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INTRODUCTION

Every curriculum designer operates under practical constraints, such as
the student/teacher ratio, the amount of instruction time available, and
the limitations of school budgets. Within these restricting boundaries he
must maneuver so as to balance competing theoretical considerations, such
as these: Can one encourage creative and critical thinking simultaneously?
Should more time be spent on conveying the content of modern science
or on the methods employed?

Sometimes he can only make a judicious compromise between the con-
flicting concerns. But real advances in curriculum development come when
the curriculum theorist can show that the objectives which had previously
been thought to be in competition can in fact be reconciled, thereby
creating a method of treating them in an integrated fashion.

In this paper I wish to examine two centers of tension that exist within
science curricula — one arises in trying to present the structure of a modern
scientific theory; the other is encountered in attempting to also include
scientific methodology within the currlculum. I will argue that the difficul-
ties in reconciling these “contradictions” have been underestimated and
then make a few positive suggestions about how to handle these conflicting
desiderata.

LOGICAL FEATURES VERSUS EPISTEMOLOGICAL CONSIDERATIONS

Mr. Raven, in the preceding paper, has described the structure of highly
developed scientific theories and argued that this can serve as a guide to
both the selection and the organization of science curriculum items. Al-
though I agree that a highly connected, hierarchical system is the hallmark
of a mature science, especially in periods between scientific revolutions,
it seems very unlikely that studying only such systems, even if they are
presented bit by bit, can give students a very accurate idea of the way
science actually develops.

However, in general, I think that Raven’s stress on the systematic nature
of science is a healthy one at this time and the first problem I wish to
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discuss is this: Can one design a theory of pedagogic order, i.e., a theory

of the order and manner of presentation of a science, whch will make full

use of both the logical and epistemological features of that science?

The kind of curriculum theory I am discussing here would be an incom-
plete one, for it would largely ignore such factors as the stage of cognitive
development of the student, psychological considerations (such as the
necessity of variety to prevent boredom and of review to insure retention),
the desirability of relating the science program to other activities in the
school and community, and so on. Nevertheless, I believe we are starting
to realize that we violate the inherent order within the subject matter
itself only at great cost. And we may optimistically hope that a pedagogical
order based on philosophical considerations will not violently conflict with
psychological factors.

Now it might seem that an idealized or simplified reconstruction of the
historical development of a science would best exhibit its logical and
epistemological features. But consideration of a few examples will quickly
indicate that historical order will not do (at least not unless it is recon-
structed into an unrecognizable form, and then we must ask what prin-
ciples guide this drastic reconstruction of history):

(i) Set theory was not laid down as a basis for mathematics until this
century, i.e., after the development of calculus and transfinite mathe-
matics, but it seems desirable to introduce it into the curriculum at
an early stage.

(ii) According to historical order, the study of thermodynamics, much of
organic and inorganic chemistry, the laws of electrolysis, and what we
call “ionic™ equilibria should precede the study of the nuclear atom.

One should not conclude that the history of science is irrelevant to the
study of modern science. Quite the contrary. I will suggest later that one
cannot understand the growth of sclence without serious and detailed
historical studies and that one cannot have a deep appreciation of any
modern scientific theory without knowing the problems it was designed to
answer. However, it seems clear that a recapitulation of the historical
development of a science is not the most efficient road for the beginning
student to follow. (As Professor Popper is fond of saying, “If we all started
where Adam did, there is no reason to suppose we would progress any
farther than Adam did.”)

Having rejected what is perhaps the most obvious answer to our prob-
lem, let us now discuss in more detail what is meant by logical order and
epistemological order.

We will define logical order as follows: Statement (or the set of state-
ments) A is logically prior to statement(s) B if and only if:

(i) B is derivable from A but A is not derivable from B

or

(ii) B contains some term or terms b, the definition of which utilizes some
term(s) a of A, but not vice versa. (In this case we may also say that
a is logically prior to b.)
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Let us consider a few simple illustrations from mathematics and science:

(i) The axioms of Euclidean geometry are logically prior to the theorem
about the equality of the angles at the base of an isosceles triangle
(because of the derivability condition).

(ii) Newton’s laws are logically prior to Galileo’s law of falling bodies
(because of the derivability condition).

(iii) Integers are logically prior to fractions (because of the asymmetry in
definability).

(iv) Momentum is logically prior to gas pressure (because, using the
Kinetic theory of gases, pressure may be defined in terms of changes
of momentum of gas particles but not vice versa).

It should be noted that our notion of logical order is system dependent,
especially for the case of definitional order. Figure 4 in Raven’s paper
glves a familiar example - in mechanics we may either take mass, length,
and time as primitive and use them to define other terms or choose energy,
momentum, and time as the primary terms of our system. However, for
a given canonical representation of a theory, the notion of logical order
is perfectly unambiguous.

There would seem to be a very persuasive presumptive argument for
having the order of pedagogical presentation follow logical order (other
things being equal, which they are not, of course). Thus if a set of mathe-
matical axioms is understood, the comprehension and retention of theor-
ems which logically follow from them should be greatly facilitated. And
one of the reasons scientific laws of a high degree of universality, such as
Newton’s, are so valuable is because they entail and explain a vast number
of more specialized laws, such as the laws of the pendulum, falling bodies,
the motion of the planets, and the regularity of the tides.

However, not only would the attempt to start a science course with
Schrédinger’s wave equation or Einstein’s theory of general relativity be
completely impractical (though less so if students had a high degree of
mathematical expertise), there is also a strong philosophical reason for
not doing so. Such an approach would not exhibit a central characteristic
of science, viz., its empirical nature. The necessary abstractness of high-
level scientific laws is not conducive to an understanding of how they
describe the world and of how they are ultimately dependent on concrete
laboratory operations.

We are thus led to a consideration of what I will call epistemological
order. We will say that statement(s) A is epistemologically prior to B if it
can be more easily apprehended through, or more directly exhibited by,
experience. Unlike our notion of logical order, epistemological order is a
vague concept and we wlll not be able to clarify or refine it very much
here. There are two immediate difficulties. First, what is the apprehension
process referred to? We can say that some cognitive items are easier to
“grasp,” ‘“discover,” or “tune-in on” than others, but these ideas are
equally obscure. Second, the epistemological order of items must surely
be somewhat dependent on the background of the learner, especially on
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the possibility of transfer from previous learning experiences. For
example, post-Sputnik children must certainly find it easier to understand
(at least in a minimal sense) Newton’s law of inertia than did their parents.
In part, this is because they have had more experience with such notions,
but also I think that in a very real sense Newton’s first law has been
rendered “closer to observation” by experiments in space.

Epistemological order thus may not be a very workable notion; certainly
to give a detailed epistemological ordering of statements in a scientific
theory would require a good deal of experimental study. However, I
think our background experience provides us with a rough ordering — the
mathematical properties of triangles are surely easier to grasp than those
of helices,' and we can reasonably expect a learner (at least one in our
society) to “catch on” to the generalization that metals expand when
heated more easily than he comes to understand that substances with
unpaired electrons are paramagnetic.

What can we say about cases where the logical order and the epistemo-
logical order of curriculum items are opposed? When does such a situation
typically arise? Let us first note that in the case of many mathematical
systems there is a high degree of congruence between logical and epistemo-
logical considerations.” The axioms of Euclidean geometry are not only
logically primary; for two thousand years (i.e., until the discovery of non-
Euclidean geometries), they were also held to be “self-evidently true,” or
directly intuitable. Experience with the “new maths” curriculum seems
to indicate that elementary set theory can be taught before arithmetic.
Presumably then, in these areas at least, one could present concrete
situations which somehow enabled the student to grasp first principles and
then proceed to derive and define the rest of the mathematical system
without further reference to the world of material objects. In practice,
one reinforces the understanding of the derived statements by applying
them to grocery bills, land-surveying problems, or what have you. The
logical connections remain strong, however, and provide the supportive
skeleton of the system.

In science, the situation seems to be that logical order and epistemologi-
cal order are often nearly reversed. Even the adult beginner would have
difficulty starting his study of electromagnetism with Maxwell’s equations.
It would seem that there is a real conflict here and I doubt that there is
a neat formula for the best compromise. However, methodological
guidelines can be established.

First of all, some of the standard responses of curriculum designers to
this problem do not seem satisfactory. The traditional ploy was to present
very little high-level theory to the student — he memorized valence tables
for the elements instead of learning about the electronic structure of
atoms. Even at best he could never have a systematic knowledge of
the lower-level scientific statements because it is only through high-level
theories that the less universal special laws are connected and unified.
Some of the more radical modern “discovery” approaches seem to make
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another sort of error. By cleverly creating situations® that minimize the
epistemological “distance” between the student and the scientific state-
ment, it becomes possible to introduce many scientific laws, including
some high-level ones, in a fairly direct manner. Here again there is a
danger that the prevailing order in the curriculum is an epistemological
one, albeit that the traditional epistemological order has been changed
through educational technology, and that the deductive structure of mature
science will not be grasped by the student.

The major guideline I would propose then is this: Within the unavoidable
limits placed by epistemological considerations, the pedagogic presentation
should be dominated by logical order. Acceptance of this guideline would
have several consequence that I find desirable:

(1) It would encourage attempts to make rather abstract theoretical
principles more immediately understandable.*

(2) It would lead to an emphasis on the early teaching of concepts of a
formal or mathematical nature which are used in many areas of the curricu-
lum (I am thinking of such things as invariance and symmetry principles,
logic, group theory).

(3) It might mean that some subjects would be taught later (e.g., atomic
orbital theory which is very misleadingly presented in some high school
texts), or not at all (e.g., Mohr’s scale of mineral hardness, which is of
little systematic significance).

(4) 1t would mean that there would be a good deal of emphasis on the
logical structure of science.

This last point is so important that it deserves further discussion. In my
own experience in teaching philosophy of science to science teachers, I
have found that they had little explicit knowledge of the structure of their
subject before attending the course (although they caught on rapidly). For
example, although they had all studied both Boyle’s gas law and the
kinetic theory of gases, they could not easily state the relation between
them. I believe that detailed studies would show that our present science
students are not adequately learning the structure of the sciences they
study. If this is so, this means that they are largely missing the benefits in
economy and understanding that structured knowledge provides. It should
be noted that in cases where it is necessary that epistemological order
prevail, e.g., if we introduce the gas laws before the kinetic theory, we
can warn the student that these laws will later be subsumed into a more
general system and encourage the students to qualitatively speculate on
what it might be like. Later, of course, one explicitly derives the gas laws
from mechanics and some assumptions about the composition of gases,
stressing that now one can see underlying similarities between the behavior
of billiard balls and planets and the behavior of gases. One can also point
out that this derivation of the gas laws increases the amount of evidential
support which they enjoy. The teacher can say (in an appropriate manner),
“What evidence supports the gas laws? Not just the crude experiments
with mercury columns and gases which we performed in the lab. Since
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the gas laws are derivable from mechanics and certain atomic assumptions,
they inherit all of the evidential support of the higher-level theories and
we have seen many successes of mechanics in other areas and noted the
various sorts of evidence for the atomic theory.”

Although I have opted for a strong emphasis on logical order, it should
be obvious from the above analysis that any pedagogical approach which
completely neglects either of the two factors is suspect. Science does not
grow in the inductive direction, i.e., roughly following an epistemological
order. Neither does it progress solely in the deductive direction by starting
from the highest-level theoretical scientific statements. (This is not to
deny that some formal principles, such as treating change in terms of
conservation laws, may have been important from the very start.)

It is both pedagogically and philosophically sound to proceed by a
series of leaps and zig-zags, emphasizing both the intra-theoretic logical
connections and the epistemological ties from the theory to the world.

STRUCTURED SCIENCE VERSUS SCIENTIFIC METHOD

I have suggested that in any science curriculum, the order in which items
are introduced is governed by both logical and epistemological considera-
tions, that in the case of science these are typically in conflict, but that
logical order is the more important for a mature understanding of both
science itself and its relationship to other subjects and hence should be
emphasized. Although there could be (and should be) considerable dis-
agreement over the details of how we introduce the structure,” what
objections could one possibly have to a general emphasis on the systematic
nature of science?

The answer is very simple — science does not in fact grow by smoothly
extending its deductive structure higher and higher through the addition
of abstract universal theories and wider and wider by encompassing more
phenomena. For at least one hundred years philosophers of science have
realized that the induction or accretion model of scientific growth is hope-
lessly wrong.® Yet by systematically exploring the network of internal
relations of a fixed, developed scientific theory, a student inevitably
concludes that science is monolithic and stable and has no accurate picture
of how it develops through time.

A problem thus arises: How can a curriculum simultaneously induce an
understanding of a mature, articulated scientific theory and yet not give a
totally misleading picture of the process by which science grows?

Before trying to answer this, I would like to register a few disclaimers
and comments on one of the assumptions underlying much recent work
in science curricula, viz., the assumption that science curriculum materials
should be actively and explicitly concerned with the scientific method. In
support of this claim it is often argued that as knowledge expands, the
ideal of a Renaissance man is an unrealistic one, so one must either
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become a specialist or focus on formal methods of inquiry that will be of
general application. However, it would seem that if science is progressing
toward a more comprehensive and unified structure, it should become
easier, not more difficult, to find one’s way around the burgeoning mass
of facts.”

It is also argued that one surely cannot be a good scientist without
having a good methodology and that therefore the curriculum designer
should explicitly provide for this. Admittedly fish swim without knowing
hydrodynamics, the argument continues, but by using discovery methods
one can simultaneously teach the substance and method of science (and
besides kids love it.) This is not the place to give a detailed analysis and
criticism of discovery approaches, but my position, in brief, is this: Al-
though I think that these approaches are an excellent way to stimulate
interest and present subject matter (because they maximize epistemologi-
cal accessibility) and hence deserve tremendous support, I cannot accept
the claim that they directly enable chlidren to think and work in ways
similar to those characteristic of a good scientific practioner.

Let me discuss two reasons for this position. These will also indicate
why I am a bit pessimistic about the whole enterprise of integrating the
study of modern science with an intensive study of scientific method. It is
convenient to differentiate between two realms of scientific activity — the
context of conjecturing and the context of criticism and testing. I claim
that it is very difficult to see how the student can actively engage in either
of these processes while studying a highly developed modern scientific
theory.

First, let us consider the conjecturing process. New advances in science
are typically made by proposing theoretical solutions to problems which
arise within a scientific or metaphysical framework. These problems are
not of the form, “What new regularities can I find in Nature today?”’®
Although the discovery of new regularities is a typical result of scientific
inquiry, the typical scientific problem is not one of regularity-collecting.

For example, what was Galileo’s problem situation when he discovered
the law of the pendulum? Legend has it that he was sitting through a
boring sermon in church watching the chandelier swing. (Thus far there
may certainly be analogies between his situation and that of the
student!) But the crucial background information is this: Galileo was in
the process of developing a science of mechanics, and for various reasons
(such as the tendency of frictionless wheels to keep turning) he had
decided upon a circular law of inertia, i.e., bodies move in a great circle
unless acted upon by an outside force. He could analyze the laws of the
lever in terms of circular displacements and realized that projectiles fired
with sufficient velocity would circle around the earth. For these reasons
and others he was preoccupied with circular motion and thought it to be
especially simple and fundamental. He was thus predisposed to choose
the behavior of the pendulum for further study.’

However, the modern student is working within a different framework —
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one with a linear law of inertia. Perhaps one can fabricate an intellectual
problems that would make a study of the pendulum seem important and
then provide the student with strings and weights. However, one should
not lead the student to believe that this is the way Galileo carried out his
investigations nor that this classroom behavior is a typical case of scientific
creativity. One cannot adequately describe the past history of scientific
progress by saying that scientists browse around the world randomly look-
ing for laws or by claiming that they try to explain everything. (In any
other area it would be a cliché to remark that half the battle of discovery
is won by a strategic choice of the problem to investigate. This is especially
true of the scientist, despite all the talk of “scientific method” which has
hindered the study of the various metaphysical, sociological, theoretical,
and formal considerations that guide creative scientific activity.)

What about the context of testing and criticism? Surely the student can
at least actively test the scientific structure he is learning? But even this
is doubtful. A major characteristic of the scientific enterprise is that it
severely tests theories. This means, first of all, that one must have good
experimental technique so that if a refutation appears, it is reasonable to
claim that it is the theory which is in error, not the experimenter. How-
ever, this would rarely be a realistic judgment for a student to make. To
encourage him to think otherwise or to always present him with simple
apparatus could even sabotage the future development of science.

Secondly, to severely test a theory means to try it out in new areas in
which it has not been previously tested or areas in which we have some
reason to believe it could fail.'® By definition, then, a standard laboratory
experiment, one which “works” and which has been replicated by thou-
sands of people, is not a severe test of a theory. The very laboratory
experiments which are best for demonstrating a law, for making it easy
to grasp, are typically not severe tests of that law. For example, the law
of conservation of matter is easily illustrated by stretching and weighing
clay doughnuts. But suppose we wanted to test the law, how might we
seriously try to destroy mass? Surely we would not just stretch the dough-
nut, but pound it and heat it, and pour acid on it, and send electricity
through it, and put it in an atom bomb, and so on.

It should be obvious that throughout this discussion, I have been con-
cerned with methodological features that are somewhat peculiar to
science. Many elements of what is often called scientific method, such as
observing carefully, keeping records, and reasoning in an orderly fashion,
are as typical of the supermarket manager as of the scientist. It is very
useful and very easy to include such techniques in the science curriculum.
But what is at issue here are the methods by which scientists seek for
high-level explanatory theories and severely test them empiricaily,

There remains one important reason for the current stress on teaching
scientific method. I suspect that many of us have a rather ambivalent
feeling toward science these days. On the one hand, scientific inquiry
seems to be a very powerful and effective tool (and hence students should
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learn its methods), but we also feel that science has somehow got out of
hand, that scientists are too cocksure and have forgotten that science is
fallible. We feel that by studying the true nature of science, students,
especially those in the humanities, could come to respect science, but not
worship it.

I am personally somewhat in sympathy with this position and I believe
there are philosophical as well as political reasons for undermining the
authoritarian picture of science which a student is almost sure to get by
concentrating solely on modern science, even if it be taught by people
who are very sophisticated in philosophy of science.

The philosophical reason is this: The really revolutionary advances in
science take place when two comprehensive theoretical systems clash.
Although severe testing of a new addition to a system is an important part
of scientific method, the most effective criticism of a system is not piece-
meal empirical testing but facing the challenge offered by a quite different
system.'! For example, the phlogiston theory, which claimed that some-
thing was lost when a metal was heated in air, is generally presented as
a silly mistake which could easily have been corrected by weighing the
products and reactants. However, the early phlogistonists insisted that
weight changes were a problem for the physicist and that their principles
were intended to explain chemical properties.’* Besides, this particular
tenet of the phlogiston theory was but a small part of a comprehensive
chemistry of principles, which more or less successfully gave a unified
treatment of combustion, calcination, reduction, plant growth, acid-base
behavior, the color of chemicals, and so forth. This means that to under-
stand and appreciate the chemical advances made by Lavoisier and other
oxygen chemists, one must first thoroughly study both the empirical com-
prehensiveness and the metaphysical attractiveness of phlogiston chemis-
try. Then this system must be compared and contrasted with its eighteenth-
century competitor and successor, not modern chemistry.

I have briefly argued that the smallest unit which can be used to study
the growth of science consists of two competing theoretical systems, neither
one of which need be modern. If this indeed be the case (and there is
considerable evidence for the position — see especially the work of Feyera-
bend, Lakatos, and Kuhn}, and if we are really serious about wanting
students to gain a sophisticated understanding of the nature and growth
of science, then we must be prepared to include in the curriculum an
intensive and sympathetic study of scientific systems that are scientifically
unacceptable today. Students must become knowledgeable phlogistonists
or caloricists or Lamarckians.

Fortunately for the science student, such an activity will directly increase
his understanding of modern science because there are interesting struc-
tural resemblances between parts of old theories and modern ones." (For
example, there is a partial isomorphism between the explanations of the
barometer, suction pumps, and siphons given by the early force of the
vacuum theory and those provided by the atmospheric pressure theory.)
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So historical studies give him insight into both the scientific process and
the content of modern theories. For the arts student, the prospect may
be more gloomy. Not only must he learn enough modern science to “read
a newspaper and vote,” he must also take on some historical systems as
well. He certainly must not just study philosophy of science in an abstract
form which is divorced from actual cases — the interesting problems arise
because of the highly interconnected structure of scientific theories and
the complexity of the task of comparing competing theoretical structures.
However, it may be that some of these students would enjoy the pictur-
esque language and other cultural tie-ins of historical theories.

CONCLUSIONS

1. The logical structure of modern science should be emphasized, al-
though epistemological order should not be overlooked.

2. Even the most philosophically enlightened presentation of modern
theories in isolation will tend to give a misleading picture of the nature
of science.

3. To understand the growth of science and to get a balanced picture of
both its fallibility and its claims to soundness, one must use a pluralistic
approach and study at least two competing systems in detail.

4. Teaching scientific methodology is a laudable aim. However, it has
been briefly indicated that (a) the complex scientific process cannot be
accurately described by a few slogans, and (b) an understanding of
the methods of science and the rationality of science cannot be gained
without a depth study of a plurality of scientific theories.

1 have briefly sketched a general approach to science instruction. At

least two questions immediately arise:

(a) What philosophical guidelines are there for the choice and method of
presentation of historical case-studies? (Unfortunately, very little suitable
material on this topic is now available.)

(b) Granted that sophisticated, developed sciences do not offer much
opportunity for students to practice scientific methods of inquiry, can we
contrive artificial and simplified problem-solving situations which would
have certain analogies to scientific ones? (To do this we need a more
detailed analysis of how science develops. It is already clear that we would
have to rely heavily on open-ended problem situations or cases where the
problem must be revised before it is soluble, and not just on “‘closed”
areas of inquiry where a systematic elimination of possibilities insures
success.)
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NOTES

10.

11.

12.

13.

This paper is the fifth in Science & Education’s annual Golden Oldies series. It was
published originally in Curriculum Theory Network 4, 26—-43, 1969. It is reproduced with
the kind permission of Blackwell Publishers.

. By suggesting an epistemological ordering for mathematical items I do not mean to

imply that mathematics is empirically based. On the contrary, whatever the genesis of
mathematics or its relation to science may be, I think mathematical theories are best
viewed as abstract, formal systems which interact and develop independently of experi-
ence. However, since more or less exact mechanical models of mathematical systems
exist (e.g., fingers, apples, octahedral crystals, and vibratlng strings), and since these
are invaluable aids in reaching formal mathematics, it seems fair to extend our notion
of epistemological order to cover these cases.

. Just as social scientists generally think that physical scientists have an easier job, so do

people concerned with physical systems expect mathematical systems to be neater.

. The Nuffield Schemers speak of “'stage-managed heurism.”
. T am thinking of devices such as wave tanks or Hovercraft pucks for friction-free collisions

which may be used to illustrate (not prove) high-level theories. One should not pervert
a high-level statement to make it understandable, e.g., by giving a concept such as mass
an operational definition, which at best would probably only be a partial definition of
weight. However, this is no place to deliver a sermon on the philosophic sins of inductiv-
ism and operationalism.

. To give a silly example, should we (1) first present children with the more abstract

notions of ““colored” and “‘colorless,” using clear, transparent, colored blocks, and then
introduce the special cases of “red,” “‘blue,” etc., or should we (2) present all the
individual colors first and then give the more general notions, or should we (3) present
“red,” “blue,” *‘yellow,” then “‘colored,” then *“mauve™...? Even such a trivial case
might be important in teaching deaf or disadvantaged children where the number of
language-learning opportunities is severely limited.

. I am dating this realization from the work of Willlam Whewell who had a violent debate

on this very issue with John Stuart Mill. Contemporary philosophers who work on
inductive logic do not argue for an inductive method of discovery; neither do they
support an accretion model of scientific growth. Their claim is merely that the rationality
of developed science lies in the inductive confirmation of its hypotheses. I would also
disagree with this claim, but it is not at issue here.

. There has been an enormous increase in the number of known organic compounds in

the last twenty-five years, yet organic chemistry is a more tractable undergraduate subject
today because of the enormous developments in the theory of organic reactions. I would
maintain that a present-day undergraduate has memorized the details of fewer organic
syntheses than his father did, but understands organic chemistry much better.

. To find evidence in support of this point, the reader is directed to any modern work in

the history of science.

. For a description of the fascinating way in which Galileo mathematically derived both

the law of the pendulum and his law of falling bodies from false premises, see A. R.
hall, From Galileo to Newton: 1630-1720, Vol, III of The Rise of Modern Science, ed.
by A. R. Hall (New York: Harper & Row, 1963).

For a discussion of severe testing, see Karl Popper, Conjectures and Refutations (London:
Routledge and Kegan Paul, 1963).

A full discussion of this point and several examples can be found in P. K. Feyerabend,
“Explanation, Reduction, and Empiricism,” in Minnesota Studies in the Philosophy of
Science, Vol. III (Minneapolis: University of Minnesota Press, 1962).

If the use of immaterial principles seems strange, recall that Lavoisier’s list of elements
included light and caloric.

For a precise characterization of these structural similarities see N. Koertge, **A Study of
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Relations between Scientific Theories: A Test of the General Correspondence Principle,”
(unpublished Ph.D. dissertation, University of London, 1969).

Afterthoughts, 1995

Despite the display of the original date of publication and asterisk on the
title of the “Golden Oldies” reprinted in Science & Education, 1 often
find myself well into the article before I realize it was written some time
ago. In the case of my essay, I dare say it is the pronouns that are the
most conspicuous give-away. Not every writer today avoids the generic
“he”, but probably no editor would allow an example where both the
science student and grandparent are male!

There are many other ways in which the paper is dated, in part because
of recent progress in the areas of cognitive science and philosophy of
science. There are also an increasing number of polemical and political
attacks on some of the traditional values of science and science education,
and were I to write on the theory of science curricula today, I would
have to deal in detail with critiques made in the name of feminism,
multiculturalism, and postmodernism. But here I can at least sketch some
of the revisions suggested by both the positive and negative new develop-
ments within science studies.

THE QUESTION OF LOGICAL VS. EPISTEMIC ORDER REVISITED

My original paper assumes that scientific knowledge is highly structured
and that it is desirable for students to understand that logical structure.
The question then is how best to accomplish this goal, given that the parts
of science which are easiest to learn may be rather fragmented and fail to
exhibit the cohesiveness and explanatory power of the mature scientific
system.

The new interdisciplinary field of cognitive science provides several
insights into how this tension might be resolved. First, it tells us more
about the varied kinds of structure that humans find and impose on
experience. In addition to Aristotelian classification systems which support
syllogistic reasoning, we make wide use of narrative schemata and reason
from prototypes using so-called “fuzzy” logic. Cognitive psychologists
have also characterized various sorts of heuristic devices which guide our
informal judgments about matters involving statistics and probabilities.
Meanwhile, philosophers of science have been producing models of scien-
tific systems which supplement the traditional emphasis on ““vertical” de-
ductive linkages with a description of various “horizontal” connections,
such as analogies and metaphors.

As a result, we have new ideas about ways to introduce sophisticated
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scientific ideas to students. Starting with simple schemata that they already
know (for example, the law of the lever), one can hope not only to draw
formal analogies to other cases of direct and inverse proportions, but also
to expand their knowledge of mechanics. One can also address their naive
ideas about, for example, acids, not as egregious errors, but rather, as
somewhat serviceable prototypes which need to be refined in order to
become compatible with the theoretical structure of modern chemistry.
Thus much of the impulse behind ““constructivist” approaches to science
education is very welcome, although many less welcome initiatives march
under the same banner.

Today there are those who would deny that there is a canonical structure
to the subject-matter of physics, chemistry, or biology that all students
should learn about. Rather, the attitude is that just as each reader of a
literary text constructs a highly individualized response which draws heav-
ily on her/his own experience, so should science students construct their
own readings of scientific experiments and demonstrations. The claim is
sometimes made that the cognitive backgrounds of students from various
ethnic subcultures are so different that unless draconian brain-washing
techniques are used, we would expect them to come out of a class with
different ethnoscientific systems. It is therefore advocated that the science
curriculum be adjusted to accommodate these allegedly equally valid con-
structions. So, for example, articles in scholarly publications claim Navajo
children find fractions difficult because of their holistic process-oriented
world-view, and go on to suggest that they might find mathematics more
congenial if they were first introduced to calculus.' (Presumably, one
would not use fractions in introducing the concept of derivative!) In a
similar vein, some feminist academics have conjectured that women’s
cognitive capacities would find the study of wave phenomena and fluids
more congenial than the traditional introduction to physics which begins
with the motions and collisions of rigid bodies.>

Such proposals are fun to think about and debate, but are much too
speculative at this juncture to be incorporated into school curricula, espe-
cially since they could so easily end up by further disadvantaging the very
student populations they are intended to help.?

TEACHING SCIENCE VS. TEACHING ABOUT SCIENCE

Since the original essay was written, there has been an increasing priority
placed on the aim of teaching students abour the production of scientific
results. Definitions of scientific literacy continue to shift emphasis away
from the primary content of scientific systems onto meta-commentary
about the methods and social organization of the scientific community.
As someone who has spent most of her professional life studying the
scientific process, I am delighted at this growing interest in the history,
philosophy and sociology of science. Yet I am also concerned about how
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this is being done. When I studied science in America in the fifties, the
meta-commentary we received was permeated with positivism (a quantum
chemistry teacher once told us that an electron was nothing but the solution
of a second-order differential equation). And the attitude was one of
unmitigated science boosterism (“‘Better things for better living through
chemistry”.) That students form a more complex picture of science is
highly desirable. But the way to achieve a more nuanced view is not by
injecting relativist glosses into the curriculum nor by selectively teaching
historical episodes in which scientists are portrayed as opportunistic ideol-
ogues whose results reflect only social interests, not the natural world.

Even if the truth about natural science were that results were equally
shaped by nature and by society (which I doubt), I still believe it would
be better to err on the side of Pollyanna than Diogenes the Cynic. Let
me explain why with an analogy. Studies show that all of us, no matter
how upright, frequently tell lies. Many of them are “white”’, but deviations
from what we take to be true just the same. Faced with this sociological
fact, should we now cease telling our children that honesty is the best
policy and stop warning them about the tangled web we weave when we
deceive? Eventually, of course, we will want to discuss the role of polite
assessments of horrible new hats and the differences between lies of
commission, omission, and failures of Grycean implicature, but only after
the default setting of telling the truth is pretty well internalized. At least
this will be our pedagogic strategy if we value truthfulness. And although
we will supplement the fable of the truthful George Washington and the
cherry tree with cautionary tales about famous lies in history, from Peter’s
denial that he knew Jesus to Nixon’s stonewalling about Watergate, we
will not want to leave the impression that lying is an acceptable response
to unpleasant situations.

Education about science should also extol the most basic normative
features of scientific practice. Thus students will first be presented with
an over-simplified and idealistic picture of scientific procedures complete
with easily reproducible observations, accurate measurements, beautifully
controlled experiments, carefully defined theoretical concepts, and clear-
cut cases of falsification or corroboration. Here we will recite those wond-
erful stories of scientific integrity — Kepler’s concern about a discrepancy
of eight seconds of arc, how Halley’s comet arrived on schedule, and
Einstein’s admission that his theory would be “‘dust and ashes” if no red
shift were found. The main message here will be about scientists’ strong
commitment to empirical adequacy.

Of course, this is a naive account — but so are the laws of weightless,
friction-free levers and ideal gases which we routinely teach our students.
Yet these simplifications are useful zero-level approximations which can
be amended later. With more advanced students one will go on to talk
about the role of auxiliary hypotheses, the Duhem-Quine problem, the
evaluation of research programs, how theories can be used to criticize data
(instead of vice versa), the complex processes of calibrating instruments,
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refining concepts, balancing empirical adequacy with heuristic and
explanatory potential, etc. Here is the place for more elaborate historical
case studies. The main message will be that it is often not easy to attain
the unambiguous epistemic clarity which scientists so desperately want,
especially not in the short run. Therefore, scientific results are fallible,
although some are much more secure than others and the process of
science tends to be self-correcting.

At this point one may quite appropriately introduce historical examples
of erroneous scientific ideas which either directly or metaphorically imply
unpleasant racial or sex differences, such as those described by S. J. Gould
in The Mismeasure of Man or the various old theories of reproduction
discussed by feminists.* But these episodes also need to be placed within
a fuller historical context. Were there also non-ideological reasons for
finding these theories attractive? At the very least it needs to be pointed
out that the reason we no longer accept Brocca’s phrenological approach
or the active sperm/passive egg story is because of the normal scientific
processes of empirical criticism, not because of a change in ideology or
political intervention from the outside. The wheels of scientific appraisal
may turn more slowly than we like, but they do grind increasingly fine.

Historians of science, especially in the pages of this journal, have been
very sensitive to the pitfalls as well as the promise of trying to teach
contemporary science and the history of science simultaneously. There
are bound to be painful trade-offs involved. Philosophers of science have
been more sanguine about a joint venture, glossing over the fact that what
goes on in traditional lecture-demonstrations and student labs may give
students a glimpse of the activities of an industrial laboratory technician
but has very little relationship to the process of cutting-edge scientific
research that philosophers like to theorize about. And as I remarked in
my original paper, attempts to lead students into making discoveries on
their own are just as unrealistic. Once again the overlap in the two goals
is much less than might first appear. If we also try to teach sociology of
science (either the Mertonian variety or more radical approaches) even
more conflicts arise.

Some would opt for more meta-commentary — after all, many students
don’t like science that much anyway. (A similar move was made at my
university when it was decided to let courses on foreign culture substitute
for advanced foreign language classes.) But I would oppose this move,
partly because I think the study of basic introductory science is of great
intellectual and pragmatic value, but also because I believe that knowing
a little theory and having first-hand laboratory experience, even of the
cookbook type, is a necessary prerequisite for understanding on the meta-
level. I have also concluded from my own teaching experience that stu-
dents have to be fairly mature before they can really profit from the
systematic study of history, philosophy and sociology of science.’

Therefore, my prescriptions are as follows: Science teachers in training
and science textbook writers should be quite knowledgeable in the meta-



406 N. KOERTGE

disciplines that comprise science studies. An understanding of history,
philosophy and sociology of science would inform and enrich their
approach to science education. Secondary school students should learn
about basic scientific norms and methods. Sophisticated questions about
the nature of science would be systematically addressed in college-level
courses taught by people with training in the science studies disciplines,
perhaps in tandem with regular science faculty. Teaching science and
teaching about science are both important, but we shouldn’t confuse the
two projects.

NOTES

* The original paper grew out of discussion with faculty and graduate students at the
Ontario Institute for Studies in Education. At that time the Department of History and
Philosophy of Education was systematically encouraging dialogue between philosophers
of science, history, language, art, etc. and experts in the design of curricula in those
subjects.

1. The original study of Navajo ideas, Anthropology of Space: Explorations into the Natural
Philosophy and Semantics of the Navajo, by Rik Pinxten, Ingrid van Dooren, and Frank
Harvey (University of Pennsylvania Press, Philadelphia, 1983), made very tentative
suggestions about possible curricular reforms. More definite proposals appear in a mathe-
matics education newsletter where the results are generalized to all North American
Indians: *. .. teaching math to speakers of Native American languages might be more
effective if the curriculum would begin with topological studies, motion theory, or calculus
rather than with counting and numeration.” Claudette Bradley, Charlotte Basham, Mel-
issa Axelrod, Eliza Jones, ‘“Language and Mathematics Learning,” UME Trends
{December 1990), p. 8. The specific recommendation concerning calculus before fractions
appears in the first volume of Journal of Women and Minorities in Science and Engineering:
¢ .. for some students, it might be appropriate to teach calculus as elementary mathemat-
ics, and fractions in college.” Bonnie Jean Shulman, “Implications of Feminist Critiques
of Science for the Teaching of Mathematics and Science” (1994).

2. See, for example, Suzanne Damarin’s appeal to Irigaray’s La “Mechanique” des Fluides
in New Directions for Equity in Mathematics Education (Cambridge University Press,
1995). There have been related proposals discussed on an email list for Women in Physics.

3. See my point-of-view article, “‘Are Feminists Alienating Women From the Sciences?”
The Education Digest 60 (December, 1994), pp. 49-52.

4. The most responsible treatment of cases of alleged gender bias in science which I have
seen is Bonnie B. Spanier’s Im/partial Science: Gender Ideology in Molecular Biology
(Indiana University Press, 1995).

5. In teaching an undergraduate course called “Understanding Scientific Reasoning” my
colleagues and I have found marked differences between college sophomores and seniors.



