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R Serentific Literacy

about the world around us Gf, indeed, there is a world around us}, But
further thought and observation reveal that some facis are indubitably
more theorydaden than others, 1o a degree thal matlers quite pro-
foundly: one can sec a rabbit or a duck, but few people would see here
@ map or an extraterrestrial, let alone a typewriter or a screwdriver.
That theory-adenness is a matter of degree leaves open the possibility
that there really s something objectively out there, even though our
kitowledge of i rests on iterpretation. Fhere are actually black fines
and white spaces in that diagram, though there may not really be a duck
or a rabblt. So the vealism of scientists can be seen as legitimate ¢ven
as we learn noet 1o accedt as necessarily real every item that is talked
about by scientists as though it were real.

o

Figure b 1s it s duck or a rabbit? Can there
be afner in the absenee of a prior point of
Vigw !

We become steadily more sophisticated the more we learn of the
history of science and about current scientific activity, and the more
we examine i particular instances what the evidence indicates about a
particudar phenemenon and its explanation. Thus we can come 0 un-
derstand why scientists have enormous confidence in such things as the
Periodic Table of the Flements and why that confidence is well placed
even whwn the apparently cqual conlidence of some scientists in other
things {cokd fusion, say} may be obviously misplaced. It is not only
sensible o think of scientific tieracy as learning 8§78, it is eminently
praciical too.

The aim of this book, as already mentioned in the preface, is (o show
that we can think inteligently about saience even i we know little abowut
the substance of science—albeit we can enjoy a much richer life if we
are abie to appreciate what scicnce has aclhieved and what exiraordinary
advanees it s making.

2

The So-called Scientific Method

1t is widely believed that the essence of science is its method. The earlicr-
mentioned definition used in surveys of scientific literacy expresses com-
monily held notions of what the scientific method is: systematic, con-
trolled observation or experiment whose results lead to hypotheses,
which are found valid or invalid through further work, leading 1o the-
ories that are reliable because they were arrived at with initial open-
mindedness and contipual critical skepticism.

One universally acknowiedged source of this view is Francis Bacon
(1561-1626); knowledge, he said, should come by generalizing from
what one actually observes in the world—by contrast with the dassic,
Aristotelian approach of deducing with logical rigor from axiomatic
first principles. But over centuries of argument and refinement, it has
become clear that Baconian, inductive work could never establish truly
certain knowledge: the next observation might force a different view or
theory to be adopted even if the previcus million observations had not—
for example, just because the fivst million swans observed were white,
one could not guaraniee that the next one would be white also.

Distinctions were then suggested between observable and nonob-
servable things, it being supposed that at least one could be certain
about observables, even if knowledge about nonobservables was inher-
ently less reliable. Karl Popper introduced the influential insight chat
theories could never be positively proven o be true, whereas some
theories could sometimes be definitively disproved,; so, he suggested, 1o
be scientific meant to deal in theories that could—at least in principle-
be falsified.

Certain other significant issues in the philosophy of science will be
taken up later, for example, the “theory-dadenness of facts” 1o what
degree do we observe what we believe we shall observe, by contrast with
what may (or may not) be really there? For our present purpose, it is
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sufficient to recognize that these are the salient acknowledged elements
of the popular view of being scientifically methodical: empirical, prag-
matic, open-minded, skeptical, sensitive to possibilities of falsifying
ithereby esiablishing objective facts leading o hypotheses, o laws, to
theories; and incessanily reaching out for new knowledge, new discov-
eries, new facts, and new theories.

The burden of the following will be how misleading tits view—which
}shall call “the myth of the scientific method”—is in many specific
directions, how incapable it is of explaining what happens in science,
how it is worse than useless as a guide 1o what society ought to do about
science and technology.

Are Chemists Not Scientists?

The scientific method is empirical. Sciemific theories result when
olservation confirms tentative hypotheses. When the evidence speaks
against them, hypotheses are falsified and therefore discarded.

One of my fellow graduate students in chemistry at the University
of Sydney many years ago was trying to calculate certain properties of
molecules, and he was the first 10 try 1o take account of one relatively
subtle factor. Unfortunately, his calculations wrned out to differ from
the experimental values by more than earlier calculations had.

According to the Mcthod for being Scientific, Dave should have con-
sideved his calculations falsified and tried another tack. Instead, he and
his faculty advisor ignored the comparison with experiment! They were both
mighty pleased with the progress Dave had made. He graduated top of
our class, not much later he was on the faculty at Oxford, and soon
after that he was a Fellow of the Royal Society.

Dave is far from alone among chemists in trusting theory more than
experiment. A few years ago, a review article in Science listed many
wstances i which calculations had been right while experiment had
been wrong: for the energy required to break molecules of hydrogen
into atoms, for the geometry and energy content of CH, {the unstbie
“molecule’ in which two hydrogen atoms are Hnked 1o a carbon atom),
for the energy required 1o replace the hydrogen atom in HF {(hydrogen
fluoride} by a different hydrogen atom; and for others as well, The
author, H. ¥ Schaefer, argued that good calculations—in other words,
theory—ay quite often be more reliable than experiments . . .

That is the view of one who s a theoretician, of course. You do not
have to be long in a chemistry department to learn that chemists are
no homogeneous tribe but rather a {sometimes uneasy) confederation
of several distinet tribes: the analytikers, the inorganikers, the organi-
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kers, and the physical chemists are alrost universally recognized to be
distinctly different; and among or within these, or occasionally as sep-
arate tribes in their own right, there are electrochemists, polymer chem-
ists, theoretical chemists, and others as well. And there are further
subdivisions still: for instance, within many of these tribes, into exper-
imentalists and theorists.

Naturally, each tribe and subtribe thinks its own way of doing things
to be the best way, the scientific way. 8o theorists tend to believe that
experimental evidence is important only insofar as it suggests new the-
ory; and if experiment and theory happen not to agree, the theorists
will often prefer to believe the theory rather than the {experimental)
evidence. Experimentallsts, on the other hand, regard that as perverse;
they know it is observation and experiment that-teach us about how
the world works, theories being only devices that make it easier to
remember the facts,

Both sides have something of a point (though they rarely manage (0
get much beyond i), Taking for the moment the side of the theorists,
it is unquestionably the case that failure 1o go beyond what experiment
shows can mean that discoveries are missed. A dramatic instance is that
of the structure of DNA (the molecules that convey hereditary infor.
mation}, whose elucidation is generally credited to James Watson and
Francls Crick. One crucial bit of information was that DNA contains
equal amounts of the substances A {adenine} and T {thymine}, and also
equal amounts of G {guanine) and C (cytosine). THose equalities had
heen indicated by the lengthy, painstaking experimental work of Erwin
Chargaft, who has in more recent years made abundantly clear his belief
that Watson, Crick, and the Nobel Prize Committee did not give him
due credit. Bat when yeu look at Chargaff’s publications, what you find
are tables Hke those in figure 2, in which the amounts of A and T, and
of G and G, are only approximately equal (or, what amounts to the same
thing, in which the ratio A:G Is only about the same as T:C). Chargaff
wrote about his ohservations: “The resuits serve to disprove the te-
tranuciectide hypethesis, It i, however, noteworthy-—whether this is
more than accidental, canmot yet be said—that in all desoxypentose
nucleic acids examined thus far the molar ratios of total purines to total
pyrimidines, and also of adenine to thymine and of guanine to cytosine,
were not far from 1.7

By refusing to stick his neck out beyond the actual results and say
plainly that they mean exact equality and hence some sort of pairing in
the molecular structure, Chargaff may have missed out on a share in
the Nobet Prize. Wason and Crick, on the other hand, were speculating
and theorizing about the molecular nature and biological functions of
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Figure 2. Erwin Chargafl's data about the chemical composition of DNA, waken from his “Chemical Specificity of Nucleic Acids and
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DNA; and they postulated a structure in which the equalities are exactly
1—deviations found from that in actual practice could be regarded as
experimental errors. Watson and Crick turned out to be flargely) righy;
50, once again, ideas or theory had turned out to be a begter guide than
raw data, to what it ail means. inevitably so, for raw uninterpreted data
do not mean anything: meaning rests on interpretation.

Evidently, then, some of the most successful chemists have not prac-
ticed the proper scientific method, which is supposed to put evidence
first and theorizing second.

Science is also supposed to seek new discoveries; but, it turns out,
chemists often do not welcome new discoveries. For example, if you
read about chemical reactions that oscillate periodically, you find that
William C. Bray’s discovery of such a reaction in 1921 was simply not
believed. Some thirty years later, in 1951, a paper by B. . Belousov on
the same subject was rejected, the editor saying that the reported results
were simply impossible. Fipally in the 1970s these results came to be
accepted, but only afler a theoretical treatment had shown how oscillations
could come about. Again, more heed had been paid to theory—which s
to say to preconceived belief—than to plain empirical fact.

Is Anyone a Scientist?

L should make quite plain that T do not really want to say that chemists
are not proper scientists. What 1 just did with chemists (because I hap-
pen to know them best, being one myself} could equally be done with
astronomers, or biologists, or geologists, or physicists, or with any of
the other tribes within science. The point I de wish to make is that
purportedly authoritative pronouncements as well as popular ideas
about how science works are very seriously mistaken. One can find
innumerable examples in all the sciences where theory was believed in
the face of apparent evidence 1o the contrary; one can even find such
an approach explicitly defended by eminent scientists—for example, the
physicist Sir Arthur Eddington: “it is also a good rule not to put ov-
ermuch confidence in the observational results that are put forward
until they have been confirmed by theory.”

kven worse, theory—which, remember, is preconceived belief—may
cause scientists to think they are observing things that n actuality do
not exist, like the canals of Mars. And all the sciences offer instances
where major new discoveries have not been accepied for quite a while
because they ran counter o existing beliefs—-consider the discoveries
of Hermann Helmholtz and Max Planck, of joseph Lister in medicine,
of Oliver Heaviside in mathematical physics, Thomas Young's wave the-
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ory of light, and the cases of Louis Pasteur and Gregor Mendel and
Svante Arrhenius and on and on and on.

S0 the chassicat and conunon view of science misconceives the actuaj
relationship between theorles and facts; and {consequently, inevitably)
i misconceives the nature of the selentific method—the things that sci-
entists actually do. 1t misconceives the behavior of s¢ience and of sci-
entists in the face of surprising discoveries; and it misconceives much
else about sclence, about lechnology, and about their interaction with
one another and with the wider society.

An important misconception is implicit in the very use of the terms
“science,” Vseientists,” Uscientific,” To salk of scientists is to trply that
astronomers, biologists, chomisis, geologists, and physicists are all some-
how much the same in some significant respect, To talk of science is
imply that astronomy, biclogy, chemistry, geology, and physies are ali
miuch the same sort of things. When there s talk about being scientific,
it is cormonly implied that one can be that, scientifically methodical,
irrespective of the particular nature of what is being done; that one can
be scientific abouwt anything, bke canvassing for new members for a
bridge club: “Wesichester County ... has a tremendous program . . .
working on memberships scienttfically—how to ger the people and how
ter keep them.”

As soon as one looks in any depth, however, it becomes less and less
clear what s realiy the same about astronomy and biology, say, or about
what sstronomers do and what biclegists do. Sure cnough, beth as-
wronomy and biclogy {and the other sclences as well) have o do with
the study of selected aspecis of nature. Sure enough, their findings are
always subject to the contmands of veallty: false resulis are discarded
{sooner or later, as their falsity becomes sufficiently obvious). Sure
enough, each of the sciences now offers impressively detailed, coherent,
and reliable insights, far more than they did Aity years ago, vastly more
tan & century ago, almost anrecognizably more than two centuries ago.

But there, or about there, the identity ameong the sciences comes o
an end. The diversity among them includes that they vary in the degree
to which they use mathematics: physics and astronomy cannot do with-
out high mathematics, whereas much of biology or geology needs litle
more than arithmetic, und various bits of chemistry fall into one or the
other of those categortes. Though this diversity is commonly acknowh-
edged, not generally recognized s the degree to which thae difference
entails other significant differences of practice: whether or not quan-
tification is seen as the uitimate aim, for example, and whether or not
mathematics is a required part of a student’s inidal wraining, and whether
oFr nol one comes to equate Cquantitative” with Vsetentific” or Ygood.”

i
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Again, the distinction between ohservational and experimental sci-
ence is a commonplace, but appreciation of the corollaries is not. Yet
the way in which observational astronomers work has little in common
with the way experimental chemists work: they differ in the sorts of
funding they apply for {telescope time or chunks of actual money), in
their reliance on graduate students {optional as opposed (o essential),
in the frequency with which they are expected to publish, in the way
their peers interpret (he significance of articles published with many
coauthors, and in all sorts of other ways as well. Observation is so much
more at the mercy of nature than is experiment that meaningful dis-
finctions are obscured when—as is so often done—the two are lumped
artlessly together as alternative but somehow equivaient modes of being
empirical,

Many other consequential distinctions among' the sciences are less
frequently remarked. For example, whereas astronomy and blology und
geology are fundamentally and inherently concerned with farge-scale
change that seems always to have gone in the same direction, chemistry
and physics are not. Astronomy has to deal with the evolution of the
universe, the birth and development and death of stars; biology and
geology seek to account for the evolution of Jiving things and of the
Larth. But physics and chemistry share no such concern with inherent,
directional change: they delight, by contrast, in the discovery of per-
manent relationships, and they do experiments in which time is just
another controilable factor, Again, astronomy and biology and geology
are, by and large, observational sciences, studying whatever nature pre-
sents them with, whereas chemistry and physics, by and large experi-
mental sciences, can decide what to study, within increasingly wide

nature never before knew.

With these and other differences among sciences come far-reaching
differences in auitude and method on the part of those who do the
science, differesices not often explicitly recognized. For example, chem-
ists and physteists do not mean quite the same thing when they calt a
thing “stable”: physicists mean that it is stable for all time, that it is in
jts lowest state of energy and will remain there until disturbed by another
object or a force, whereas chemists mean that the thing does not by or
of itself change into something else af a noticeable rale in a vormal
environment. The differences among adepts of the various sciences go
beyond matters of theory, method, and vocabulary to subtler habits of
thought and even to customs of behavior, 1o such an extent that the
differences anong the sciences, not only between the sclences and the
humanities, can aptly be described as cultural ones: they involve a great
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deal more than just knowing about separate and distinct aspects of
nature. Thus biologists and experimental physicists use visual imagery
more than do theoretical physicists. Much theoretical speculation and
argumentaton over very few facts is commonplace in palecanthropol-
ogy or in astronomy but pot in chemistry or in geology. Physicists look
to crucial experiments to decide among theories at one fell swoop,
whereas astronomers are used to waiting for long periods of time for
the accumulation of data to bring an end to the speculation. Nobel
Prizes in physics have been awarded about twice as often for experi-
mental novelties as for theoretical snes, but in chemistry, experimen-
talists have been so honored five or six times as often as have theorists.
Eminent physicists were found to feel pressed for time more than were
eminent biologisis; and the physicists gave up research in favor of ad-
ministration at an earlier age. In matters of politics, physicists are con-
siderably more liberal, on the average, than other scientists. Rates of
divorce were found to be three times as great among biclogists =s among
phiysicists (some decades ago, one should perhaps stress, when all the
rates were lower than they now are), Though there seems not to have
been any systematic study made of the matter, illustrations such as these
are readily enough found o make the point that sciences differ among
one another along many dimensions and not merely in commanding
“knowledge’' about separate pieces of the natural world,

Once the point is recognized, reasons can readily be suggested for
some of these vartations, As science developed over the last few cen-
tuties, the growth of knowledge demanded specialization. But the spe-
cialization unaveidably and soon became much more than a concern
with distinet sets of phenomena. Those who studied some (hings found
thitt they progressed best by taking more note of theory, whereas others
found themselves going astray if they ventured too far from observa-
Hon-—and so some specialties came to understand that experimental
evidence should not be accepted until it has been confirmed by theory,
whereas most sciences and most scientists at least claim to believe the
opposite. Each science—and to a degree each specialization within each
science—has thus come to be an idiosyncratic blend of theorizing and
cinpiricising and that brings isevitably with it distingt notions about what
knowledge (in generall) is and abowt the degree to which knowledge
can be said to be “certain.” In wrn, disparate views about the nature
of knowledge lead to different judgments about what might be inter-
esting, valuable, fruitful o study. What we call “science” nowadays
encompasses a wide range not only of knowledge but alse of diverse
views about the nature of knowledge.
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Consider, as a last illustration, geology and physics. Physics is very
oriented toward theory: one learns physics as a set of mathematically
formulated lfaws more than as a set of observed phenomena; theory
serves as a substitute for individual facts. Most physicists asked about
the atiraction between two of the planets wili look up their masses and
do a caleunlation; it would ntot occur to them to seek direct observational
data. Geelogy, by contrast, is taught primarily through description—of
miperals, geographic and geophysical features, strata, and fossils; theory
in geology is less specific than in physics and serves to explain after the
fact and not as a substitute for individual facts. Naturally, then, phys-
icists tend to regard quantitative theory as the epitome of science and
of scientificity; and, secretly or not so secretly, they see geology and
geologists as somewhat less than highly scientific. So, too, physicists have
learned that it is possible to find distinet, single causes for the variety
of phenomena with which they deal, the phenomena themselves being
identifiably and distinetly discrete, And for these reasons, and also be-
canse they can control all the relevani factors, physicists know that they
can perform “‘crucial experiments” that compel nature {o deliver def-
inite answers. Geologists, on the other hand, learn that their phenomena
overlap one anether, that diverse “causes” conjointly produce any given
geological circumstance, and that the most scientific approach is not
that of secking crucial tests but that of “multiple working hypotheses,”
for in geology one must, over long periods of tme, be willing to coun-
tenance the possibility that any one of several competing explanations
may vltimately turn: out to be the best.

in view of such differences, it should not be surprising, for example,
that it was a physicist whe pushed most dogmatically the view that the
dinosaurs were kilied off in a discrete event by the simple cause of the
coilision with Earth of an astercid, the impact of which remains de-
monstrable through the layer of iridium deposited at that time at the
boundary between the Cretaceous and the Tertiary strata. To paleon-
tologists, however, that seems absurdly oversimplified. For them, the
layer of iridium-rich material is rather or partly an absence of carbonate
sedimentation from the oceans during long eras in which almost no
limestone was formed; the extinction of the dinosaurs itself is not seen
as an event but as part of the change, over the course of millions of
years, in the number of species as well as of individual dinosaurs; and,
moreover, that extinction is locked at as only one of a number of
occasions within geologic time when the diversity of living species de-
creased markedly, making it a statistical fluctuation within the perpetual
flux of the appearance and disappearance of species, not a discrete,
unusual individual oecurrence.
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Thus geologists and physicists tend 10 approach even scientific prob-
lems in disparate ways. They learn differently what it is to be scientific,
what the scientific method is; and so toe do chemists and biologists and
other scientists come to different and even contradictory views of what
science is. Yet these characteristic differences are but little recognized,
and the misconception remains widespread that there exists a single
method whose utilization marks the whole of science. In point of fact,
as just illustrated, there is not any single thing that one can usefully
and globally call science; rather, there are many different sorts of sci-
ence. Ornice one has said that science is the study of nature, and thas
scientific knowledge s valid only so long as it is not contradicted Ly
pature, one has said essentially all that is truly common, without gual-
ification, among all the sciences, Beyond that, one finds nothing but
variation: in the degree of weight put upon evidence in comparison
with theory, in the ease with which data can be gathered, and in in-
nunterable other details,

{xiverse Aspects of Science

Some of the ways in which diverse bits of science differ from one
another are indicated in figure 3. In what follows, consequences of this
diversity will be illustrated in an oversimplified way by comparing or
contrasting whole sciences with one another; but these distinctions ac-
tually characierize most faithfully only quite small bits of science within
any of the major disciplines. Thus chemistry as a whole is refatively
mature, data rich, experimental, and data driven, but many bits of chem-
istry are not mature {the chemistry of metal clusters, for instance, or
of catalysts); quantum chenistry is a recognized subdiscipline that is
notably theory driven, not data driven; and so on.

Some of the variations among bits of science have to do with their
individual degrees of maturily. Physics is as a whole the most mature
of the major sciences, and it seems plausible that this is a cause un-
derlying the fact that physics also has the greatest degree of unanimity
within its ranks: hardly anyone within the discipline questions relativity
o guantwm mechanios, or that the salent task for the disciptine is 1o
achicve the theoretical Grand Unification of the Four Forces. There is
litde ferment over what should be tauglhit in physics courses, or how.
The professional journals stand in well-recognized differentiation of
function and bicrarchy of staws. The professional societies work quietly
and without fuss {except, occasionaily, over matters external to physics
stsell, Jike what 1o do about the civil rights of physicists in the Soviet
Union) By conrast, the young computer seience s in ferment over
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Different Sorts of Science

Young Ma{ure‘:
Data-driven Theory-driven
Bata-rich Bata-poor
Experimental Observational
Quantitative (“hard”} Qualitative {"s0f1™}
etc,

And Different Bis of Science May Be
Froutier , Texthook
science scicnce
Neormal Revolutionary
science science

And Scientists, as in Other Professions, Vary in Being

Good «  Poor
Competent Incompetert
Outstanding Mediocre
Creative Uninspired
Interesting Entirely ignorable
L,

Figure 3. Scientific activity displays a very wide range of characteristics.

most of those things: what the most pressing goals of the field are;
whether the subject itself is more akin to engineeririg or o sc%{tm:t:‘, how
its practitioners should be trained; what constitutes professional pub-
tication; and so forth. Physicists look to governments for their major
funds, whereas computer scientists lock to their own instimt.iomf and
to the computer industry, Physicists display the pating of an es&abizghcd
aristocracy, whereas computer scientists exhibiz characteristics of the
nouveay riche,

It should be noted, however, that the theories commanded by a
mature science are not necessarily more final and true than those com-
manded by a young science, though the assured behavior of the prac-
titioners of the mature might lead one to think so. Physics for centuries
has been the most mature among the sciences; and physicists perlodically
lapse into the belief that all the imporiant principles of thelr subjeut
have been discovered and that what remains is only 1o il in the deeails.
That was the case, for instance, circa 1870; but it was followed by
distHustonment and then some of the most revolutionary bits of science:
radioactivity, revealing that atoms are not stable and indestrucuble;
refativity, altering drastically the notons of tme and space and gravi-
tation and motion; quantum phenomena, and the paradoxical view that
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sore things could behave at times like particles but at other times like
waves, Somce of the most fundamental theoretical principles were re-
placed. {Yet, it should be noted, the vast majority of knowledge, in con-
trasi to theories, in physics remained intact, A piece of uranium ore will
always cause a photographic plate 1o become exposed, even through its
protective black paper covering, and that tells us something definite
about the exterpal world; though the terms in which we (ry to explain
that, conpecting it with ather phenomena, are always subject to some
degree of change. That burning means combining with oxygen and not
the release of phlogiston was the central realization of the most signif-
icant revolution in chemistry; but an enormous amoeunt of what chemises
know aboul combustion--which substances will burn in the presence of
each cther—is the same now as it was before that revolution. Thus much
of the knowledge of what happens in nature, ogether with a great deal
of the explanation that tics those phencmena fogether, remains essen-
tlilly unaffected by apparently revolutionary shifts in theory.)

Again, mature science I not necessarily data rich; desired data are
not necessardy acquired easity. To a possibly (but by no means certainiy)
apocryphal chemist is autributed the statement that he could not be
bothered wading through the literature because he could get any answer
he wanted more quickly by doing the experiment. Though physics is a
move mature science than is chemistry, physicists would not venture
that jocularity—though they might well say that they do not look it up
because they can calculate it Experiments in much of chemistry are
more readily performed thap in most of physics.

Much of chemistry Is indeed data rich: feasible experbhments can de-
Bver aowealth of results in Hede dme, and the chemical Hrerature brims
with daa sbour millions of substances, about thelr preparation and
properties. Consequently, chemistry has developed its idiosyncratic
Judgment about what and how much a chemist ought to accomplish.
On the one hand, chemists publish—and are expecied by their peers to
publish—more artdcles than, say, geologisis, on the other hand, chemists
derogate those who do nothing but “turn the crank”—who use a given
technique or Instrument to derive data from a succession of differemt
substaieey or reactons--because that b so casy « thing o do. Again
because daia are generated in such massive amounts, chenustry was the
leader in developing techniques for trying 1o control the exploding
Iherature, through “absiracts” journals and then computerized ondline
abstracts. And again because so much can be done, chemists desperately
want 1o have many co-workers 1o push their research forward, and much
about university deparunents of chemistry can be understeod as Howing
from the overviding need o recruit plenty of graduate studers, “pairs
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of hands” to carry out the necessary experiments. Thus there is related
the story of X, a certain graduate student in chemistry who had the
temcrity to leave town with the wife of his supervising professor, Y. And
X had the further temerity, a year or so later, to ask Y whether he could
return 1o complete the work for his degree. As Ylater sald 1o a colleague,
“Of course [ agreed. He's first rate, and as you know, good graduate
students are hard to come by while wives are a dime a dozen.” One
would not be quite as ready to believe that story if 10ld about an as-
tronomer or a geologist, for many excellent careers in astronomy and
in geology, but few in chemistry, have been made without reliance on
the iabor of co-workers,

I data-rich ficids, theory has a certain down-to-earth quality: spec-
ulagion s fettered by the ease with which it can be disproved. But in
data-poor fields, extremely tenuous chains of speculation are indulged.
Thus cosmologisis are notorious for theoriring whose equivalent on
other subjects would be dismissed as science fiction: they are free, for
example, te publish about what things may have been like before the
big bang that started everything we know abous; astrophysicists and
cosmologists accept as conceivable the interpretation that certain ob-
servations are of objects producing inconceivable amounts of energy
by means of inconcelvable processes; those searching for extraterrestrial
intelligence have published copiously, in almost total absence of daw
and in complete absence of any direct data; paleoanthropolegists con-
struct whole new charts of human evolution whenever a new fossil is
found. By contrast, geologists denied continental drift for decades, sup-
ported though it was by fitting coastlines and biogeographical disiri-
hutions, Geologists are always l[aced with a complex richness of data
that offers continuing challenges even 1o meaningtul categorization, let
alone explanation, and so geologists are used to waiting and waiting for
explanatory schemes to be developed; there is no hurry for that, ex-
planation s net (vet) so salient a part of geology, and they have plenty
of useful and time-consuming things (¢ do without indulging in gran-
diose theorizing.

Some scientists thus do a lot of speculating, whereas others do vir
tually none, and there is no warrant to cal} the one approach scientific
and the other not. It is just the case that different aspects of nature
yield to investigation at different rates and in different ways, and so
scientists come to differ in all manner of things. Whenever a general-
ization is made about science or about scientists, disregarding thereby
the fact that there are so many distinct sorts of science, misconception
is promulgated. What is true or fruitful for a held that is mature, data
rich, and relatively quantitative (thermodynamics, say) Is scienufic for
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that specialty even though it may be entirely inappropriate and therefore
pnscientific for a field that is young, descriptive, and data poor (some
bits of planetary science, say).

Again, though we use the single word “science” for both, textbock
science is & very far oy from frontier science, What s in the texss iy
rehiable. v is relatively uncolored by the personalities of those who
originaly conceived it o is generally agreed 1o by almost alf the experts.
It is unkbikely to need 10 be altered in the future, snd in that unlikely
event the wlieration will likely be of limired extent. By contrast, science
at the frontier is very unreliable! today’s discovery often turns out to-
morrow to bave been an error. Fronder science often bears the stamp
of its discoverer's persona; and it is often disputed by other experts.
Frontier science and textbook science are about as different from one
another as any two things can be, within the bounds that both are
guesses about the nature of the real world. Gur failure 1o bear these
differences in mind bas drastic consequences {as iHlustrated chap. 6}

Seientists Are Human

Finally, the common view of science as a umitary, monolithic enter-
prise fails to recognize how varied are the people who do it, Scientists
are supposedly trained (o judiclousness, objectivity, patience, and care-
ful experimentation and observation; scant attention has been paid wo
how the practice of science is influenced by the fact thart scientists, like
all other human beings, vary in ability, competence, dedication, and
honesty.

indeed, thinking of science as using the scientific method POTIrays
science as an activity that is highly ennatural buman beings are not by
nature objective, judicicus, disinterested, skeptical; rather, human
belngs jump {o conclusions on flimsy evidence and then defend their
beliefs irationally. The widely held mwyih of the scientific method is one
reason that seientists are often stereotyped as cold, even inbuaman. Gon-
sider, for instance, what a celebrared humanist educator had to say;

- teaching is ap art, net a science. 1 seenss to e very dan-
gerous to apply the . . methods of science 1o human beings, . - .
a “'scientific” relationship between human beings is bound to be
inadequate and perhaps distorted. . .. 10 be orderly in planning

. and precise in .. . dealing with facts . .. does not make . ..
teaching “scientific.” .. . A Vscientifically” brought up child would
be a pitiable monster. A “scientific” marriage would be only a
thinand crippled version of a vrue marriage. A “scientific” friend-
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ship wouid be as cold as a chess problem. . . . Teaching is not Jike
inducing a chemical reaction: it is much more like painting a pic-
ture or making 2 plece of music, or on a lower fevel like planting
a garden or writing a friendly letter. You must throw your heart
into it, you must realize that #t cannot all be done by formulas.”

Thus science, arguably the finest exemplar of human intellectual
achievement, is made to appear at best a necessary evil. When science
is pictured as so impersonat and ascetic an activity, how 16 understand
that scientists do throw their hearts into their work, which also cannot
and is not all done by formulas? The myth of the scientific method
hinders recognition of the wonderfui diversity of the sciences. It makes
it impossible 1o undersiand the history of science and contemporary
scientific activily, and it fosters the stercotype of the cold, inhuman,
sometimes evil scientist,

Genesis of the Myth

‘The false view of sclence as a unity defined by the unhtary scientific
method was not perversely adopted holus-bolus in the teeth of the
evidence. It is just a paive and now-superseded view that congealed, for
guite understandable reasons, during the ninetecenth ceptury. More-
aver, that it was once a plausible view entails that it can still be made
to seem plaasible, at least undey some circumstances and if one em-
phasizes some things to the exclusion of others. The classical picture is
wrong in nuance perhaps more than through and through. Neverthe-
less, those errors of nuance have portentous consequences.

The roots of modern science, it is widely agreed, largely lie some-
where and somehow in the seventeenih century in western Europe.
Though one can also trace continuity in important respects from earlier
times than that into contemporary science, nevertheless pre-seven-
teenth- and post-seventeenth-century science are unlike one another in
a striking way, Galiteo and Newion epitomize that revolutionary epoch
afier which science grew at an exponential pace. Trying to understand
what happened and why, it was natural enough o note that the Cop-
ernican revolution put the Sun rather than the Farth ai the center of
things, where it actually is; so centuries, even millennia, of carcful and
increasingly accurate observation had, it would seem, made plain what
the facts are, and that had displaced preconception (or theory) based on
{religious} authority, Galileo locked through the telescope; Newton saw
the apple fall. Modern science seemed to have begun when theory—
belief—came to be based on evidence, not on tradition or revelation.
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And modern science began with simple, quantitative relationships
among a small namber of entities—bodies ov particles, and forces.

Chemistry followed physics—albelt a century or so later—in becoming
scientific, when the true theory of burning {substances reacting with
oxygen) replaced the false notion of phlogiston, again apparently as the
result of careful and quantitative observation in well-chosen crucial
experiments. Geclogy followed, as humanity was forced to accept the
evidence of strata, erosion, sedimentation, and so forth. Finally, Darwin
brought the reabm of Hving nature within scientific understanding by
immensely detatled observation that pointed to a straightforward mech-
anism whose action s ¢capable of yielding the variety of known biological
species. S0 it was natural 1o see science by hindsight as a systematic
progression toward true knowledge about the world, a progress made
possibie by inducing knowledge from observation; and this view could
be bolstered by citing such people as Francis Bacon, who had explicitly
advocated this approach,

One can trace over many centuries the inteliectual struggle between,
on the one hand, those who thoughi belief should follow authority, a
priori reason, revelation, and the like, and, on the other hand, those
who-like Bacon-thought that observation, experience, and evidence
should be decisive. By the nineteenth century it seemed reasonable
encugh to most thinkers to believe that science had made triumphant
pragress by subordmating theory to evidence, and that the same sort
of progress could be made in any ficld or form of knowledge-—psy-
chology, say, or mediumistic spiritualisin—just so long as the evidence
was gathered objectively and he theory based faithiully on it This was
the grand age of science, when if seemed to the leading scholars of
humanity that the sure road 1o understanding all things had finally been
discovered In sclence and its Rosetta stone, the sclentific method. This
was the time when T, H. Huxdey preached what he called "lay sermons”
in praise of the Church Sclemtific, and such accomplished scientists as
Sir William Crookes, Sir Oliver Lodge, and Alfred Russel Wallace joined
i the Society lor Psychical Rescarch 1o bring spiritual matters equally
o undersianding by means of scientific study, Social Darwinism flour-
ishied, Marx made history into @ science, and Freud too based his theory
on his evidence as he elucidated the workings of human personaliiy.

By and large, the popular view of science remains much the same as
that arrived at a century ago. That science is a2 powerful and progressive
path o cértain knowledge has been underscored by the proliferation
of technology and of high technology, and especially by the harpessing
of atomic energy in the 1940s. The classic description of the scientific
method—theory based on and decided by evidence—has, despite its now-
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ohvious inadequacies, been taught to and accepted by successive gen-
erations including the preseni ene. But circumstances have made the
classical view demonstrably obsolete: for one thing, over the past
hundred years science itseif has changed in many consequential respects;
for another, our understanding of the birth and early development of
science has become much more realistic,

Classically, sciensists have been seen as dedicated truth seekers rather
than as people who happen 1o hold jobs in scienice much as they might
in, or as an alternative {0, retail business, manufacturing, banking, or
the law. Classically, they have worked as individuals, not in teams. Clas-
sically, they have been seen as curious and knowledgeable about the
whole of nature even as they actively have studied only a relatively
Limited area of it. In titnes past, all these things were by and large true.
But nowadays these things are no longer quite so true, at least not for
the vast majority of those who work as astronomers, biologists, chemists,
and so forth, Specialists in one field are litsle better than sheer amateurs
in most other parts of science, and many of them are not even partic-
ularly interested in other areas than their own. Careerism, conflict of
interest, and group-think are aboult as common now in science as in
medicine, say, or in engineering or technology-based corporations. Maost
scientists now have a job more than they have a vocation.

Ciassically, the vices of scientists were scientific virtue taken too far,
an excessive single-minded zeal in truth seeking: Faust bartered his soul
for knowledge; Frankenstein’s urge for technical Accomplishment was
net matched by humane understanding; Gottlieb and Arrowsmith {in
Sinciair Lewis's novel Arrowsmith) suffered because of their very disin-
terestedness and naivete about human failings. Nowadays, however, the
publicly revealed vices of scientists are seen to be quite the same as
those of other people, avarice and dishonesty in particular.

As historians delve deeply into details of the past, it becomes abun-
dantly clear that the classical understanding of scientific activity is far
from the whole story—so far, in fact, that it needs more than cosmetic
modification. The Copernican revelution was no simple triumph of evi-
dence over preconception, for the simple reason that it could not have
beem: at the time, there were no decisive technical or computational
advantages to Copernicus’s approach over the long-standing Prolemaic
one. The Copernican venture was significant in subtler but also more
deeply far-reaching ways—for example, in daring to make an individual
inteliectual choice in the face of long-established authority. For 2 time
and to the benefit of a number of people, resistance 1o Copernicanism
from established religion was avoided by emphasizing that this was only
a model, not a statemnent about what the case might actually be in the
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real world. Attention to historical detail also reveals that it Is not so
clear why Galileo was condemned by the Church: if for Copernicantsm,
why did the condemnation come so late, two decades after Galileo had
adopted the heliocentric view? As to Newton, some historians have
found difficulty iy accommedating the view of Newton as the ulumately
objective scientst, drawing theories scrupudously from the evidence,
with the fact that most of Newton's thinking thime was devoted w al-
chewical and biblical exegesis rather than to mathematics and mechan-
ics, as well as the fact that he quarreled bitterly with others over
questions of scientific priority—not 10 speak of his use of “fudge fac-
tors” 10 improve the appearance of success of his sclence.

The corpus of sclence at any stage always includes only what has, up
undl then, stood the test of time. We see nothing in it of the trial and
error, backing and filling, disnsanding and rearranging that actually ook
place in the past, be thae conturies ago or just a fow years ago. Only
when we read the actual accounts written by early students of nature
do we begin (0 realize how many errors and [alse starts there were tha
feft no traces in modern scientific texts. One can give excellent, objec-
tive, rational grounds now for the science in the textbooks, but that
does not mean that it was actually assembled in an impartial, rational,
steady manner.

The inadequacy of the classical view Is not widely enough known,
and much public discussion s still, implicily ¥ now always explicitly,
based on it Cur rate of scientibie literacy, as we have seen, is even
measured by counting as literate those who hold classically mistaken
ideas about the scientific method. Most universities specify thar ali un-
dergraduates must study science, by which is ypieally meant a year or
so of any science—as though thal could be a useful sample of what
science s, let alone what role it plays in coliure and society.

The Epilome of Science

Satong as science is viewed as monolithic, founded on the scientific
method, jois possible {and therefore irresistibly tempting} to labed
some sciences, oF some bits of science, as “‘more scientific’” than
others, according to the degree to which the method has been or can
be successfully deployed. Hence, in the classical epitome of science,
quamtification and mathematics rule the roost, because hypotheses can
obviously be framed and tested with real precision only when numbers
are used, Immediately, then, biology and geology come to be seen as
sonichow less scientific than chemistry, which in turn is fess scientific
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than physics, the wholeheartedly sclentific science, Physics becomes the
epitome of science,

That easy judgment is aiso abetted by historical circumstances. The
scientific revolution of the seventeenth century was most dramatic in
mechanics and gravitation, and untl guite recently most histortans of
science worked actually in the history of physics. And since the history
of science provides the grist for the philosophers of science, they 100
could become further confirmed in the opinion that physics is the ul-
timately scientific science, The most publickzed scientist of the twenteth
century, Albert Einstein, was a physicist. When the Nobel Prizes are
dishursed in Stockhelm, that for physics comes first, And physics, wo,
has been given the credit for achieving atomic bombs and nuclear
power,

Yet if it is granted, among the many possible definitions of science,
that science most fundamentally and undeniably means the study of
nature, then it is surely a misconception that physics is the epitome of
science: why should one think it more scientific to study waves and
¢lectrons than rocks or polar bears? Nor is physics less error prone
than other sciences: once-accepted beliefs {theories} have been modificd
or replaced in physics as in other fields of science—indeed, perhaps
more dramatically and unexpectedly than in other sciences. It is inci-
dentally also a misconception that atom bombs and nuclear power stand
to the cyedit of physics: many physicists, it is true, worked ar these
projects, and Rebert Oppenheimer, the scientific director at Los Ala-
mos, had been trained as a physicist; but many chemists, engineers,
mathemaricians, and others worked on the project, and the basic phe-
nomenon on which all else was founded, the fission of uranium, had
heen discovered and understood primarily by the chemists Otio Hahn,
ida Noddack, and Fritz Strassmann.

Admitsedly, physics is the most fundamental of the sciences in the
sense that one explicitly needs some physics to do astronomy or chem-
istry, just as one peeds chemistry o do any of the other sciences. Physics
is also in a real sense simpler than the other sciences: it deals with
phenomena that lend themselves to deseription in terms of a very small
number of forces and things, so thal simple refationships cmerge. But
that physics is fundamental and simple does not in logic make 1t the
epitome of science (though it does offer plausible reason why human
beings should have been able to succeed at it before they could get very
far in more complex areas of science}.

The misconception that physics is the epitome of science has unfor-
tunate corollaries. In public life, one seeming consequence is that pres-
idential science advisors are almost routinely recruited from among the
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ranks of physiciss—and, moreover, no eyebrows, let alone protesiing
voices, have been raised over that, In other spheres it would be protested
as grossly inequitable, not to say undesirable and potentially deleterious.
To sense the latent significance for science policy, consider the analogy
of defense policy: imagine that the chairman of the joint Chiefs of Staff
were routinely recruited from the ranks of, say, the army. Immediately
everyone would recognize the possible conflict of interest and the subtle
ways in which one-sided opinion could become 100 influential. So wo
with science, though popular lack of understanding masks the fact.
Advice about research budgets and priorities would vary—on average
anly, of course, and in degree only--if it came from a chemist rather
than a physicist or a biologist or a geologist. Moreover, no individual
can be predicied to be more or less satistactorily scientific by virtue of
having becu trained in one specialty rather than another.
tn 1984, in the cause of improved economic forecasting, a conference
between econontists and physicists was mounted, again narking phiysics
as the epitome of science, as though training in physics equipped one
to be insightfu) and wise about anything and everything. In fact, physics
might well be the worst possible training, within the options available in
science, for advising on matters of social policy. The simplicity of the
things with which physics deals casily leads physicists 1o look for single
and simple causes and cures, so (hat they may oversimplify such things
as the extinction of dinosaurs, the design of Star Wars systems for
defense against missiles, or politics as a whole. Because physics deals
with simple relationships, physicists are trained to be simpleminded.
That is ilusirated, for instance, by the ease with which accomplished
physicists have been fooled by pu rported psychics and mediums, notably
i the Jatter part of the nineteenth century and again i recent decades.
Recause physicists, like ahnost everybody else, still see physics as the
epitome of science, they are likely to make recomuendations for other
sciences that would be appropriate for physics but not elsewhere. Be-
cause of their (raining and the environment in which they have worked,
it must be more difficult for a physicist than for another scientist 1o
question the wisdom of dedicating more than six billion doliars (more
recently estimated as sixteen billion) to the Superconducting Super-
Collider, the next step toward the Grand Unified Theory. Yet that sum
of money, if distributed among the other sciences, would treat them to
a quite unprecedented sense of huxury; and 1 wager with great confi.
dence that if it were put to the vote in a scientific senate with equal
representation from each of the sciences, excellent other uses for that
money would be found. Because the scientific method is universally
thought to be universally apphicable, recommendations appropriate to
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physzcs_ come to be not only made but also accepted about defense,
education, and no doubt other human activities as well.

From Myth to Ideal

That the scientific method is a myth, that it does not explain the
success of science and that scientists in practice do not follow i,ht;
meth.od, does not mean that the method itseif shouid now be ignored;
or disparaged. Rather, it should be seen as an ideal—an adrmttedly
unattainable ideal--not as a description of actual practice.

. Those who hold ideals, no matter that they are unattainable, are
likely to behave more in accord with them than will people who d{; not
hold those ideals. Priests who vow chastity and poverty ar(; Hkely to be.
more chaste and poor than people whoe do not make such vows—even
ti';qngiz not every priest {and perhaps not even a single one) will be
eﬂfzreiy chaste or completely poor, Politicians who believe that bribes are
evil are less likely to accept them than are politicians who see nothing
wrong with the practice. And so on. That human beings cannot by nature
be ezztlire%y objective does not render objectivity an unworthy ideal: far
fmn’z it, the ideal of objectivity in the form of disinterestedness, im-
partiality, or fairness is to be found not only in science but also in r;aany
aspects of social Jife. Those who strive to be objective in science can
learn to be 2 bit more objective than they might otherwise be. Furth-(-:r
though it is well known that expertise does not readily transfer fron;
one field to another, at least some of the people who have learned to
be somewhat objective through doing science might be helped thereby
to learn to be a little more objective in other matters too—just as some
lawyf:-:rs come to be fairly good judges of evidence and of human nature
outside the courtroom as well as in it. There is no good reason to discard
Fhe scientific method as an ideal; rather, there is good reason mlkcc
it so, Myths, after all, even if not Hieraily true, are stories 1hét {-:z.nbodp'
moral truths. )

That questing the grail is taught as an appropriate ideal does not
mean that we should train undiscriminating Don Quixotes. It is im-
portant 10 make plain that the scientific method is an ideal, no: actual
practice. So long as the belief is widespread that science veritably follows
the method, the belief will also be widespread, notably AMONg sc iemistls.
themselves, that scientists normally follow the method—if not perfect
at feast well enough. How then will the scientific community react &E}e};;
one of‘ their number is found to have done some serious cheating? By
regarding it as an individual aberration, almost certainly resulting from
mental imbalance of some sort, an act that can have no significance for
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stience ay a whole, because scientists undersaund that they can make
carecrs only by doing objectively sound work, for that is how they are
judged, and anyone who iries to cut corners must have a screw loose,
Through believing that the impersonal scientific method is actually in
practice, scientists are thus kept froin the realization that (the progress
of science-—the progress, not the ultimate substantive content—is pro-
foundly affected by (he way hy which: sclentists, as a conmmunity but also
as individuals, behave. The greater the approach to ebjectivity, the bet-
ter will peer review work; the greater the degree of honesty, the better
will the whole system work; and, by contrast, the more corners are cut,
the more students will imbibe the notion that corners are there 16 be
cut and that the race goes to the swiftest, not 16 the best or the most
sure. The myth of the scientific method keeps the scientific community
from recognizing that they must bave a humanly developed and en-
forced professional ethics because there is no impersonal method out
there that automatically keeps science the way it ought to be.

The unqualified myth eacourages hubris. One learns that science is
objective. One Jearns that scientists are trained to be objective and to
be skillful in use of the scientific method, Naturally, then, society learns
10 adraire selentists as much as sclence ltself, as people who are able o
be obiecuive; and scientists themselves, of course, are not immune to
that chain of inference. So they may be led to think of themselves as
more able (o be impartial and free from conflict of interest than other
people, hike the Nobelist who was queried about the propriety of holding
a university position while directing a commerdially funded research
institute: "1 certainly do that to other people; 1 look at where they
woild benefit from a position and wonder whether what they're saying
is a totally independent judgment, |think people are entitled to ask
that of me. But | do think the statements and dedsions 1 make come
from the highost sense of integrity,”

fnstances are connnon enough in which successtul scientists sugcumb
to the temptation o see themselves as authorities not only in their own
tiny field but over scienge as a whole and even beyond that, why not,
after all, il application of the scientific method would make things so
much beter in all spheres of human activity? And because the public
arxd the media also belleve the myth of the method, great scientists are
apt to be accepted as universal gurus {see chap. 4).

The myth of the scieniific method, then, encourages the lalry o have
an unrealistic view of scientists and therefore also 1o have unrealistic
expectations of theny and of sclence; and it encourages scientists ther-
selves 1o be unrealistic about themselves and about sclence, and to
negleet the baportance of cultivating consciously ethical behavior. It
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leads the scientific community to assume that lts public credibifity s
permanent and quite automatically guaranteed—which makes it shock-
ing and inexplicable when the credibility of science is brought into
question, as in recent years under such weli-publicized instances of
misconduct as that of Thereza Imanishi-Karl, which was featured in
congressional hearings and brought unwelcome notoriety also to her
coauthors—notably Nobelist David Baltimore.




