would
becone a source of problens (as that of the experinmental subject is for the psychol ogist). The
same sorts of problens would arise if the scientist could switch back and forth Iike the subject
of the gestalt experiments. The period during which light was "sonetimes a wave and sonetines a
particle" was a period of crisis--a period when sonething was wong--and it ended only with the
devel opnment of wave nmechanics and the realization that light was a self-consistent entity
different fromboth waves and particles. In the sciences, therefore, if perceptual swtches
acconpany paradi gm changes, we may not expect scientists to attest to these changes directly.

Looki ng at the noon, the convert to Copernicani smdoes not say, "l used to see a planet, but now
| see a satellite.” That locution would inply a sense in which the Ptol emai ¢ system had once
been correct. Instead, a convert to the new astronony says, "l once took the noon to be (or saw

the noon as) a planet, but | was mistaken." That sort of statenent does recur in the aftermath
of scientific revolutions. If it ordinarily disguises a shift of scientific vision or some other
mental transformation with the same effect, we nmay not expect direct testinmony about that shift.
Rat her we nust | ook for indirect and behavioral evidence that the scientist with a new paradi gm
sees differently fromthe way he had seen before.



Let us then return to the data and ask what sorts of transformations in the scientist's world
the historian who believes in such changes can discover. Sir WIIliam Herschel's di scovery of
Uranus provides a first exanple and one that closely parallels the anomal ous card experinment. On
at | east seventeen different occasions between 1690 and 1781, a nunber of astrononers, including
several of Europe's npbst em nent observers, had seen a star in positions that we now suppose
must have been occupied at the time by Uranus. One of the best observers in this group had
actually seen the star on four successive nights in 1769 w thout noting the notion that could
have suggested another identification. Herschel, when he first observed the sane object twelve
years later, did so with a much inproved tel escope of his own manufacture. As a result, he was
able to notice an apparent disk-size that was at |east unusual for stars. Sonething was awy,
and he therefore postponed identification pending further scrutiny. That scrutiny disclosed
Uranus' notion anong the stars, and Herschel therefore announced that he had seen a new conet!
Only several months later, after fruitless attenpts to fit the observed notion to a conetary
orbit, did Lexell suggest that the orbit was probably planetary.4 Wen that suggestion was
accepted, there were several fewer stars and one nore planet in the world of the professiona
astrononer. A celestial body that had been observed off and on for alnost a century was seen
differently after 1781 because, |ike an anonal ous playing card, it could no longer be fitted to
the perceptual categories (star or conet) provided by the paradigmthat had previously
prevail ed.

The shift of vision that enabled astrononers to see Uranus, the planet, does not, however, seem
to have affected only the perception of that previously observed object. Its consequences were
nore far-reaching. Probably, though the evidence is equivocal, the mnor paradi gmchange forced
by Herschel helped to prepare astrononers for the rapid discovery, after 1801, of the nunerous
m nor planets or asteroids. Because of their small size, these did not display the anonal ous
magni fi cation that had al erted Herschel. Neverthel ess, astrononers prepared to find additiona

pl anets were able, with standard instrunents, to identify twenty of themin the first fifty
years of the nineteenth century.5 The history of astronomy provides nmany ot her exanpl es of

par adi gm i nduced changes in scientific perception, sone of themeven |ess equivocal. Can it
conceivably be an accident, for exanple, that Western astrononers first saw change in the

previ ously imrutabl e heavens during the half-century after Copernicus' new paradi gmwas first
proposed? The Chi nese, whose cosnol ogi cal beliefs did not preclude celestial change, had
recorded the appearance of many new stars in the heavens at a nuch earlier date. Also, even

wi thout the aid of a telescope, the Chinese had systematically recorded the appearance of
sunspots centuries before these were seen by Galileo and his contenporaries.6 Nor were sunspots
and a new star the only exanples of celestial change to energe in the heavens of Wstern
astronony i medi ately after Copernicus. Using traditional instrunents, some as sinple as a piece
of thread, late sixteenth-century astrononers repeatedly di scovered that conmets wandered at will
t hrough the space previously reserved for the inmmutable planets and stars.7 The very ease and
rapidity with which astronomers saw new thi ngs when | ooking at old objects with old instruments
may rmake us wish to say that, after Copernicus, astrononers lived in a different world. In any
case, their research responded as though that were the case.

The precedi ng exanpl es are sel ected from astronony because reports of celestial observation are
frequently delivered in a vocabulary consisting of relatively pure observation terns. Only in
such reports can we hope to find anything like a full parallelismbetween the observations of
scientists and those of the psychol ogist's experinental subjects. But we need not insist on so
full a parallelism and we have much to gain by relaxing our standard. If we can be content with
the everyday use of the verb 'to see,' we may quickly recogni ze that we have al ready encountered
many ot her exanples of the shifts in scientific perception that acconpany paradi gm change. The
ext ended use of 'perception' and of 'seeing' will shortly require explicit defense, but let me
first illustrate its application in practice.

Look again for a moment at two of our previous exanples fromthe history of electricity. During
the seventeenth century, when their research was gui ded by one or another effluviumtheory,

el ectricians repeatedly saw chaff particles rebound from or fall off, the electrified bodies
that had attracted them At |least that is what seventeenth-century observers said they saw, and
we have no nore reason to doubt their reports of perception than our own. Placed before the sane
apparatus, a nodern observer woul d see electrostatic repulsion (rather than nechanical or
gravitational rebounding), but historically, with one universally ignored exception

el ectrostatic repul sion was not seen as such until Hauksbee's |arge-scal e apparatus had greatly
magni fied its effects. Repulsion after contact electrification was, however, only one of nany
new repul sive effects that Hauksbee saw. Through his researches, rather as in a gestalt switch



repul si on suddenly becane the fundanental manifestation of electrification, and it was then
attraction that needed to be explained.8 The el ectrical phenonena visible in the early

ei ghteenth century were both subtler and nore varied than those seen by observers in the
seventeenth century. O again, after the assimilation of Franklin's paradigm the electrician
| ooking at a Leyden jar saw sonething different fromwhat he had seen before. The device had
becone a condenser, for which neither the jar shape nor glass was required. Instead, the two
conducti ng coatings--one of which had been no part of the original device--enmerged to

prom nence. As both witten discussions and pictorial representations gradually attest, two
netal plates with a non-conductor between them had becone the prototype for the class.9

Si mul t aneously, other inductive effects received new descriptions, and still others were noted
for the first tine.

Shifts of this sort are not restricted to astronony and electricity. W have al ready remarked
some of the simlar transformations of vision that can be drawn fromthe history of chem stry.
Lavoi si er, we said, saw oxygen where Priestley had seen dephl ogisticated air and where others
had seen nothing at all. In learning to see oxygen, however, Lavoisier also had to change his

vi ew of many other nore famliar substances. He had, for exanple, to see a compound ore where
Priestley and his contenporaries had seen an el enentary earth, and there were other such changes
besides. At the very least, as a result of discovering oxygen, Lavoisier saw nature

differently. And in the absence of some recourse to that hypothetical fixed nature that he "saw
differently," the principle of econony will urge us to say that after discovering oxygen

Lavoi sier worked in a different world.

I shall inquire in a nonment about the possibility of avoiding this strange |ocution, but first

we require an additional exanple of its use, this one deriving fromone of the best known parts
of the work of Galileo. Since renote antiquity nost people have seen one or another heavy body
swi ngi ng back and forth on a string or chain until it finally cones to rest. To the
Aristotelians,

who believed that a heavy body is noved by its own nature froma higher position to a state of
natural rest at a | ower one, the swinging body was sinply falling with difficulty. Constrained
by the chain, it could achieve rest at its low point only after a tortuous notion and a
considerable time. Galileo, on the other hand, |ooking at the sw nging body, saw a pendulum a
body that al nbst succeeded in repeating the sane notion over and over again ad infinitum And
havi ng seen that much, Galil eo observed other properties of the pendulumas well and constructed
many of the nost significant and original parts of his new dynam cs around them Fromthe
properties of the pendulum for exanple, Gailleo derived his only full and sound argunents for
the i ndependence of weight and rate of fall, as well as for the rel ationship between vertica
hei ght and termi nal velocity of motions down inclined planes. to All these natural phenonena he
saw differently fromthe way they had been seen before.

Why did that shift of vision occur? Through Galileo's individual genius, of course. But note
that genius does not here manifest itself in nore accurate or objective observation of the

swi ngi ng body. Descriptively, the Aristotelian perception is just as accurate. Wen Glileo
reported that the pendulum s period was independent of anplitude for anplitudes as great as 90°,
his view of the pendulumled himto see far nore regularity than we can now di scover there. 11
Rat her, what seens to have been invol ved was the exploitation by genius of perceptua
possibilities made avail abl e by a medi eval paradigmshift. Galileo was not raised conpletely as
an Aristotelian. On the contrary, be was trained to analyze notions in terns of the inpetus
theory, a | ate nedi eval paradi gmwhich held that the continuing notion of a heavy body is due to
an internal power inplanted in it by the projector that initiated its notion. Jean Buridan and
Ni cole Oresnme, the fourteenth-century schol astics who brought the inpetus theory to its nost
perfect fornulations, are the first men known to have seen in oscillatory notions any part of
what Galileo saw there. Buridan describes the notion of a vibrating string as one in which

i mpetus is first inplanted when the string is struck; the inpetus is next consuned in displacing
the string against the resistance of its tension; tension then carries the string back

i mpl anting increasing inpetus until the md-point of motion is reached; after that the inpetus
di splaces the string in the opposite direction, again against the string's tension, and so on in
a symetric process that may continue indefinitely. Later in the century Oresne sketched a
simlar analysis of the swinging stone in what now appears as the first discussion of a
pendulum 12 H's viewis clearly very close to the one with which Galileo first approached the
pendulum At least in Oresnme's case, and alnost certainly in Galileo's as well, it was a view
made possible by the transition fromthe original Aristotelian to the schol astic inpetus
paradigm for nmotion. Until that scholastic paradigmwas invented, there were no pendul uns, but



only swi nging stones, for the scientist to see. Pendul unms were brought into existence by
somet hing very |like a paradi gminduced gestalt switch

Do we, however, really need to describe what separates Galileo fromAristotle, or Lavoisier from
Priestley, as a transformation of vision? Did these nen really see different things when | ooking
at the sane sorts of objects? Is there any legitinate sense in which we can say that they
pursued their research in different worlds? Those questions can no |onger be postponed, for
there is obviously another and far nore usual way to describe all of the historical exanples
outlined above. Many readers will surely want to say that what changes with a paradigmis only
the scientist's interpretation of observations that thenselves are fixed once and for all by the
nature of the environnent and of the perceptual apparatus. On this view, Priestley and Lavoi sier
bot h saw oxygen, but they interpreted their observations differently; Aristotle and Galileo both
saw pendul uns, but they differed in their interpretations of what they both had seen

Let me say at once that this very usual view of what occurs when scientists change their m nds
about fundanmental matters can be neither all wong nor a nere mstake. Rather it is an essential
part of a phil osophical paradigminitiated by Descartes and devel oped at the sanme tinme as

Newt oni an dynani cs. That paradi gm has served both science and phil osophy well. Its exploitation
like that of dynamics itself, has been fruitful of a fundamental understanding that perhaps
coul d not have been achieved in another way. But as the exanpl e of Newtonian dynam cs al so

i ndi cates, even the nost striking past success provides no guarantee that crisis can be

i ndefinitely postponed. Today research in parts of philosophy, psychol ogy, linguistics, and even
art history, all converge to suggest that the traditional paradigmis sonehow askew. That
failure to fit is also made increasingly apparent by the historical study of science to which
nost of our attention is necessarily directed here.

None of these crisis-pronoting subjects has yet produced a viable alternate to the traditiona
epi st enol ogi cal paradigm but they do begin to suggest what sonme of that paradignis
characteristics will be. I am for exanple, acutely aware of the difficulties created by saying
that when Aristotle and Galileo | ooked at sw nging stones, the first saw constrained fall, the
second a pendulum The sane difficulties are presented in an even nore fundanental form by the
openi ng sentences of this section: though the world does not change with a change of paradi gm
the scientist afterward works in a different world. Nevertheless, | amconvinced that we nust
learn to make sense of statenents that at |east resenble these. What occurs during a scientific
revolution is not fully reducible to a reinterpretation of individual and stable data. In the
first place, the data are not unequivocally stable. A pendulumis not a falling stone, nor is
oxygen dephl ogi sticated air. Consequently, the data that scientists collect fromthese diverse
objects are, as we shall shortly see, thenmselves different. Mdre inportant, the process by which
either the individual or the community nmakes the transition fromconstrained fall to the
pendul um or from dephl ogi sticated air to oxygen is not one that resenbles interpretati on. How
could it do so in the absence of fixed data for the scientist to interpret? Rather than being an
interpreter, the scientist who enbraces a new paradigmis |like the man wearing inverting | enses.
Confronting the sane constellation of objects as before and knowi ng that he does so, he
neverthel ess finds themtransformed through and through in many of their details.

None of these renmarks is intended to indicate that scientists do not characteristically

i nterpret observations and data. On the contrary, Galileo interpreted observations on the
pendul um Aristotle observations on falling stones, Misschenbroek observations on a charge-
filled bottle, and Franklin observations on a condenser. But each of these interpretations
presupposed a paradigm They were parts of normal science, an enterprise that, as we have

al ready seen, ains to refine, extend, and articulate a paradigmthat is already in existence.
Section Il provided many exanples in which interpretation played a central role. Those exanpl es
typify the overwhelming najority of research. In each of themthe scientist, by virtue of an
accepted paradigm knew what a datum was, what instrunents mght be used to retrieve it, and
what concepts were relevant to its interpretation. Gven a paradigm interpretation of data is
central to the enterprise that explores it.

But that interpretive enterprise---and this was the burden of the paragraph before | ast--can
only articulate a paradigm not correct it. Paradigns are not corrigible by normal science at
all. Instead, as we have already seen, nornmal science ultinmately leads only to the recognition
of anonmalies and to crises. And these are ternminated, not by deliberation and interpretation

but by a relatively sudden and unstructured event |like the gestalt switch. Scientists then often
speak of the "scales falling fromthe eyes" or of the "lightning flash" that "inundates" a
previously obscure puzzle, enabling its conmponents to be seen in a new way that for the first



time permits its solution. On other occasions the relevant illumnination conmes in sleep.13 No
ordinary sense of the term'interpretation' fits these flashes of intuition through which a new
paradi gmis born. Though such intuitions depend upon the experience, both anonal ous and
congruent, gained with the old paradigm they are not logically or pieceneal |inked to
particular items of that experience as an interpretation would be. Instead, they gather up large
portions of that experience and transformthemto the rather different bundl e of experience that
will thereafter be |inked pieceneal to the new paradigmbut not to the old.

To |l earn nore about what these differences in experience can be, return for a nonent to
Aristotle, Galileo, and the pendulum Wat data did the interaction of their different paradigns
and their common environment make accessible to each of then? Seeing constrained fall, the
Aristotelian would neasure (or at |east discuss--the Aristotelian sel dom neasured) the wei ght of
the stone, the vertical height to which it had been raised, and the tine required for it to

achi eve rest. Together with the resistance of the medium these were the conceptual categories
depl oyed by Aristotelian science when dealing with a falling body.14 Normal research guided by
them coul d not have produced the laws that Galileo discovered. It could only--and by another
route it did--lead to the series of crises fromwhich Galileo' s view of the sw nging stone
energed. As a result of those crises and of other intellectual changes besides, Galileo saw the
swi ngi ng stone quite differently. Archinmedes' work on floating bodi es nade the nedi um non-
essential; the inpetus theory rendered the notion symmetrical and enduring; and Neopl at oni sm
directed Galileo's attention to the notion's circular form 15 He therefore neasured only wei ght,
radi us, angul ar di splacenment, and tine per swi ng, which were precisely the data that could be
interpreted to yield Galileo's laws for the pendulum In the event, interpretation proved al nost
unnecessary. Gven Glileo's paradi gns, pendulumlike regularities were very nearly accessible
to inspection. How else are we to account for Galileo's discovery that the bob's period is
entirely independent of anplitude, a discovery that the normal science stenming from Galileo had
to eradicate and that we are quite unable to docunent today. Regularities that could not have
existed for an Aristotelian (and that are, in fact, nowhere precisely exenplified by nature)
wer e consequences of imredi ate experience for the nan who saw the sw nging stone as Galileo did.

Per haps that exanple is too fanciful since the Aristotelians recorded no di scussions of sw nging
stones. On their paradigmit was an extraordinarily conpl ex phenonmenon. But the Aristotelians
did discuss the sinpler case, stones falling wi thout uncommon constraints, and the sane

di fferences of vision are apparent there. Contenplating a falling stone, Aristotle saw a change
of state rather than a process. For himthe rel evant neasures of a nmotion were therefore tota

di stance covered and total tinme el apsed, paraneters which yield what we should now call not
speed but average speed. 16 Similarly, because the stone was inpelled by its nature to reach its
final resting point, Aristotle saw the rel evant di stance paraneter at any instant during the
notion as the distance to the final end point rather than as that fromthe origin of notion.17
Those conceptual paranmeters underlie and give sense to nost of his well-known "l aws of notion."
Partly through the inpetus paradi gm however, and partly through a doctrine known as the

| atitude of forns, scholastic criticismchanged this way of view ng notion. A stone noved by

i mpetus gained nore and nore of it while receding fromits starting point; distance fromrather
than distance to therefore becanme the rel evant parameter. In addition, Aristotle's notion of
speed was bhifurcated by the scholastics into concepts that soon after Galileo becane our average
speed and i nstantaneous speed. But when seen through the paradi gm of which these conceptions
were a part, the falling stone, like the pendulum exhibited its governing |aws al nost on

i nspection. Galileo was not one of the first men to suggest that stones fall with a uniformy
accel erated nmotion. 18 Furthernore, he had devel oped his theoremon this subject together with
many of its consequences before he experinmented with an inclined plane. That theorem was anot her
one of the network of new regularities accessible to genius in the world deternmined jointly by
nature and by the paradi gnms upon which Galileo and his contenporaries had been raised. Living in
that world, Galileo could still, when he chose, explain why Aristotle had seen what he did.
Nevert hel ess, the imediate content of Galileo's experience with falling stones was not what
Aristotle's had been.

It is, of course, by no neans clear that we need be so concerned with "inredi ate experience"--
that is, with the perceptual features that a paradigmso highlights that they surrender their
regul arities al nbst upon inspection. Those features nust obviously change with the scientist's
conmmitnents to paradigns, but they are far fromwhat we ordinarily have in mnd when we speak of
the raw data or the brute experience fromwhich scientific research is reputed to proceed.

Per haps i mmedi at e experience should be set aside as fluid, and we shoul d di scuss instead the
concrete operations and neasurenents that the scientist perforns in his laboratory. O perhaps
the analysis should be carried further still fromthe inmediately given. It might, for exanple,



be conducted in terms of some neutral observation-|anguage, perhaps one designed to conformto
the retinal inprints that nediate what the scientist sees. Only in one of these ways can we hope
to retrieve a realmin which experience is again stable once and for all--in which the pendul um
and constrained fall are not different perceptions but rather different interpretations of the
unequi vocal data provi ded by observation of a sw nging stone.

But is sensory experience fixed and neutral ? Are theories sinply man-nade interpretations of
gi ven data? The epi stenol ogi cal viewpoint that has nost often guided Western phil osophy for
three centuries dictates an i medi ate and unequi vocal, Yes! 1In the absence of a devel oped
alternative, | find it inpossible to relinquish entirely that viewpoint. Yet it no |onger
functions effectively, and the attenpts to make it do so through the introduction of a neutra
| anguage of observations now seemto ne hopel ess.

The operations and neasurenents that a scientist undertakes in the | aboratory are not "the

gi ven" of experience but rather "the collected with difficulty.” They are not what the scientist
sees--at |east not before his research is well advanced and his attention focused. Rather, they
are concrete indices to the content of nmore el ementary perceptions, and as such they are

sel ected for the close scrutiny of nornmal research only because they pronise opportunity for the
fruitful elaboration of an accepted paradigm Far nore clearly than the i mmedi ate experience
fromwhich they in part derive, operations and neasurenents are paradi gmdeterm ned. Science
does not deal in all possible | aboratory mani pulations. Instead, it selects those relevant to
the juxtaposition of a paradigmw th the i mredi ate experience that that paradi gmhas partially
determined. As a result, scientists with different paradigns engage in different concrete

| aboratory mani pul ations. The neasurenents to be perforned on a pendul um are not the ones
relevant to a case of constrained fall. Nor are the operations relevant for the elucidation of
oxygen's properties uniformy the same as those required when investigating the characteristics
of dephlogisticated air. As for a pure observation-|anguage, perhaps one will yet be devised.

But three centuries after Descartes our hope for such an eventuality still depends exclusively
upon a theory of perception and of the m nd. And nodem psychol ogi cal experinentation is rapidly
proliferating phenonena with which that theory can scarcely deal. The duck-rabbit shows that two
men with the same retinal inpressions can see different things; the inverting | enses show that
two men with different retinal inpressions can see the same thing. Psychol ogy supplies a great
deal of other evidence to the sane effect, and the doubts that derive fromit are readily
reinforced by the history of attenpts to exhibit an actual |anguage of observation. No current
attenpt to achieve that end has yet cone close to a generally applicable | anguage of pure
percepts. And those attenpts that cone cl osest share one characteristic that strongly reinforces
several of this essay's main theses. Fromthe start they presuppose a paradi gm taken either
froma current scientific theory or fromsonme fraction of everyday di scourse, and they then try
to elimnate fromit all non-logical and non-perceptual terns. In a few realns of discourse this
effort has been carried very far and with fascinating results. There can be no question that
efforts of this sort are worth pursuing. But their result is a |language that--1ike those

enpl oyed in the sciences--enbodi es a host of expectations about nature and fails to function the
nonment these expectations are violated. Nel son Goodman makes exactly this point in describing
the ains of his Structure of Appearance: "It is fortunate that nothing nore [than phenonena
known to exist] is in question; for the notion of 'possible cases, of cases that do not exi st
but m ght have existed, is far fromclear."19 No | anguage thus restricted to reporting a world
fully known in advance can produce nmere neutral and objective reports on "the given."

Phi | osophi cal investigation has not yet provided even a hint of what a | anguage able to do that
woul d be Iike.

Under these circunstances we nmay at | east suspect that scientists are right in principle as well
as in practice when they treat oxygen and pendul uns (and perhaps al so atons and el ectrons) as
the fundamental ingredients of their imredi ate experience. As a result of the paradi gm enbodi ed
experience of the race, the culture, and, finally, the profession, the world of the scientist
has come to be popul ated with planets and pendul uns, condensers and conpound ores, and ot her
such bodi es besi des. Compared with these objects of perception, both neter stick readings and
retinal inprints are elaborate constructs to which experience has direct access only when the
scientist, for the special purposes of his research, arranges that one or the other should do
so. This is not to suggest that penduluns, for exanple, are the only things a scientist could
possi bly see when | ooking at a sw nging stone. (W have al ready noted that nenbers of another
scientific comunity could see constrained fall.) But it is to suggest that the scientist who

| ooks at a swinging stone can have no experience that is in principle nore elenentary than
seeing a pendulum The alternative is not sone hypothetical "fixed" vision, but vision through
anot her paradi gm one whi ch makes the swi nging stone sonething el se.



Al of this may seem nore reasonable if we again remenber that neither scientists nor |aynen
learn to see the world pieceneal or itemby item Except when all the conceptual and
mani pul ati ve categories are prepared in advance--e.g., for the discovery of an additiona
transurani c el ement or for catching sight of a new house--both scientists and |aymen sort out
whol e areas together fromthe flux of experience. The child who transfers the word 'manma' from
all hurmans to all fenales and then to his nother is not just |earning what 'mama' neans or who
his nmother is. Simultaneously he is |earning sone of the differences between nmal es and fenal es
as well as sonething about the ways in which all but one fenale will behave toward him His
reactions, expectations, and beliefs--indeed, nuch of his perceived world--change accordingly.
By the same token, the Copernicans who denied its traditional title 'planet’ to the sun were not
only learning what 'planet’' neant or what the sun was. |Instead, they were changi ng the neaning
of 'planet' so that it could continue to make useful distinctions in a world where all celestial
bodi es, not just the sun, were seen differently fromthe way they had been seen before. The same
poi nt could be nade about any of our earlier exanples. To see oxygen instead of dephl ogisticated
air, the condenser instead of the Leyden jar, or the penduluminstead of constrained fall, was
only one part of an integrated shift in the scientist's vision of a great nmany rel ated chemi cal
el ectrical, or dynam cal phenonena. Paradi gns deternine |arge areas of experience at the same
time.

It is, however, only after experience has been thus determined that the search for an
operational definition or a pure observation-language can begin. The scientist or philosopher
who asks what neasurenents or retinal inprints make the pendulumwhat it is nust already be able
to recogni ze a pendul um when he sees one. If he saw constrained fall instead, his question could
not even be asked. And if he saw a pendulum but saw it in the same way he saw a tuning fork or
an oscillating | balance, his question could not be answered. At least it could not be answered
in the same way, because it would not be the sane question. Therefore, though they are always
legitimate and are occasionally extraordinarily fruitful, questions about retinal inprints or
about the consequences of particul ar |aboratory manipul ati ons presuppose a world al ready
perceptual Iy and conceptually subdivided in a certain way. In a sense such questions are parts
of normal science, for they depend upon the existence of a paradigm and they receive different
answers as a result of paradi gm change

To conclude this section, let us henceforth neglect retinal inpressions and again restrict
attention to the | aboratory operations that provide the scientist with concrete though
fragnmentary indices to what he has already seen. One way in which such | aboratory operations
change with paradi gns has al ready been observed repeatedly. After a scientific revolution nany
ol d neasurenents and mani pul ati ons becone irrelevant and are replaced by others instead. One
does not apply all the sane tests to oxygen as to dephlogisticated air. But changes of this sort

are never total. Watever he may then see, the scientist after a revolution is still |ooking at
the sanme world. Furthernore, though he may previously have enployed themdifferently, nuch of
hi s | anguage and nost of his laboratory instrunents are still the same as they were before. As a

result, postrevolutionary science invariably includes many of the sane mani pul ati ons, perforned
with the sane instruments and described in the sanme terns, as its prerevol utionary predecessor.

| f these enduring manipul ati ons have been changed at all, the change nmust lie either in their
relation to the paradigmor in their concrete results. | now suggest, by the introduction of one
| ast new exanple, that both these sorts of changes occur. Examining the work of Dalton and his
contenporaries, we shall discover that one and the sane operation, when it attaches to nature
through a different paradigm can beconme an index to a quite different aspect of nature's
regularity. In addition, we shall see that occasionally the old manipulation in its newrole
will yield different concrete results.

Thr oughout much of the eighteenth century and into the nineteenth, European chem sts al nost
universally believed that the elenentary atons of which all chenical species consisted were held
together by forces of mutual affinity. Thus a lunp of silver cohered because of the forces of
affinity between silver corpuscles (until after Lavoisier these corpuscles were thensel ves

t hought of as conpounded fromstill nore elenentary particles). On the sane theory silver
dissolved in acid (or salt in water) because the particles of acid attracted those of silver (or
the particles of water attracted those of salt) nore strongly than particles of these solutes
attracted each other. O again, copper would dissolve in the silver solution and precipitate
silver, because the copper-acid affinity was greater than the affinity of acid for silver. A
great many ot her phenonena were explained in the sane way. In the eighteenth century the theory
of elective affinity was an adnirabl e chem cal paradigm w dely and sonetines fruitfully

depl oyed in the design and anal ysis of chemical experinentation.20



Affinity theory, however, drew the |ine separating physical mxtures from chenical conpounds in
a way that has beconme unfam liar since the assimlation of Dalton's work. Eighteenth-century
chem sts did recognize two sorts of processes. Wen mixing produced heat, light, effervescence
or something el se of the sort, chemical union was seen to have taken place. If, on the other
hand, the particles in the mixture could be distinguished by eye or nmechanically separat ed,
there was only physical mxture. But in the very large nunber of internedi ate cases--salt in
wat er, alloys, glass, oxygen in the atmosphere, and so on--these crude criteria were of little
use. @uided by their paradigm nobst chem sts viewed this entire internediate range as chem cal
because the processes of which it consisted were all governed by forces of the same sort. Salt
in water or oxygen in nitrogen was just as rmuch an exanple of chenical conbination as was the
conbi nation produced by oxidizing copper. The argunments for view ng solutions as conpounds were
very strong. Affinity theory itself was well attested. Besides, the formation of a conpound
accounted for a solution's observed honogeneity. If, for exanmple, oxygen and nitrogen were only
m xed and not conbined in the atnosphere, then the heavier gas, oxygen, should settle to the
bottom Dalton, who took the atnosphere to be a mixture, was never satisfactorily able to

expl ain oxygen's failure to do so. The assinilation of his atomic theory ultimately created an
anonmal y where there had been none before. 21

One is tenpted to say that the chem sts who viewed sol utions as conpounds differed fromtheir
successors only over a matter of definition; In one sense that may have been the case. But that
sense is not the one that nakes definitions nmere conventional conveniences. In the eighteenth
century mxtures were not fully distinguished from conpounds by operational tests, and perhaps
they could not have been. Even if chem sts had | ooked for such tests, they woul d have sought
criteria that nade the solution a conmpound. The m xture-conpound di stinction was part of their
paradi gm -part of the way they viewed their whole

field of research--and as such it was prior to any particular |aboratory test, though not to the
accumul at ed experience of chenmistry as a whol e.

But while chenmistry was viewed in this way, chem cal phenonena exenplified laws different from
those that emerged with the assimilation of Dalton's new paradigm In particular, while

sol utions remai ned conmpounds, no anount of chenical experinmentation could by itself have
produced the | aw of fixed proportions. At the end of the eighteenth century it was w dely known
that some conpounds ordinarily contained fixed proportions by weight of their constituents. For
some categories of reactions the German chenmist Richter had even noted the further regularities
now enbraced by the | aw of chemical equival ents.22 But no cheni st nade use of these regularities
except in recipes, and no one until alnost the end of the century thought of generalizing them
G ven the obvious counterinstances, like glass or like salt in water, no generalization was
possi bl e wi thout an abandonnment of affinity theory and a reconceptualization of the boundaries
of the chem st's domain. That consequence becane explicit at the very end of the century in a

f amous debat e between the French chemi sts Proust and Berthollet. The first clained that al

chemi cal reactions occurred in fixed proportion, the latter that they did not. Each collected

i mpressi ve experinmental evidence for his view Nevertheless, the two nen necessarily talked
through each other, and their debate was entirely inconclusive. Were Bertbollet saw a conpound
that could vary in proportion, Proust saw only a physical mxture.23 To that issue neither
experinent nor a change of definitional convention could be relevant. The two nen were as
fundanmental |y at cross-purposes as Galileo and Aristotle had been

This was the situation during the years when John Dalton undertook the investigations that |ed
finally to his famus chemical atom c theory. But until the very |ast stages of those

i nvestigations, Dalton was neither a chenist nor interested in chenmstry. |Instead, he was a

nmet eorol ogi st investigating the, for him physical problens of the absorption of gases by water
and of water by the atnosphere. Partly because his training was in a different specialty and
partly because of his own work in that specialty, he approached these problens wth a paradi gm
different fromthat of contenporary chemsts. In particular, he viewed the nixture of gases or
the absorption of a gas in water as a physical process, one in which forces of affinity played
no part. To him therefore, the observed honogeneity of solutions was a problem but one which
he thought he could solve if he could determine the relative sizes and wei ghts of the various
atomic particles in his experinental mxtures. It was to determ ne these sizes and wei ghts that
Dalton finally turned to chem stry, supposing fromthe start that, in the restricted range of
reactions that he took to be chemcal, atons could only conbine one-to-one or in sonme other

si mpl e whol e-nunber ratio.24 That natural assunption did enable himto determ ne the sizes and
wei ghts of elenmentary particles, but it also nade the |aw of constant proportion a tautology.
For Dalton, any reaction in which the ingredients did not enter in fixed proportion was ipso



facto not a purely chemical process. A law that experinment could not have established before

Dal ton's work, became, once that work was accepted, a constitutive principle that no single set
of chem cal neasurenents coul d have upset. As a result of what is perhaps our fullest exanple of
a scientific revolution, the sane cheni cal nmanipul ati ons assuned a relationship to chenica
generalization very different fromthe one they had had before.

Needl ess to say, Dalton's conclusions were widely attacked when first announced. Berthollet, in
particul ar, was never convinced. Considering the nature of the issue, he need not have been. But
to nost chenists Dalton's new paradi gm proved convinci ng where Proust's had not been, for it had
inmplications far wider and nore inportant than a new criterion for distinguishing a mxture from
a conpound. If, for exanple, atons could conbine chenmically only in sinple whol e-nunber rati os,
then a re-exam nation of existing chem cal data should disclose exanples of nultiple as well as
of fixed proportions. Chenists stopped witing that the two oxides of, say, carbon contained 56
per cent and 72 per cent of oxygen by weight; instead they wote that one wei ght of carbon would
conbine either wwth 1.3 or with 2.6 weights of oxygen. Wen the results of old manipul ations
were recorded in this way, a 2:1 ratio leaped to the eye; and this occurred in the anal ysis of
many wel | - known reactions and of new ones besides. In addition, Dalton's paradi gm made it
possible to assinmilate Richter's work and to see its full generality. Also, it suggested new
experinents, particularly those of Gay-Lussac on conbining volunmes, and these yielded stil

other regularities, ones that chem sts had not previously dreamed of. Wat chem sts took from
Dal t on was not new experinmental |aws but a new way of practicing chem stry (he hinself called it
the "new system of chem cal philosophy"), and this proved so rapidly fruitful that only a few of
the ol der chemists in France and Britain were able to resist it.25 As a result, chenmists cane to
l[ive in a world where reactions behaved quite differently fromthe way they had before.

As all this went on, one other typical and very inportant change occurred. Here and there the
very nunerical data of chem stry began to shift. Wen Dalton first searched the chemica
literature for data to support his physical theory, he found some records of reactions that
fitted, but he can scarcely have avoided finding others that did not. Proust's own nmeasurenents
on the two oxides of copper yielded, for exanple, an oxygen weight-ratio of 1.47: 1 rather than
the 2: 1 denanded by the atomic theory; and Proust is just the man who m ght have been expected
to achieve the Daltonian ratio.26 He was, that is, a fine experimentalist, and his view of the
rel ati on between m xtures and conpounds was very close to Dalton's. But it is hard to nake
nature fit a paradigm That is why the puzzles of normal science are so challenging and al so why

measur ement s undertaken wi thout a paradi gm so seldomlead to any conclusions at all. Chemists
could not, therefore, sinply accept Dalton's theory on the evidence, for nuch of that was stil
negati ve. Instead, even after accepting the theory, they had still to beat nature into line, a

process which, in the event, took al nbst another generation. Wen it was done, even the
percent age conposition of well-known conmpounds was different. The data thensel ves had changed.
That is the last of the senses in which we nmay want to say that after a revolution scientists
work in a different world.
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