
Reprinted with permission from Ra Poltq 17(5):293-9, 1988.

The limits of science and the scientitlc method

Michael J. MORAVCSIK
Institute of theoretical Science, University of Oregon, Eugene, OR 97403

The claim is made that as science moves increasingly
closer to the human limits of perceptibility, nnt ordy the
fmsrrcisi, rnarrpwer, and epistemologicat factors pre-
sent problems (ss discussed in an eartier article), hut that
the seierrtific method itself atse deteriorates. In particu-
lar, the interaction between theory and experiment
weakens and beeonrcs very slow, because experiments
rakealong time and are indecisive, and because theories
bceome overly msthematieatly motivated and tend also
to be the” slippery” kind that can evade verification or
fstsitication. The sociologist envirrrnmentof scientists
working in these Big Science fields is slsn detrimental
to the workings of the usust seierrtitl method, in that
the influenceof personalities can beeome stronger than
the influence of more objective factors, and because the
need for the acquisition of large pubtic resources for re-
search stitles critique and controversy. White no science
is entirely t%e of these effects, aeierrceat the limits of
perceptibility becomes dominated by them. It is urged
that substantive assessments be made of the progress (or
lack thereof) cwurring in such fields of science. The
teams performing such assessments shordd include sci-
entists from neighboring fields. Such assessments wcadd
try to calf attention to and then try to correct the various
aspects of the deterioration of the scierrtMcmethcdrdogy
in these fields of science, thus improving the prospects
for substantive progress in such fields.

1. Intrrrduetion

The objective of this discussion is to argue that
the so-called scientific method, that is, the meth-
odology used by scientists to advance science, it-
self deteriorates, in that it becomes fuzzy and amb-
iguous, as the subjeet of the scientific investi-
gation moves toward the boundary of percepti-
bility. Thus, scientific investigation may come to

a halt or may asymptotically fade out for the ex-
ternal reasons dkeussed in an earlier paperl,2
but, in addhion, afso beeause the methodology
used in scientific investigations fails.

2. The ‘normal’ scientific method

To begin with, it may be useful to sketch the

main features of the so-cafled scientific method
as used in aeientific investigations. 1 witl highlight
mainly those aspects of the scientific method that
will be important in the subsequent diserrssion.

Science consists of the interplay of experiment
and theory. Let us first discuss experimentation.

In an experiment we isolate the phenomenon to
be studied to a sufficient extent so that the inter-
ference of other phenomena ean either be disre-
garded or is small and hence ean be corrected for.
We want to be able to carry out art exhaustive set
of measurements regarding the phenomenon we
are studying, throughout the entire domains of all
the parameters we regard relevant. Such a set of
experiments should be able to be carried out rea-
sonably fast, as measured on a human time scale,
which means days, weeks, or a few months. We
also hope that the cost of such experiments rep-
resents no serious constraint on the mmpleteness
of the exp3irt3ental information we want to gather.
Finally, we expeet that the evidence we collect
through the measurement is sufficiently direct, se
that the interpretation of the signals obtained dur-
ing the experiments is, on a purely phenomeno-
Iogieal level, unambiguous. Thus a firm one-to-
one relationship cart be established between the
occurrences in the phenomena under study and
the qualitative and quantitative aspects of the sig-
nats we get out of our measuring equipment.

Turning now to theory, here we thirrk in terms
of two separate dimensions: the eotteepttad aapeet
and predictive power. We expect that a theory be-
comes available fairly readily as a group of com-
petent scientists apply themselves to the study of

a given set of phenomena. We expect that the the-
ory or theories propcraed be conceptually simple,
at least a posterior”, that is, even if the idea un-
derlying the theory is unusual, rmvel, ‘revolution-
ary.’ Once explicated it appeara simple to the
trained scientist. Such a new proposed theory be-
gins with a ecmcept, something that is ‘anschau-
lich,’ that creates a qualitative image. The entry
of this new conceptual idea is then followed by
a quantification of the new idea through some
rnatheruatieal formalism, thus enabling the theory
to make quantitative prdlctiona for observations
already made and for experiments yet to be car-
ried out. Such a set of predictions, particularly
for new experiments, is to be made a priori, be-
fore the results of these new experiments are in
fact available. Such predictions must pertain to
experiments that cart in fact be earned out, or,
at the least, a goodly portion of the predictions
shoutd thus be subjeet to ready experimental test-
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ing. Furthermore, the theory needs to predict also
the extent to which agreement with an experiment
is to be expected, that is, needs to estimate the
magnitude of those effects which were omitted
in the theory but which will appear in the experi-
ment. One can reasonably expect that such ‘ex-
traneous’ effects should be small and so the pre-
dictions of the theory be in close agreement with
the results of the measurements. The extent of
such agreement will vary with the maturity of the
field or with the quantity being measured, but
agreement to, say, 1 percent should by no means
be beyond the possibilities.

In this interaction of theory and experiment, we
ex~t the confrontation to be sufficiently stringent
so that onty one theory will sufficiently agree with
all the measured data. Thus philosophically we
bctieve that there is only one correct theory, and
at the same time, operationally we demand that
the wientific method function sufficiently well that
at any given time, vis-h-vis a given set of phe-
nomena, onfy one theory will prevail.

We believe that the above outfined scientific
method provides an objective way of resolving
scientific dkputes. Indeed, in the often discussed
quatemion of characteristics of the natural sci-
ences, namely, objectivity, universafity, collec-
tivity, and cumulativeness, the above interplay of
experiment and theory makes the first of these
possible. Indeed, we believe that personalities, au-
thority, social status, age, political power, and
other such elements can influence such scientific
debates only very temporarily, if at all, As a re-
sult, false starts, false beliefs, unjustified claims
are, we believe, soon weeded out of the scientif-
ic scene. As a result, the assessment of scientists

and of scientific work can be carried out reason-
ably objectively, at least if applied to the past,
all the way up to the quite recent past, The criteria
even work fairly well in the present tense, though
right in the midst of a yet unresolved scientific
dispute, the situation might very well be still too
nebulous for an objective judgement to be made.

Finally, such a productive functioning of the
scientific methcd allows a scientific problem area
to be sufficiently resolved so as to spawn tech-
nological applications. For such applications the
problem area needs to be well understood so that
predictions can also be made not only for the
somewhat artificird experimental situations nccur-
ring during scientific research, but afso for the
situations in ‘reaf life’ where the applications ac-
tually occur. Novel technological applications,
therefore, can be considered as one way of doc-
umenting that a field of science has been well un-
derstood,

3. What goes wrong at the limits of
Perceptibility?

Recatling the above discussion of the ‘normal’

scientific method as a yardstick to compare with,
I will now explain how that method falls apart,
is degraded in all its components, and becomes
polluted by large extraneous factors that in the
‘normal’ scientific method can k kept smafl, in-
significant, temporary, and on the sidelines. In
doing so, I will refer to certain traits of ‘big sci-
ence’ at the limits of perceptibility which were
discussed in greater detail in refs. 1 and 2, without
again going into details over them.

Starting again with the experimental side, the
large scale, mass:ve instrumentation. large de-
mands of human manpower, high costs, and elab-
orate complexity of such experiments make the
cycle of theory-experiment-theory a very slow

one, with a period of five years or more. This
shatters the tight chain that normafly holds exper-
iment and theory together, which restrains the
speculations of theorists and assures that experi-
ments are ‘relevant’ and to the point. Not ordy
are experiments slow to provide resufts, however,
but also the results eventually produced are far
too fragmentary. The statistics may be too low,
thus mixing in a far too ksrge ‘background,’ the
domains of the variables of relevance that can be
:overed maybe far too narrow, or the type of ex-
periments that can be carried out maybe too lim-
ited. Furthermore, such expxirnerrts are frequent-
ly so massive, so costly, and so time-consuming
m scarce equipment that they are performed on-
ly once and by only one group, at least within a
decade or so. Thus the often discussed require-
ment of the reprcxhscibifity of data becomes a mere
icademic criterion which in fact cannot be appfied.
Fo make things worse, the resufts of the measure-
ments provide onfy an extremely indirax evidence
)f what presumably occurred within the phenom-
ma we want to study, since those phenomena are
$0remote that the conversion of the direct signals
kom the occurrences into something we can tlnal-
y perceive with our human senses is an ertwmous-
.y elaborate chain of processes, involving ambi-
guities, uncertainties, and influences from un-
wanted phenomem. Indeed, the isolation of a piw
:icular phenomenon we want to study becomes
almost umttainably difficuft. To give an exarn-
>le, the present day theory of the so-eafled strong
.nteraetions in high energy physics deals in terms
)f quarks, Since, however, single quarks are, by
he very same theory, in principle unobservable,
.vhen we want to veri~ theoretical predictions
bout the properties of quarks, we need to observe
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se-called hadrons which are composites of quarks,
and hence any such observation automatically in-
termixes the elementay properties of quarks. Note
that, in this case, as an additional complicating
feature, such an inaccessibility of quarks is
claimed to be an in principle unavoidable com-
plication, that is, not a manifestation of the prim-
itiveness of our present measuring apparatus
which may possibly be improved in the future.

There are corresponding troubles afso on the

theoretical front when we approach the limits of
perceptibility. First of all, since we deal with phe-
nomena so very remote from our everyday ex-
perience and from the laws gcverning the phe-
nomena we are more intuitively acquainted with,
formulating promising themies becomes much
more difficult. I elaborated on this in refs. 1 and
2. This itself contributes to the degradation of the
theoretical activity in the following sense. While
good new ideas are hard to come by and hence
are rare, the large community focused on the par-
ticular theoretical problem area needs to give evi-
dence of activity even if it cannot show produc-
tivity, or, even less, progress. 3 Papers need to
be written, conferences need to be held, and even
experiments need to be performed on the already
existing machines bought at a stupendous price.
The situation reminds me of the recent sad day

of the Challenger disaster, during which the main
television networks offered hour-after-hour con-
tinuous coverage of the situation even though afler
the irritiaf event, worthwhile news items were
hardly if at aff available throughout the day. Hav-
ing a pause on the television screen is not allowed,
however, and so the announcers and commenta-
tors desperately exfibited a hectic array of activ-
ities without the slightest sign of productivity or
progress.

Such an activity without productivity, however,
becomes contagious and a habit after a while, and
in areas of science close to the limits of pcrcepti-
bifity changes the patterns of scientific work, com-
munication, and standards. in electronic terms,
the noise-to-signal ratio increases.

A second problem that arises in the thcoreticaf
domain is that people begin to confuse the fact
that thinking of new theories here is difficult and
the fact that a theory is nevertheless expected in
the end to be simple, and hence claim that when
we approach the limits of pcrceptibdity, theQry
will nccessaril y become inherently complicated.
The claim is made that expecting simplicity in a
theory was based on a prejudice acquired from
dealing with ‘easy’ phenomena not too remote
from our everyday expienee, and that this prej-
udice now has to k dkcardcd. This claim then

opens up a veritable flcodgate of flimsy theoretical
speculations, since the requirements of simplici-

ty (and the related criterion.ofpsthedc appeaf) nor-
mafly serve as a quite strict arbitrator of what the-
ory is ‘acceptable’ even for initiaf consideration.
As we will see, the other primary arbitrator, that
of agreement with experimental information, is
afso seriously handicapped at the limits of per-
ceptibility. With these two principal foundations
of the scientific method crippled, chaos camot
be far away,

Since new physical ideas at the limits of per-
ceptibility are hard to come by, but because ac-
tivity must be exhibited, theoretical proposafs are
often presented which have predominantly math-
ematical motivations. A constmct which is appeid-
ing from the point of view of mathematical beauty
is then claimed to be relevant to the description
of nature because ‘such a beautiful mathematical
idea cannot be wrong.’ Since, however, beautifid
mathematical theories are plentiful, and among
these innumerable theories at most one will even-
tually turn out to be relevant to the description
of a set of natural phenomena, starting with matfr-
ematics instead of a conceptual idea when formul-
ating theories results in an enormous slowing-
down of the progress in science.

Theory also suffers near the limits of percepti-
bility when it comes to comparison with experi-
ment. Since the data are so fragmentary, they are
amenable to more than one explanation, so that
an inherent ambiguity in theorizing takes place,
which is not resolved in the short term by addi-
tional experiments. Pastfy since data trickfe in so
slowly, ‘slippery’ theories appear on the scene,
theories which are modified each time an addi-
tional set of data arrives. If data were pouring in
at a brisk rate, such a sfipperinex woufd be clearly
exposed and appear ridiculous and flimsy. If,
however, severaf years may pass without addi-
tional data being made available, the uneconom-
ical theory, with a capability of explaining only
the few pieces of data that are already available,
can safely exist for a fairly long period of time,
and needs to change itself only relatively infre-
quently.

Furthermore, the marginality of the quality of
the data itself encourages very lax standards for
what is considered ‘agreement with the data.’
Agreement with the order of rr&rritmde of the ex-
perimental vrdue is often considered a success.

Again partfy because of the limited set of data,
two other types of theoretical claims go unpun-

ished, One is the situation when a proposed
theory, besides explaining the few pieces of data
already available, also predicts a large number
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of additional phenomena. Because of the difficulty
of performing experiments, such predictions re-
main unchecked for a long time. Thk allows
highly urrecononr&rl explanations in which, for
the sake of agreeing with a smrdl number of ob-
servations, a sufficiently elaborate stmcture is con-
structed to make a huge number of additiorrrd pre-
dictions. An example for this is in high energy
theory where various contemporary particle clas-
sification schemes contain in themselves predi-
ctions for a huge number of additional particles
which have never been observed. Further assurrp
tions are then needed to explain why these many
additional particles have not been observed so fw.

The other situation of flimsy theorizing occurs
when the new theory is claimed to hold in domains
of the relevant parameters which are, at least for
the moment, unattaimble to experimentrdista, and
is said to be, at best, approximate in those do-
mains in which experiments already exist. To
make ti-rhgs worse, often such themries refuse to
predict the quantitative extent of the approxima-
tion which should exist in this already explored
parameter range. This makes an experimental test-
ing of such a theory methodologically impossible.
An example for such an occurrence was the so-
called bootstrap theory in high energy physics,
which was said to hold exactly onfy when all phe-

nomena in the universe were considered simrsl-
tarrearsly, and the goodness of the approximation
of the bootstrap theory for realistic systems con-
taining only a small part of the universe could not
be estimated a priori.

1 will now turn to the more external influences
on the scientific method when applied near the
limits of perceptibility, namely, influences that
arise from the sociology of the scientific commu-
nity and the context in which Big Science is em-
bedded, *

As a field of science approaches the limits of
perceptibility and becomes Big Science, the sci-
entific community attached to it becomes very
large. The gigantic experiments require research
teams involving as many as 200 scientists, The
frontfine research laboratories of the world in
areas of Big Science have 50(Xl or more employ-
ees. Conferences devoted to topics in such Big
Science attract 10tX) or more participants,

The patterns of behavior of such large eommu-
rrities and of the individuals in such large com-
munities are markedfy different from those of the
lonely scientist in the white coat pottenng around
in his one-room laboratory who represented the
typical situation in science 100 years ago. Wills

of management of material resources and of pm-
ple become much more essentiaf. Personrdities

with a talent for persuasion rise to eminence and
influence, and acquire many foffowers, esfrecialfy
among the younger and irrexperiersmd desperately
searching for guidance and research topics in an
era void of fruitful ideas. Thus fashions arise
which cars live for a decade or more before they
are finally ‘shot down’ by experimental data or,
even more likely, by new fashions arising which
catch the imagination of the community.

Since Big Science at the limits of perceptibili-
ty is increasingly more costly to pursue, the sci-
errtitic community involved in Big science is more
and more dependent on public funds for the sup-
port of its work. This induces a behavior pattern
on the part of such a scientific community de-
signed to assure public support for such work.
Rightly or wrongly, this behavior pattern is based
on a ‘siege mentality’ in which it is believed that
any apparent sign of weakness transmitted to the
public will spell the end of such public support.
Thrrs new theories, when first proposed, may ap-
pear on the first page of the New York 7hes, but
their demise, a few years later, never makes even
page 68. Any criticism of the research method-
ology, of the behavior patterns, of the strategy
utilized by fhe scientists is wmsidered treason, ad
is played down. Intolerance reigns vis-h-vis those
who do not believe in the latest fashion and ad-
vocate different approaches. By now many of the
traits of the ‘normal’ scientific method discussed
earlier have fallen by the wayside, and the pic-
ture we are viewing is more similar to that of a
religious group or of a political party.

Once the behavior patterns of the scientific mm-
munity have changed so drastically, the assess-
ment and evaluation of scientists and of scientific
work also becomes chaotic. Since the usual criteria
of conceptual merit and predictive power no
longer can be applied, humart and personal ele-
ments enter the assessment process and come to
dominate it. llria strengthens the conformity men-
tioned earlier, since dominant groups can rein-
force their subjective standards without any con-
straining intlrrence on the part of the objective ele-
ments of science. Thus resources may be mi.wd-
located, appointments and responsibilities are
iwarded on grounds other than what, in retro-

%@ wo~d apm to be merit, and new gener-
ations of scientists are brought up who, viewing
kte prevailing scene within the scientific commu-

@, 1- ways of promoting their careers which
mrdly serve the progress of science,

Finally, and very importantly, such a pattern
In Big Science near the limits of perceptibility
xoves umble to penetrate the subject sufficiently
:0 spawn novel techrmlogy. This is sometimes ex-
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cuscd by claiming that the area under investiga-
tion is so remote from everyday human experience
that it will never produce technology usable in
everyday life. Such a claim, although of course
cannot be proven wrong, flies straight in the face
of afl the past experience we have had with sci-
ence, where all those research areas which, at the
outset, were judged to be extraordinarily far re-
moved from everyday experience turned out to
have a most profound technological influence on
Mrm’s ability to control the world around it.

4. Are these traits new?

It might very well be interjected hereby those
studying science as a human activity that virtual-
ly all the deficiencies I listed above as conseq-
uences of Big Science approaching the limits of
perceptibility exist af~ in ‘normal’ science and
have always thus existed. d-s There is some truth
in this claim, but onfy a limited amount. In par-
ticrdar, two circumstances make the case of ‘nor-
mal’ science different from the situation we dis-
cussed above.

First, while in normal science such defects do

app, they are relatively mild and do not over-
whelm or camouflage the usual traits of the sci-
entific method as explained earlier, Even though

scientists are not ‘perfect,’ the way we do science
is still very significantly different from all other
human activities.

Second, and perhaps more impmtantly, the in-
termixture of the elements of ambiguity, incom-
pleteness, human frailty, and uncertainty appear
in the murac of ‘normal’ science ordy temporarily,
only while a given area of scientific exploration
is in the midst of evolution, onty before the tield
has been understood and its problems resolved.
In sharp contrast, in B1g %lence close to the fimits
of perceptibility such extraneous elements exist,

dominate, and remain permanently, since the tools
of ‘normal’ science used to cleanse science from
these extranmus elements with the passage of time
are not available near the limits of perceptibility.
Thus the methodology that could save the scien-
tific method is missing, since that methodology

woufd be the very scientific method which is in
trouble.

At the present time much of science has not yet
reached the Big Science stage and has not ap-
proached the limits of perceptibility. Thus the
diagnosis presented in this discussion cannot yet
he compared with the case histories of too many
scientific fields. There are, however, some ex-
amples, and since science inevitably marches
toward a more and more broad mnfrontation with

the limits of perceptibility, it will not be too long

(perhaps 1(N)years) before evidence will be avail-
able to test whether the patterns of [the] future
indwd conform with the outlook presented here.
But even today, some of the artafysis given here

~Y Prove to be helpful in guiding our ways of
dealing with Big Science.

5. What can we do?

Assuming that the above anrdysis of the defects
of the scientific method near the hits of percep-

tibility is corrwt, the question immediately arises
whether we can do anything about the dire situa-
tion thus depicted. Are there ways of safeguard-
ing against these deviations from the fruitful sci-
entific method?

The answer is not simple. The basic epistcmo-
Iogiczd features of Big science which are respon-

sible for, or at least play the role of the temptress
for, such a dkwtion of the scientific method are,
in my view, unavoidable when we approach the
limits of perceptibility and, as I explained in refs.
1 and 2, will eventually lead us to limits on our
scientific inquiries. There is nothing that we can
do about us eventually reaching that scientific pla-
teau. But the process of reaching such limits will
be slow, gradual, asymptotic, rmd hence there may
bean extended period during which science will
struggle on even in the face of these epistemo-
logicrd features. So the real question is whether
we can take steps to make scientific inquiry more
productive during that ~riod by preventing the
deterioration of the scientific method.

I believe we can. The analogy that comes to

mind is that of a gravely ill being given blood
transfusions. Those regularly working in the areas
of Big Science close to the limits of perceptibili-
ty cannot be relied on to safeguard the integrity
of the scientific method, because they will be
overly influenced by the wnditions already pre-
vailing in such areas. The help, therefore, must

come horn other scientists who work in fields not
affected by the rnrdadies described above.

In particular, the afflicted disciplinary area must
be assessed, monitored, and evaluated regularly
by some scientists who are highly respcted for
their scientific competence, integrity, and judge-
ment, and who, whife working in a field dktinctly
outside the afflicted one, are sufticientfy close to
it to be able to wmprehend, at least along h main
outlines, the happenings in the afflicted field. If,
for example, the field is high energy physics, these
monitors could come from nuclear physics, or
even from solid state physics. While they would
not be capable of following all the tcdsrrical detaifs
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of the afflicted field, they would be able to ask
evaluative questions in a way which reflects the
criteria and standards of the scientific method, and
would be able to assess the relevance and credi-
bility of the answers received.

The suggestion made here is certainly not al-
together original. The necessity of having exter-
nal referees was suggested, a long time ago, by
Alvin Weinberg,p-11 His context, however, was
somewhat different. He thought the presence of
such external referees helpful in order to test sci-
ence by externaf criteria which are internal to the
particular area of investigation. Weinberg’s arti-
cle was written at a time when Big Science was
just forming, and its problems [had] not yet sur-
faced. Thus Weinberg could not have anticipated
a situation when external referees wordd be needed
to safeguard the intemrd criteria of a scientific re-
search area. By 1986, a mere 25 years later, how-
ever, we have arrived at the point when such a
safeguarding becomes necessary.

Since it is unlikely that the scientists working
in the afflicted field will ask for such remedy, and

since it is txprafly unfiiely that people entirely out-
side science (e.g., congressmen, or the public)
will have a sufficiently sophisticated understand-
ing of this situation, the initiation of this modifica-
tion in the management of science must come
either from scientists working in other fields, or
from the science administrators who manage the

funding of science, and who therefore are mtural-
ly involved in evaluative activities.

The first of these two options is not too prom-
ising in practice, even though in principle it woufd
be far preferable if the scientific cmnmunity itself
(and in fact the specialists in the field itself) would
effect the reform. The incentive for scientists in
other fields to do so might come, as it did rrxent.ty
in Britain, from the feeling that certain branches
of Big Science consume inordinately large
amounts of resources which by necessity have to
come out of support normally given to other areas
of science. Although such a hassle over resource
is hardly a good environment in which to discuss
complex science policy issues, sooner or later such
situations are bound to arise unless the problem
is handled previously in a better way.

This better way, it seems to me, would be for
the funding agencies to take the initiative to in-
troduce such external monitoring. Funding agen-
cies tend to adhere to the principle that scientists
are to be used to evaluate science, and on the
whole, this principle is sound. My suggestion,
however, would by no means run counter to this
principle, rather it would onfy extend its inter-
pretation to include scientists not exactly in the
subfield to be evaluated. I strongly fml that the
idea is worth a try, at least on an experimental
basis, As times change and the circumstances of
doing science are altered, new methods in wience
@icy and management are called for. The above
suggestion is an example for such a new methcd.
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