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Editorial Introduction

This anthology contains selected papers from the 'Science as Culture'
conference held at Lake Como, and Pavia University Italy, 15-19 September
1999. The conference, attended by about 220 individuals from thirty countries,
was a joint venture of the International History, Philosophy and Science
Teaching Group (its fifth conference) and the History of Physics and Physics
Teaching Division of the European Physical Society (its eighth conference).
The magnificient Villa Olmo, on the lakeshore, provided a memorable location
for the presentors of the 160 papers and the audience that discussed them. The
conference was part of local celebrations of the bicentenary of Alessandro
Volta's creation of the battery in 1799. Volta was born in Como in 1745, and
for forty years from 1778 he was professor of experimental physics at Pavia
University. The conference was fortunate to have had the generous financial
support of the Italian government's Volta Bicentenary Fund, Lombardy region,
Pavia University, Italian Research Council, and Kluwer Academic Publishers.

The papers included here, have or will be, published in the journal
Science & Education, the inaugural volume (1992) of which was a landmark in
the history of science education publication , because it was the first journal in
the field devoted to contributions from historical, philosophical and
sociological scholarship . Clearly these 'foundational' disciplines inform
numerous theoretical , curricular and pedagogical debates in science education.

Contemporary Concerns

The reseach promoted by the International and European Groups, and by the
journal, is central to science education programmes in most areas of the world.
Increasingly school science courses are being asked to address issues
concerning the Nature of Science. Students are expected to gain a rudimentary
understanding of the 'big picture' of science: its history, its philosophical
assumptions and implications, its interaction with culture and society, and so
on. It is increasingly expected that students will leave school with not just
knowledge of science, but also with knowledge about science.

These ' liberal' curricular developments have occurred in the UK, US,
Canada, Australia and Japan. In the US, aspects of the history and philosophy
of science are written into the National Science Education Standards and are
enthusiastically promoted by the AAAS's Project 2061. In England and Wales,
these liberal goals have survived the vicissitudes of the unfolding National
Curriculum (Donnelly 2001). In Greece, satisfactory completion of a final year
course on the history of science is now a requirement for graduation from high
school. In the Australian state of New South Wales, history of science and
nature of science comprise two of six prescribed curriculum focus areas.

ix
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Even those with a more narrow and disciplinary focus maintain that if
we want students to learn and become competent in science, then they must be
taught something about the nature of science. For instance, Frederick Reif
wrote:

All too often introductory physics courses 'cover' numerous topics, but the
knowledge actually acquired by students is often nominal rather than
functional. If students are to acquire basic physics knowledge ... it is necessary
to understand better the requisite thought processes and to teach these more
explicitly ... if one wants to improvesignificantly students' learning of physics
... It is also necessary to modify students' naive notions about the nature of
science. (Reif 1995, p. 281)

But it is not just curriculum injunctions that require teachers to address
the nature of science: frequently they are called on to address issues raised by
the so called 'Science Wars ' , by the Creationism controversy, by Feminist
critiques of science, by multiculturalist claims for inclusion of indigenous
science in the curriculum, and so forth. In many parts of the world, proponents
of Islamic Science demand that the school science curriculum reflect the
Koran 's teaching on biological, cosomological and methodological matters.
Intelligent discussion of all of these questions depends upon some grasp of the
history, philosophy and sociology of science.

There are engaging tensions between science education and culture.
Most people hope that children who learn science will be affected by what they
learn; that lessons from the science classroom will flow on to children's ways
of thinking about personal and social matters; that it will contribute to their
world views, and ultimately to culture. If science teaching is done well, these
flow-on effects are positive; if it is done badly, they are negative. But of course
often there are no flow-on effects of either kind - some years ago it was
famously shown that belief in astrology was unaffected by completion of a US
science degree. A major issue in multicultural science debates is the extent to
which there should be flow-ons from the science classroom to religious, social
and traditional beliefs and practices.

Historical Background

Questions about the nature of science have long been of concern to science
teachers and curriculum developers. It has been hoped that science education
would fructify in society and have a beneficial impact on the quality of culture
and public life in virtue of students appreciating something of the nature of
science, internalising something of the scientific spirit, and developing a
scientific frame of mind that might carry over into other spheres of life. John
Dewey well expressed this Enlightenment hope for science education when he
said :
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Our predilection for premature acceptance and assertion, our aversion to
suspended judgment, are signs that we tend naturally to cut short the process of
testing. We are satisified with superficial and immediate short-visioned
applications. ... Science represents the safeguard of the race against these
natural propensities and the evils which flow from them. ... It is artificial (an
acquired art), not spontaneous; learned, not native. To this fact is due the
unique, the invaluable place of science in education. (Dewey 1916, p. 189)

Such historical and philosophical contributions had been urged for well
over a century. The Duke of Argyll in his 1856 Presidential Address to the
British Association for the Advancement of Science challenged the meeting
with the claim that: 'What we want in the teaching of the young, is, not so
much the mere results, as the methods and, above all, the history of science ...
that is what we ought to teach, if we desire to see education, well-conducted to
the great ends in view'. Ernst Mach - who could be considered to have
founded the discipline of science education when, in 1887, he published and
edited the first issue of Zeitschrift fur den Physikalischen und Chemischen
Unterricht (Journal of Instruction in Physics and Chemistry) - said that: 'The
historical investigation of the development of a science is most needful, lest the
principles treasured up in it become a system of half-understood prescripts, or
worse, a system of prejudices' (Mach 1886/1943).

Other contributions to this liberal tradition included John Dewey's
work at the tum of the century (Dewey 1910); F.W. Westaway's teacher
preparation text of the 1920s (Westaway 1929); Joseph Schwab's writings in
the 1940s and 1950s (Schwab 1945, 1958); the books of James Conant in the
late 1940s and 1950s, especially his On Understanding Science (Conant 1947)
and Harvard Case Studies (Conant 1948); Gerald Holton's writings in the
1950s (Holton 1952) and the Harvard Project Physics Course that he directed
(Rutherford, Holton & Watson 1970); the books of Leo Klopfer, James
Robinson and Arnold Arons in the 1960s (Klopfer 1969, Robinson 1968, Arons
1965); Martin Wagenschein's German work in the 1960s (Wagenschein 1962);
the publications of Jim Rutherford and Michael Martin in the 1970s
(Rutherford 1972, Martin 1972); and numerous articles that appeared through
the 1980s urging the incorporation of history and philosophy of science into
science education and into teacher education programmes (lung 1983, Hodson
1986, 1988, Duschl 1985, Lederman 1986, Solomon 1989, and Matthews
1988).

Journal and Group History

Throughout the long history of liberal advocacy, there had been no central
forum where the participants could keep abreast of the debate, and where
curricular and classroom inovations might be advertised an appraisals of these
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read. The commumties of philosophers, historians, sociologists, scientists,
cognitive psychologists, and science educators were insular and seldom paid
attention to issues outside their field . Certainly historians and philosophers of
science paid notoriously little attention to pedagogical, curricular or theoretical
issues in science education. Indeed one article appearing in the mid-1980s was
titled 'Science Education and the History and Philosophy of Science: Twenty
five Years of Mutually Exclusive Development' (Duschl 1985); while another
article of the period said that the number of philosophers of science who had
bothered themselves with educational matters 'could be counted on the fingers
of one hand' (Ennis 1979).

The appearance of Science & Education in 1992 began to change this
culture of isolation. This in part has been due to the journal's association with
the two organisations that sponsored the Como conference: the History of
Physics and Physics Teaching Division of the European Physical Society, and
the International History, Philosophy and Science Teaching Group.

The European group is the older, having its first conference in Pavia in
September 1983, which was attended by about 90 scientists from 25 countries
(Bevilacqua & Kennedy 1983). Among contributors to the conference were
Walter Jung, Lewis Pyenson, Gerd Buchdahl, David Edge, John Heilbron,
Samuel Goldberg, Anthony French, Stephen Shapin, Jurgen Teichmann, Harry
Collins, Gianni Bonera and Salvo D'Agostino. Subsequent conferences, with
published proceedings, were held in Munich (1986), Paris (1988), Cambridge
(1990), Madrid (1992), Szombathely (1994), and Bratislava (1996). Fabio
Bevilacqua was, and has remained, the foundation secretary of the group.

The International group coalesced around a series of journal special
issues devoted to 'History, Philosophy and Science Teaching' that were
published in the late 1980s. The seed was a special issue of Synthese journal
(vol.80, no. 1, 1989) that Michael Matthews was invited to guest edit during a
sabbatical leave period in the Philosophy Department at Florida State
University. The group became 'formalised' at its first conference held at
Florida State University, Tallahassee, in 1989, a conference co-organised by
David Gruender and Kenneth Tobin, and attended by about 200 teachers and
researchers from about thirty countries (Herget 1989, 1990). Presentors
included Arnold Arons, Derek Hodson, Joan Solomon, Alberto Cordero, James
Wandersee, Jane Martin, Joseph Nussbaum, James Cushing, Joseph Pitt, Nancy
Nersessian, Harvey Siegel, Jim Garrison, Ian Winchester and Ernst von
Glasersfeld. Subsequent conferences have been held in Kingston, Ontario
(1992), Minneapolis (1995), and Calgary (1997). The next conference of the
International Group, which is being held in conjunction with the US History of
Science Society, will be held in Denver Colorado, 7-11 November 2001.
Michael Matthews was, and has remained, the foundation secretary of the
group, details of which can be found at www.ihpst.org,



EDITORIAL INTRODUCTION xiii

Since its inception, the journal has promoted wide-ranging historical,
philosophical and sociological research in science education . This is reflected
in the themes for the special issues that have been published: 'The Cultural
Significance of Science ' (vol.3 no.1, 1994); 'Hermeneutics and Science
Education' (volA no.2, 1995); 'Religion and Science Education' (vol.5 no.2,
1996); 'Philosophy and Constructivism in Science Education' (vol.6 nos.l-Z,
1997); 'The Nature of Science and Science Education, Parts I, IT' (vol.6 noA,
1997, vol.7 no.6, 1998); 'Values in Science and in Science Education' (vol.8
no.1, 1999); 'Galileo and Science Education' (vol.8 no.2, 1999); 'What is This
Thing Called Science?' (vol.8 noA, 1999); 'Children's Theories and Scientific
Theories' (vol.8 no.5, 1999); 'Science for Non-Majors' (vol.8 no.6, 1999);
Thomas Kuhn and Science Education' (vol.9 nos.1-2, 2000); 'History and
Philosophy in German Science Education' (vol.9 noA, 2000); and
'Constructivism in Science and Mathematics Education' (vol.9 no.6, 2000).

The papers presented at the Como conference, and those selected for
this anthology, range widely over the spectrum of theoretical , pedagogical and
curricular issues in science education that can be illuminated by historical,
philosophical and sociological scholarship. We trust that readers will benefit
from this translocation of the papers, from the shore of beautiful Lake Como
and the medieval courts of Pavia University, onto the wider international stage.

Professor Fabio Bevilacqua, Dipartimento di Fisica, 'A.Volta' , Universita di
Pavia, Via A.Bassi 6, 27100 Pavia, Italy.

Dr Enrico Giannetto, Dipartimento di Fisica, 'A.Volta', Universita di Pavia,
Via A.Bassi 6, 27100 Pavia, Italy.

AlProfessor Michael Matthews, School of Education , University of New South
Wales, Sydney 2052, Australia.
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PART ONE

History ofScience, Education and Culture

Contributors to Part One of the anthology continue a long tradition of advocacy
in science education. Ernst Mach at the end of the nineteenth century urged
that:

every young student could come into living contact with and pursue to their
ultimate logical consequences merely a few mathematical or scientific
discoveries. Such selections would be mainly and naturally associated with
selections from the great scientific classics. A few powerful and lucid ideas
could thus be made to take root in the mind and receive thorough elaboration.
(Mach 1886/1986, p. 368).

Mach was enunciating the view that good science education has a role to play
in cultural formation, as well as technical formation . Students being taught
science should come to see and appreciate the role of science in the
development of human social- and self-understanding. This engagement with
some of the key ideas of science, and with the historical process by which the
ideas emerged, were tested and came to be adopted - the methodology of
science - should contribute to the student's rational development, and indeed to
their character development. Rationality is a hard-won cultural and individual
achievement Such educative growth flows through to the maintainence and
development of culture.

These ideas have been an important part of the Liberal tradition in
education. In England, Percy Nunn and F.W. Westaway articulated these ideas
during the 1920s and 1930s. In the United States, John Dewey argued for the
cultural importance of science education in the period between the wars.
Joseph Schwab did the same in the 1940s with his paper 'The Nature of
Scientific Knowledge as Related to Liberal Education' (Schwab 1945). James
Conant famously argued for this view in the 1945 Harvard University Report
titled General Education in a Free Society (Conant 1945). There he said that:
'The facts of science and the experience of the laboratory no longer can stand
by themselves . .. the facts must be learned in another context, cultural,
historical and philosophical' (Conant 1945, p. 155). This orientation
subsequently informed Conant's landmark Harvard Case Studies in
Experimental Science (Conant 1957), and Leo Klopfer's adaptation of these for
high schools (Klopfer 1969).

John Heilbron draws attention to the fact that the 'taken-for-granted'
historical perspective of Mach, Westaway, Conant and others has disappeared
from most modem textbooks, and he offers suggestions on how history of

F. Bevilacqua et al. (eds.), Science Education and Culture

© Kluwer Academic Publishers 2001
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science might once again fructify the curriculum and texts . Heilbron cautions
that the history of science should serve the purpose of having students better
understand science, not having them better understand history. Yet he clearly
rejects the 'history-as-sugar-coating' option that some teachers and textbook
writers adopt. His examples of the use of history focus on the central
methodological matter of how theory relates to evidence in science.

Alberto Cordero outlines the cognitive, social and personal values that
inform the conduct of science - or what we might call the culture of science 
and how these values articulate with the goals of education. But such an
articulation requires that science be taught in such a way that students see and
appreciate something of its 'big picture', including its history and
epistemology.

Peter Machamer discusses a central part of the 'big picture', namely
Galileo's innovative appeal to experimental evidence to justify knowledge
claims. This is the beginning of the Galilean-Newtonian Paradigm in
methodology that soon swept all others in natural science away, and indeed that
profoundly influenced most other intellectual pursuits. It is the birth of
intellectual modernity. Galileo wrestles with a new way of conceiving how
experience which is personal and individual can nevertheless be a ground for
objective, transpersonal , knowledge claims . Students can do worse than
wrestle with the same issue.

James Rutherford - one of the directors of the influential Harvard
Project Physics course of the 1970s, and former director of the American
Association for the Advancement of Science Project 2061 - charts the recent
efforts to incorporate history of science into US science programmes and
curricula. More specifically he details the rationale and achievements of the
1970s Harvard Project Physics programme, and the 1990s Project 2061
programme .

Ron Good and Jame s Shymansky address the core ambivalence about
the Nature of Science that is found in the two major contemporary US science
education documents - the AAAS's Benchmarks for Science Literacy and the
National Science Education Standards. Both documents endorse core aspects
of the liberal tradition in science education, yet there is an important tension
about just what picture of science emerges from the documents - a traditional
realist and universalist picture, or a postmodern relativist picture?

Robert Carson provides a very ambitious educational vision of the
cultural purpose of science. He outlines, in considerable detail, how some
major episodes in the history of science can inform not just a science
curriculum, but a rich cross-curricular programme in middle (junior high)
schools .

Hsingchi Wang and William Schmidt are ideally placed to provide just
about the first perspective on the degree to which historical, philosophical and
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sociological aspects of science are included in curricula, and student learning,
across the world. This perspective comes from their work with the TIMSS
(Third International Maths and Science Study) project.

Conant, J.B.: 1945, General Education in a Free Society: Report of the
Harvard Committee, Harvard University Press, Cambridge.

Conant, J.B. (ed.): 1957, Harvard Case Histories in Experimental Science, 2
vols., Harvard University Press, Cambridge (orig. 1948).

Klopfer, L.E.: 1969, Case Histories and Science Education, Wadsworth
Publishing Company, San Francisco.

Mach, E.: 1886/1986, 'On Instruction in the Classics and the Sciences'. In his
Popular Scientific Lectures, Open Court Publishing Company, La
Salle, pp. 338-374.
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Education', Journal ofGeneral Education 3, 245-266.



History in Science Education, with Cautionary
Tales about the Agreement of Measurement and
Theory*

J.L. HEILBRON
Worcester College, Oxford, OX] 2HB. United Kingdom

We are gathered here because we think that the history of science has an important,
even a fundamental role to play in science education. Unfortunately, its most con
spicuous current use is as a sugar coating to the hard nuts of the real curriculum.
We have failed to persuade textbook writers and science teachers that they have not
done their job if they do not make the history of their discipline a significant part
of their pedagogical work . One reason for this failure is that we do not offer what
they need .

Another reason is that, in strong contrast to ourselves, textbook writers face a
demanding and unforgiving market. If they omit customary topics in favor of what
most of their colleagues consider a frill, they risk reputation and livelihood. The
difficulty is significant. But it has not been fatal in the past and may not be so in the
future if historians and philosophers of science provide appropriate pedagogical
material.

I begin my talk by mentioning a few old but encouraging signs of the value of
history for science education. Then, as examples of material that might be offered
to textbook writers and classroom teachers, come brief renditions of the cautionary
tales mentioned in my title. Next , I'll take the liberty of deviating from my main
theme to discuss wider benefits that might ensue from bringing history into science.
I end with suggestions about how to proceed. Unfortunately, my ignorance forces
me to draw all my examples from physics and astronomy.

1. Hopeful Indications

A standard Christmas present for a student of physics 100 years ago was a copy of
Ernst Mach's Die Mechanik in ihrer Entwicklung , historisch-kritisch dargetstellt
(1883). It has had at least nine German and six English editions, and several in
French and Italian as well . It is not strictly a history, but a selection of problems
important in the development of mechanics together with instructive analyses based
on the solutions proposed at the time . Some very important people profited from

5

F.Bevilacqua et al. (eds.), Science Education and Culture. 5-15.
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studying Mach 's Mechanik , Planck and Einstein among them , though, to be sure,
both later repudiated him. If critical history helped form Planck and Ein stein, we
are well advi sed to find a place for it, suitably upd ated , in our curricula.

An earlie r example of the inspirational use of history in science is Jo seph
Priestley's History and Present State of Electricity, which had five Eng lish ed itions
and several translat ions during his lifetime, when very few book s on electricity ap 
peared more than once in any language . Priestley 's approach was entirely different
from Mach 's. Priestley prepared his readers not by incisive analysis of selected
probl ems but by laying out the course of discovery of the entire inventory of
electrical knowledge of the mid-18th century. The method was as sui ted to the
rude state of the science of electrici ty in Priestley's day as Mach 's treatment was to
the advanced state of mechanics in his. Perhaps no more need be said here about
the value of Priestley's history for students of science than that Volta gained much
from it.

A third example comes from the teaching of modem physics. Max Born's book,
Die Relativitiitstheorie Einstein 's (1920), still offers a royal road to neophytes via
historical -critical accounts of a range of problems, such as the aberration of star
light and Fresnel drag, impli cated in the thinking that eventuated in the theory of
relativity. Born's book went throu gh at least three German and two English editions
and several reprintings. In some respects it is a supplement to Mach 's Mechanik,
which Born acknowledged as his principal reference. Born 's recourse to history
has counterparts in a few good introductory texts in quantum physics, which lend s
itself particul arly well to historical treatment since it still employs the concepts it
overcame, although in limited and often mysteriou s ways.

These modem texts make a different use of history from Priestley 's and Mach 's.
Whereas Priestley presented his information historically so as not to lose inform
ation that was not yet known to be unimportant and to give credit to discoverers
in field s just forming; and whereas Mach explo ited historical examples to deepen
and broaden principles already regarded as models of clarity and reason; Born and
the others turned to history to explain why physicists had been forced to base their
discipline on concepts that do not appeal to the intuition.

Further to this theme, I can offer my own experience that exposure to old astro
nom y can materially assist students of modem astronomy. That is because, as in the
previ ous examples, the old science is not entirely outmoded: anyone who masters
the full geocentric accounts of the motions of the sun, moon, and stars knows
as much about their appearances as the naked-eye astronomer requires even now.
The geocentric accounts relate immediately to the observabl e world - the changes
of season, the times and places of sunrise and sun set, the lengths and directions
of shadows , and so on . Thi s sort of mate rial is not alway s taught in astronomy
departments, where students are thrown into black holes as soon as possible .

From the se few indications let us take heart that historical materials can be
useful , even indi spensable, in science education provided - and this is a major
qualification - provided that they are used to inculcate science, not history.
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2. The Examples

I tum to my cases, in all of which quantitative agreement between theory and
experiment is problematic. This common bond of course is an arbitrary principle
of selection. I'll present the first case in detail because it is unfamiliar, peculiarly
informative, and pictorially arresting.

2.1. THE OBLIQUITY OF THE ECLIPTIC

From ancient times astronomers have worried that the inclination of the earth 's axis
to the plane of the sun's apparent motion, the so-called obliquity of the ecliptic, is
not constant. The fundamental data for answering the question are the sun's altitude
at noon on the day of the summer solstice and the latitude of the place of observa
tion. For well over two thousand years, until the 17th century, measurements of the
obliquity even in one place varied so much that no unambiguous decision about the
constancy of the obliquity could be made . One reason for the wide scatter in the
data was that the instruments did not remain intact and in place ; another was that
astronomy then was ignorant about matters essenti al to a solution of the problem.

Around 1600, following the lead of Tycho and Kepler, astronomers routinely
corrected their observation s for atmospheric refraction and parallax. But since the
observations contained these effects intertwined, and since the corrections required
have oppo site signs, the old astronomers could err greatly in their estimates of one
effect and compensate by fiddling with the other. For example, Tycho made the
solar distance grossly too small , by a factor of 20, and hence the solar parallax
20 times too large; an excess that had to be killed by exaggerating the amount of
refraction. Since refraction is more serious for objects close to the horizon than for
ones near the zenith, the corrections changed with altitude; and since the height of
the midsummer sun is different from that of the stars used to determine latitude, the
question of the change in the obliquity could not be resolved before both the paral 
lax and the refraction were known separately as functions of altitude. The errors in
these quantities, which often amounted to over two minutes of arc, vastly exceeded
the size of the secular change in the obliquity, which, around 1700, amounted to
around 45 arc seconds a century.

The establishment of accurate tables of refraction and parallax was the work of
Gian Domenico Cassini , who used for the purpose the cathedral of San Petronio in
Bologna. He converted it into a heliometer (or meridiana) by opening a hole in its
roof and running a horizontal metal rod in the plane of the meridian containing the
hole. The instrument measured the altitude of the sun at noon .

Cassini 's successors at Bologna continued his observations for over half a cen
tury. After 1700 they could compare their results with ones obtained at a second
church observatory built in Santa Maria degli Angeli in Rome, at the order and the
expense of the pope . The churches spoke equivocally in favor of a negative change
of minus one arc second (-I") a year. (The negative sign means a diminishing
obliquity, that is, a straightening up of the earth's axis; if the process existed and
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continued unabated, in only 1,000 centuries it would be perpetual spring.) Other
observers with other instruments - lesser heliometers or telescopes fixed in the
plane of the meridian - gave other results , ranging from zero to one degree a
century.

In the mid 1750s a new church observatory came on line to settle the matter. Its
builder, a Jesuit mathematician named Leonardo Ximenes, spared no pains in lev
eling the line, measuring the height of the hole, and laying out a scale against which
to record the position of the sun's midday image . He had two precious advantages
over previous measurers. For one, the church in which he laid out his instrument
had a bronze plate in its floor on the exact spot on which the solstitial sun shone in
1510. Although many of you have been in Ximenes' church, you probably did not
see the plate of 1510, which is kept covered to protect it from the feet of tourists.
Ximenes had only to measure how far the midsummer sun fell from the image of
1510 to settle the rate of change of the obliquity.

The second advantage Ximenes had over his predecessors was the knowledge
that previous measurements would not have been intercomparable even if they had
been made with the accuracy - a second or two of arc - at which he worked . A
decade or so before Ximenes began at Santa Maria del Fiore, the astronomer royal
of England, James Bradley, had delivered the second of two body blows to the
corpus of secure observations. The first blow was that all stars execute a little circle
around their average position during the course of a year. The maximum value of
this excursion from the average is about 10 arc seconds; hence observations of the
same star, even if made with exquisite accuracy, can differ from time to time by as
much as 20 seconds. The second blow was that , in addition to this annual dance ,
the stars oscillate up and down. The oscillations take 19 years to complete and
have an amplitude of 9 seconds. The dance, called the aberration, is explained as
the result of the earth 's motion and the finite speed of light; the oscillation, called
the nutation, arises from gravitational forces that cause the earth's axis to bob. The
bobbing of course changes the obliquity; but that was not the long-term change
astronomers had sought for a millenium.

To obtain comparable data, Ximenes had to correct both his and the 1510
measurement for refraction, parallax, aberration, and nutation ; to be safe, he also
corrected for the settling of the church, atmospheric conditions that might change
the length of the meridiana, and other things truly neglig ible. After much massa
ging of the data, he could announce that the difference of four centimeters, which
he had found between the images of 1510 and 1755, indicated a secular change in
the obliquity of the ecliptic of -30" seconds a century. He repeated his operation
19 years later, at the same phase in the nutation cycle, and got the same result.
His measurement was in fact extremely good, about the best possible with the
intrument he used.

That of course did not settle the matter. A meridiana set up in the church of Saint
Sulpice in Paris obtained no change in obliquity. The best telescopic measurements
made at the Paris Observatory when combined with what appeared to be the most
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reliable earlier observations gave values of 0",45",60", and 100", all values neg
ative. The better the instruments, the more knowledgeable the users, the subtler the
corrections, the worse the agreement.

At this point - we are now in the 1760s - the mathematicians began to speak.
Without looking at the sun, Euler announced from his study that interplanetary
gravitational forces caused a slow shift in the axes of rotation of all the planets .
He made various estimates and settled on -45"!century for the shift for the earth.
Laplace confirmed the result and also that the change is periodic. We cannot expect
perpetual spring.

Did the measurements confirm the theory, or the theory the measurements, or
neither the other? Ximenes thought that, since 45 does not equal 30 and since he
had worked to sublime accuracy, taking all known disturbances into account, there
must be something wrong with the gravitational theory or with the calculations. But
Newton's laws had proved too successful to be upset by so subtle and uncertain a
matter as a discrepancy of 50 or 100 percent in measurements of the change in the
obliquity. Astronomers soon brought theory into agreement with experiment. They
employed a technique often practiced in science. They changed instruments .

By 1750 the church heliometers were outmoded . Their advantages over tele
scopes - stability and size - were negated by improved mountings and single-metal
constructions, achromatic lenses, and much improved graduation . Without the
competition of the church observatories, astronomers armed with telescopes came
closer to the mathematicians' value as observational protocols and instrument
design improved and routinized. This convergence was no doubted assisted by the
belief that English telescopes, especially instruments made by Jesse Ramsden , gave
the best results.

There you have a story that delivers sound lessons in epistemology, measure
ment, and instrumentation and, at the same time, imparts important information
about the universe, which, I must again insist, is not out of date. The imagery and
the unexpected part played by cathedrals give openings for lessons of an entirely
different kind, to which I shall return.

2.2. THE MOTION OF THE MOON

One reason that mathematicians declined to consider seriously Ximenes' sugges
tion that the discrepancy between his measurements and their calculations might
be blamed on the theory of gravitation was that they had recently tried a similar
move and had ended in fiasco. In 1747 Alexis Claude Clairaut, frustrated by the
shortfall between his calculations of the moon's motions under the gravitational
pulls of the earth and the sun, announced that Newton's law of the inverse square
was not the entire story of gravity. To save the phenomena, Clairaut proposed to
alter the law by adding a term involving the inverse cube of the distance. The effect
of the new term was to cause the moon's orbit to precess in its plane. Clairaut
calculated that the slow precession thus introduced would put the moon where it
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was observed to be and also clear up an apparent difficulty in the shape of the
earth brough to light by then up-to-date geodetic surveys. Clairaut had the support
of two other powerful reckoners, Jean Ie Rond d' Alembert and Leonhard Euler.
It appeared that Newton had found only the first term in the gravitational force
between mass points . It was just the possibility of this sort of finagling that made
the reviewer of the Principia in the Journal des sfavans reject Newton 's approach
as unphysical; for how, he asked , could the underlying physics be found if the
law could always be amended to cover apparent violations? The great defender of
Newton in the Paris Acadernie des sciences, the Comte de Buffon, insisted on the
inverse-square as the only reasonable and rational relationship . Clairaut rejected
his opinion as ignorant and metaphysical.

The mathematicians made ready to amend the universal law of gravitation. But
at the moment of truth, even Clairaut did not want to change Newton's law merely
because it disagreed with the facts . So he returned to his computations. He had
not made a mistake. But neither had he been right. He had stopped too soon in
his approximations. When carried further, they accounted for the motions of the
moon without invoking the inverse-cube precession . 0'Alembert and Euler reached
similar happy conclusions .

Once again the story carries methodological lessons - in this case the malleab
ility of mathematical description, the trickiness of approximations, and the danger
of premature defeatism (or, as the quantum physicists used to say. renunciation) 
along with information about the moon and exerci se in the three -body problem.

2.3 . "RELATIVISTIC" FINE STRUCTURE

The spectrum of ionized helium differs from that of hydrogen in two respects that
were of the first importance in the development of the quantum theory of the atom .
For one , some lines in hydrogen fall very close to, but do not coincide with, cor
responding lines in ionized helium. Bohr explained the disparity as a consequence
of the greater mass of the helium nucleus. By a literal application of an elementary
mechanical principle to a situation in which, as he said, mechanics does not apply,
he calculated the displacement to many places of decimals. The perfect agreement
with observation caused many important physicists, including Einstein, to take
Bohr's quantized atomic model seriously.

The other significant difference between the spectra was that the helium lines
had a fine structure while the hydrogen lines did not. (In fact, hydrogen lines have
the same fine structure as ionized helium's, but spectroscopists had not resolved
it when Bohr first promulgated his theory.) Bohr could not find the source of the
helium fine structure. Arnold Sommerfeld came to the rescue with the observa
tion that the radiating electron must travel at relat ivistic speeds. Analytically, the
relativistic correction is equivalent to adding a little inverse cube to the Coulomb
force, introducing the sort of precession invoked by the l Sth-century moon men
to control the lunar orbit. The frequency of the precession depends upon the ec-
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centricity of the orbit, which is fixed by the so-called azimuthal quantum number,
k. Applying his version of Bohr's theory, Sommerfeld could calculate the energies
allowed precessing ellipses and thence the frequencies of the lines making up the
fine structure. They agreed exactly with precision measurements of the satellites of
ionized helium. Physicists rejoiced ; the agreement reached to five or six places of
decimals. That was a remarkable achievement since Sommerfeld's theory lacked
what is now the essential factor in the analysis of the fine structure, the inner
quantum number, j .

Using the same relativistic formulas, Sommerfeld calculated the energy differ 
ence between the two levels in the L region of the atom - that is, the second ring of
electrons counting from the nucleus - allowed by his theory. This energy difference
agreed perfectly with measurements of absorption edges of X-rays associated with
the L region. It appeared therefore that the doublet - the two Ledges - arose
from orbits of different eccentricities, characterized by different values of k; to be
explicit, from a circle (k = 2) and a highly eccentric ellip se (k = I) .

Alas, the L region has three , not two absorption edges . Sommerfeld's dynamical
theory supplied only one circle and one ellipse. To label the third , he invoked j ,
which he had introduced, without dynamical significance, to classify the multiplets
in optical spectra. Thus he had a "relativistic" doublet he could calculate arising
from the difference in the precessional energy between a circular and an ellipti cal
orbit, and a supemummerary level he could not explain arising also, somehow,
from the ellipse.

To achieve his impressive agreement, however, Sommerfeld had to assume that
the effective nuclear force in the k =2 circle was exactly the same as that in the k =
I ellip se. That did not seem plausible to those who took the orbital picture literally,
since the circle lies entirely outside the innermost electron shell and the ellip se
penetrates it. Also, certain analogie s between optical and X-ray spectra suggested
that Sommerfeld had got his attributions backward; the terms in the relativistic
doublet should have the same k, but different j values . Tho se who preferred general
qualitative analogies to isolated exact quantitative agreements were left without a
way to reproduce Sommerfeld's remarkable achievement.

They were almost saved by the invention of the concept of electron spin, which
allowed two energetically different orbits with the same value of k (and thus the
same effective nuclear charge). Unfortunately, calculations of the difference in
energy between the levels in these "spin doublets" continually differed from obser
vation - and therefore from Sommerfeld's successful computation of the "relativity
doublets" - by an apparently irreducible factor of two. Many physicists thought
that a good ground for rejecting electron spin . As in the motion of the moon ,
however, those who pushed the established mechanical theory another step won
out. A new relativistic effect connected with the spinning electron, the so-called
Thomas precession, supplied just what was needed to bring the spin doublets into
agreement with Sommerfeld's old calculations. The striking connection between
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spin and relativity thus revealed soon found its explanation in Dirac's theory of the
electron.

Fundamental principles in relativistic, atomic, and quantum physics can be elu
cidated by this story, which, of course, also contains a warning against believing in
a calculation just because it agrees with observation to seven places of decimals.

3. Outreach

3.1. CROSSING THE BRIDGE

Students who are not jaded or brain dead should develop a curiosity about the
people, institutions, instruments, and other circumstances mentioned in the ex
amples just given . The unexpected appearance of cathedrals as solar observatories
may be a particularly good hook with which to draw science students across the
cultural bridge that supposedly separates them from students of the humanities.

The science teacher can offer incentives to encourage crossing the bridge. For
example, in the case of the obliquity, he or she can point to the apparent discrep
ancy between the Catholic church's condemnation of heliocentrism in 1633 and its
initiation, some twenty years later and within its own cathedrals, of investigations
into precisely the same question that had brought Galileo into trouble. Interests thus
raised should not be pursued within the science curriculum, however, but in history
courses. Similarly, interests in philosophy, art, architecture, and, maybe, history of
science, awakened in science courses should be pursued on the other side of the
bridge.

Crossing the bridge can bring substantial advantages to science students not
only in personal cultivation but also in professional formation . The careers of
scientists and engineers outside of academia suggest that replacement of a few
technical courses by non-technical ones would not only be harmless, but even
beneficial. People seldom get jobs that call for exactly what they studied during
their professional training. They learn on the job, the more quickly and effectively
the better they understand general principles and procedures. Those who rise the
furthest tend to have a broader culture than those who remain at the bench.

Needless to add, if history courses dwelt more on the technologies that under
pin the societies they describe they might help to push history students across the
bridge into courses in engineering or science. But that is not the direction of travel
of immediate interest to us.

3.2. GUIDING THE PERPLEXED

It would be ungenerous to omit scientists from the beneficiaries of our pedago
gical services. Judged by their enthusiasm over anniversaries, scientists are among
the most historically minded people on earth. From Copernicus to computers,
any event, discovery, or invention of scientific interest is eligible for celebration
provided only that it occurred a multiple of five or ten years before the present.
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Scientists also make use of history didactically, again usually in a celebratory
vein. In an effort to anchor their subject in time and space, or to find a place to
begin, or to follow custom, writers of Festschriften and review articles and , of
course, obituary notices, make use of historical material.

Now scientists, when they are being scientific, subject their methods, materials,
and results to the most demanding scrutiny they can command, knowing that if they
do not do so a colleague will perform the service for them. Fear of embarassment
as well as faithfulness to the ideology of science keep up professional standards.
But when they reminisce or write history, scientists do not fear to make themselves
ridiculous. They do not approach the task scientifically. They need our help .

That brings us to a third use of history in science (the first two were celebratory
and pedagogical). Geology, paleontology, evolutionary biology, and, increasingly,
astrophysics and cosmology, have historical components. Even astronomy, the
leading sector of science during the scientific revolution, the exemplar of the ab
stract and the mathematical, was, and still is, in part an historical science. Only
by analyzing observations made over time could small long-period effects, like the
ever instructive change in the obliquity, be determined.

4. Three Slight Suggestions

You will perhaps forgive an outsider's observation that too much of your time
is spent discussing ideas that , whatever their merit, have no chance of being im
plemented in science courses in any plausible variant of our educational system.
However, concern about instruction in science, particularly physical science, has
made enough money available for curricular experiments that a well planned pro
ject to make appropriate use of historical materials may have a chance not only of
securing funding, but also of making a difference. I propose for your consideration
the sketch of an outline of such a project. It has three parts .

4.1. COMPENDIA

The first desideratum is for case studies of the sort I've outlined. They must be
prepared so as to slip easily into courses where the scientific ideas they illustrate are
discussed; thus they must be modular, that is, presentable in whole or in part as best
fits the curriculum. They must convey useful scientific information beyond what the
student would otherwise receive and do so in a way that strengthens the student's
understanding of the principles presented in standard textbooks. This increase in
understanding should be testable. Here we give ourselves a true challenge. If we
meet it, we create a strong presumption in favor of our program. If we fail it, we
may have to give it up.

One reason that appeal to history can aid understanding is that it offers examples
of the difficulties that established scientists have had in constructing the concepts,
and fitting the facts, that make up the theories the students are struggling to mas-
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ter. I've found that appropriate reference to Sommerfeld's troubles in classifying
spectra and interpreting quantum numbers both geometrically and dynamically
often clears up a cloud of misconceptions even though we now regard his entire
enterprise as misdirected. In one case a student thus prepared underwent a quantum
jump from the bottom to the top of his class.

Finally, wherever possible the case studies should carry epistemological or
methodological lessons and dangle ties to humanistic subject matter. But never
should the primary purpose of the cases be the teaching of history.

Part 1 of the project is the writing of case studies by teams of historians,
philosophers, scientists, and teachers. The participation of the scientist-teacher
is essential not only to the choice of the cases, but also to their acceptance for
classroom use . The cases could be issued individually, through a journal, and in
collections on kindred subjects. Several volumes will be required.

The participants should be paid for their work and time. The money should
come largely from national and international science foundations and councils.
Professional societies in the sciences as well as officials responsible for educational
policy should be mobilized. The project should have as wide a representation and
sponsorship as possible, although the working teams must be small enough to
ensure easy communication and efficient performance.

4.2 . GUIDES FOR CELEBRANTS

The second part of the project will offer help to scientists faced with the writing of
obituary notices, anniversary discourses, or autobiographies, and demonstrate the
everyday value of historians. The main product of this part might be a bibliography
of good biographies and an annotated sampler of necrologies. This sampler would
contain an analysis of the varieties of necrologies and their purposes: to extol
or commemorate the dead, to enhance national prestige, to inspire the young, to
recommend a style of science, to settle grudges, to whitewash reputations, and so
on.

Help to speakers on anniversarial occasions may be given via a monograph
that discusses the nature and objectives of commemorative speeches, indicates
the styles and strategies that can be adopted, exhibits appropriate rhetoric, and
gives examples of what is to be avoided. A close parallel would be a manual for
sermonizers.

In both cases, the obituaries and the anniversaries, we should establish a con
sulting service. An obituarist needing a ghost writer or an anniversarialist needing
a new slant should have access to a hot line.

4.3. BOOKS AND HOOKS

Part 3 of the project is the creation or documenting of literature for students and
their teachers who are caught by the hooks to wider subjects buried in the case
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studies. Here we are generally in better shape than in the other parts of the project
since quantities of good books already exist to satisfy most legitimate interests
that the cases may arouse. For example, biographies of scientists, especially of the
Galileos, Newtons, and Einsteins, written for students of all ages, abound in many
languages. The project need only enlarge the bibliography proposed for Part 2 and
classify it by level. Conspicuous gaps may come to light. The project can advertise
them and try to commission new biographies, or arrange for the translation of older
ones.

Another sort of literature to which scientists and science students wishing to
build out from their established interests are drawn, concerns technological applic
ations of science and their effects on the wider society. Accessible items in this
genre are not as plentiful as they should be. Professional writing in the history of
technology is too often confined to technical details of interest only to specialists.
Part 3 of our project would achieve something if it prompted the writing of books
showing how the ideas studied with the help of the materials in Part I have been
translated into machines and devices that have enhanced and threatened civilized
life. As for the reverse literature, explaining how social forces influence or determ
ine the organization, conduct, and output of science, we may have enough of it
already.

Note

* Text of a plenary address to the 5th International History, Philosophy and Science Teaching
Conference , Pavia University, September 1999.

Further information about the cases may be obtained from my The Sun in the Church: Cathedrals
as Solar Observatories (Cambridge : Harvard University Press, 1999), chap. 7; Electricity in the 17th
and 18th Centuries. A Study of Early Modem Physics (Berkeley : University of California Press,
1979; 2nd edn, New York: Dover, 1999), pp. 59-61 ; and 'The Origins of the Exclusion Principle',
Historical Studies in the Physical Sciences Vol. 19 (1982), pp. 261-310.
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Abstract. Current science and science-friendly philosophy jointly yield a picture of the world and
ourselves in it that is more substantial, deta iled and coherent than any other produced before by
natural philosophy. When carefully formulated this picture provides us with : (a) an unprecedentedly
reliable representation of vast regions of the natural world; and (b) a non-arbitrary public framework
for understanding and furthering important areas of public concern. This paper comments on the
cultural and educational significance of this picture. Influential arguments against granting a priv
ileged role to serious science on the basis of differential credibility are examined and found wanting.
This result is then folded into an analysi s of the significance of scientific thought and practice for a
cautious conception of the goals and methods of public education.

1. Introduction

There is something worth calling a 'scientific picture of the world ' . It is a joint
contribution of science and science-friendly philosophy of science that tells us
about the constitution and development of the universe, including a penetrating
story about ourselves as natural entities. The picture is far from perfect, and it
varies in reliable accuracy from area to area, and is manifestly incomplete in terms
of coverage and depth (both diachronically and synchronically). Still, it seems
far deeper, more detailed and coherent than anything offered before by natural
philosophy. A scientific culture is correspondingly on the rise, centered on this
picture and its attendant style of thinking. It draws from learned considerations
of human nature and the world and presents itself as resourceful enough to lay
down certain fundamental aspects of the good life for man. Arguably, no other
contemporary framework is more rational than this for the public exploration of
goals and valuations.

However, granting special cultural status to scientific thought is heavily res
isted by many influential circles . Contemporary opinion is ambivalent about the
cognitive status of science. We inhabit a social milieu that lives increasingly off
the products of science and technology, yet simultaneously takes increasingly for
granted the relativity of all knowledge.
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2. Reason Denied

ALBERTO CORDERO

Opposition to according science special intellectual prominence is not in short sup
ply. This point can be elaborated in too many directions , so let me just highlight two
influential lines of thought which I think are emblematic of the present situation.
One, from radical sociology ofknowledge, is the reductionist doctrine that facts are
merely social constructs. The other, linked to a more perennial form of romantic
thoughtfulness, is a 'pluralist' critique of science. Both lines radically reject the
notions of rationality and descriptive progress . Both deny coherence to the idea of
reference invariance through conceptual change.

The first line is epitomized by the work of David Bloor (1976) and the so-called
'Strong Program' in sociology of knowledge, according to which the cognitive or
der is entirely dependent on the social order. From this perspective, only the social
sciences can explain the development and nature of scientific knowledge: scientific
beliefs are not primarily driven by the natural world but by the conflicting interests
ofcompeting groups . For any actual belief, partisans ofthis school maintain , causal
laws can always be established that reveal how it was socially generated. Bloor's
subsequent work (1983) has concentrated on a 'Wittgensteinian' outlook in which
no aspect of knowledge transcends power relations, and language and belief are
understood as reflections of power relations within society. It is not clear, however,
how someone who is not already committed to the Strong Program can begin to
consider it seriously. By its own lights, the proposal amounts to an idea that is
'driven by the conflicting interests of competing groups '. But, if so, why bother?
People who have not given up the notion of 'approximately correct' belief would
seem to have every reason for turning their back on this kind of radicalism. Even
if this shortcoming is bracketed for the sake of argument, other serious difficulties
are apparent.

The Strong Program proceeds as if the best contemporary scientific claims had
the character or texture of conversions secured by the sword. They do not. It may
be true that such claims express deep sociological forces; but merely voicing this as
a possibility can hardly suffice. We need to be explained just how is one supposed
to understand solid scientific claims in sociological terms. Think of such assertions
as 'Mars is further away from the Sun than Mercury' , 'whales descend from ter
restrial mammals', 'protons are made of quarks", or 'the accessible universe has
been expanding for more than 5 billion years'? Just how do claims like these relate
causally to the conflicting interests of competing groups (as opposed to objective
reason and the external world). And, to the extent that they are so related, what rel
evant light does the social causation involved cast on the acceptability ofthe claims
in question? No minimally compelling sociological response to these questions is
provided by sociologists, and none seems forthcoming .

At higher categorical levels the case for sociologism seems, if anything, worse .
Bloor and his supporters have a vaporous conception of causation . Sociologists of
knowledge typically try to flesh out their program by telling us about the ways
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in which different positions in the social structure correlate with different beliefs.
That kind of finding can illuminate mob-belief formation . It is hard to appreciate,
however, how mere social correlations could relevantly illuminate something like,
for example, Dennis Sciama's reasoned acceptance in the late 1960s that the Big
Bang model was probably right and the Steady-State model probably wrong - a
conclusion Sciama maintains to have reached on the basis of detailed findings
about so-called ' cosmic background radiation' . We need detailed models here,
not promissory notes. Apart from not being causes, correlations are notoriously
treacherous as indicators of underlying causal mechanisms. To do an explanatory
job correlations need first to gain abductive weight as prospective fundamental
facts about the world - i.e., they must reveal their worth in terms of 'unexpected'
theoretical fruitfulness, differential predictive power, and so on. That is why, for
example, some correlations are increasingly regarded as fundamental in quantum
physics.'

No similarly compelling case exists for taking that way any of the correlations
between cognition and social forces volunteered by radical sociologists so far.
The Strong Program simply leaves epistemologically interesting phenomena in the
dark. From the pragmatic point of view the Program's prospects seem equally dim.
Freed from any responsibility of searching for the truth, of looking for objective
reasons, arguments in the Strong Program tend to become simply rhetorical. Be
liefs grow into expressions indistinguishable from interjections, in a power game in
which the players portray themselves as bundles ofmere causal effects. And so, one
major problem with the Strong program is that it fails to motivate or render plaus
ible its reductionistic approach . Standard scientific appeal to reason and external
reference may be flawed, but this cannot be merely ' postulated'. In no obvious way
are the mature sciences mere by-products of power games; nor is their manifest
externality a mere 'illusion' in any obvious way. The world studied by science
keeps disappointing its greatest models of it, showing how underdetermined by its
representations it is.

In no way, therefore, does the Strong Program manage to block or render im
plausible epistemic accounts of scientific belief'? However, other more potentially
illuminating denunciations of science arguably exist. Feyerabend's charges against
the rationality and integrity of science from the 1970s are often understood to be
one of them (Feyerabend 1975, 1978).

Science receives state and public support primarily because it achieves truths
that deserve to be preserved and privileged. Feyerabend disagrees with this policy.
It is a mistake, he thinks, because science is not the only enterprise delivering
valuable results, and - its pretensions to the contrary notwithstanding - science
lacks a special method for achieving such results . In Feyerabend's view nothing
but political circumstance privileges what we currently take as the ' scientific truth'
over claims from allegedly disreputable specialties like astrology, voodoo or magic.
Build up the society he recommends, he says, and voodoo and astrology and the
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like will return in such splendor that you will have to work hard to maintain your
own position and will perhaps be entirely unable to do so.

But, isn't science plainly better than those 'primitive practices'? According to
Feyerabend, success is achieved by scientists only because ofpolitics, rhetoric , and
propaganda, rather than because of their advancement of our objective knowledge
of the world - the absence of good reasons against current scientific lore simply
being due to a historical accident. Therefore his view that a more tolerant exam
ination of the 'material basis' of neglected specialties like the ones just mentioned
could enrich, and perhaps even revise physiology.

Feyerabend's main charge against science, however, runs deeper. According to
him, institutionalized science has come to encourage naivete and to inhibit freedom
of thought. Even if there is truth to be found about the world and science succeeds
in finding it, Feyerabend acidly observes, it is not true that we have to follow the
truth - human life is guided by many ideas. Feyerabend's grand conclusion is that
science should be regarded as just another religion. Science, he stresses, is just
one of the many ideologies that propel society and it should be treated as such. To
him this provides reason enough for demanding 'a formal separation between State
and science just as there is now a formal separation between state and church'. In
his view, science should be allowed to influence society but only to the extent to
which any pressure group is permitted to do so. Scientific thought, in short, would
not play any predominant role in the society Feyerabend envisages. In that society,
scientists would be more than balanced by magicians, voodoo doctors, priests, and
astrologers.

We thus get Feyerabend's liberal pronouncements on education. The purpose
of education, he maintains, is to introduce the young into life, and so into the
society where they are born and into the physical universe that surrounds it (Fey
erabend 1978). Largely because there is a legitimate pedagogical need to simplify
and idealize, the method of education typically consists in the teaching of some
basic myth. This is acceptable, says Feyerabend, provided the chosen myth is
deliberately counterbalanced by other myths, for we do need an education that
makes people contrary, without making them incapable of devoting themselves to
the elaboration of any single view. How can this be achieved? Feyerabend exhorts
society to protect the naturally fertile imagination of children and to develop to the
full the spirit of contradiction that exists in them, all of which, he thinks, would
be greatly helped by granting equal classroom opportunity for science, voodoo,
creationism, astrology, and the like.

Feyerabend 's hunch-feelings against dogmatic scientism have some basis.
Much in his good-natured libertarianism, critical reaction to naive scientific real
ism, and reasoned contextualism I, for one, find commendable. But the problems
with his specific proposals are legion. Marred by overreaction to positivist models
of science, Feyerabend misconstrues the character, scope and limits of contempor
ary scientific thought. As with the Strong Program, his views get their bite from
a mischievous caricature of scientific theorizing. In the end, his skeptical points
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reveal themselves as toothless tigers when inspected using as background a more
alert and nuanced account of science, or so I will argue in what the remaining
sections.

This brings us back to the scientific picture of the world.

3. Science and the Public Picture of the World

The empirical sciences now provide us with an array of theories about the structure
and development of the physical world, organic life and, to a lesser extent, the mind
and human society. They yield demonstrably accurate representations of various
aspects of these domains.

What these rich accounts amount to jointly, however, is made problematic by
the lack of clear fit between many of the theoretical components involved. The
textbook version of almost every theory is excessively sanguine about the actual
range of its credible applicability. In physics, to mention one case, General Re
lativity and quantum theory are routinely presented as physical theories ofuniversal
applicability, even though they do not blend at all well. The two theories are marred
by many as yet unresolved conceptual difficulties, and this limits their respective
ranges of well-established applicability to a fraction of their intended domains.
The quantum-theoretical picture, centered on a field that dwells in configuration
space, reliably applies to material systems with degrees of freedom below those
of found in medium-size organic molecules. The picture furnished by General
Relativity, centered on the relationship between matter and spacetime structure,
reliably applies to macroscopic material structures distributed over great distances.
The situation is similar in other fields. Darwinian biology yields a superb ex
planatory model of the tree of life, from cellular creatures to the rudiments of
mind; beyond these limits, however, it becomes increasingly speculative. Scientific
activity continues well beyond the present ranges of safe representation, but in
more controversial ways, involving engrossing disputes on issues as disparate as
improving specific modeling , the theory's basic dynamical framework and even
the theory 's ontology.

There is thus a need for a sober counterpart to the blithe picture found in stand
ard scientific textbooks. No reasonable case exists, however, for rejecting scientific
representations altogether. On the contrary, science and philosophy ofscience seem
to encourage at least one circumspect and credible version of the scientific picture
in which deep descriptive success can be recognized as a complex but viable feat.

Successful description in science is a bit like map making. Looked at this way,
each discipline provides us now with increasingly detailed and comprehensive
maps of its intended territory or domain, drawn on increasingly complex 'concep
tual hyper-surfaces ' . The number, dimensionality and topology and texture of the
resulting maps are dictated by the current conceptual structure of the discipline .
The best representations thus produced work extremely well over regions which
generally exceed those ofthe originally intended applications. As with the scientific
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theories mentioned, the area of high reliability is typically constrained by lower
and upper bounds . However, many aspects of interest regarding the natural world
remain in the dark. This notwithstanding, the current total picture does display a
surprisingly high level of unity. There seems to be little question, for example,
that the entire corpus of electromagnetic and transmutation phenomena in nature
is governed by a common dynamics, or that all the living creatures on Earth are
united by relations of descent, or that the domains of biology and mind are linked
by relations of supervenience to the physical level.

The point is this. When soberly articulated, the current scientific picture presents
a number of characteristics: it has depth (i.e., it goes well beyond the perceptual
observational level); it is uneven over the territory surveyed (i.e., the reliable
representations are not equally detailed and comprehensive everywhere), it is pixel
like (no reliable representation is completely sharp). In this sense, its 'cartographic'
success is best understood as being primarily 'local'.

Still, even with the more speculative parts of the map bracketed, the remaining
'cautious picture ' , circumspect and patchy as it is, constitutes an unprecedently
deep picture of the natural world and our place in it. The picture is also robustly
rational, supported by careful argumentation and stringent experimental testing ,
and endowed with more unity and pragmatic success than anything ever produced
by natural philosophy. Its most prominent constituents include the following r'

Cautious Standard Quantum Theory, which describes the behavior of material
systems with less degrees of freedom than medium-size molecules. It includes
the juxtaposition of formally similar theories of fundamental interactions
known as the ' Standard Model of elementary particles I •

Cautious General Relativity, which describes gravity as a metrical property
of a spacetime continuum that gets curved in the neighborhood of matter. the
range of high reliability for this component of the picture runs, at least, from
small macroscopic regions to the largest scale in the accessible Universe.
Cautious Version ofthe Standard Cosmological Model (Big Bang) , which is
a peculiar blend of core quantum theory and core general relativity, 'within
which many models of natural history currently compete. Its range of high
reliability runs from at least the first second through the next few billion years
- with a number of gaps in the story (regarding, for instance, exact age of the
universe and galaxy formation).
Cautious Description of Organic Life, which presents living organisms on
Earth as being united by a host of related common structures and mechanisms,
conspicuously the genetic code at the synchronic level and genealogy at the
diachronic level. This component explains how a primitive form oflife present
on Earth about 4 billion years ago could have produced so much diversity.
The rise various degrees of consciousness and autonomy in animal species
is deciphered in terms of the natural selection of differential advantages that
improve the survival and reproductive capability of organisms in their local
environments.
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Cautious Naturalist Picture ofthe Mind and Culture: The mind is an extreme
case of the evolutionary path toward greater consciousness and autonomy
mentioned above in connection with animal species. Its relation with un
derlying physical structure is one of supervenience rather than nomological
reduction . As an organ that arose through natural evolution, the mind is
presented as having the opportunistic constitution of a Swiss-Army knife, in
particular one endowed with a collection of overlapping reasoning mechan
isms rather than a single, all-purpose central problem-solving system. From
this perspective, human behavior is largely determined by culture - itself
largely autonomous system of symbols and values, growing from a biological
base, but also growing indefinitely capable of moving away from it.

And much more.
Let us call the duly filled in version of this coherent (if limited) set of rep

resentations the 'Cautious Scientific Picture' . Its credibility and coherence are as
remarkable as its gaps are considerable. The list of pending questions is very long,
its most salient items including the following:

A seemingly intractable tension between the most natural extensions (unres
tricted versions) of General Relativity and basic Quantum Theory.

Competing theories about origins at various levels, beginning with the evol
ution of the Universe prior to the state associated with the completion of
its ' first second' . There are many other origin issues about which scientific
consensus is presently poor. Three conspicuous ones concern the formation
of galaxies , the origin of life on Earth, and the origin of mind.

The overall picture rests on seriously unsettled conceptual foundations , which
remain underdetermined at various levels of descriptive depth. This situation
is vividly displayed by foundational studies that reveal the ways in which the
facts of quantum theory allow for effective metaphysical proliferation.

And much more.
Many significant, vital, questions are left open by the current Cautious Scientific

Picture. Indeed present knowledge gives reason to fear that quite a few of the
pending questions may exceed our cognitive capacities. For instance, in the present
search for a coherent general theory of spacetime and matter, there are grounds for
fearing that we might never be able to determine points as basic as whether the
world evolve deterministically or whether its history is punctuated by irreducible
stochastic events (Cordero 1998).

These provisos notwithstanding, the Cautious Scientific Picture embodies cen
turies of education about how understand and fulfill our epistemic aims. Its
reliability comes directly from its profound ' rational' character. Everything in this
picture has been forged through a conscientious application of logic and learned
methodological criteria guided by equally learned epistemic traits (i.e., ones that
have been found to promote our epistemic aims) like internal consistency, explan
atory and problem solving ability, quantitative precision, simplicity, and manifest
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fruitfulness, all working in conjunction with a distinctly modem emphasis on clear
predictive power.

The result is a picture which is explicitly modest, recognizably incomplete,
and open to the possibility of revision at every level, whose reliability rest on the
nontrivial fusion of rationalism, empiricism and pragmatism implied by the above
considerations. Though rationally underdetermined from certain levels of depth
down, above these the overall picture enjoys a substantial degree of retention and
supplementation that makes it as stable and robust as anything we have ever had .

4. Robustness and Partial Meaning Invariance

Epistemologies that conceive of description and representation as something that
stands or falls with the entire conceptual network are suspect. They burden us with
unrealistically ambitious and ultimately arbitrary metaphysical requirements on
human cognition. The ancient Mesopotamians knew a great deal about dogs , even if
almost everything pertaining to their biological evolution escaped them . Likewise,
in nineteenth century science, J. C. Maxwell was able to study and discover crucial
aspects of the physical process of the propagation of light without being initially
committed to any physical quantity as constituting light. Science (and, for that
matter, ordinary knowledge) in the 20th century is no different. Two relevant points
here concern the partial invariance of the descriptions to conceptual change, and the
actual depth of such invariance relative to the perceptual level. Holistic epistemo
logies thus miss a crucial old fact about our actual epistemic achievements: we do
not need to know everything in order to know something.

In the natural sciences, especially the more mathematized ones, cases of learn
ing through partial modelling and of partial theoretical invariance are routine.
These two features can be said to have become characteristic of actual science.
A typical case, studied by Psillos (Psillos 1995), is the transition from the ethereal
wave theory to classical electromagnetic theory of light. Many physical properties
that an ethereal wave was supposed to posses (transversality, ability to sustain
potential and kinetic energy, finite velocity ofpropagation, etc) were kept as proper
ties ofan electromagnetic wave. Similar cases oflearning through partial modelling
and of invariance can be discerned in virtually every interesting case of conceptual
change occurred in this century."

The invariance part is particularly important here. Consider, for instance, the
'currently correct' claims about the reality of our genealogical connection with
the rest of the biosphere, or about the Jupiter-Sun system's following Newtonian
mechanics within 5% precision, or about the geometrical structure of benzene mo
lecules within 5% precision, or about cockroaches sharing common ancestors with
all of us. Claims like these don't just 'feel' correct. We have every reason to trust
they will be seen as correct by our most critical descendants. Much about the sub
jects referred to by these claims escapes us as yet - are benzene Bohmian entities,
or concentrated quantum fields, or 'many-world' partial fields, or something else?



SCIENTIFIC CULTURE AND PUBLIC EDUCATION 25

We do not know, and may never know. Nevertheless, we seem to have learned a
great deal about the nature of such systems - unless of course such knowledge is
ruled out by definition.

The main points to which all this leads are, I suggest, two. First, wholesale
skepticism about evolving theories is neither compelling nor particularly specific
to science. Epistemologies that embody it are not just hard to express coherently
(Nagel 1974); by tying reference to sense in a radical way, they spawn skeptical
arguments that apply not only to science but to everything. Are we to believe,
for example, that 'dogs-to-Descartes' and 'dogs-to-us' refer to completely dif
ferent things or to nothing at all, simply because Descartes and us understood
dogs differently? Skeptical intimations of this sort merely invite us to question
the premisses underlying them; their greatest service is thus to show how not to do
epistemology. This connects with my second point: a credible scientific picture of
the world is now available, one which is more internally consistent, explanatory,
problem-solving, precise, rich in predictive power, unified, and manifestly fruitful
than anything made available by human reason before. Clear-headed philosophical
awareness of the patchiness and limitation of this picture, of its passionate rational
history, of the manifest externality of the world it purports to model, actually
supplements and strengthens the picture, transforming it into a very resourceful
philosophical framework.

With these considerations in mind, let us now return to the larger radical views
that were left on hold at the end of Section 2.

5. Feyerabend's Fears Revisited

Of course science does not have a guaranteed method for completing its picture
of the world. In addition, scientific knowledge is fallible, dependent on prior
knowledge, and problematic with respect to truth. Last, but not least, it is always
'possible' that even the most reliable part of the present scientific picture might
be completely wrong. These claims, however, are all compatible with legitimately
granting special consideration to the Cautious Scientific Picture outlined in the
previous section. The possibility that even the most reliable part of the current
scientific picture might be completely wrong adds to the motivation and texture of
the fallibilism embodied by scientific rationality. Beyond this, however, its status is
that of mere possibility. To the extent that we live and believe by specific estimates
of probability, mere possibilities license little horror by themselves no more than
does, say, the continuous chance any of us (in this age of indiscriminate air trans
portation) have of being smashed by a falling elephant. Natural philosophers have
insisted on this point repeatedly, from Christopher Clavius to Dudley Shapere: the
mere possibility that a well-established claim might one day come to be doubted is
not by itself a reason for doubting it now.!

What of the suggestion that the most solid parts of the scientific picture are
held to be true only by mere accidents of history? The facts simply fail to sup-
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port this. It is not just that plenty in the scientific picture seems as true as any
empirical claim can be. The matter is one of differentials. Contrast the growing
body of credible theoretical scientific claims with the theoretical descriptions is
sued by voodoo, telekinesis, alternative medicines , repressed memory therapies
and similarly radical modes of knowing. For at least 30 years now such specialties
have been granted every Feyerabendian courtesy in the USA and many European
countries. What credible theoretical descriptions have they yielded? What critically
acclaimable results have they produced? Their comparative poverty is glaring. Here
the differences with science might be only ones ofdegree - but what a degree!

This is not to deny that, in principle, there might be some powerful nonscientific
mode of knowing waiting to be discovered. We just have to keep an open-minded
attitude about that, wait until somebody brings it forward, and then (and only
then) react accordingly. If such a mode ever arises, it might represent calamity
for our current cognitive views; or it might not. In the past, styles have added to
styles, yielding a cumulative body of reasoning methods, with the body of best,
most reliable information changing qualitatively and quantitatively along the way.
The development of modem scientific rationality provides a good example here.
Qualitatively, it has promoted a shift of rational belief away from foundationalism
and illuminism, and toward probabilism . Quantitatively, it has led to an exponential
growth of credible information in some fields (conspicuously the hard natural sci
ences), and to an exponential decrease of such information in many ancient fields
(natural religion, astrology, uncheckable therapies) .

So, science, it seems, is not just one of the many ideologies that currently propel
society. In a growing number offields, it is the most clearly and objectively reliable
way of knowing at our disposal, and it should be treated as such.

With these considerations in mind, let me bring this exploration to a close with
some thoughts on the place of scientific thinking in public education.

6. On Public Education

Let us agree with Feyerabend that the purpose of education is to introduce the
young into life. If so, surely it is crucial for the young to learn and master the cur
rent public picture of the world. This means, firstly, to comprehend its intellectual
underpinnings and to master the means of understanding it, which in tum requires
being able to critically discern the views, models and methods incorporated into
the picture; and being able to understand, historically and intellectually, how those
elements came to gain acceptance . Secondly it means to appreciate the actual suc
cess and limitations of the prevailing public picture. Students need to critically
appreciate its underlying tradition of rational thinking.

Teaching gets correspondingly burdened . Our epistemic success is not the same
in all domains of human interest. Human knowledge is excellently rich, deep and
robust in some areas. Simultaneously, it is poor, shallow and weak in many fields.
There is much about which we have very little to go by in terms of publicly as-
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certainable knowledge. It would seem legitimate to demand, therefore, that public
education be guided primarily by those views on 'what human beings and society
are or might be' which are provided by the most reliable core of current public
knowledge, which is now significantly influenced by scientific rationality. This core
contains what I termed the Cautious Scientific Picture, as well as insight into the
human condition from the most publicly credible part of views on human life and
the world issued by the arts, literature, and traditional religions. Let us call this core
'Public Background Knowledge' . If this is accepted as reasonable, then many con
straints follow. One, for instance, is that 'alternative' subjects cannot be imposed
on the curriculum merely for the sake of diversity or conformity to pressure from
private groups. Subjects presently lacking credibility by extant public standards do
not belong in the public classroom but in extracurricular clubs.

Here is another implication. At the close of the century, we generally welcome
the separation of church and state as a conscientious policy, largely because of the
manifestly private character of religious belief and the recognized appropriateness
of pursuing a maximum of liberty. Religious lore is amply tolerated, but it is not
presently part of public knowledge. Accordingly, one important consequence of
the previous reflections is that there should be also a formal separation between
state and views that are not really part of the Public Background Knowledge. Such
views may influence society, but only to the extent to which any pressure group is
permitted to influence society. The pattern of recognition appropriate to forms of
belief that lack public credibility would have to be similar to the one now agreed in
the case of religion. A separation analogous to that between church and state seems
plainly desirable for the relations between most nonstandard practices on view and
the state. Claims issuing from currently private intellectual sources would be given
every courtesy. They simply could not be imposed on anybody.

This way of turning Feyerabend's doctrine on its head is not a plea for one
sidedness in public education. On the contrary. The public core from which it
springs embodies a deeply fallibilist view of knowledge. It is clear, therefore, that
public education should actively encourage flexibility ofmind, make students spon
taneously contrary, counter-suggestive - as Feyerabend and so many revisionist
educators say they want. Contrary to most radicals' expectations, however, that
noble end is poorly served by simply ignoring the glaring differences of degree
that exist between, say, scientific cosmology and creation myths, contemporary
Western medicine and voodoo, etc. The bad educational effects of 'all-inclusive',
'multicultural', 'alternative' approaches are already abundant enough. They make
people gullible and unskilled, intellectually frivolous and socially irresponsible.
Not just students - university professors as well.

In a much discussed incident, Alan Sokal, a New York physicist, wrote a
mischievous article about the implications and cosmological extensions of some
post-modernist ideas under the title 'Transforming the Boundaries: Toward a Trans
formative Hermeneutics of Quantum Gravity'. The piece, written in the worst style
of Derrida, Irigaray and Lacan, is a pornophonic parody of fashionable alternative
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modes ofreflection on the contemporary situation. It was accepted without reserva
tion by the influential and 'very demanding' journal Social Text.6 To the shame and
humiliation of the editors, however, Sokal simultaneously published a complete
repudiation of the piece in another journal, along with an account of the chaotic
and irresponsible way in which he produced his radical piece, and the reason for
doing what he had done: he was alarmed by the state of the humanities in college
campuses (Sokal and Bricmont 1998).

The faculty of imagination is always to be encouraged. But, for imagination to
be of use, it needs to be developed by exercising it under tight prior constraints, be
it in the arts, science or philosophy. Science, in particular, has an excellent record
in this regard. It limits the imagination in a way that demonstrably forces it to
get better. That is another reason why the achievements of the likes of Newton,
Darwin, Einstein, and Crick and Watson should play a pivotal role in any public
school curriculum .

Whatever else it may be, the cautious scientific picture sketched in Section 3 is
not just one of the many ideologies that propel contemporary society. It is the most
powerful engine of practical and intellectual advancement, and it should be treated
as such.

Notes

I Quantum mechanical correlations are especially discussed in connection with the so-called 'Bell
experiments' . See, for example, Cushing and McMullin (1989).
2 For a discussion of Bloor' s work, and more generally the Strong Programme in the Sociology of
Scientific Knowledge, see the following contributions to Science & Education: Slezak (l994a, b),
Suchting (1997) and Kragh (1998).
3 See, for example, Shapere (1991), Cordero (1998), Dawkins (1995), Dennett (1991, 1995) and
Cosmides and Tooby (1989).
4 This trait not extends into very deep layers of the picture, enough to give substance to claims to
knowledge on subjects seriously remote to the perceptual level - say, benzene molecules, protons,
and the dynamical evolution of material systems with few degrees of freedom.
S Blake (1960) contains a relevant discussion of Clavius's epistemology. Shapere (1991) contains a
perceptive discussion of the distinction between global and specific doubts in science.
6 Published in the 1996 volume ofSocial Text, pp. 217-252.
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Galileo and the Rhetoric of Relativity
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ABSTRACI'. This paper argues that Galileo well fitted in with the neo-Protagorian, person
relative framework that was emerging around him in the late sixteenth and early seventeenth
centuries in western Europe . For Galileo all knowledge depended crucially and essentially
on first person experience , and at the same time this knowledge was objective, not subjective .
The paper develops this tension and concludes with some remarks on its educational
implications .

That quite profound and remarkable changes occurred in the Sixteenth
and Seventeenth Centuries hardly needs to be remarked. The Reformation
and the Counter-reformation, the rise of capitalism and economic indivi
dualism, the dawn of the nation-state and the demise of divine rights, the
social realization of personal privacy and the public display of this in
architecture and, in literary form, the private diary, and the rise of the
bourgeoisie and their literacy - all these and many more things were
isolated or absent when the year 1500 appeared but were cultural
institutions or practices by the time of the Enlightenment. During this
period the human being lost a place in an ordered rnicro- and macro
Cosmos and culture but the individual took a place in a new world and
social order.

Max Weber (1904-5) , and after him many others, tried to develop a
narrative interrelating some of these changes , and a few (like Robert
Merton in 1938) tried to tie in the New Science. In an earlier paper I
sketched a way of looking at the scientific revolution in terms of new ways
of thought and justification that I called neo-Protagoreanism (Machamer
1991). The basic idea is one of epistemological individualism, wherein
knowledge is gained, presented and justified in personal, human terms .
Even the measures of mathematics and their use in the new science exhibit
this fundamental first-person centered character.

However, this new way of knowledge - this way of ideas - brought
forth a new problem: How could there be objective knowledge - knowl
edge good for all people and/or all times , if all knowledge was wholly
based on what was inside individual person's minds (or bodies)? But must
'objectivity' mean for all people and all times, sub specie aeternitatis? Why
should it? No one thinks science is good for all time, or presents timeless
truths. Science advances, changes, develops. But then what can objectivity
mean? This is the question that needs to be addressed in science classes,
and one about which Galileo has something to teach us.
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GALILEO AS A NEO-PROTAGORIAN

What I am about to show are examples of how it was that Galileo Galilei,
called by some the 'father' of the new science, fits into the neo-Protagor
ian, person relative framework . What I will argue and what I hope you
will understand is how Galileo's work well folds into the new pattern of
culture established by the changes I mentioned above. Galileo was indeed
a creature of this new age of individualism - though in many ways quite
a remarkable one .

The easiest way to get a wide grasp of my thesis is to consider the claim
that for Galileo all knowledge depended crucially and essentially on first
person experience. It was his belief that the individual comes to know the
world through perceptual and intellectual experience. Of course, experi
ence is not uncritical; it is the interpreted experiences of the experts or
geniuses that are important. Also, experience needs to be cast into certain
forms that show its cogency, such as into mathematics (for clarity and
intelligibility of inferences). This, of course, left him with the epistemologi
cal problem that would dominate Seventeenth Century philosophy and
science until Newton : How can objectivity in science be obtained from an
individual's subjective experience? Galileo did not solve this problem.
However he did make many tries.

One quick caveat. In claiming that Galileo and indeed most everyone
in the later Sixteenth and Seventeenth century are neo-Protagoreans, I
am not claiming that everyone was an empiricist (as opposed, I guess, to
a rationalist) . The epistemology of empiricism, based solely on sensations
and constructions from them, was not the way of Galileo, nor of Descartes,
Arnauld, Huyghens, Hobbes, Boyle or others. Yet, on my view these
men were all neo-Protagoreans, as were the empiricists, e .g., Locke and
Berkeley.

THE DIALOGUE

Perhaps the best known place to begin with Galileo is in Day Two of
Dialogo, where Galileo discusses the daily or diurnal rotation of the earth.
After Salviati, who is the persona of Galileo, runs through his treatment
and shows Simplicio, the authority and text ridden Aristotelian, and
Sagredo, the critically wise man of common sense, how to properly
interpret the experiences of balls falling from towers and ships' masts and
how to figure out what happens to cannon balls shot from moving car
riages, Salviati complains that

. . . If I happened from time to time to meet anyone who held the Copernican opinion, I
asked him whether he had always believed in it . Among the many whom I questioned,
I found not a single one who did not teUme that he had long been of the contrary opinion,
but had come over to this one , moved and persuaded by the force of its arguments.
Examining them one by one then, to see how well they had mastered the arguments on
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the other side. I found them all to have these ready at hand . . . . On the other hand , so
far as I questioned the Peripatetic and Ptolemaics . . . how much they had studied Coper
nicus' book , I found very few who had so much as seen it. (Galileo, 1632, p. 128)

Here we can see the argument that Galileo made again and again . It
was a version of a typical Renaissance anti-Scholastic, anti-bad-authority
argument, but with a neo-Protagorean twist. The Peripatetics et al. are
bad guys, not just because they rely on authority or dogma, but because
each one did not examine personally the theory of Copernicus. The Coper
nicans each individually went through such intellectual deliberations. It is
in this spirit a few pages later (Galileo 1632, p. 132) that Salviati asserts
that even Aristotle, if he were here, would be persuaded. The reason of
course is that, if Aristotle were here, and if Aristotle were the smart man
we know him to have been, he would examine the arguments for himself.
In the balance he would be persuaded.

I choose this example as the first because it shows that the relevant first
person experience for obtaining knowledge is not restricted to sensory
experience. However arguments based on an individual's sensory experi
ence are part of this view point. Later on in Dialogo, even Simplicio is
forced to admit 'proof by the senses'.

Throughout Day Two of Dialogo Galileo employed the same strategy.
A putative counter-example is brought forth against Copernicanism and
the diurnal motion of the earth (balls falling, cannons booming), and there
is a possible simple minded interpretation of it. Galileo contrasts that
simple interpretation, likely to be given by an uncritical person or by one
who is not intellectually open minded, i.e ., by Simplicio the Aristotelian,
with another interpretation that makes sense out of the example according
to the Copernican theory. Indeed, Copernicus himself is praised because
he did not let his common sense rule his interpretation. Rather he was a
genius who went beyond the obvious common interpretation suggested at
first blush by the senses.

Of course, Copernicus did not go beyond the senses in the way Galileo
did. Copernicus did not develop the theory about the relativity of per
ceived motion (first given in Day Two of Dialogo; (Galileo 1632, p. 114».
For Galileo the key to interpreting these experiences having to do with
the diurnal motion of the earth was based on the principle that motion in
common among bodies is perceptually undetectable . What is seen as
motion is relative to and independent of the motion of the perceiver.
What is seen as motion depends on the point of view of the perceiver, in
this case what motions the perceiver shares with other things that are in
common relative to him.

In his most famous statement of this, Galileo writes:

Salviati: For consider: Motion, in so far as it acts as motion, to that extent exists relatively
to things that lack it; and among things which all share equally in any motion, it does not
act, and is as if it did not exist. Thus the goods with which a ship is laden leaving Venice,
pass by Corfu, by Crete, by Cyprus and go to Aleppo . Venice, Corfu, Crete, etc. stand
still and do not move with the ship; but as to the sacks, boxes and bundles with which the
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boat is laden and with respect to the ship itself, the motion from Venice to Syria is as
nothing, and in no way alters their relation among themselves . This is so because it is
common to all of them and all share equaUy in it. If, from the cargo in the ship, a sack
were shifted from a chest one single inch, this alone would be more movement for it than
the two thousand mile journey made by aU of them together. (Galileo 1632, p. 116)

Salviati then makes reference to Aristotle's definition, after Simplicio
says this is just the Peripatetic doctrine:

When he (Aristotle) wrote everything which is moved is moved upon something immov
able, I think he only made equivocal the saying that whatever moves, moves with respect
to something motionless . This proposition suffers no difficulties whereas the other has
many. (Galileo 1632, p. 116)

The point is to show that it is important to use one 's critical acumen to
get beyond the appearances. The much vaunted drawing of the distinction
between primary and secondary qualities (the tickles versus the bodies of
II Saggiatore (Galileo 1623) makes the same point. Secondary qualities
are only appearances and the good scientist must see beyond them to
what is real.

LETTER TO CHRISTINA

Let us now turn to a completely different kind of Galilean text, 'The
Letter to the Grand Duchess Christina' (Galileo 1615). As is well known
Galileo argued, in this letter, about how the Bible ought to be interpreted.
He started in a familiar pattern by chastising those who condemned Coper
nicus without having ever read him, and proceeded to praise Copernicus
for dealing with these matters of the heavens by 'astronomical and geomet
rical demonstrations founded upon sense experiences and very exact ob
servations' (Galileo 1615, p. 179).

Galileo did not come out and say that if the Bible were to be rewritten
now, it would be written from a Copernican point of view (or that the
authors of the Old Testament would change their minds if they were here
now.) Such dealing with a divinely inspired text would be too much even
for Galileo. However, this clearly is his point. Galileo used the same
interpretative ploy as he used later in Dialogo, arguing that the Bible was
written for the common man in the language of its day, 'To avoid con
fusion in the common people ' (Galileo 1615, p. 182). To interpret what
is written in the Bible correctly and in an uncommon (read 'learned or
expert') way takes an act of courage, a denial of what seems simple
mindedly most obvious. Individuals who interpret and reason correctly
will decide in favor of an interpretation that accords with reason and
right thinking.

It is the point of view that needs to be taken into account. The point of
view of the writers of the Bible was to convince people and bring them
to the true faith , so 'even if the stability of the heaven and the motion of
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the earth should be more than certain in the minds of the wise, it would
still be necessary to assert the contrary for the preservation of the belief
among the all too numerous vulgar' (Galileo 1615, p . 2(0) . The point of
view of the wise person, such were each of the writers of the Bible, might
be deviant, yet for the good of the faith they ignore their insights, all
expression must be in the common language.

We have now seen two instances in different texts and contexts where
Galileo brought up questions of interpretation and the point of view from
which these interpretations are made. In both Galileo contrasts the point
of view of the wise with that of the common people or the dogmatists.

THE DISCOURSE

Exactly the same tenor and point comes up at the beginning of Discorsi
(Galileo 1638) where Galileo was setting a puzzle about the strength of
materials: Why do long lengths of wood or marble crack when small,
though proportional, ones do not? He contrasted the knowledge of expert
artisans who work in the arsenal with those common opinions that are
simple minded ways of extending of geometrical properties, viz. those
who believe that all congruent shapes have the same material properties.

This way of putting the puzzle derives from Galileo's Neo-Protagorean
individualistic theory, or, what we may now call Galileo 's theory about
the relativity of one's point of view. Though it really was not a 'theory',
for it was never systematically elaborated or philosophically worked out.
But it does form the basis for all of the remarks Galileo made about
knowledge and the nature of good science.

This neo-Protagorean point of view probably came from his training
with the artisans and practical mathematicians with whom he learned
optics and geometry. These were part of his life-long beliefs or presupposi
tions which did not change even as he attempted to tum himself into a
philosopher and become adept at philosophical language. This influence
is well shown by Galileo 's numerous illustrations of the method of science
by invoking the method of the artisans, painters or sculptors. The sculptor
works by genius to bring the sculpture out of the marble. Similarly the
individual scientist works to discover and uncover the ways of nature
(Galileo 1632, p. 109). Many times Galileo called upon the geniuses
by name, Leonardo, Michelangelo, Rafaeleo, as though this would help
persuade his audience of the aptness of the comparison.

TIlE BALANCE AS A MODEL FOR INTELLIGmILITY

There are two other themes of this Galilean position to which I wish to
draw your attention. First, is the relation of the principle of the relativity
of observed motion to the basic principles of mechanics as presented first
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in De Motu, and finally in Discorsi, and how this relates to the kind of
geometry that Galileo used. The second theme is how Galileo fought with
the problem of objectivity in science.

Galileo in De Motu laid out a model for solving all problems of motion.
He argued that the problems of floating bodies (with which he started his
text) could all be reduced to problems of the Archimedian balance. He
went on to show that all simple machines (the lever, the inclined plane
and the pendulum) could be also reduced to balance problems. Free fall
of bodies came to be an instance of floating bodies, or a balance that had
no weight on the other side.

By the time of DiaLogo the balance had become his metaphor for clear
thought.

So let us hear the rest of the arguments favorable to his [Aristotle's) opinion so that we
may proceed with their testing, refining them in the crucible and weighing them in the
assayer's balance. (Galileo 1632, p. 131)

This model readers of Galileo have seen before as it forms the whole
of the image by which he judges Sarsi (Grassi) in IL Saggiatore (The
Assayer) (Galileo 1623) which he labels in contrast to Grassi's tract,
The AstronomicaL and PhilosophicaL BaLance. The contrasting, pregnantly
ambiguous meanings of balance went from the balance scale (lances) to
the alchemist's fire, the true tester (saggiatore) to wisdom (to the very
notion of justice herself), Libra .

By the time of Discorsi his way of thinking about the world was set .
He did not deal directly with the balance but being concerned with natural
motion he did, after his definitions, begin with the equivalent Archimedian
machine the inclined plane (GaliLeo 1638, p. 162) and then immediately
changes that into a pendulum problem. From there he moved directly to
free fall, or a vertical machine problem. All these types of problems were
called 'mechanical conclusions' (Galileo 1638, p. 171). In this section of
Discorsi he shifted from the inclined plane right back to talk about the
balance and talk about equilibrium of weights. But equilibrium proofs are
relativistic proofs . Weights on a balance are equal relative to each other.

Now the balance as the model for what is intelligible during this period
in history had a great and convoluted history. The balance was physically
and metaphorically the model of intelligibility of the age (for further detail
see Machamer and Woody 1994). It was clearly observable when the
balance was in equilibrium, when the weights and arms were equalized.
Any individual could judge when a problem had been solved, when 'things
were right' . And it was a concept of correctness or proof that could be
easily taught. It was a way of interpreting phenomena that anybody could
learn , and the standard for success was patent. There was no question of
whether you had a proof or not; it was easily seen. Those who would not
accept this model of intelligibility would not open their eyes. Personal
ambition (such as claiming priority over Galileo) or dogmatism or auth
ority blinded them .
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Now this is an important aspect of Galileo's vision. While it was true
that only the genius or true scientist had the critical powers to see things
as they really are, these things after they were seen could be taught to
others who did not have the original insight. This is a democratization of
knowledge. Anyone, within limits, can be taught the proper principles of
science, and when the method is learned, then they too are able to see
clearly and correctly when things are right. This is as far as universality
gets in Galileo, but it is one source of his objectivity.

In the late Sixteenth Century with rising capitalism and the introduction
of concept of the nation state, the balance become the model for bourgeo
isie book-keeping with its 'balanced accounts', for international commerce
and its 'balance of trade' , and for the relation between nations with
'balance of payments' . Truly the model of Archimedes had permeated the
whole of the fabric of society and social relations (see Mirowski 1989).
Later, with the idea of the contract as an equilibrium among individuals
established by mutual agreement, social relations will come to have a
new footing , and government itself will have a new legitimation. The
legitimation is taken from the mathematics of mechanics, but this science
itself took it from the mathematics and the ideas of commerce and trade
for which that math was first used .

A note about Galileo 's geometry is needed here. Euclid, Archimedes,
and, following them, Galileo used geometry itself as a comparative, relati
vizing model for understanding. Nowhere in the Galilean corpus does he
attempt to ascertain real values for any physical constant. Nowhere does
Galileo attempt to find out, for example, what the real speed or weight
of anything is. This proportional geometry is inherently comparative and
relational. It measures one thing by showing its relation to another, one
thing relative to another, which is conceived of as some arbitrarily or
conveniently intelligible standard. In this sort of geometry there are no
absolute values, no physical constants, which serve as the touchstone for
certainty or objectivity . The standards by which the proof is measured are
set by the person. This is the same relativity that we have seen before ;
one thing is judged relative to another.

This proportional geometry made it easy to think in terms of relative
motion. Set the point of view or standard by which motion was to be
judged and what counts as equilibrium or equality is determined thereby.
In Galilean relative motion than standard was not arbitrary, but it was
person relative. It was not until Huyghens that the arbitrariness of the
standard for judging equilibrium became clear.

KNOWLEDGE AND OBJECTIVITY

Yet in this person-relative way of looking at the world and judging when
proofs had been successful, Galileo recognized a problem. The balance
model of intelligibility and the equilibrium model of proof demanded inter-
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subjectivity . But even this was insufficient and objectivity was needed. In
Day One of Dialogo Galileo contrasted God's extensive knowledge with
the human being's intensive knowledge . When a person posed a puzzle
in the language of proportional geometry where solutions were recognized
by seeing that equilibrium was achieved, then the person was God-like in
insight and understanding of the case at hand. By contrast, God sees all
of the infinite cases. God's extensive knowledge of all cases only contrasted
with human certainty in its intensive, particular mode of operation. The
individual could be assured of his certainty intensively by using a proper
method of proof.

It was in this way that the more geometrico provided the model of
intelligibility and proof for science. The geometry involved was not a pure
geometry but a physical geometry of the mixed sciences. It was the geome
try of Archimedes, the geometry of proportions and of the properties of
machines considered relative (or in relation to) one another. The visual
paradigm of equilibrium proof for the balance brought together the Gali
lean tenets of experiment, long observation and rigorous demonstration
(for a different take on this see Wallace 1992).

It is with this background in mind that one must understand Galileo's
famous dictum about the book of nature. I shall quote this passage at
length for it exhibits the themes of teaching and learning, of anti-authority,
and of getting at the underlying truth by first person experience and the
use of geometry. In II Saggiatore, disputing the ideas and method of his
opponent Sarsi, Galileo writes :

It seems to me that I discern in Sarsi a firm belief that in philosophizing it is essential to
support oneself upon the opinion of some celebrated author, as if when our minds are not
wedded to the reasoning of some other person they ought to remain completely barren
and sterile . Possibly he thinks that philosophy is a book of fiction created by some man,
like the Iliad or Orlando Furioso - books in which the least important thing is whether
what is written is true . Well, Sig. Sarsi, that is not the way matters stand . Philosophy is
written in this grand book - I mean the universe - which stands continually open to our
gaze, but cannot be understood unless one first learns to comprehend the language and
interpret the characters in which it is written . It is written in the language of mathematics ,
and its characters are triangles, circles, and other geometrical figures, without which it is
humanly impossible to understand a single word of it ; without these one is wandering in
a dark labyrinth. (Galileo 1623, pps. 183-4)

It was this geometrical model of equilibrium, when extended to colliding
bodies by Descartes, and later, springs by Hooke, that set the standard
for demonstration of the model of intelligibility for the science of motion.
Indeed this equilibrium balance was the model for all natural science until
Newton changed the ground rules with algebra replacing proportional
geometry, absolute space replacing relational place, true motion replacing
relative motion, and God becoming an active intervener in the world. The
method of understanding the world by relating one thing to another in
human terms became the problem of solving the equation to find a real
number value, a universal constant. The world of science in the Eighteenth
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Century became a world of absolutes. These changes gave science a new
model of intelligibility and success. Science gained yet another new ag
enda, and the problem of objectivity in science was taken to be solved by
finding absolute values.

Now it is historically interesting to note that this change occurred only
in physics. In all other areas of human intellectual endeavor the model of
mechanically balancing continued to be taken as the method of determin
ing what is intelligible . So in biology, chemistry, psychology, government,
and economics mechanical equilibrium models persisted, and still (to a
large degree) persist today . This type of model, as we have seen, measured
things in pragmatic ways by their relations to and usefulness for other
things, especially their relevance to humans. This was a mechanical model
that sought mechanisms through which things could be understood, and
then changed or controlled.

EDUCATIONAL IMPLICATIONS

Now what is important for students of science to note is that relativity in
judging motion or in judging arguments does not mean lack of objectivity.
A scientist or any person investigating a problem needs to have standards
as to what counts as a proof or what counts .as a reasonable argument.
The standards are in part given by how things cohere with the world, as
found out by observation and experiment, and displayed in the evidence.
The other part of objectivity depends on how clear and coherent are the
demonstrations and proofs. How well these demonstrations layout their
assumptions and show the 'rules' by which they correlate the evidence
with the other taken-for-granted (at least for the sake of this argument)
assumptions.

The moral for teachers of science students is to get them to recognize
relativity, and interpretation, but also to provide them with models for
gathering and assessing evidence , and well as 'rules' and strategies for
critically uncovering their assumptions, and for showing connections
among parts of an argument,
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1. Introduction

Given the expanding role of science and technology in the modem world, it be
comes ever more urgent for general education - the education, that is, of all
student s, not exclu sively those headed toward college and technical careers 
to produce scientifica lly literate graduates. Not withstanding its desirability, that
grand aim has proven elusive.

Perhaps this should not be surpri sing , given that making progress toward wide
spread science literacy is difficult for many reasons. Curricula are tradition bound,
the leaders of each generation of adults believing that schooling should be pretty
much as they had experienced it. But even when change is welcome, reaching
agreement on preci sely what those changes should be and on how best to go about
effecting them is not easily achieved . And of course there simply are no quick and
easy solutions to be had when it comes to dealing with such complex institutions
as school systems. Progress depends on recasting learning goals, curricula, teacher
education, instructional materials, asses sment and teaching practices, educational
policies, support systems, and more, and doing so in concert. Moreover, school
systems vary widely from country to country and often from region to region within
a country, and hence reforms that work well in one place may not do so in another.
This is exaggerated in the United States by the extreme fragmentation and dilution
of authority in its system of education .

In the face of such realities, this paper offers no comprehensive strategy for
fostering science literacy everywhere. Instead, it takes the position that introducing
the history and philosophy of science into school science curricula is a necessary,
though not sufficient, part of any serious school effort to promote science literacy.
The paper begins with a brief rationale for that position, and then presents two quite
different efforts to that end taken in the United States: The Project Physics Course
and Project 2061 .
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2. Rationale

F.JAMES RUTHERFORD

In the United States there is substantial - though not nearly unanimous - agreement
among scientists and educators that in addition to learning some of the important
facts, concepts, and principles of science, all students should learn how science
works. This position is clearly evident in the three key national reports of the
last decade dealing with the content of K-12 science curriculum in American
schools: Science for All Americans (American Association for the Advancement
of Science,1989), Benchmarks for Science Literacy (American Association for the
Advancement of Science, 1993), and the National Science Education Standards
(National Academy Press. All three emphasize learning goal s dealing with the
nature and history of science.

In those reports, arguments for the inclusion of the history of science in
secondary-school science education are of two kinds . One argument has to do with
the usefulness of the history of science in teaching science. The other argument has
to do with the intrin sic value of some knowledge of history of science itself. These
can be thought of, respectively, as instrumental and cultural arguments. In other
words, the history of science is both a tool for teaching science well and a part of
the substance of science literacy.

The utilitarian argument is set out in Science for All Americans as follows:

... generalizations about how the scientific enterprise operates would be
empty without concrete examples. Consider, for example, the proposition that
new ideas are limited by the context in which they are conceived; are often
rejected by the scientific establishment; sometimes spring from unexpected
findings; and usually grow slowly through contributions from many differ
ent investigators. Without historical examples, these generalizations would be
no more than slogans, however well they might be remembered. (American
Association for the Advancement of Science, 1989, p. 145)

It then exemplifies the cultural argument in this way :

. .. some episodes in the history of the scientific endeavor are of surpassing
significance to our cultural heritage. Such episodes certainly include Galileo's
role in changing our perception of our place in the universe; Newton's demon
stration that the same laws apply to motion in the heavens and on earth;
Darwin's long observations of the variety and relatedness of life forms that led
to his postulating a mechanism for how the came about; Lyell's careful doc
umentation of the unbelievable age of the earth ; and Pasteur's identification
of infectious disease with tiny organisms that could be seen only with a mi
croscope. These stories stand among the milestones of the development of all
thought in Western civilization. (American Association for the Advancement
of Science, 1989, p. 145)

The case for introducing the history of science into secondary school science
is all the stronger when the focus of science education is more on science literacy
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for all students than on the preparation of students for technical careers. As used
in the two American Association for the Advancement of Science reports (AAAS)
cited above, the 'scientific endeavor' encompasses the natural and social sciences,
mathematics, and technology, the inte rdependencies among them, and the links
between them and society. Without the help of history to illustrate actual instances,
it is hard to imagine how students can come to understand such vital relationships .

But in spite of such arguments, the history of scien ce has little presence in
American schools. History courses typically avoid the history of science altogether
and even , for the most part , the history of technology. And , for their part, science
courses generally do little more than bow to the history of science by having stu
dent s memorize some name s and date s to be forgotten after the examination - in
no important sense history .

3. Strategies for Change

Two reasons for the insignific ance of the history of science in science teaching
in Ameri can secondary schools are immediately obvious. One is that high school
science teachers lack suitable preparation in the history of science, and the other is
that high school science textbooks and other instructional material s mostly ignore
the history of science. Neither teachers nor textbook publ ishers seemed disturbed
by this fact. And there is a third reason, one that is more subtle, perhaps, but no
less significant than the others. It is that the school system authorities who establi sh
content requirements for the curri culum are generally unaware of the value of the
history of science in science education (or in history education, for that matter),
and therefore do not set appropriate learning goals.

If that assessment is correc t, it follow s that changing high schoo l science cur
ricula to include the history of science effectively will take reforming teacher
education, creating new kinds of science courses and teaching material s, and es
tabli shing revised learn ing goal s for all high school students. Moreover, even as
those changes are underway, school system s will need help in revising their science
curricula more broadly, since attaining lasting and significant chan ge involves far
more than simply injecting some history of science into already over-stuffed and
somewhat incoherent science curricula.

In this paper, it is not possible to delve into the crucial matter of teacher edu
cation, even though, as ju st indicated, the prospect for changing the curriculum
is bleak without dram atic reform in the profe ssional preparation of teachers. Few
undergraduates in American colleges and universities - not excluding those who
will become science teachers - receiving anything like a serious introduction to the
history of science. But reforming teacher preparation in science in the American
system is itself a complex undertaking and involves, as argued in the Project 2061
report Blueprints for Ref orm, changin g higher education more generally (American
Association for the Advancement of Sc ience , 1998).
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Though not sufficient in itself, the development of new science courses and
course materials that incorporate the history and philosophy of science is a ne
cessary step toward curriculum reform in science education. It is also a relatively
less complex reform undertaking than the equally necessary one of changing
undergraduate education in hundreds of different colleges and universities. It is
surprisingly, therefore, that so few attempts have been made to create science
courses for the secondary schools that incorporate historical and philosophical
perspectives, treating science as culture. In the United States, the Project Physics
Course, developed at Harvard University during the period 1964-70, stands pretty
much alone in that regard (Rutherford, F.l., Holton, G., and Watson, F.W. 1970).

Project 2061 was initiated by the American Association for the Advancement
of Science on the premise that significant and lasting reform of science education
in the schools of the United States could not be achieved by piecemeal efforts
dealing with only this or that aspect of the system at anyone time. Finding an
appropriate place for the history and philosophy of science in the curricula would
have to proceed hand in hand with other needed changes. The AAAS believed then
(and continues to do so now) that a scientific society such as itself, while having no
direct authority over school systems, and seeking none, can nevertheless contribute
to systemic reforms in important ways . With regard to the history of science in par
ticular, Project 2061 set out to (I) define science literacy in a way that incorporates
the history and philosophy of science, (2) promote the adoption of learning goals
that flow from that conception of science literacy, and (3) create tools for school
systems, colleges and universities, publishers and funding agencies, and federal
and state education agencies to use in carrying out science education reform efforts
that focus on those learning goals . How this has played out is outlined following
the comments on the Project Physics Course.

4. An Early Model: The Project Physics Course

I hesitate to discuss the Project Physics Course here for several reasons. One is that
it did not, in the end, have the impact on American science education intended for
it - though it is still in use in some schools in the United States and has been trans
lated and adapted for use in several other countries, including Italy (Bastai, 1986).
Another is that the course shows its age, having been developed at Harvard during
the years 1964-70, since which time much has happened in science and education.
A more positive reason is that we should tum our attention to Pavia Project Physics,
a much more modem and educationally sophisticated course being developed by
Professor Fabio Belivacqua and his colleagues at the University of Pavia, as a up
to-date model for what science courses that take the history of science seriously
should be like in terms of content and instructional properties.

Nevertheless, I believe that it is worth a brief look at the Project Physics Course
as a pioneering effort the features of which others may wish to consider in creat-
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ing secondary school science courses that draw on the history of science. These
include :

1. Rather than presenting history continuously throughout the student textbook 
risking having it become a history text rather than a science one - history is
presented in concentrated episodes from time to time. Thus, for example, the
chapter 'The Language of Motion' is developed in a straightforward manner
using real world phenomena, and is followed by 'Galileo Describes Motion', a
chapter that contrasts Galileo's approach to the subject with Aristotle's.

2. In addition, the textbook includes throughout carefully selected quotations,
timelines, and art to illustrate the way in which scientific knowledge is arrived
at over time due to the contributions of many different investigators in many
different places.

3. In parallel with the textbook are seven volumes of readings containing articles
and chapters from books . Many of the selections are historical in nature, taken
either from original sources (in translation, if necessary) or from writings of
historians and scientists. Some typical examples are : 'Preface to De Revolu
tionibus' by Nicolaus Copernicus; 'On the Method of Theoretical Physics' by
Albert Einstein; and 'Some Personal Notes on the Search for the Neutron' by
Sir James Chadwick.

4. Some of the student laboratory activities deliberately and openly reproduce
aspects of classical experiments, the purpose being to help students see what
the idea behind the experiment was, the kind of data that accrue , and line of
reasoning used . Examples include: 'A Seventeenth Century Experiment' an
adaptation of the inclined plane discussed by Galileo in the Two New Sciences'
using scantlings and student-made water clocks ; and 'The Charge-to-Mass Ra
tio for an Electron', a version of J. J. Thomson's measurements on cathode rays
(using student-made electron-beam tubes and coils for varying the deflecting
magnetic field) to demonstrate their particle nature.

5. The Project Physics Course exploited the multimedia of the day - overhead
transparencies, filmstrips, 8-mm film loops, 16-mm films, and broadcast televi
sion - and the history of science had a presence in them . Examples: a filmstrip
made from three sequences of photographs taken at irregular intervals allow
student to see Mars in retrograde motion and to determine the angular size
and duration of its retrograde motion; a measurement film loop on Galilean
relativity reproducing Galileo's thought experiment of a ball dropped from the
mast of a boat by actually photographing such an event from different frames
of reference in stop-motion; and 'The World of Enrico Fermi', a l6 -mm doc
umentary film - the world premier of which took place at the Accademia dei
Lincei in 1970 at the Villa Farnesina in Rome .

6. Recognizing that what many students bother to learn is strongly influenced by
what they will be examined on, the course provides teachers with sample tests
that include questions relating to the history of science.
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7. An extensive Resource Book for teachers provides content and teaching back
ground information on many aspects of the Project Physics Course, including
help with regard to understanding and using the history of science in teaching
the course.

Even if those attributes of the Project Physics Course model are still valid in
general, their use in the design of new science courses and science course mater
ials must take into account new circumstances. Chief among these are the growth
of scientific knowledge, the growth of knowledge about learning, and the rapidly
increasing power of information and communications technologies. And while that
is being done , it is well to keep in mind this lesson from the Project Physics Course
experience: No matter how good they may be, new courses cannot by them selves
do the reform job that needs doing . The system in which they are to be imbedded
also needs to be reformed.

5. Influencing the System: Project 2061

Project 2061 produces science education reform tools. These are publications 
print , CD-ROM, and Web - designed to help educators carry out the kinds of
reform measures that will result ultimately in graduates who are science literate .
But Project 2061 does not attempt to develop materials for student instruction and
assessment, to create curricula for the elementary and secondary schools, to design
programs for teacher education, or to formulate school policy; instead it tries to
influence and provide support for those who do.

In a sense, Project 2061 is a work in progress. Since it began in 1985, the
project has developed four distinct but interrelated products and four others are
in the pipeline (and others are under consideration). Each of the products - reform
tools, as Project 2061 sees them - will be revised periodically to take into account
feedback from users and to reflect the growth of knowledge. At the same time ,
the produ cts, already highl y interrelated, are gradu ally being con solidated to form
a coherent whole . This integrated system of support for science education reform
should be in place by 2005 and have reached its full potential by 20 I0, thereafter
to be maintained by the AAAS and continuously modified as necessary to take
advantage of new knowledge and technological advances.

In addition to its R&D functions, Project 2061 is engaged in professional de
velopment. With the publication of Science for All Americans in 1989, the project
began to provide workshops to help educators learn how to use the Project 2061
products effectively. As each new product emerges, the project's professional de
velopment activities expand accordingly, and will continue into the foreseeable
future as long as the need for them exists. However, the emphasis in this paper is
confined to the development component of the Project 2061 initiative.

Since the publication of Science for All Americans, Project 2061 typically has
several products under development at anyone time . For many reasons, they are
not released at uniform intervals, nor in the order one might prefer. In the following
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discussion, they are presented by function . The purpose of the first three listed
publications is to set out and clarify science literacy learning goals for element
ary and secondary school s; the purpose of the next five publication s is to help
educators carry out reform measures to enable students to reach those goal s. The
eventual computer-based, Internet-accessible unified assembly of these is called
System 61. The set (which does not contain other products under consideration for
development) includes the following:

Science for All Americans
Benchmarks for Science Literacy
Atlas ofScience Literacy
Resources for Science Literacy: Professional Development
Resources for Science Literacy: Curriculum Materials Evaluation
Resources for Science Literacy: Assessment
Designs for Science Literacy
Blueprints for Reform
System 61

Each of these is briefly described, below, with some attention to the history of
science.

5.1. SCIENCE FOR A L L AMERICANS

The terms and circumstance s of human existence can be expected to change as
much and as unpredictably from 1986 to 2061 - a human lifespan and coincident 
ally the current cycle of Comet Halley - as they did from 1910 to 1986 or from
1935 to 1910. Science and technology have been and will continue to be at the
epicenter of change, causing it, shaping it, responding to it. Learning more about
science and technology becomes, therefore, ever more central to education for life
and living. Just what is the content and character of such learning? That is what
Project 2061 first set out to answer.

Because of the large number of scientists, educators, and others involved (in
cluding historians and philosophers of science), and because of the care taken to
formulate a description of science literacy that could serve as a lasting intellectual
foundation for all that would follow, it took three years to arrive at a satisfactory
answer to that question. The validity of Science for All Americans derives from a
combination of the appropriateness and stature of the participants, the thorough
ness of the process, the clarity and good sense of its recommendations, and the
quality of the arguments and documentation used to support them . It defines sci
ence literacy broadly, emphasizing the connections among science. mathematics,
and technology, and recommends what all students should learn in the following
chapters:

'The Nature of Science' discusses the scientific world view, scientific methods
of inquiry, and the nature of the scientific enterprise.
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'The Nature of Mathematics' describes the creative process involved in both
theoretical and applied mathematics.
'The Nature of Technology' examines how technology extends our abilities to
change the world and the tradeoffs necessarily involved .
'The Physical Setting' lays out basic ideas about the content and structure of
the universe (on astronomical, terrestrial, and sub- microscopic levels) and the
physical principles on which it seems to run .
'The Living Environment' delineates basic facts and scientific concepts about
how living things function and how they interact with one another and their
environment.
'The Human Organism' discu sses human biology as exemplary of biological
systems.
'Human Society' cons iders individual and group behav ior, social organization,
and the process of social change.
'The Designed World' reviews principles of how people shape and control the
world through some key areas of technology.
'The Mathematics World ' gives presents basic mathematical ideas, especially
those with practical application, that together playa important role in almost
all human endeavors.
'Historical Perspect ives' illustrates the science endeavor with ten episodes of
exceptional significance in the development of science and in shaping human
understanding of ourselves, our origins, and our universe . They are: displacing
the earth from the center of the universe; uniting the heaven s and earth ; relating
matter & energy and time & space; extending time; moving the continents;
understanding fire; explaining the diversity of life; discovering germs ; and
harnessing power.
'Common Themes' presents general concepts, such as systems, models, scale,
and change, that cut across science, mathematics, and technology.
'Habits of Mind' identifie s attitudes, skills, and ways of thinking that are
essential to science literacy.

In addition, Science for All Americans contains a chapter setting out a few of
the most important principles for effective learning and teaching. Among them
is one calling for students to encounter many scientific ideas in historical con
text, in the process becoming aware of the interdependencies among science,
mathematics, and technology, the influence of society on the development of
science and technology, and the impact of science and technology on society.

6. Benchmarks for Science Literacy

Over a period of four years, Project 2061 worked with six geographically and
demographically diverse school-district teams (each consisting 25 of teachers and
administrators backed up by university faculty members) to pin down a common set
of specific learning goals for grade ranges K-2, 3-5, 6-8, and 9-12 based on Science
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for All Americans. The result provides a coherent set of benchmarks that reflect
a logical progression of ideas for any given topic, with early-grade benchmarks
anticipating the more advance benchmarks for later grades.

The grade-range recommendations in Benchmarks for Science Literacy were
derived from Science for All Americans, and indeed are organized into the same
chapter and section sequences. Accordingly, specific grade-related learning goals
are spelled out forthe nature and history of the scientific endeavor. The benchmarks
are supplemented with integrative essays, cross references to related benchmarks
in other sections, and relevant cognitive research, and they emphasize the in
terconnectedness of benchmarks within and between science, mathematics, and
technology.

6.1. ATLAS OF SCIENCE LITERACY

As they were developing Benchmarks for Science Literacy, teachers and scientists
found it helpful to construct growth-of-understanding maps showing how students
might progress from an early understanding of a given concept at the K-2 level to
a more sophisticated understanding at the 9-12 level. Subsequently, the maps were
found by others to useful in a variety of ways , including particularly professional
development (deepening their understanding of science) and curriculum change.
A collection of about 50 of these maps will form the first volume of the Atlas,
to be followed in about a year by a second volume of about the same number.
A CD-ROM will accompany the Atlas, enabling users to access a great deal of
information associated with each map and to manipulate the maps themselves.
Some maps are on historical topics, and many of the other maps incorporate some
historical and nature of science benchmarks.

6.2. RESOURCES FOR SCIENCE LITERACY: PROFESSIONAL DEVELOPMENT

This is the first of three print/CD-ROM products that will eventually merge into
one. It is a tool to help educators gain the knowledge and skills necessary to
understand and effectively work together toward science literacy in their schools
and classrooms. It can be used by higher education faculty in teacher preparation
programs, by school districts in designing in-service staff development programs,
and by teachers for self-guided study of Science for All Americans and Benchmarks
for Science Literacy.

Along with the full text of Science for All Americans, the CD-ROM includes
a descriptive database of highly recommended books on science, mathematics,
and technology (including the history of science) written for general audiences;
citations of current cognitive research about how students learn concepts and skills
that are important for science literacy; descriptions of undergraduate programs
in different universities designed especially the understandings in Science for All
Americans; and a workshop guide which includes a variety of presentation scripts,
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transparency masters, and background materials that can be used to create and
conduct Project 2061 workshops.

6.3. RESOURCES FOR SCIENCE LITERACY: CURRICULUM MATERIALS

EVALUATION

As educators become more informed about science literacy and its implications for
teaching and learning, they will become more aware of the need for appropriate
curriculum materials. To serve that need, Project 206 I worked with hundreds of
teachers and scientists to develop a reliable procedure for evaluating curriculum
materials for their alignment to learning goals such as benchmarks. This new tool
- a print/CD-ROM combination containing the full text of Benchmarksfor Science
Literacy - can be used by school-district adoption committees to improve the selec
tion of textbooks, by publishers to develop new textbooks and other instructional
materials, and by teachers to revise or enhance their current materials. Of course
part of this will be to evaluate the content and pedagogy of materials for their
bearing on the history of science.

6.4 . RESOURCES FOR SCIENCE LITERACY: ASSESSMENT

Now under development, this third component of the Project 2061 Resources series
will try to do for assessment materials what the former one doe s for curriculum
materi als . A print/CD-ROM product, it will describe how to analyze student ex
aminations (local , state, national , international) in terms of how well they target
specific science literacy learning goals. The disk will provide utilities to help edu
cators carry out the analysis . Needless to say, if the history of science does not have
an presence in assessments of learning, little can be expected in the way of student
understanding of the history of science, no matter what else happens.

6.5. DESIGNS FOR SCIENCE LITERACY

Significant and lasting improvement of science education in the United States
requires the design, development, and implementation of new curricula. Designs
for Science Literacy (a print/CD-ROM product now in press) is a guide for edu
cators engaged in reforming curricula. It lays out some basic design principles,
brings them to bear on the design of K- I2 curricula, and provides examples of how
these principles might be used to improve today's curricula and contribute to more
comprehensive changes in curricula of the future.

Designs also contains suggestions for how to create coherent professional de
velopment programs that focus on the science literacy goals of Science for All
Americans and Benchmarks for Science Literacy, reduce the core content of over
stuffed curricula, and increase curriculum connections across grades and subjects.
Itemphasizes that the history of science is especially good for studying connections
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among science, mathematics, and technology and between them and the arts and
humanities . The CD-ROM contains databases, templates, utilities, and other inter
active features to help educators think about and keep track of their curriculum
reform efforts .

6.6. BLUEPRINTS FOR REFORM

Project 2061 recognizes that significant and lasting reform in one area of the educa
tion system cannot take place in isolation from changes in other parts of the system.
To explore the complex interactions of all parts of the education system in the light
of the science literacy goals set out in Science for All Americans, Project 2061
commissioned a dozen concept papers from twelve expert panels, and then submit
ted the draft papers to extensive review by educators and education policy makers
in every region and kind of school system . The resulting papers examine equity,
policy, research, finance, school organization, curriculum connections, assessment,
teaching materials and technologies, teacher education, higher education, family
and community, and business and industry .

To back up the print version of the papers, Project 2061 has published, on
its World Wide Web, summaries of the twelve papers, a descriptive database of
exemplary systemic reform programs, bibliographic references, and information
for contacting selected agencies and organizations for further information on the
topics . Forums and other interactive exchanges on the Web site will be used to
encourage more extensive debate of the important issues raised in the Blueprints
papers.

6.7 . SYSTEM 61

As indicated earlier, Project 2061 intends to bring the various CD-ROM and Web
products together to form a computer-based integrated whole that will be both
more powerful, more flexible, and easier to use than the separate products. Pro
gress toward this end is already underway as the various disks referred to above
contain overlapping material and are being fitted with a common electronic in
terface. For the foreseeable future , however, successive editions of the individual
print/CD-ROM products will still be available .

By the time it reaches maturity, System 61 may also incorporate other compon
ents now being considered. Family Guide to Science Literacy will connect homes
to the system, or parts of the system. SCIENCE for Teachers will provide teachers
using the system with weekly information on what's happening in science by se
lecting , rewriting, and supplementing material from the AAAS journal SCIENCE

and connecting it to the topics in Science for All Americans. Finally, Insights on
Science will provide multimedia articles for teachers keyed to the topics in Science
for All Americans, especially for topics which teachers are less familiar with, such



52 F. JAMES RUTHERFORD

as the history of science, the nature of science, mathematics, and technology, and
cros s-cutting concepts.

7. Looking Ahead

How will this extraordinary effort play out? Will it, among other things, result in a
greater presence for the history and philosophy of science in science education in
American schools? Even after more than a decade of effort, it is still too early to
predict what the lasting effects of the project will be in detail. Separate studies
conducted shortly after the release of Benchmarks for Science Literacy by the
Organization for Economic Cooperation and Development and Stanford Research
International both concluded that Science for All Americans and Benchmarks had
had considerable influence in general on federal and state education agencies, but
less so at the classroom level. While this is to be expected, given the Project 2061
long-term strategy, it leaves unanswered such detailed questions as to what degree
the project is successfully fostering the use of the history of science.

In any case, the Project 2061 is trying to provide the vision and tools to enable
educators to expedite reform toward science literacy. That vision and those tools
give a prominent place to the history of science, but actual reform in that direction
will take the sustained, creative effort of many others - to redesign curricula, to cre
ate appropriate student learning materials, to devise assessment materials closely
linked to learning goals, to prepare future teachers to be able to use the history of
science in their teaching. By fostering a desire for reform in such a direction and
helping to build a capacity for carrying it out, Project 2061 is at least increasing the
likelihood that it will occur.
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Abstract. The complexity of science is described in the two major science education reform docu
ments in the US: Benchmarksfor Science Literacy (1993) and National Science Education Standards
(1996). Some have seen them as too ' postmodern' while others have charged they are too 'modem'
in their descriptions of the nature of science. An analysis of the documents shows how each charge
might arise. Science's complexity requires one to say that 'scientific knowledge is tentative or subject
to change' and 'scientific knowledge is stable '; that 'change is a persistent feature of science' and
'continuity is a persistent feature of science' ; that ' it is normal for scientists to differ with one another'
and 'scientists work toward consensus' . Both Benchmarks and Standards describe science in terms
that sometimes seem to emphasize tentative, local knowledge while at other times emphasizing
stable, universal knowledge. Although the overall picture of science presented by each document
appears to be one of modem realism, it is not difficult to see how the postmodem relativist could
select statements that paint science as epistemically equivalent to the social sciences or even the arts
and humanities. Implications for science education are discussed.

Introduction

Both Benchmarks for Science Literacy (1993) and National Science Education
Standards (1996) have had considerable impact on science education policy and
practice in the US. Most of the 50 states have revised their own science education
frameworks or standards to be compatible with Benchmarks and/or Standards , in
cluding nature-of-science (NOS) standards. A November 1992 preliminary draft
of Standards, sponsored by the United States National Academy of Sciences, con
tained the statement 'The National Science Education Standards are based on the
postmodem view of the nature of science' (p. A-2). The scientific community
in particular was upset at that statement and at other content in Standards that
some thought indicated a postmodem/relativist view of science. The final version
of Standards does not contain the term 'postmodern' and generally the document
seems to portray science as a complex, rather variable process that nevertheless
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yields knowledge about our world that is stable and progressively more accurate,
in terms oflearning Nature's fundamental secrets.

Benchmarks never contained a statement about being based on the postmod
ern view of the nature of science and has not suffered the same kind of criticism
from the scientific community. Both documents , however, have been criticized by
various academics as being too 'postmodern' or too 'modern', depending on the
position of the critic . How can the same document be seen so differently? It is this
question that we try to answer in this paper.

The PostmodernlRelativist View

Postmodernism is a term that seems more at home in the arts and humanities than
in the natural sciences and Rosenau (1992) traces it to French postmodernists such
as Jacques Derrida, Michel Foucault, and Paul Sartre and to German philosophers
Martin Heidegger and Friedrich Nietzsche. It refers to many things, including (1)
rejection of universals or metanarratives, (2) rejection of any final meaning, (3)
rejection of the idea of progress, (4) disillusionment with science, (5) pessimism
about our future, (6) rejection of logic and reason, (7) abandonment of objectivity,
(8) a fascination with mystical, new-age ideas that challenge established 'reality',
and (9) Feyerabend's (1975) motto of 'anything goes'.

Postmodern critics Paul Gross and Norman Levitt provide a stinging critique of
post-modernism as a point of view that constantly borders on nihilism:

Contrasted to the Enlightenment ideal ofa unified epistemology that discovers
the foundational truths of physical and biological phenomena and unites them
with an accurate understanding of humanity in its psychological, social, polit
ical, and aesthetic aspects, postmodern skepticism rejects the possibility of
enduring universal knowledge in any area. It holds that all knowledge is local
or 'situated', the product of interaction of a social class, rigidly circumscribed
by its interests and prejudices, with the historical conditions of its existence .
There is no knowledge, then; there are merely stories, 'narratives', devised to
satisfy the human need to make some sense on the world. In so doing, they
track in unacknowledged ways the interests, prejudices, and conceits of their
devisers . On this view, all knowledge projects are, like war, politics by other
means. (Gross and Levitt 1994, p. 72)

If there is a method associated with postmodernism it is deconstruction.
Deconstruction identifies inconsistencies or tensions but does not try to recon
struct or suggest alternatives . Rosenau identifies eight underlying principles of
deconstruction:

I. Find an exception to a generalization in the text and push it to the limit so that
this generalization appears absurd.

2. Interpret the arguments in a text being deconstructed in their most extreme
form.
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3. Avoid absolute statements in deconstructing a text, but cultivate a sense
of intellectual excitement by making statements that are both startling and
sensational.

4. Deny the legitimacy of all dichotomies because there are always a few excep
tions to any generalization based on bipolar terms, and these can be used to
undermine them.

5. Nothing is to be accepted; nothing is to be rejected. It is extremely difficult to
criticize a deconstructive argument if no clear viewpoint is expressed.

6. Write so as to permit the greatest number of interpretations possible.
7. Employ new and unusual terminology.
8. Never consent to a change in terminology. (Rosenau 1992, p. 121)

Text is used by postmodernists to mean anything and everything and Culler
(1982) asserts that deconstruction is not concerned with what a text means. By
now it should be clear that postmodernism, although difficult to define, is very
different than science in almost every way. Post-epistemological postmodernism
abandons shared inquiry, with its communally-agreed upon methods, for standard
less, criteria-free, individual perceptions.

The ModernlRealist View

Rather than seeing 'reality' as a social construct, scientists and most modem philo
sophers of science see Nature as real, existing independently of humans and their
various 'philosophical' theories. Physicist Roger Newton puts it this way:

It is difficult to imagine a scientist who doubts that a real world exists inde
pendently of ourselves. We measure its properties, we observe its changes, we
try to understand it, and sometimes it astonishes us. 'The belief in an external
world, independent of the perceiving subject, lies at the basis of all natural
science', Einstein insisted. (Newton 1997, p. 160)

Philosopher W. H. Newton-Smith 's view ofscience supports physicist Newton 's
ideas:

The realist tradition in the philosophy of science is an optimistic one. Realists
do not think merely that we have in principle the power specified in the epi
stemological ingredient. They take it that we have been able to exercise that
power successfully so as to achieve progress in science. (Newton-Smith 1981,
p.39)

Both scientist and philosopher agree that modem science is a part of the mod
em/realist tradition and that progress is a hallmark of the tradition. John Dewey,
America's most influential philosopher-educator, described science as our most
effective operation of intelligence:

The function which science has to perform in the curriculum is that which
it has performed for the race: emancipation from local and temporary incid-
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ents of experience, and the opening of intellectual vistas unobscured by the
accidents of personal habits and prediliction. (Dewey 1916, p. 270)

We tum now to the U.S. reform documents Benchmarks for Science Literacy
(1993) and National Science Education Standards (1996) to see how the nature of
science is defined and how the postmodern/relativist version of science might be
seen in these documents by those with such an agenda.

1. Science as Portrayed in Benchmarks and Standards

Behind Benchmarks and Standards are two of the largest and most influential sci
entific societies in the world: The American Association for the Advancement of
Science (AAAS) for Benchmarks and The National Academy of Sciences (NAS)
for Standards. Each document was developed through a consensus-building pro
cess that involved a large number of scientists, educators , and others throughout
the U.S. Although both science education reform documents have been very influ
ential, they are not without controversy, especially the Standards. As mentioned
earlier in our Introduction, an early draft of the Standards contained the statement
'The National Science Education Standards are based on the postmodem view of
the nature ofscience' (p, A-2). This statement does not appear in the final document
because ofconsiderable criticism from the scientific community and others who see
postmodemism as a 'decidedly antiscience' (Nicholson 1993, p. 268) movement
that has the potential to impair the status of science by blaming it for the ills of
the world. However, as Michael Matthews (2000) notes in his recent book, Time
for Science Education, the constructivist content of the Standards was not rejected,
merely relocated .

The complexity of science requires that it be described in ways that capture its
many- faceted nature; however this is seen by some (e.g., Harding 1994; Hodson
1994; Jegede 1989; Latour and Woolgar 1986; Ogawa 1989; Pomeroy 1992; Stan
ley and Brickhouse 1994) as an invitation to claim that modem science should be
placed in the same category as folklore and local knowledge of indigenous people.
To say that 'scientific ideas are tentative and open to change', a statement that
accurately portrays one facet of the nature of science, fails to consider the fact that
'most scientific ideas are not likely to change greatly in the future' . Each statement
accurately describes the nature of science, but it is the latter statement that is more
characteristic of scientific knowledge when compared to other kinds ofknowledge.
How science can be described in post-modern/relativist terms by persons with such
agendas is the focus of the next two sections.

CONTRASTING NOS STATEMENTS IN STANDARDS

A perusal of Standards shows that many statements about the nature of science
(NOS) seem to describe science in contrasting ways. Depending on one's agenda



NATURE-OF-SCIENCE LITERACY IN BENCHMARKS ANDSTANDARDS 57

science can be shown by Standards to be postmodern/relativist in nature or mod
ern/realist in nature . Some examples are listed here, with the letter 'a' by statements
more likely to be used by the nonscience, postrnodem crowd and the letter 'b' by
statements more likely to be used by modern/realist scientists to characterize the
nature of science .
1a. Scientific ideas are tentative and open to change . (p. 171)
1b. Most scientific ideas are not likely to change greatly in the future. (p. 171)
2a. It is normal for scientists to differ with one another about ideas and evidence.

(p. 171)
2b. Scientists work toward finding evidence that resolves disagreements. (p. 171)
3a. Scientists are influenced by societal, cultural, and personal beliefs, and ways

of viewing the world. (p. 201)
3b. Explanations on how the natural world changes based on myths, personal

beliefs, religious values, or authority are not scientific. (p. 201)
4a. All scientific knowledge is subject to change. (p. 201)
4b. The core ideas of science are unlikely to change . (p. 201)

Each of these statements accurately describes one of the many facets of the
nature of science . However, if we choose to concentrate on 1a, 2a, 3a, and 4a rather
than 1b, 2b, 3b, and 4b it is clear that a picture of science emerges that is more
consistent with postmodern/ relativist ideas than modern/realist ideas. A perusal of
Benchmarks results in a similar picture.

CONTRASTING NOS STATEMENTS IN BENCHMARKS

Benchmarks (1993) is based on the earlier reform document Sciencefor All Amer
icans (1989) and both begin with a chapter on the nature of science. In many ways
the nature of science is described in more detail in these sources than in Standards
so more contrasting examples are provided here than in the previous section. Again ,
,a' precedes statements more likely to be used by the nonscience, postmodem folks
and 'b' precedes statements more likely to be used by modern/realist scientists to
characterize the nature of science.
1a. Scientific knowledge is subject to change. (p. 5)
2b. Scientific knowledge is stable. (p. 5)
3a. Results of similar scientific investigations seldom tum out exactly the same .

(p.6)
3b. Science investigations generally work the same in different places. (p. 6)
4a. Radical changes in science sometimes result from the appearance of new

information. (p. 7)
4b. Usually the changes that take place in scientific knowledge are small modific

ations of prior knowledge. (p. 8)
5a. Change is a persistent feature of science. (p. 8)
5b. Continuity is a persistent feature of science. (p. 8)
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6a. Sometimes scientists have different explanations for the same set of observa
tions. (p. 11)

6b. That usually leads to their making more observations to resolve the differences.
(p. 11)

7a. There is no fixed set of steps that all scientists follow. (p. 12)
7b. Scientific investigations usually involve the collection of relevant evidence,

the use of logical reasoning, and the application of imagination in devising
hypotheses and explanations to make sense of the collected evidence . (p. 12)

8a. What people expect to observe often affects what they actually do observe. (p.
12)

8b. Independent studies of the same question control for personal bias. (p. 12)
9a. There are different traditions in science about what is investigated and how. (p.

13)
9b. All scientists share basic beliefs about the value of evidence, logic, and good

arguments . (p. 13)
lOa. Scientists in anyone research group tend to see things alike. (p. 13)
lOb. Scientists check other 's results to guard against bias. (p. 13)
11a. Science disciplines differ from one another in what is studied, techniques used,

and outcomes sought. (p. 19)
11b. All science disciplines share a common purpose and are part of the same

scientific enterprise. (p. 19)

This longer list of NOS statements from Benchmarks supports and extends the
previous list from Standards. Lump all the 'a' statements together and you describe
science as a changing, uncertain, inconsistent, variable, biased enterprise that dif
fers little from other ways ofknowing. Lump all the 'b' statements together and the
picture is completely different. In the remainder of the paper we look more care
fully at these differences, how they might cause confusion among science teachers
and others in the science education community, and how the recent 'science wars'
have focused more attention on the nature-of-science issue.

Science Wars and Science Education

Who should define science for the science education community? We have seen
that the AAAS (Benchmarks) and the NAS (Standards) have described science
in ways that can be categorized as modern/realist or, as postmodern/relativist, de
pending on one's motives. The scientific community sees science in modern/realist
terms and certain others, including some sociologists ofscience, science educators,
and curriculum theorists see science in post-modern/relativist terms. The struggle
to define science for public school teachers, their students, and the general public,
has come to be known, at least in some academic circles, as the 'science wars',
Although Science for All Americans (1989) appeared a decade ago and can be
considered the precursor of both Benchmarks and Standards, a more recent event
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has focused much public attention on the question of who defines science for the
science education community and the public.

Fashionable Nonsense: Postmodern Intellectuals' Abuse ofScience (Sokal and
Bricmont 1998) follows other critiques (e.g., Holton 1993; Gross and Levitt 1994;
Gross et al. 1995) of postmodern 'myths' about science. The most recent book de
voted to a similar critique is edited by philosopher Noretta Koertge - A House Built
on Sand: Exposing Postmodern Myths about Science (1998). Physicist Alan Sokal
started what is now called 'science wars' by writing a parody ofpostmodern science
that was published in the spring/summer 1996 issue of the fashionable, cultural
studies journal Social Text. His paper, 'Transgressing the Boundaries : Toward a
Transformative Hermeneutics ofQuantum Gravity', is full of 'scientific' nonsense ,
from the scientist's viewpoint, but very flattering of postmodern critics of science
such as Aronowitz (1988), Harding (1991), Latour (1987), and Woolgar (1988).
Sokal's parody of postmodern accounts of the nature of science was exposed by
him shortly after his paper was published in Social Text, triggering a great deal of
discussion from both sides, postmodem/relativist and modem/realist.

Placing everyone in either the postmodem/relativist camp or the modem/realist
camp greatly over-simplifies the situation, but for ease of argument and simplific
ation of description of the situation we proceed using this dichotomy. Few science
critics like the idea of being called a relativist, but their stated positions on issues
such as the contrasting statements from Standards and Benchmarks, make it diffi
cult to argue otherwise . For example, science's core assumption of universalism is
rejected by postmodernism in favor of local, equally viable ' truths' . Both Bench
marks and Standards underline the importance of universalism to all of science:
'Science also assumes that the universe is, as its name implies, a vast single system
in which the basic rules are everywhere the same' (AAAS 1989, p. 3) and 'Science
assumes that the behavior of the universe is not capricious, that nature is the same
everywhere, and that it is understandable and predictable' (NAS 1996, p. 116).
These statements make it clear that the basic assumption ofscience is universalism,
what Michael Matthews calls the core universalist idea: 'The core universalist idea
is that the material world ultimately judges the adequacy of our accounts of it.
Scientists propose, but ultimately, after debate, negotiation and all the rest, it is the
world that disposes' (Matthews 1994, p. 182).

A leading spokesperson for the postmodem view of multiple, equally-valid
sciences is feminist philosopher Sandra Harding. In various publications Harding
raises the question - Is science multicultural? - with the answer, ' .. . there could be
many universally valid but culturally distinctive sciences' (Harding 1994, p. 320).
To give some idea of how Harding reaches such a conclusion, here is a quote that
she thinks provides 'evidence' for the claim:

If we were to picture physical reality as a large blackboard, and the branches
and shoots of the knowledge tree as markings in white chalk on this black
board, it becomes clear that the yet unmarked and unexplored parts occupy
a considerably greater space than that covered by the chalk tracks. The so-
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cially structured knowledge tree has thus explored only certain partial aspects
of physical reality, explorations that correspond to the particular historical
unfoldings of the civilization within which the knowledge tree emerged .

Thus entirely different knowledge systems corresponding to different his
torical unfoldings in different civilizational settings become possible. This
raises the possibility that in different historical situations and contexts sci
ences very different from the European tradition could emerge. Thus an
entirely new set of 'universal' but socially determined natural science laws
are possible. (From Goonatilake 1984, pp. 229-230)

Here it seems that the universalism of Nature is reduced to playing a minor
role while different culturallhistorical 'unfoldings' assume center stage. As Gross
and Levitt (1994), Matthews (1994), Rosenau (1992), Slezak (1994a, b) and others
have observed, postmodemists attempt to show that science is basically a polit
ical struggle, leaving little room for the role of Nature in science (see Good and
Demastes 1995 for more on the diminished role of Nature in postmodernism).

In science education the science wars are played out in the names of multi
culturalism and constructivism, two movements that are highly visible in today's
educational scene. The nature of science is argued by proponents and critics of
both movements, with little apparent agreement on either side. Those in favor of
a multicultural science curriculum argue that we should include the knowledge
that indigenous people have of their environment while critics argue for exclusion
because accurate observation without universally agreed upon natural explanation
is not science. Proponents want to include all ideas to make everyone feel good
while critics want to include only the best ideas regardless of how some person
or group might feel. Good et al. (1999) assert that proponents of the postmod
ern/relativist position actually engage in a form of censorship, similar to the efforts
of the religious fundamentalists who try to suppress the teaching of Darwinian
theory of evolution of life.

Regarding constructivism, proponents want all students to be able to construct
their own ideas about science and the critics see science as mainly counterintuitive
and beyond students' comprehension without a great deal of specific, directive
teaching. The wars go on, perhaps because neither side can agree on the nature
of science; or perhaps because appeal to logic and evidence is the central agenda
on one side while a different agenda drives the other.

Science as Culture: Revolutionary and Counterintuitive

Multiculturalism tries to honor and conserve local ideas and customs while science
is indifferent to them. Constructivism stresses an individual's unique outlook while
science seeks consensus within the scientific community. In these ways multi
culturalism and constructivism are more consistent with a postmodern/relativist
worldview while science is more consistent with a modern/realist worldview. Al-
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though over-simplified, these contrasting positions will be used to describe the
nature of science as a revolutionary and counterintuitive culture.

In The Unnatural Nature of Science (1993) British biologist Lewis Wolpert
describes science as counterintuitive, even unnatural. Any science teacher sensitive
to the multitude ofprescientific conceptions students bring to the classroom, knows
what Wolpert means and teachers know also that it is often very difficult to help
students understand the scientific conception . Most key scientific ideas are truly
counterintuitive; they run counter to the ideas about our world that we develop
naturally as a result of growing up from child to adult.

Revolutionary is used here in the sense that displacing the Earth from the center
of the universe was very disruptive to people following Copernicus and inserting
natural selection as the origin of species was disruptive following Darwin. Ontolo
gical and epistemological ruptures in the sense used by Gaston Bachelard (1934)
are revolutionary to people's thought and to their culture. The authors of Science
for All Americans devote a chapter of their book to 'Habits of Mind', saying that:

The revolutions that we associate with Newton, Darwin, and Lyell have had as
much to do with our sense of humanity as they do with our knowledge of the
earth and its inhabitants . Moreover, scientific knowledge can surprise us, even
trouble us, especially when we discover that our world is not as we perceive
it or would like it to be. (AAAS 1989, p. 172)

Conserving local cultural practice or protecting individuals' prescientific ideas
about physical causality are not priorities for science. Religious practice and related
ideas about our world have conflicted with science since Copernicus, Galileo, New
ton, and Darwin introduced their ideas about the natural world and the two cultures
continue to clash today. In a special issue (April 1996) of Science & Education on
religion and science education, Martin Mahner and Marlo Bunge make the case
that science and religion are incompatible :

Science and religion are not only methodologically different but incom
patible. The same holds for the metaphysics and the ethos of science and
religion. Finally, insofar as religion makes some cognitive statements about
the world, there will also remain doctrinal incompatibilities between religion
and science . (Mahner and Bunge 1996, p. 115)

They go on to talk of implications for a sound science education:

Since science education as well as moral and religious education are supposed
not only to convey propositional knowledge but also to elicit and develop a
certain attitude or mentality in our children (see, e.g., Bunge 1989; Martin
1990), we come to the conclusion that, regarding the incompatibility of the
scientific and religious attitude, a religious education, particularly at an early
age, is a most effective obstacle to the development of a scientific mentality.
(Mahner and Bunge 1996, p. 119)
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Taking the clash of the two cultures, scientific and religious, to the level de
scribed by Mahner and Bunge ensures vigorous debate and disagreement among
nearly everyone who feels strongly about these two areas of our culture. If Mahner
and Bunge are correct about the potentially negative impact of early religious
training on a later scientific education, the science education community has a
significant challenge before it. In the case of evolution education, it is clear that
that certain forms of religious training have a negative impact on students' later
learning of the modern Darwinian theory of evolution of life. Scientific habits of
mind such as curiosity, openness to new ideas, and skepticism may actually be
inhibited by early religious training unless a way is found to confront the problem
that Mahner and Bunge think is unavoidable.

In the remainder of the paper we return to the postmodern/relativist vs. the
modern/realist dichotomy, as portrayed in Benchmarks and Standards , and sug
gest ways that science teachers and their students can deal more accurately with
the complex nature of science while avoiding the confusing, misleading issues
described earlier as the' science wars' .

Implications for Science Education

How can the complexity of science be taught and learned without degenerating into
the postmodern/relativist world? Our earlier analysis ofBenchmarks and Standards
shows that for many modern/realist statements on the nature of science there are
corresponding statements that paint a more complex, tentative picture and yet each
of these reform documents describes the overall enterprise of science in gener
ally modern, realist, rational terms, especially when compared to other ways of
knowing. The early phase of science of developing new ideas that better explain
Nature, what Gerald Holton (1988) called the private, speculative aspect ofscience,
is as creative as developing new art, poetry, or architecture. This phase of science
changes as the scientific community then analyzes the new idea to see whether
it really contributes anything of value to our understanding of Nature . This later
phase, Holton's public aspect of science, may take many months, years or decades
before there is a general consensus among the relevant members of the scientific
community regarding the value of the new idea.

When the nature of science (NOS) is taught, as suggested in Benchmarks and
Standards , it should be compared to other ways of knowing and believing. Philo
sophy of science tends to emphasize the stable, rational, progressive, universal,
consensus nature of science while history of science tends to point out the unique,
personal, variable, complex, local side of science and, of course, both sides or
viewpoints are correct. However, when compared to other ways of knowing or
believing, modern science is by far the most progressive, stable, and rational way
of knowing yet devised by humans and it is this side (modern/realist) rather than
the other (postmodern/relativist) that better characterizes the enterprise of science.
It is only when the natural sciences are compared to the social sciences and the arts
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and humanities that the differences become so apparent, and it is the differences not
the similarities that are more useful in introducing the beginning student or the lay
public to the nature of science. The philosophers, historians, scientists, and other
academics who understand the complexity of the many facets of the enterprise
of science know the difference between Holton's 'private' and 'public' science,
but novices do not and should not be expected to grasp the complexities before
they understand what sets science apart from other ways of knowing; that is, its
essentially rational, progressive, universal nature.

In his most recent book, Consilience: The Unity of Knowledge, evolutionary
biologist Edward Wilson argues that only when all knowledge is grounded on the
firm foundation of the natural sciences will we have the best chance of coping
successfully with our existence:

The legacy of the Enlightenment is the belief that entirely on our own we can
know, and in knowing, understand, and in understanding, choose wisely. That
self-confidence has risen with the exponential growth ofscientific knowledge,
which is being woven into an increasingly full explanatory web of cause and
effect. In the course of the enterprise, we have learned a great deal about
ourselves as a species. We now better understand where humanity came from,
and what it is. Homo sapiens, like the rest of life, was self-assembled. So
here we are, no one having guided us to this condition, no one looking over
our shoulder, out future entirely up to us. Human autonomy having thus been
recognized, we should now feel more disposed to reflect on where we wish to
go. (Wilson 1998, p. 297)

Wilson argues convincingly that modern/realist science, the legacy of the Enlight
enment, should become the foundation of the social sciences and even ethics. Such
a unified, universally-shared conception of knowledge will allow our species to
make decisions that increase the chances of a better life for all species on our
planet.

The vision of science that Wilson uses in Consilience is clearly modern/realist
rather than postmodem/relativist. He understands the complexity of the enterprise
of science and, even more than the authors of Benchmarks and Standards, he
emphasizes its modem/realist nature. Compared to other ways of knowing and
believing, the natural sciences provide, by far, the best example of rational, pro
gressive, universal knowledge and it is these aspects that should be learned by
novices. Taken to its logical conclusion, as Wilson does in Consilience, this view
of science can become the basis of a new conception of what it means 'to know' .
The many nuances and complexities become apparent as one studies the history of
science, but the essentially rational, progressive, universal nature of science is the
more accurate picture that science teachers should help students understand .

The broader definition of science literacy found in Benchmarks relates the nat
ural sciences to mathematics, technology, and the social sciences. Edward Wilson's
ideas in Consilience are very compatible with this broader definition of science
literacy and science teachers could use his ideas to help students understand the
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nature of science as compared to various other ways of knowing. Many years ago
French philosopher Gaston Bachelard (1934) said science would show philosophy
the way. At the close of this century Edward Wilson is saying that science will
show all disciplines, not just philosophy, the way toward more valid and reliable
knowledge. Science educators should pay close attention to Wilson's ideas as they
search for ways to help students better understand the nature of science.
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The Epic Narrative of Intellectual Culture as a
Framework for Curricular Coherence
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Abstract. Thi s paper describes a proposed middle school curri culum designed to coordinate the
major subject areas around a single coherent story line . and to tell the epic tale of the development
of formal intellectual culture from its distant origins to the present day. Ourstory explores the history
of scientifi c culture from the perspective of founda tional disciplines (history, philosophy, sociol ogy,
psychology, anthropology). It exam ines the growth of scientific cultu re against the backdrop of the
world's traditional cultures , and balances the role of the sciences against the role of the arts in their
respective contributions to the life of the mind .

1. Introduction

For the past three years I have addres sed an array of pedagogical , philosophical,
and psychological topics in my educational psychology courses by arranging them
around a hypothetical curriculum design project. This curriculum, called Ourstory,
was designed as a heuristic device, a way of keeping a number of pedagogical and
disciplinary conversations clustered and related to one another as we try to envision
a curriculum that overcomes the reductionism, the fragmentation, and the aesthetic
and conceptual sterility of a typical school curriculum. Ourstory recognizes the
virtues of a multi -cultural perspective and a postmodern social ethos, but it is built
upon a conceptual framework that borrows distinct features from an older classical
liberal tradition.

Few people today mourn the passing of the clas sical curriculum, based as it was
upon mastery of the Latin and Greek languages and cultures, but there is a sense
in which that old tradition of schooling enjoyed some significant advantages that
disappeared along with it. History served a central role, providing an organizational
framework for all of the knowledge, events, information, and ideas contained in that
curriculum, providing a mechanism of coherence and order, and inducing much of
the study to take the form of a story, built around human perspectives.

In the following scenario I will argue for the use of history in the teaching of
science, but I will argue for a different use of history than has been customary
among advocates of the history and philosophy of science (HPS) community. I
will enter a plea that we stop thinking only in the limited framework of science
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education and try to recognize that the whole of scientific culture forms an indi
visible mass that must be taught altogether if it is to make sense to students as a
culture, as a world view, and as a way of life . Turning our backs on the humanities
and the arts and adopting a posture of contempt toward traditional cultures, while
insisting on greater progress in science education, bespeaks a kind of parochialism
that diminishes us all.

2. Ourstory - Structuring Education for Meaning

In a paper delivered to the HPS group in Calgary, June 1997, I raised the suggestion
that we broaden the scope of our concerns beyond the teaching of science per se
and begin to consider how best to teach the whole of scientific culture (Carson,
I997a). Science did not develop independently of the other formal disciplines,
nor should the teaching of science be considered independently from the teach
ing of the arts , literature, history, and so on . Knowing how the main branches
of intellectual culture interact, and knowing how prominent ideas obtain different
modes of expression throughout the various disciplines is, in a word, necessary.
The compartmentalization of culture into isolated disciplines and subdisciplines,
which takes place routinely in institutions of formal education, produces a peculiar
misrepresentation of the complex and dynamic relationships between the arts and
sciences, and between humankind and its various cultural systems.

My suggestion is that we consider ways , early in the students' schooling, to help
them understand how mathematics, science, literature, history, art , social sciences,
technology, and so forth, emerged from the ferment of humanity 'S long social and
cultural struggles. Ourstory uses as a model the not ion of an epic tale. It recognizes
the power of these narratives to bring together an audience, to create a shared
experience, to connect individuals with their social histories, and to embed massive
amounts of information into an easily accessible, memorable, and enjoyable form.

Con sider a simple experiment. Take a thousand page novel. Identify every idea,
description, event, and piece of information contained in it. Write each of these
on a separate index card. Then shuffle the stack of cards (several tens of thou
sands, no doubt), and see how easy it is for someone unfamiliar with the original
story to remember or make sense of all that information. Disconnected, out of
sequence, and unrelated to one another, each particle of the story becomes an isol
ated learning task, much like the content of the typical school curriculum. Gestalt
psychologists established over fifty years ago that the mind is among other things
a pattern-seeking and a pattern-making mechanism (see Hunt, 1993, for a good
popular history of these developments) . Since then , cognitive psychologists (e.g.,
Ausubel, 1963, 1968; Novak, 1998) have demonstrated in a variety of ways that
knowledge is more easily understood, learned, and remembered when it is situated
within meaningful, organizing frameworks. Concept mapping, advance organizers,
narrative knowledge structure, and other devices are all techniques designed to
relate pieces of information to one another within a larger structure.
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The plan of Ourstory is to combine the temporal frame of history, the spatial
frame of world geography, and the conceptual frame of philosophy to tell the story
of the world's major cultural developments . In this plan, history would serve as
the main integrative framework. Told as a series of cultural episodes, this story
attempts to move the learner through each historical moment of change, whether a
discovery, an innovation, or establishment of a new cultural convention. Something
becomes 'meaningful' because it is connected to other things the learner already
knows (Novak, 1998). If we are seeking authentic, integrating frameworks, we
must look to the nature of knowledge, culture, and human activity as they exi st
in the world 'out there' .

Science has never grown or thrived in isolation from the arts : 'Bluntly stated,
the go al per se is not to teach science . The goal is to teach scientific culture. All
of it. Science is one of the definitive branches. Wise policy will serve the entire
culture, and all of its parts. We cannot be indifferent to the whole of our intellec
tual culture' (Carson, 1997a). When we teach science in isolation from the larger
social , cultural, historical and philosophical contexts within wh ich its growth has
been hosted and nourished, it becomes unnecessarily cryptic. We lose sight of why
knowledge is framed the way it is, and why it gets represented as it does . Often,
there is a story behind the conventions that seem otherwise so peculiar. Students
have trouble seeing it as a human activity, thu s they have trouble seeing themselves
as scientist s, or being sympathetic to the ways in which sc ientis ts investigate phe
nomena and cry stali ze their resultant knowledge. There is a whole, ge stalt-like,
intuitive feel for the nature of the discipline that eventually 'cl icks ' with those
who finally succeed at it. Sometimes that feel is there early on , in which case
the learner never does understand why others have so much trouble with it. For
some it develops after struggling with enough information. Most never get past the
de sperate strategies of rote learning and uncomprehending reliance on algorithms.
They never get the pieces into an accurate structural alignment, nor understand
clearly which aspects are empirical in nature, and which derive from convention
and from human imagination. If the learner could go back to the beginning and see
how the discipline evolved in the first place, how the knowledge was uncovered,
organized, formalized , and shared, then a better intuitive feel for the nature of the
enterprise would be possible.

The 'intellectual fragmentation ' Matthews (1994) laments is not just within
disciplines. It is, importantly, between disciplines as well . The project this art
icle describes is an attempt to find the modem equivalent of an integrative liberal
education, centered more full y than traditional liberal education around the histori
ography of science and technology, but mindful nevertheless of the crucial roles
played by the arts and the humanities . When we stand back and look at those
historic epochs in which the global project of science was advancing vigorously
(Greek classical civilization, the Enlightenment, and the age in which we cur
rently live, for example) we quickly recognize that the other major disciplines were
also expanding, changing, and contributing to that progress. Synoptic histories of
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culture, such as Janik and Toulmins (1973) marvelous account of 1920s Vienna ,
demonstrate the point well.

As currently envisioned, Ourstory would serve to orchestrate the whole three
year curriculum at the middle school level. (The term 'middle school' in the U.S.
refers to junior high schools that have been reconfigured to create more intim
ate learning communities and to shift the pedagogical strategies toward social
processes and constructivist learning orientations). Students enter middle school
around the fifth or sixth grade (at approximately eleven or twelve years of age)
just as an adult-like consciousness is beginning to emerge. Most stage theori sts
recognize that this is an age in which maturation takes a profound step, physically
and emotionally, as well as morally and intellectually. Learners become capable of
addressing relatively complex networks of ideas and topics, but they are just begin
ning to gain competence at formal abstract operations. They have a keen intere st
in human stories, personal dramas, the complexities of human life. They hunger
for philosophical insights, drama, the intrigue of ethical dilemmas, exposure to the
world's wealth of poetic beauty, wisdom, experience, and romantic engagement.
Most are not ready for the austere precision of a formal discipline.

A curriculum framework like Ourstory would suit the middle school level well
in part because this is the first age group capable of receiving it. In pilot studies we
found middle school students to be highly receptive to the use of narrative histor
ies of pivotal cultural events. And as these historie s formed a sequence, students
quickly made the necessary connections. If they can enter into the 'problem space '
of a cultural advance and understand what the original problems and conditions
were , they can do a creditable job of seeing a range of possible approaches and
solutions, and that means they are also capable of understanding at some level the
solution humankind generated under those conditions. At this age level, the history
does not have to be precise, though of course it should be accurate.

There is another reason for locating Ourstory at the middle school level. In
terms of realpolitik in the educational community, many middle school faculty and
admini strators are already determined to create an educational experience that is
thematic, interdisciplinary, generalizing rather than overly specific , and based upon
social processes and dialogue. They are more likely to consider a historically based
model such as Ourstory. High schools, by contrast, are institutionally more rigid,
and more inclined to model themselves after colleges. They focus on the content of
the disciplines, and they teach each subject in relative isolation from one another.
Coordination of any kind across disciplinary boundaries is notoriously difficult, as
it is in universities.

Middle schools typically assign several cohorts of approximately twenty five
students to a team of three or four teachers, who then rotate these cohorts among
themselves throughout the day. One of these teachers (probably the history/social
studies teacher) would take primary responsibility for teaching the main story line
that Ourstory is framed around. That teacher would actually conduct the first les
sons in the sequence that would provide the conceptual ramp into the associated
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topics in mathematics, or art, or science, and the story line would then be picked
up by those teachers as each line of discussion condensed into those particular
areas of specialization. The social studies teacher might begin to portray the life
of Thales, his immigration to Egypt, the conversations he supposedly had with
geometers there . She might even provide the first lesson or two in the sequence as
the mathematical conversation begins to yield the beginnings of classical geometry,
or she may co-teach a few of these lessons with the mathematics teacher. When the
mathematics teacher then takes over the mathematical part of the story, the social
studies teacher would return to the main story line, which in tum would begin to
produce additional leads out into literature, into art and architecture, into science,
and so forth. These leads would be picked up and developed in those other classes.
From the students' perspective, this would be a sequential voyage through the main
developmental moments of civilizations, from ancient to modem, built up out of
re-creations of the most culturally significant events .

All of these teachers, including the history/social sciences teacher, would still
teach the usual material that is taught without Ourstory. Ourstory is not being
conceived of as a whole curriculum, but rather as a curricular framework with just
enough added material to produce this central story line and to structure a meta
discourse on the nature of knowledge and cultures. It would require about two or
three hours out of each week. While this story line itself begins at the end of the
last ice age and gradually makes its way to the present , it does not require the entire
curriculum to dwell in the past. Nothing is covered in Ourstory that does not have
significant implications for the present. And in all cases , the purpose is to explain
the way things are today, by means of their antecedents. In the case of science
education, contemporary topics would still be the main venue, but students would
also experience re-creations of the cultural commitments, the main discoveries,
and the evolution of investigative techniques that account for the transformation
of natural philosophy and metaphysics into modem science over the course of
twenty five centuries. They would visit with the pre-Socratics, who first began to
outline the logical possibilities of natural philosophy. They would visit with the
mathematicians who developed rational thought and who contemplated the logical
structure of the physical world . They would enter into the presence of Aristotle,
the great collector of all things human and natural , who organized and catalogued
thousands of objects into orderly taxonomies. Along subsequent travels through
history they would meet up with Archimedes, Galileo, Newton, Bacon, and others .
It is not just the specific scientific discoveries that need to be learned. Perhaps more
importantly, it is the grappling with investigative strategies and other procedural
matters, even social matters. Robert Boyle's address to the Royal Society (1661)
contains more than the fruitful suggestion to view as elements any substance that
cannot be further reduced. It also contains a blueprint for the social protocols for
contesting ideas, theories and points of view without rancor or personal invective.
It explains why scientists insist that claims be presented in a manner that others can
reproduce.
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3. Practical Considerations

ROBERT N. CARSON

The resources for this curriculum project could be web based. They could be
organized using a simple grid (see Figure 1). The horizontal axis along the top
identifies conventional historical epochs of the kind Van Doren (1991), the Durants
(1935/1975), and others customarily refer to. The vertical axis lists the cultural
systems that constitute the main disciplinary venues in schools. This grid could be
used as the main index for organizing a collection of web-based resources with
extensive links to other sites . In order to ensure coherence a minimal story line
would be obligatory, but this rich collection of resources could be selected from at
the discretion of the teachers to determine how far to go into secondary and tertiary
topics .

Historical epochs are addressed in chronological order, and the developments
during each epoch in each of the disciplinary categories are examined in relation
to one another. Thi s approach constitutes an interdisciplinary, multi-cultural, mul
timedia approach to the study of mathematics, science, art , architecture, music ,
history, geography, natural language, literature, and other formal disciplines. It
examines each discipline from a foundational perspective, providing a sense of
coherence by exploring the social, philosophical, historical, and cultural dimen
sions of the development of these various disciplines within the context of the
world's evolving scientific culture. These historic developments are seen in relief
against the broader picture of the world's traditional cultures. The history of the
relationship between traditional cultures and scientific culture is also explored.

The title of this project is meant to serve as a gentle reminder that the rise of
science, and its influence on all the other formal disciplines and upon all traditional
cultures, while a complex and often troubled story, belongs to all of humankind.
The advent of scientific culture has drawn its inspiration from numerous cultures
and at the same time has had a profound influence on every society on earth . While
the project of science gained significant advances in Europe, it did not originate ex
clusively in Europe, and in the twentieth century its modem impetus moved beyond
the borders of Europe to become a truly global phenomenon. Its development is tied
up with the painful history of colonialism and other sorrows. It cannot be presented
merely as 'subject matter' in schools while ignoring its deep historical and cultural
significance. It is our commitment to tell this story with as much integrity and
intellectual grace as possible.

The title Ourstory also serves as a reminder that, in all societies, the first ob
ligation of education has always been to present 'our' epic tale, to tell the story of
who we are, where we came from, what we as a people have come to believe,
and so on. Use of the story-form, where appropriate, serves to restore a much
needed coherence (Egan, 1986) and to address the adolescent's need for rich human
perspectives.

But who are 'we' ? In the late twentieth century, the possibility of a single
grand narrative broke down (Lyotard, 1984). The post-modem condition is often
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described now as a decentralized mosaic of localized discourses with no central
account even possible. Any narrative is political, any curriculum an indoctrination.
Any single narrative is a chimera. Our story is a narrative of many voices. Like the
old travelers' tales of the late middle ages , the only thing we have in common is
the fact that all of us are on a similar journey. It is the form of the story, more than
the specific events of each narrative, that forms the common bond.

Does Ourstory privilege Western civilization? Inevitably, perhaps, yes . But by
their very nature schools do so anyway and in a far more insidious manner than
would Ourstory. Schools perform many functions, worldwide, but in the end they
are designed to teach those complicated formalized disciplines that cannot be
learned by more natural modes of cultural apprenticeship. Schools are artificial
environments developed for specific purposes, and those purposes generally take
us into the cultural contributions associated with western civilization. Having said
that, though, most critics of this project have been sympathetic to the argument
that it is more honest to frame the discussion in terms of 'cultural systems', which
every people on earth can lay claim to in one form or another, than it is to ignore the
world 's great wealth of cultural system s and to engage in an uncritical indoctrina
tion into school subjects, and thus scientism. While Ourstory is attempting to focus
on those specific developments that led to modem scientific culture, it certainly
does not preclude teaching parallel developments in other cultures, or adapting the
content to the cultural backgrounds of the students in any given educational setting.
Ourstory is intended to dignify human ingenuity and variability in all its richness,
but it also recognizes that the ernancipatory function of education depends in large
part on procuring for all students mastery of those domains of learning that are
generally recognized as undergirding the scientific and technological culture that
now pervades the earth.

As traditional cultures reassert their legitimacy, and as their members figure
out how to negotiate co-residency in both a traditional and scientific culture, a
new ideal of the educated individual will likely emerge. An educated and worldly
person will be one who is comfortably situated within an ancient cultural tradition
as well as competent in those domains of learning that will constitute a world wide
scientific culture. One does not have to give up Judaism, Catholicism, or allegiance
to Lakota culture to be a physicist. One may wish to recognize though that the
austere logic and materialism of positive science simply cannot fulfill the human
needs that gave rise to cultural traditions in the first place. Those traditions are
ubiquitous for a reason. Scientific culture is a conceptual tool kit, but it is not a
spiritual culture. Those who reject traditional cultures and attach their allegiance
solely to a scientific worldview often make science over into a quasi- tradition,
called scientism, and they risk becoming just as dogmatic as any tribal member
toward his or her ancient ways of knowing.

The notion of cultural systems, like the notion of political economy, is delib
erately broad and inclusive. It is a way of legitimating traditional cultures in the
same way that we legitimate formal intellectual disciplines, as ways of knowing
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that satisfy human needs and desires. Each formal discipline taught in the schools
is regarded in Ourstory as a cultural system. So too, each traditional culture may
be regarded as a cultural system. If one can immerse oneself in it as a way of
knowing, then it may be seen as a cultural system. 'The concept of culture', says
Geertz, 'is essentially a semiotic one. Believing, with Max Weber, that man is an
animal suspended in webs of significance he himself has spun, I take culture to be
those webs . .. ' (1973, p. 5).

Although academic disciplines, like traditional cultures, tend to interact, they
also tend to retain distinct identities. And, importantly, they tend to be incommen
surable, one with another (Carson, 1997b). The conclusions of literature or of art
simply are not of the same conceptual coinage as the conclusions of physics, any
more than the conclusions of science can be reconciled with the world view of an
America Indian culture. Different systems have different modes of investigation,
different subject matters, different underlying assumptions, different standards of
validity, different goals and purposes. They constitute different world views . All
are sustained within different symbolic systems which , in turn, enable different
views of reality. Whether ambiguity is a fringe phenomenon or the very essence of
reality or of perception is unresolved . Ourstory takes a modest , 'trivial' position on
the matter by simply recognizing that there are different, incommensurable cultural
systems, which schools are expected to teach and which human beings can expect
to encounter.

The notion of a curriculum based upon the exploration of cultural systems is
not unique . Similar perspectives arise in the work of Aikenhead (1992, I996a,b).
He too identifies science as a cultural enterprise, a position that is not without
controversy, especially among those who see science as the victor in a cultural
evolutionary struggle for superiority over tradition-based cultures, or who privilege
it because of its putative universality. He recognizes that people participate in
numerous cultures and subcultures, groups that share coherent yet distinct world
views and perspectives, and that those cultures satisfy real needs . The passage into
another culture is referred to by Aikenhead (l996a,b) as 'border crossing'. The
difficulty of the passage into science depends upon the learner's existing cultural
background and the degree to which the learner considers mastery of science ne
cessary to future plans. He uses the five categories established by Costa (1995)
to propose variations on the strategy of teaching, and even ponders for a moment
whether five different curricula might be needed . Learners described as 'Potential
Scientists' and 'Other Smart Kids' make the transition into scientific culture far
more readily than those defined variously as 'I-Don 't-Know Students', 'Outsiders',
or 'Inside Outers' (those who want to learn but are kept outside by prejudice or
other institutional barriers). Using work from studies that have considered the
problems faced by non-western students crossing the cultural borders into western
science including Jegede (1994, 1995) and Jegede and Okebukola (1990, 1991),
Aikenhead recognizes that even students of European heritage suffer similar kinds
of disjunction if their own sociocultural backgrounds and aspirations do not happen
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to align with the world view characterized in science. In a private letter comparing
our respective points of view before the current project was developed, Aikenhead
warned me that ' ... the relevance agenda defined by students often interferes with
our rational agenda for teaching science in interesting ways' (1997). Trying to
create access to scientific culture by a series of historical narratives may not work
if students cannot identify somehow with the people depicted in those stories, or
never develop empathy for the various problem spaces those individuals found so
fascinating, or simply do not care. Clearly, much work remains ahead.

4. Units and Lessons

Let us now consider how Ourstory would organize the episodes of cultural develop
ment it is based upon . A sparse, central narrative could be provided students either
in written form or taught less formally by one of the teachers on the middle school
team, in the tradition of oral story telling. That teacher would coordinate the related
modules taught by other teachers so that coherence and continuity are maintained.
The telling of the story, spread out over a three year period , handled by different
team s of teachers, would occur in relatively concise sessions , which would serve as
advance organizers, perhaps for a week's work. The student' s engagement in this
story would then consi st of scripted exerci ses that would take the student working
in small groups into the problem space of an event that was repre sented in that
central story line.

The narrative on Thales for example could be followed by an experience using
ropes and wooden stakes in which basic geometrical formulations are represented.
Problems presented in concrete form, as the Egyptians knew them originally, be
come problems seen with the mind's eye . They are drawn on paper, and then these
representations are taken to be repre sentations not of ropes and wooden stakes
but of lines and points. Theoretical entities thus emerge from these activities, and
we begin to face the same ontological and epistemic questions that led Thales,
Pythagoras and others to develop geometry as an abstract science, and led Plato to
contemplate the ontological status of pure ideas .

Resources for teaching these episodes could be catalogued into a web-based col
lection using the grid described earlier. Each cell in the grid represents a discipline,
or a cluster of associated disciplines, as it lines up under the heading of a particular
historical epoch. Clicking on a cell brings the reader to that respective historical
epoch and discipline. The resources contained within that section are limited and
carefully selected. We are not pretending to provide a comprehensive history of
the particular epoch or discipline. Rather, we seek to identify the most significant
events which promoted the growth of those disciplines toward their current state,
and those events that spilled out from their incubation zone in one discipline to
affect the general course of intellectual culture. The selection process and orches
tration of a story line involves careful concept mapping (Novak, 1998), for it is the
connectedness of significant cultural developments that establishes much of their
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meaningfulness. It also involves an understanding of the role cultural tools play
in the life of the mind, how specific developmental advances articulate from each
new set of instruments developed for the mind, and how learning involves a re
capitulation of these historical developments in the development of the individual ,
as Vygotsky recognized. (For a discussion of these points, see Scribner, 1995).

One example would be in cell E I (Literature & Language; Early Cultures &
Societies) where we would find a unit on the advent of writing, the development of
early alphabets, and the first democratization of literacy among the Hebrews and
the Greeks (Jean, 1994). The advent of an easily mastered writing system and its
diffusion into a whole society alters that society profoundly.

A second example, in cell C3 (Mathematics & Logic; The European Middle
Ages), occurs when the combined use of place value and base ten spread from their
incubation zone in India through the Arabic lands and into Europe. The system
we use today makes use of Arabic numerals and symbols for zero, for addition
and subtraction, multiplication and division, and during the nineteenth century was
added a symbol to replace the words 'is equal to ' . Our unit on these events would
explore the greater efficiency, the additional capabilities, the aesthetic beauty and
simplicity, the conceptual empowerment, and the historical significance of these
brilliant contributions to intellectual culture. Nothing learned early by children
should be taken for granted forever, but should be revisited when appreciation
becomes possible for the learner.

A third example might be found in B7 (Music, Art & Architecture; Post
modernism) when innovators in all three of these artistic disciplines break entirely
free of neo-c1assical conceptions of art and beauty, and create works which chal
lenge the very definitions that these disciplines have taken as axiomatic since
classical times (cf. Stangos, 1994, especially pp. 6; 110-134; 256-290). The notion
that there is an eternal, permanent standard of beauty in the universe produces a
profoundly different consciousness (and suggests an entirely different approach
to education) from the notion that beauty is purely an individual preference and
prerogative. Does this shift in the theory of aesthetics constitute a great liberation
from the con straints of convention, or a demolition of timeless values? Students
would have the opportunity to see how philosophically divergent viewpoints play
out in the theatre of formal (or is it post-formal) art . In so doing, they will be
challenged to think more deeply about what art is, and what role it plays in any
society. Because all of the disciplines are being examined by historical epochs,
they would also see that in an age when physicists are recognizing that there are
' no privileged frames of reference' in time and space, a similar notion has invaded
the realms of ethics, aesthetics, literature, historiography, and so on. Powerful ideas
define entire cultural epochs.

A fourth example might be found in D5 (Science & Technology; The En 
lightenment) when Lavoisier and his associates created the new nomenclature for
elements and compounds, a change not only in the language, but in the conceptu
alization of matter. Lavoisier's original introduction to The Elements of Chemistry
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(1965/1789, pp . xiii-xxxvii) draws the reader into reflection on the relationship
between language and thought, a topic still of keen interest two centuries later.

Pivotal events like these are connected to larger historical and cultural trends,
always. While the student learns in science class about the contributions Lavoisier
made to the origins of chemical science, she will also learn in her history class
about the Revolution that cost him his life, and she will see how the shift in power
from social elites to ordinary people found expression in the arts, as in the transition
Mozart and others made from classical to Romantic music. In such a context, the
art itself begins to make more sense. So do the styles in which it is created, and the
modes of thought it represents.

When students study the Enlightenment in Ourstory, they would examine con
temporary developments taking place in music, in art , in literature, in the political
discourse, as well as in science, technology, and mathematics, and they would look
for thematic connections and that metaphorical resonance of ideas across discip
linary boundaries that tends to occur in any culturally robust epoch. In this context,
the students immersed in the culture of the Enlightenment would encounter the be
ginnings of analytical geometry, chemistry, physics, classical and romantic music,
neo-classical architecture, the political essays underpinning liberal democracy, the
beginnings of the romantic protest against science, the first machines, laissez-faire
capitalism and its discontents, and so forth .

Ourstory requires significant collaboration by teachers. But it repays the effort
by creating a coherent discourse for teachers and students alike. And it creates
additional perspectives on those disciplines that may otherwise have lapsed into
sterile entombment as 'school subjects' . 'History is not a distinctive subject-matter
to be inquired into . It is rather at once a trait of all subject-matters, something to be
discovered and understood about each of them; and a distinctive way of inquiring
into any subject matter' (Randall (1962), quoted in Scribner, 1995).

5. The Curriculum as Epic Tale

Ourstory moves history from the fringes of the curriculum to the very center,
constrains it in this use to the history of formal intellectual culture, and then ar
ranges the approach to all of the other disciplines as branches off from this main
trunk. The primary focus would be on events that had lasting significance for the
mental landscape we now inhabit as participants in modem scientific culture. Yet
it recognizes a world made up of many cultures and a standard of liberal education
in which mastery of different cultural systems is the key.

Students often complain that the subject matter they are taught in school is
irrelevant and disconnected, that they are unable to see why these various sub
jects need to be learned. Why study mathematics, or science, or art, or history, or
literature? There is no mechanism in the present curriculum for addressing these
questions, other than a rather crass and superficial examination of how skill in
math or science can lead to employment opportunities, higher salaries, and more



TH E EPIC NARRATIVE OF INTELLECTUAL CULTURE 79

commodities. Teachers who try to provide a deeper response quickly realize that
the explanation needed is too extensive to produce ex tempore. It needs to be built
into the entire curriculum.

This is a human story. It is about us. All of us. It tells us about how humans
have responded to various challenges, and about the consequences of their various
discoveries, innovations, and deci sions. The full account of this story, even in the
most telegraphic outline form, takes time to tell. It also takes time to construct the
explanation that formalized intellectual disciplines, languages, and cultures, are the
very stuff that mind is made of. They are the matrices in which formal cognition is
manifested. Without the language and the cultural icons and the disciplined ways
of thinking and seeing, our cognition reverts to unreflective awareness. But with
these disciplines, we gain control of our minds , we extend the range of ideas we
are able to entertain, and we deepen our understanding of the world around us.
New languages, new semiotic systems, new concepts, formulas, theories, ideas,
or works of art are the substrate through which the mind gains exten sion (Hirst,
1973). We cannot expect students to be motivated to learn unless they have some
deep prescience of the benefit s that will obtain from such demanding work .

As we mentioned at the beginning of this article, one advantage classical liberal
education enjoyed over our present set of specialized and disconnected offerings
was a kind of historically based coherence. Mathematics, philo sophy, ethics, liter
ature , art and other disciplines resided within a kind of storyline generated by the
history of two civilizations that had completed their life cycles long ago. It is that
kind of coherence, adopted to modem conditions, that this project seeks to emulate.

We have located Ourstory as early as possible in the schooling process, in part
because we doubt if high school s or universities can (or even should) attempt a
similar approach. This project is an attempt to shift the framework and foundation
of a liberal arts and sciences education down to the middle school level. If done
successfully, it should become easier for high schools and universities to engage
in the more specialized study characteristic of these institutions without students
feeling the kind of disconnection that comes from studying an abstract discipline
out of context and without adequate background. Typically, we do not lose the
student halfway through the year; we lose her in the first few weeks, such that she
never feels at home within the symbols and processes of the conceptual game, be it
calculus, physics, or history . Understanding how a discipline began, how it evolved,
and how its early pioneers came to cherish it is part of the human interface that
helps to personalize the entry into one of these formalized cultural disciplines. If
we can relive those moments, then we should also be able to acqu ire the excitement
and interest that attended them.

The approach is not without its legitimate cautions and criticisms. It does entail,
almost of necessity, a rather superficial treatment of the historical dimensions of
any of the subject areas, including science. Matthews (1992) points out the typical
pitfalls of lacing the teaching of science with quasi-history and pseudo-history to
spice it up or to enhance interest. Such history tends to be bent to the pedago-
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gical intent. It tends to be superficial. Our approach does not pretend to provide
a comprehensive history of each discipline, or an exhaustive treatment of specific
historical events . It seeks to provide students with an organizing framework that
allows them to see formal disciplines as products of human activity and human
society. Major advances in one domain of human learning will tend to produce
effects in other domains. Not only do mathematics, science and technology in
teract, but advances in these disciplines have tended to produce new challenges,
new purposes, and new ideas in arts and letters as well. Being able to see them
as connected helps students acquire the conviction that a fuller understanding of
the world will require some level of proficiency in each of the major domains of
learning.

Finally, it should be stated that this curriculum is not intended to substitute
the history of a subject for the subject itself. It does not replace physics with
physic s-for-poets. Emphatically, it is designed to produce enough interest and a
clear enough initial orientation in each of these human enterprises that students
will be attracted to them and want to participate in the benefits these disciplines
historically have bestowed upon humankind. The intent is to produce support for a
rigorou s, demanding curriculum.

6. Summary

Every traditional society on earth has its epic tale . These complex narratives an
swer to fundamental human needs which have become generally ignored in the
specialization and compartmentalization of our own advancing intellectual culture.
Cognitive science suggests a mind very different from the one behaviorists sub
scribed to, a mechanism that seeks and makes patterns, that copes with detail by
relating it to larger organizing structures, and that sees the external world through
the lens of personal frameworks (Caine & Caine, 1991). The combined use of
narrative knowledge structures and history as organizational schemata is beginning
to look more respectable than at any time since the collapse of classical liberal
education a century ago . We learn the various disciplines in school because they
empower the human mind . This is nowhere seen more dramatically than in the
historical record where the collective empowerment of humankind is writ large.
Efficient new instruments for the human intellect contribute to the cycle of de
velopment, enabling new cultural expressions, which in tum empower the mind
with additional bases of thought, hence Vygotsky's views about the co-evolution
of mind and culture (Vygotsky, 1978; Wertsch, 1985, 1995). A cultural education
does in a sense recapitulate this cycle of development within the individual (Egan,
1997, pp. 26-32). Narrative knowledge structures are present in the epic tale of
traditional cultures; they aid memory and comprehension. They were present in the
classical curriculum several generations ago for the same reason, and they should
contribute to the curriculum of today.
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Speaking at the Harvard tercentenary celebration early in the twentieth century,
president James B. Conant said: 'The older educational discipline, whether we like
it or not, was disrupted before any of us were born . It was based on the study of the
classics and mathematics; it provided a common background which steadied the
thinking of all educated men. We can not bring back this system even if we would ,
but we must find its modem equivalent' (McCord, 1936, p. 213). In this project,
we are seeking a modest step in that direction.
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Abstract. Throughout the history of enhancing the public scientific literacy , researchers have pos
tulated that since every citizen is expected to have inform al opinion s on the relationships among
government, education. and issues of scientific research and development, it is imperative that ap
preciation of the past compl exities of science and society and the nature of scientific knowledge be
a part of the education of both scientists and non-scientists . HPSS inclusion has been found to be an
effective way to reach the goal of enhancing science literacy for all citizens. Althou gh reports stated
that HPSS inclusion is not a new educational practice in other part of the world , nevertheless, no large
scale study has ever been attempted to report the HPSS educational conditions around the world . This
study utilizes the rich data collected by TIMSS to unveil the current conditions of HPSS in the science
education of about forty TIMSS countries. Based on the analy sis result s, recommendat ions to science
educators of the world arc provided.

1. Introduction

The mission of science education has been to prepare individuals who would
develop a certain level of scientific understanding after their formal education in
school. These scientifically literate individuals would be capable of applying their
knowledge and skills acquired in science, whenever personal or socially relevant
issues demanded such understanding. For instance, by having an understanding of
science contents such as Physiology, Biology, and Chemistry, scientifically literate
individuals would be able to use reason to form their opinions and draw their
conclusions about such health-related issues as nutrition awareness and medicine
usage, rather than being misled or duped by propaganda or positions not supported
by evidence. Scientifically literate citizens would know how to evaluate cases when
DNA evidence was involved in criminal trials. They would also be able to under
stand who the qualified scientists are and what they are doing, what processes they
anticipate will be involved in their research investigations, and how their findings
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matter to the welfare of society. Some of these scientifically literate individuals
might develop a passion for and confidence in science and decide to become sci 
entists. Perhaps some of these scientifically literate individuals who are capable
of making reasonable judgements would become policymakers, and they might
then decide to provide support for the budget of some critical science research and
development projects.

The history of science, philosophy of science, and sociology of science (HPSS)
inclusion has been found to be an effective way to reach the goal of enhan
cing science literacy for all citizens (Anderson and Smith 1986; Brush 1974;
Conant 1964; Finley 1983; Klopfer 1969; Klopfer and Watson 1957; Matthews
1994; 1999; Quattropani 1977; Rutherford and Ahlgren 1990; Villani and Arruda
1998; Wandersee 1985; 1990). HPSS were included in the first nationwide content
standards document for American K-12 school science, Benchmarks for Science
Literacy (American Association for the Advancement of Science 1993). Other na
tional standards documents in science education, including the National Science
Education Standards, also state that students should know the HPSS (National
Research Council 1996). Wang and Marsh (200 I) report that the recommendation
to include the history of science, in recent science education reform reports, is
based on a specific rationale: to provide a meaningful context for both scientific
information and the operation of the scientific enterprise. The rationale also applied
to the inclusion into science education of the philosophy of science and sociology
of science.

The three eras in American science education reviewed by Wang and Marsh
(200 I) - The Golden Age of Science Education: Post-Sputnik Reactions, Science
Education for Enlightened Citizenry, and Standards-Based Science Education Re
form - have shown that to include the HPSS is not a new proposal to humanize
science in American science education. Although Matthews (1994) reports that
HPSS inclusion is also not a new educational practice in other parts of the world,
nevertheless, no large scale study has ever been attempted to report the HPSS
educational conditions around the world.

This study utilizes the rich data collected by TIMSS to unveil the current
conditions of HPSS in the science education of about forty TIMSS countries.
Specifically, the report of HPSS educational conditions in this study includes: (I)
educational officials' reports of HPSS coverage, (2) curriculum guides' HPSS cov
erage, (3) science textbooks' HPSS coverage, and (4) teachers' report of HPSS
practices. Through this report, it addresses the questions concerned by science
education worldwide: How much are students expected to learn in HPSS? What
are the educational opportunities in delivering HPSS? The results from this study
can serve as a framework to further probing serious issues, such as: What have
students learned in HPSS worldwide? How does the way HPSS is delivered or
learned relate to students' general achievement in the sciences?
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2. Third International Mathematics and Science Study
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The Third International Mathematics and Science Study (TIMSS) is the most
extensive and far-reaching cross-national comparative study of mathematics and
science education ever attempted (Beaton et al. 1996; Schmidt and McKnight 1995 ;
Schmidt et al. 1997). It includes comparisons of the official curricula, textbooks,
teacher practices, and student achievement of 20 to 50 countries (the number
depending on the particular comparison subject groups) Thousands of official doc
uments and textbooks were analyzed. Thousands of teachers, principals, and other
experts responded to survey questionnaires. More than half a million children in
over 40 countries were tested in mathematics and science. These tests were con
ducted for nine-year-olds (grades three and four, in the US), thirteen-year-olds
(grades seven and eight, in the US), and students in the last year of secondary
school (twelfth grade, in the US).

Meaningful measurement of educational systems requires a comprehensive con
ceptual framework and a corresponding array of measures designed to relate the
various parts of the system to each other and with their outcomes. The Conceptual
Framework (Figure I) behind TIMSS was developed to achieve this objective and
has been widely presented in various TIMSS publications (Schmidt et al. 1996;
Schmidt et al. 1997; Schmidt and McKnight 1995) . This model describes deliv
ery of content-related educational experiences that was used to in the design of
measures and analyses for the TIMSS. The links in this model were accomplished
through the TIMSS . It is our belief that this design can assist us in delineating the
relationships we intend to study about the HPSS educational conditions and their
relationships toward achievement in the TIMSS countries.

TIMSS data were coded using multiple methods. In this study, we report
the HPSS conditions based on the HPSS areas included in the Content Codes
(Robitaille et al. 1993), which are :

1.4.3.1

1.4.3.2

1.5

1.7.1

1.7.2

Influence of Science, Technology on Society

Influence of Society on Science, Technology

History of Science & Technology

Nature of Scientific Knowledge

The Scientific Enterprise

The data used in this study originated from TIMSS: (l) Grades one through
twelve's HPSS curriculum coverage in the educational officials' reports, which
is known as the General Topic Tracing Map (GTTM), (2) HPSS coverage in the
curriculum guides for the middle school years, (3) HPSS coverage in the science
textbooks for the middle school years, and (4) HPSS instructional practices in terms
of the proportion of the middle school teachers who have reported that they taught
HPSS, and the percentage of their time spent teaching HPSS topics . Following



86

Syst<U\

School

Classroom

Student

HSINGCHI A. WANG AND WILLIAM H. SCHMIDT

Teachers'
Content
Goal.

Implemented
Curriculum

,
1 • : I Implemented

I Curriculum
I
I

---- --- --- --- - ~------- . ------! L- -J

VVhat are students
expected to learn?

Who delivers the
instruction ?

How is instruction
organized?

What ha ve
students leamed?

Figure I. TIMSS conceptu al framework : A model of educati onal experiences.

are further descriptions of the data sources. More detailed information as to how
these data were collected, organized, and analyzed is provided in TIMSS technical
reports:

I. General Topic Tracing Map (GTTM) . Respondents to the GITM were educa
tional officials of each nation utilizing their national content standards or an
aggregate of regional standards. They indicated intended coverage of a content
area in a given grade by circling the age corresponding to the age most students
were at the beginning of that grade. Therefore, the upper grade of Population
One in TIMSS should correspond to age 9 (lower grade should be age 8), the
upper grade of Population Two in TIMSS is age 13 (lower grade is age 12).
Population Three GTTM data may be more difficult to read because, unless
otherwise noted in their identifier, it was to be for students not in the specialist
group. Thus, the last grade reported in the GTTM data may not be the last grade
in school, because it may not be typical in all countries for nonspecialists to
take math or science in their last year(s) of school.

2. Official Curriculum Guides. TIMSS national document samples of the cur
riculum guides comprised, as appropriate for each country, (a) the national
science curriculum guide or guides (if any) covering each grade, and (b) re
gional, provincial , state, or cantonal science curriculum guides covering each
grade (if needed). The resulting sample for the 48 TIMSS countries included 77
science curriculum guides for the upper grade of Population One , III for the
upper grade of Population Two, and 62 for the physics specialists in Population
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Three, for a total of 250 curriculum guides (Schmidt et al. 1997). The data
in this study originated from the coding results of III curriculum guides at
Population Two.

3. Science Textbooks. TIMSS national document samples of the science textbooks
included (a) official national science textbooks (if any), and (b) the most widely
used commercial textbooks if "officially" provided books were not used. The
resulting sample for the 48 TIMSS countries included 75 science textbooks
for the upper grade of Population One, 155 for the upper grade of Population
Two, and 60 for the physics specialists in Population Three, for a total of 290
sampled science textbooks (Schmidt et al. 1997). Only the Population Two data
were applied in this study.

4. Teachers Responses . Data collected from teachers were mainly based on their
returned responses to TIMSS Teacher Questionnaires. The questionnaires were
given to the teachers of the sample student populations. The questionnaires
were extensive in terms of areas to be explored and required an average of 60
minutes to fill out. In this study, we only used the data of the Science Topics
section from Population Two, and specifically the questions of:

0037 : How long did you spend teaching each of these topic areas to your
class this year?
Topic (t) Science, technology, and society
Topic (u) History of science and technology
Topic (v) Nature of science

The data collected from teachers were organized into: (I) the proportion of
teachers who reported that they taught HPSS, and (2) the percentage of time
they spent teaching HPSS.

TIMSS science test was designed to test students' general science achievement;
HPSS areas were only one small part of the test. Compared to the other two Pop
ulations, the test items in Population Two included relatively more HPSS areas . In
a follow-up study, students' achievement results used are those of Population Two.
Table I displays the sample size and the average age of the eighth graders who
participated in TIMSS achievement tests.

3. Intended and Implemented HPSS

3.1. THE HPSS CURRICULUM COVERAGE IN GRADES ONE THROUGH TWELVE

While advocacy is growing for spending more time enhancing students' experi
ences in HPSS, the actual state of HPSS areas in the school science curricula of
42 TIMSS countries is illustrated in Figures 2 to 6; these data originated from
the GTTM survey, to which each nation's educational officials responded. The
topic of History of Science and Technology was reportedly included, in at least
one grade level in 29 out of 42 countries, as the most popular topic of HPSS areas.
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Table /. Participating TIMSS countries (Popu lation Two)

COUNTRY SIZE AGE of 8th graders

Australia 17843.0 14.2

Austria 8028 .0 14.3

Belgium (FI) 10116.0 14.1

Belgium (Fr) 10 116.0 14.3

Bulgaria 8435.0 14.0

Canada 29248 .0 14.1

Colombia 36330 .0 15.7

Cyprus 726.0 13.7

Czec h Republic 10333.0 14.4

Denmark 5205.0 13.9

England 48533 .0 14.0

France 57928 .0 14.3

Germa ny 81516.0 14.8

Greece 10426.0 13.6

Hong Kong 6061.0 14.2

Hungary 10261.0 14.3

Iceland 266.0 13.6

Iran 62550 .0 14.6

Ireland 3571.0 14.4

Israel 5383.0 14.1

Japan 124961.0 14.4

Korea 44453 .0 14.2

Kuwait 1620.0 15.3

Latvia 2547.0 14.3

Lithua nia 372 1.0 14.3

Netherlands 1538 1.0 14.3

New Zealand 3493.0 14.0

Norway 4337 .0 13.9

Portuga l 9902.0 14.5

Romania 22731.0 14.6

Russian Federation 148350.0 14.0

Scot land 5 132.0 13.7

Singapore 2930.0 14.5

Slovak Republic 5347.0 14.3

Slovenia 1989.0 14.8

Sout h Africa 40539 .0 15.4

Spain 39143 .0 14.3

Sweden 878 1.0 13.9

Switzerland 6994.0 14.2

Thailand 58024 .0 14.3

USA 260650 .0 14.2
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Influence ofScience, Technology on Society was reported as a curriculum topic by
28 countries as the second most popular topic to science classrooms worldwide.
Whereas the topic The Scientific Enterprise was only reported by 13 countries
as a curriculum topic, the least likely HPSS topic being introduced to science
classrooms worldwide.

Most countries, as shown in Figures 2 to 6, have exhibited a trend, which is
that any HPSS topic could be "introduced" (the half-shaded circle) in any grade
level, but rarely has any particular topic become a "focused" (the full-shaded circle)
topic in science classrooms for a nation. This trend has few exceptions; The French
curriculum official reported that the Nature ofScientific Knowledge topic was intro
duced in grades one through three and started to be a focused topic from grades four
through twelve. France, as shown in the Figure 5, was the only country to exhibit
such an emphasis on an HPSS topic. The Israeli curriculum official reported the
History of Science and Technology topic as being a focused science topic from
grade one through five and staying in the curriculum for sixth through twelfth
grades, but Figure 2 indicates that it became a focused topic in grades eight and
eleven. Philippine curriculum officials indicated that in grades seven through ten,
every HPSS topic except The Scientific Enterprise was a focused science topic.
These HPSS topics in the Philippines were introduced at grade three and ended at
tenth grade. The Scientific Enterprise was introduced at grades seven and eight and
focused at grades nine and ten in the Philippines (Figure 4). The Danish curriculum
official indicated that for more than five years the topic of Influence of Society on
Science, Technology had been a focused science topic later on in Denmark students
science education (Figure 6).

There are countries that covered some HPSS topics at every grade level. In
fluence of Science. Technology on Society was introduced in every grade level in
China and Slovenia (Figure 3). History ofScience and Technology, as stated above,
was reported to be covered in every grade in Israel and introduced to every grade
in China (Figure 2). Nature of Scientific Knowledge was covered in every grade
reported by curriculum officials of Canada, Cyprus, France, Portugal, the United
States, and Slovenia (Figure 5). Canada and Slovenia are the only two countries
reported to be covering The Scientific Enterprise in every single grade's science
education (Figure 4).

According to Figures 2 to 6, it would be difficult to infer what is the appropriate
grade to introduce HPSS topics to the science classroom; yet as reported by the
officials, the most common years of introducing any HPSS topic are grades one, I

three, 2 and seven. 3 There are some countries' curriculum officials, however, who
indicated that HPSS topics have never been covered in any grade of pre-college
science education curricula; they are Argentina, Hong Kong, Iran, and Tunisia.
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1 2 3 4 5 6 7 8 9 10 11 12

Argentina 0 0 0 0 0 0 0 0 0 0 0 0
Australia 0 0 0 0 0 0 0 0 0 0 0 0
Belgium (FI) 0 0 0 0 0 0 0 0 0 o ct •
Belgium (Fr) 0 0 0 0 0 0 0 0 0 o o •
Bulgaria 0 0 0 o o o o o o o ct 0
Canada 0 0 o o o o o o o ••o
Cyprus 0 0 'J 0 0 0 0 o o o ct •
Czech Republic 0 0 0 0 0 ct o o ct o o o
Slovak Republic 0 0 0 ct o o o o o o o o
D~m~ OOOOOOctctct•••
Dominican Republic 0 0 0 0 0 0 0 0 0 0 0 0
France 0000000 o o o o o
Germany 0 0 0 0 0 0 0 0 0 0 ct o
ili~e OOOOct.ctctctctctO
Hong Kong 0 0 0 0 0 0 0 0 0 0 0 0
Hungary 0 0 0 0 0 0 0 0 0 0 0 0
Iceland 0 0 0 0 0 0 0 o o o o o
Iran 0 0 0 0 0 0 0 0 0 0 0 0
Ireland 0 0 o o o o o o ct 0 o o
b~1 •••••ctct.ctct.ct
Italy o o o ct. o o o 0000
Japan 000000000•• 0
Korea OOOOOOOOOO.ct
Latvia 0 0 0 0 0 0 0 ct o o ct o
M~~ OOOOctct •••ct.O
Netherlands 0 0 0 0 0 0 0 0 0 0 0 0
New Zealand 0 0 0 0 0 0 0 0 0 0 0 0
Norway 0 0 0 0 0 0 o o o o • ct
Philippines 0 0 o o o o •••• 0 0
Portugal 0 0 0 0 0 0 0 • o o o o
Romania 0 0 0 0 0 0 0 0 o o o o
RussianFederation 0 0 0 0 0 ct ct ct o ct ct 0
Singapore 0 0 0 0 0 0 0 0 0 0 0 0
~~n OOOOOctctctctctctct
Sweden 0 0 0 o ct o o o o 0 0 0
Switzerland 0 0 0 0 0 0 0 0 o o o o
Tunisia 0 0 0 0 0 0 0 0 0 0 0 0
~A 000000000000
Austria 00000 o o o 0 0 0 0
~M ctctctctctctctctctctctct
Colombia 0 0 0 0 0 0 0 0 0 0 0 0
Slovenia 0 0 0 0 0 0 0 0 0 0 0 0

o NO! Included in the Curriculum: ct Includedin the Curriculum; • Focused in the Curriculum

Figure 2. Presence of the topic History ofScience & Technology in grades 1-12 for theTIMSS
countries.
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COUNTR Y/ GRADE 1 2 3 4 5 6 7 8 9 10 II 12

k~~M 00000000 0 000
Australia 0 0 0 0 0 o o ct ct o o o
Belgium (FI) 0 0 0 0 0 0 0 0 0 0 0 0
Belgium (Fr) 0 0 0 0 0 0 0 0 0 0 0 0
Bulgaria 0 0 0 0 0 0 0 0 0 0 0 0
Canada 0 0 o o () ct o ct o •• ct
Cyprus 0 0 0 0 0 0 0 0 ct ct ct o
Czech Republic 0 0 0 0 0 0 0 0 0 0 0 0
Slovak Republic 0 0 0 ct o o () • ct o o ct
Denmark 0000 0 ctct. 0 o ••
Dominican Republic 0 0 () ct o ()o ct 0 0 0 0
fu~ OOOOO O o ct ct ct ct ct
Germany 0 0 0 0 0 0 0 0 0 o o o
&~e 0000 0 00 0 0 0 0 0
Hong Kong 0 0 0 0 0 0 0 0 0 0 0 0
Hungary 0 0 0 0 0 0 0 0 0 0 0 o
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h~ 000 00 00 0 0 00 0
Ireland 0 0 0 0 0 0 0 0 0 0 o o
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b~ OO ct ct . ct ct ct O OOO
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Korea OOOO O OO O O . ct ct
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M~~ O O OOOO ct ct ct ct ct .
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o Not Included in the Curriculum:ct Included in theCurriculum:. FocIlSCd in the Curriculum

Figure 3. Presence of the topic Influence ofScience, technology on Society in grades 1-1 2 for
the TIM SS countries.
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COUNTRY/GRADE 1 2 3 4 5 6 7 8 9 10 11 12

Argentina 0 0 0 0 0 0 0 0 0 0 0 0
Australia 0 0 o 0 0 0 0 0 0 0 () ()
Belgium (FI) 0 0 .J 0 0 0 0 0 0 0 0 0
Belgium (Fr) 0 0 'J 0 0 0 0 0 0 0 0 0
Bulgaria 0 0 0 0 0 0 0 0 0 0 0 0
Canada () () () () () () () () () () () ()
Cyprus 0 0 0 0 0 0 0 0 0 0 0 0
Czech Republic 0 0 0 0 0 0 0 0 0 0 0 0
Slovak Republic 0 0 0 0 0 0 0 0 0 0 0 0
Denmark 000000 ()()()()()()
Dominican Republic 0 0 0 0 0 0 0 0 0 0 0 0
fu~ OOOOO()()()()()()()
Germany 0 0 0 0 0 0 0 0 0 0 () e
ili~e 000000000000
Hong Kong 0 0 0 0 0 0 0 0 0 0 0 0
Hungary 0 0 0 0 0 0 0 0 0 0 0 0
Iceland 0 0 0 0 0 0 0 0 0 0 0 0
k~ 000000000000
Ireland 0 0 0 0 0 0 0 0 0 0 0 0
Israel 0 0 0 0 0 0 0 0 0 0 0 0
~y OOOOO()()()OOOO
Japan 0 0 0 0 0 0 0 0 0 0 0 0
Korea 0 0 0 0 0 0 0 0 0 o • ()
Latvia 0 0 0 0 0 0 0 0 0 0 0 0
Mexico 000000 o o o o o o
Netherlands 000000000 ()()()
New Zealand 0 0 0 0 0 0 0 0 0 0 0 0
Norway 0 0 0 0 0 0 0 0 0 0 0 0
Philippines 0 0 0 0 0 0 () () e e 0 0
Portugal 0 0 0 0 0 0 0 0 0 0 0 0
Romania 0 0 0 0 0 0 0 0 0 0 0 0
RussianFederation 0 0 0 0 0 0 0 0 0 0 0 0
Singapore 0 0 0 0 0 0 0 0 0 0 0 0
Spain 0 0 0 0 0 0 0 0 0 0 0 0
Sweden 0 0 0 0 0 0 0 0 0 0 0 0
Switzerland 000000000 ()e()

Tunisia 0 0 0 0 0 0 0 0 0 0 0 0
~A 000000000000
Austria () () () () () o () () 0 0 0 0
China 0 0 0 0 0 0 0 0 0 0 0 0
Colombia 0 0 0 0 0 0 0 0 0 0 0 0
Slovenia () o ()o ()o () o () o () o

Not Included in the Curriculum; () Included in the Curriculum;. Focused in the Curriculum

Figure 4. Presence of the topic The Scientific Enterprise in grades 1-12 for the TIMSS
countries.
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COUNTRY/GRADE I 2 3 4 5 6 7 8 9 10 1112

Argent ina 0 0 .-:J 0 0 0 0 0 0 0 0 0
Australia 00 000 0 o o o o o o
Belgium (FI) 0 0 0 0 0 0 ~o ~ o o ~
Belgium (Fr) 00000 0 o o o o o o
Bulgaria 0 0 0 0 0 0 0 0 o • o 0
Canada ~~()~~()()~~()~~

CW rus ~~~~()~~.~~~~

Czech Repub lic 0 0 0 0 0 0 0 0 0 0 0 0
Slovak Republi c 0 0 0 0 0 0 () o o o o o
Denmark 00 000 0 o o o o o o
Dominican Republi c 0 ~ () () () 0 0 0 0 0 0 0
France o o ()•••••••••
~m~ O OO O O OO O O O ~ .

ili~e 000 0 0000 0 0 0 0
&~~~ 0000000 00 0 0 0
Hungary 0 0 0 0 0 0 0 0 0 0 0 0
Iceland 0 0 0 0 0 ~ 0 • ~~ o o
~ 00 00000 00000
Ireland 0 0 0 0 0 0 o o o 0 o o
~d 0000000 0 0 0 00
~~ 000000000 000
Japan 0 0 0 0 0 0 0 0 0 0 0 0
~~ OO OOOOOO O ~ . ~

Latv ia 0 0 0 0 0 0 0 0 0 0 0 0
Mexico 0 0 0 0 0 0 () o o ••o
Netherlands 0 0 0 0 0 0 () o o o ~ o
New Zealand 0 0 0 0 0 0 0 0 0 0 0 0
Norway 00 000 0 o o o o o o
Phil ippines 0 0 o o o o •••• 0 0
Portugal ~~~~()~()~~~~~

Romania 0 0 0 0 0 0 0 0 0 0 0 0
Russ ian Federation 0 0 0 0 () () () o o o o 0
Singapore 0 0 0 0 0 0 0 0 0 0 0 0
Spa in 0000 0 o o o o e o o
Sweden 0 0 :) 0 0 0 0 0 0 0 0 0
Switzerland 00,) 0 0 0 0 0 ~.~~
Tunisia 0 0 'J 0 0 0 0 0 0 0 0 0
~A ~~~()()~()~~~~~

Austria ()~~~~()()~ O 0 0 0
China 0 0 0 0 0 0 0 0 0 0 0 0
Colomb ia 0 0 0 0 0 0 0 • o 0 0 0
Slovenia ~~~()~()()~~~~~
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o Not Included in the Curriculum;~ Included in the Curriculum;. Focused in the Curriculum

Figure 5. Presence of the topic Nature of Scientific Knowledge in grades 1-12 for the TIMSS
countries.
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1 2 3 4 5 6 7 8 9 10 11 12

Argentina 0 0 0 0 0 0 0 0 0 0 0 0
Australia 0000 0 o o o o o o o
Belgium (FI) 0 0 0 0 0 0 {J 0 0 0 o •
Belgium (Fr) 0 0 0 0 0 0 0 0 0 0 o •
Bulgaria O~~~~~~~~~~~

Canada 0 O~~~~~~~••o
Cyprus 0 0 0 0 0 0 0 o 0 o o •
Czech Republic 0 0 0 0 0 0 0 0 0 0 0 0
Slovak Republic 0 0 0 0 0 0 0 0 0 0 0 0
Denmark 0 0 0 0 0 o •• 0 •••
Dominican Republic 0 0 0 0 0 0 0 0 0 0 0 0
fu~ 000000000000
Germany 0 0 0 0 0 0 0 0 0 ~ o o
ili~e 000000000000
Hong Kong 000000000000
Hungary 0 0 0 0 0 0 0 0 0 0 0 o
Iceland 0 0 0 0 0 0 0 0 0 0 0 0
~n 000000000000
Ireland 0 0 0 0 0 0 0 0 0 0 o ~
Israel 0 0 0 0 0 0 0 0 0 0 0 0
Italy 0 O~~~~~~O 0 0 0
Japan 0 0 0 0 0 0 0 0 0 0 0 0
Korea 0 0 0 0 0 0 0 0 o ~.~
Latvia 0 0 0 0 0 0 0 0 0 0 0 0
Mexico 0000 0 O~~~~~.
Netherlands 00000000 0 o o o
~w~~~ OOOOOO~~~~~O

Norway 0000 0 O~~~~.~
Philippines 0 0 o o o o •••• 0 0
Portugal 0 O~~~~~~~~~~
Romania 0 0 0 0 0 0 0 0 0 0 0 0
Russian Federation 0 0 0 0 0 o o o o o o 0
Singapore 0 0 o o o o o o o o o 0
Spain 0000 0 O~~~~~~
Sweden 0 0 0 o ~~ 0 0 0 0 0 0
Switzerland 000 0 O~~~~~~~
Tunisia 0 0 0 0 0 0 0 0 0 0 0 0
USA 0 0 0 0 0 0 0 0 0 0 0 0
A~~a ~~~~~~~~OOOO

China 0 0 0 0 0 0 0 0 0 0 0 0
~~~ 000000000000
Slovenia 000000 0 O~~~~

o Not Included in the Curriculum;~ Included in the Curriculum;. Focused in the Curriculum

Figure 6. Presence of the topic Influence ofSociety on Science, Technology in grades 1-12 for
the TIMSS countries.
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3,2. THE HPPS COVERAGE IN CURRICULUM GUIDES AND SCIENCE

TEXTBOOKS OF EIGHTH GRADERS

95

In TIMSS countries, curricular decisions on national goals, instructional content,
examinations, and so on were made by groups, agencies, individuals in authority,
or some combination of these (Schmidt et al. 1997). Despite the various conditions
in the decision making, virtually all educational systems within TIMSS use some
form of curriculum guide to structure science education. These guides set forth
the system's goals for a nation's science education. "Countries differ widely in
the structure and details of their guides and in how they are meant to be used"
(Schmidt et al. 1997, p. 38). Furthermore, as described by Schmidt et aI. (1997),
TIMSS data showed that the decisions concerning textbooks were made jointly in
about 42 percent of the systems and subsystems, most often involving a central
authority and the school using the text. Individual teachers chose the textbooks
for their classes in only about 9 percent of the systems and subsystems. Textbook
data have indicated that the lengths of content vary, the sizes of the books vary, the
formats vary, and the levels of decoration vary from country to country.

Figure 7 pins down issues regarding the educational intentions in HPSS areas
from 36 TIMSS countries, that is, the countries that have both guide and textbook
information for eighth grade . Nine out of 34 countries have included every HPSS
topic in their guides. Only two out of these nine countries also covered every HPSS
topic in their science textbooks."

Issue of alignment between the textbooks and guides. Since 1986, the year the
first national mathematics educational standards document was published in the
United States, there has been an increase in the production of every subject's
educational standards for American education. This exercise has further brought
the American educational community to a discussion of the alignment between the
intended educational objectives (standards or curriculum guides) and implemen
ted education (instruction and instructional resources) . Textbooks are perceived
as "potential" implemented education because textbooks have persistently had a
great influence on what is taught and how it is delivered in science. American
science teachers were known to rely heavily on textbooks when they delivered
science instruction (Harms and Yager 1981; Weiss 1978). Despite the new wave
of science education reform that advocated that science instruction shift away
from textbook-based instruction to kit-based instruction (Wang and Marsh 2001),
TIMSS data indicate that teachers throughout the world base about 50 percent of
their weekly teaching time on textbooks. Thus, there exist s the need to examine the
appropriateness of science textbooks in terms of their alignment with the guides.

The symbol "+"in Figure 7 represents countries that were found to have covered
an HPSS topic in their textbooks; the symbol "0" represents countries with an
HPSS topic in their guides; and the symbol "$" represents countries with an HPSS
topic covered in both their guides and their textbooks. The topic History ofScience
and Technology was found again to be the most consistent topic covered by both



96 HSINGCH I A. WANG AND WILLIAM H. SCHM IDT

Influence Influence History Nature of Sci.
ofS,T of ofS&T Scientific Enterpr.

on Society K.
Society on S, T

Austra lia 0 0 ED ED 0

Austria ED 0

Canada ED ED ED ED 0

Colomb ia 0 0

Czech Republic +
Denmark 0 0 0 0 0

Domin ican Republic
France ED 0 0

Germany 0 0 + 0

Greece
Hong Kong 0

Hungary 0 0 ED 0

Iceland ED + + ED

Ireland 0 0 ED ED

Israel + 0

Japan
Korea 0 ED

Latvia 0 0 ED 0 0

Mexico 0 ED 0

Netherlands 0 0 ED 0

New Zealand ED ED ED ED ED

Norway 0 0 ED 0 ED

Philipp ines + +
Portugal ED ED ED ED 0

Roman ia 0 0

Russian Federat ion 0 0 ED 0

Scotland + + 0 0

Singapore 0 0 0

Slovak Republic 0 0 0 0

Slovenia ED 0 ED 0 0

Spain ED ED 0 ED

Sweden 0 0 ED

Switzer land 0 0 ED 0

USA ED ED ED ED ED

+Covered inTextbook; 0 Covered inGuide; ED Covered in Both Guide&.Textbook

Figure 7. Coverage ofHPSS topics in 8th grade as found in curric ulum guides and textbooks.

guides and textbooks (16 countries showed this cons istency) . Influence ofScience.
Technology on Society is another topic that has relatively more consis tency between
guides and the textbooks (9 out of 34 countries) . New Zealand and USA are the
only two countries showing perfect alignment in all five HPSS topics between the
guides and the textbooks. Add itionally, four out of 34 countries showed at least
60 percent alignment between the guides and textbook s in HPSS areas; they are
Canada, Iceland, Portugal, and Slovenia. Denmark had every HPSS topic in its
guide, yet nothing was found in its textbooks. Similarly, Singapore and the Slovak
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Republic were found to have HPSS topics in their curriculum guides, yet, on ex
amining their science textbooks, no HPSS was found . Conversely, Czech Republic,
Dominican Republic, Greece, Japan, and the Philippines were found to have no
coverage in their guides. Czech Republic's science textbooks included one HPSS
topic - Influence of Science, Technology on Society, while the Philippines science
textbooks included both Influence ofScience. Technology on Society and History of
Science and Technology, despite no HPSS topic being covered in both countries '
guides.

Figure 8 are representations of the percentage of books devoted to each HPSS
topic from 42 TIMSS countries that had their science textbooks coded by TIMSS
researchers .

Overall, Canada, and USA were found to have over 15 percent of their text
books' space devoted to HPSS areas. he grand average coverage of the five HPSS
topics in science textbooks of these 42 countries was 4 percent. Twenty-seven of
the 42 countries were found to have less than 4 percent of their science textbooks
related to any HPSS topic. On the topic of Influence of Science, Technology on
Society, Canada 's textbooks were found to have 7 percent; Cyprus's textbooks
had an average of 6 percent; and USA's textbooks had an average of 5 percent.
Compared to this topic, Influence of Society on Science, Technology was found
to have almost no coverage in science textbooks worldwide . Furthermore, science
textbooks in Iceland, Italy, and Slovenia covered more than 5 percent of the con
tent topic History ofScience and Technology. The HPSS topic Nature of Scientific
Knowledge took up 5 percent or more textbook space in the countries of Canada,
Portugal, and USA.

3.3. INSTRUCTIONAL CONDITIONS OF HPSS AREAS

There were 36 TIMSS countries who completed the teacher instructional ques
tionnaire. Two out of the 36 (Israel and Kuwait) only had eighth grade teachers
responded to the questionnaire. The remaining 34 countries gave responses from
teachers of both seventh and eighth graders. Table II shows a ranking of the per
centage of teachers per country, who reported that they taught at least one or more
HPSS topics, and it also shows the average percentage of instructional time devoted
to HPSS areas for both seventh and eighth graders.

As indicated in Table II, 84 percent of American eighth grade teachers reported
that they taught HPSS areas in their science classrooms; this made the US the
number one country in terms of HPSS coverage with around 20 percent more teach
ers teaching these topics than the second country the Russian Federation (65%) .
Percentage of yearly instructional time devoted to HPSS topics in the US was five
percent for eighth grade, which along with Canada ranked as the top country. Over
all, 32 percent of seventh grade teachers and 36 percent of eighth grade teachers
worldwide reported that they have spent time in teaching HPSS content. Nearly 60
percent of the countries have more than one-third of their teachers reported to be
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Figure 8, Textbook coverage of HPSS topics in TIMSS countries.

giving HPSS instruction to the eighth graders of the country. However, the average
time worldwide for HPSS instruction per school year is 3 percent for eighth grade ,
and 2 percent for seventh grade . According to Table II, those high performing
countries in TIMSS on the science test, the Czech Republic, Japan, Netherlands,
and Singapore are not among the top tier in terms of percentage of teachers or
percentage of instructional time devoted to HPSS content.



HISTORY. PHILOSOPHY AND SOCIOLOGY OF SCIENCE IN SCIENCE EDUCATION 99

Table ll. The percentage of teachers and the percentage of instrutional time associated with
HPSS topics in TIMSS

% of 7th Graders' % of 8th Gr!l~er~ In t. Time for 7th IlISt. 'l:ime for Sth
Teacher Teacher Graders' < Graders.'

~- -
82~ USA 84 ~ USA 6~ USA 5~

Russian Fed. 61\ ~cw Zealand 65 ~ Thailand 5\ Canllda 5~

Australia 5n Canada 64 ~ Canada 5\ Hungar (\

53\ -- - - ..~ --- - 4 \ - 4\Canada Russian Fed. New Zealand Iceland
New Zealand 49\ Australia 5H lIunK'!!"i'.. 4\ Slovenia

--~
~Q.v~k ReIJublic 46\ Colombia - 50\ Hong Kong 4\ C~rus 4\

~!and
46\ ,fyprus I 50~ Australia H New Zealand 4\

- 4'5\" 49\ - 3\ 4\Slovenia Slovenia Russian Fed. German
Colombia 44 \ Slovak Republic 44\ Slovenia 3\ Slovak Republic '3"\

Korea 40\ Sweden 41\ France 3% Sweden 3\

Sinzaoore ~\ Iceland 41\ Cyprus 3\ Russian Fed. 3\

@Jili n 35\ German'y__ 40\ Slovak ReIJublic 3\ Pon ugal 3\
Cvorus ---. 34\ Lithuania - 40\ @!gaoore 3\ Australia 3\

~-
))~ Norway 40\ Gcrmanv 3\ Lithuania 3 \

Honz Konz 32\ Spain 39\ Colombia 2\ France 3\

~veraRe 32\" Portuaal 39 \ Korea 2\ AveraRe ,', r-: 3\

Ireland I 3 0 ~ Czech Republic 36 \ Sweden 2\ Romania 2\

~y.
30\ I4 veraxe 3"6\ Czech RepUblic _ 2\ Norway 2\

Sweden 29\ Hunaarv 35\ Netherlands 2\ Czech Reoublic 2\

Lithuania 29\ Singapore 35\ Romania 2\ Thailand 2~

Czech Republic 28\ Israel 32 \ Norwav 2 ~ Austria 2\

Romania 27\ France I 28\ Spain 2\ Colombia 2\

Portuzal 24% Korea 27\ Ireland 2\ Netherlands 2\

Norwav ~2'1 Hong Kong 27\ Belz ium (A) 2\ Israel 2\

Netherlands 21% Thailand 27 \ AlIeraRe. -r 't ,. 2 h Greece 2\

France
~

Ireland 26\ Lithuania 1\ Soain 2\

Jaoan 21\ Netherlands 25 \ Austria 1\ Korea 2\

Switzerland 18\ Iran 25 \ Belziurn (Fr) 1\ Latvia 2\

Bel zium (Fr) 16\ Romania 24 \ Portuzal 1\ Honz Konz 2\

Iran 16\ Jaoan 23\ Iceland 1\ Belzium (Fr) 1\

Belgium (A) 14\ Greece 23\ Jaoan 1\ Belgium (FIl 1\

Iceland 13\ Latvia 21\ Switzerland 1\ Ireland 1\

Austria 10 \ Switzerland 20 \ Iran 1\ Sinaaoore 1\

Greece 9\ Austria 16 \ Latvia 10 Japan 1\

Latvia 8\ Belgium (Fr) .16'\
Greece 1\ Iran 1\

Bel ziurn (Fl ) 14\ Switzerland 1\
1----

Kuwait 14\ Kuwait 1\

AVERAGE 33% 37% 3% 3%

4. Discussion and Conclusions

Throughout the history of enhancing the public scientific literacy, Conant (1951),
one of the important advocators, has postulated that since every citizen is expected
to have informal opinions on the relationships among government, education, and
issues of scientific research and development , it is imperative that some appreci
ation of the past complexities of science and society be a part of the education
of both scientists and non-scientists . Because of the increasingly scientific nature
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of our society and the individual needs of its members, every person must be sci
entifically literate in order to function effectively. Furthermore, the generation of
scientific knowledge is a dynamic process with social, historical, psychological,
and other contextual rather than purely abstract and formal determinants. Science
is an enterprise in which dynamic change and alteration are the rules rather than the
exceptions. The dynamic characteristic of science can help individuals to cultivate
scientific habits of perception and to be capable of practicing rational thinking and
logical reasoning.

In science education, the critical role of HPSS has been continuously identified
as a powerful way to enhance the public's scientific literacy. The findings from
TIMSS reflect one crucial message - little of it is done worldwide other than in the
US and a handful of other countries, and the top achieving countries are not among
them . In addition, according to the attempt of TIMSS researchers to understand the
relationships among the intended, implemented, and attained curriculum, students '
performance in the HPSS area does have a significant effect on general school
science performance. However, there are more lessons needed to be learned from
the TIMSS results .

I. To teach HPSS alone will not result in greater performance; the science
content knowledge also has an impact. According to the results presented above ,
we found that countries such as Japan , Korea, and the Czech Republic were not
among the top tier of countries in any aspect of the intended or implemented cur
riculum for HPSS . However, their performance on both the general science test and
for HPSS items in particular were more satisfactory than those other countries that
had significant indications of HPSS coverage in textbooks, curriculum guides, or
on the part of teachers. This seems to imply that without the substance of science,
classrooms with a heavier focus on HPSS might confuse students more and may
just be another social studies class in a science disguise.

2. Teacher preparation and training may be the key to reach the goal of en
hancing scientific literacy through HPSS . For advocates of HPSS, good news was
found in the results : despite the fact that very little instructional time was allocated,
science teachers worldwide did practice the inclusion of HPSS to some extent.
One critical factor that may need to be addressed to make this instruction more
effective may be the quality of teachers, that is the teachers may not have adequate
training in HPSS worldwide. With inadequate training and insufficient background
knowledge, teachers' misconception in HPSS may do more harm than good .

Lastly, the information reported in this paper is not to have every country con
form and adopt identical strategies to improve the scientific literacy of the citizens
worldwide. Some people would suggest that what a country should do is to figure
out who is the top achieving country, say Singapore. What you then do is to find
out what Singapore does educationally and copy it - bring it to your country and
put it into the educational system and everything will be fixed. This is a fairly naive
approach. One cannot simply take what is done in one cultural context and lift it out
of that context and place it into another one and somehow expect it to work. That



HISTORY, PHILOSOPHY AND SOCIOLOGY OF SCIENCE IN SCIENCE EDUCATION 101

is a misguided implication; which is not the way we learn from an international
study. What we can learn is that there is not only one way to provide quality
science education. HPSS inclusion to achieve scientific literacy can be approached
in so many diverse ways . What appeared sensible and successful in one nation (to
emphasize more history of science yet downplay the sociology of science) may
not be an effective way for another nation (where the sociology of science or not
teaching HPSS directly may evidently assist students to learn more effectively).
HPSS approach has increasingly received satisfactory learning outcomes, findings
presented in this study can serve as a direction or topic of dialogue about HPSS in
science education for every country worldwide.

Notes

I At first grade, three countries started to introduce History of Science & Technology; seven coun
tries started to introduced Nature of Scientific Knowledge ; and three countries reported introducing
the topic of The Scientific Enterprise .
2 At grade three, six countries reported starting to introduce Influence ofScience, Technology on So
ciety: five countries started to introduce Influence ofSociety on Science, Technology ; three countries
introduced the topic of History ofScience & Technology.
3 At grade seven, nine countries started to introduce the topic of Nature of Scientific Knowledge ;
and three countries reported introdu cing the topic of The Scientific Enterprise .
4 Notice that the information about the guides is different from what the educational officials re
ported in the GTTM survey, as shown in Figures 2 to 6. Despite the differences in the collection of
the data of GTTM and guides (see previous paragraph for detailed information), a discrepancy exi sts
between these two sources of intended curriculum in HPSS areas. In contrast to the ten countries
found in the guides, only five countries ' educational officials reported that every HPSS top ic was
covered at the eighth grade level. Only two of these five countries are like those ten countries in
having that information in their guides : Canada and Denmark. This result signaled a critical implica
tion for future research methods of this sort, a choice needs to be made between "self-reporting" and
"content analysis of written documents" .
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PART TWO

Foundational Issues in Science Education

The history and philosophy of science bears upon three domains of science
education: pedagogical, curricular and foundational or theoretical. Papers Part
Two of the anthology contribute to the third domain of theoretical issues in
science education.

Science teachers and science educators are faced by numerous
theoretical issues: constructivism, particularly its epistemological claims, is an
obvious area ; multicultural science education is another; so to are feminist
critiques of science, and consequent proposals for the reshaping of science
education; the relations between religion and science are another perennial
issue faced almost daily by teachers and students, as recent events in Kansas,
and numerous episodes associated with Islamic science, testify. Intelligent
discussion, let alone resolution, of these theoretical issues is impossible without
some knowledge of the history and philosophy of science.

This is not a novel opinion: it has long been argued that science
teachers should have some competence in the history and philosophy of the
subject they teach. As long ago as 1918, the British Thomson Report said
'some knowledge of the history and philosophy of science should form part of
the intellectual equipment of every science teacher in a secondary school'
(Thomson 1918, p. 3). A 1981 review of the place of philosophy of science in
British science-teacher education said :

This more philosophical background which is being advocated for teachers
would, it is believed, enable them to handle their science teaching in a more
informed and versatile manner and to be in a more effective position to help
their pupils build up the coherent picture of science - appropriate to age and
ability- which is so often lacking. (Manuel 1981, p. 771)

The Science Council of Canada, after advocating increased attention to
historical and philosophical matters in the science curriculum, said : 'Although
Council does not expect children or adolescents to be trained in the philosophy
of science, it does expect science educators to be trained in this area' (SCC
1984, p. 37).

In the USA, the Association for the Education of Teachers in Science
(AETS) has recognised the foregoing concerns, and a position paper
recommended that:

The beginning science teacher educator should possess levels of understanding
of the philosophy, sociology, and historyof scienceexceeding that specified in
the [US] reformdocuments. (Lederman et aI. 1997, p. 236)
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Despite all the advocacy, preservice teacher-education programmes
poorly prepare science teachers for intelligent, or informed, discussion of
foundational and theoretical questions in science education. The history and
philosophy of science is rarely taught in teacher education programmes; and
where it is taught, it is frequently covered in a perfunctory manner. In England,
a number of preservice courses deal with the Nature of Science in one day of
classes . And as teacher education becomes 'more practical' and school based,
it is likely that the current scant treatment of foundational matters will be even
further reduced.

James Donnelly discusses one major theoretical question: how can
compulsory school science can be justified? Given the backdrop of the
'Science Wars' , this is a pressing problem. In answering the problem, Donnelly
goes back to examine the basic ontological claims that science makes about the
world - what kind of a world is it that science is describing? Donnelly agrees
with Anthony O'Hear's analysis that 'it is not in science that the observer of the
world explores the meanings and potential meanings things in the world can
have for him or establishes just how he should relate to the world or his
fellows ' (O'Hear 1989, p. 231). Such a view of science requires considerable
reanalysis of arguments for science in the curriculum.

Bo Dahlin resurrects phenomenological interpretations of
science that have their contemporary roots in Husserl 's The Crisis of European
Sciences and Transcendental Phenomenology (1954) and Merleau-Ponty's The
Phenomenology of Perception (1962). This tradition has had little impact on
Anglo-American theorising about science education, although it is often
recognised that the idealisation and formalism that Galileo and Newton
introduced into Western science has problems when it is translated
unthinkingly into the classroom. In the 1930s the English educator and
philosopher, F.W. Westaway, warned that 'once a science lesson arrives at the
stage of symbols, it may cease to be Science altogether' (Westaway 1937, p. 4) ;
and he decried the fact that:

It is astonishing how few, even of the older pupils of a school, are able to give
an intelligent physical interpretation of a formula they have established.
(Westaway 1937, p. 4)

Half-a-century later the well known US physics educator, Arnold Arons,
echoed these sentiments:

As physics teaching now stands, there is a serious imbalance in which there is
an overabundance of numerical problems using formulae in canned and
inflexible examples and a very great lack of phenomenological thinking and
reasoning. (Arons 1988, p. 18)
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Martin Wagenschein, the German science educator, was concerned with the
same problem:

My deepest motive force is the cleavage between an original feeling-at-home
within nature and a strong fascination by physics and mathematics, and the
ensuing irritation by the growing alienation between man and nature effected
by science, starting early at school. My pedagogical aim is to overcome - stilI
better to avoid - the cleavage by an educationally centered humanistic physics
teaching. (Wagenschein 1962, p. 9, W. lung trans.)

The English critic, P.R. Leavis, is just one of many who have decried the
unfortunate cultural effect of idealised and formalised science instruction in
schools. He believes that its routine substitution of the universal and abstract is
poor training for social life and human interactions (Leavis 1972, pp. 207ft).
Dahlin's paper reexamines the epistemological claims of phenomenology and
details some of their pedagogical consequences for science teaching.

Edgar Jenkins addresses one of the most widespread, and loudest,
theoretical debates in contemporary science education: the philosophical and
pedagogical claims of constructivism. The title of his paper nicely captures the
two extreme positions in the debate: on the one hand the science educator John
Staver's view that constructivism is a powerful model for the guidance of
science pedagogy and curriculum, and on the other hand the philosopher John
Devitt who thinks that constructivism destroys the intellectual immune system
that saves us from silliness.

Sibel Erduran outlines key aspects of the emerging field of philosophy
of chemistry and indicates how they impinge on chemical pedagogy and
learning . In contrast to physics and, more recently, biology, chemistry has not
received much philosophical attention. In the past decade this situation has
began to change, with a number of books, and at least one journal, being
devoted to the subject. It is timely that this flowering be brought to the
attention of educators and teachers, as they have long been faced by students
who ask questions - such as: 'Miss, if no one has ever seen an atom, how come
we are drawing pictures of them?' - that require philosophical competence.

Fritz Kubli takes seriously the 'story telling ' aspect of science
instruction and asks how investigations into the theory of narrative might
enhance science teaching.

Douglas Allchin deals with the important subject of values in science.
He maintains, contrary to widespread popular belief, that science is not value
free. It has its own constellation of epistemic values that guide its truth-seeking
purposes, and its conduct is subject to cultural and social values . Subjects like
animal experimentation and cloning are the most obvious areas where external
values impinge on the conduct of science . But science also informs and
impacts on social values . It is important for teachers and students to consider
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the reciprocal interaction of values and science, and to have the experience of
puzzling over some of the questions that arise. This is one way of overcoming
the divorce between science and humanities that F.R. Levis and c.P. Snow
lamented in the 1950s.

Alexander Levine discusses an important part of Thomas Kuhn's
theory of science: the idea that historical development in science mirrors or
recapitulates the process of individual cognitive development. Kuhn in many
places states that Piaget's account of children's developmental stages gave him
a key to unlock the meaning of ancient, specifically Aristotelian, physics. The
problem that Levine identifies is that Piaget equally claimed that the history of
science enabled him to interpret the developmental sequence. There appears to
be a vicious circle here . It is one that deserves the careful attention of science
educators, the moreso given the enormous influence that Kuhn has exercised on
educators' thinking about science learning and the processes of conceptual
change.

Robert Nola hopes to rescue Kuhn from the embrace of Edinburgh
inspired sociologists of science; and other champions of the view that the
cognitive claims of science are not so much a mirror of reality, but a mirror of
the society in which science is conducted. It is well know that Kuhn did
distance himself from the more enthusiastic Kuhnians. Nola elaborates how he
maintained to the end an engagement with the problem of understanding the
rational ity of theory choice in scienc e, and in the historic process of historical
development even through revolutionary change. These problems are standard
methodological issues in the philosophy of science and cannot be reduced to
'mob psychology' or other sociological factors.
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Instrumentality, Hermeneutics and the Place of
Science in the School Curriculum

JAMES DONNELLY
CSSME, University of Leeds, Leeds LS2 9fT. U.K.

Abstract. Th is article examines some key characteristics of science, under the headings of: the
elemination of the personal; demarcation from ethics; and the denial of reflexivity. It relates these
characteristics to an instrumental criterion of knowing, which, it is argued, is pervasive in science.
The relationship between this complex whole and the interpretative emphasis within both science and
the humanit ies is then examined . The article sugges ts that these characteristics may underlie the dif
ficulties which science experiences in the curriculum , and that contemporary curricular innovations
can be construed as an attempt to address these difficulties by introdu cing a more thoroughgoing
personal, interpretative and humane dimension to the science curriculum. It suggests that there are
severe limits to this project.

1. Introduction

The nature of science is not a neglected topic in writing about the science cur
riculum . There have been several internati onal conferences around the theme of the
relationship between history and philosophy of science and school science (Herget
1989; Hills 1992; Finley et al. 1995). Book s and articles are plentiful (e.g., Jenkins
1996; McComas 1998). The present article offers an account of some aspects of
the 'nature of science' which is unashamedly essentialist in tone. This essentialism
is to be taken strongly but narrowly. It is directed at central ontic and epistemic
characteristics of scientific accounts of the world. Thou gh I link the ontic and the
episternic, I should perhaps add that my intention is in part to seek to repair a
deficiency in the attention given to the former. Thu s, of example, in the National
Curriculum for England and Wales, the supposed epistemic characteristics of sci
ence have figured extensively, if inchoately' leading to an emphasis on the methods
in deriving from these supposed epistemic characteristics. Explicit treatment of its
ontic character has been entirely disregarded. By contrast, my concern is, in the
first instance, with the kinds of being which science recogni zes in the world .

Many years ago E.A. Burtt famou sly argued that natural science makes strong
metaphysical assumptions about the world (Burtt 1932). The focus of this article
is on characteristics of broadly this kind. The first three are broadly ontic in ori
entation, with an increasing degree of contingency. Indeed the third may yet prove
to be empirically refuted, at least at the higher (emergent) levels. I will call them,
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respectively: elimination of the personal, demarcation from ethics, and absence
of reflexivity. The examination of these three characteristics is complementary to
a more epistemologically-orientated discussion which draws on the Habermasian
distinction between hermeneutics and instrumentality. This discussion focuses on
the extent to which science is premised on an instrumental criterion of knowing,
and any such criterion is symbiotic with the ontic characteristics which have been
identi fied.

Although I will at times comment on the social sciences, or more indeterminate
fields such as economics, the primary target of the analysis is the natural sciences
as they are commonly understood within the school curriculum. My aim is to raise
questions about the possibilities and problems of science in the school curriculum,
rather than to debate questions about the boundaries of the term 'science'. 1 The
ultimate argument of the article is that the characteristics I will explore have im
portant implications for the place of science in the school curriculum. They have
conditioned, if somewhat implicitly, key aspects of its recent history in many parts
of the world, and the underlying concerns speak to fundamental aspects of school
science.

2. Elimination of the Personal

The term 'personal' is preferred here to 'mental', although many of its characterist
ics would in the Cartesian tradition commonly be called 'mental' phenomena. The
point is simple. Natural science offers no place for such characteristics as judge
ment, purpose or personality in its account of the universe, other than as a possible
target of reductionist endeavour. Reductionism is not a fashionable philosophical
position (Kim 1998, 4-5) and the previous statement is not to be taken as a claim
that the reductionist programme can be fulfilled, or that it is coherent. Nor do I
claim that scientists personally need to, or do, subscribe to some kind of reductive
position. In any case what people subscribe to intellectually, in this context, is less
significant than what they enact in their practice. Categories such as judgement and
purpose, which I am taking to be characteristic, if not exhaustively, of the personal,
have no explanatory power in natural science.?

This assumption, or perhaps rather, this self-denying ordinance, links with the
trajectory of science and its claim to objective (understood as mind-invariant)
knowledge about the world, and thus to universalism. Science offers a perspective
on the world which is independent of any particular human perspective: what has
been called by Rorty a 'God's eye view' or by Nagel the 'view from nowhere'
(Rorty 1980 ; Nagel 1986) . This claim, that the on tic absence of mind in the (sci
entific) world is linked to the programmatic independence of science from any
particular human viewpoint, is perhaps a large one. It becomes more convincing
when one examines the writings of some contemporary philosophers, and their
attempts to understand how mind, or what has been called the 'space of reasons' ,
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can engage the material world (McDowell 1996: 5-13). From my own perspective
it links to the instrumentalism which I will discuss later.

The corollary of the ontological point is simple, and hardly controversial or
novel : that within scientific explanation as it is normally understood there is a place
only for the material , broadly understood.' Science acknowledges only a world
of mechanism, again broadly understand. There may be a personal dimension to
the practice of science, but it is ultimately extraneous to the understandings to
which the scientific project aspires. Whether, contingently, human judgement and
creativity enter into the production of well -established scientific knowledge is a
question of marginal relevance, despite the weight placed on these matters in much
talk about the educational claims of science. Whether existing scientific theories
are sufficiently underdetermined by the world for possible alternatives to have any
serious claim on our attention and meet other scientific criteria is, I suggest, equally
marginal. Any such alternatives must surely share the ontic characteristics which I
am identifying.

All of this may seem obvious. But as an account, even programmatic, of how
science construes the world , and human life in the world, it raises important ques
tions for the place of science in education (O 'Hear 1989: 223-32). What is the
significance of such an attenuated view of the universe for children, and how its
relationship to ontically richer, commonsensical or ascientific views to be handled?
Little appears to be written about this in educational settings. There is a body of
work which addresses issues related to this point, under such headings as 'cultural
border crossings ', but it tends to treat the issue as to do with pedagogic or social
relations, rather than the place of science in the curriculum or its meaning for
children (e.g., Aikenhead 1996) .

3. Demarcation from Ethics

It is generally acknowledged, except by those with an extreme scientistic tum of
mind , that, though science might tell us how the world is, and how it might be
materially altered, it does not speak of the ethical judgements we might make
in intervening in the world: of how, so to speak, it ought to be. The argument is
linked to those in the previous section. Human beings are fundamentally at least
as much ethical as rational beings. There is no place for ethical categories in the
conceptualization of the world offered by science. This is not to say that science
does not stand in a relationship with ethical issues. There are many discussions
of that relationship, including some in the context of science education (Frazer &
Kornhauser 1986; Barbour 1992; Poole 1995; Reiss & Straughan 1996; Fullick &
Ratcliffe 1996) . But the relationship is of a very specific kind. It might be summed
up in the statement that ethical categories are external to the ontic categories of
science (Williams 1985: 136). The relationship between the two domains, of sci
ence and ethics, is commonly discussed under two aspects, and I will suggest this
externality applies under both.



112 JAM ES DON NELLY

The first aspect pertain s to the argument that science can provide a value-neutral
knowled ge which yet can be put to use in making value-laden judge ments. Thus, in
assess ing the policy we should adopt in relation to, say, the exploitation of energy
resources or the creation or disposal of chemical produ cts, scientific practices may
provide information and conceptualiza tions without which no judgement can be
made. (This is not to claim that such knowledge is necessarily winnable in un
contested form .) Many would argue that , with out scientific knowledge , the types
of problem ju st identifi ed would not have been brou ght into an intelligible focus .
Others, less convincingly, claim that scientific knowled ge of itself engendered the
problems. But scie nce remains firmly outside the sphere of the ethica l judgements
them selves - they depend on the sort of world we judge desirable.

Implicit in this posit ion is a fairly robust attitude to arguments such as those
about the relative impact on science of 'social' and 'cognitive' values, to be found
in the recent issue of Science and Education which was devoted to examining
the relati onship between science and ' values' , though most of what was written
was about the technical impl icat ions of science (Science and Education 1999).
Th roughout the exchanges a fund amental point seems largely to be acce pted by all
part icipants: that the potentialities of the material world are not to be altered by any
number of soc ial values , though of course such values may we ll influence which
possibilities are realized." It is on this point that I gro und my claim of the mutu al
externa lity of scientific and ethica l catego ries.

Perhaps there are some who claim that science can offe r a model of what a
desirable world might look like. It might be argued that concepts such as sustainab
ility, genetic diversity, or whatever, are both scie ntifically meanin gful and possible
bases for ethical judge ments, about our co nduct in the world. But supporters of
this perspective are perhaps a minority. and in any case it is not convincing as a
claim that scie ntific catego ries have ethical content. It is more a manifestation of
the use of scientific categories to inform , sharpen and perhaps help in the realiz 
ation of, eth ical judgements. That is to say, even outcom es such as biodiversity
or sustainability are not usuall y represented as intrinsically good, but rather as
means to some other good, usuall y long-term human happiness and flouri shing.
Programmatic attempts have been made to insert ethics in a more thoroughgoing
way into the practice of science, so as to inform its outcomes. But this is a far from
common position, particularly if it is claimed that the process will have epistemic
and ont ic consequences (Maxw ell 1984; Irzik 1998).

The second aspect under which the relation ship between science and ethic s is
co mmonly discussed concerns the ethical status of the objects of scientific en
deavour, and the experimental practices directed towards them. I suggest that in
scie ntific practice, qua scientific, there is in fact no attribution of ethical status to
the objects of attention. On the face of it my claim is clearly false. Most reputable
scie ntists have a concern with ethics at some point in their work. Many devote
considerable attention to ethica l matters, especially in biological disciplines. But I
claim that these concerns do not them selves enter scientific practice, or the reas-
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oning associated with it. They set boundaries to the practices which may be used
to gain knowledge. Where ethics impinges on the research practices of science, by
requiring the scientist to attribute ethical status to objects of study, this attribution
limits what can be known, or perhaps, more circumspectly, redirects the process,
with possible impacts on the knowledge which can be achieved.' At the risk of
overstatement, it can be claimed that it is common, though not universal, to find
scientists seeking to push the ethical limits on research possessing a strong con
nection with ethical questions (such as that involving animals, or human embryos,
or genetic manipulation) as far as possible." The attribution of ethical status may
be sentimentally conditioned in everyday discussions, and this carries over into
science. Furry, macro-scale organisms have a different status from others. Nev
ertheless, such attributions have an important role in defining the boundaries of
scientific practice. To avoid misunderstanding, it is perhaps worth restating that
this is not to claim that scientists are necessarily without ethical concerns. The
claim is rather that, as scientists, they can acknowledge no intrinsic ethical status
in the beings (qua scientific objects) they study, or allow any ethical status they
do attribute to playa part in the reasoning processes, qua scientific, in which they
engage .

4. The Absence of Reflexivity

This point is perhaps more contingent than the previous two. It is included because
it appears to capture a further dimension of the ontic attenuation within the view of
the world taken by natural science. Anthony Giddens has distinguished the natural
sciences from the social sciences in terms of the absence, in the former, of what
he has called a 'double hermeneutic' (Giddens 1983: 284) . Giddens uses this term
to refer to the tendency for the conceptualizations of social 'scientists' to be taken
up by their subjects into their (thereby transformed) self-understanding. (A good
example is the way in which role-talk has entered everyday life from sociological
theorising.) Indeed Giddens sees this process as part of the entire modernist project:
ultimately self-consciously so, such that we are in a constant process of reflective
self-transformation (Giddens 1991: chapter 3). This might be thought to be the
modernist version of Heidegger's famous claim that human beings have no essence,
but are particularly characterized by the fact that their being is always an issue of
self-interpretation for them (Heidegger 1962: H 15). Ian Hacking has made a similar
point in relation to what he calls 'interactive' forms of knowledge (Hacking 1999:
31-2).7

But does this notion of reflexivity have any place in our understanding of the
material world? I suggest that it does not. Except amongst those who, for ex
ample, place a very strong interpretation on Lovelock's Gaia hypothesis, or on
the perspective that to measure is to intervene, the physical universe is held to
be independent of our knowledge of it. As I have hinted, this potentially is an
empirically refutable claim. There might be some who would claim that the world
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is responding over time to the interventions made in it. Such phen omena as AIDS,
ME, BSE , Gulf War syndrome and so on might be judged by those making this
claim to illustrate this process in action. But such claims, even if accepted as
referring to real pheno mena, would surely be assi milated to some more or less
complex mechanism (as in Lovelock 's own 'Daisy World ' ). At some fund amental
level the world is not merely independent of our understandings of it. It is a fo rtiori
unresponsive except in mechanistic ways, that is to say, ways which are themselves
continuous with the mate rial world view of science . Thi s entire claim might be
understood as another variation on the theme that there is no space for the personal
in natural science. It supports, though it is perhaps not esse ntial to, the epistemic
effectiveness of the instrumentali sm to be discussed later.

Each of the three claims above is more or less ontic in its reference. Each
speaks of how science construes world . Together, they delimit the entities which
science acknowledges, their associated qualities and powers and their ethic al statu s
in relation to instrumental practices. It is difficult to know what a natural science
would look like which allowed the three categories (the personal, the eth ical and
the reflexive ) to have a non-reduc ible scientific place in the world . Evidently such
limits do not, of them selves, exclude the possibilit y that other perspectives on the
world might exist, and that the space of the personal, the reflexive and the ethica l
can co-exist with the space of science. Indeed the writings of phenomenologists
such as Husserl and Heidegger might be thought of as centrally concerned with
this possibility. Even Richard Dawkins seems, somewhat uneasily, ta be attempt
ing to occupy something like this position (Daw kins 1998). But science has long
had a reductionist tenden cy. Even if the reduction ist programme has fallen into
philosophical disfavour, it retains some power at least at a crude ideological level,
or perhaps not so crude in the philosophy of mind (Churchland 1989). At the very
least, science is thoroughgoingly physical ist in its orientation. Wh ile there have
been many attempts to integrate science with more humanistic, even mystical,
conceptions of the world, such attempts rema in per ipheral to mainstream science,
and certainly to the science of the school curriculum (Lorimer 1998).

Though there is some explicit acknowledgement in the school science cur
riculum of generic characteri stics of science, this acknowledgement is to a remark
able degree epistemological rather than ontological in orientation. The argument of
this section of the paper has been that science indeed has generic characteristics, but
that these characteristics are more obviou sly ontic than epistemic in character. They
concern the kinds of ent ities, powers and proce sses which are acknowledged as the
legitimate domain of science. Natural science abrogates key aspects the lived world
of human experience, not contingently, but in its programmatic ontic assumptions.
However, though I claim that science is characterized primarily by its concepts, and
not by its methods, I suggest that this ontic construal of the world has an important
epistemic dimension . The methods of science disclose a world under a particular
materialistic aspects, and its key criterion of knowledge, from which these methods
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derive, is similarly characterized.! These matters will be the focus of the second,
epistemologically-orientated part of the article.

s. The Instrumental and the Hermeneutic

In his book The Mangle ofPractice Andrew Pickering distinguished what he called
'representational' from 'perforrnative' aspects of science (Pickering 1995). It is the
former, he claims, which has received the greatest attention in science studies. Only
in recent times has laboratory work in its full material sense received an appropriate
measure of attention, in a range of studies (e.g., Radder 1988; Gooding, Pinch &
Schaffer 1989; Gooding 1990) . The representational is concerned with symbolic
and discursive practices. Such practices confer enormous advantages in terms of
generalizability, stability, portability, linkage, flexibility and so on. They sustain
human interpretations of the world. They are the vehicles of argumentation, dis
course and dialogue. In sum, they stand at the centre of most human intellectual
activity. But interpretative practices in the humanities resist being driven to any
univer sally accepted agreement. By contrast, one of the key characteristics of sci
ence is that, despite assuredly involving interpretation, its practice commonly leads
to consensus.

Why should science be different? The view that it embodies some kind of priv
ileged ' method' guaranteeing access to truths has long since been discarded, except
perhaps in the stonier reaches of the school curriculum. Part of the answer, it has
been implied earlier, lies in what science refuses and, those area s of specifically
human experience and practice about which it is therefore silent. The bifurcation
in play here can be traced back to the Descartes and beyond (Maci ntyre 1987:
chapter 7) .

But another crucial influence lies in the prominence within science of the
performative - which can be identified, as I shall claim, with the instrumental,
becau se of its underlying agenda of prediction and control (Pickering 1995: 7). The
perspective can be stated succinctly. In science, to understand the world, to have
knowledge about it (to have interpreted it aright) is to be able to predict and control
its behaviour at a material level. It reverses the thrust of Bacon's famous claim
Nam et ipsa scientia potestas est (Bacon 1857-70: 241) , and in doing so speaks of
what it is to know, scientifically. Instrumentalism in its usual philosophical sense
contrasts with realism. Here I am using the term more broadly, related to Deweyan
pragmatism and grounded in action in the world. It is consistent with, though it
doe s not imply , reali sm concerning scientific entities and theories. Similarly, it
doe s not require, though it is con sistent with , the narrower sense of philosophical
instrumentalism, that scientific entities and theories are mere calculative instru
ment s, the position now most famously associated with van Fraassen's constructive
empmcism.

A few further points perhaps should be made in connection with my argument.
There are of course areas of natural science where the notion of control is inapplic-
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able, at least at present: most notably astronomy, but also areas of Earth science. I
suggest that the logic of prediction and that of control are essentially similar. Each
is about predicting future from present states. The difference lies in the practicabil
ity of material intervention to promote change, and thus, so to speak, counterfactual
prediction. But this is essentially a contingent (sometimes historically contingent)
distinction, not an essential one. Moreover I am not claiming that the reverse ar
gument applie s, that is, that all domains involving pred iction and control are part
of science in its strong disciplinary sense. Second, this emphasis on instrumental
ity may be thought to attenuate the notion of scientific 'understanding' and other
criteria for the quality of scientific knowledge, such as simplicity, consistency with
other theories, range and so on. No doubt these and many other influences and cri
teria, including some which might be thought of broadly as social , have an impact
on scientific judgements." But in the last resort I concur with Goldman's argument
that empirical (read 'instrumental') effectiveness is the fundamental criterion at
work within science, including for what it mean s to 'understand'. 10 (I will return to
the interpretative aspect of 'empirical effectiveness' below) (Goldman 1999: 245) .

I suggested earlier that despite arguments over the relative impact of so-called
cognitive and social values there seems to be general acknowledgement that no set
of values can alter the material potentialities of the world . This point may be taken
a little further . Despite the limitations of the word 'cognitive ' , in consequence of its
de-emphasizing of the element of materially and socially enacted practice, certain
'cognitive' values are symbiotic with, perhaps even con stitutive of, instrumental
effectiveness. This , in tum, is arguably constitutive of materiality in its narrow
scientific sense . As Heidegger argued in The Question Concerning Technology:

Modem science's way of representing pursues and entraps nature as a calcul
able coherence of forces . Modem physics is not experimental physics because
it applies apparatus to the questioning of nature. The reverse is true . Because
physic s, indeed already as pure theory, sets nature up to exhibit itself as a
coherence of forces calculable in advance, it orders its experiments precisely
for the purpose of asking whether and how nature reports itself when set up in
this way. (Heidegger 1978: 302-3)

To Heidegger, our enthusiasm for identifying the form of being disclosed by
science with all being is one of the great threats to humankind.

It is because natural science enacts a broadly instrumental perspective on the
world that it is able to avoid the endless cycle that characterizes more unequivocally
interpretive practices. The corollary of this is that what cannot be manipulated
(either predictively as with astronomy or materially in the laboratory) cannot
be known, scientifically. In many fields with a substantial empirical component,
such as history, the interpretive character remains dominant, and closure is rarely
achieved in part because (contra science) human moti vations, intentions and ac
tions are implicated non-reductively in the substance of what is studied. These
domains, and this point is central to the overall argument of this paper, are not
amenable to instrumental forms of practice.
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Allowing beings to be the subject of instrumental action, or not, has ethical
implications, most obviously in respect of human beings. Human beings are attrib
uted a subjective status and an authority over themselves and their bodies which
is inimicable to their being treated merely as manipulable objects, and this limits
their treatment as objects of science. Other living creatures, and sometimes the
Earth itself, are occasionally attributed this quality in modified form . It may be
recalled that a person who seeks to use others as mere tools, means or objects is
often described, with a derogatory connotation, as 'manipulative' . The ways of
knowing associated with science are strictly limited in their applicability to human
beings and human relationships, including within classrooms (Donnelly 1999).
There is an intimate link between science's epistemic instrumentality and the ontic
characteristics identified in the previous section .

Jurgen Habermas used the term 'instrumental sciences' to signal a great divi
sion from what he called the hermeneutic sciences (using 'science' in its broader
Continental sense) . Hermeneutics may be taken here to refer to a self-consciously
interpretive practice, or perhaps even the ' theory' of such a practice. Within in
strumental science ' the meaning of the validity of statements is determined with
reference to possible technical control of the connection of empirical variables'
(Habermas 1972: 94-139). Habermas ultimately contrasts this with that hermen
eutic interest which aims at 'the maintenance of the intersubjectivity of mutual
understanding within whose horizon reality can first appear as something' (ibid.
176). Note Haberrnas 's Heideggerian placement of 'reality ' (and implicitly instru 
mentality) in a derivative status. This formulation of the relationship is an important
strand within phenomenological writing, including that of Husser! (Moran 2000 :
144).

To a degree concomitant with their specific subject matter the hermeneutic ' sci
ences' display, in relation to each of the three characteristics which I identified
in the earlier section, a counteremphasis to the instrumental sciences. They are
strongly personal in orientation (though this is not to say subjective), indeed they
depend for their special characteristics on the different interpretative standpoint of
another person. Indeed the hermeneutic relationship often appears to be intrins
ically three-way, involving both the object of study and others engaged with it.
In natural science, as I have suggested, the 'other' (as the focus of attention) is
necessarily a material object or system. The hermeneutic sciences acknowledge
the thoroughgoing equivalence in ethical status of the other, one which goes well
beyond even that attenuated status which requires a 'duty of care', as when non
human animals are objects of scientific practice. Where possible, these ' sciences'
acknowledge reflexivity in the hermeneutic endeavour: that the process may well
change the character of its 'object', to the extent that that 'object' can understand
the interpretations made, or even when it cannot, as in our deepening understanding
of a work of art. These characteristics figure in most humane curricular areas . Two
important aspects might be highlighted. Firstly the subject matter is commonly the
lives, writings or speech of others . Secondly, teaching is predicated on establishing
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an interpretive relat ionship on the part of pupils with the object of study, one which
is commonly explored in dialogue with the teacher. Und er both of the se aspects, in
however embryonic and primit ive a sense, the ethica l, the personal and the reflexive
are fundamental and inescapable.

Curricu lar areas (the boundaries of which are of course, to some degree, ar
bitrary) exhibit a wide and heterogeneou s engagement with the two ideal -typical
modes of knowing I have sketched. But it can hardl y be doubted that natural sci 
ence sits at one extreme, in its programmatic eliminat ion of the personal within its
objects of knowledge and even its mode of knowing. Disciplines such as history
and English literature sit at the other. Even technology, which might appear the
archetypal means-ends field, is quite distinct from science in this respect, for two
reasons. First, technology does not, at least not nece ssarily, aspire to the uni ver
sality, the, as it were , perspectival -independence of science. Second, techn ology
usually engages directly with hum an want s and needs, and the meaning and signi
ficance of those need s and wants involves an inescapabl e interpretive engagement
with the hum anity of those who bear them .

I am not seeking to deny that natural scie nce possesses a hermeneut ic dim ension
(Ege r 1993a, b; Ihde 1998). The pract ice of science involves extended, symbolic
ally med iated interaction. It is difficult to imag ine any form of scie ntific activity,
even the most seve rely instrumental, which would not involve a very substantia l
symbolic component. As Radder sugges ts: 'experimental action is discursively
mediated right from the start' (Radder 1988, 170). The point might be put dif
fere ntly: what it is to be instrumentally effective, even at a material level, is a
matter of interpre tation. But instru mentality has a way of asserting itself, as in
Alan Sokal's invitation to any sceptic about realism to step out of his (2 1st floor)
window.II Jon Ogborn argument for realism is: 'You can think what you like but
you cannot do what you like' . Yet the attenuation that goes with this argument must
be acknowledged . Wh at else are we to understand by Ogborn 's statement but an
instrum ental criterion of (recognizing) reality. The elision of the boundary between
knowing and doing is clear enough (Og born 1995).

Despite the ineluctability of the hermeneutic , instrumentality is the ultimate
court of appeal in science. It might be formulated somewhat metaphori cally as a
limit ing case which is never reached in its pure form . Even the death which might
be the outcome of leaving Sokal' s flat by the window has been shown in recent
years to be not quit e the limiting case it once was, but to be, in Radder's term s,
discursively mediated. Even so, without instrumentality science would be unable
to escape from the endl ess (though of course not necessarily fruitless) hermeneutic
movement of the hum anities. 'Thinking with empirical content' would, to appro
priate McD owell's vivid image, 'degenerate into a picture of a frictionless spinning
in a void' (McDowell 1996, 50).

In sum, I wish to argue that these symbiotic ontic and epistemic characteristic s
are the necessary, though perhaps not sufficient, conditions under which natu ral
science achieves its special consensual and techn ically effect ive character. It might
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be said that all of this is simply an elaborate way of saying that empirical science
is empirical. I accept the point in part, but I think my formulation sharpens and
disaggregates the issue . It also speaks directly to the curriculum.

6. Science in the Curriculum

Natural science, except as interpreted by affiliates to a reductive physicalism, does
not deny the personal or the ethical. It merely stands aside from it. Occasionally,
consciousness of the problems of such an ethically and personally bereft view of
the world surface . We were blandly told in one version of the National Curriculum
for England and Wales that 'while science is an important way of thinking about
experience, it is not the only way ' (DESIWO 1991: 22). But this acceptance of
what might be called an ontic parallelism is only bland if it is assumed that pupils
take an equally disinterested attitude towards these various construals of the world .
The possibility must at least be entertained that they do not. Many pupils ' central
interest, as they mature, is likely to be increasingly in the humane, the personal
and the aesthetically and ethically significant.'? The statement cited above has
vanished from the National Curriculum for England and Wales, in the cavalier way
of these documents with intellectual issues . One finds in the current version that
pupils ' 'spiritual development' is to be promoted within the science curriculum by
'exploring questions such as when does life start and where does life come from?'
(DfEE/QCA 1999: 8). What these grand-sounding statements mean in terms of the
science curriculum remains to be seen.

There has been a wide-ranging impetus towards curriculum development within
science education since at least the 1950s, supported in recent years by arguments
which suggest that science as a field of study is failing to attract pupils . It is not
always easy to distinguish between shifts in pedagogy and shifts in curricular aims
within the changes that have been envisaged. Their character has been superfi
cially diverse . I suggest that they can be classified under three broad, though not
always distinct, orientations. There has been an effort to increase the emphasis
on inquiry by pupils themselves. There has been the Science Technology and
Society (STS) 'movement' . Finally, there has been sustained exploration of so
called constructivist pedagogy, in which attention is given to the transformation of
what are represented as pupils' spontaneous or everyday ideas, and to pupils' self
conscious achievement of understanding. I will argue in this third section that these
apparently divergent themes reflect a common impetus within the recent history
of the science curriculum: to oppose that closure of the hermeneutic dimension,
which, I have suggested, is the distinguishing epistemic characteristic of science.
More specifically, the impetus is to undermine the perception of science as divorced
from ethical and personal concerns.

According to Black and Atkin, an emphasis on inquiry-orientated laboratory
activity is a commonplace in curriculum development around the world (Black
& Atkin 1996, 32). The rationale for this emphasis is largely a variation on two
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themes. It is claimed that inquiry-orientated pedagogy offers children insight into
the methods by which science achieves reliable knowledge. Beyond expressing
some scepticism, I will make no further comment on this claim. It is also often sug
gested that such methods pass ownership of learning, or of the science to be learnt ,
to children themselves. The thought appears to be that undertaking independent
inquiries enables pupils to engage at a personal level with science. The process
might thus be termed a 'personalization' or perhaps 'individuation ' of science in
the curriculum, in which pupils ' interpretive activity has a legitimate and central
place .

A range of issues could be raised here , some of which have been explored
in commentaries on the British 'Nuffield ' projects. At the most concrete level,
it is doubtful, at least as matters have progressed within English science educa
tion, whether it is possible to identify areas of experimental activity in secondary
school s which are in some realistic sense open, and in which may be enacted,
more or less authentically, the practices of inqu iry (Donnelly et al. 1996) . Al
lowing the possibility that such activity might be identified on any scale.' :' such
a pedagogic strategy might , perhaps, show that the process of scientific invest
igation is exciting, complex and difficult, and sometimes ineffective. It might be
possible to enable pupil s to demonstrate a form of creativity. But , even if all of
these desirable outcomes were to be achieved, the epistemic imperative, and ontic
programme, of science would remain . The points which I have raised would re
main untouched. Furthermore, the trajectory of scientific inquiry is in the reverse
direction from individuation. The investigatory process serves to demonstrate how
science removes knowledge from the domain of the individual, making it universal
and depersonalized. It is difficult to see how such a process could also serve the
purpose of individuating science in its relationship with pupils .14 It might be argued
against this position that all intellectual endeavour, including that of the humanities,
seeks intersubjectivity, and even universality. Some part of this response I accept,
though I suggest that the emphasis on universality is close to being specific to
science. But the intersubjectivity of the humanities is quite different from that of
the sciences. Deeply hermeneutic practices remain at the heart of the process, as
does the individual human response. The intersubjectivity which characterizes the
humanities does not achieve, or even seek, that closure which characterizes the
natural sciences: the humanities are chronically dialogic. I suggest that they have
this character because they have no instrumental moment. Scientific knowledge is
very different. It becomes, to use Bruno Latour's metaphor, a black box which is
difficult , if not impossible, to re-open. Let us also recall that the possibility of such
instrumentality rests on the ontic refusal of the personal and the ethical in the self
chosen subject matter of the natural sciences. These two characteristics of natural
science are not merely contingently related.

It is not an accident that the primary function of laboratory work within school
science, beyond its contingent motivational effects, has historically been, and
usually still is, quite other than the project of ' inquiry-based' science education
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suggests. Most of the science to which pupils in school are exposed is at present
well- established. Laboratory work demonstrates, or is intended to demonstrate,
the instrumental power and material grounding of science. To put the point as
emphatically as may be, the ubiquity of the laboratory, and the great extent to which
it conditions science teachers ' work , in England at least, might be seen precisely
as a celebration of the distinction between natural science and the hermeneutic
disciplines (Donnelly 1998). It is a celebration of closure, of the means of closure
and of the end of interpretation.

The second form of curriculum development, the STS curriculum is, at one
extreme, little more than a motivational tool for more traditional curricular aims,
based on social and technological issues in which science is implicated. At the
other, it embodies an effort to transform the central aim of science education into
that of promoting critical understanding of the creation, use and implications of
scientific knowledge. This too is a form of personalization, in which individual
judgement, and the absence of closure, are central. It is significant that the STS
movement draws substantially on historical dimensions of science, and thus ap
peals to a discipline , history, with a radically hermeneutic aspect" (Solomon &
Aikenhead 1994; Donnelly 1999).

The attempt to 'hermeneuticize' , or perhaps de-instrumentalize, school science
is indeed most convincing in the context of the more radical forms of the STS
movement. But it is convincing precisely because the focus of the pupils' attention
is not scientific knowledge in its usual sense. The issues of ethical and political
judgement which STS curricula invite pupils to address are of irreducibly human
significance within the world . There is no possibil ity of a instrumental resolution.
STS curricula might introduce the pupil to the view that the success achieved by
science, through bracketing the complexity of the world , is dangerous . It might
demonstrate that the process of scientific investigation is, as Lacey claims, apt to
interact destructively with the social circumstances surrounding it (Lacey 1999).
Yet in all of this there is some sleight of hand. What such curricula invite is the
replacement of education in science with curricula in what might be loosely called
the political sociology of science. Such a shift has a range of implications. To
sloganize: it is not an education in science, but an education about science. Thi s
may be a desirable change in emphasis, though I venture to doubt it. But let us not
pretend that it is other than a major shift in the foundations and character of the
science curriculum. It would involve major shifts in the expertise which teachers
must display.

The sleight of hand operates also in a different direction. On what basis does
science sustain its place in the curriculum? (Let it not be forgotten that, in England
and Wales , late secondary age children commonly spend more time studying sci
ence than any other school subject.) I suggest that the political support for its place
derives from the claims that science makes as an incomparable human intellec
tual achievement, from the authoritative knowledge of the material world which it
provides, and from its supposed economic benefits. Whether the claims of science
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in the curriculum would be sustained by the argument that it provides a vehicle for
political education, or a vehicle for education in ethical judgement, or a preparation
for critical encounters with expertise is, at best, not proven . None of these domains
is uniquely linked to science, and there are other areas of the curriculum which
might prove better educational vehicles for their exploration. If, on the other hand ,
it is suggested that the application of these qualities in specifically scientific set
tings merits the dedication of a major proportion of our educational resources, one
can perhaps only observe that the case has yet to be made on the necessary scale,
and so as to address the population at large, who in the end provide the resources
for science education.

Of constructivism I have little to say, in part because it is difficult to identify
any clear theme within the wide-ranging issues, arguments and controversy sur
rounding this term, but also because it can often appear as no more than a glorified
pedagogic technique. Nevertheless, I suggest that its advocates commonly display
an emphasis on the individual pupil's relationship with scientific knowledge which
shows at least some overlap with the themes of individuation, judgement and
interpretation that have been my concern here.

In each of these three approaches to curricular change there is a strand which
simply seeks to find more effective methods of teaching scientific knowledge. But,
in each, with the possible exception of 'constructivism', there is also a strand which
seeks to transform the deeper aims of the science curriculum. I have suggested that
these innovations, particularly in their radical manifestations, but even as mere in
struments for the promotion of better scientific learning, share a common impetus .
In Habermasian terms, that impetus can be construed as breaking down the barriers
between instrumental and hermeneutic disciplines, so as to radicalize, strengthen
and individuate the interpretative moment within science education. It might also
be seen as putting at a more individual level the relationship between pupils and
scientific knowledge. To use more traditional terms, it might be judged as seek
ing to find a place within science for the highest aims of 'liberal' or 'humane'
education. I have made little use of these terms, but I understand them to refer
to an education which focuses on the development of pupils' capacity to bring to
bear independent powers of ethical, intellectual and other judgement, and to do so
facing other human beings exercising similar powers . Central to this point is the
requirement that the subject matter under study should be authentically open to
such judgement and, what is the corollary of this point, intrinsically resistant to
closure. Can this be the case with the natural sciences to be taught in schools?

7. Conclusion

The construal of the world sketched in the first part of this paper is, as I claim , a ne
cessary, though perhaps not sufficient, condition of the effectiveness and power of
science. The characteristics identified are, fundamentally, ontic, though their ontic
character is mediated by an epistemic practice which reveals the world under an
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instrumental aspect. The personal, the ethical and the reflexive cannot be addressed
through a practice dominated by instrumentality, in its engagement with the world,
and by closure, in its intended outcomes. This difficulty has implications for the
character and limitations of the educational aims to which the science curriculum
might aspire . As a result, despite its claim to be perhaps the greatest of human
intellectual and material achievements, natural science can often appear to oc
cupy a marginal place within those higher aims of education which extend beyond
engagement with and mastery of an authoritative, pre-given body of knowledge.

Contemporary curricular developments in science tacitly acknowledge this dif
ficulty. But they are severely disabled by a lack of intellectual self-awareness, a
piecemeal and superficial approach, and a failure to understand the challenges
offered by the ontic and epistemic character of science. It is, then, ironic that it
is precisely these challenges which, as I claim, underly much of the motivation for
change. It seems to me inescapable that the first and most obvious educational
purpose of science in education is to teach pupils about the most authoritative
knowledge we have of the world, under its material aspect. The coherence and
legitimacy of this purpose must be acknowledged, both intellectually and politic
ally, rather than side-stepped or denied . It is only against this background, and the
difficulties which it brings, that a project to reposition science education within the
wider aims of a humane and liberal education can realistically be countenanced.
Indeed it might be argued that the starting point for such a project ought to be
explicitly to confront pupils, when they are mature enough, not with an ersatz
political sociology or epistemology of science, but with the perils and challenges
of a materialistic account of the world.

Notes

1 I am aware that in some settings, e.g., the AAAS Benchmarks for Science Literacy (AAAS.
1993) an effort is made to include the human and social sciences within the notion of science,
or at least science literacy. This seems to me to be an unhelpful approach, because it appears to
ignore arguments over whether or to what degree these latter areas can adopt an empirical approach ,
because it ignores the issues raised by the emphasis within the social sciences on what has been
called the double hermeneutic and interactive forms of knowledge (see below) and because, at least
in the AAAS document , it results in statements of supposed 'scientific knowledge' which are little
more than platitudes . (For example : 'Sometimes social decisions have unexpected consequences .. . ' .
AAAS, 1993: 165).
2 On empirical psychology. see note 5 below.
3 I should perhaps stress that I am only here referring to the programmatic assumptions of science,
and not committing myself to a dualistic theory of mind and matter.
4 Lacey has provided a subtle book-length development of his argument , though I would still wish
to claim that the final point just made stands (Lacey 1999). To anticipate a later section, it might
be claimed that the emphasis within science on prediction and control is a kind of 'value', and one
which preferentially articulates with projects which similarly stress prediction and control (such as
those of the 'military-industrial complex'), and which are taken to be less socially desirable than
other projects (such as supporting 'organic' farming) . This argument, if sustainable, undermines the
independence which I am claiming. But the argument assumes too great a similarity between the



124 JAMES DONNELLY

place of prediction and control in the context of scientific practice and other settings. Science values
prediction and control (as a measure of understanding) as nearly as possible for its own sake, as an
indicator of knowledge. That is as true of 'industrial' or ' military ' science as 'pure' science. There
would be no purpose in creating science for industrial purposes which proved to be incapable of
instrumentally enabling the necessary techni cal activity. To return to the point made in the main text:
no number of 'values' can alter the material potentialities of the world. The valuing of prediction and
control of the material world in other dom ains seems to me to be largely subservient to some other
value, such as military or economic superiority. Further, I suggest that all material practices to some
degree value prediction and control. What makes a difference is the wider ethical environment in
which these 'values' are set. Prediction and control have a place in organic farming, the conservation
of biodiversity and so on.

S I am again setting aside the question of whether scientific understandings are sufficiently under
determined by the world for these influences to have substantive impact on the conceptualizations
arrived at. Should this be the case, then ethical categories might be construed as not external to
those of science, and influential on scientific knowledge. But it is a weak and , as it were, contingent
relationship, still some distance from the claim that scientific categories have intrinsic ethical content.
It leaves untouched the claim that the material/perforrnative possibilities of the world are independent
of our ethical judgements.

6 My argument also raises more specific questions about the human sciences. A recognition of the
irreducible and ineluctable individuality of human subjects is a necessary precondition for socially
acceptable research in this area , certainly in the non- clinical area, and probably also in the clinical.
An instrumentally-orientated empirical psychology which construed human beings as merely the tar
gets for manipulative intervention (while perhaps technically possible) would be highly questionable
ethically. The argument here derives in part from later points relating to the instrumentalism which I
take to be a central aspect of science. Only under very specific circumstances. such as clinical medical
practice. or highly safeguarded voluntaristic settings, can ethically significant beings be subject to a
thoroughgoing instrumental practice.

7 This analysis stands in a somewhat problematic relation to a field such as economics. Economic
behaviour might be construed naturalistically, but the case that the categories of economics are arbit
rary human creations is stronger than it is in the natural science. Certainly the phenomena reported
under those categories are likely to be reflexively influenced by economists' reporting of them, as
they become known to economic actors. This is another reason for the restriction of my argument to
the natural science.
8 When using this argument in seminars I have been surprised to find it interpreted as a direct
advocacy of a science curriculum based entirely on what educationalists call 'content' (by which
term I understand them to mean scientific knowledge). As a corollary, I am thought to be claiming
that attempts to introduce pupils to the methods, limitations and implications of science are mistaken.
This is not my direct intention. but I must add two qualifications. First. I hope that the arguments I
am putting forward about about science will be judged on their merits, rather than on their supposed
implications for whatever is currently fashionable or unfashionable within science curriculum devel
opment. Second, much of what passes for education in the methods, limitations and implications of
science appears platitudinous or contentious, and to have little to do with the real needs of citizens
confronted with contentious issues with a scientific dimension . As I indicate later, such innovations
often appear more like an attempt to find a more convincing, or at least fashionable, purpose for a
science curriculum apparently in difficulties.
9 Paul Dirac once famously, and quotably, argued that '(i)t is more important to have beauty in one's
equations than to have them fit experiment ' . The quotation might be judged an example of the huhris
of the theoretician, though when read in context it appears to suggest that Dirac was making a more
suhtle point, about the historical development of scientific ideas (Dirac 1963: 47) .
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10 To anticipate, hermeneutics has commonly distinguished between scientific causal explanat ion
and that understanding which is more properly the domain of the humanities. Whethe r it is called
'unders tanding ' or 'explanation' , the key distinction is contained in the reference to causality, with
the key possibili ty, and cri terion of acceptabili ty, of using these systems of causali ty for predictive or
manipulative purpose (Moran 2000 : 276).
I I Soka l was the perpetrator of the now infamous Social Text hoax .
http://www.physics.nyu.edu/faculty/sokal/l inguaJ ranca_v4/1ingua_franca_v4.html

12 In certain circle s of UK science educatio n it is a conventional wisdom that pupils in primary
schools are more enthusiastic about scie nce than those in seco ndary schools. This is usua lly attributed
to the quality of the science teaching they experience. So far as can be judged the hypothesis that the
shift is due to the growi ng maturity of pupil s has never been seriously considere d (Ford & Baxter
1998, 29).
13 I am not referring to such ' investigations' as ' the effect of acid concentration on the reaction
between marble chips and dilute hydrochloric acid', the staple of ' investigatory ' work in English
schoo ls.
14 In other words, the difficult ies which the introduction of investigatory work into the National Cur
riculum for England and Wales has experienced is no mere contingency of bungled implementation,
and wilful ignorance of the realities of science teachers' work , but reflects fundamental philosophical
difficulties (Donnelly et al. 1996).
15 A careful analysis of the raidi ng of some of the scie nce studies literature by science educationists
has been provided by Turner and Sullenger ( 1999).
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The Primacy of Cognition - or of Perception? A
Phenomenological Critique of the Theoretical
Bases of Science Education

BODAHLIN
Department ofEducational Sciences , Karlstad University, Sweden

Abstract. This paper is a phenom enological crit ique of a particular trend in educational research
and practice , which is identified as "cognitivism", The basic feature of this trend is a one-sided
and exclusive focus on conceptual cognition and concept formation, with a simultaneous neglect of
sense experience. It is argued that this kind of thinking is the result of the reception by education of
epistemological theories, which have an objective alien to that of education, which is the all-round
development of human personality. The discussion draws mainly upon the philosophies of Dewey,
Husserl and Merleau-Ponty, It is argued that present, mainstream theories of science education need
to be complemented with phenomenological perspectives. This would make the transition from im
mediate lifeworld experience to the idealizations of scientific theories less difficult for students. It
would also contribute towards less alienation between man and nature .

1. Introduction

It seems that one of Dewey's main interests was to find a way out of the dilemma
of the apparently necessary choice between inhuman rationality and human irra
tionality. In order to do so, the assumption of a primary dualism between subject
and object had to go (Biesta 1994). In the first chapter of Experience and Nature
(192911997), Dewey discusses this dualism in terms of the commonly accepted dis 
tinction between the two categories that constitute the title of the work . According
to dualism, experience and nature are external to each other. Experience is regarded
as "too casual and sporadic to carry with it any important implications for the nature
of Nature", whereas nature "is said to be complete apart from experience" (ibid .,
p. 1). Dewey attempted to (re)establish a non-dualistic perspective on the relation
between human experience and nature, or the world in general. His purpose could
also be rendered in terms of the alienation of human beings from nature. If all
significant human concerns are conceived as infinitely distant from what is con
sidered to be objective, real, and true, it becomes very difficult for sensitive people
to feel at home in the "real" world . Such a concern also lies behind this paper. It is
a critique, from this point of view, of the theoretical bases of mainstream research
and practice in science education.
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Dewey admits that he could not find any direct arguments to disprove the du
alistic position. One can only hope, he says, in the course of one's discussion to
produce a change in the previously attached significations to fundamental terms
like "subject" and "object", or "experience" and "nature" (ibid., pp . 1-2). A long
tradition of discourse and practice have produced and solidified the significations
attached to such terms. These signifying links cannot be cut off in an instance.
However, through the creation and establishment of an alternative discourse they
may gradually change. This paper is also an attempt in this direction.

What 1try to show is the need for phenomenological and "aes thetic" (see below)
perspectives in the research and practice of science education. Without the imple
mentation of such theoretical visions, the major trend in present science teaching
- based (I will argue) on the primacy of conceptual cognition - will not only
contribute to students ' alienation from nature, but from science as well. The main
sources of my discussion are the non-dualistic philosophies of Dewey, Husserl and
Merleau-Ponty. I

Dewey substituted the classic epistemological dualism between subject and ob
ject with a triadic relation between subject matter, objective and inquirer. The same
subject matter can be inquired into with different purposes: scientific, aesthetic,
religious, and political. Different objectives lead to different knowledge. Dewey
would certainly hold that an investigation of natural phenomena from the point of
view of art would be as educationally legitimate as a scientific inquiry into them.
It would just have a different objective. However, 1 contend that we can keep the
same objective as science, and still put more emphasis on the aesthetic dimension
of knowledge formation . By aesthetic 1 mean a point of view which cultivates a
careful and exact attention to all the qualities inherent in sense experience.? The
objective of such an approach to natural phenomena would be not merely to ap
preciate their beauty, but also to understand them. Nature "speaks" through the
gestures it makes in its forms, colours, sounds, smells, and tastes. From ancient
times , human inquiry has tried to understand this " language" of nature. Gal ileo
also wanted to understand it, but for various rea sons he assumed that the only
language nature was capable of speaking was that of mathematics. His approach
was, as we know, very effective and succes sful. Therefore, after the so-called sci
entific revolution of the 17th century, philosophers began to regard non-quantifiable
sense experience as irrelevant for true, i.e ., scientific knowledge. Philosophers and
natural scientists started to listen to the voice of nature through very th ick walls as
it were, walls which let through only the thin and abstract sound of numbers and
formulas. Hu sserl (1970) called this cultural and historical process the "mathem
atization of nature". A phenomenological approach to nature, following Husserl's
imperative to "return to the things themselves", calls upon us to tear down these
thick wall s and start to listen to all that nature has to say. It is as if nature has a
hundred languages, but we have become deaf to ninety-nine of them. In order to
(re)di scover these languages, we have to intentionally and attentively explore all
aspects of sense experience.'
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Is the science education going on in our schools today a part of this deafening
process? To the extent that these educational activities are informed by epistem
ologies and theories of learning which do not pay due attention to the aesthetic
dimension of knowledge formation, I believe that it is. The main part of this paper
is a critique of those aspects of such theories, which I believe contribute to an
"anaesthetic" and alienated view of nature.

2. Dewey, Merleau-Ponty, and the Rejection of Dualism

In his philosophical thinking, Dewey was radically committed to "lived experi
ence". His was a historical , contextual, and qualitative theory of experience, very
different from the sense data atomism of the British empiricists (Boisvert 1998) .
Dewey identified and opposed a major negative trend in Western philosophical
thinking, which he called intellectualism, in which experience was misunderstood
as a form of knowledge or knowing. Thus, by intellectualism he meant

. . . the theory that all experiencing is a mode of knowing, and that all subject
matter, all nature , is, in principle, to be reduced and transformed till it is
defined in terms identical with the characteristics presented by refined objects
of science as such . (1997, p. 21)

For Dewey, experience is always embodied and immediate, enjoyed or suffered,
whereas knowledge is the mediated product of inquiry, such as the "refined objects
of science". His critique of intellectualism was not intended as a denigration of sci
ence or reason . It was the inherent reductionism that was his target. Intellectualism
reduced the manifold forms of experience to a mere knowing, as well as the rich
complexity of nature to what a single type of inquiry, viz ., science, can say about
it.

Boisvert (1998) summarizes Dewey's philosophical critique as directed against
three major "dogmas" of Western thought, which he labels "the Plotinian tempta
tion", "the Galilean purification" and "the asomatic attitude" (p. Sff). The Plotinian
temptation has been present ever since Plotinus and the neo-platonics. It is the
tendency to reduce everything to a single, underlying "unity". This can be seen for
instance in the Cartesian search for a single, irrefutable idea, or in the simple sense
data of Locke. "Oneness" has always been at least a regulative ideal of philosoph
ical thinking. Dewey opposed this "temptation" because it could not represent the
irreducible multiplicity, which characterizes the world and human life.

Galileo's law of free falling bodies exemplifies the Galilean purification, which
ignores such factors as the friction of the air and other accidental circumstances.
It was Galileo's great discovery that the muddled context of everyday experience
could be substituted for an idealized situation in which all accidental and con
tingent factors were rendered invisible. This made it possible to construct the
mathematical principle regulating a free falling body. The mathematical law is
certainly useful. However, there is a serious but very common mistake to take it
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as more real than the concrete phenomena it refers to. According to Dewey, the
succe ss of science has made philosophers look for Galilean purifications in their
own field and to consider them as more real than life itself.

The asomatic attitude is the mind-body dualism, the assumption that cogni
tion takes place only in and by the mind. Knowledge, according to Dewey, is
derived from embodied intelligence, not from an asomatic reason having a life and
existence independent of the senses and affections of the lived body .

Dewey's (1997) critique was concerned with philosophy. However, as Boisvert
(1998) points out, since the 17th century the Galilean purification and the asomatic
attitude have had their effect on educational thought and practice as well. This is not
surprising, since education was long a subdiscipline of philosophy. Philosophical
theories of the nature, origin and grounds of knowledge have had a continuous
influence on educational theory, research and practice. If the dualistic and intellec
tualistic traits of Western philosophy is taken as the basis of educational thought,
the result is what Dewey called the "spectator theory of knowledge". According
to this view, learning is best accomplished when the student is detachedly and
objectively watching or listening, with the other senses, the body, and the feelings ,
as little involved as possible. Dewey, however, was concerned that intellect, senses,
feelings , manual skills and moral development were all integrated in the learning
process. Instruction should never focus on the intellect alone, at least with younger
students. Dewey 's efforts to reform education therefore went hand in hand with his
philosophical critique.

The spectator theory of knowledge is no longer prominent in educational
thought. The word of the times is "constructivism", with its emphasis on students'
active knowledge construction." However, most theories of constructivism remain
within the dualistic framework which Dewey opposed, in particular those theor
ies that focus on individual psychological processes. Reality, or nature, is seen as
external to and independent of both knowledge and experience. For example, von
Glasersfeld (1990) writes :

[Constructivism] treats both our knowledge of the environment and of the
items to which our linguistic expressions refer as subjective constructs of
the cognizing agent. This is frequently and quite erroneously interpreted as
a denial of a mind-independent ontological reality, but even the most radical
form of constructivism does not deny that kind of independent reality. (p. 37)

Furthermore, such theories often have an intellectualistic flavour in that they tend
to collapse all difference between experience and knowledge (cf. Suchting 1992). I
would also maintain that traits of the Galilean purification and the asomatic attitude
still exist, particularly in science education.

In order to explicate further these claims, Dewey's thinking has to be comple
mented with Husserl's phenomenological critique of science and Merleau-Ponty's
phenomenology of perception. There are two basic connections between Dewey
and phenomenology: one is the anti-dualism, the other is the critique of intellec
tualism. As for anti-dualism, both Husserl and Merleau-Ponty view subject and
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object, experience and world, as internally related . The world and human con
sciousness mutually constitute each other; one is unthinkable without the other.
They are two sides of one whole, connected by the intentionality of conscious
ness . According to Merleau-Ponty, the phenomenological concept of intentionality
entails that this unity is lived as "ready-made or already there", even before our
reflective knowledge of it (1992 , p. xvii). Consciousness is seen as "meant for
a world which it neither embraces nor possesses, but towards which it is per
petually directed" (ibid .). Dewey, on his side, although not using the concept of
intentionality, expresses basically the same idea when saying that experience is a
"double-barrelled" word, because "it recognizes in its primary integrity no divi
sion between act and material, subject and object, but contains them both in an
unanalyzed totality" (1997, pp. 10-11). In comparison, "thought" and "thing" are
"singe-barrelled" since they refer to products discriminated by reflection out of
immediate experience.

Merleau-Ponty's critique of intellectualism has a different tone from that of
Dewey's. Nevertheless, it addresses basically the same trait of philosophical and
psychological theories. For Merleau-Ponty, the weakness of intellectualism (as
well as its opposite stance, empiricism) is the inability to understand and account
for human perceptual consciousness. Intellectualism renders consciousness itself
"too rich for any phenomenon to appeal compellingly to it" (1992, p. 28). That is,
what we already know intellectually is allowed to play too great a role in explaining
perceptual awareness. For instance, intellectualism does not see that we are neces 
sarily ignorant of what we are trying to learn, otherwise we would not look for it.
This means that intellectualism cannot "grasp consciousness in the act of learning"
(ibid ., italics in originalj/' since according to it, all experience is preformed by the
concepts already inherent in consciousness. The failure arises out of an external ,
dualistic and non-dialectical view of the relation between the subject and object of
perception. We have to realize, says Merleau-Ponty, that there is no reason "hidden
behind nature, but that reason is rooted in nature" and that the role of intellectual
judgement in perception is "not the concept gravitating towards nature, but nature
rising to the concept" (ibid ., pp. 41, 42; italics mine) .

For Dewey on his part, intellectualism entailed as we have seen a reduction
of experience to the "refined objects of science as such". Thereby, experience is
divorced from nature: "When intellectual experience and its material are taken to
be primary, the cord that binds experience and nature is cut" (1997, p. 23). If this
point of view is generalized, other aspects of our everyday lifeworld experience is
considered less real (or even unreal) :

[T]he discoveries and methods of physical science, the concepts of mass,
space, motion, have been adopted wholesale in isolation by philosophers in
such a way as to make dubious and even incredible the reality of the affections,
purposes and enjoyments of concrete experience. The objects of mathematics,
symbols of relations having no explicit reference to actual existence [.. . ]
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have been employed in philosophy to determine the priority of essences to
existence ... (ibid ., p. 33)

At this point Dewey's thinking is in total agreement with Husserl 's (1970) later
philosophy. When mathematically formulated physical laws are seen as explan
ations of observed phenomena they tend to be taken as more real than the
phenomena themselves. The result, according to Husserl, is

. . . [a] surreptitious substitution of the mathematically substructed world of
idealities for the only real world, the one that is actually given through percep
tion, that is ever experienced and experienceable - our everyday life-world.
(1970, pp. 48-49)

Harvey (1989) calls this "the Ontological Reversal": abstract models for a sup 
posedly hidden reality behind concretely experienced phenomena takes on a higher
ontological status than these experiences themselves. According to Husserl, the
problem with this reversal is that science thereby divests itself of the very basis
for its verifications. Scientific theories can only be tested and verified in and by
immediate sense experience. But if this experience is by definition not (or less)
real, what evidence can it provide? This is an aspect of the intellectualistic fallacy
and the Galilean purification, which Dewey does not seem to discuss, presumably
because he had a purely pragmatic view of scientific knowledge, meaning that
scientific theories cannot be regarded in a realist way, or in accordance with the
correspondence theory of truth.

The Galilean purification and the ontological reversal both have to do with the
idealizations carried out in science, that is, the abstraction from the accidents and
contingencies of everyday experience. This is now recognized as one of the major
stumbling blocks in students' acquisition of scientific understanding (Matthews
1994, pp. 211 ff). In science teaching and learning - consciously or subconsciously
- idealizations in science are easily turned into Galilean purifications and ontolo
gical reversals, creating a rupture between students' intuitive lifeworld experience
and scientific knowledge, which is hard to bridge. I will return to this issue in the
conclusion of the paper.

If, as Dewey maintains, all our intellectual pursuits have a specific purpose or
goal, then the objective of traditional epistemology would be to give a logically
coherent, formal theory of (scientific) knowledge and knowing. But is such an
objective altogether in harmony with educational concerns? Perhaps we make
a serious mistake if we base all our educational theories on such philosophical
grounds. The next section will illustrate this suggestion.

3. Kant, Piaget, and Intellectualism

Kant is sometimes called Newton's philosopher, because he set out to formulate
the epistemological foundations for Newtonian science. His epistemology was con
cerned with the foundations of scientific knowledge. Yet, in his writings he most
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often used examples of everyday knowledge, such as the experience of seeing a
dog and knowing that "this is a dog" . As Bohme (1980) has pointed out, Kant's
epistemology fails to distinguish between our everyday lifeworld experience on
the one hand, and the purely theoretical know ledge of science on the other:

It is a general weakness of the Kantian theory of knowledge, that it does
not distinguish between lifeworld experience and scientific experience. Since
its ultimate aim is the grounding of scientific experience, especially that of
physics, yet continually works with examples from everyday experience, and
since Kant always speaks about "experience in general", the impression is
engendered that this distinction does not exist at all. (p. 71)6

The lack of distinction between these two realms of knowing and experience con
tributed to the reception of Kant's epistemology - in particular that of Kritik der
reinen Vernunft (KdrV) - as dealing with all kinds of knowledge, not only science.
Thereby he also contributed to the intellectualism described in the previous section,
making all experience dependent on theoretical or conceptual knowledge.

From an educational point of view, it is interesting to observe that a similar
confusion seems to have arisen about the works of Piaget, who, by the way, owes
some of his central concepts to Kant. (For instance, Kant in KdrV introduced the
notion of schema, and Piaget's distinction between figurative and operative know
ledge is prefigured in the same work.) As Herzog (1991) has pointed out , many
educationalists seem not to have realized that the object of Piaget's research was
never cognitive or psychological development in general, but the psychological
genesis of scientific knowledge:"

What Piaget has presented as a psychologist is namely far from a repres
entation of "the" cognitive development. From the very beginning Piaget's
analysis of human development stands in the light of his question from the
theory of science, which he took over in a more or less unmodified form from
the natural sciences. (ibid ., p. 290)

Thus, for Piaget, the kind of knowledge constituting modem science was the more
or less taken-for-granted telos of the individual's intellectual development. It was
from this particular point of view that he described the development of intelligence
and knowledge. However, when Piaget's theory was taken up in education, it was
taken as a theory of the development of all kinds of knowledge, not just science.
Sometimes, for instance in teacher education, it even appears to have been received
as a theory of the general psychological development of children . In this way, I
believe , Piaget's thinking has come to contribute to a particular variety of intellec
tualism within educational thought, and in practice as well. I call this cognitivism.
Intellectualism is a philosophic, in particular an epistemological stance, cognitiv
ism is an educational one . In education we are primarily concerned with learning
and development, and when this concern is solely focused on the formation and
development of concepts, I call it cognitivism. Intellectualism, on the other hand,
is the ontological overinterpretation of the role of abstract, conceptual elements in
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our knowledge, understanding and experience of the world . The two are closely
linked, but not identical.

This is not to say that theories of the development of scientific cognition are
irrelevant to educational research and practice. They can certainly be of help in
fostering students ' understanding of science. Therefore, my critique is not directed
towards such cognitive theories as such , but towards cognitiv-ism. Cognitivisrn
means letting conceptual, theoretical cognition constitute the central theme of all
research or practice dealing with teaching, learning and the development of know
ledge . The acquisition of concepts then becomes the primary and most important
aim of all schooling. As Saljo (1995) has noted, concept formation is almost turned
into a "pedagogical drug" .

In an interview with Martin Wagenschein (1981), a well known German science
educator (see for instance Wagenschein 1965), the interviewer recounts how his
little daughter once refused to eat a piece of bread. The helpful father cut the bread
in two, meaning to help her eat by making the pieces smaller. But the girl cried out
that now she had to eat "even more" bread. The father "realized" that this was an
expression of the child's lack of the concept of quantity invariance, as described
by Piaget. However, Wagenschein, being a wise educational phenomenologist,
answered by pointing out that this was not the only possible interpretation of the
girl's protest. Perhaps she meant that now there was more to eat in the sense that it
would take a longer time, or that several more mouthfuls would be needed. What
the child really meant could only reveal itself in further dialogue, not by jumping
to conclusions from a pre-established theory.

The father's reaction is a typical example of cognitivism: the child's behaviour
is seen as an expression of a lack of concepts, a conceptual deficiency. This is
what her behaviour must look like, if seen from the point of view of our scientific
knowledge of nature. Naturally, the quantity of the bread is the same, whether it
is cut up in pieces or in one whole. However, from a qualitative, aesthetic point of
view, two pieces of bread are not equal to one piece, even if they are that same piece
cut in two. Aesthetically, two piece s are two pieces, not reducible to one piece."

By viewing mental development exclusively from a Piagetian, or cognitivistic
perspective, the stages of development preceding that of formal operations easily
become something the child merely has to pass through and outgrow, in order to
reach "real" thinking, i.e., the ability to carry out abstract logical and mathematical
operations. But the rootedness of thought in immediate sense experience takes time
to overcome. Thus, Piaget (1950) reports how children up to the age of II may still
consider a piece of clay rolled into a thin thread as lighter and less voluminous
than the same amount formed into a ball. This illustrates how thinking in the sen
sorimotor and (to some extent) the concrete operational stages is strongly linked to
immediate sense perception." This kind of thinking is rooted in aesthetic perception
because it starts from the immediately perceived gestures that things make. A lump
or ball of clay makes a gesture of heaviness, whereas the same clay rolled out into
a thin string makes a gesture of "lightness".
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In present day theories of education, particularly of science education, Piaget's
theory has been assimilated within the more general framework of constructivism.
Just as Piaget took up central concepts from Kant, so constructivism can be seen
as a form of neo- Kantianism (Boyd 1991) . For instance, Devitt (1991) holds that
constructivism is based on two Kantian ideas : "first, that we make the known world
by imposing concept, and , second, that the independent world is (at most) a mere
"thing-in-itself" forever beyond our ken ' (p. ix). It seems that constructivism in
general has a strong cognitivistic bias, due to its narrow focus on conceptual change
(cf. Tarsitani 1996). However, some of the forms it has taken are not incompatible
with a more aesthetic perspective on learning and knowledge formation, see for
instance Abercrombie (1960).

4. Schema - Machines of Experience Production?

In his KdrV, Kant seems to look upon sense impressions as the raw materials out
of which understanding produce, first of all, experience. The following quote is
illuminating:

For how is it possible that the faculty of knowledge should be awakened
into exercise otherwise than by means of objects which affect our senses,
and partly of themselves produce representations, partly rouse our powers of
understanding into activity, to compare, to connect, or to separate these, and
so to convert the raw material of our sense impressions into a knowledge of
objects, which is called experience. (1993, p. 30 [BI])

Perhaps this statement was the starting point for Horkheimer and Adorno's critique
of Kant's epistemology. Horkheimer and Adorno (1944) describe Kant's theory
of knowledge as entailing that our conceptual apparatus predetermines our senses
even before perception takes place. They contend that this theory is an uncon
scious reflection of the material conditions of production in bourgeois society,
where nature is treated as raw material for factory production. The bourgeoisie
"look a priori upon the world as the stuff out of which they fabricate it" (ibid., p.
103). In the same vein, Horkheimer himself later (1967) compared Kant's "pure
understanding" to a machinery of boxes and levers, imprinting its forms on the raw
material of sense impressions. Thus, according to Horkheimer and Adorno, Kant's
philosophy of knowledge is modelled on industrial production. Just as a factory
brings in raw material to work on in order to produce consumable goods, so our
"mental apparatus" takes in the "raw stuff" of sense impressions, which is worked
on by our "schemata" in order to produce - in the first instance - "experience". Ex
perience may then be further worked on, by the schemata of higher order concepts,
to produce "knowledge".

This critique of Kant is surely one-sided and unfair, not paying due attention to
all the complexities of his thinking.!" I take it up not in order to associate Kant's (or
neo-Kantian) epistemology with "bad capitalism", and then throw one out with the
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other. The reason is rather that I believe Horkheimer and Adorno very accurately
identified a basic metaphor for the way many people tend to picture the relation
between intelligence or understanding (Verstand) on the one hand, and sensation
or sense experience (Sinnlichkeit) on the other. What we receive through our senses
is looked upon as "data" , which are "treated" in various ways by our conceptual
system(s). This treatment is subconsciously modelled on the image of how raw ma
terials are processed in our factories, to produce commodities. The result of these
processes is knowledge or representations (Vorstellungen) of the "outer world".
Indeed, in our present information society, knowledge is becoming more and more
like a commodity, being "packed" and "sold" like any other marketable goods (cf.
Frohmann 1992). But if these epistemological notions are subconscious reflections
of outer socio-material conditions, do we not need to stop and ask whether they are
as valid and true as we take them to be?

Intellectualism (which Horkheimer and Adorno on their part call the "intellec
tuality of perception") and cognitivism both imply such an external and mechanical
relation between the senses and the understanding. The consequence is a tendency
to neglect the significance of more aesthetic modes of experience, as illustrated
in the previous section. As for the theory and philosophy of science, a relatively
recent example of this stance can be found in Bogen and Woodward (1992). With
reference to Churchland, they recommend that human beings learn to employ "the
pla sticity of perception" in order to replace

.. . the present old -fashioned [sicl] framework in which, for example, we "ob
serve the western sky redden" with a more scientifically up-to-date framework
in which we "observe the wavelength distribution of incoming solar radiation
shift towards the large wavelengths". (p. 610)

From such and similar arguments, Bogen and Woodward come to the conclusion
that the distinction between what can be perceived by our senses and what cannot
be so perceived "corresponds to nothing of fundamental epistemological interest"
(ibid.. p. 610). II Thus. sense experience as an epistemological factor is more or less
abolished. The strong trust in electronic data registrations and a parallel distrust in
human sense experience reveal the mechanistic stance of such a perspective:

.. . many advances in reliability come, not by improving perception at all (and
still less by loading it with better theory), but rather by replacing perception
entirely with mechanical detection and recording devices. or by redesigning
the detection process so that perception plays a less central roll. (ibid., p. 608)

The message seems to be that we can profitably reduce the role of sense perception
in scientific research. It is a rather good example of how the asomatic attitude
and the Galilean purification have entered into the epistemology of science. The
suggestion that we use the presumed "plasticity" of perception to produce sense
experiences that are more in accord with scientific concepts illustrates also the
metaphor of industrial production described above. What will happen if such ideas
are turned into starting points for educational theories of learning? I do not believe
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that they or similar conceptions are generally accepted, neither among teachers
nor among educational thinkers (at least not yet) . However, they would be logical
consequences of intellectualism in epistemology and of an exclusive and one-sided
focus on concepts and concept formation in education.

5. The Phenomenological Alternative

In the phenomenological analyses of perception and knowing, above all in those
carried out by Merleau-Ponty (1992), the conception of the relation between our
conceptual systems and our sense experience is very different from that described
in the previous section . Merleau-Ponty's writings are extensive and complex, and I
do not claim to expound the whole and true intent of his work . There is, however,
one paragraph in one of his books (1964), which , to my mind, captures the problem
and suggests its solution in a particularly interesting way. It is when he defines the
meaning of "the primacy of perception", which is

. .. that the experience of perception is our presence at the moment when
things, truths, values are constituted for us; that perception is a nascent logos;
that it teache s us, outside all dogmatism, the true conditions of objectivity
itself, that it summons us to the tasks of knowledge and action. (p. 25)

Many comments could be made on these few lines of pregnant thought. Concern
ing the question of the relation between understanding and perception, we may
note first of all the expression that "perception is a nascent logos" . "Logos" is
meaning, order, structure, and knowledge. Perception is thus potential knowledge,
or knowledge in the proces s of being born .'? It has not yet come into daylight,
i.e., into the clarity of conceptual understanding. Thus, perception is not yet fully
developed knowledge, but it is nevertheless "pregnant" with meaning.I' The kind
of perception that Merleau-Ponty describes here could be called aesthetic, in the
sense that I have defined it above. Such perception is holistic as well as synesthetic.
It does not restrict itself to one sensory modality at a time . In aesthetic perception,
we "see" what a thing sound s like if we strike it or what it feels like if we touch it,
etc . These are examples of the inherent structures of this deep level of perceptual
awareness.

However, in everyday life, another kind of perception dominates our experience.
Merleau-Ponty calls it "empirical" or "second-order" perception. This is loaded
with habitually established meanings and conceals from us the basic, aesthetic
level of perceptual experience. It plays, Merleau-Ponty says, "on the surface of
being" (1992, p. 43). It is regulated by the pragmatic needs of everyday life, where
we simply identify the general meaning of objects while our practical intention is
directed elsewhere. In contrast to this play "on the surface of being", there is the
other, more basic kind of perception:

But when I contemplate an object with the sole intention of watching it exist
and unfold its riches before my eyes, then it ceases to be an allusion to a
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general type, and I become aware that each perception re-enacts on its own
account the birth of intelligence and has some element of creative genius about
it: in order that I may recogn ize the tree as a tree, it is necessary that, beneath
this familiar meaning, the momentary arrangement of the visible scene should
begin all over again , as on the very first day of the vegetable kingdom, to
outl ine the individual idea of this tree . (ibid., pp. 43-44; italics mine )

Contemplating something in order to watch its riches unfold - this could be called
the intentional cultivation of aesthetic perception. It involves attenti ve listening to
all the qualities inherent in sense experience.

Dewey makes a simil ar distinction between two kinds of perceptual exper
ience, calling the habitual and more superficial one "recognition". Recognition
is "perception arrested before it has a chance to develop freely" (1981, p. 570) .
However, sometimes we may be struck by something that catches our attention
and interest. Then genuine perception can replace mere recognition, and there can
be "an act of reconstructive doing, and consciousness becomes fresh and alive"
(ibid .). Such perception is creative, because "to perceive, a beholder must create
his own experience" (ibid., p. 571 ; italics in original).

Similarly, for Merleau-Ponty, this basic level of perceptual experience takes on
the pristine character of the first day of creation: it is seeing as if for the first time,
without any of the formerl y acquired, habitual meanings interpo sing themselves as
a veil between consciousness and its object. If we possessed this quality of aware 
ness more often, we would probably not feel alienated from the world and from
nature to the extent that we generally do . However, our presence at the moment
when truths or values are constituted for us is rare. Yet, such presence is surely
a basic characteristic of genuine learning and radical insight. At such moments, a
new understanding of things can be consciously realized, wheth er new to the whole
of mankind, or only to one particular individual. Learning may happen without
such presence , but can it be as deep , convincing and satisfying?

The distinction between aesthetic and "second order" perception has a certain
parallel in information-processing constructivist terminology, where one distin 
guishes between a top-down and a bottom-up proces sing of sensory "input"
(Rumelhart and Ortony 1977). A top-down processing imposes a pre-established
schematic structure on the incoming data . It is similar to the second order per
ception, which does not stop to contemplate the sense-qualities of the object, but
quickly labels it according to the practical needs of the situation. A bottom-up
processing, on the other hand,

. . . occurs when aspects of the input directly suggest or activate schemata
which correspond to them and when these schemata themselves activate or
suggest dominating schemata of which they are constituents. (ibid., p. 128)

The similarity between this and aesthetic perception lies in opening oneself to the
object and letting the sensory input itself suggest which schemata to use in order
to describe it to oneself, or to others . Pre sumably, this reduce s the role of habitual
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and purely pragmatic descriptive categories.!" However, apart from the theoretical
difficulties connected with schema theories of this kind , which have already been
noted by others (see for instance Bickhard 1995), the existential significance of
the radical difference between aesthetic and second order perception is lost in
such theoretical discourses. Educational thought and practice has to do with hu
man existence. Therefore, they must be informed by theoretical visions in which
existential dimensions are not neglected, but, on the contrary, made explicit.

It is said about Kaspar Hauser that in the beginning of his association with
people - just after he was discovered - he could distinguish between apple- and
pear-trees merely by listening to the sound that the wind made in their leaves . His
senses were extremely alert and sensitive. However, he gradually lost this capacity
as he learnt to speak, write , and assimilated other knowledge. His own writings are
a good source for investigating the relations between the pre-social, "silent" and
purely sense-perceptual world, and the socialized world of second order percep
tions that we generally inhabit as grown ups (cf. Mollenhauer 1985). The object of
science is nature. What if science teaching deliberately tried to break our common
play "on the surface of being" when looking at natural phenomena? Could we not
(re)d iscover some of the perceptual abilities of a Kaspar Hauser, and at the same
time learn what science (in its present form) really is about?

6. Phenomenology in Educational Theory and Practice

It has been the argument of both scientists and educational thinkers that our conven
tional forms of schooling are rather poor from the point of view of sense experience
and active , conscious use of our senses (to name but a few : Caraher 1982; Dale
1990; Egan & Nadaner 1988; Jardine 1990; Martin 1974; Murphy 1985; Sperry
1983; Wagen schein 1965) . It seems that most teaching and instruction today takes
place on the grounds of what Martin (1974) calls "the spectating experience", in
which conceptual understanding forms the framework within which the perceived
thing is fitted . He contrasts this to the "participative" mode of experience, in which
"ideas vivify the thing because the thing initiates and controls every idea" (ibid .,
p. 93; italics mine) . The spectating experience rests upon the implicit assumption
that our relation to things can only be of an external kind . Our ideas and concepts
then function like the Kantian categories, bringing order to the world from without.
Order and meaning are "imposed" on phenomena by the thinking of human beings.
The world in itself has no order, no meaning. This epistemological conception is
presumably at the bottom of a large portion of teaching and learning today, both
in science and in other subjects. It makes for an aesthetically poor knowledge
formation, because the qualities of sense experience are either disregarded, or only
attended to as a passive material, to be structured and put in order by intellectual
concepts.

An aesthetically rich knowledge formation, on the other hand, may be said to
arise when we "let the thing think" in us. "Only then will the depth dimension of
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our world come to presence explicitly in our experience" (ibid ., p. 92). This kind of
attentive learning, which Martin explains with reference to the phenomenology of
Heidegger, has its roots in aesthetic perception. "The thing thinks" in the sense that
logos, the meaning which thinking grasps in the thing , is not imposed from without,
but born out of the sense experience that the thing evokes in us. This mode of
"thinking Being" is not something extra, without educational or even philosophical
significance; "it is the ground of all other modes, of all experiences" (ibid., p. 98;
italics in original).

Johann W. Goethe was one of the few (and largely forgotten) people in
the history of science, who tried to establish and uphold such a participative
mode of experience even in the scientific study of nature (cf. Bortoft 1996).
Goethe's approach to research actually has some basic features in common with
phenomenology (Heinemann 1934). His idea of "anschauendes Denken" - per
haps translatable as "thoughtful observation" - implies that there is a sensitive
(and highly cultivated) surrender to sense experience, and at the same time a
sharp and clear conceptual interpretation of this experience. That is, thinking and
seeing/perceiving/experiencing go together all the way, they are never separated.

Bortoft (1996) explores Goethe's theory of knowledge and science in the con
text of present day phenomenology and hermeneutics. He comments on Kant 's
saying that reason "must adopt as its guide .. . that which it has itself put into
nature" when researching the natural world :15

Thu s nature is compelled to provide answers to the questions we set, which
mean s to be frameworked in our conceptual scheme. (p. 240, italics in
original)

The Goethean approach to nature is the opposite. because

... the organizing idea in cognition comes from the phenomenon itself. in
stead of from the self-assertive thinking of the investigating scientist. It is not
imposed on nature but received from nature . (ibid ., p. 240 ; italics in original)

This organising idea is the "intrinsic necessity" of the phenomenon and it "comes
to expression in the activity of thinking when this consists in trying to think
the phenomenon concretely" (ibid ., p. 240) . To think concretely means letting
perception itself be thinking. and thinking perception, as Goethe did (ibid ., p.
240). Thus, Goethe's science is a kind of hermeneutic phenomenology of nature,
where phenomena are understood in terms of themselves, not in terms of imposed
"schemata". It perfectly illustrates what Martin calls the participative mode of
experience, in which "the thing initiates and controls every idea".

The implications of a Goethean, hermeneutic-phenomenological approach to
the study of nature for teaching and learning in science have been explicated by
Rumpf (1991, 1993; see also Buck and Kranich 1995). With reference to a Swiss
physics teacher, Peter Stettler, Rumpf quotes the collective summary of an experi
ment with colour formation, informed by Goethe's theory of colour and performed
in a class of 8th grade students:
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Then we threw a thin white thread in the water. When we carefully watch this
thread from above, it appears white to us. If we let our heads down a bit, the
thread rises from the black bottom. At the same time it assumes the colour
blue at its upper edge and at the lower edge yellow to red. The lower one
lets one's head down, the broader and clearer become the stripes of colour. It
is wondrous that these colours only appear at the edges. The colours change
beautifully and continuously into each other. If one puts one's eyes at the level
of the water surface the whiteness of the thread is pressed together, that is, it
is completely covered with colours. It goes so far that the yellow and the blue
touch each other. Good observers discover a green shimmer therein. These
colours remind strongly of a rainbow. (Stettler, as quoted in Rumpf 1991, p.
322)

This is a good example of aesthetic perception. One most probable consequence of
such cultivated attention to the qualities inherent in sense experience when learning
about natural phenomena is the awareness of the difference between descriptions of
immediate experience on the one hand , and theoretical interpretations on the other.
Careful attention to what is actually given to the senses, and the description of this,
presumably increases the awareness of the point where a verbal account of events
transcends what is thus given, and rises to the level of interpretation. Abercrom
bie (1960, p. 85) gives some telling examples of how students do not distinguish
clearly between these two levels . Yet the distinction is of fundamental importance
to science. [6 This may be taken as an illustration of how habitual second order
perception neglects the aesthetic potentials of sense experience. As Abercrombie
puts it,

. . . a conclusion about "meaning" had limited the perception of the observers,
causing them to ignore information which did not fit the ordained pattern, the
chosen schema. (ibid ., p. 88)

One area in science where aesthetic perception plays a fundamental role is clas
sification. Scientific classification actually depends upon both aesthetic perception
and judgement, as Abercrombie maintains:

Judgement of the suitability of a system of classification is presumably based
on the perception, not necessarily conscious, of a pattern of correlated fea
tures, and seems to involve the same kind of processes of aesthetic judgement.
(ibid ., p. 118)

Classification is not a superficial aspect of science. It can lead to new discoveries .
When Newlands arranged the material elements known at his time according to
atomic weight instead of their initial letters, because it seemed more appropriate to
him, he prepared the ground for the discovery of further elements (ibid ., p. 118).
Thus, to constitute a new classification system is not a trivial thing, and it demands
a certain aesthetic sensibility. At the same time, once constituted and established,
such systems become the basis of our habitual second order perceptions, that is,
our everyday "anaesthetic" experience.
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The importance of attending to the aesthetic dimensions of science in science
teaching has been argued for by Flannery (1992). However, her focus is on the
personal and informal side of scientific research. Her concept of aesthetics is also
of a more conventional kind , having to do with beauty and harmony more than with
sense qualities in general. This is fine as far as it goes, but the phenomenological
approach, which I have shortly sketched above, goes further. It brings aesthetic per
ception (in its original sense) into the formal and objective aspect of both learning
and research in science. More precisely, it establishes an internal , dialectic relation
between the personal, subjective aspect, and the formal, objective one.

Dewey maintained that all inquiry has a definite purpose or objective. What
then is the objective of a phenomenological-aesthetic approach to science educa
tion? It is, as indicated in the introduction, to alleviate students' alienation from
both nature and science. Intellectualism and cognitivism, with their accompanying
asomatic attitudes and Galilean purifications - as well as the "ontological reversal"
connected with the latter - all contribute to the establishment of a dualistic, external
and unmediated relation between our subjective experience on the one hand, and
objective nature on the other. Certainly, people still occasionally have wonderful
experiences of onene ss with nature , especially in emotionally enhancing natural
surroundings. However, basically, such experiences are considered as "merely sub
jective" because science has no place for them. At the same time, popular science
books about the "unity of nature" - from atoms, molecules and genes to stars and
galaxies - are regarded as objective and true, although the unity they describe is
but an object of thought, not a lived experience. I ? Science education is neglecting
its general educational responsibility if it does not consider these questions when
trying to guide children into a scientific understanding of nature .

As for the alienation from science itself, it has to do with its idealizations. As
already noted , this has proved a major stumbling block for students, many of whom
can neither understand nor appreciate a knowledge system which does not deal with
concrete reality as experienced and lived, but with abstract idealizations (which are
often, on top of that, mathematical) . Matthews (1994) argues that a science teacher
well informed by the history and philosophy of science "can assist students to grasp
just how science captures, and does not capture, the real, subjective, lived world"
(p. 213). I completely agree. What I want to add with this paper is that in theories
and research on science education we also need a deeper understanding of the
role of aesthetic perception in knowledge formation. In teaching practice, we need
an increased emphasis on such perception when we let students observe and make
experiments, especially in the lower grades . By a careful, explicit thematizing of all
the aspects of sense experience, the potential shock of mathematical idealizations
can be prevented or assuaged. Thereby, the relation between the idealized model
and the immediate experience, and how the former grows out of the latter, can
be made clear in each particular case.l" Students can then more readily come to



THE PRIMACY OF COGNITION - OR OF PERCEPTION? 145

understand what science is doing. The mistakes of the Galilean purification and the
ontological reversal need not be made.

Cognitivistically flavoured texts on science education do not seem to grasp
the necessity of this theoretical revision. Instead, one may sense a certain hid
den agenda, viz ., to replace children's original, spontaneously formed "schemata"
with those which science has established as more correct and "true". For instance,
Gunstone et al. (1988) write:

Research on the effectiveness of a teaching program must [. . . I not be satisfied
in testing for acquisition of new knowledge, but must also ensure that other
beliefs have been discarded, a much more difficult measurement task . (p. 522;
italics mine)

In a phenomenological-aesthetic approach to science teaching and learning, there
is no notion of schemata having to be discarded, or even "developed". Experience
speaks, and inquiry tries to interpret the voice of experience from different angles,
with different interests and purposes. The voice of science is one of many such
voices, and children should certainly learn to understand it, even appreciate it. But
interpretations other than what is scientifically established as "correct" must also be
allowed to exist and to speak, even within science teaching, because it is recognized
that one does not know beforehand which interpretations are conducive to the flour
ishing of a good, fully developed human life . For, as Aristotle said , a human being
who thinks well and perceives well, lives well (Oksenberg Rorty 1980) . However,
our computerized information society runs the risk of producing an even greater
bias towards purely conceptual cognition, supporting both Galilean purifications
and asomatic attitudes. Our sense-perceptual capacities tend to be neglected, and
wither from lack of exercise. This, in the end, would mean a lopsided development
of the possibilities of human life and experience.

What I have tried to show in this paper is that the formal theories of knowledge,
which have hitherto been taken as starting points for systematic educational think
ing, seem to have a content and an objective which is less in agreement with the
general educational endeavour: to contribute to an all-rounded human development
of the growing generation. I have focused on the notion of an external , dualistic
relation between the knowing subject and the object known as an illustration of
this thesis. A central concept emerging from this notion is that of "sense data" as
the "raw material" which is being "processed" by our mental conceptual system(s) .
But , as Hamlyn (1961) has pointed out,

. .. the notion of a sense-datum was introduced in the first place to fulfil certain
logical or epistemological requirements, and these requirements have always
seemed more fundamental to sense-datum theorists than the requirement that
the notion should be given content by reference to the facts of experience. (p.
174; italics mine)

In phenomenology, on the other hand, it is precisely these "facts of experi
ence" which are put into focus, elucidated, and interpreted in order that we may
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better understand them , and ourselves. Thi s is particularly the case with the non
found ational phenomenology of Merleau-Ponty, who, unlike Husserl , did not have
the ambition to formul ate any "absolute certainties".19 The objective of phenomen
ological reflection in science education is to elucidate and clarify our experience
of knowled ge and learning about nature - through thinking, feeling, perception,
imagination, or whatever. Such inquiry takes as back to our immediate lifeworld ,
the ultimate ground out of which all genuine, hum an learning must grow.
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Notes

I There are in fact many similarities betw een Dewey and phenomenology, in partcular with
Merlcau-Ponty, but it is not part of the aim of my paper to specifically point these out.
2 This is (arguably) the origina l sense of aesthetics , refer ring to reflections on sense expe rience
in genera l and not just dealing with art and beauty. The term aesthetics goes back to the l Sth
century German philosopher Alexander Baumgarten, who inaugurated the discipl ine of aesthetics
as a comp leme nt to that of logic (Baumgarten 1954). If logic is the description and evaluation of
the processes of thinkin g, aesthetics was to be the descript ion and evaluation of the processes of
sense perception. These arc not the exact words used by Baumgarten, but it is the meaning that can
be gathered from his text (for a similar interpretation, see Schweizer 1973). More recently, Bohrne
( 1995) has argued for a similar reinterpr etation of aesthetics: 'T he new aesthetics is first of all that,
whic h its name says , namely a general theory of perception" (p. 47; my translation).

3 To say that the main interest of science is to understand the "language" of nature may be an
overgeneralisation. The actual interest behind particular scientific investigatio ns probably has to be
studied from case to case . For instance, the immedia te motive behind Newton' s optics appears to
have been the desire to make more effec tive telescopes (Bohme 1980). Nevertheless, in a genera l
sense, Galileo 's claim to have discove red the true language of nature, viz., mathematics, seems to be
approved of by most scie ntists.
4 Naturally, there are various forms of constructivism, see for instance Steffe and Gale ( 1995). In
the following, I disregard social constructivism and refer only to those types dealing with mental
processes within the individual.
5 In order to make sense, the learning Merleau-P onty refers to must imply a qualitative change of
experie nce, awareness, or perspective. Th is kind of learning has recently been dea lt with extensively
by Marton and Booth ( 1997).
6 All quotes from German sources have been translated by me.
7 Of course, Piaget dealt also with other aspec ts of children's psychological development , such as
play and imagination, affections , and moral judgme nt. However, these can be seen as branches of his
main and overriding interest, ' genetic epistemology' . In 1976, Piaget himself wrote that

. .. my efforts directed toward the psychogenesis of knowled ge were for me only a link between two
dom inant preoccupations: the search for the mechanism of biological adaptation and the analysis
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of that higher form of adaptation which is scientific thought, the epistemological interpretation of
which has always been my central aim. (quoted in Gruber and Voneche 1982, p. xi; italics mine)

In this respect it is also interesting to read Piagets' novel Recherche, written 1918, which is a more
or less autobiographical account of how he was led into his main research interest (for a summary,
see ibid., pp. 42ff) .
8 Merleau-Ponty gives the following example to illustrate the two different points of view:

For the understanding a square is always a square, whether it stands on a side or an angle . For
perception it is in the second case hardly recognizable. [. .. JThere is a significance of the percept
which has no equivalent in the universe of understanding, a perceptual domain which is not yet the
objective world, a perceptual being which is not yet determinate being. (1992, pp. 46-47)

In a similar vein, if I draw a rectangle lying down, and another standing upright, from an abstract,
geometrical point of view, there is no difference. Both are rectangles, and the formula for the calcula
tion of their areas is the same. But from a concrete, aesthetic perspective. the two figures are entirely
different , because they make different gestures.
9 As for concrete operations, they are more independent of the senses , but not completely so.
According to Piagct (1950) , children in this phase still need to see the things they are reasoning
about. A purely verbal representation of phenomena is often not enough for them to be able to reason
logically .
10For how Kant's KdrV permits several readings, see Neujahr (1995) . In an early essay from 1884.
Dewey also deals with this problem in Kant's philosophy, but in a more nuanced way (see Dewey
1981, pp. 13-23) . His conclusion is that even though the distinction between the senses and the
understanding for Kant was purely analytic, he formally retained the error of looking on their relation
as external, i.e., non-dialectical.

II Rudolf Steiner, the founder of Waldorf education, once said that if the materialistic world view
inherent in science will continue to dominate our culture for some generations more,

. . . so will really the red of the rose disappear. The human being will really see the small grey atoms
out there swirling, the atomic swirl, not because he must see them because they are there, but because
he has prepared himself to see them. (quoted in Suchantke 1998, p. 10I)

It seems that Churchland and his adherents are doing their best to make Steiner's prophecy come
true . The psychological consequences of this for our human being-in-the-world can be imagined
by reading Boss's (1978) description of some modern neuroses. He tells about one client, who was
suffering from depression, and who could see no beauty in the flowers of a blossoming cherry tree,
but only a swarm of molecules.
12 In a similar vein, Dewey says that it is "in the concrete thing as experienced that all the grounds
and clues to its own intellectual or logical reification are contained" (1981, p. 245 ; italics in orignal).
13The metaphor of pregnancy is used by Merleau-Ponty himself (1968) .

14 Naturally. from the point of view of the 'finished product ', there is no difference between aes
thetic and second order perception. Both must be described in pre-established and familiar linguistic
categories. The distinction refers to the way they have been produced, the process that constitutes
them .
15 The similarity between the spectating mode of experience and Kant's vision of the scientific
approach to nature can be illustrated by the following quote from the preface to the second edition of
KdrV, where he talks about the' natural philosophers' :
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They learned that reason only perceives that which it produces after its own design : that it must
not be content to follow, as it were, in the leading-strings of nature, but must proceed in advance
with principles of judgment according to unvarying laws, and compel nature to reply to its
questions.[ . . . J Reason must approach nature with the view, indeed, of receiving information
from it, not, however, in the character of a pupil , who listens to all that his master chooses to
tell him, but in that of a judge, who compels the witnesses to reply to those que stions which he
himself thinks fit to propo se. (1993, pp. 13,14 [BXII, BXIIIj)

16 It may be objected that description is already theory laden , but this is only relatively true . It refers
primarily to observations within hypothetico-deductive experimental designs, since such experiments
often build on (explicit or implicit) theoretical frameworks . But if all observational descriptions
already imply full blown theories, how can one explain disagreements between researchers about
how certain observed facts should be interpreted?

17 See Thomas (1997) for a more extensive discussion of this argument.

18 Husserl (1970) seem s not to doubt the possibility to recon struct a continuity between original
lifeworld experience and the idealized models of science. Brady ( 1998, pp. 88f) has indic ated how
such a reconstruction could be carried out in the field of Newtoni an mechanics. However, with
the ever more incre asing mathematization of physics and chemistry, e.g. the introduction of non
Euclidian geometry, this is no longer selfevident (Rang 1997). Still, a careful attention to perceptual
experience could reveal exactly where the break between lived experience and ideal math ematical
modelling occurs.
19 As Madison (1990) puts it:

.. . the rediscovery of the Lebenswelt underly ing the objectifying thought of science furnishes us
with the means of overcoming modern dualism. Thi s is precisely the lesson Merleau-Ponty drew
from Husserl . However, Husserl's (never fulfilled) aim was to go on to show how the Lebenswelt
is itself the product of a constituting Ego, and this is something Mcrleau-Ponty refused to accept.
(p.60)
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Constructivism in School Science Education:
Powerful Model or the Most Dangerous Intellectual
Tendency?

E. W. JENKINS
School ofEducation, University of Leeds, Leeds LS2 9JT, UK (e.w.jenkins@education./eeds.ac.uk)

Abstract. This paper explores and challenges a number of the assumptions and claims commonly
associated with a constructivist approach to school science education, e.g., that constructivist ideas
about learning require a progressive pedagogy or that 'active learning' demands engaging students
with practical activities. It suggests that constructivist ideas have a particular appeal within primary
educat ion because they help to justify classroom practices and activities that primary school teachers,
for a variety of other reasons, regard as important. It is suggested that the recent dominant emphasi s
upon constructivism in science education has narrowed both the professional and the research agenda
relating to school science teaching. The paper argues for greater clarity and precision when referring
to constructivist ideas in science education and for a better understanding of the role that learning
theories should play in influencing the ways in which science is taught in schools .

Key words: Constructivism , teaching, learning, science

The constructivist view of teaching and learning has proved to be a
powerful model for describing how conceptual change in learners
might be promoted.

Keogh and Naylor 1997, p. 12

[Constructivism is a candidate for] the most dangerous contempor
ary intellectual tendency .. . [because] it attacks the immune system
that saves us from silliness .

Devitt 1991, p. ix

1. Introduction

The two quotations above clearly imply different estimations of constructivism as
a contemporary intellectual phenomenon and it is possible to make at least some
attempt at reconciliation only by acknowledging that the authors are writing from
different standpoints, namely those of pedagogy and learning theory on the one
hand and of philosophy on the other. The philosophical dimensions of constructiv-
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ism have generated a substantial and still burgeoning literature and several scholars
have written about constructivism in science education from a philosophical point
of view, with Matthews providing a convenient and up-to-date introduction to the
field (Matthews 1998). This paper is concerned with what might be called the
implications of constructivism for science education and, more particularly, with
the claims made for it as 'a theory of teaching and learning' . Some of these claims
can hardly be described as modest, e.g ., 'Children learning science through the
constructivist approach are noticeably different from children learning by a more
passive method' (Wadsworth 1997, p. 24) and 'Learning science and doing science
proceed in the same way' (Harlen 1996, p. 5). It is, of course, acknowledged that, in
some form or other, constructivist perspectives have influenced contemporary in
tellectual debate in fields as diverse as literature, the arts and the social and natural
sciences. It is also acknowledged that a constructivist stance in education is often
bound up with political, ethical or moral claims, especially when constructivist
ideas are intimately linked with such issues as 'the emancipation of student learn
ing', 'socially empowering groups or individuals', 'having respect for' students or
their ideas, or, as the above quotation from Wadsworth indicates, the promotion of
a 'child centred/progressive' pedagogy. These claims are not examined in detail in
this paper, although some reference to them will be made.

There is little doubt that constructivist ideas in some form have come to
dominate much of educational discourse , if not necessarily practice. Phillips has
commented that 'Across the broad fields of educational theory and research, con
structivism has become something akin to a secular religion' . Noting that 'whatever
else it may be' , constructivism is a ' "powerful folk tale" about the origins of human
knowledge', he adds that 'Like all religions, [it] has many sects' - each of which
harbors some distrust of its rivals' (Phillips 1995, p. 5). Fensham has identified ' the
constructivist view of learning' as the 'most conspicuous psychological influence
on curriculum thinking in science since 1980' (Fensham 1992, p. 80 I), and the
American Association for the Advancement of Science has described the wide
spread acceptance of constructivism as a 'paradigm change' in science education
(Tobin 1993). Wadsworth , writing of primary teacher education in the UK, claims
that constructivism is 'generally accepted by teacher educators as the most effective
way of teaching the ideas of science' (Wadsworth 1997, p. 23). Duit and Treagust,
taking a wider perspective, assert that constructivism 'has the ascendancy among
learning theories in the I 990s' , acknowledging that in the United States the earlier
emphasis had been upon behaviourist approaches to learning (Duit and Treagust
1997, p. 3).

2. Responding to Constructivist Claims

A not inconsiderable difficulty in responding to many of the claims made on be
half of constructivism within science education is the difficulty of knowing what
interpretation to give to 'constructivism' or 'constructivist ideas' when used in this
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context. There are many variants of 'constructivism' and the educational literature
on constructivism has been described as 'enormous and growing rapidly' (Phillips
1995, p. 5). In addition, debates that are ostensibly about teaching or learning
readily become confused with others that are essentially epistemological or philo
sophical disputes about the nature of science, of scientific knowledge, or about the
existence of an external 'reality' which it is the business of science to describe.
Phillips, in a valuable attempt to impose a degree of conceptual order among the
various constructivist 'sects ', draws a distinction between those who focus their
attention on the 'cognitive contents of the minds of individual learners ' and oth
ers who emphasise the growth of the 'public' subject-matter domains, adding a
third category of 'brave groups ' who 'tackle both - thus doubling the amount of
quicksand to be negotiated' (Phillips 1995, pp. 5-6). To further complicate matters,
constructivists who focus their attention upon, for example, how individuals learn,
may differ quite profoundly about the mechanisms they suggest are involved.

Piaget and Vygotsky ... gave quite different accounts of this matter; one
stressed the biological/psychological mechanisms to be found in an indi
vidual learner, whereas the other focussed on the social factors that influenced
learning. (Phillips, op. cit., p. 7)

If there is common ground among constructivists of different persuasion it pre
sumably lies in a commitment to the idea that the development of understanding
requires active engagement on the part of the learner. Put another way, knowledge
cannot be 'given' or handed over and received in the same way as a parent might
give a child a book, a toy or a tool. When characterised in this way, constructivism
has a long ancestry and accommodates considerable flexibility, with even someone
like John Locke admitted to the constructivist camp by allowing that the mind can
'put together those ideas it has, and make new complex ones' (Locke 1947, p.
65) . What this characterization means for teaching and learning, however, is by no
means as straightforward as many of those arguing for constructivist approaches to
teaching and learning commonly assume, imply or assert .

The notion of the mind actively constructing knowledge does not, for example,
lead in any logical way to a rejection of the world as an external reality. Nor does
it require the problematic idea that science education is about 'making sense' of
the world rather than about establishing a valid scientific understanding of nat
ural phenomena. More than enough has now been written to expose the subtlety
and complexity of scientific ideas and their frequent divorce from common-sense
understanding and experience (e.g., Wolpert 1992). To establish heliocentricity or
to prefer uniform motion in a straight line to rest in understanding the Newtonian
universe involves more than 'making sense' of the world, unless this phrase is asked
to bear a greater and more qualified meaning than is usually the case . From this per
spective , progressivist claims such as 'children are natural scientists' and 'everyone
engages in scientific activity during the course of their everyday activities' are not
only beguiling but, from the point of view of science education, misleading.
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Care is also need in coupling so-called constructivist learning and teaching, as
in the first quotation at the head of this article. A theory of teaching (however that
may be defined) is necessarily more complex than a theory of learning, not least
because it must accommodate what is known about a range of matters not embraced
by studies of how students learn. In addition, while the large volume of empirical
data about students' understandings of a range of scientific phenomena (see, for
example, Pfundt and Duit 1994) is of interest, comparatively little is known about
how teachers can most effectively respond to it (Claxton 1986). For example, are
eliciting and reorganising students' ideas to be seen as distinct steps or, as some
writers suggest (e.g., Harlen 1996) better regarded as part of a continuous process?
The pedagogical consequences of having elicited students' ideas are also far from
clear. Likewise, are ideas, once elicited, meant to assist a teacher to plan what he
or she must now do in response or is their principal purpose to help students clarify
their own thinking?

In more general terms, the question being asked here is what, in practical terms,
is a science teacher to do if, as constructivism would seem to dictate, he or she must
take students' 'existing ideas' into account in planning science teaching activities?
Certainly, students' understandings of natural phenomena are to be valued and
treated with respect, and , in many cases, they can be used as a starting point for a
range of activities ranging from class discussion to experimental work in the labor
atory. If the students' understandings of natural phenomena are wrong, science
teachers would argue that they are to be corrected.? Constructivism, however, offers
little in the way of guidance about how this may best be done, despite the fact that a
range of so-called constructivist curriculum mateiials have been produced (Driver
and Oldham 1985). Science evolved very late in human history and it seems more
than optimistic to assume that young students can construct scientific explanations
simply by observing phenomena and generating and testing hypotheses. Even if
this were possible, the question would remain of whether engaging students in the
necessary practical activities is the most efficient way of promoting their learning.

It is also important to ask what it is that 'constructivist teachers' wish their
students to 'construct' during the course of their science lessons. If it is assumed
that one purpose, perhaps the principal purpose, of school science education is to
help students learn some of the ways in which the scientific community under
stands the natural world , then what is to be 'constructed' by students is not simply
the understanding that might flow from their interactions with a range of natural
phenomena. The significant omission, as Driver et at. have acknowledged, is stu
dents' 'interactions with symbolic realities, the cultural tools of science' (Driver
et at. 1994, p. 7). Rectifying this omission has a number of implications for what
might be called naive constructivist approaches to teaching science. It requires an
acknowledgement of the importance of expert scientific knowledge on the part of
the teacher, and it shifts the debate away from learning as an individual construction
towards learning as a social activity, i.e., towards so-called social constructivism.
What remains a matter for debate, however, is the way in which the expert scientific
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knowledge of the teacher can be most effectively deployed to help students learn
something of the ways in which the world is understood by the scientific com
munity. Solomon's comments are of interest here. In a perceptive article, entitled
'The Rise and Fall of Constructivism', she suggests that constructivism 'obscures
other perspectives', and offers an 'alternative picture of pupil learning' .

. . . a young student sits outside a circle of disputing scholars picking up frag
ments of conversation and trying to piece them together. Once we were all that
child, the family was the circle, and we turned over the phrases that we heard
until they built up into an idea. We tried out the sense of it, and occasionally
we were amusingly wrong . If we were lucky, no one laughed. Then it was
explained once more in helpful ways and with good games to go with the
learning of it. When we tried it again and the half-formed idea seemed to be
accepted by others, it became stronger. Kindly adults encouraged us to use it
in new ways : our understanding and pride in using it grew. The idea gradually
became ours, and, by the same token, we became part of the privileged and
knowing circle who used it. (Solomon 1994, pp. 17-18)

It is perhaps significant that much of the research that has been done within the
'misconceptions' tradition has been concerned with concepts such as force, energy,
power, gravity or mass, in which everyday words and notions are given highly
specialised and often mathematical meanings within a scientific context. It is not
difficult, indeed it is to be expected, that young people's own experiences will have
led them to have ideas about at least some of these concepts. It is more difficult,
however, to understand how young students might have developed an out-of school
understanding of concepts such as ion, electromagnetic radiation, oxidation, free
energy or chemical equilibrium. With these, and many other scientific concepts
far removed from everyday experience, 'eliciting' students' ideas becomes more
difficult, if not impossible. This, of course, does not mean that it is no longer pos
sible or desirable for a teacher to engage in a conversation with students, to explore
analogies intended to promote intellectual growth, to probe their understanding, or
to challenge their assumptions, arguments or conclusions by whatever strategies he
or she judges to be effective. Such strategies, however, depend upon constructivist
ideas only to the extent that they acknowledge that learning requires the active
engagement of the learner.

Equally, a constructivist view of learning does not demand a pedagogy that
might be described as 'progressive', any more than 'active learning' necessar
ily entails engaging students in practical activities. If, as constructivism requires,
learning presupposes the active engagement of the mind of the learner, then the
notion of 'passive learning' lacks meaning. As any teacher knows, it is possible
to engage the minds of learners by a wide variety of teaching strategies, some
of which might be described as formal and didactic, rather than informal and
exploratory. Indeed, selecting a strategy that is more, rather than less, likely to
interest students and promote their learning is central to a teacher's professional
competence.
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3. The Prominence of Constructivism in Science Education

E. W. JENKINS

It is pertinent to ask why constructivist assumptions and claims have come to
figure so prominently in much of the professional and academic literature of sci
ence education, especially that relating to the education of children of primary
school age . Writing of primary science education in the UK, Harlen has claimed
that the SPACE Project' was 'largely responsible for bringing "constructivism"
into common discourse in primary science teaching, although, like many ideas in
education, it had roots in earlier work, particularly that of Piaget' (Harlen 1997).
In the present context, the validity of this claim is less important than the issue
of why constructivism has become part of the common discourse to which Harlen
refers . It has been suggested elsewhere (Jenkins and Swinnerton 1998, p. 223)
that in the case of primary science education, constructivist ideas may simply be
being raided to sustain classroom practices and activities (such as group work
and projects) that many primary school teachers, for a variety of other reasons,
regard as important. These activities and practices (conveniently, if unhelpfully)
are sometimes labelled 'progressive', and, in England and Wales they derive most
recently from the work of Susan and Nathan Isaacs and from the appropriation of
aspects of Piagetian psychology for pedagogical purposes during the 1960s and
beyond . More particularly, the constructivist requirement to engage the learner
actively in learning has been used' to justify engaging students in practical and
investigative activities of various kinds. In addition, the beguiling, if erroneous,
parallels sometimes drawn between the 'construction' of personal knowledge by
the learner and the generation of scientific knowledge have been used (Jenkins
and Swinnerton 1998) to ally constructivism with 'discovery learning' and with
the teaching of science 'by investigation':' (Indeed, if knowledge construction is
seen as an entirely individual matter, then any distinction between constructivist
pedagogy and discovery learning becomes difficult to sustain.) From all these
perspectives, 'most types of constructivism are modern forms of progressivism'
(Phillips 1995, p. II).

Some caution is needed, however, to avoid over-estimating the impact of con
structivist ideas upon practice in the primary classroom or, indeed, at other levels
of education. Sizmur and Ashby (1997) found that few teachers elicited young
children's views about natural phenomena in any systematic way when introducing
them to scientific concepts, and Larochelle and Bednarz (1998, p. 3) have com
mented that' . . . taking students' knowledge into account seems to have scarcely
modified the usual teaching modus vivendi at any level of instruction one chooses
to examine'. Murphy, following a study of local primary school teachers, has
reported that

Some teachers were not convinced about a constructivist approach, in par
ticular whether it was appropriate for all ages. Others had never heard
of constructivism but were nevertheless committed to investigative learn
ing where the children had 'freedom in the practical sense to decide what
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they wanted to find out and how to set about doing it' . Some described a
constructivist approach as the children 'doing the doing' .

Those who had heard of the term were usually strong advocates of the ap
proach and described it as 'children building on their previous experience
through practical investigation, learning through investigation, open learning
situations within the classroom. (Murphy 1997, pp. 27-28)

A frequent claim of those who invoke constructivist ideas to justify a 'pro
gressive' pedagogy is that other forms of teaching either fail or result in learning
that is pejoratively described as superficial, shallow or short-term. A constructivist
approach, in contrast, is sometimes said to lead to 'real understanding' or to 'long
term' learning . It is not clear what empirical or other evidence exists or might
exist to substantiate claims of this kind, but, whatever the evidence, it will remain
important to ask whether the classroom activities and practices promoted by those
who advocate a constructivist pedagogy to introduce pupils to scientific concepts
and ideas can be justified in terms of the time and resources associated with them .
As one teacher educator, concerned about the pressures on the science component
of the primary curriculum in England and Wales, expressed it, 'When do I tell
them the right answer?' (Wadsworth 1997, p. 23). It is not surprising, therefore,
that much constructivist writing about school science argues for a reduction in
scientific content or demand s an assessment technology that is more sympathetic
to a constructivist approach.

4. The Issue of Multiple Understandings

Like all who teach science, those who espouse a constructivist approach are faced
with the overwhelming evidence that many children retain erroneous 'common
sense' or 'everyday' understandings of a number of scientific phenomena, despite
all attempts of science teachers to effect change. For example, students who engage
with problems in Newtonian terms in the classroom or laboratory often resort to
discredited Aristotelian notions when asked to explain similar problems involving
force or motion encountered in an everyday, out-of-school, context. For construct
ivist, and perhaps for all, teachers, there seems to be both a problem and a challenge
here. The problem is the persistence of erroneous ideas among students who, hav
ing been well-taught, ought to know better. The challenge seems to lie in helping
students develop a more consistent scientific understanding of the natural world.
Many constructivists have taken this challenge seriously with some arguing for
'cognitive conflict' i.e., placing a student in a position in which the application
of his or her own understanding to a problem leads to cognitive difficulties which
the student must then resolve. One of the difficulties of this approach, the problem
of 'knowledge in context', is discussed below. A further difficulty arises when,
as seems to be the case, all forms of conceptual change are regarded as equally
difficult and likely to be effected by some common 'constructivist' pedagogy. Ex-
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perience in the classroom suggests that, to the contrary, some forms of conceptual
change can be brought about much more easily than others, much depending upon
the complexity of the scientific ideas and the extent to which they are counter
intuitive. Thus, most secondary school pupils are likely to find greater difficulty
with the ideas surrounding the motion of projectiles than they are with the notion
that light travels in straight lines and can be reflected by a plane mirror. To the ex
tent that this is the case, ' the constructivist view of teaching and learning' is likely
to encounter some difficulty as a 'powerful model for describing how conceptual
change in learners might be promoted' .

In addition, the notion that students, and, more generally, adults, should always
explain natural phenomena in terms that accord fully with the canon of scientific
knowledge presents problems. Phrases like 'the sun rises in the east', 'feed the
plants' and 'keep out the cold' persist in everyday use, even though the heliocentric
universe makes a nonsense of the first and, in scientific terms, plants make their
own food and cold has no scientific meaning save an absence of heat. Moreover, as
work in the public understanding of science has revealed, the seemingly straight
forward 'application' of scientific knowledge in the world far removed from the
laboratory can sometimes be misleading and unhelpful (Irwin and Wynne 1996)
and there may be good reasons for its rejection in favour of other, more local or per
sonal knowledge and understanding (Layton et al. 1993). Even among those with
a scientific background, outdated scientific ideas may still be used because they
adequately serve the purpose in hand. Heating engineers, for example, commonly
discuss heat transfer in terms of flow rather than of molecular motion .

What is being suggested here is not that common sense or everyday knowledge
should always be valorised over scientific knowledge or that all forms of knowledge
are always of equal worth. Common sense or everyday knowledge is sometimes
wrong and occasionally dangerously so. The particular point is simply that each
of us, in our everyday activities, is usually content to use a model which seems
adequate for the purpose we have in mind. The model may draw upon a variety of
sources but it will always be tested against experience. This, of course, does not
make it 'true', even though, because it works, it may seem so. As noted above, it
is on this issue that those who equate constructivist science education with helping
students to 'make sense' of the natural world run into some difficulty.

The more general point is captured by Bachelard's notion of a conceptual profile
(Bachelard 1968) which acknowledges that individuals have a variety of models
of, i.e., ways of thinking about, natural events and phenomena. For example, a
physicist who works professionally with quantum models of matter is likely, in
other contexts, to invoke the notion of matter as a continuum and, in most every
day practical activities, act on this latter basis. This notion of a conceptual profile,
allied with the outcomes of much research into the way in which citizens interact
with scientific knowledge, constitutes a direct challenge to the notion that learning
science can, or should, be reduced simply to a matter of replacing students' mis
concept ions/alternative conceptions by more orthodox scientific understandings.l
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It is also, of course, a challenge to other, more traditional approaches to teaching
school science.

5. Conclusion

The preceding paragraphs suggest that constructivism in science education is
neither a powerful model for describing how conceptual change in learners may
be promoted nor the 'most dangerous intellectual tendency' . Within the literature
relating to school science education, the impression is rather one of confusion and
often uncritical espousal of a fashionable research paradigm. In addition, 'con
structivism' has acquired something of a Humpty Dumpty quality." If the on-going
debate about teaching and learning in school science is to become more focused,
attention to language would seem to be something of a priority. For example,
students ' ideas about natural phenomena are too glibly described as 'theories',
a description which implicitly, and sometimes explicitly, suggests unhelpful and
misleading parallels with scientific theories. Likewise, distinctions often need to
be drawn between the guesses which students may make in seeking to explain
some phenomenon and scientific hypotheses. Equally important is the need to be
clear about the nature of, and the evidence for, the various claims put forward under
the umbrella of constructivism. Are these claims, for example, about the nature of
knowledge, about how children can be most effectively taught, about the existence
of an 'external' reality, or about the locus and nature of scientific or pedagogical
authority? Even when these claims are related to each other, important distinctions
need to be made, although it would be foolish to suggest that all of the issues
involved are capable of unequivocal resolution.

It would also be helpful to know more about the role that theories of learn
ing have played, and might properly be expected to play, in influencing the ways
in which science is taught in school. This is a complex and largely unexplored
field and one that is likely to reveal significant differences between countries and
between primary and secondary schooling. Behaviourist ideas for example, which
have exerted a powerful influence in the USA, have had much less impact on teach
ing in England and Wales, and, in general, the discourse of primary teaching has
been more accommodating of theories of learning than is the case at the secondary
level where subject disciplinary considerations have held much greater sway." An
overview of the position with respect to primary/elementary science education in
England and Wales has been provided by Jenkins and Swinnerton (1998), but any
historical study is necessarily limited by the difficulty of addressing satisfactorily
the gap between pedagogical rhetoric and the reality of classroom practice. In 1967,
the Plowden report , usually regarded as a seminal influence on primary education
practice in England and Wales, noted of the early twentieth century that

A considerable body of liberal thinking on the education of children was
available to teachers. Rousseau , Pestalozzi, Froebel, Whitehead, Dewey,
Montessori and Rachel Macmillan, to mention only a few, had all written



162 E. W. JENKINS

on lines that encouraged change and innovation . Yet it may be doubted
whether the direct influence of these or of any other writers was great. (Central
Advisory Council 1967, pp. 189-190).

Only two years earlier, however, the leaders of the Nuffield Junior Science
Project were arguing that

We must be able to justify all that we advocate on psychological grounds.
More than this: we need to look at all we plan to do in relation to what is
known of children's learning processes. No one who is not prepared to accept
this idea should be involved in the scheme! (Nuffield JSP 1965, p. 3).

It is perhaps important to note that any study of the influence of theories of
learning on science teachers' practice in the classroom and laboratory will have
considerable political resonance since it is likely to be intimately related to the
battle between 'progressive' and 'traditional' approaches to teaching.

It is also important to acknowledge that the attention devoted to constructivism
in school science teaching may have served to narrow the professional and the
research agenda within science education. While recognizing some of the bene
fits that have flowed from constructivist ideas, notably the emphasis placed upon
the learner, Solomon warns of 'tunnel vision' among some researchers within the
constructivist tradition, and notes, with O'Loughlin (1992) that 'Mature construct
ivism tends to abrogate all avenues of research to itself' (Solomon 1994, p. 17).
Woolnough, from a different perspective, claims that

One of the problems about constructivism, and other theories of learning, is
not that they get the answers wrong but that they ask the wrong questions!
They seek to answer the question 'how do pupils learn?' What we ought to be
asking is 'what makes students want to learn? (Woolnough 1998, p. 17)

It is difficult to avoid the conclusion that the answer to Woolnough's second
question is likely to be of more immediate and practical use to science teachers
than any constructivist response to the first.

Notes

I Phillips ' language is, of course, emotive and pejorative . For a more generous account of the
diversity of interpretations of constructivism, together with a scholarly exploration of the 'reach'
of constructivist ideas within education, see Larochelle et al. (1998).
2 It is acknowledged that, for many, perhaps all, constructivists, constructivism requires teachers
and learners to devote attention to 'how we know what we know' (Larochelle and Bednarz). While
this has an obvious relevance to school science teaching, its implications are somewhat eccentric to
the principal focus of this article and are not discussed here.
3 Science Processes and Concepts Exploration Project.

4 They have also prompted studies that explore the relationship between the history of scientific
ideas and students' contemporary understanding of a range of natural phenomena.

5 For some constructivists, this issue is one of developing new forms of discourse. See Gee ( 1996).
6 'When I use a word', Humpty Dumpty said . . . ' it means just what I choo se it to mean - neither
more nor less' (Lewis Carroll) .
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7 For most of the second half of the 19th century, much of the debate about school science teaching
centred on whether, for example, heat should be taught before light , or static electricity before current
electricity. When, early in the following century, ideas about children's intellectual development
replaced those drawn from faculty psychology to become part of educational thinking, H. E. Arm
strong, the advocate of the heuristic method of teaching science , complained that 'The damned boy
(sic) needs drilling . We forget this and ever twaddle of playing on his interests ' (Armstrong 1924,
quoted in Brock 1973, p. 145).
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Philosophy of Chemistry: An Emerging Field with
Implications for Chemistry Education

SIBEL ERDURAN
Department ofScience Education, King 's College, University of London, Waterloo Road,
Franklin-Wilkins Building, London SEI 8WA , UK

Abstract. Traditional applications of history and philosophy of science in chemi stry education have
concentrated on the teaching and learnin g of history of chemistry. In this paper, the recent emergence
of philosophy of chemistry as a distinct field is reported . The implications of this new doma in for
chemistry education are explored in the context of chem ical models . Trends in the treatment of
models in chemistry education highlights the need for reconceptualizing the teaching and learning of
chemistry to embrace chemical epistemology, a potential contribution by philosophy of chemi stry.

1. History and Philosophy of Chemistry and Chemistry Education

Within the last two decades, the overlap of chemistry education research with
revived efforts in the application of history and philosophy of science (HPS) in
science education has been minimal (Erduran 1997; Kauffman 1989). Brush (1978)
has argued that the anti-historical nature of chemistry education is a reflection
of chemists ' marginal interest in the historical dimensions of their science. Such
a claim, however, confuses the status of chemistry education research with the
status of the historical and philosophical dimensions of chemistry itself. Many
chemists (e.g., Kauffman & Szmant 1984; Partington 1957) have contributed to
historical analyses of their discipline. The so-called 'chemist-historians' including
Kopp, Thomson, Berthelot, Ostwald and Ihde have maintained a long tradition of
interest in history of chemistry (Russell 1985). Furthermore in the United States,
for instance, suggestions for the inclusion of history of chemistry in chemistry
teaching can be traced back to the 1930s (Jaffe 1938; Oppe 1936; Sammis 1932).

The central argument for the inclusion of history of chemistry in chemistry
instruction has been grounded in the need to motivate students' learning (Bent
1977; Brush 1978; Heeren 1990). Often however, history of chemistry, written
by chemists from the perspective of the present status of their science consists
of 'Whiggish history ' (Butterfield 1949): history written from the perspective of
contemporary values and criteria. Furthermore, history of chemistry is typically
based on the members ' account of chemistry (Pumfrey 1989). A member's account
extracts from the past what is useful for the present, such as good examples of ex
perimental discovery. What needs to be promoted instead, as Ellis (1989) argues , is
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a stranger's account of history of chemistry: an analysis of historical events without
taking for granted what seems self evident to us today.

An implication of the member's versus stranger's issue is that what seems to
be self-evident of historical assumptions are not to be taken for granted but should
be carefully scrutinised (Shortland & Warwick 1989). For instance, chemists' cur
rent criteria may make the Lemery models of acids and bases mythical and the
Lewis models more factual. Yet, historical explanations demand more than such
classifications. Models of acids and bases proposed by the seventeenth century
French chemist Nicolas Lemery were not mythical at his time . The task that today's
historians face is precisely to investigate why certain models, explanations and
theories in science are taken for granted while others are not. Since the seventeenth
century chemists could not anticipate alternative models of acids and bases (namely
those based on the electronic configuration of the atom), the historian needs to
examine the social, personal and epistemological as well as chemical factors that
might provide an account for the route of change in chemists' understanding of
acids and bases. Of relevance to chemistry education is that students come to the
chemistry classroom not as members of the discipline but as strangers. They are
most unlikely to share all of the assumptions that are necessary to see a certain
chemical explanation as educators or chemists would see them.

2. Where is Philosophy of Chemistry?

Although history of chemistry has captured the interest of chemists and found its
way into the curriculum (Akeroyd 1984; Ellis 1989; Herron 1977; Kauffman 1989),
philosophical dimensions of chemistry have not received as much attention (Scerri
1997; van Brakel 1994). Some of the central questions in philosophy of science,
such as the distinctive features of science from other endeavours, have been tra
ditionally addressed in terms of what is considered to be the paradigm science:
physics. Even though the emphasis on the logical analysis of scientific theories
have been challenged by philosophers such as Popper and Kuhn, the legacy of
logical positivism as well as physics' dominance in philosophical analyses persist
even today.

Reductionism has been regarded as a major factor that has inhibited the de
velopment of philosophy of chemistry as a distinct field of inquiry (Primas
1983; van Brakel & Vermeeren 1981). From the logical positivist perspective,
chemistry was viewed as being reducible to quantum mechanics. Reduction of
one science to another was argued on the basis of correspondence and deriva
tion of laws across these sciences (Nagel 1961; Nye 1993). The argument that
chemistry is a reduced science has not gone uncritisized by chemists nor philo
sophers of science (Scerri 1994a; van Brakel 1994). Roald Hoffmann, the Nobel
prize winning chemist for instance, has questioned the credibility of reductionist
claims:
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The French rationalist tradition, and the systematization of astronomy and
physics before the other sciences, have left science with a reductionist philo
sophy at its core . There is supposed to exist a logical hierarchy of the sciences,
and understanding is to be defined solely in vertical terms as reduction to the
more basic science. The more mathematical, the better. So biological phenom
ena are to be explained by chemistry, chemistry by physics, and so on. The
logic of reductionist philosophy fits the discovery metaphor - one digs deeper
and discovers the truth . But reductionism is only one face of understanding.
We have been made not only to disassemble, disconnect, and analyze but also
to build. There is no more stringent test of passive understanding than act ive
creation. Perhaps "test" is not the word here, for building or creation differ
inherently from reductionist analysis . I want to claim a greater role in science
for the forward, constructivist mode. (Hoffmann & Torrence 1993, pp. 67-78)

Yet the assumption that chemistry is a reduced science has prevailed within the
mindset of the HPS community (e.g., Wasserman & Schaefer 1986). Only since the
1990s have some philosophers of science questioned flaws within the reductionism
argument. As an influential contributor to the emergence of philosophy of chem
istry, Eric Scerri of UCLA has argued that philosophers of science have not been
able to demonstrate that laws can be axiomatized in the first place let alone that
they can be derived across disciplines (Scerri I 994a). It is further questionable
whether or not predictive and explanatory power of laws, conventionally taken
to be among the decisive criteria for determining a paradigmatic science, carry
the same importance and emphasis, in different sciences. Whereas the history of
physics includes numerous dramatic predictions such as the bending of starlight in
gravitational fields and the existence of the planet Neptune, chemistry is not known
for its predictive successes (Scerri I994a).

Furthermore, Scerri (1991) argues that chemistry differs from physics generally
not in terms of issues of prediction but in terms of classification. Whereas predic
tions in physics are based on mathematical models, chemical models rely more
on the qualitative aspects of matter. Chemistry has traditionally been concerned
with qualities such as color, taste and smell. Although both physics and chemistry
involve quantitative and dynamic concepts, such concepts are often accompanied
by qualitative and classificatory concepts in chemistry, as is also typical in biology.
Furthermore, class concepts are used in chemistry as a means of representation.
Some examples are 'acid' , 'salt' , and 'element' . These class concepts help chem
ists in the investigation and classification of new substances, just as biology is
concerned with classification of organisms. Unlike in chemistry and biology, in
physics the tendency is towards mathematization, not clas sification of physical phe
nomena. Such differences that set apart chemistry from physics as a distinct domain
of scientific inquiry have been overlooked within the reductionist framework.

Although chemistry has typically been presented as a branch of physics not
capturing sufficient attention within philosophy of science, it is important to note
that chemistry demands a particular link to philo sophy (Scerri 1997). In posing



168 SIBEL ERDURAN

questions of reduction of one science, such as biology to another, namely physics,
one cannot ignore the question of whether or not chemistry can be reduced to phys
ics. If reduction of chemistry to physics fails, then reduction of biology to physics
is even more unlikely since chemistry is often been regarded as an intermediary
science between physics and biology.

Recent developments in philosophy of science have concentrated on naturalistic
analyses of the sciences in which one examines more closely what the practition
ers themselves might mean by issues such as reductionism (Kornblith 1985). For
chemists and physici sts, the attempt to reduce chemistry to physics consi sts of
quantum chemistry which has been developing since the birth of quantum mechan
ics . Chemists would argue that although some chemical laws relate to physical
laws, certain aspects of chemical principles do not necessarily reduce to phys
ical principles. A nice example of this argument is presented by Scerri (1994a)
who asks, "Does the periodic law count as a scientific law in the same sense as
Newton's laws of motion?" Certainly the arrangement of elements in the per iodic
table provided some of the most dramatic predictions in the history of science: pre 
dictions by Mendeleev of the elements, gallium, germanium and scandium. Such
predictions, however, could not have been made at the level of quantum chemistry.

3. Philosophy of Chemistry: An Emerging Field

There is increasing interest in the examination of chemistry as a distinct branch
of science. An emergent group of philosophers of science (Green 1993; Mclntyre
1999; Scerri 1996) have contributed to the formulation of philosophy of chemistry.
The First International Conference on Philosophy of Chemistry was held in 1994.
The 1997 annual meeting of the American Chemical Society has devoted a session
to issues surrounding the interplay of philosophy and chemistry. The first issue of a
new journal, Foundations of Chemistry, dedicated to philosophy of chemistry was
published in 1999. There is now an on-line journal, HYLE, where philosophical
analyses of chemistry are reported.

Given that philosophy of chemistry is an emerging field, it is not surprising that
literature has barely addressed the applications of this field in chemistry educa
tion (e.g., Erduran 2000; Scerri 2000). Philo sophy of chemistry, however, has the
potential to inform and guide chemistry education particularly through chemical
epistemology (Erduran, in press), a line of inquiry that focuses on theories of chem
ical knowledge. Models and modeling, for instance, provides a crucial and relevant
context through which epistemological aspects of chemistry can be promoted in
the classroom.

4. Models and Modeling in Chemistry

Chemists have often drawn attention to the significance of models and modeling
in chemistry (Suckling, Suckling & Suckling 1978; Tomasi 1988; Trindle 1984).
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Chemi sts model the physical and chemical properties of matter in an effort to
explain why matter behaves in certain ways. In the case of acid-base chemistry,
for instance, physical and chemi cal properties of acids and bases are expl ained
with Arrhenius, Bren sted-Lowry and Lewis models (Atkins 1991). The follow ing
brief overview of these models will exemplify the role of models in chemistry.

Towards the end of the nineteenth century, Svante Arrhen ius classified a com
pound as acid or base according to its behavior when it is dissolved in water to
form an aqueous solution. He sugges ted that a compound be classified as an 'acid'
if it contains hydrogen and releases hydrogen ions, H+ (see Figure I) . Likewise, a
' base' was defined as a compound that relea ses hydronium ions, OH -, in a solution:

HA(aq) ~ H+(aq ) + A- (aq)

Acid

BOH(aq) ~ B+(aq) + OH -(aq)

Base

Figure I. Arrhenius model of aeids and bases.

In Figure I , H stands for hydrogen ; A and B stand for other element(s) in the
compound s; and (aq) stands for aqueous .

At the turn of this century, Johannes Bren sted and Thomas Lowry proposed a
broader definition of ac ids and bases where it is possible to speak of substances
as intr insically acids and bases, independent of their behavior in water. The new
model was formulated based on observations that substances could behave as acids
or bases even when they were not in aqueous solution, as the Arrhenius mod el
required. In Brensted -Lowry model (see Figure 2), an acid is a hydrogen donor
and a base is a hydrogen acceptor. There is no requirement for the presence of
water in the medium:

Figure 2. Brensted-Low ry mod el of ac ids and bases.

The acid-base chemi stry took yet another tum when the centrality of hydrogen
in both the Arrhenius and Bronsted-Lowry models was challenged. Chemistry, is
after all, concerned more with electrons, not hydrogen. Furthermore, the Brensted
Lowry model did not capture all substances that behave like acids and bases but do
not contain hydrog en. Gilbert Lewis formulated yet a broader definition of acid 
base beha vior. Lewi s considered that the crucial attribute of an acid is that it can
accept a pair of electrons and a base can donate a pair of electron s (see Figure 3).
In Figure 3, : stands for a pair of electrons. In the context of the Lewi s model ,
electron donation results in the formation of a covalent bond between the acid and
the base. Lewi s hence refocused the definition of acids and bases to something
more fundamental about any atom : electrons.
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H+ + : 0 2- -+ O-H-

Acid Base

Figure 3. Lewis model of acids and bases .
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What this brief survey of models of acids and bases illustrates is that certain
criteria, such as behavior of acids and bases independent of water, shaped the
evaluation and revision of each model. The process of model formulation , eval 
uation and modification is not unique to acid-base chemistry. In chemical kinetics,
for instance, the mechanism of chemical change has been explained by various
model s developed throughout history of chemistry (Justi & Gilbert 1999). The
'anthropomorphic ' model described a chemical change in term s of the readiness
of the components to interact with each other. The 'affinity corpuscular' model
emphasized the chemical change in terms of atomic affinities . 'First quantitative '
model introduced the notion of proportionality of reactants for chemical change to
occur. The 'mechanism' model began to outline steps in a chemical reaction. The
'thermodynamics' model drew attention to the role of molecular colli sion (with
sufficient energy) in chemical change. The 'kinetic' model introduced the idea
of frequency of colli sion s of molecules. The ' statistical mechanics' model relied
on quantum mechanics and identified a chemica l reaction as motion of a point in
phase space. The 'transition state' model provided a link between the kinetic and
thermodynamic model s by merging concepts of concentration and rate.

s. Models and Modeling in Philosophy of Chemistry

The role of model s in chemistry has been underestimated since the formulation of
quantum theory at the tum of the century. There has been a move away from qualit
ative or descriptive chemistry toward s quantum chemistry. Increasingly, chemistry
has been projected as a reduced science where chemical models can be explained
away by physical theories:

In the future, we expect to find an increasing number of situations in which
theory will be the preferred source of information for aspects of complex
chemical systems. (Wasserman & Schaefer 1986, p. 829)

Atomic and molecular orbitals, formulated through quantum chemistry, have
been used to explain chemical structure, bonding and reactivity (Luder, McGuire
& Zuffanti 1943).

Only recently has an opposition to quantum chemistry (van Brakel & Vermeeren
1981; Zuckermann 1986) begun to take shape with a call for a renaissance of qualit
ative chemistry. Underlying the emergent opposition is the argument that quantum
chemistry has no new predictive power for chemical reactivity of elements that
descriptive chemistry does not already provide (Scerri 1994b) . Rearrangement of
the Periodic Table of elements away from the original proposed by Mendeleev and
others , for instance, towards one based on electronic configurations first suggested
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by Niels Bohr yield no new predictions about chemical or physical behavior of ele
ments . Furthermore, no simple relation exists between the electron configuration of
the atom and the chemistry of the element under consideration. In summary, there
is no evidence to suggest that new physical and chemical behavior of elements can
be explained or predicted by quantum theory.

What the preceding discussion illustrates is that although models have histor
ically been central in the growth of chemical knowledge, in recent years a greater
role was granted to quantum theory in chemistry. The purpose of this paper is
not to contribute to the philosophical debate surrounding the status of chemical
knowledge; this paper is more concerned about promoting the consideration and
inclusion in chemistry education of crucial observations and syntheses from philo
sophy of chemistry. In the following section, the example of models and modeling,
a central feature of the chemical sciences (Suckling, Suckling & Suckling 1972)
will be proposed as a context worthy of examination by philosophers of chemistry
and as a significant educational outcome to be targeted by chemistry educators.

6. Models and Modeling in Chemistry Education

There is substantial evidence that children learn and use model s from an early
age (Schauble, Klopfer & Raghavan 1991; Scott, Driver, Leach, & Millar 1993;
Gilbert & Boulter 2000). Children's learning of models in the classroom has been
promoted on the grounds that models can act as "integrative schemes" (National
Research Council 1996, p. 117) bringing together students' diverse experiences in
science acros s grades K-12 . The Unifying Concepts and Processes Standard of The
National Science Education Standards specifies that:

Models are tentative schemes or structures that correspond to real objects,
events, or classes of events, and that have explanatory power. Models help sci
entists and engineers understand how things work. Models take many forms,
including physical objects, plan s, mental constructs, mathematical equations
and computer simulations. (NRC 1996, p. 117).

Science as Inquiry Standards emphasize the importance of students' under
standing of how we know what we know in science. Taken together, these standards
suggest it is not enough that students have an understanding of models as such .
In other words , acquisition of declarative knowledge or conceptual information
on models is only one aspect of learning models. Students need also to gain an
appreciation of how and why these models are constructed. What is implied with
the latter standard is that students need to develop an understanding of procedural
knowledge within a domain of science that employs models.

In light of the mentioned standards, it is important to evaluate how models
have been conventionalIy treated in the chemistry classroom. When the use of
chemical models in teaching is considered, several trends can be traced that sug
gest lack of support for students ' understanding of models and modeling. First,
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chemical models have been presented to students as final versions of our know 
ledge of matter: copies of real molecules in contrast to approximate and tentative
repre sentations (Grosslight, Unger, Jay, & Smith 1991; Weck 1995) . Within the
traditional framework of teaching, the motivations, strategies and arguments under
lying the development, evaluation and revis ion of chemical models are overlooked.
Classroom teaching typically advances the use of models for conceptual differen
tiation . For instance, models are used to distinguish weight from density (Smith,
Snir & Grosslight 1992), and temperature from heat (Wiser 1987).

Second, textbooks often do not make clear distinctions between chemical mod
els (Glynn, Britton, Semrud-Clikeman & Muth 1989) but rather frequently present
'hybrid models' (Gilbert & Boulter 1997) . Carr (1984) provides the following
example which illustrates a common model confusion in textbooks:

Since NaOH is a strong base , Na+ is an extremely weak conjugate acid;
therefore, it has no tendency to react with H20 to form NaOH and H+ ion.
(p. lOl)

The first statement is based on the Arrhenius model of acid s and bases. The
second statement can be interpreted in terms of the Brensted-Lowry model al
though the emphasis on ionization is not con sistent with this model. When and
why a new model is being used, and how this model differs from another model
are not typically explicated in textbooks (Carr 1984).

Third, chemical models have been synonymous with ball-and-stick models
which are typically used as visual aids (Grosslight et al. 1991; Leisten 1994).
These 'physical model s' have been intended to supplement conceptual informa
tion taught, and their use has been justified on Piagetian grounds: that students in
concrete operational stages, in particular, need concrete models to understand the
structure of molecules (Battino 1983) . The problem with this perspective is at least
threefold:

• The separation of conceptual information about atoms and molecules from
physical models that repre sent them is inappropriate. Physical models embody
conceptual information. In fact, their very existence is based on conceptual
formulations about atoms and molecules.

• The focus on chemical models as physical models underestimates the diversity
and complexity of models in chemistry. As illustrated earlier, for instance,
models of acids and bases are abstract, and each model is accompanied by
different sets of premises about what an acid or a base entail s.

• The presumption that students in concrete operational stage especially need
physical models is simply a weak argument. It is common practice for chem
ists themselves to use physical models to facilitate their communication and
understanding of the structure and function of molecules. What this argument
achieves in doing is to stress a deficiency on the part of children's potential to
learn .
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The fourth trend in the treatment of chemical models in the traditional
classroom concerns the shift in emphasis from models to theories since the in
corporation of quantum mechanical theories in chemistry. Chemistry and physical
science textbooks show a growing tendency to begin with the establishment of the
oretical concepts such as the 'atom' (Abraham, Williamson, & Westbrook, 1994) .
Textbooks often fail to stress the approximate nature of atomic orbitals and im
ply that the solution to all difficult chemical problems ultimately lies in quantum
mechanics (Scerri 1991).

Finally, traditionally chemical knowledge taught in lectures has been comple
mented by laboratory experimentation which is intended to provide students with
the opportunity to experience chemistry as inquiry. Chemical experimentation,
however, has rarely been translated in the educational environment as an activity
through which model s are developed, evaluated and revised. Rather, experimenta
tion is typically confined to data collection and verification of textbook knowledge
in the classroom. Evidence suggests, however, that explanatory models may not
be generated from data obtained in laboratory activities if explicit construction of
such models is not encouraged (Schauble et al. 1991).

Given the trends in the way that model s have conventionally been utilized in
the classroom, it is not surprising that students' experience difficulties with models
(Carr 1984; Gentner & Gentner 1983). Understanding of chemical models has been
characterized in terms of three levels in students' thinking (Gro sslight et al. 1991).
At the first level, students think of models as toys or copies of reality which may
be incomplete because they were intentionally designed as such .

At the second level, models are considered to be consciously produced for a
specific purpose, with some aspects of reality being omitted, suppressed or en
hanced. Here , the emphasis is still on reality and the modeling rather than on the
ideas represented, as it is the case with the first level understanding. At the third
level, a model is seen as being constructed to develop ideas, rather than being
a copy of reality. The modeler is active in the modeling process. Few students
demonstrate an understanding of chemical model s as characterized by the third
level. Many students' conceptions of models as repre sentations of reality persist
even after explicit instruction on models (e.g., Stewart, Hafner, Johnson, & Finkel
1992).

It is imperative that more attention is devoted to the effective teaching and learn
ing of chemical model s. In particular, omission in the classroom of the heuristics,
strategies and criteria that drive generation, evaluation and revision of models, is
likely to contribute to chemical illiteracy: a form of alienation where, not fully un
derstanding how knowledge growth occurs in chemistry, students invent mysteries
to explain the material world . Concerns have been raised about pseudoscientific in
terpretations of chemical knowledge (Erduran 1995) and mystification of chemical
practices (Leisten 1994) . Furthermore, in the classroom, recipe- following con
tinues to be disgui sed as chemical experimentation - a significant problem often
referred to as the 'cookbook problem' (van Keulen 1995). Chemistry, the science
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of matter, is not driven by recipes, nor by data collection and interpretation alone.
Chemists contribute to their science by formulating model s to explain patterns in
the data that they collect. If effective teaching and learning of chemistry is indeed
an intended educational outcome, then classrooms need to manifest what chemists
do fundamentally: to model the structure and function of matter.

7. Conclusions

There is a tradition in chemistry education which involves handing down of con
cepts and principles (e.g., solution, Le Chatelier's principle) to students without
engaging them in the processes of chemical inquiry that make possible the genera
tion of these concepts and principles. In particular, rarely are students facilitated in
modeling the structure and function of matter themselves. Furthermore, students '
experimentation in the chemistry laboratory is conventionally based on rote recipe
following and is not representative of chemical inquiry that underlies what chemists
do.

Philo sophy of chemistry is a new field that can inform chemistry education
about philosophical themes that are crucial aspects of the science of chemistry.
Trend s in the treatment of model s in chemistry education highli ghts the need for
reconceptualizing the teaching and learning of chemistry to embrace chemical
epistemolog y, a potential contribution by philosophy of chemistry.
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Can the Theory of Narratives Help Science
Teachers be Better Storytellers?

FRITZ KUBLI
Bdulistrasse 26. CH-8049 Zurich. Switzerland

Abstract. The narration of historical details is an art . It can be learned by studying narrative theories
which lead to a better understanding of the narrative process. Not every physics teacher is born an
expert in storytelling. The analysis of the whole process of story production and its reception by an
audience is a precious tool, even in the hand of an inexperienced storyteller. Science teachers can
profit from an education in this direction .

1. Plot and Narration Technique in Narrative Theory

The tradition of narrative theory goes back to authors like Quintilian, Horace and
even Aristoteles. Modern insights into narrative theory have been developed mainly
in the English-speaking parts of Western society. A pioneer was W. Booth (1961,
1974, 1979), other helpful books were written by S. Chatman (1978, 1990), F.
Kermode (1967 , 1979), R. Alter (1968, 1981) and M. Sternberg (1978, 1985). H.
White (1973, 1987) applied these theories to the narration of historical events by
historians.

A first insight into modern narrative theory regards the fact that every good
story has a consistent and simple plot. Effective storytelling includes a carefully
developed structure in the organisation of the narrated facts. In German we use the
word 'erzahlen' for 'telling a story'. 'Erzahlen' contains the word 'zahlen' which
means counting. The same idea probably led to the English word 'account'. This
shows that a logical or even mathematical element is essential for the composition
of a good plot. Each story has its proper logic . A simple and elegant plot is always
the result of a clear disposition and a clear order of the narrated facts.

2. The Analysis of Short Stories

The simplicity of a good story is deceiving . A simple plot is a piece of art. If we
want to go beyond the pure repetition of stories already created, we have to deal
with the theory of poetics, that means with the implicit rules of the composition
of a plot. Investigations into the poetics of short stories are of particular interest
with regard to science teaching, the time available for historical remarks being
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reduced to a few minutes per lesson. German authors like R. Kilchenmann (1967),
L. Rohner (1973). K. Doderer (1980) . V. Weber (1993) are convincing experts in
anecdotes and other short stories. It's worth reading them.

It is no coincidence that the German analysts of short stories are the most
interesting to read . Germany has an old tradition of calendar stories. The old
fash ioned German calendar stories created by authors like Hebel or Brecht have
an educational intention without showing it too openly. We can profit from them
because they are laconic . precise and come to the point immediately. If we manage
to shape our historical remarks in a similar way we can educate our students rather
effic iently.

3. The Effect of the Untold

A story consists of narrated elements and of blanks and gaps (Sternberg 1978).
Stories can tell the truth . but never the whole truth. Blanks are necessary. details
with no relation to the plot must be excluded to avoid deviating the listener's
attention. Gaps. on the other hand, must be left open to the imagination of the
aud ience . A story without gaps to be filled in or even secrets to be guessed can
hardly stimulate curiosity. A story without a secret is not a good story (Kermode
1979).

What information do we give to our students and what must be left for them to
gue ss? This selection is essential. It determines the literary quality of the narration.
If the narrative is too expl icitly formulated. the pleasure of the audience is consider
ably reduced. A pedantically explicit approach to a subject ignores the intellectual
faculties of the listeners. They might even consider this an insult. The same can be
true for stories with a simple and penetrating message. In literary theory. these kind
of stories are called didactic and must be distinguished from the warm description
of life as it is. Becoming too didactic is a frequent mistake made by inexperienced
teachers.

Thi s doe s not mean, however, that there might not be a didactic element in the
successful composition of a story. The true didactic element manifests itself by the
simplicity of the plot and in the clarity and precision of the descriptions. It avoids
any obtrusive messages and leads the reader or listener to the point without moral
izing. An unobtrusive author may educate his or her audience far more effectively
than a noticeably didactic author.

4. Irony in Narrated Texts

Effective storytell ing always includes. so certain authors say. a component of irony
(Booth 1974). Even in religious texts, such as the episodes told in the bible, the
ironic approach is essential for their effect (Alter 1981, Sternberg 1987). Irony
gives the narration a little ease, a playful element. The ironic approach makes it
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clear that the narrator has a certain freedom to arrange his story, and this freedom
creates tension in the listeners.

Irony creates a particular relationship between the narrator and the audience, a
kind of complicity. It stimulates the activity of the listeners . If the true meaning of
the narrator is not literally spelled out, it must be imagined by a creative process.
The stimulated activity leads to a dialectic movement in the minds of the listeners.
It generates a sense of superiority to the unwitting objects of the irony, as well as
to people who take the ironic assertions at face value.

Irony is a kind of spice that helps to 'digest' the content of the story. It is highly
recommended when dealing with the heroes of physical thinking. It helps the stu
dents to see them as they really are. This is because, as the theory of narratives
puts it: "It is notoriously difficult for novelists to write convincingly about good
people" (Alter 1968, p. 80). We do not appreciate being confronted with people
who are intellectually or morally superior to us, unless the storyteller helps us to
feel equivalent to them. If we can follow their conclusions as if they were our own,
we can easily accept their outstanding intellect. A touch of irony makes this easier.

Swiss students are no exception. They don't like historical people to be held
up as models, even if strong reasons exist for doing so. A little ironic distance
reduces the distance to understanding the genii. An ironic presentation is far from
doing harm to the picture we generate of them. It is a condition for the genesis of a
friendly image . It even helps to become familiar with their thinking.

5. Implied Author and Implied Addressee

The theory of narrative applies to all sorts of stories and not only to historical re
marks. The whole teaching process can beconsidered as a narrative confrontation.
The following statements must not be seen exclusively in connection with short
stories .

Stories cannot be told without showing an implied author and an implied ad
dressee (the reader in the case of written stories). A narrative implicitly presupposes
partners in the communication. They can be reconstructed from the text of the nar
rative. The text presupposes an implied reader with a certain faculty to understand
the concepts or arguments, and an implied author who talks to this reader. A good
text works on a given intellectual level and is also based on a certain system of
values which are implicitly supposed to beaccepted. We read a text more intensely
if we can accept the value system, and if we can accept the role of the implied
reader. The implied reader or listener is one of the most important elements of a
story.

On the other hand, a story always contains an implied author which must not be
confused with the real (or empirical) author. The implied author is a construction.
Biographical information about the empirical author is not even necessary and is
sometimes not available. The constructed picture of the implied author is often
called 'persona', according to a term shaped by the Swiss psychologist Carl lung.
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The distinction of the persona and the empirical author are very helpful in the study
of the role of the teacher in class situations. Even in spoken language, the persona
or impression we make on our partners is not identical with our empirical being as
subjects.

The implicit author can exist in different modes. Most novels show an omni
sc ient author which is excluded from the story itself (comparable to the 'auktorialer
Erzahler' in Stanzel 1991). He knows the fate of his protagonists in advance, in
contrast with the audience who do not know, but can only suggest from the given
information what might happen next. A certain confidence in the reliability of the
implicit author is essential , it helps the reader to follow a story even through some
complications in the plot.

6. Listeners' Credit and the Narrative Contract

A well told story has a clearly defined logical structure which leads to the expected
end . It begins with an implicit promise. The reader must give certain credit to
the author. He must be ready to concentrate on the message for a while. On the
other hand a sort of contract must be fulfilled by the storyteller in the course of
the narration. At the end, all the audience's questions must be answered from the
development of the plot. Both the author and the audience are engaged by this
contract according to the rules of a narrative process.

The fact that narratives can be translated into foreign languages without loss
of information shows that universal laws and general rules of narration exist. Even
little children can decide if a certain text is a story or not, if it is complete or if there
is something missing. These universal rules are implicitly understood. We realise
more easily that they are violated when we are listening to a story rather than when
we are telling the story .

7. Final Remarks

In contrast to what has been said, this paper does not completely comply with the
rules of narration described earlier. It does not answer all the questions a reader
might have asked himself while reading this paper. Its presentation is more of a
sort of program for future investigations than a definite answer.

The field of narrative theory is rapidly developing, and more details are given
in Kubli (1998).
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ABSTRACT. Science is not value-free, nor does it provide the only model of objectivity.
Epistemic values guide the pursuit and methods of science. Cultural values , however, inevi
tably enter through individual practitioners. Still, the social structure of science embodies a
critical system of checks and balances, and it is strengthened by a diversity of values, not
fewer. Science also exports values to the broader culture, both posing new values-questions
based on new discoveries , and providing a misleading model for rational decision-making.
Science teachers who understand the multi-faceted relationship between science and values
can guide students more effectively in fully appreciating the nature of science through
reflexive exercises and case studies.

1. INTRODUCTION

A fundamental feature of science, in most popular conceptions, is that it
deals with facts, not values. Further,science is objective, while values are
not. These benchmarks often offer great comfort to science teachers, who
see themselves as the privileged gatekeepers of the exclusive domain of
certain and permanent knowledge . Such views of science are also closely
allied in the public sphere with the authority of scientists and the powerful
imprimatur of evidence as "scientific". Recently, however, sociologists of
science, among others, have challenged the notion of science as value
free and thereby raised questions - especially important for educators 
about the authority of science and its methods.

I claim that the popular conceptions - both that science is value-free
and that objectivity is best exemplified by scientific fact - are each mis
taken. This does not oblige us, however, to abandon science or objectivity,
or to embrace an uneasy relativism . First , science does express a wealth
of epistemic values and inevitably incorporates cultural values in practice .
But this need not be a threat : some values in science govern how we
regulate the potentially biasing effect of other values in producing reliable
knowledge. Indeed, a diversity of values promotes more robust knowledge
where they intersect. Second, values can be equally objective when they
require communal justification and must thereby be based on generally
accepted principles . In what follows, I survey broadly the relation of
science and values, sample important findings in the history , philosophy
and sociology of science from the last several decades, and suggest
generally how to address these issues in the classroom .

Values intersect with science in three primary ways. First, there are
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values, particularly epistemic values, which guide scientific research itself
(§2). Second, the scientific enterprise is always embedded in some particu
lar culture and its values enter science through its individual practitioners,
whether deliberately or not. There are mechanisms, though, for guarding
against the bias they might introduce (§3). Finally, values emerge from
science, both as a product and process, and may be redistributed more
broadly in the culture or society. Also, scientific discoveries may pose new
challenges about values in society, though the values themselves may not
be new (§4) . Ideally, teachers will expose students to the various ways
that values apply to science and help them develop skills in distinguishing
their differences and in analyzing the role of values in producing particular
facts (§5).

2. VALVES OF SCIENCE AND RESEARCH ETHICS

The common characterization of science as value-free or value-neutral can
be misleading. Scientists strongly disvalue fraud, error and 'pseudo
science', for example . At the same time, scientists typically value reli
ability, testability, accuracy, precision, generality, simplicity of concepts
and heuristic power. Scientists also value novelty, exemplified in the pro
fessional credit given for significant new discoveries (prestige among peers,
eponymous laws, Nobel Prizes, etc.). The pursuit of science as an activity
is itself an implicit endorsement of the value of developing knowledge of
the material world. While few would tend to disagree with this aim, the
pursuit of knowledge can become important in the context of costs and
alternative values. Space science, the human genome initiative, dissection
of subatomic matter through large particular accelerators or even better
understanding of AIDS, for instance, do not come free . Especially where
science is publicly funded, the value of developing scientific knowledge
may well be considered in the context of the values of other social projects.

From the ultimate values of science, more proximate or mediating
values may follow. For example, sociologist Robert Merton (1973) articu
lated several norms or 'institutional imperatives' that contribute to 'the
growth of certified public knowledge' (see also Ziman 1967). To the degree
that public knowledge should be objective, he claimed, scientists should
value 'preestablished apersonal criteria' of assessment. Race, nationality,
religion, class, or other personal or social attributes of the researcher
should not matter to the validity of conclusions - an ethos Merton labeled
'universalism' . Merton's other institutional norms or values include
organized scepticism, disinterestedness (beliefs not biased by authority 
achieved through accountability to expert peers), and communism (open
communication and common ownership of knowledge). As Merton him
self noted, these norms do not always prevail. Still, they specify
foundational conditions or proximate values that contribute to the devel
opment and certification of knowledge in a community (more below) .



VALUES IN SCIENCE 187

Specific social structures (such as certain reward systems or publication
protocols) that support these norms thus form the basis for yet another
level of mediating values .

Other proximate or mediating values that promote the ultimate goal of
reliable knowledge involve methods of evaluating knowledge claims.
These epistemic values include controlled observation, interventive experi
ments , confirmation of predictions, repeatability and, frequently, statisti
cal analysis. These values are partly contingent. That is, they are derived
historically from our experience in research. We currently tend to discount
(disvalue) the results of any drug trial that does not use a double blind
experimental design. But such was not always the case . The procedure
resulted from understanding retrospectively the biases potentially intro
duced both by the patient (via the placebo effect) and by the doctor (via
observer effects). Each is now a known factor that has to be controlled.
The elements of process (both methods of evaluation and institutional
norms), of course , are central to teaching science as a process.

While the pursuit of scientific knowledge implies a certain set of charac
teristically 'scientific' values , the relevance of other values in the practice
of science are not thereby eclipsed . Honesty is as important in science as
elsewhere, and researchers are expected to report authentic results and
not withhold relevant information. Ethics also demands proper treatment
of animals and humans, regardless of whether they are subjects of research
or not (Orlans 1993). Science is not exempt from ethics or other social
values . Knowledge obtained by Nazi researchers on hypothermia .and the
physiological effects of phosgene , for example, may pass tests of reliability,
but the suffering inflicted on the human subjects was unwarranted (Caplan
1992; Proctor 1991). Hence, we may still debate whether it is appropriate
to use such knowledge (Sheldon et al. 1989). Similar questions might be
asked about U .S. military studies on the effects of radiation on humans .
Again, social values or research ethics are not always followed in science
(see, e.g ., Broad and Wade 1982), but they remain important values . The
disparity between the ideal and the actual merely poses challenges for
creating a way to achieve these valued ends - say, through a system of
checks and balances. Protocols for reviewing research proposals on human
subjects, for monitoring the use and care of laboratory animals, or for
investigating and punishing fraud each represent efforts to protect wider
social values in scientific institutions.

The topics or ends of research, as much as the methods or practice of
science, are also the province of ethical concern and social values. Wea
pons research, even if conducted according to Merton's norms and its
results evaluated using scientific standards, is not ethically idle or value
neutral. - Nor is research into better agricultural methods aimed to allevi
ate hunger or low-cost forms of harnessing solar or wind energy in poor
rural areas. In each of these cases, the researcher is an ethical agent
responsible for the consequences of his or her actions, good or bad . Again,
appeal to science is no escape from ethics . Where the consequences are
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clear, the frequent distinction in science between 'pure' and 'applied'
research is not ethically significant. Many conservation biologists, for
example, are well aware of the values inherent in their 'basic' research
and sometimes shape and deploy the content of their science in a politically
self-conscious way (Takacs 1996). Where debates about research arise 
say, about transplanting fetal tissue or gene therapy - there are real
conflicts about social values ; the question of the ultimate value or ethics
of research in these areas can neither be resolved by science alone nor
disregarded by scientists in these fields as irrelevant.

3. VALUES ENTERING SCIENCE

Science proceeds through the agency of individuals and - not unex
pectedly, perhaps - individual scientists express the values of their cultures
and particular lives when they engage in scientific activity . For example,
in cultures where women or minorities have been largely excluded from
professional activity , they have generally been excluded from science as
well. Where they have participated in science, they have often been omit 
ted from later histories (e.g. , Rossiter 1982; Kass-Simon and Farnes 1990;
Manning 1995). The line demarcating science and society can be fuzzy in
practice.

More deeply, however, the conclusions of science at many times and in
many places have been strongly biased, reflecting the values of its practi
tioners (in striking contrast to Merton's norm of universalism). For
example, late 19th-century notions of the evolution of humans developed
by Europeans claimed that the skulls and posture of European races were
more developed than 'Negroes' (Gould 1981). In a progressive view of
evolution (adopted even by Darwin himself), persons of African descent
were deemed inferior intermediaries on an evolutionary scale-as 'proven'
by science . When theories about evolution changed to suggest that ' less
developed' or neotonous (more childlike) skulls were 'more progressive',
conclusions from the same data reversed, preserving 'scientifically' the
superior status of the scientists' race (Gould 1977). Facts were shaped to
fit preexisting judgments and values about race. Likewise, female skulls,
skeletal anatomy and physiology were taken by male scientists as evidence
of women's 'natural' role in society . The 'scientific' conclusions, which
reflected the values of the men, were taken to legitimate social relations
that continued to privilege males (Fee 1979; Schiebinger 1990; Smith 
Rosenberg and Rosenberg 1973). Perhaps such values should not enter
science , but they do.

Values about race and sex, however, have not been the only values to
shape science. The phrenology debates in Edinburgh in the early 19th
century followed instead class differences (Shapin 1979). Today, notions
about biological determinism, especially about the role of genes in govern
ing specific behaviors, follow similar patterns, where some persons appeal
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to science to try to justify economic disparities as products of nature rather
than as the exercise of power (Lewontin, Rose and Kamin 1984). By
contrast, disagreement between Boyle and Hobbes over the existence of
a vacuum in the late 17th century was guided in part by values about
governance and the role of the sovereignty in the state (Shapin and
Schaffer 1985). Even natural history museum dioramas of animal group
ings designed by researchers have reflected cultural values about nuclear
families and patriarchy (Haraway 1989, pp . 26-58). While we may now
characterize all these cases as examples of 'bad science ', they exemplify
how values can and do enter science and shape its conclusions. Moreover,
one must always bear in mind that in their own historical context, these
examples were considered 'good' science.

While the role of values in these cases can seem obvious from our
perspective, it may not be appropriate for us to interpret the scientists as
exercising their values deliberately or consciously . To interpret the entry
of values into science in cases such as these, one must focus on individual
cognitive processes. That is, one must examine the thought patterns of
particular agents rather than either abstractly reconstructed reasoning or
the influences of a diffusely defined 'culture'. Especially valuable is the
notion of cognitive resources: all the concepts, interpretive frameworks ,
motivations and values that an individual brings from his or her personal
experience to scientific activit ies (Giere 1988, pp .213-21 , 239-41) . Cogni
tive resources affect how an individual notices certain things, finds some
things as especially relevant , asks questions or poses problems, frames
hypotheses, designs experiments, interprets results, accepts solutions as
adequate or not, etc . As a set of resources or tools, a person's cognitive
orientation will both make certain observations and interpretations possi
ble while at the same time limiting the opportunity for others (see also
Harding 1991). Succinctly, a person's scientific contributions will be
shaped by the domain of his or her resources or values .

An individual's cognitive resources will be drawn from his or her culture,
limiting what anyone person can contribute to science. Further, because
each person's biography and intellectual training are unique, cognitive
resources will differ from individual to individual , even within the same
culture. Hence, one may well expect disagreement or variation in interpre
tation in any scientific community . Far from being an obstacle to develop
ing consensus, however, the variat ion of a community can be a valuable
resource. That is, only conclusions that are robust across varying interpre
tations will tend to be widely perpetuated (Wimsatt 1981).

Indeed, variations in cognitive resources can be critical to isolating and
correcting error. For example, in the 1860s through 1890s anthropologists
had developed numerous ways to measure skulls and calculate ratios to
describe their shapes. In what Fee (1979) described as 'a Baconian orgy
of quantification', they developed over 600 instruments and made over
5,000 kinds of measurements. Despite three decades of shifting theories,
falsified hypotheses and other unsolved paradoxes, the conclusions of the
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craniologists - all men - remained the same: women were less intelligent.
At the turn of the century, however, two women began work in the field.
They showed, among other things, that specific women had larger cranial
capacity that even some scientists in the field, and that the margin of error
in measurement far exceeded the proposed sex differences - and they
strengthened their work with statistical rigor. Here, the women's perspec
tive may have been no less 'biased' or guided by values, but their comple
mentary cognitive resources, with the interests of women , were critical to
exposing the deficits in the men 's studies. This example illustrates that if
science is 'self-correcting', it does not do so automatically. Identifying and
remedying error takes work - and often requires applying contrasting
cognitive resources or values. The possibly paradoxical conclusion is that
one should not eliminate personal values from science - if indeed this
were possible . Instead, the moral is: 'the more values , the better' . Con
trasting values can work like a system of epistemic checks and balances.

The many cases of bias and error in science have led philosophers to
more explicit notions of the social component of objectivity. Helen Long
ino (1990), for example, underscores the need for criticism from alterna
tive perspectives and, equally , for responsibly addressing criticism . She
thus postulates a specific institutional, or social, structure for achieving
Merton 's 'organized skepticism'. Sandra Harding (1991) echoes these con
cerns in emphasizing the need for cognitively diverse scientific communi
ties . We need to deepen our standards, she claims , from 'weak objectivity',
based merely on notions of evidence, to 'strong objectivity', also based
on interpreting the evidence robustly. Both thinkers also point to the role
of diversity of individuals in establishing relevant questions and in framing
problems, thus shaping the direction of research more objectively . In this
revised view, science is both objective and thoroughly 'social' (in the sense
of drawing on a community of interacting individuals) . Fortunately for
science educators, the classroom is an ideal location for modeling this
kind of collective activity .

The role of alternative values in exposing error and deepening
interpretative objectivity highlights the more positive role of individual
values in science. Even religion, sometimes cast as the antipode of science,
can be a cognitive resource that contributes positively to the growth of
knowledge. For example , James Hutton's theological views about the
habitability of the earth prompted his reflections on soil for farming and
on food and energy, and led to his observations and conclusions about
geological uplift, 'deep time', the formation of coal , and what we would
call energy flow in an ecosystem (Gould 1987; Allchin 1994). Likewise,
assumptions about a Noachian flood shaped William Buckland's landmark
work on fossil assemblages in caves, recognized by the Royal Society's
prestigious Copley Medal. Other diluvialists drew attention to the anomal
ous locations of huge boulders, remote from the bedrock of which they
were composed. (While they concluded that the rocks were moved by
turbulent flood waters, we now interpret them as glacial erratics.) These
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discoveries all had origins that cannot be separated from the religious
concepts and motivations that made the observations possible . Values
entering science from religion - or from virtually any source - can promote
good science (Allchin 1996). As suggested above, however , they some
times also need to be coupled with mechanisms for balancing then with
complementary values.

4. VALUES EXPORTED FROM SCIENCE

Just as values of a society can enter science, so, too, can values from
the scientific enterprise percolate through society . The most dramatic
redistribution of values may be the values of science itself . To the extent
that science (and technology) are perceived as successful or powerful,
things associated with them can gain authority or value. Commericial
advertising, for example, can draw on the images of science to promote
certain products as expressions of 'scientific' research or as superior to
competing products. The 'scientific' nature of the comparison can even
dominate over the values on which the comparison itself rests . The conclu
sions of science themselves are accorded an image of value. One can see
the ethical implications where conclusions that themselves draw on social
values (such as those regarding race, sex, class, culture, etc .) are given
the imprimatur of scientific authority, thereby reinforcing preexisting dis
tributions of power without justification (see Tourney 1996).

The most dramatic social influence of scientific values, however, may
be the image of science itself as a model for all problem-solving. Science
(or technology) is sometimes viewed , first, as the panacea for all social
problems and, second, as the exclusive or primary means for objectivity,
even where other values are involved. Not all problems are amenable to
scientific approaches, however, and a narrowly scientific or 'technocratic'
view can forestall solving problems in the appropriate realm. Garrett
Hardin (1968) noted , for example that 'the population problem has no
technical solution' . That is, population pressure is fundamentally an ethical
challenge about the freedom to bear children in the context of limited
global resources. Neither better agricultural efficiency nor reproductive
control technology can avert a 'tragedy of the commons'. Instead , we
must reach some consensus about the ethics of an individual's use of
common resources and how we may enforce such collective judgments
about reproductive rights or privileges .

We often need to integrate scientific values with other ethical and
social values. Science can help identify unforseen consequences or causal
relationships where ethical values or principles are relevant. In addition ,
individuals need reliable knowledge for making informed decisions . One
archetypal hybrid project is risk assessment. Scientists can articulate
where, how, and to what degree a risk exists , for example. But other
values are required to assess whether the risk is 'acceptable' or not.
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Communicating the nature of the risk to non-experts who participate in
making decisions can thus become a significant element of science. Where
one expects scientists or panels of technical experts to solve the problem
of the acceptability of risk, science is accorded value beyond its proper
scope - and others abdicate their responsibility in addressing the some
times more difficult questions of value . Likewise, those who do not address
the facts of the matter fail in their responsibility to make an informed
decision . Facts and social values function in concert.

As noted above, the values of science may also be applied inappro
priately as a model for decision-making. While quantification is often an
asset for science, for example, it does not address all the ethically relevant
dimensions of technological risk . Cases of risk assessment, in particular,
require addressing questions about the distribution of risk among different
persons' and about the autonomy of accepting risk. Efforts to reduce the
problem to a single numerical scale (and then to minimize risk) can
obscure the central issues. What matters socially and ethically is the mean
ing more than the magnitude of the risk (e.g ., Sagoff 1992). A 'scientific'
approach to solving global warming, for example, might easily focus on
cost-effective means of reducing greenhouse gas emissions, diverting atten
tion away from the history of the problem and the ethical need for account
ability and remedial justice on the part of industrialized nations. Cases of
uncertainty pose special problems for applying scientific values . Scientists
generally refrain from advocating claims that cannot yet be substantiated.
Ethically, however , one often wishes to hedge against the possibility of
a worst case scenario (catastrophic floods, nuclear melt-downs , ozone
depletion , etc.) - even if the actual expected consequences are not yet
proven . In cases of uncertainty, scientific values about certified knowledge
('assume nothing unproven') and ethical values about communal action
('assume the worst') can diverge (see Shrader-Frechette 1991). One task
in teaching is clearly to articulate the limited domain of scientific values
and how they integrate with other values.

Controversies over the flouridation of public water supplies exemplify
well some of the potential problems and confusions about the role and
value of science in social policy (Martin 1991). Both sides of the debate
appeal to science as an authority. In each case, however, the science is
presented as simple and unproblematic, though complexities and uncer
tainties exist. In addition, science is treated as the final arbitrer, though
research indicates that there are both benefits (associated with reducing
tooth decay) and risks (associated with flourosis and cancer) . In this case,
the benefits and risks are not commensurable , and no scientific assessment
of the ultimate value of flouridation is possible without the expression of
further values. In this case , as in others, the scientific value of empirical
certainty can be confused with what science can sometimes actually pro
vide. Even technical certainty does not exclude other, non-scientific values
from contributing to resolving disputes about public policy.

Finally, scientific knowledge and new technologies can introduce new
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ethical or social dilemmas, based on preexisting values. Many medical
technologies allow us to express our values in preserving life and health.
At the same time , however, they can bring other values into consideration.
With the advent of hemodialysis and organ transplants, for example,
their limited availability combined with the existing value of fairness in
generating a new problem: ensuring fair access to treatment. Subse
quently, ethicists developed new solutions for allocating scarce medical
resources (e.g., Rescher 1969). Similarly, ecological knowledge - say,
about pesticides, heavy metals , toxic chemicals and other pollutants - has
educed conventional values about prudence and respect for life in reshap
ing our values about waste, consumption, modes of production and our
relationship to the environment (see, e .g. , Des Jardins 1993; Newton and
Dillingham 1994). Science does not create these new values. Rather, it
introduces novel situations which require us to apply old values in signifi
cantly new ways. An awareness that scientific research is typically coupled
with new concerns about ethics and values was reflected, for example, in
decisions to couple the human genome initiative with funding of research
on the humanistic implications of the project.

Some technologies affect values more indirectly. Medical technologies
that help sustain life have confounded our traditional definitions of 'life'
and 'death' and the values associated with them. New reproductive tech
nologies, likewise, pose challenges for existing concepts of 'parent' and
'family' (Kass 1985); the potential of human cloning forces us to assess
more deeply the concept of genetic identity; and the abilities of computers
make us reconceive the notion of 'intelligence' . All these innovations
challenge us to rethink what it means to be human, just as Copernicus,
Darwin and Freud did in earlier centuries. Paradoxically, perhaps, in
solving some problems, science and technology can introduce new prob
lems about values that they cannot solve . Yet these consequences are a
part of a complete consideration of science and its context in society .

5. TEACHING ETHICS AND VALUES

Many science teachers shy away from addressing values, imagining that
they are outside the domain of science or, worse, betray the very core of
science . A deeper understanding of science, values, and objectivity (as
sketched above) , however , supports a mandate for discussing values in
the science classroom. This need not seem risky or difficult.

First, the values which guide scientific inquiry may perhaps be best
introduced reflexively. That is, in a constructivist setting-where students
are engaged in modest scientific activity themselves - they may be asked
to reflect on their own process. What are their standards of proof? How
has access to multiple investigators influenced their conclusions? The
teacher can create opportunities to articulate and illustrate accepted values
(perhaps even simulate an instance of fraud!) . But if students are to
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understand the reasoning that supports the epistemic values, they should
be able to question and discuss them, like any scientific claim. For
example, inviting students both to give and address criticism among their
peers can serve to model methods for developing acceptable claims (see
Longino and Harding, above). Students should endeavor themselves to
articulate what good process is. They may thereby see scientific values as
emerging from the scientists' own goals and experiences.

Alternatively, teachers may introduce scientific values through historical
case studies. Historical cases offer the advantage that students can clearly
see the consequences of certain values, while also seeing how they function
in context (e.g., Hagen, Allchin & Singer 1996). It may also be easier to
analyze and discuss methods that are not laden with the students'
motivations and sense of self.

These approaches may serve as models for introducing other values and
ethics. Teaching ethics and values - like teaching science in a constructivist
mode - is not centered on teaching specific content, but rather engaging
the students in a process. Students should explore values, with the teacher
showing how to discuss them collectively . Learning the questions may thus
be more important than learning specific answers. Relevant questions for
values or ethical discussions include :

• Who are the stakeholders? What are their interests? Are they in
volved in the decision-making?

• What are the forseeable consequences (possibly remote or hidden)?
What are the alternatives? Is the worst case scenario acceptable?

• What intentions or motives guide the choice?
• What are the benefits? What are the costs?
• Who benefits? Who risks or pays the costs? (Who is upstream, choos

ing benefits? Who is downstream, experiencing the consequences?)
Would you be willing to accept any consequence of this action falling
on yourself?

• What would be the outcome if everyone acted this way?
Each of these questions helps foster awareness of some aspect supporting
the objectivity of values claims. Working from questions (rather than a
list of principles) also allows the teacher to situate discussion at different
levels of sophistication, unique to each class group. A teacher may recog
nize that the potential for ethical reasoning develops with age and experi
ence, just as skills for scientific reasoning do . Lessons need to be designed
at a level appropriate to the students' educational maturity .

An important goal is for students to learn that ethics and discussion of
public values require justification just as much as any scientific argument
does . Teachers need to emphasize especially that sound ethical conclusions
are based on general principles - not on an individual's "feelings" or
"personal values" . Morals must be publicly endorsed. Ethical principles,
in turn, are based on careful reasoning, concrete evidence, and commonly
shared emotions. The willingness to experience the consequences of one 's
actions and the ability to universalize a decision (noted above) are two
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common ways to 'test' whether principles are ethical. A good touchstone
for justifying an ethical value (as it is in science) is a good critic : reasons
must be strong enough and draw on principles general enough to convince
someone with an opposing perspective. Ethics, no less than science, aims
at objectivity.

Historical cases , again, can be valuable tools for teaching. One can
analyze actions in terms of consequences that are known, but that may
not have been obvious to the participants - as in the cases discussed in
§3. An essential element, however, is always the active recovery of the
context in which actions that may now seem unreasonable were once seen
as fully justified (the cognitive interpretive model applies here, as well).
To dismiss Nazi research or the Tuskegee syphillis experiment (Jones
1981) as aberrations of a few misguided individuals is to trivialize the deep
embeddeness of values in science . One must confront science and values
in full context. We must acknowledge that 'blindspots', so obvious in
retrospect, are part of the process. Effective ethical inquiry can hopefully
make us more aware of potential blindspots, so that we may minimize or
reduce them. Other historical cases can help students probe the tensions
between context and outcome. The issues of vivisection and the use of
animals in research , for example, become sharper when discussed in the
context of William Harvey's work on blood flow or Walter Cannon's
seminal work on homeostasis (Hagen, Allchin & Singer 1996, pp . 95
103). Students must reconcile the view of common 'textbook knowledge'
as value-free with the actual values that were expressed in achieving that
knowledge . Engaging in such cases allows students to appreciate the
variou s values that enter and shape the development of scientific knowl
edge.
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ABSTRACT. In the Preface to his Structure Of Scientific Revolutions, Thomas S. Kuhn let
it be known that his view of scientific development was indebted to the work of pioneering
developmental psychologist Jean Piaget . Piaget's model of conceptual development in child
hood, on which the child passes through several discontinuous stages, served as' the template
for Kuhn's reading of the history of a scientific discipline, on which mutually incommensur
able periods of norma l science are separated by scientific revolutions. The analogy to
conceptual change in childhood pervades Kuhn's corpus, serving as the central motif in
his well-known essays, 'A Function for Thought Experiments' and 'Second Thoughts on
Paradigms'. But it is deeply problematic. For as a careful student of Piaget might note,
Piaget, and the developmental psychologists he inspired , relied on the same analogy, but
with the order of epistemic dependencies reversed . One begins to worry that Kuhn's use of
the analogy, and its subsequent re-use by developmental psychologists, sneaks a vicious
circularity into our understanding of important processes. This circularity is ground s for
some concern on the part of science educators accustomed to employing such Kuhnian
notions as 'incommensurability' and 'paradigm' .

1. KUHN'S DEVELOPMENTAL ANALOGY

Early on in the Structure of Scientific Revolutions (hereafter Structure) , we
learn that Kuhn 's understanding of the history of science was profoundly
influenced by such thinkers as W. V. O . Quine, B. L. Whorf, Ludwig
Fleck and, of course, the great developmental psychologist, Jean Piaget. 2

Since this early mention of Piaget already points the way to the problem
to be discussed in the present paper, it merits close attention. Kuhn tells
us,

A footnote encountered by chance led me to the experiments by which Jean Piaget has
illuminated both the various worlds of the growing child and the process of transition
from one to the next. 3

In a footnote to this passage, Kuhn cites two works of Piaget's as having
played a role : his The Child's Conception of Causality (1930) and Les
Notions de Mouvement et de Vitesse Chez I'Enfant (1946). Nearly ten years
later, Kuhn would elaborate as follows:

Almost twenty years ago I first discovered, very nearly at the same time , both the
intellectual interest of the history of science and the psychological studies of Jean Piaget.
Ever since that time, the two have interacted closely in my mind and in my work . Part
of what I know about how to ask questions of dead scientists has been learned by
examining Piaget's interrogations of living children ... . [Ilt was Piaget's children from
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whom I . .. learned to understand Aristotle's physics . . . I am proud to acknowledge the
ineradicable traces of Piaget's influence."

Given Kuhn's stated interest in 'the various worlds of the growing child
and the process of transition from one to the next', we may, in light of
what we know about his understanding of the history of science," offer a
reasonable extrapolation as to what he saw in Piaget's results .

Kuhn was surely taken by the most celebrated of Piaget's explanatory
hypotheses, the claim that conceptual development in childhood proceeds
through a number of discrete, discontinuous stages, at each of which the
concepts whereby the child copes with a given domain are profoundly
different both from adult concepts, and from the child's own concepts
at other developmental stages, both earlier and later. If Piaget's model
accurately describes our childhoods, it follows that we are possessed, at
least during our maturation, of mental machinery which allows us to
undergo rapid and dramatic conceptual transformations. There seems no
reason to expect , a priori, that this capacity for radical conceptual change
disappears at the onset of adulthood and, thus, it would not be surprising
to find the same or similar mechanisms at work beyond the supposed end
point of our developmental trajectory. Furthermore, Kuhn would argue
in Structure, such mechanisms must operate in adult scientists , for when
we read the history of science attentively we discover marked discontinuit
ies, or 'incommensurabilities', analogous to the discontinuities found by
Piaget in his work on conceptual development in childhood.

If the above sketch accurately portrays the manner in which Kuhn was
influenced by Piaget then, turning to the larger issue of the relation
between Kuhn's understanding of psychology and his understanding of
scientific development, the following picture emerges: Kuhn 's understand
ing of scientific development, along with its trademark notions of incom
mensurability and scientific revolution , is based at least in part on an
analogy to conceptual change in childhood. This analogy serves as a source
of inspiration not unlike that Rutherford derived from his understanding
of the Solar System. But whereas atomic nuclei are not stars, adult scien
tists are former children, and while their conceptual tools may be in some
sense more sophisticated than those employed by children at any stage of
development, they are not different in kind . Evidence in support of
Piaget 's account of conceptual change is thus, derivatively, at least, evi
dence in support of Kuhn's theory of scientific development (provided
numerous standard conditions on the treatment of data as positive evi
dence are also met).

Whether Kuhn really relied on the results of Piaget and other psycholo
gists to this degree or in precisely this way is, of course , impossible to tell
from the evidence of Structure alone. But that he conceived of the analogy
between conceptual change in childhood and scientific development along
the lines sketched above is made amply clear in Kuhn's later essays.
Two of the papers included in Kuhn (1977), 'A Function for Thought
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Experiments' and 'Second Thoughts on Paradigms', prove especially il
luminating in this regard."

Before we take a closer look at these essays, it should be noted that
they are by no means isolated examples. These two papers are merely
those in which the analogy presently under scrutiny is most clearly devel
oped, but others might have been chosen with almost equal justification.
Following the footnote in Structure and 'A Function for Thought Experi
ments', originally published in 1964, Kuhn's next public reliance on an
analogy to conceptual change in childhood appears to be a paper originally
given at a conference in 1965, and eventually published in 1970.7 In a
lecture originally given in 1968, and published in Kuhn (1977) as 'The
Relations Between the History and the Philosophy of Science', Kuhn
offers a related analogy, this time likening the interpretive task of the
historian of science to the learning task performed by a child in mastering
the similarity relations constitutive of adult concepts ." The main analogy,
and the associated debt to Piaget, playa central role in a lecture delivered
to a group of Piagetians in 1970, republished in Kuhn (1977) as 'Concepts
of Cause in the Development of Physics' . It is in this essay, cited above,
that Kuhn most fervently acknowledges Piaget's influence. As originally
published in 1974, 'Second Thoughts on Paradigms ' appeared along with
transcripts of commentaries and rejoinders. Of particular interest for pre
sent purposes is Kuhn (1974, pp. 505ft), where he replies to objections
regarding the relevance of his analogy to questions of theory change in
science. Finally, the analogy reappears in Kuhn (1983, p. 682) .9

In 'A Function for Thought Experiments', Kuhn sets out to refute
and improve upon a widely accepted conception of the role of thought
experiments in science, the view on which a thought experiment is said
to serve not to illuminate nature, but rather aspects of the conceptual
apparatus of the scientist who performs it. Toward this end, Kuhn begins
with a reflection on Piaget (1946):

The historical context within which actual thought experiments assist in the reformulation
or readjustment of existing concepts is inevitably extraordinarily complex. I therefore
begin with a simpler , because nonhistorical, example , choosing for the purpose a
conceptual transposition induced in the laboratory by . . . Jean Piaget . . . Piaget dealt with
children, exposing them to an actual laboratory situation and then asking them questions
about it. In slightly more mature subjects, however, the same effect might have been
produced by questions alone in the absence of any physical exhibit. If those same questions
had been self-generated , we would be confronted with [a] pure thought-experimental
situation ....10

Kuhn then proceeds to sketch one of Piaget's more celebrated experi
ments, in which subjects come to distinguish claims of the form 'A is faster
than B' from claims of the form 'A reaches its goal before B' . The process
underlying this transformation is said to be essentially the same one
whereby a Galileo much older than any of Piaget's subjects arrived at the
distinction between average and instantaneous velocity. Since Galileo's
insight is a paradigm case for our understanding of the role of thought
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experiments in science, an analysis of Piaget's experiments can be expected
to illuminate this role .

The details of Kuhn's treatment of thought experiments, and its relation
to his better-known accounts of paradigm shift and revolutionary scientific
change , need not concern us here . Of primary importance for present
purposes is what the supposed parallel between the Piagetian subject
and Galileo tells us about Kuhn's analogy between conceptual change in
childhood and conceptual change in science. We will return to this ques
tion shortly, after first considering a second essay , 'Second Thoughts on
Paradigms' .

In 'Second Thoughts on Paradigms', Kuhn attempts to remedy a serious
defect in Structure , the ambiguity of the key term 'paradigm' . Toward this
end he argues that his uses of the term fall into two broad classes . The
first class includes references to paradigms as sets of commitments shared
by all members of a scientific community ; a paradigm, in this first sense,
will henceforth be called the 'disciplinary matrix' of its associated com
munity. r' Among the commitments which comprise a community's disci
plinary matrix may be found commitments to exemplary scientific prob
lems and their solutions. Such problem/solution pairs are paradigms in the
second sense of the word, the only sense Kuhn wishes to allow in the
'Second Thoughts' essay.12 In this sense, for example , the problem of
calculating a pendulum's period given its length, along with the classic
solution to that problem, would constitute a paradigm for the community
of Newtonian physicists .

With regard to paradigms, in this narrower sense of the word, the
following question arises : how do they help constitute the scientific com
munity of whose disciplinary matrix they form a part? The answer, for
Kuhn , lies in the role they play in inducting new members into the com
munity . In discovering the exemplary solutions to exemplary problems ,
Kuhn asserts, the student masters the set of similarity relations which will
enable him or her , as a mature scientist , to identify the conceptual tools
appropriate to the solut ion of novel problems he or she may encounter.
This claim surely requires some explanation and defen se, as Kuhn is well
aware . One might expect Kuhn to illustrate his account by showing, for
a given exemplary scientific problem, how discovering its solution furthers
the education of a scientific novice . Interestingly enough, Kuhn begs off
on this sort of illustration, announcing instead his intention to

Return now to my main argument, but not to scientific example s. Inevitably the latter
prove excessively complex . Instead I ask that you imagine a small child on a walk with
his father in a zoological garden . The child has previously learned to recogn ize
birds . . . . During the afternoon now at hand. he will learn for the first time to ident ify
swans, geese, and ducks. Anyone who has taught a child under such circumstances know s
that the primary pedagogic tool is ostension .'?

Kuhn has thus made a conscious decision to defend an account of the role
of paradigms in establishing membership in a scientific community with
examples not from science , but from childhood. Underlying this decision ,
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one would suppose, is the assumption that the latter sort of examples are
appropriate to the issue at hand; indeed, they are perhaps the most
appropriate examples, given the 'excessive complexity' of cases drawn
from science .14 This assumption is made explicit later on in the 'Second
Thoughts' essay , when Kuhn asks, rhetorically,

Need I now say that the swans, geese, and ducks which Johnny encountered during his
walk with his father were what I have been calling exemplars? . . . they were solutions to
a problem tha t the members of his prospective community had already resolved . .. Johnny
is, of course, no scientist, nor is what he has learned yet science. But he may well become
a scientist, and the technique employed on his walk will still be viable . .. . [T]he same
technique, if in a less pure form, is essential to the more abstract sciences as well."

Explicating the role of paradigms in science by examples from childhood
is justified, for Kuhn, because the child and the mature prospective scien
tist both employ 'the same technique' in mastering the concepts of their
respective communities. Paradigms emerge as universal conceptual tools,
with applications far beyond the bounds of science.

Having canvassed two of Kuhn's arguments in which the analogy be
tween conceptual development in childhood and conceptual change in
science looms large, it is time to take stock of such features of Kuhn's
analogy as may be derived from these sources. Kuhn appears prepared to
assent to all of the following:

(1) Evidence for the operation, in childhood, of a mechanism for
radical conceptual change is, all other things being equal, also
evidence for the operation of a similar (or identical) mechanism
in science.

(2) The mechanisms supporting conceptual change in science are
not fundamentally different from those supporting conceptual
change in childhood.

(3) Some of the cognitive processes which, in childhood, require
direct interaction with the world, also take place in the mind
of the adult scientist, but without the need for interaction.

(4) Instances of conceptual change in childhood are, on the whole,
less complex and more easily grasped than instances of
conceptual change in science.

The two essays sketched above provide ample evidence that Kuhn would
have agreed to all of (1-4) - at least when those essays were written. But
it should be noted that there is absolutely no reason, a priori, to think
that any of (1-4) is true . There is also no reason, a priori, to think that
(1-4) are false; whether they are true or false is presumably the sort of fact
discoverable only by empirical research, research Kuhn certainly never
conducted. But what follows if they are assumed to be true? The following
is an immediate consequence of (1-4):

(5) The analogy between conceptual development in childhood
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and conceptual change in science permits inferences in one
direction : from childhood to science.

I shall call (5) Kuhn's 'unidirectionality principle' . By itself, the truth of
(2) establishes an analogy permitting inferences in both directions; if the
mechanisms underlying conceptual change in childhood and science are
stipulated to be the same or similar, there is no reason not to make use
of new insights into the history of science in devising explanatory hypoth
eses for conceptual development in childhood;" But it is clear that, for
Kuhn, the class of inferences sanctioned by the analogy is much narrower.
Certain processes become progressively internalized with age , and are
thus easier to study in children. Furthermore, the conceptual dimensions
of episodes in the history of science are sometimes prohibitively complex ,
while their analogues in childhood development are manageably simple .
Finally, while not all children become scientists, all scientists were at one
time children, and what worked for the child may well work for the
scientist.

With the parameters of Kuhn's analogy in mind, let us return to his
initial acknowledgment of Piaget's influence in the Preface to Structure .
There, as we have seen , Kuhn recalls the impact of the 'experiments by
which Jean Piaget has illuminated both the various worlds of the growing
child and the process of transition from one to the next' .17 So far, Kuhn's
use of Piaget seems consistent with the unidirectionality principle derived
from his later work. However, a footnote to this same passage appears to
tell a somewhat different story: 'Because they displayed concepts and
processes that also emerge directly from the history of science , two sets
of Piaget's investigations proved particularly important (Piaget 1930,
1946)'.18

The footnote is ambiguous . On the one hand, it might be interpreted as
an expression of Kuhn's pleasure at having found a convergence between
Piaget's studies of development and his own work on the history of science.
But to those familiar with Piaget, a somewhat different interpretation
suggests itself. For Piaget was himself an avid student of the history and
philosophy of science, to which he frequently alluded in explaining his
choice of developmental hypotheses. Now, one might expect Piaget, and
psychologists in general, to conceive of the relationship between childhood
and science along lines similar to those proposed by Kuhn. After all,
Kuhn's unidirectionality principle makes their discipline, psychology, epis
temically prior to any philosophically informative interpretation of the
history of science. And indeed psychologists are sometimes found to speak
approvingly of this order of epistemic dependencies. But when we canvass
the ways in which Piaget and other developmental psychologists have
conceived of the relationship between childhood and science (Section 2),
we generally find the order of epistemic dependencies reversed, with the
history and philosophy of science serving as a source for explanatory
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hypotheses in developmental psychology, rather than the other way
around.

And so, when we consider the consequences of employing Kuhn's unidi
rectional analogy in the history and philosophy of science , while at the
same time the reverse analogy is being employed in developmental psy
chology, we begin to worry about the potential for vicious circularity
(Section 3).

2. TURNING THE TABLES ON KUHN 'S ANALOGY

As suggested above, Kuhn's is not the only way of conceiving of the
analogy between childhood and science. Given what we have already seen
of the influence of Piaget on Kuhn's thinking, it will be instructive to
consider Piaget's views on the respective roles of the history and philos
ophy of science and developmental psychology. Piaget's (1970) Genetic
Epistemology provides a useful, brief illustration of these views.19

A casual reading of Piaget (1970) suggests an epistemic relationship
between childhood and science on which, as in Kuhn, the former helps
us understand the latter. 'Genetic epistemology', Piaget tells us,

attempts to explain knowledge , and in particular scientific knowledge, on the basis of its
history, its sociogenesis, and especially the psychological origins of the notions and oper
ations on which it is based .20

The 'psychological origins of the notions and operations' on which scien
tific knowledge is based are presumably the province of cognitive develop
mental psychology, on which Piaget spent most of his career. Nothing
about the project of genetic epistemology, as Piaget here defines it,
demands an analogy between childhood development and conceptual
change in science. The picture of the genetic explanation of scientific
knowledge that emerges over the first few pages of Piaget (1970) evokes
more the idea of a reduct ion of the study of scientific change to the study
of psychology than it does an analogy. Yet as in Kuhn, psychology is
epistemically prior to our understanding of scientific change.

This initial impression appears to find confirmation later on in Piaget's
discussion, when he asserts,

The fundamental hypothesis of genetic epistemology is that there is a parallelism between
the progress made in the logical and rational organization of knowledge and the corres
ponding formative psychological processes . . . . Of course the most fruitful, most obvious
field of study would be reconstituting human history . . .. Unfortunately . . . (s)ince this
field of biogenesis is not available to us, we shall do as biologists do and turn to ontogen 
esis. Nothing could be more accessible to study than the ontogenesis of these notions .
There are children all around US.

21

Here, as in Kuhn, we find hints that it is easier to study transformations
in childhood than it is to study transformations in science . Furthermore,
the genesis of human knowledge in general and the ontogenesis of the
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human epistemic subject are thought to be similar enough that studying
the latter will, at least in some sense, serve as a stand-in for the far
more difficult task of studying the former. Finally, in this passage, the
relationship between science and development appears clearly to be one
of analogy, rather than reduction .

But of course Piaget does study the history and philosophy of science,
often directly, without prior recourse to developmental psychology. In
other work, Piaget claims to be pursuing developmental and historical
studies in parallel, comparing childhood and science in search of 'common
characteristics between the history of science and psychological develop
ment . . .' . 22 Piaget's attention to both sides of the equation has led some,
including Barbel Inhelder, to read him as follows:

[Piaget's and Garcia's] purpose in studying these generalized mechanisms was not to
describe term-by-term correspondences [between science and childhood], and even less
to propose a recapitulation of phylogenesis by ontogenesis, nor even to demonstrate the
existence of analogies in sequencing. Instead, they wished to see if the mechanisms
mediating the transition from one historical period to the next . . . are analogous to those
mediating transitions from one developmental stage to the next. 23

If Inhelder is right , then for Piaget, any analogy between science and
childhood is the product of research into both, and a presupposition of
research into neither.

However, close reading of Piaget 's analyses of cases from the history
of science sometimes tells a different story . Consider Piaget's treatment
of one aspect of the move toward a relativistic physics at the beginning
of the twentieth century, the revision in the concept of simultaneity:

. .. how is it that Einstein was able to give a new operational definition of simultaneity
at a distance? How was he able to criticize the Newtonian notion of universal time without
giving rise to a deep crisis within physics? .. . A few metaphysicians . .. were appalled by
this revolution in physics, but . .. among scientists themselves it was not a very drastic
crisis . . . . It was not a crisis because simultaneity is not a primitive .. . concept , and it is
not even a primitive perception?"

Of interest in this passage is the fact that Piaget treats the physical com
munity'S relatively placid acceptance of Einstein's definition of simultan
eity at a distance as evidence that the Newtonian conception of simultan
eity, for all that it is in some sense easier to grasp, is not psychologically
primitive . To be sure, Piaget also has independent, psychological evidence
for this claim. But the fact that he treats his interpretation of this episode
in the history of science as evidence in support of a developmental thesis
at all shows that, for Piaget, the relationship between science and psychol
ogy is one in which the order of epistemic dependencies is at least some
times reversed from that observed by Kuhn.

For a younger generation of cognitive developmental psychologists, all
influenced to one or another degree by both Piaget and Kuhn, the order
of epistemic dependencies almost always runs from science to childhood.
For ease of exposition, I shall call this the 'inverse ordering', so as to
distinguish it from the direction of inference we observed in Kuhn.
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One excellent example of the inverse ordering is Susan Carey's (1988)
'Conceptual Differences Between Children and Adults'. In this paper,
Carey, a developmental psychologist, asks whether, or not, the conceptual
schemes of children and adults can be characterized as 'locally incommen
surable'i" The notion of local incommensurability was developed by Kuhn
(1983) in an effort to clarify his interpretations of key episodes in the
history of science, and further explicated by another philosopher of
science, Philip Kitcher (1988). The purpose of Carey 's paper is clearly to
explain data gleaned from the study of children by recourse to a device
developed to explain conceptual change in science. Carey, like Kuhn,
relies on an analogy between science and childhood, but for her, science
is epistemically prior.

Another developmentalist, former Piaget student Annette Karmiloff
Smith, clearly exhibits the inverse ordering in an essay suggestively titled,
'The Child is a Theoretician, Not an Inductivist' (Karmiloff-Smith 1988).
In this essay, as elsewhere, she asserts,

[Cjhildren go about their spontaneous discovery task by behaving like the typical scienti st.
Kuhn . . . was right in his view that only on the very rare occasions when scientists must
actually choose between competing theories do they reason like philosophers or logicians!
Both for the child and the adult researcher , scientific progress does not stem from the
use of logical criteria on the basis of rational induction from observanons.i"

Like Carey, Karmiloff-Smith applies lessons learned from the history and
philosophy of science toward understanding conceptual development in
childhood. Also like Carey, she acknowledges that she is indebted for
these lessons to Kuhn, whose argument (in Structure) that scientists make
fewer appeals to logic or the canons of good reasoning than one might
expect, is well known.

More recently, Allison Gopnik has acknowledged the extent to which,
in the past few years,

. . . cognitive and developmental psychologists have invoked the analogy of science itself .
They talk about our everyday conceptions of the world as implicit and intuitive theories,
and about changes in those conceptions as theory changes ."

Gopnik, however, is eager to distance herself from this trend, of which
she herself was a sometime standard-bearer." In Gopnik (1996), she
announces her intention

to argue that the analogy cuts both ways: specifying the parallels between cognitive
development and science not only can help us to understand cognitive development, it
can also help us to understand science itself.29

By now such pronouncements should strike us as ironic . The inverse
ordering reading of the analogy between science and childhood, which
Gopnik now seeks to reverse, was championed by psychologists who, like
Carey, Karmiloff-Smith, and Gopnik herself, were inspired by Kuhn r'"
But for Kuhn, the whole point of the analogy was to help us understand
not conceptual change in childhood, but 'science itself . And finally Kuhn,
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for his part, was inspired by Piaget, who as we have seen was himself
often historically inclined. We begin to sense a circle: a historical circle,
certainly, and perhaps an epistemic circle, as well.

3. THE THREAT OF CIRCULARITY

The threat of circularity becomes clear when we imagine the following
two claims to both be true:

(1) Philosophers and historians of science look to the results of
developmental studies for well-confirmed explanatory hypoth
eses suitable for use in interpreting scientific change .

(2) Developmental psychologists look to the history and philos
ophy of science for well-confirmed explanatory hypotheses suit
able for use in interpreting data on child development.

In Sections 1 and 2, we have seen some evidence for the truth of both (1)
and (2). But as Kuhn pointed out, in a different context, not every
circularity is vicious.r" Whether the apparent circularity is vicious or not,
in this case, turns on the degree to which, for both developmental psychol
ogists and philosophers of science, their respective analogies are the source
of substantive evidence, rather than merely informal inspiration .

A definitive answer to this question would, it seems, require a general
account of the role of analogies in scientific reasoning, and of their eviden
tial status in particular. Clearly this is not the place to pursue such an
account, even if there were one in the offing. But even in the absence of
a general theory of analogy, I think a persuasive case can be made that
the analogy between childhood and science, as employed both by Kuhn
and the psychologists , has some significant evidential standing. A review
of this case is in order.

As I hope to have established by now, Kuhn himself ascribed great
importance to the, analogy between childhood and science. But, it might
be objected, this analogy (and perhaps analogies in general) serve only as
inspiration, as motivation for looking elsewhere for hard evidence. In
short , so the objection goes, the analogy is relevant only in what has been
called the context of discovery , but not in the context of justification. 32

There are two replies to this objection, either of which suffices, in my
view, to show why it fails to apply. The first simply recalls that Kuhn
himself saw the rejection of the distinction between context of discovery
and context of justification as a natural outgrowth of his views on the
philosophy of science." For Kuhn, a whole range of subjective factors
not only does playa role in scientific theory choice, such factors must,
and indeed should weigh in.34 Thus, if both Kuhn and the post-Kuhnian
psychologists discussed in Section 2 endorse enough of Kuhn's philosophy
of science to undermine the distinction between context of justification
and context of discovery, the objection misses its mark.
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For those less favorably inclined toward Kuhn's philosophy of science,
the second reply will doubtless prove more compelling. Let us assume that
the distinction between context of discovery and context of justification is
valid, and that to have evidential standing, our analogy must function not
only in the former, but also in the latter. I believe it can be shown that,
both for Kuhn and the post-Kuhnian developmentalists, this condition is
met .

There are at least two ways (and doubtless many more) to use an
analogy in scientific reasoning. The first appears to be exemplified by the
Rutherford's analogy, alluded to in Section 1, between the structure of
the atom and the structure of a solar system. Consider a set with four
members : two different solar systems and two different atoms , perhaps
atoms of different elements . Each member will differ from the other three
in various respects . But on the whole, the differences between the two
solar systems will be differences only in degree, as will the differences
between the two atoms . The differences between either of the atoms and
either of the solar systems, on the other hand , will be differences in kind.
Furthermore , the difference between the two homogeneous pairs (solar
systems and atoms) will also be differences in kind. Now, were we to
have discovered , shortly after the First World War, that there are certain
systematic differences between kinds of solar system, that discovery would
have been of absolutely no consequence for the development of atomic
theory. The reason is that Rutherford's analogy functioned only in the
context of discovery . The Solar System offers a useful model for thinking
about a system which, experiment had shown, must be made up mostly
of empty space . But there is no basis whatsoever for treating the solar
system as a useful research tool in the quest for insights into atomic
structure.

By contrast, consider Charles Darwin's (1859) analogy between dom
estic breeds and naturally occurring species. This analogy, the develop
ment of which occupies the first two chapters of Darwin (1859) in their
entirety, is central to the higher-level analogy between domestic and natu 
ral selection and, thus, a cornerstone of Darwin's evolutionary theory.
Indeed, as far as Origin is concerned, this analogy constitutes the main
reason for believing in Darwin's evolutionary theory , and it is difficult to
see how any of Darwin's contemporaries would have been persuaded in
its absence . Certainly the fossil record could be explained in non-Darwin
ian terms , as Lyell and others have shown.

But as Hull has 'demonstrated, though most naturalists were quickly
won over by Origin, contemporary philosophers of science, including
Whewell, Herschel and Mill, resisted, all of them apparently on methodo
logical grounds.P Mill's objection, in particular, is interesting, for it
amounts to the claim, made in nineteenth century terms, that Darwin
has violated the distinction between context of discovery and context of
justification.:" If Darwin's book did provide Darwin's scientific colleagues
with a good reason to believe in his evolutionary theory, it follows that
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Mill and the others must have been missing something. What they were
missing, I believe, is the crucial distinction between analogies like Dar
win's and analogies like Rutherford's.

Consider a second four-member set, this time consisting of two breeds
of a given domestic species , and two species of a given genus. A pair of
organisms belonging to the two breeds will likely differ from one another
less than a pair selected from the two species. But now compare the two
sorts of difference . At the pair level , we observe that the two homogene
ous pairs, breed-pair and species-pair, differ only in degree, not in kind.
In other words, a breed-pair differs from a species-pair only in that the
two members of the former are more alike than the two members of the
latter. But there is no difference in kind, i .e ., no categorical difference ,
between breeds and species . And here is the crux of Darwin's analogy.
To paraphrase, breeds or varieties are incipient species.

Darwin's analogy succeeds in the context of justification, and that suc
cess is legitimate. Its legitimacy is perhaps explicable by recourse to the
following principle: An analogy may serve as evidence (function in the
context of justification) to the extent to which it approximates the literal
truth. If breeds or varieties rea'ly are incipient species, lessons learned
about the origins of breed s are evidence in the quest for the origin of
species. Returning to Kuhn : if children really are incipient scientists (or
scientists grown-up children ) , then knowledge of the former constitutes
evidence about the latter. And as for atoms and solar systems, atoms
really aren't solar systems.

That Kuhn sees his analogy this way is made amply clear by a passage
cited earlier from 'Second Thoughts'. We recall ,

Johnny is, of course , no scientist. nor is what he has learned yet science. But he may well
become a scientist, and the technique employed on his walk will still be viable. [T)he same
technique , if in a less pure form, is essential to the more abstract sciences as well.37

Not all children become scientists, but all scientists were once children.
Evidence about how children perform certain cognitive tasks is thus, prima
facie, evidence about how scientists perform analogous tasks .

My argument that an analogy between childhood and science can, in
principle, function in the context of justification, applies equally well to
the inverse ordering. That it in fact functions in this way is, I think, even
more clear for the psychologists cited in Section 2 than it is for Kuhn . But
even if one were to question the evidential status of the analogy between
childhood and science as employed, say, by Carey or Karmiloff-Smith, that
status is surely beyond question in Paul Thagard's Conceptual Revolutions:

Most comparisons of scientists and children by developmental psychologists and science
educators have been limited by the inadequacy of available theories of conceptual change
in science. If the much more detailed account of conceptual change in earlier chapters is
acceptable. then richer comparisons of scientists and children become possible. We can
contrast conceptual change in scientists during revolut ionary periods in the history of
science with conceptual change in children and in students learning sciencer'"
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Kuhn's influence is plain to see, as is what I have called the inverse
ordering of the analogy between childhood and science. But more impor
tantly, for Thagard, an account of conceptual change in science serves as
the evidential foundation for an account of conceptual change tout court.

In developmental psychology, "ontogeny recapitulates phylogeny" means that the devel
opment of knowledge in individual children corresponds to the development of knowledge
in the history of science. Support for the developmental version of the thesis has been
drawn from analogies between, for example, the child's transition from holding a naive,
Aristotelian view of motion to , eventually , with enough educat ion, a Newtonian view.39

Such 'support' is unintelligible unless an analogy to science is presupposed;
without the analogy, it would clearly be impossible even to identify a
child's view of motion as 'Aristotelian' or 'Newtonian'.

Clearly, all of the historians, philosophers and psychologists cited above
also have independent reasons for believing that conceptual change in
science , or conceptual development in childhood , operates as they think
it does . Countless historical scientific documents have been dusted off and
analyzed, and countless experimental studies of children conducted and
replicated . No one relies exclusively on arguments from analogy . And yet,
if the argument of this section is sound, the analogy between childhood and
science constitutes real evidence, whichever way it is taken . When it comes
to contemporary psychologists, sociologists, and educators, one is struck
not only by the magnitude of Kuhn 's influence, but also by the nearly
universal inattention to Kuhn's own evidential employment of the analogy .
The potential for circularity is very real, and must be deliberately avoided .

Awareness of this threat should also inform the way we teach science .
Summarizing current consensus on the importance of a historical dimen
sion in science education, Robert Carson asserts ,

The use of history as an organizing framework appears to have psychological validity for
several reasons. Piaget argued that the construction of scientific understanding in indivi
duals often parallels the historic evolution of scientific theories (Piaget 1970, p. 13).
Sequencing the approach to a scientific concept by means of history takes the student
through progressively more current viewpoints, dignifies students' interim conceptions ,
and shows how one set of ideas gets overthrown by another, more valid."?

Our inquiry into the interaction between the study of scientific change
and the study of conceptual development should have taught us, at a
minimum, to be very careful about assuming parallels between historical
and psychological transformations . No one, Piaget included , has offered
a convincing argument that , in the emergence of scientific knowledge,
ontogeny recapitulates phylogeny .

As educators, we ought to be equally careful about metaphorically
extending some of Kuhn 's more celebrated notions. We should ask, for
example, whether we can meaningfully (i.e. , noncircularly) describe the
conceptual schemes of a science teacher and his or her novice student
as 'incommensurable' . To adopt the incommensurability metaphor for a
conceptual gap is, after all, to buy into an account of what can be done
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to bridge that gap, and what can't. Or again, should we talk, as we so often
do , of the 'paradigm' of the freshman physics student? Is it meaningful to
claim that children master an 'Aristotelian paradigm' of motion before
progressing to a 'Newtonian paradigm?' And bearing in mind the second
Kuhnian use of the word, how should we conceive of the psychological
role played by 'paradigms', exemplary problems and their solutions, in
the minds of our students? I hope to have shown that all such metaphors
ought to be treated as such, and that when we lose track of their analogical
component, we are on very shaky ground.

NOTES

II am indebted to Mark Bickhard and three anonymous referees for their insightful comments
and suggestions. Any remaining errors are mine.
2Kuhn (1970a, pp. vi-vii).
3Ibid.
'Kuhn (1977, pp. 21-22) .
5For a comprehensive exposition of Kuhn 's views, along with a review of important criticisms,
see Hoyningen-Huene (1993).
"The 'Second Thought ' essay largely overlaps with the 'Postscript' to Kuhn (1970a) .
7See Kuhn (1970b, pp. 17-19).
"See Kuhn (1977, pp . 16-17). It could be argued , of cour se , that the analogy invoked in this
essay is, at bottom, the same analogy between science and childhood . For it is clear that
Kuhn believed that his account of scientific revolutions enjoyed rather broad generality ,
applying not only to the natural sciences from which most of his examples were drawn, but
also to the social sciences , and more specifically, to history . To claim that the conceptual
chores of the historian are in many respects like those of the child is thus to offer a special
case of the analogy to which the present paper is devoted.
"To my knowledge, this is the latest explicit appearance of the analogy to conceptu al change
in childhood in Kuhn 's published work. But the implicit importance of the analogy only
increased as, throughout the 1980s and 1990s, Kuhn came to rely on language learning as a
model for understanding how disputes between parties on either side of a revolutionary
divide might be resolved short of the extinction of one or another part y. Our paradigmatic
language learners are , of course, children .
IOKuhn (1977, p. 243).
ll Kuhn (1977, pp. 296-297). For a careful analysis of the notion of a disciplinary matrix ,
and a more thorough treatment of Kuhnian paradigms in general, see Hoyningen-Huene
(1993, especially Chap. 4).
12Kuhn (1977, pp. 306-307).
13Kuhn (1977, p. 309), emphasis added .
l'Of course , one must. not overstate the case . In the 'Postscript' to the second edition of
Structure, Kuhn does develop examples from the history of science to serve this purpose .
ISKuhn (1977, p. 313).
16Indeed , for many psychologists , the primary interest of any analogy between science and
childhood lies in the utility of the former in helping us understand the latte r. I will touch
on such efforts later.
17Kuhn (1970a, loc. cit) .
18Kuhn (1970a, p. vi, fn. 2).
190ther works in which the relationship between conceptual development in childhood and
conceptual change in science is a primary focus include Piaget (1950), and Piaget and Garcia
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(1989). A systematic survey of Piaget's views on this subject would exceed the scope of the
present paper.
20piaget (1970, p. 1).
21Piaget (1970, p. 13).
22Piaget and Garcia (1989, pp . 28) .
231nhelder (1989, p. x).
24Piaget (1970, p. 6).
25See e .g. Carey (1988, p. 168).
26Karmiloff-Smith (1988, p. 183).
27Gopnik (1996, p. 485).
28See e.g. Gopnik (1994).
29Gopnik (1996, p. 486).
»rhe inverse ordering is also employed by Philip Kitcher, a philosopher of science , in his
1988 article . Kitcher believes that the analogy between science and development is really
symmetrical, but insists, 'one has to begin somewhere, and I start with the area where my
ignorance is less' . Since Kitcher's area of expertise is the same as Kuhn's, it is interesting
that Kuhn chooses the other starting-point.
31Kuhn (1970a, p. 208).
32See Popper (1968, Chap. 1) for a canonical exposition of this distinction.
33See Structure (pp . 8-9); Kuhn (1977, pp. 325-330). For a thorough exposition and defense
of Kuhn's attack on the distinction between context of discovery and context of justification,
see Hoyningen-Huene (1993, pp . 245-252) .
34See Hoyningen-Huene (1993, pp . 250-251) .
35Hull (1989, Chap. 2) .
36Hull (1989, p. 31).
37Kuhn (1977, p. 313), emphasis added.
3Sorhagard (1992, p. 246).
3~agard (1992, p. 259).
4OCarson (1997, p. 233).
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Saving Kuhn from the Sociologists of Science

ROBERT NOLA

Department of Philosophy, University of Auckland, Private Bag 92019, Auckland, New
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ABSTRACf. For many in the science education community Kuhn is often closely identified
with a sociological approach, as opposed to a philosophical approach, to matters raised in
his book The Structure of Scientific Revolutions . This paper is an attempt to liberate Kuhn
from too close an association with the sociology of scient ific knowledge. While Kuhn was
interested in some sociological issues concerning science, e.g., how to individuate communi
ties of scientists, many of his other interests were not sociological. In fact in later writings
he was quite hostile to the claims of the Strong Programme. This difference in his post
Structure writings is explored , along with his model of weighted values as an account of
theory choice. This model has little in common with the model of theory choice advocated
by Strong Programmers and much more in common with traditional philosophical concerns
about theory choice.

Some commentators have declared that the idea of a theory of scientific
method, long advocated by philosophers and scientists, is this century's
stale debate and that it has already been replaced by a quite new outlook
before the new century has even begun. Taking an even longer view in
which science has dominated at least the second half of the second millen
nium , they might add that the idea of a scientific method was one of our
millennium's long lasting but nevertheless illusive, because non-existent,
ideals. Some sociologists of science herald this new view; and some in the
community of philosophers have been thought to do so as well, for
example Paul Feyerabend - another being Thomas Kuhn .

What I hope to do in this paper is at least cast Kuhn in a different light
in order to show that he was deeply preoccupied by issues to do with
methodology and even proposed a methodology of his own and a justifi
cation for it, though in the long run neither are fully defensible . I will
also show that Kuhn distanced himself from the claims of sociologists of
scientific knowledge, especially those of the Strong Programme. This is a
significant issue not least for the field of science education. Both Kuhn
and the sociology of science are commonly invoked together by constructi
vists and post modernists in science education as a new 'referent' or 'para
digm' for the discipline . But this is to play down the serious differences
between Kuhn and the sociologists, as will be seen.

David Bloor, and advocate of the Strong Programme adapts a phrase
of Wittgenstein's when he says of the sociology of knowledge that its
practitioners 'are the heirs to a subject that used to be called philosophy'
(Bloor 1983, pp . 182-183). Though Kuhn is not mentioned specifically
in this context, at least a new outlook is heralded in which the role of
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philosophy, with is compartments of epistemology and methodology, is
severely diminished. However many sociologists of science see Kuhn as
having been one of the forerunners of the new point of view. Thus Brante,
Fuller and Lynch tell us: 'The publication of Thomas Kuhn's The Structure
of Scientific Revolutions in 1962 pointed the way toward the integrated
study of history, philosophy and the sociology of science (including tech
nology) known today as science and technology studies (STS)'. Kuhn set
a good example they say, adding of his book:

It alerted STS practitioners to the mystified ways in which philosophers talked about
science, which made the product ion of knowledge seem qualitatively different from other
social practices. In the wake of STS research , philosophical words such as truth, rationality ,
objectivity , and even method are increasingly placed in scare quotes when referring to
science - not only by STS practit ioners , but also by scientists themselves and the public
at large. (Brante et al. ibid., p. ix)

Perhaps all is not well in the STS camp because the authors confess: 'the
field [of STSl has yet to articulate aspirations that go beyond this deflation
of philosophical pretensions'. Part of the problem appears to be with
aspects of Kuhn's book ; as path breaking as it might have been, there are
shackles from which STS ought to free itself given its too close an adher
ence to some of Kuhn 's less acceptable positions . Though there are several
ways in which Kuhn used sociological notions in his book , I will discuss
only one appeal he made to the sociology of science, and then one appeal
that he did not make to the sociology of scientific knowledge, the latter
setting Kuhn apart from advocates of the Strong Programme.

KUHN ON SCIENTIFIC COMMUNITIES AND 'PARADIGMS'

One of the central ideas of Kuhn 's book that has excited much comment
is that of a paradigm. In the 'Postscript' to the 1970 edition of his book,
Kuhn tries to tackle the individuation of paradigms through an appeal to
the notion of a scientific community. The idea of a community of scientists
appears prominently both at the beginning and end of the 'Postscript' ; for
Kuhn it is a central notion to be articulated within the sociology of science,
but not within the sociology of scientific knowledge. Kuhn recognises the
circularity in the claim: 'A paradigm is what the members of a scientific
community share , and conversely a scientific community consists of men
who share a paradigm' (Kuhn 1970, p. 176). So he sets out to
independently individuate scientific communities and then use that notion
to individuate paradigms, rather than the other way around: 'Scientific
communities can and should be isolated without prior recourse to para
digms; the latter can then be discovered by scrutinising the behaviour of
a given community's members' (loc. cit .).

Many might think that the task of individuating such communities with
out appeal to the actual content of some science believed by members of
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the community is a hopeless task. Some of the criteria Kuhn mentions for
individuating communities are: having 'undergone similar educations and
professional initiations'; having 'absorbed the same technical literature
and drawn many of the same lessons from it'; pursuing 'a set of shared
goals' (ibid ., p. 177). But it is hard to see how the last criterion, or even
the second, can be employed without appeal to the content of science. If
the goal were to obtain, say, an hypothesis which was more fruitful than
its rivals in the sense that it has more successful predictions, then some
appeal is made to some science, and its methods, in order to establish this
- and these are important aspects of paradigms.

A similar problem arises when Kuhn tries to individuate not the world
wide community of scientists, but each sub-group such as radio-astron
omers, optical telescope astronomers, and so on. Such groups may be
individuated by 'their attendance at special conferences' or their informal
networks of communication and 'linkages amongst citations' (ibid., pp .
177-178) . But in a review of Kuhn's book, Musgrave (1980, p. 40) points
out that citations are not a good criterion for membership of the same
community because rival communities often cite one another. Finally
Kuhn tells us: 'Communities ... are the units that this book has presented
as the producers and validators of scientific knowledge . Paradigms are
something shared by the members of such groups' (ibid ., p. 178). But
consider some claim p which is said to be validated scientific knowledge
by a community. If this is to be much more than the mere assent given
to 'p' by each member, then this takes us towards the very content of
some science, and some paradigm with its criterion of what is to count as
'validated scientific knowledge'; and this was something that the appeal
to independently individuated communities was meant to underpin .
Though the enterprise of individuating scientific communities is a useful
task for various sociological purposes, what is doubtful is that the com
munities will be so finely individuated that they can then be used in turn
to individuate paradigms as that which each finely individuated community
shares. Rather elements of paradigms will enter into the individuation
of the communities themselves; paradigm individuation then becomes a
separate problem.

At the same time that Kuhn was attempting to individuate the notion
of a community independently from that of a paradigm on sociological
grounds, he also elaborated upon and changed the notion of a paradigm
that he had employed in the first edition of his book. A paradigm was
replaced by the notion of a disciplinary matrix which in turn comprised
exemplars, symbolic generalisations (or laws), model and values (ibid .,
pp . 182-187) . Kuhn recognised that he had not been specific enough in
his account of a paradigm and in subsequent writings on the history of
science did not make any significant use of the notion. In an interview
published in Italian in 1991 Kuhn said: 'I'm not sure I would use the term
paradigm in such a wide sense anymore' (Borradori, 1994, p. 166). But
alert readers of the 1970 'Postscript' would have already noticed that Kuhn
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effectively abandoned the notion of a paradigm in favour of the more
articulated notion of a disciplinary matrix. As will be seen, the values of
a disciplinary matrix can be shared by different communities, and may
well be widely endorsed across most scientific communities. This also
underlines the way in which the enterprise of individuating scientific com
munities in order to individuate paradigms falters when it come to a
disciplinary matrix's values which may be shared across communities.

Independently of its success or failure , the above shows one way in
which Kuhn took an interest in a sociological investigation. It also intro
duces Kuhn's notion of values and the role they play in his account of
scientific method, especially that of theory choice; this is an important
theme which will be taken up in the third section of the paper. But first
we need to set out some of the views held by advocates of the Strong
Programme in order to see in what way Kuhn distances himself from their
sociologically based accounts of theory choice . Even though sociology of
science can playa role in the individuation of scientific communities, for
Kuhn sociology of scientific knowledge plays very little role in theory
choice and none in his account of the justification of his principles of
theory choice .

THE STRONG PROGRAMME AND KUHN'S OBJECTIONS

What is the Strong Programme (SP) in the sociology of scientific knowl
edge? David Bloor expresses SP in the form of four tenets , of which only
the first, the Causality Tenet (CT), need concern us: 'It would be causal,
that is, concerned with the conditions which bring about belief or states
of knowledge. Naturally there will be other types of causes apart from
social ones which will cooperate in bringing about belief ' (Bloor 1991, p.
7). Sociologists do not take the care that philosophers do over the distinc
tion between knowledge and belief; so we will go along with Bloor and
understand CT as pertaining to beliefs held on the part of some individual
x. Since beliefs can be either true or false, then we can immediately
incorporate Bloor's second 'Impartiality Tenet' into CT, viz., ' [SP] would
be impartial with respect to truth or falsity, rationality and irrationality,
success or failure' (loc. cit) . Thus CT is quite broad with respect to the
beliefs within its scope . It is also quite broad with respect to the people
it applies to ; we will consider it only with respect to individual scientists.

What causes a belief p in the mind of some scientist x? It is x's social
condition (call this 'S, ') in cooperation with other conditions of x which
are not social (for convenience call these 'N;') . Thus CT, in its full
generality with respect to all beliefs and all scientists says:
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CT: for all (scientific) beliefs p , and all scientists (and perhaps
others) x, there are social conditions Sx, and there are
other non-social conditions Nx, which cooperate together
such that (S, & Nx) cause x's belief that p.

The non-social causes N, can be taken broadly to include items such as
our biology, our cognitive structures which we have inherited through the
processes of evolution, our inherited sensory apparatus, and our history
of sensory inputs (but not our reports of them) . While the non-social is
constant for most of humanity, the history of our individual sensory input,
as well as our individual (or our group's) social condition, does vary from
person to person, or from group to group. Thus though the factor N,
must enter into the causal nexus producing our beliefs, it will not explain,
apart from appeal to variable sensory input , the variation in our beliefs.
What will do this will be the varying social factor Sx' The list of variable
social factors is open-ended, but it includes at least : the language we learn
and the way we thereby express our beliefs and report our experiences;
the beliefs we acquire through acculturation and education; our social
circumstance including the class into which we fall. It is the variation in
social factors such as these which is alleged to be the main cause of
variation in belief. We are to appeal to these factors in offering causally
explanatory accounts of why, say, some person x believes that p.

If the social factors are quite external to us (e.g ., our class status) , how
do they manage to causally produce beliefs in us in a way which is not
overtly behaviouristic? It is unclear how such external factors, such as
class status, manage to penetrate our brains to cause beliefs in something
as remote as science without at least our awareness of our class interests
entering into the casual chain. This suggests that cognitive factors enter
into the causal story and that it is cognitive attitudes to social factors, such
as beliefs or interests, which are causally active and not the social factors
themselves . If so, CT has been improperly expressed since what has been
left out are cognitive attitudes to social factors. This omission is remedied
in what might be called the 'interests' version of CT (ICT).

LC]": for all (scientific) beliefs p, and all scientists x, there are
interests of x, lx, such that Ix cause x's belief that p.

Here we can drop reference to the non-social factors since the causal chain
is alleged to run independently of them at the cognitive level from interests
to beliefs. The task of SP is to flesh out the above two schema by finding,
for each person x and their particular belief p, either the social conditions
Sx that cause their believing p, or some interest they have, Ix, that causes
their believing p. The radical challenge that SP with its causality tenet
presents to philosophical theories of method is this. Scientists do not
believe their theories for the reasons philosophers suppose, e .g., that their
theories might explain more, or be highly confirmed, or any of this ilk.
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Rather, as CT and ICT show, the causes of their belief in their theories
is social (omitting reference to the common non-social causes).

As an illustration of the above schema consider Paul Forman's often
cited study of the emergence of the belief in acausality in physics in
Weimar Germany in the decade after the end of World War I. Forman
says of this new widely spread belief in physics of the time that he 'must
insist on a causal analysis' (Forman 1971, p. 3) thus bringing his analysis
into conformity with SP. So let 'p' stand for the set of beliefs in acausality
and restrict the scope of x in CT to the dozen physicists of Weimar
Germany that Forman investigates, and in particular, the physicist Richard
von Mises. We can accept Forman's analysis of the cultural milieu of the
time in which post World War I German society was hostile to science
and to its notions of causality and embraced the neo-romantic, even
'existentialist', doctrines such as those to be found in Spengler's book
Decline of the West in which a causal view of the world was condemned.
However it is not sufficient merely to claim that the dozen physicists lived
in a milieu of this sort; this could be the case whether they were aware
of their cultural milieu or not. For the milieu to have an affect on the
physicists ' beliefs we need to add that they were aware of doctrines that
were embraced in their cultural milieu . So CT needs to be reformulated
as a thesis not about some S, causing x's belief in acausality (how could
it?) , but the significantly different thesis: x's awareness of S, causes x's
belief in acausality.

Being socially aware people , most of the dozen physicists Forman inves
tigates were aware of their cultural milieu and its hostility to notions of
causality . The important questions to ask are now these . Was their aware
ness merely a mental accompaniment to their belief in acausality - this
belief being caused in other ways due to the internal development of
physics? Or was their awareness of their milieu's hostility the very cause
of their belief in acausality? Advocates of SP have to show the latter. And
if they can , the result would be rather shocking. Major beliefs in science
are just 'social imagery', to quote the title of Bloor's book; they are
not acquired on grounds to do with the sciences themselves and their
accompanying principles of scientific method.

However the sociologists do not correctly employ the methodology of
causal analysis to establish the following claims . Let 'A' be the physicists'
awareness of their hostile cultural milieu, 'B' their belief in acausality,
and P an internalist story of how , on the basis of issues in physics alone,
acausality came to be believed. Then the following needs to be shown
about what went on in the mind of each physicist : (1) A accompanies B;
(2) P accompanies B; (3) P does not cause B; (4) A causes B. All can
agree with (1) and (2) ; but the sociologists do not do show the crucial
causal claims (3) or (4) . Historical research can show that A , B, and P
accompany one another; but it is another matter altogether to show that
A, not P, is the cause of B.

Of the physicists Forman discusses, perhaps Richard von Mises comes
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nearest to being his best example as he was a convert to the Weltschmerz
of Spengler. Did Von Mises' Spenglerism cause him to believe in acausality
rather than matters internal to the physics with which he was acquainted?
Forman does not show that it was Von Mises' awareness of his cultural
milieu rather than issues to do with physics which caused this belief. In
fact Forman's investigations of Von Mises' mental states get no better
than this when he says of his research into Von Mises' writings on Quan
tum Mechanics at the time : 'Admittedly, Von Mises has invoked the
quantum theory as the occasion for the repudiation of causality ' (ibid., p.
81). Maybe ; but this does not show that it was Von Mises' awareness of
his cultural milieu, rather than his physics, that caused him to believe in
acausality. To invoke other reasons or rationalisations based on Spengler
ian considerations would be to attribute a massive amount of self-delusion
to Von Mises, given his avowed reasons based in physics.

Critics are aware of the methodological shortcomings in the studies
alleged to support SP, even those who take the view that scientific belief
needs both a externalist (sociological) and internalist (using some metho
dological principles) explanation:

when we corne down to the content of physics, we must of necessity take into account
internal as well as external considerations. . .. Forman has succeeded in demonstrating
that physicists and mathematicians were generally aware of the values of the milieu . . ..
But when we corne to the crucial claims , that there was widespread rejection of causality
in physics, and that there were no internal reasons for the rejection of causality, then the
weakness in his argument also becomes crucial. For there were strong internal reasons for
the rejection of causality .. . (Hendry 1980, p. 160)

Let us now turn to Kuhn's critical remarks about SP (which differ
from those just given above). During the more than thirty years after he
published Structure Kuhn worked at modifications of its views, projecting
even another book which remained unpublished at the time of his death .
The new book, he said, would return to the philosophical problems Struc
ture bequeathed to him by the incomplete account he had given of them
in his earlier work . The list of philosophical problems include: 'rationality,
relativism and , most particularly realism and truth . . . [and a notion of]
incommensurability . . . [which] is far from being the threat to rational
evaluation of truth claims that it has frequently seemed' . (Kuhn 1991, p.
3).

Surprisingly for a book whose historical examples were largely culled
from physics and chemistry , The Structure of Scientific Revolutions has
been taken up by the social sciences and lauded by sociologists of scientific
knowledge as one of the works which inaugurated the new sociological
approach in STS. What was Kuhn's attitude to the burgeoning literature
of sociological studies of science? Though he says that there is a lot to
learn from such studies, he expresses his view of its underlying philosophi
cal stance with uncharacteristic harshness. His projected book was to
provide an account of incommensurability consistent with the notion of
rational evaluation of truth as a corrective to the sociological stance :
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'Rather, it's what is needed, within a developmental perspective, to restore
some badly needed bite to the whole notion of cognitive evaluation . It
is needed, that is, to defend notions like truth and knowledge from,
for example, the excesses of post-modernist movements like the strong
program' (ibid. , pp. 3-4) . Even though Kuhn would not have adopted a
realist correspondence theory of truth, his unfinished project was going to
conserve some of the traditional ideas of scientific method .

In a 1991 address Kuhn said: 'I am among those who have found the
claims of the strong program absurd : an example of deconstruction gone
mad ' (Kuhn 1992,9). He says in agreement with advocates of SP:

Interest, politics , power and authority undoubtedly do playa significant role in scientific
life and its development. But the form taken by studies of 'negotiation' has, as I've
indicated , made it hard to see what else may playa role as well . Indeed, the most extreme
form of the movement , called by its proponents ' the strong program', has been widely
understood as claiming that power and interest are all there are . Nature itself, whatever
that may be, has seemed to have no part in the development of beliefs about it. Talk of
evidence , of the rationality of claims drawn from it, and of the truth or probability of
those claims has been seen as simply the rhetoric beh ind which the victorious party cloaks
its power. What passes for scientific knowledge becomes , then, simply the belief of the
winners . (ibid. , 8-9)

With these remarks in mind , David Bloor, in an obituary notice for Kuhn ,
thought it was still possible to co-opt him to the sociologists ' cause . In
relation to Kuhn's remarks about the role of nature Bloor says: 'How
nature is to be described is not predetermined , or independent of the
traditional resources that are bough to bear on it. That is why, despite
some uncharacteristically ill-focused remarks of his own to the contrary,
Kuhn is properly called a 'social constructivist' (Bloor 1997, p. 124).
Setting aside the obscure matter as to whether Kuhn was a 'social construc
tivist' , his model of consensus through individually weighted shared values
hardly makes theory choice 'social constructed'. What Kuhn also requires
is 'cognitive evaluation with rational bite' .

Kuhn clearly agrees with the sociologists' claim that interests, power
and politics do playa significant role in scientific life and its development.
This is almost a banal truth with which no one would disagree . The extent
to which interests of power, money and politics support , say, modern
scientifically based agribusinesses, or timber-felling companies, over those
who wish to retain elements of biodiversity in the countryside is an
empirical matter to decide - and one in which it is very clear who is the
winner in a number of cases. But it is a very different matter to allege
that power, politics, money , interests and authority influence not only
scientific life (as Kuhn says) but also the acceptance of scientific hypotheses
or observations in scientific investigations. For the latter Kuhn would apply
the 'cognitive bite ' of his model of weighted values - and this says little
of power and politics amongst its list of values.

This highlights Kuhn 's worry . If the power politics of negotiation is the
only, or dominant, factor in determining what we are to accept as scientific
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facts, or to accept as hypotheses; or accept as what evidence supports
what hypothesis, then Kuhn can see no role for nature as that which enters
into our very experimental interventions, or that to which our theories
and observations are a response, or that which our theories are about.
Nature appears to be irrelevant while society is paramount. For Kuhn
SP so marginalises the role of nature in our theory choices, or in our
accounts of what science is about, that nature seems to drop out of the
picture all together. In sum, despite some of the more radical claims of
the first edition of Structure which subsequently underwent refinement,
Kuhn clearly sees himself as a member of the long tradition which still
has a use for the notions of rationality, truth and knowledge and does not
jettison them.

KUHN 'S VALUES AND THE METHODOLOGY OF THEORY CHOICE

Those who view Kuhn as holding either an irrationalist or anti-methodol
ogy stance, or endorsing a paradigm-relative account of method, can find
passages in the Kuhn of 1962 that support these views. Using a political
metaphor to describe scientific revolutions, Kuhn says of scientists working
in different paradigms that 'because they acknowledge no supra
institutional framework for the adjudication of revolutionary difference ,
the parties to a revolutionary conflict must finally resort to the techniques
of mass persuasion, often including force' (Kuhn 1970, p. 93). Continuing
the metaphor, there is also a suggestion that the methods of evaluation
in normal science do not carry over to the evaluation of rival paradigms:

Like the choice between competing political institutions, that between competing para
digms proves to be a choice between incompatible modes of community life. Because it
has that character, the choice is not and cannot be determined merely by the evaluat ive
procedures characteristic of normal science, for these depend in part upon a particular
paradigm, and that parad igm is at issue. When parad igms enter, as they must, into a
debate about paradigm choice, their role is necessarily circular . Each group uses its own
paradigm to argue in that paradigm's defence . (Kuhn 1970, p. 94)

Later he speaks of paradigms 'as the source of the methods . . . for a
scientific community' (ibid., p. 103). These and other passages tell us that
methodological principles might hold within a paradigm but that there are
no paradigm transcendent principles available . And they show that Lak
atos is justified when he says that the theory choice involved in paradigm
change is a matter of 'mob psychology' (Lakatos & Musgrave 1970, p.
178).

But by the time he came to write the 'Postscript' for the 1970 edition
of his book Kuhn , as already noted, effectively abandoned talk of para
digms in favour of talk of exemplars and disciplinary matrices. Values are
one of the elements of a disciplinary matrix ; and contrary to the impression
given above, they are 'widely shared among different communities' (ibid.,
p. 184). That is, scientists in different communities, and so working in
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different 'paradigms', value theories because of their following features:
they yield predictions (which should be accurate and quantitative rather
than qualitative); they permit puzzle-formation and solut ion; they are
simple; they are self-consistent; they are plausible (i.e., are compatible
with other theories currently deployed); they are socially useful.

In a 1977 paper 'Objectivity, Value Judgement, and Theory Choice'
(Kuhn 1977, chapter 13), Kuhn re-endorses these values and adds to them:
scope (theories ought to apply to new areas beyond those they were
designed to explain), and fruitfulness (theories introduce scientists to hith
erto unknown facts). Kuhn initially thinks of these as rules of method .
But owing to the imprecision which can attach to their expression as
rules, and the fact that they are open to rival interpretations and can be
ambiguous in application or can be fulfilled in different ways, Kuhn prefers
to think of them as values to which we could given our general assent.
Thus Kuhn adopts a methodology which avoids talk of the rules which we
ought to follow as means to realise values, and instead focuses on the
values we do, or ought to , adopt in our choice of theories.

Kuhn's list of values does not mention several other important values
that have been endorsed by other methodologists. Thus inductivists and
Bayesians put store on high degree of support of hypotheses by evidence.
Constructive empiricists put high value on theories which are empirically
adequate . Realists wish to go further and value not only this but also
truth , or increased verisimilitude , about non-observational claims. Yet
others value high explanatory power. And so on. Kuhn rejects the idea
that our theories do approximate to the truth about what is "really there"
(Kuhn 1970, p. 206); so even though we might not view him as endorsing
the realists' value of truth , he could adopt the value of empirical adequacy
(i.e., truth at the observational level) espoused by constructive empiricists
such as Van Fraassen. Also there is a strong anti-inductivist strain in Kuhn
which would take him away from notions of high degree of support,
though this is linked to the Kuhnian values of scope and fruitfulness.
Finally some methodologists would downplay some of the values Kuhn
endorses, such as external consistency or social utility.

The position of Kuhn on methodology after the first edition of Structure
yields the following picture of a model of weighted values . (1) There is
a set of values which can vary over time, and can vary from methodologist
to methodologist. A sub-set of these values could comprise a cluster of
central values which hold for most sciences and throughout most of their
history . For Kuhn's own model , the values he mentions fall into this sub
set with few, if any, falling outside (but within the larger set) . (2) These
values are used to guide and inform theory choice across the sciences and
within the history of anyone science , including its alleged 'paradigm'
changes. That is, the cluster of values are science and paradigm transcen
dent. (3) The model may be either descriptive or normative. Kuhn does
not make it clear whether his model is to be understood as a description of
how scientists do in fact make their choices, or whether it is to understood
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normatively in that it tells us how we ought to make choices. If the latter
then there is a need for a justification of the norms it embodies. (4) Kuhn
says that the values may be imprecise and be applied by different scientists
in different ways. While this is not the case for the value inconsistency
(there are fairly precise criteria for internal and external inconsistency for
any theory) , or for any given degree of accuracy of predictions, some
values do exhibit imprecision . Thus accuracy could differ in the required
degree . Simplicity might be taken in different ways (simplicity in equations
versus simplicity in ad hoc assumptions) so that different aspects of a
theory might be deemed simple; or the notion of simplicity itself might
be taken in different ways or in different degrees. Such imprecision in the
interpretation of values can, however, be readily overcome by precis
ification so that there need not be the wide divergence over the interpreta
tion of values that Kuhn alleges . (5) Different scientists do, as a matter
of fact, give different weightings to each of the values .

Following from (4) and (5) there are two aspects to theory choice - an
objective aspect in shared values and a subjective aspect in idiosyncratic
weightings of values (and interpretation where this arises). In the light of
this, Kuhn claims that there is no general 'algorithm' for theory choice 
though there is hardly any methodologist who has required that methodo
logical principles should be algorithmic. This allows that different scientists
can reach different conclusions about what theory they should choose.
First , they might not share the same values; but where they do share the
same values they might interpret them differently or give them different
weightings . Shared values (with the same interpretation) and shared
weightings of these values will be sufficient for sameness of judgement
within a community of scientists. However this might not be necessary; it
might be possible for scientists to make the same theory choices yet to
have adopted different values and/or have given them different weightings.
Thus there is the possibility that consensus might be a serendipitous
outcome despite lack of shared values and different weightings . However
it is more likely that, where values and weightings are not shared , different
theory choices will be made, and there is no consensus.

Whether scientists do or do not make theory choices according to
Kuhn's model is a factual question to answer. But what does the model
say about what we ought to do, and what is its normative/rational basis?
In particular why, if T1 exemplifies some Kuhnian value(s) while T2 does
not, should we adopt T 1 rather than T2? Kuhn's answer to the last meta
methodological question is often disappointingly social and/or 'intuitionis
tic' in character. In his 1977 paper Kuhn refers us to his earlier book
saying : 'In the absence of criteria able to dictate the choice of each
individual, I argued, we do well to trust the collective judgements of
scientists trained in this way. "What better criterion could there be", I
asked rhetorically, "than the decision of the scientific group" ' ; (Kuhn
1977, pp. 320-321). As to why we ought to follow the model, Kuhn
makes a convenient is-ought leap when he says in reply to a query from
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Feyerabend: 'scientists behave in the following ways; those modes of
behaviour have (here theory enters) the following essential functions; in
the absence of an alternative mode that would serve similar functions,
scientists should behave essentially as they do if their concern is to improve
scientific knowledge' (Lakatos & Musgrave (eds) 1970, p . 237). The argu
ment is not entirely clear, but it appears to be inductive: in the past certain
modes of behaviour (e.g ., adopting Kuhn's model of theory choice) have
improved scientific knowledge; so in the future one ought to adopt the
same modes of behaviour if one wants to improve scientific knowledge .
What is surprising about this line of argument is its dependence on meta
induction from the past success of the use of Kuhn's model to its future
success. However Kuhn later offers other reasons for adopting his model.

Much later comments from Kuhn (in a paper entitled 'Rationality and
Theory Choice') on the status of his methodology arise in a 1983 sympos
ium on 'The Philosophy of Carl G. Hempel' with Salmon and Hempel.
In subsequent reflection on that symposium, Salmon argues that it is
possible to reconstrue the features of Kuhn 's model of weighted values in
terms of subjective Bayesianism (Salmon 1990; see also Earman chapter
8 for a further attempt by a Bayesian to incorporate Kuhn's model of
theory choice into a Bayesian decision framework) . Bayes' Theorem is
able to account for a large number of our central methodological prin
ciples, including accuracy, fruitfulness, scope, and so on (but not social
utility unless set in a decision-theoretic context) . If Salmon's project in
which 'Tom Kuhn meets Tom Bayes' is able to account for the theory
choices of Kuhn's model, then the independent status of the model is
undercut as it is incorporated into a more wide ranging theory of method.
Whatever may be the case here, let us focus on the new features of Kuhn's
1983 account of his methodology.

In his symposium paper Kuhn addresses a point that Hempel had made
in an earlier paper about his position, viz., that Kuhnian values are goals
at which science aims, and not means to some goal such as puzzle-solving
(Hempel 1983). Both Kuhn and Hempel take puzzle-solving, accuracy,
simplicity, etc, to be values (ends) rather than rules (means), and
throughout this paper this position has been adopted. Given that theories
are judged by the values they exemplify, Kuhn takes up a further point
that Hempel makes , viz., that rationality in science is achieved through
adopting those theories that satisfy these values better . Hempel thinks that
this criterion of rational justification is near-trivial. However Kuhn turns
Hempel's near-triviality into a virtue by proposing that the criterion is
analytic, thereby adopting as his meta-methodology a theory of analyticity
concerning the term 'science'. In developing his views in this paper Kuhn
tells us that he is 'venturing into what is for me new territory' (Kuhn
1983, p. 565). So we can take it that the meta-methodological justification
developed here is not one that Kuhn had had in mind before .

Kuhn's account of analyticity is based on what he calls 'local holism' .
This is the view that the terms of any science can not be learned singly
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but must be learned in a cluster; the terms have associated with them
generalisations that must be mastered in the learning process , and the
cluster of terms form contrasts with one another that can only be grasped
as a whole. If 'learning' is understood as 'understanding the meaning' ,
then analyticity becomes an important part of the doctrine of 'local holism'
for the central terms of each sufficiently broad scientific theory. In Kuhn's
view the doctrine applies not only to specific theories such as Newtonian
Mechanics with its terms 'mass ' and 'force' which must be learned together
holistically. It also applies to quite broad notions signified by the terms
'art', 'medicine', 'law' , 'philosophy' , 'theology', and so on; the central
terms associated with these notions must also be learned holistically.
Importantly 'science' is another such broad notion to be learned holist
ically since 'science' is in part to be understood in contrast to these terms.

Kuhn recognises that not every science we adopt should possess every
value since the values are not necessary and sufficient conditions for theory
choice; rather they form a cluster associated with the local holism of the
term 'science' . But what he does insist is that claims such as 'the science
X is less accurate than the non-science Y' is a violation of local holism in
that 'statements of that sort place the person who makes them outside of
his or her language community' (Kuhn 1983, p. 569). For Kuhn , Y's being
more accurate is just one of the things that the local holism of the word
'science' makes Y scientific; Y cannot be non-scientific. For Kuhn, Hem
pel's near-triviality is not breached because a convention has been viol
ated; nor is a tautology negated. Rather 'what is being set aside is the
empirically derived taxonomy of disciplines' (loc. cit) that are associated
with terms like 'science '. Like many claims based on an appeal to ana
lyticity, meaning or taxonomic principles , one might feel that the later
Kuhn has indulged in theft over honest toil. However in linking his model
of weighted values to the alleged local holism of the term 'science', Kuhn
comes as close as any to adopting the meta-methodological stance that his
theory of method has an analytic justification for its rationality. In this
respect Kuhn's position has close affinities with that of Strawson (1952,
Chapter 9, part II) who tried to justify the rationality of induction in much
the same way.

CONCLUSION

Since Kuhn 's later position on methodology is a far cry from the Strong
Programme of the sociologists, there are no good grounds for co-opting
him into the sociologists camp as far as theory choice is concerned. His
philosophical account of values and the status of his model all fall within
the traditional concerns of rationality in science, the very rationality that
sociologists of scientific knowledge set out to undermine .
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PART THREE

History and Philosophy in Physics Education

The papers in Part Three elaborate the role of history and philosophy in physics
education. The history and philosophy of physics can address two levels of
problems in physics education : at the first level, there are problems of how best
to promote subject matter competence, knowledge and understanding; at the
second level, there are problems about the purposes, aims and goals of physics
instruction.

It is recognised that physics education shares all the difficulties of
science education , and then some more. There has been a flight from physics
by both students and teachers. In only a few thousand of the 24,000 or so high
schools in the United States is physics taught by a physics graduate. The
situation in Australia is not much better, with approximately one-tenth of
graduates going into science teaching having a physics degree. These teacher
supply problems are societal and structural, and only peripherally amenable to
educational solutions.

But there are important aspects of the physics crisis that are amenable
to educational effort. One aspect is the unfortunate trend to reduce school
physics to the 'physics of gadgets'. The physics of gadgets - sometimes called
'applied physics' - is one reaction to the daunting formalism and higher
mathematics so pervasive in curricula and texts. There are some progressive
aspects to this trend.

But competence in the physics of gadgets is surely not the only goal to
which a physics programme can aspire. David Goodstein, in his Oersted Medal
Address to the American Association of Physics Teachers, correctly said of the
physics profession that 'What we have is nothing less than the wisdom of the
ages. It's that vast body of knowledge, the central triumph of human
intelligence, our victory over mystery and ignorance' (Goodstein 1999, p. 186).
Without the history and philosophy of physics, this 'wisdom of the ages' can
hardly be appreciated. Copernicus on the heliocentric solar system, Galileo on
falling bodies, Newton on the unity of celestial and terrestrial physics, Volta on
electricity, Einstein on relativity , Planck on quantum effects, and so on. This
history is a rich storehouse, the walking through of which should leave students
with some sense of the wisdom of the ages and the personal and social
requirements whereby it was acquired.

Igal GaIili and Amon Hazan here present research on the effect of a
history-based course in optics on students' views about science .
Encouragingly, students doing the history-based course performed equally as
well as students who studied a more standard, professional , course. Their
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subject matter knowledge and comprehension was not diminished in virtue of
their historical curriculum. But their comprehension of the nature of science,
and its place in the big picture of human intellectual and practical endeavour,
was considerably advanced compared to the professional group.

Nahum Kipnis outlines one of the great and engaging controversies in
the history of science, that between the two Italian professors Alessandro Volta
and Luigi Galvani concerning the nature of 'animal electricity'. This late
eighteenth century debate is an exemplary model of rival theory development
and appraisal. Kipnis shows how its main features can be reproduced in
classrooms, thus sheding light on the understanding of the basic scientific
concepts, and importantly on scientific methodology and the place of
experimental results in the resolution of theoretical controversy.

Roberto de Andrade Martins and Cibelle Celestino Silva address one of
the central issues concerning the use of history in science teaching: How much
can the history of science be deformed to suit pedagogical purposes? This
question was raised by Martin Klein , a research physicist turned historian in
1970 at an MIT conference sponsored by the International Commission on
Physics Education. Klein's argument was basically: teachers of science select
and use historical materials to further contemporary scientific or pedagogical
purposes, such selection is contrary to the canons of good history, and therefore
'in trying to teach physics by means of its history, or at least with the help of its
history, we run a real risk of doing an injustice to the physics or to its history 
or to both' (Klein 1972, p. 12).

Michael Matthews uses the prehistory of the metre length standard as
an example of how history in the classroom can shed light on the 'big picture '
of science, and enable students to appreciate some basic methodological issues
in science, as well as enabling them to see how political considerations can
bear upon its conduct.

Olivia Levrini discusses a topic that is tailor made for historical and
philosophical elaboration in the classroom, namely Einstein 's Theory of
General Relativity. Among the issues she delineates is the long-standing
debate about the reality of space. Students of relativity theory can , with
benefit, relive this debate, and other basic philosophical disputes with which
the subject blossoms.

Fanny Seroglou and Panagiotis Koumaras provide perhaps the most
comprehensive extant review of research on the theoretical, curricular and
pedagogical aspects of using history of physics in physics education. Their
conclusions are encouraging for those advocating such usage.

Goodstein, D.L. : 1999, 'Now Boarding: The Flight from Physics', American
Journal of Physics 67(3), 183-186.

Klein, MJ.: 1972, 'Use and Abuse of Historical Teaching in Physics'. In S.G.
Brush & A.L. King (eds .), History in the Teaching of Physics,
University Press of New England, Hanover



The Effect of a History-Based Course in Optics on
Students' Views about Science

IGAL GAUU and AMNON HAZAN
Hebrew University ofJerusalem. The Science Teaching Center, Givat Ram. Levin Building,
Jerusalem 91904. Israel

Abstract. In light of the convincing claims extolling the multifaceted merit of the "genetic" (his
torical) approach in designing learning materials (Matthews 1994), we developed an experimental
course in optics. We tested the new materials and determined their effectiveness in a year long course
given in several 10th grade high school classes. A special feature, which soundly contrasted our
course from a typical one, was its essential incorporation of historical contents: the ideas, views and
conceptions which constituted the early understanding of light and vision. In this report, we present
that part of the assessment which concerns the course's impact on the students ' views about science
and some related technological and cultural issues. In our analysis, we used a special hierarchical
organization to represent pertinent data. Strong differences were found between the views elicited
in the experimental group and parallel data regarding students in the control group. In our view, this
demonstrated the advantage of utilizing historical materials in an aspect which is additional to our
first intention - to improve students' disciplinary knowledge. Such materials naturally address issues
of much broader general interest, appropriate for physics education as opposed to physics training.
Touching on a variety of features of science the materials positively effect students' views about
science.

1. Background of the Study

Besides "installing" the fundamentals of disciplinary knowledge, school introduct
ory physics courses should aid in the development of knowledge about science:
a capacity for understanding of what is science, how it works, its features, meth
ods of activity and interaction with its cultural environment. The importance of
such knowledge, especially in a society rapidly being saturated with science and
technology, was widely discussed during the last century (e.g., Dewey 1916; Jaffe
1938; Conant 1951; Schwab 1964; Bybee et al. 1991; Matthews 1994; Driver et al.
1996) and even declared as policy (Nuffield Advanced Science 1988; AAAS 1990,
1993; NAS 1996). We likewise expect this knowledge to be in the possession of
educated non-scientists.

It has been shown that besides a rich variety of conceptions of scientific con
tent (e.g., Wandesee et al. 1994), students hold a variety of views about science
(e.g. Aguirre et al. 1990). Naive objectivism fused with naive pragmatism and
naive ideas of accurate unambiguous scientific knowledge are often pronounced
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in these views, and in fact, it is seemingly encouraged by the traditional instruc
tion, which seeks simplicity (Rowell and Cawthron 1982; Abell and Smith 1994).
The simplified image of science and scientific knowledge, often framed within a
positivistic philosophy, displayed in a great many of the available curriculum ma
terials (DeBoer 1991), is often far from being adequate or realistic. Such an image
poorly facilitates the intellectual growth in the individual perception of science,
and may negatively affect students' understanding of science in general (Loving
1991; Meichtry 1993; Thomsen 1998).

Despite existing pluralism, many share a dissatisfaction with students' and
teachers' views about science (e.g., Meichtry 1993; Abell and Smith 1994; Mat
thews 1997; Lederman et al. 1998). Misinterpretations of scientific method by
learners, and awareness of cultural factors in science have been discussed with
regard to science education (Lederman and O'Malley 1990; Solomon et al. 1992;
Griffiths and Barman 1995; Aikenhead 1997; McComas et al. 1998). Thus, Le
derman et al. (1998) found no empirical support for the belief that teachers'
competence in disciplinary knowledge and "hands on science" teaching strategy
bring students to an adequate understanding of the nature of science. At the same
time, Halloun and Hestenes (1998) found a positive correlation between the profiles
in students' views about science and their achievements.

Utilization of elements of the history and philosophy of science (HPS) in intro
ductory science courses has been argued for quite a long time (e.g., Conant 1951;
Schwab 1963; Klopfer 1969; Brush 1989; Niedderer 1992; Duschl 1994; Mat
thews 1994; Monk and Osborn 1997). A broad cultural approach to science which
accompanies HPS based introduction to teaching science, replaces the traditional
focus on the correct-for-now scientific contents and problem solving training. As
such, it reflects a cardinal change in the philosophy of education. History-based
instruction uncovers the non-linear process by which current scientific knowledge
was attained. It presents a number of views, ideas, and theories regarding the same
subject, along with the complex interaction in which they may replace one another
as well as co-exist in the course of history. This process of collective knowledge
construction in science is, to a certain extent, similar to the process of individual
construction ofknowledge (widely adopted interpretation oflearning - Glasersfeld
1995). Therefore, the exposure to science history may help students in their making
sense of scientific claims, and the reconstruction of scientific ideas (Bettencourt
1993; Galili and Hazan 2000a).

Moreover, historically based teaching cannot ignore the social settings of sci
entific activity, inherent in history. The various human, philosophical, cultural and
social aspects of scientific enterprise, which make the picture of science more col
orful, realistic and educationally important in a broad sense: "History is necessary
to understand the nature ofscience, .. . [it] counteracts the scientism and dogmatism
that are commonly found in science texts and classes. . ,. examining the life and
times of individual scientists humanizes the subject matter of science making it
less abstract and more engaging for students" (Matthews 1994, p. 50).
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Another merit of intergrating historical materials emerges when one realizes
that school teaching faces an extremely heterogeneous population, with a great
span of interests, skills and abilities, ambitions and motivations. Many of them (if
not the majority) will never pursue the learning of science, and a school course in
physics may be their first and last physics course.1 These circumstances imply the
need to not overlook such cultural values as "integrity, diligence, fairness, curiosity,
openness to new ideas, skepticism, and imagination" which obtain a very special
meaning with regard to science (AAAS 1990). This, even at the expense of atten
tion paid to the procedural ("instrumental") knowledge of problem solving which
for the majority of students remains useless and is quickly forgotten.

Klopfer and Cooly (1963), Lochhead and Dufresne (1989), Johnson and Stew
art (1991), Aikenhead (1992), Solomon et al. (1992) suggested that HPS-based
learning materials could improve views about science in a manner meaningful
and interesting to students. However, widely known attempts to teach HPS based
materials, and through them to reach this goal seemingly have been abandoned, i.e.,
the Harvard Project Physics course of the seventies. One of the ways to interpret
such an outcome was to question the competency of the teachers, and to study their
views on, and knowledge of, the subject (Rowell and Cawthron 1982; Brickhouse
1989; Aguirre et al. 1990; Koulaidis and Ogborn 1989, 1995; Mellado 1997; Tobin
and McRobbie 1997). These studies revealed the necessity for specific pre-service
training of teachers.

The implementation of HPS based learning emphasizes the problem of a short
age of appropriate teaching materials, since historical primary sources require
special knowledge to be used. For instance, the texts on optics by Descartes
(1637/1965) , Newton (1704/1952) and even Mach (1913/1926), as they are, do
not present materials appropriate for direct use by students or teachers. Thus, con
struction of special learning materials is required for those who want to teach and
learn physics by means of history. We invested our efforts in this direction, and
prepared a special textbook on optics for lOth grade students. The text presented
the disciplinary knowledge in its historical evolution. The present study considers
the impact of the innovative materials on students' views about science.

2. Curriculum and Sample

Optics was chosen for our educational experiment, after discovering that its ex
tremely rich history of 2,500 years is representative for scientific progress in
general (e.g., Mach 1913/1926; Cohen and Drabkin 1948; Lipson 1968; Ronchi
1970; Lindberg 1976). This history can also elucidate many aspects of the nature
of science and its features, through an exposure to the rise and fall of scientific
theories and conceptions, along with their adoptions, refinements and replace
ments. A specially prepared textbook served as the main learning resource for
the course. In its preparation, we used a variety of resources including primary
ones (Descartes 1637/1965; Newton 1704/1952; Huygens 1690; Priestley 1772),
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secondary, as quoted above, and educational texts (e.g., Finegold and Olson 1972;
Kipnis 1993).

In designing the new course we were guided by our preliminary study, which
explored the content and structure of students' knowledge in optics (Galili and
Hazan 2000b). No explicit effort was made in the textbook to present aspects of
scientific literacy, epistemology, or cultural values in science. This agenda was
inherent in the context of the presented scientific views, theories and activities of
Aristotle, Alhazen, Kepler and many others, which we selected as appropriate, and
hopefully appealing, in light of the documented views of students.

Although our course preserved the standard menu of topics, it greatly differed
in several aspects from a regular curriculum. The most pronounced difference was
the exposure of the learner to the historical growth of the understanding of vision,
interwoven within the nature and behavior of light (Ronchi 1970; Lindberg 1976).
Besides the historical correctness of this dichotomy, both these topics are of equal
subjective importance for learners. The two trends (light and vision) kept the rela
tionship within the triad - object, light and eye (the main participants in the vision
process) in permanent focus throughout the instruction.

If in the past, history of science was often used to inform the learner about
the history of the discipline, in our approach in choosing historical materials, the
schemes of students ' alternative knowledge with respect to vision, nature of light,
optical imaging and shadow guided us. Many students could recognize their own
thoughts in the history of ideas and theories raised and refuted, in the legendary
attempts to account for vision, light and related phenomena. Table Ia specifies
examples of conceptual parallelism in optics knowledge used in the design of
the experimental course. Among the materials incorporated into the curriculum
were ancient Greek, medieval Arabic and early modern theories of vision, ideas
regarding light nature and expansion, light rays, shadows, reflection and refraction
of light, mirror, lens and pin- hole images, and the speed of light.

The subject matter contents of the course were fortified with social and techno
logical background. This provided a potential for teachers to add to the specific
issues with opinions about science in general, when either they themselves, or
students, wished to address such an issue. To illustrate this potential, we listed some
possible associations between the particular subject matter contents of the cur
riculum and features of science provoked by them for a discussion in a classroom
(Table Ib). It is important to stress that the issues related to the nature of science
were not isolated topics within the curriculum (which would make addressing them
obligatory), but were naturally interwoven in the context of the subject matter
presentation, as they were not rejected by the teachers as non relevant when spon
taneously arising in the class. Furthermore, since the history of science cannot
be reduced solely to epistemology, the features of science as they appeared in
the course, expand beyond the epistemology of science to a variety of features
of scientific enterprise.
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Table la. Examples of conceptual parallelism in optics knowledge used in the experimental
course

Historical conception (practiced in past
science)

• Pythagorean conception of vision

• Euclidean visual and light rays

• Atomists' conception of "Eidola"

• Biblical - medieval dichotomy of light
as an entity and perception
(Lumen-Lux)

• AI-Hazen conception of vision by
means of light rays

Student's conceptions (practiced when
learning present physics courses)

• "Active" vision"

• Rays of sight, rays of light, (rays
reification)

• Image holistic scheme

• Static light located in/around light
sources, halos, bright sky, illuminated
surfaces (light reification as static
entity)

• Image projection scheme

"The exact meaning of students ' conceptions such as "Active vision", "Image holistic
scheme" , and "Image projection scheme", are provided in Galili and Hazan (2000a) .

Importantly, the teachers who volunteered to deliver the experimental course,
although guided and encouraged throughout the year-long experiment, lacked ex
perience or formal training in HPS. Likewise, as we were only interested in the
influence of the innovative learning materials, we did not monitor the instructional
pedagogy, and no special teaching strategy was suggested to the teachers regarding
how to deliver the experimental course. We served only as supporters for the teach
ers to clarify, on request, some unfamiliar contents . Thus, the difference between
the classroom setting in the experimental and control groups was only designed
with regard to the contents of the learning materials, which, despite their novelty,
kept with the indisputable requirement - to cover the same subject matter topics of
the optics curriculum.

The topics of the optics curricular covered the disciplinary contents one can
find in any regular physics course of high-school (college) level: the nature of the
light, light expansion, reflection and refraction of light, lenses and mirrors, optical
instruments etc. The experimental course covered the same topics but in a different
historical ("genetic") perspective, within which, the commonly presented know
ledge about light and vision was fortified with historical models and alternative
theories that preceded the currently adopted scientific knowledge of the subject,
and are considered incorrect in the perspective of our modem understanding of
light and vision.

Our student sample comprised two groups . The experimental group included
four 10th grade high-school classes (N = 141) who were the subject of a specially
designed history-based course. The control group, consisted of three l Oth grade
classes (N = 93). The instruction in the classes of both groups was four weekly
hours, and both groups were tested simultaneously at the end of the academic year.
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Table lb. Associations of subject matter contents and features of science which could arise in
class discussion in the course of an HPS-based instruction in optics

Subject matter issues

Ancient theories of sight and vision
(Atomists' holistic eidola,
Pythagorean phenomenological internal
fire.
Euclid 's mathematical ray,
Aristotelian role of medium,
Galen's physiological model)

The history of light rays
(the birth of the concept in Euclid's optics,
advantages and disadvantages of light rays
in the explanation of vision and visual
perspective, transition to flux)

The medieval optics of Alhazen
(isotropic emission/reflection of light from
each point of the source/reflector)

Rectilinear propagation of light
(exploration of reflection and refraction ,
empirical account for reflection and
refraction, theoretical account for
refraction)

The history of optical "technology"
(lenses, eyeglasses, and telescope, attempts
to measure the speed of light)

Competitive scientific theories
(corpuscular versus undulatory theories of
light)

Associated features of science

• driving forces to understand nature
• conflict between different ideas in

science
• features of scientific explanation
• co-existence of rival scientific theories
• temporal nature of scientific theories
• limited validity of scientific theories

• the role of modeling in science
• limitation of models
• abstract concepts in scientific theories
• exchange of models (ray/flux)

• falsity and truth in the development of
science

• synthesis of scientific knowledge
• merging different areas of research
• empirical versus theoretical scientific

exploration

• scientific exploration, regularity,
elicitation of a rule

• empirical laws precede theoretical ones
• the problem of superiority of a

theoretical law over empirical data
• the role of a theoretical account

• inter-relationship between science and
technology

• the role of technology in scientific
progress

• technology and crucial experiments in
science

• the role of authority in science
• crucial experiments
• co-existence of rival theories

The classes participated in the study were taken from three types of schools:
urban, rural and boarding, which are representative of the secular Israeli educa
tional system. They were randomly chosen, and each school contributed to both
the experimental and control groups. The students were of equivalent potentials
in learning, as was inferred from school records and accumulated preliminary
opinions of the schools' academic supervisors and teachers.
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3. Instruments of Assessment
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The data regarding the students' views about science was collected in tests ad
ministered simultaneously to both groups in their natural classroom environment,
during 45-minute sessions.

The importance of both a reliable and valid assessment of students' knowledge
is extreme, when one wishes to measure the effect of an innovative instruction.
A special difficulty within our study was its subject, views about science, which
cannot be evaluated in simple terms and are highly dependent on the interpretation
of texts which are often of ambiguous language. The major source of our data
was a written questionnaire, the same given for both the experimental and control
groups , comprising 18 items, ten open-ended and eight multiple choice questions.
They were adopted from several previously performed studies where they were
validated for probing the specific subject ofour study (Rowell and Cawthron 1982;
Yoshida 1989; Koulaidis and Ogborn 1989; Milgrom 1989; Aguirre et a1. 1990;
Lederman and O'Malley 1990; Tamir 1994; Aikenhead 1997; Tobin and McRobbie
1997). The choice of the distractors in the mutiple choice questions reflected the
experience accumulated in this field of research with regard to students ' pertinent
knowledge . Inversely, the answers to open ended questions often may be state
ments of multiple ideas which relate to more than one topic thus complicating the
identification of distinct views. Yet, this same feature may be seen as an advantage ,
providing complementary data on the items of inquiry elicited from the interwoven
contexts. It thus helps in building a more realistic, and reliable picture, construc
ted from a variety of its contextual manifestations. Students were encouraged to
explain their answers as fully as they could. The combination of both formats was
used to complement each other making the data more reliable.

To fortify our collected information with illustrative examples providing fur
ther details regarding affective aspects of the views of the experimental group, we
also interviewed a few students and teachers of the experimental group about their
perception of the new course, after its completion . However, the derivation of the
features, categories and their distribution in the resultant knowledge in which the
comparison between the groups was performed, was based solely on the results of
the final (end of the year) written test, identically applied to both groups.

The following six general conceptual topics were addressed in the question 
naire. They represent some important dimensions of what is commonly considered
to be the framework of one's perception of science, as summarized by McComas
et al. (1998) to reflect "a consensus view of the nature of science objectives":

1. relationship of science and technology;
2. attitude to the science of the past;
3. influence of external factors on science and its products;
4. conception of scientific theories;
5. reliability of scientific knowledge;
6. critical perception of science in the classroom.
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Data
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Figure 1. Process of categorizing data towards its propositions-view organization. Only
representative connections are shown.

3.1. QUALITATIVE ANALYSIS

To elicit students' views on the subject , a step by step categorization, increasing
in level of generality, was applied (Figure I). In the first step , the responses to
each question were categorized into "propositions". Each proposition represented
a group of students' expressions of ideas similar in meaning (differing mainly in
wording) . Within a given question , a particular proposition normally represented
more than one answer. To compose a proposition, we tried to use actual student
answers. In case of extended answers, wherever possible, we considered the most
inclusive version to represent the whole group . Next, after examining the proposi
tions accumulated from responses to all 18 questions, "views" were identified and
formulated by the researchers. Each of the views represented a group of proposi
tions, and served as their generalization. Obviously, the two steps ofgeneralization,
to propositions (more concrete), and then into views (more abstract), enhanced
the representative power of the elicited structure. "Views" represented a claim of
value, the ideology of the individual. The obtained "views" were then sorted into
corresponding theoretical topics of inquiry, one of the six dimensions mentioned
above. We i1Iustrate the procedure of propositions-view derivation in the Appendix.

In the process of data evaluation, both researchers first independently created
the initial categorization of the answers in the form of representative propositions.
To a large extent (about 90%), there was agreement between the researchers, and
the final form of the propositions was determined by common consent. The elicit
ation of views, which to a large extent is a matter of personal value (never totally
coinciding in two persons), was performed by discussion between the researchers,
thus providing a greater reliability for the inferences made.
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3.2. QUANTITATIVE ANALYSIS

To include a quantitative aspect in the analysis, four coefficients were calculated
as percentages. As we were only interested in group differences, the answers were
analyzed per sample rather than per student. First, Proposition Abundance (PA) is
calculated in a straightforward manner, as the frequency (percentage) of which it
appears in the responses to a particular question . The second coefficient measures
View Abundance (VA), which might draw on a number of propositions, stemming
from either the same question, or from different ones.

When the view is comprised only of propositions given in response to a single
question, the VA's score is computed as the sum of the PAs, since no individual
student can contribute more than one proposition . To compute the contribution of
propositions that appeared in responses to different questions, but contributed to
the same "view", one must average the percentages as had been calculated in the
first stage, regarding the responses to each question. Averaging can only cause a
moderation of the effect of the results. It also suppresses the influence of unbal
anced (too frequent or extremely rare) responses which could occur due to some
unexpected factor (association) which is foreign to the goals of the study.

The third and forth coefficients are Proposition Difference (PD) and View
Difference (VD) . They measure the absolute differences in the frequency of the
proposition and the view respectively, between the experimental and the control
groups. Their magnitudes were calculated in a straightforward way: PD = PAe

- PAc, and VD = VAe - VAc' The calculations of relative differences in views
(VDr) and propositions (PDr) were obvious (VDr = VDNAe , PDr = PDIPAe) . The
significance of differences in frequencies of appearance between the groups were
statistically tested according to the "Test for Significance of Difference Between
Two Proportions" (Bruning and Kintz 1977).

Table II presents an example illustrating the derivation of the VA coefficient of
the view: "Science of the past was primitive, its quality was of a low standard",
who's qualitative elaboration was presented in the Appendix . As was shown, this
view generalizes five propositions that emerged from the responses to two of the
test questions , the first three propositions - to one, and the following two - from
the other. After all five propositions were interpreted as manifestations of the same
view, the calculation of the VA was as follows. The initial set of PAs in the control
group was [43, 18, 16, 5.4, 6.5]. In the first stage, the first three PAs, originating
from the responses to the same question, are substituted by their sum, 77, while the
following two by 11.9, for the same reason. This provided an intermediate set [77,
11.9], which yields the resultant value of VA = 44%.

4. Findings and Discussion

Students' views elicited with regard to the mentioned six conceptual dimensions
present our major findings in this study, and the differences in their frequencies
between the experimental and control groups allowed us to evaluate the influence
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Table II. Example of propositions-view relationship for the view "Science of the past was
primitive, its quality was of a low standard"

# Propositions PAc(%) PAe(%) PD(%)

pol In the past scientists used primitive tools 43 26 -17
and very limited information. Therefore,
they understood science differently.

P-2 In the past scientists were very often wrong 18 3.3 -14.7
in their knowledge and reasoning.
Scientists today understand nature
correctly. This is why people today know
more and better than then .

P-3 In the past, scientists understood science 16 6.6 -9.4
diffe rently because they could not conduct
the complex experiments which are
performed today.

P-4 The mai n prob lem of scientists in the past, 5.4 0 - 5.4
which made them often wrong in their
views, is the lack of precise and
sophisticated instruments and advanced
laboratories.

P-5 In the past, science was simple and 6.5 17
straightforward, and so it could be worked 10.5
out with simple tools and instruments.
Today we must use hi-tech equipped
laboratories.

The view : "Science of the past was VAc (%) VAe (%) VD (%)
primitive, its quality was ofa low standard" 44 26 -18

of the innovative learning materials more specifically. Along with the views, we
will display some representative propositions that will illustrate the more prom
inent views. Importantly, all quotations in this report are translations from the
colloquia l Hebrew, which caused some loss of the original "flavor" in favor of a
more "scientific" look.

4 .1. DIMENSION 1 - RELATIONSHIP OF SCIENCE AND TECHNOLOGY

Table III presents students' views with regard to the relationship between science
and technology. The four shown views, apparently represent two pairs of opposites.
The first pair (1 and 2) illustrates the views regarding which of the two, science or
technology, is the historical "leader" of the other. Here we observe a clear differ
ence in the opinions of the students. Those of our sample who were taught in the
regular manner tended more to think that science had to lead any technological
progress, by providing specific knowledge of how to construct tools and devices.
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Table III. Students' views concerning the relationship of science and technology
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# Views VAc VAe VO (VOr) (%)

(%) (%) z(statistics)

Technology never precedes science 66 30 -36 (-0.6)
z = 5.43**

2 Sometimes technology precedes scientific 22 70 48 (2.2)
progress z = -7.197**

3 Progress in modem science is dependent 88 47 -41 (-0.5)
on advanced technology and sophisticated z = 6.38**
tools

4 Scientific progress can be attained without 4 45 41 (10.3)
advanced technology z = -6.79**

VA - view abundance, VD - view abundance difference (VO = VAe - VAc).
VDr - relative differences in views (VOr = VOIVAe).
*p < 0.0 I; **p < 0.00I; (ns) - statistically Non-Significant difference (p > 0.05).

For example, one of the students reasoned his answer as follows (corresponds to
View 1, Table III):

No one can invent instruments such as a TV or telephone without knowledge
of scientific laws which govern their functioning.

However, students in the experimental group more significantly tended to think that
scientific progress neither always, nor solely, draws on technological development
(View 2, Table III). Thus, among the propositions affiliated to this view we found:

Sometimes technology precedes theories, such as when people developed lens
and eyeglasses without knowing how they worked. (PAc = 0 and PAe = 25%)

The other pair, Views 3 and 4, represent the perception of the role of technological
equipment in facilitating scientific progress . Here the views were also different,
with the experimental group displaying, to a greater extent, the view that sci
entific progress is not solely dependent on the utilization of sophisticated tools and
equipment. The view that technology is the unique (and maybe necessary) basis
for scientific growth, was significantly reduced by the HPS materials, in favor of
a greater appreciation of intellectual and cultural factors. Thus, a student of the
experimental group wrote as response:

Scientific development may occur based on thoughts and ideas, not necessar
ily involving sophisticated experiments. Ancient scientist discovered so much
about light, they measured the universe almost without tools, look how much
Alhazen knew. If it happened then, why can't it happen today? [corresponds
to View 4, Table III]

Among the propositions found only in the experimental group was:
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Science and technology are interdependent. The invention of the telescope
promoted science, but it was science that enabled the development of the
microscope. (PAc = 0, PAe = 18%) [affiliated with View 4, Table III]

Addressing the same topic, when interviewed, one teacher of the experimental
group stated:

Students were surprised to learn that technology may precede accurate sci
entific knowledge. During the lessons, when we considered the history of
eyeglasses, their invention and use, we had a chance to discuss the complexity
of the realistic relationship between science and technology.

Although half the experimental group remained convinced that in our time no re
search activity can take place without using highly sophisticated technology and
extremely complex equipment, the frequency of this view was sti11less than in the
control group. The increase in awareness of factors other than technical equipment
which may determine scientific research, was mentioned by all teachers in the
experimental classes.

4.2. DIM ENSION 2 - ATTITUD E TO THE SCIENCE OF THE PAST

Table 4 presents the views elicited regarding students' attitude to the science of the
past. As was expected, students in the experimental group had a significantly more
positive view ofpast science . A significant growth of the opinion that it is beneficial
to know about scientific knowledge of the past, both to students (+31 %), as well
as to scientists (+27%), indicates that students recognized the importance of this
knowledge beyond just curious historical facts. Thus the following proposition:

Scientists can learn from history that theories, views and beliefs could, and
were, replaced or changed over time as happened with the corpuscular theory
oflight or the belief about an infinite velocity oflight. (PAc = 0%; PAe = 19%)
[affiliated with View 2, Table IV]

appeared only in the experimental group (19%). In another proposition, students
explained the validity and importance of historical knowledge:

When we know how scientific knowledge came about, we understand more of
what it is about. (PAc = 11%; PAe = 25%) [affiliated with View 3, Table IV]

Some experimental group students mentioned that learning about attempts to ac
count for light refraction in the old theories of vision, caused them to appreciate
the non-obvious phenomenon of the human eye.

As was stated in an interview:

I: Why did you say it is so important to learn about science of the past?

S: Science develops based on previous knowledge, eliminating false un
derstanding. But new theories are synthesized from former ones, and new
knowledge from what had been known before. One sees it in what Alhazen
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Table IV. Students' attitude to the science of the past

# Views VAc VAe VD (VDr)(%)

(%) (%) z(statistics)

Old science is invalid today and its 39 14 -25 (-0.6)
knowledge is unnecessary. z =4.39**

2 Scientists should be aware of former 55 82 27 (0.5)
theories even those which appear to them z = -4.47**
incorrect.

3 Learning about science in the past is 50 82 31 (0.6)
beneficial for students. z =5.70**

4 Scientists, as well as students, should not 45 12 -33(-0.7)
study former theories, refuted as incorrect, z = -5.20**
but focus on the correct scientific
knowledge of today.

5 Science of the past was primitive, its 44 26 -18 (-0.4)
quality was of a low standard. z = 2.87*

6 In the past, there were bits of "good" 13 48 35 (2.7)
science which were of a high quality. z = -5.53**

7 Fonner scientific theories are important 31 66 35 (1.1)
regardless of their correctness in our z = -5.25**
modem view.

VA - view abundance, VO - view abundance difference (VD = VAe - VAc).
VOr - relative differences in views (VDr = VOIVAe).
*p < 0.0 I; **P < 0.00 I ; (ns) - statistically Non-Significant difference (p > 0.05).

did in order to account for vision in his theory. I think that in order to really
understand some theory, we should also know the way it came about.

The increased respect and appreciation given to old science by students of the
experimental group, incorporated a more mature attitude toward scientists of the
past and their enterprises .

We know more facts that they did in the past, but scientists then were not less
intelligent. (PAc = 23%; PAe = 64%) [affiliated with View 6, Table IV]

In contrast to the position:

In the past scientists used primitive tools and very limited information. There
fore, they understood science differently. (PAc = 43%; PAe = 26%) [affiliated
with View 5, Table IV]

Likewise, the often observed disdain to the quality of the scientific research in
antiquity and the middle ages, a certain disparagement with regard to its products,
became apparently weaker in the experimental group. This idea was seen in their
explanations regarding the ignorance about vision in early history, that the lack of
knowledge about the way eyes function and the nature of light, could be objective
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factors impeding understanding of things. Such knowledge provides us today with
a practical advantage.

The feeling of the importance of old theories, despite their obviously limited
correctness and accuracy, grew in the experimental group. This was contrasted with
some views in the control group. The claim:

Scientist should focus only on the correct knowledge since they should es
tablish new theories. (PAc = 14%; PAe = 3%) [affiliated with View 4, Table
IV]

in referring to the old science, was rare in the experimental group.
Only in the experimental group did students show a wider perspective by

responding:

In studying theories of the past we learn that scientists can make mistakes.
(PAc = 0%; PAe = 31%) [affiliated with View 7, Table IV]

or, to quote a student interview protocol:

Scientists of the past were even more clever than their colleagues today, be
cause they had to use logic and could not help themselves with sophisticated
instruments . The difference in knowledge between them and us is that we
know a lot more. But they were smart and could see much around them . They
often were good in making astute inferences from what they observed.

The contrary view, discrediting the validity of historical knowledge of the subject
matter, was not given in the experimental group. The following proposition was
registered only in the control group:

It does not make sense for students to base their knowledge on wrong theories
[of the past], as they are misleading . (PAc = 13%; PAe = 0%) [affiliated with
View 4, Table IV]

4.3. DIMENSION 3 - INFLUENCE OF EXTERNAL FACTORS ON SCIENCE AND

ITS PRODUCTS

Table V represents students' views on whether science and its products are subject
to the influence of external factors, or are autonomous in their development. A
great majority of the students in the experimental group (82%) shared the view
that scientists in their research activity may be influenced by a variety of external
factors, as expressed in the following proposition :

Scientists may be biased. They are affected by prejudices and beliefs, and may
be mislead by intuition and claims of other scientists. (PAc = 6% ; PAe = 43%)
[affiliated with View 2, Table V]

This, compared to 57% of the control group who were convinced of the opposite,
that scientists in their research are strictly objective and independent of their so
cial, "non-scientific" environment when making decisions, as exemplified by the
following:
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# Views VAc VAe VO (VOr)(%)

(%) (%) z(statistics)

Products of scientific research, and sci- 57 15 -42 (-0.7)
entists' activities, are autonomous and not z= 6.77**
affected by factors external to science .

2 Scientific research and scientists ' activities 37 82 45 (1.2)
may be influenced by external factors , not z = -7.03**
directly scientific .

VA - view abundance, VO - view abundance difference (VO = VAe - VAc).
VOr - relative differences in views (VOr = VONAe).
*p < 0.01; **p < 0.00I ; (ns) - statistically Non-S ignificant difference (p > 0.05).

Science is objective and exact, it refutes any subjective considerations, social
environment or politics. (PAc = 53%; PAe = 12%) [affiliated with View I,
Table V]

Some students in the experimental group exemplified their views by the fact that
Newton's authority for many years shielded the corpuscular theory of light from
the critique of others (e.g., Huygens) who argued for its wave nature.

Scientists belong to a cultural and social environment, which affects their
views and activities. Therefore, science in different times was so different.
(PAc = 22%; PAe = 70%) [affiliated with View 2, Table V]

One teacher commented:

We had many discussions with students about the effect of external factors
on science . There were many opportunities during the course, to see the way
scientific ideas were born, and we connected them to the actual political and
religious issues of those times.

Students pursued and exemplified:

One can see how scientists were affected by the conditions in which they
lived. Like when life in Greece became hard, science moved to the countries
of Islam. The influence of life conditions and surroundings on scientists was
very strong then, as it is today.

The Church put Galileo on trial and convicted him. It greatly changed his life
and activity.

We see in the confrontation between the corpuscular and the wave theories
of light, how scientists can be affected also by prejudices. They may prefer a
theory because of some invented belief or a religious idea, or because of the
authority of great scientists they knew.
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Table VI. Students' concept ions of scientific theor ies

# Views VAc VAe VD (VDr)(%)

(%) (%) z(stat istics)

Rival scientific theories never co-ex ist, 25 18 -7 (- 0.3)
since scientists decide which of them is z = 1.29 (ns)
correct to hold.

2 It may happen that different scientists, at the 22 56 34 (1.5)
same time, hold and practice rival scientific z = - 5.16**
theor ies.

3 Knowledge about rejected invalid scientific 46 15 -31 (-0.7)
theories is useless. z = 5.21**

4 Some knowledge about invalid (old) sci- 28 61 33 (1.8)
entific theories can be benefic ial and helpful z = -4.95**
in research.

5 In addition to the experimental data, a good 29 62 33 (1.1)
way to resolve controversies in science is to z = -4.95**
refer to theoreti cal arguments.

6 In addit ion to the experimental data, a good 32 14 - 18 (-0.6)
way to decide in favor of a scientific state- z = 3.30*
ment is to rely on the opinion of an expert.

VA - view abundan ce, VD - view abundance difference (VD = VAe - VAc>.
VDr - relat ive differences in views (VDr = VD/VAe).
*p < 0.0 I; **P < 0.00 I; (ns) - statistica lly Non-S ignificant difference (p > 0.05).

4.4. DIM ENSION 4 - CONC EPT ION OF SCIENTI FIC THEORIES

Table 6 presents students ' views on scientific theories. The first four views ap
parently represent two contradictory pairs. The recognition of a possibility that
rival theories may coexist in science was very pronounced in the experimental
group (56%). Although 18% of the group believed that scientists can always decide
which theory is "correct", they seemingly perceived science as choosing between
the theories and interpretations. Students' propositions were:

Sometimes scientists cannot make the choice between different theories , as
they could not conduct an appropriate experiment. It would require techno
logy not available at that time. This happened when there was no way to
resolve whether light comprised waves or small particles. (PAc = 0%; PAe

= 28%) [affiliated with View 2, Table VI]

Rival theories regarding the same reality can exist at the same time, where
there is still not enough knowledge accumulated. (PAc = 2%; PAe = 19%)
[affiliated with View 2, Table VI]

Students ofthe experimental group specifically referred to the contradictory views
regarding the speed oflight and the nature of vision. The following is an illustrative
excerpt from an interview:
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Rival, even contradicting, scientific theories can exist at the same time, and
it can happen even in our times . There are many reasons for this. Scientists'
assumptions may come from different sources, as in the ancient theories of
vision, or later, when there were no technological means to conduct proper
experiments to measure light speed in water and a vacuum, in order to infer
whether the wave or corpuscular theory is correct.

A naive view was expressed in:

Science provide unique answers, because science operates with precise tools.
(PAc = 26%; PAe = 5%) [affiliated with View 1, Table VI]

Every natural phenomenon must be explained correctly in one particular way.
That is why it is always possible to resolve between rival scientific theories.
(PAc = 13%; PAe= 11%) [affiliated with View 1, Table VI]

The second pair of views (3 and 4, Table VI) dealt with the replacement and re
futation of scientific theories . Students argued that even dismissed theories possess
a certain validity (examples referring to Alhazen's theory of vision or incorrect
versions of the law of refraction, were given in the experimental group) .

Scientists might use, if not the whole theory then some of its parts, in forming
new theories or when incorporating old knowledge in current research. (PAc
= 9%; PAe = 25%) [affiliated with View 4, Table VI]

Important ideas can be learnt even from incorrect old theories, and be recon
sidered in a new way. (PAc = 13%; PAe = 20%) [affiliated with View 4, Table
VI]

In contrast, some students mentioned the knowledge ofreplaced theories as useless.
Among the propositions stating such an attitude was :

If a theory failed, its knowledge is incorrect. It cannot be utilized in a bene
ficial way anymore. (PAc = 43% ; PAe = 15%) [affiliated with View 3, Table
VI]

The other views (5 and 6, Table VI) reflect the perception of the role of empirical
data in making scientific judgments and arguments. Considerably more students
in the experimental group thought that theoretical arguments are highly useful in
making judgments and raising new ideas and scientific theories . Likewise, they
were less in favor of solely relying on the authority of experts , a view found to be
stronger in the control group.

4.5. DIMENSION 5 - RELIABILITY OF SCIENTIFIC KNOWLEDGE

Views concerning this dimension are presented in Table VII . Apparently, the re
futable nature of scientific knowledge was more appreciated in the experimental
group. At the same time, many students in both groups considered scientific know
ledge to be accurate and reliable, although in the experimental group this view
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Table VI/. Students views on the reliability of scientific knowledge

# Views VAc VAe VD (VO r)(%)

(%) (%) z(statistics)

Results of scientific research are well 42 19 -23 (-0.5)
founded and not refutable. z= 3.83**

2 Scientific knowledge is refutable. 33 72 39 (1.2)
z = -5.90**

3 Scientific knowledge is temporary, and 15 27 12 (0.8)
correct only for the time being. z = -2.16*

4 Scientific knowledge is accurate, certain 67 30 -37 (-0.5)
and reliable. z= 5.58**

VA - view abundance, VO - view abundance difference (VO = VAe - VAc>.
VOr - relative differences in views (VOr = VONAe> .
*p < 0.01; **P < 0.001; (ns) - stat istically Non-Significant difference (p > 0.05).

was less prevalent (30%), compared to 67% in the control group. The following
propositions may be illustrative:

Scientists argue by employing precise proofs/methods/instruments. (PAc =

25%; PAe = 0%) [affiliated with View I, Table VII]

Science is accurate and objective, its laws were tested and proven for a long
time. (PAc = 32%; PAe = 11%) [affiliated with View I, Table VII]

Science of nature is an objective and exact realm, free of subjective features
common in social sciences or politics. (PAc = 53%; PAe = 12%) [affiliated
with View 4, Table VII]

Scientists rely solely on the accurate data they obtain in the designed
experiments. (PAc = 24%; PAe = 0%) [affiliated with View 4, Table VII]

These, as opposed to:

Sometimes scientists rely on wrong presumptions. (PAc = 0%; PAe = 11%)
[affiliated with View 3, Table VII]

Addressing the temporal nature of scientific theories, students of the experimental
group referred to the theory of vision rays, Newton's particles of light and Al
hazen 's mistaken understanding of visual images. A teacher in the experimental
group said:

Some students revealed for themselves the fact that scientists can be wrong,
and that scientific theories may change. However, most students still con
sidered science to be very precise in nature, and lack any inaccuracy. Those
students were surprised to learn about incorrect theories which were held for
a very long time. Some of the students realized that this could also happen in
contemporary science, and some modem theories might appear false in future.
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Table VIII. Students' attitudes toward critical perception of science in the classroom

# Views VAc VAe VD (VDr)(%)

(%) (%) z(statistics)

It is pointless to criticize scientific claims 57 23 -34 (-0.6)
z = 5.29**

2 Critical discussions about scientific claims 26 76 50 (1.9)
are worthy, important and beneficial for the z = -7.55**
learners.

VA - view abundance, VD - view abundance difference (VD = VAe - VAc).
VDr - relative differences in views (VDr = VDNAe).
*p < 0.01; **P < 0.001; (ns) - statistically Non-Significant difference (p > 0.05).
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4.6. DIMENSION 6 - CRITICAL PERCEPTION OF SCIENCE IN THE CLASSROOM

Views on whether it is worthwhile to criticize science in the classroom are presen
ted in Table VIII, and can be condensed into a pair of opposite views regarding the
importance of critical classroom discussions about science. The majority (76%)
of the experimental group thought such discussions are valid and were helpful to
them, whereas 57% of the control group thought such discussions to be pointless.

Students who rejected the idea of critical discussions on science, reasoned
that the accuracy and objectiveness of scientific knowledge had been repeatedly
checked, ever since the laws were established . Some stated that the correct know
ledge established by scientists, should not be further discussed or criticized by the
learners :

Science is precise and objective, and its laws were checked and proven many
times. (PAc = 32%; PAe = 11%) [affiliated with View 1, Table VIII]

We should learn scientific knowledge and not criticize it because it is correct
and valid. (PAc = 16%; PAe = 0%) [affiliated with View 1, Table VIII]

The opposite can be seen in the following propositions:

Discussions are important because they help us to be more critical in consider
ing claims, even if they are scientific. We know that there were many theories
in science which were incorrect. (PAc= 0%; PAe = 26%) [affiliated with View
2, Table VIII]

It was exciting to know what were the thoughts of the scientists inventing
theories and how they arrived at the laws. We can discuss the same ideas as
they did when faced with the same problems. This way we learn how science
acts. (PAc = 0%; PAe = 12%) [affiliated with View 2, Table VIII]

As well as in quotes from two interviews:

S: "To discuss the advantages and disadvantages of scientific theories means
to know them better. It teaches you a lot of things about the way scientists
think and how to be critical of other theories we will learn in the future".
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T: "It was very interesting to see students in this class keep asking "why"
questions, and not accepting new material as a given truth, as usually happens
in regular classes. The fact they were encouraged to criticize scientific the
ories helped them to discover that they could think critically themselves, as
scientists did and do."

5. Cumulative Presentation of Views About Science

Based on the elicited views and their frequencies in both groups, we could con
struct a schematic conceptual profile of each group with regard to their views about
science. In doing so, we grouped those views in which each group scored higher,
and listed the frequency ratio of occurence (vs. the opposite group) in each view
(Table IX). These profiles summarize our interpretation of the data, illustrating the
noticeable differences between the groups as affected by the types of instruction.
In particular, they can facilitate analysis of the use of HPS materials, and illustrate
its results regarding students' views about science.

The profile of the control group (traditional instruction) confirms feelings com
mon in science educators with regard to students' image of science (Carr et al.
1994). Students, often hold inadequate views on what science is, its activities and
products. Considering this image of science, one finds belief in dogmatic truth,
deprived of features inherent in true science: dynamics, uncertainty, controversy,
plurality of views, limited validity and accuracy. Observing the profile of the ex
perimental group, one can detect a definite shift in the desirable direction. The
information about the latter in the educational context may be drawn from the
studies on scientific literacy (Bybee 1997) and declarations of position on science
education (AAAS 1993; NAS 1996). These profound positive results in the ex
perimental group cannot be isolated from the difference between the instruction
of the groups. The nature of the instructional materials used in the experimental
group, together with a reduced emphasis on standard problem solving, introduced
a general scientific, cultural and philosophical background into the discussion on
vision, the role of the observer and the nature of light.

Another feature of the data was that among students sharing the same view,
those in the experimental group often responded by illustrating their statements
with concrete examples from the history of optics, whereas the others frequently
remained only declarative. Views elicited in the control group about the nature
of science, commonly were naive and oversimplified. Some of them - regarding
the relationship with technology, the nature of the old science (as "primitive and
mistaken"), the theories in science (as never controversial), the nature of scientific
knowledge (as always objective and accurate), the refutation of discussions on
scientific subjects in the instruction, should concern science teachers regardless
their pedagogical standpoint.
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Table IX Conceptual profile of students with regard to their views about science

# Conceptual Control group Experimental group

dimension (#) = frequency ratio vs. the (#) = frequency ratio vs. the

experimental group control group

The relationship Technology never precedes Sometimes technology precedes
of science and science (2.2) scientific progress (3.2)
technology Progress in modern science is Scientific progress can be

stipulated by advanced attained without advanced
technology and sophisticated technology (I 1.3)
tools (1.9)

2 Attitude to the Old science is invalid today and Scientists should be aware of the
science of the its knowledge is unnecessary. former theories even those which
past (2.8) appear to them incorrect. (1.5)

Science majors should not study Learning about science in the
former theories refuted as past is beneficial for students.
incorrect, but focus on the (1.6)
correct scientific knowledge of In the past , there were bits of
today. (3.8) "good" science which were of a
Science in the past was high quality (3.7)
primitive, its quality was of a Former scientific theories are
low standard (I.7) important regardless of their

correctness in modern view. (2.1)

3 Influence of Results of scientific research and Scientific research and scientists'
external factors scientists ' activities are activities may be influenced by
on science and autonomous and not affected by external factors, not directly
its products factors external to science. (3.8) scientific . (2.2)

4 Conception of Rival scientific theories never It may happen that different
scientific co-exist, as the scientists decide scientists, at the same time, hold
theories which of them is correct to hold . and practice rival scientific

( 1.5) theories. (2.5)
Knowledge about rejected Some knowledge about invalid
invalid scientific theories is (old) scientific theories can be
useless. (3) beneficial in research. (2.8)
In addition to the experimental In addition to the experimental
data, a good way to decide in data, a good way to resolve
favor of a scientific statement is controversies in science is to
to rely on the opinion of an refer to theoretical arguments.
expert . (2.3) (2. I)

5 The reliability Results of scientific research are Scientific knowledge is refutable.
of scientific well founded and not refutable. (2.2)
knowledge (2.2) Items of scientific knowledge are

Scientific knowledge is accurate, temporary correct are subject for
certain and reliable. (2.2) changes (1.8)

6 Critical It is pointless to criticize Critical discussions about
perception of scientific claims. (2.5) scientific claims are important
science in the and beneficial for the learners.
classroom (2.9)
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6. Conclusion

We generally view helping students to construct a more realistic view of science
as extremely important. Specifically, with regard to the course under discussion, it
was even more important in light of the fact that for the majority of Israeli students,
the tenth grade course presents their last institutionally organized encounter with
physics.

In this study, we have considered students' views on science in an empirical
data-supported manner, while comparing between those taught along a traditional
curriculum with those taught using an HPS-based program.

The constructed assessment tool, presented the obtained knowledge in terms
of a hierarchical, view-propositions structure . Such an organization allowed us
to express the versatile qualitative (textual and descriptive) and voluminous data
(usual in this type of studies), in a succinct, yet representative, manner.

Our results provided pronounced evidence of the beneficial use of the HPS
based learning materials in regular school instruction. The advantage of the
experimental group, in the type ofstudents , views about various aspects ofscience,
was evident in the constructed conceptual profiles and statistically significant dif
ferences ofthe quantitative parameters. Students became more aware ofa variety of
human, cultural and historical issues; this in contrast to the currently employed and
highly formal instruction, which leaves such subjects to the realm ofself-education.
Importantly, this effect was not on the expense of the disciplinary knowledge of the
subject (Galili and Hazan 2000a).

Appendix

Here we illustrate the derivation of the view: "Science of the past was primitive, its
quality was of a low standard", within dimension-2 , "attitude to the science of the
past" (Table IV).

Analyzing students' answers to the questions
• What do you think are the reasons that scientists of the past explained nature

differently than they do today?
and

• Consider the following statement: "In our times one cannot expect a scientific
development which would not be the result of using highly sophisticated
technology and complex experiments ." Explain your opinion.

we first gathered the answers which expressed similar ideas that differed one from
the other mainly by variations in the wording used, and provided each such group
with a unified textual form. These constructs were labeled as propositions. Among
the propositions representing students' responses to the first of the above questions,
were (Table II):

P-l . In the past, scientists used primitive tools and very limited information.
Therefore, they understood science differently.
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P-2. In the past, scientists were very often wrong in their knowledge and reasoning.
Scientists today understand nature correctly. This is why people today know
more and better than then.

P-3. In the past, scientists understood science differently because they could not
conduct the complex experiments which are performed today.

Similarly, the following propositions appeared in response to the second question :
P-4. The main problem of scientists in the past, which made them often wrong in

their views, is the lack of precise and sophisticated instruments and advanced
laboratories .

P-5. In the past, science was simple and straightforward, and so it could be worked
out with simple tools and instruments . Today we must use hi-tech equipped
laboratories .

By further considering these five propositions, it is apparent that they all share
students' belief (a view) that "science of the past was primitive, its quality was ofa
low standard". This value statement was formulated by the researchers to represent
an important, in their opinion, idea characterizing students' "attitude to the science
of the past", one of the dimensions of knowledge as it was presented in the study.
Other views of the same dimensions are presented in Table IV.

Notes

I For instance, this is the case in Israel, where science courses are compulsory for tenth grade
students (age 15-16). In eleventh and twelfth grades, science courses are elective . They are taken
only by a minority of the students, and less than 10% are enrolled in physics classes .
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Scientific Controversies in Teaching Science: The
Case of Volta

NAHUM KIPNIS
3200 Virginia Ave, South, #304, Minneapolis , MN 55426, USA; E-mail: nahumk@uswest.net

Abstract. This paper discusses a way of introducing a scientific controversy, which emphasizes
objective aspects of such issues as multiple theoretical interpretation of phenomena, choosing a
theory, insistence on the chosen theory, and others. The goal is to give students a better insight
into the workings of science and provide guidelines for building theories in their own research.

1. Introduction

An in-depth discussion of scientific controversies in the classroom is one of the
best ways to utilize the limited time teachers can spare for using the history of
science in teaching science. Following a scientific debate can improve students'
understanding of the inner workings of science, in particular, an introduction of
a new scientific theory and its relation to experiment. Showing scientific results
as debatable issues makes science more similar to other human activities that are
easier to comprehend , such as a political debate or a court proceedings, which may
sparkle an interest in science in some students. Finally, there is a pragmatic aspect
in it as well: looking from different perspectives at a scientific concept can facilitate
its understanding .

In this paper, I will focus on some aspects of the relationship between theory
and experiment that have not yet attracted much attention. While discussing in the
classroom why one theory replaces another, teachers usually emphasize that the
new theory explains phenomena (experiments) unexplained in the old theory. The
presumption behind this is that certain experiments naturally support one theory
and contradict others. For instance, a teacher states that phenomena of interference
and diffraction prove the wave nature oflight and contradict the corpuscular theory.
This statement, however, ignores the fact that throughout the eighteenth century
these phenomena have been considered a strong argument against the wave the
ory of light (Kipnis 1992, pp. 193, 216). Apparently, the presumption mentioned
above is nothing but a myth, and the true relationship between a theory and its
experimental foundation is more complicated .

The best way to counter this myth is by showing how the same experiment
gives rise to different theories. An excellent opportunity for such a study can be
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found in two controversies associated with Alessandro Volta (1749-1827), Physics
Professor at the University of Pavia: the debate on the "animal" electricity and the
debate on the nature of the voltaic pile. First, 1 will present the relevant historical
materials. Then, I will analyze them looking for such features of an interaction
between experiment and theory that are common to both cases. Finally, I will
suggest several experiments for a reproduction in the classroom. These experi
ments can enhance students' interest in the debate also show the limitations of an
experiment as an argument in a scientific controversy.

2. The Story

2.1. THE "ANIMAL" ELECTRICITY

This controversy began in 1792 with the publication of the discovery by Luigi
Galvani (1737-1798), Professor of Anatomy and Obstetrics at the University of
Bologna . Like some other physiologists, Galvani believed that the "nervous fluid"
responsible for animal movements was of an electric nature. This hypothesis was
based on the existence of electric fish and a possibility of an electric stimulation of
animals. After testing how a frog's muscle-nerve preparation reacted to static and
atmospheric electricity, Galvani once noticed that a frog's leg contracted every time
the muscle and the nerve were connected by a metal arc consisting of two different
metals (Galvani 1791). To explain the new phenomena, later labelled "galvanic"
or "galvanism," Galvani argued that the contractions occur when electricity flows
between a nerve and a corresponding muscle through an external conductor, and
that this electricity originates inside the frog. According to Galvani, this experiment
(and some others) proved that electricity exists in every animal body, rather than
being limited to electric fish. He had no hypothesis about its origin but offered one
about its preservation: a nerve and a surrounding muscle make a sort of a Leyden
jar that retains the charge until the nerve and the muscle are electrically connected.
Galvani 's arguments were based on experiments (Figure 1). To prove that the effect
was due to an electricity of a new kind, he had to exclude other possible causes.
First, he eliminated a possibility of a mechanical stimulation by laying down the
nerve and the muscle on two metal plates and bringing the arc in touch with these
plates rather than with the tissues: the contractions continued to occur. Also, he
immersed the frog's feet in one glass ofwater and its crural nerve into another glass.
When the arc touched the surface of water in both glasses, the legs contracted.
Second, he proved the involvement of electricity by showing that if the connecting
arc included a piece of a non-conducting material, such as glass or resin, there was
no twitching. Third, he eliminated an involvement of static electric ity coming from
external bodies, by providing the arc with a glass handle and making the support for
the frog from a conducting material. Finally, he excluded the role of atmospheric
electricity by demonstrating that contractions continued when the frog's body was
submerged in water. If the electricity involved, Galvani said, was neither static nor
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Figure 1. Galvani's experiments.

atmospheric , it had to be a new kind of electricity, and probably it was the "animal
electricity."

2.2. TH E "CONTACT" ELECTRICITY

There were some experimental results that Galvani could not account for, in partic
ular, that convulsions were much stronger when the arc consisted of two different
metals rather than a single one. This circumstance appeared crucial to Alessandro
Volta (1745-1827), Professor of Physics at the University of Pavia. Volta agreed
that the phenomenon was electrical but he assumed the main source of electricity to
be outside, in the contact ofdifferent metals, and the frog merely being a conductor.

Being unable to explain the convulsions produced with a single metal, Volta
maintained for a while the "animal" electricity together with his "contact" elec
tricity (Volta 1793). Then in 1794 he discovered experimentally that a difference
in temperature or polish at the ends of a wire was sufficient to excite contractions.
Thus , he concluded, the contact electricity was sufficient to explain all phenomena,
since if a single wire was heterogeneous, it could be considered as two different
metals. Giovanni Aldini (1762-1834), Professor of Physics at the University of
Bologna and Galvani's nephew, countered this argument with a new experiment.
He showed that mercury free of the heterogeneity described by Volta did produce
contractions, and so did charcoal (Aldini 1794). Another strong blow to Volta's
theory came from Galvani's experiment in which contractions occurred when a
nerve directly touched the muscle without any intermediaries.

First, Volta tried to find a flaw in the opponents' experiments , such as mech
anical pressure or a chemical difference at the ends of the connecting arc, but
eventually he decided to modify his own theory. Prior to that he maintained , on
the basis of his experiments , that the simplest circuits to create the contact electri-
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city consisted of two different conductors of the first class (metals and some other
solids) and one conductor of the second class (liquid or a humid body), or of two
different conductors of the second class and one of the first class. Now, he adds
to these two a third variety: a circuit made of three different conductors of the
second class (Volta 1797a). This modification was specifically designed to explain
the "all-animal circuit", in which the conductors in question were the nerve, the
muscle, and the animal fluids. Thus, the key of the new theory was that a contact
of any two different substances is a mover of electricity.

Although Volta's new theory (let us call it the "universal contact") explained all
galvanic phenomena, this generality was a sign of weakness rather than strength.
Indeed, his statement that any three conductors of the second class created galvanic
electricity could not be independently verified, for the only experiment supporting
it - the "all-animal circuit" - was the one that the hypothesis was created to account
for. Besides, Volta has a difficulty in combining this generality with the fact that
the contractions produced by two different metals and a liquid were much stronger
than the rest. Actually, he opened a path for returning to his original theory that
weakest contractions may result from internal animal electricity while the stronger
ones from the external electricity. At the time, no one utilized this opportunity, but
fifty years later this theory began to gain strength.

By 1795, Volta realized that he could not fully establish the existence of the
"contact" electricity without eliminating the "animal" electricity. The main dif
ficulty with this was that the frog's preparation was the only available sensitive
detector of galvanic electricity : one could always say that electricity responsible
for the contractions came from the frog itself rather than from the external part
of the circuit. For this reason both theories had about the same standing among
scientists . The only way to prove that a contact of different substances creates
electricity was to replace a frog by a non-animal electric sensor, and Volta decided
to try Nicholson's doubler of electricity.

The doubler consists of a sensitive electrometer and three polished discs of the
same diameter made of brass . One disk is set on top of the electrometer, its upper
surface being covered with a thin layer of an insulating wamish (Figure 2). The
second disk is placed on top of the first, it is wamished on both sides and provided
with an insulating handle attached to its edge. The third disk, wamished on its
bottom side sits on top of the second, it also has an insulating handle perpendicular
to its plane. In the beginning, only two lower disks are in use so that the instrument
works as a condenser electrometer: the source of electricity touches the underside
of the first disk and the upper side of the second disk. Upon removing the source
of electricity the second disk is lifted by the insulating handle. If the deviation of
the electrometer is still small, the third disk held by its insulating handle is placed
on the elevated second disk. After this a finger briefly touches the upper side of the
third disk and the two are separated . Next, the third plate touches the underside of
the first while the second sits on top of it. Now, upon finger touching the second
plate with a finger and removing it after first removing the third plate, the amount of
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Figure2. Bennet's doubler of electricity.
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electricity on the electrometer is doubled. By repeating this procedure many times
the amount of electricity can be considerably increased, which allows to measure
very small charges.

Volta used a modification of the doubler invented by Cavallo, in which only
the middle disk was mobile while others were fixed (Volta I797b, c, d). He placed
silver and tin rods on a wet cardboard, brought them in contact with two brass
disks of the doubler and started the 'machine": after 20-30 turns the leaves of
the electrometer diverged by 6 to 10 degrees. When he replaced the brass mobile
disk with the tin disk and connected it a to brass rod while a brass disk touched a
tin rod, the doubler showed a noticeable quantity of positive electricity. However,
when he reversed the connections making each bar touching the disk of the same
metal, there was no sign of electricity. Volta interpreted this result as a proof that
electricity is created at the junction of different metals rather than that of a metal
and a liquid (Volta 1797).
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Voltawas convinced that he found the decisive proofofthe existence ofthe con
tact electricity, however other scientists were not so enthusiastic. The doubler was
known for producing a "spontaneous" electricity during its work that was difficult
to get rid of, which implied that while multiplying an extremely weak "signal" the
instrument might have added to it an uncertain amount of "noise." Consequently,
this experiment did not produce the effect on the scientific community Volta had
expected. Galvani died in 1798 unconvinced, and Aldini continued to fight for his
theory for many years to come. Volta was disappointed by such a resistance, for
he considered his case clear and free of any flaws, because his theory of "universal
contact" covered everything. Apparently, he saw no difficulty with the new ex
periment of Galvani in which contractions occurred when the nerves of two frogs
touched one another (Pera 1992, p. 147). While to Galvani two nerves were similar
substances, no one could prevent Volta from treating the nerves of different frogs
as dissimilar. With no definition of "similarity" or "homogeneity" Volta applied
this concept any way he wanted.

Regardless of its success in the debate, the theory of "contact" electricity led
Volta to one of the greatest discoveries of the nineteenth century: an electric pile.
More exactly, the theory that gave birth to the pile was the "two-metals con
tact" theory, while its "universal contact" modification never produced anything.
While the pile diverted the attention of many away from the "animal" electricity, it
brought to the fore another challenger - the chemical theory - which opened a new
controversy.

2.3. THE "CHEMICAL" THEORY

This theory was initiated by Giovanni Fabbroni in 1792, but it became known only
in 1797. According to Fabbroni, the primary cause of galvanic phenomena was
chemical reactions rather than electricity. The basis for this theory was provided
by an inability of electric theories to explain certain phenomena, in particular, why
contractions occur even when the connecting circuit is open, or why the sensation
of taste stimulated by a bimetal lasts after the bimetal is removed. Fabbroni ex
perimented with different metals immersed in water and found that one of them
oxidized, but only if the metals touched one another. This observation led him to
the suggestion that the galvanic phenomena are due to an oxidation . Fabbroni did
not try to eliminate electricity from galvanic phenomena altogether: he insisted that
chemistry must have some role in them, in particular, in producing the sensations
of taste or light. The "chemical" theory had a number offollowers, including Alex
ander von Humboldt, however, it became really important only after the discovery
of the electric pile when it redefined the role of chemical reactions in galvanic
experiments from excluding electricity to being its cause.
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The discovery became known after the publication of Volta's paper "On the elec
tricity excited by the mere contact of conducting substances of different kinds"
submitted to the Royal Society of London in April 1800 and read before the So
ciety on June 26. The paper begins with a promise to inform of "some striking
results I have obtained in pursuing my experiments on electricity excited by the
mere mutual contact of different kinds of metal, and even by that of other con
ductors, also different from each other, either liquid or containing some liquid, to
which they are properly indebted for their conducting power" (Volta 1800, PM, p.
289). This sentence already contains a complete theory of the phenomena to be
described. By offering a theory up-front Volta implies that the purpose of the paper
is not so much to get an additional support for this theory as to describe some
remarkable phenomena he observed by means of a new apparatus . This apparatus
consisted ofmany similar components, each ofwhich included two different metals
("couples"), such as silver and zinc or copper and zinc, and a piece of cardboard or
cloth moistened with pure or salt water. In one form ofthis apparatus (a "pile") all
these components ("couples") made up a column arranged from the bottom up, for
instance, as follows : copper, zinc, cloth, copper, zinc, cloth, etc. Another version of
this apparatus, called a "chain of cups," consisted of a number of non-metal cups
filled with salt water, each having a zinc and a copper plates immersed into water.
The cups were arranged so that zinc of one cup was connected to copper of another
cup, and so on (Figure 3).

Volta observed that when the number of couples was sufficiently high, the pile
produced a shock similar to that of a Leyden jar. In addition to a shock, the ap
paratus could affect an electrometer and produce an electric spark, although these
actions were less pronounced than the shock. For these reasons, Volta compares
his apparatus (it became known later as "voltaic pile") to a battery of Leyden
jars, "weakly charged" but of an "immense capacity." However, he emphasizes
two important differences between them: (1) the pile acts continuously, provid
ing repeating shocks without being recharged by an external electricity; and (2)
it consists solely of conductors of electricity. Volta drew from this difference two
consequences. One was that he discovered the first "perpetual" source ofelectricity.
Another one, less known, was that he found an explanation of the torpedo fish.

The recurrent references to electric fish may appear intriguing to the reader
viewing this paper in light of the debate about the existence of"animal" electricity,
because the relevant experiments were carried out on frogs rather than torpedo.
However, as Volta understood it, he had already refuted the "frog's electricity"
in 1797, while electric fish remained a mystery. In fact, Volta never doubted that
the shock produced by the torpedo was electrical, nor did he question that the
electricity involved, unlike the case with frogs, resides inside the animal. His main
argument with physiologists was that if electricity had any role in animal life, it
could be explained by physical factors alone without bringing in any mysterious



262

.~--~~~. , ~- ' .

NAHUM KIPNIS

Figure 3. Volta's experiments.

"vital forces." As concerns frogs, he had already demonstrated - so he believed 
that their contractions were due to an external "contact" electricity. In the case of
the torpedo, however, his task was different: to conceive a physical model of its
electric organ. Without fulfilling this task, Volta did not feel that his program of
explaining life phenomena by physical processes was complete.

Volta begins with a critique of William Nicholson 's theory of the electric organ
of the torpedo, which compared it to a battery of Leyden jars. In Volta's view,
since alI membranes making up the columns of the electric organ are filIed with
fluids, they are comparatively good conductors. Since a Leyden jar cannot be made
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without an insulator, Volta concluded that electricity produced by the torpedo and
some other fish cannot be static electricity. On the other hand, his pile consisted
solely of conductors , and this, Volta supposed, could be the necessary model: the
electricity of fish is galvanic, being produced by a contact of organic substances
of different nature. To support this theory he indicates that the shocks produced by
his apparatus are comparable in strength to those of a languid torpedo, and that it
can give repeating shocks. He even calls his apparatus an "artificial electric organ."
This name, as well as the initial shape of the apparatus - a column - show that
his preoccupation with imitating the electric organ of the torpedo was an essential
element of his research program.

To convince his readers, Volta wants them to succeed in repeating his experi
ments. Thus, he explains in detail how to build the apparatus and how to use it. In
particular, he recommends to increase the number of couples and wet the fingers
touching a pile, or, better still, by immersing a part of the hand in water that is
connected to the pile. These tips are more than empirical findings, they are closely
correlated with his theory. Volta maintains that only a junction of two metals is an
"electric motor," while the liquid itself is merely a conductor. Since one of the two
metals attracts electricity stronger than the other, each couple moves electricity in
a certain direction, e.g. from zinc to copper. Thus, if several couples have the same
orientation, their efforts combine, and electricity moves faster: the more couples,
the better. As to wetting the hand connected to the pile, it is to reduce its resistance.
Using the whole hand instead offingers serves the same purpose by increasing the
area of its contact with the liquid. This idea provides a fine opportunity for physics
teachers to expand their teaching of resistance to non-metal conductors , especially
because its meaning is not clear to some people even now (Mentens 1998, p. 309) .1

Although Volta insisted that he does not need the pile to support his theory
of contact electricity, it was the pile that made many scientists to turn to Volta's
theory from that ofGalvani. They reasoned as follows: (1) the actions ofthe pile are
electrical; (2) since its effect is nothing else as a multiplied effect of a single couple,
thus a contact of two different metals creates electricity; and (3) the electricity
created by a bimetal is the same whether it is detected by an electrometer or by a
frog, thus Galvani 's experiments were due to the "contact electricity" rather than
"animal electricity." In fact, the last conclusion was not logical, since a circuit with
a frog could have had both sources of electricity, but this detail went unnoticed.
Likewise, few people noticed that they had begun using the term "galvanic" ("gal
vanic circuit,' "galvanic current," etc.) to refer to phenomena produced by a voltaic
pile rather than to those involving frogs (Kipnis 1987, p. 135). Yet, while securing
Volta's victory over Galvani and Aldini, the pile brought to life even more powerful
objections to his theory than before.
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The first objections came from England. Having seen the first part of Volta's paper
before it was read in full at the Royal Society on June 26, 1800, several scientists
constructed voltaic piles and began experimenting with them. In addition to the
effects described by Volta, they found that a pile can produce various chemical
phenomena. In particular, Anthony Carlisle and William Nicholson observed the
release of oxygen and hydrogen, which they attributed to decomposition of water,
and also an oxidation of metals, while William Cruickshank precipitated a number
ofmetals. A few months later, on the basis of these and other experiments, William
Hyde Wollaston (1766-1828) and Humphrey Davy (1778-1829) suggested that,
contrary to Volta's opinion, liquids play an active role in galvanic phenomena, and
chemical reactions may be the cause ofelectricity rather than its consequence (Wol
laston 1800). To show the active role of the liquid Davy performed the following
experiment (Davy 1800). In an iron-copper pile with water, iron is charged posit
ively, but ifwater is replaced with sulfate ofpotassium it changes its electrization to
negative. He also created a pile ofa single metal but of two different liquids: metal,
cloth wetted with nitric acid, cloth with water, cloth with sulfate of potassium,
same metal, nitric acid, etc. The acid and the alkaline at the ends of the pile were
connected by paper strips moistened with water. When the metal was replaced by
charcoal the pile worked too.

In his first responses to this criticism, Volta insists that he had already proved
the role of a contact of different metals as an "electric motor." He describes an
experiment in which he held a zinc and a copper plates by insulating handles,
touched them to one another, separated, and brought them in contact with the plates
of a condenser electrometer. The leaves of the electrometer diverged by I to 2
degrees. Since no third wet object was involved, Volta concludes that the electricity
is caused by a mere contact of two metals , without any chemical interaction.

Soon Volta changes his tactics claiming that the objections to his theory actually
support it, including Davy 's experiment with one metal and two liquids . In partic
ular, he says, since a contact of any two different substances produces tension ,
and since the metal (or charcoal) is positive relative to one liquid and negative
relative to the other, both tensions move electricity in the same direction. As to
the role of chemical reactions, he observes that since adding salt to pure water
does not change the tension or polarity, chemical reactions are of no consequence
to producing electricity. Volta agrees however to give chemical reactions a role in
improving the conductivity of the pile: when an acid, for instance, attacks a metal
surface, it adheres closer to it than water and thus diminishes the resistance of this
contact (Volta 1802).

The inconsistency of these two arguments is caused by Volta's usage ofdifferent
detectors of electricity in the two cases. If the main criterion of the pile's power
is tension as measured by an electrometer, then, indeed, different liquids produce
about the same effect. However, when the power ofa pile is measured by a shock or
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the rate of a chemical reaction, both of which are derivatives of current, changing
the liquid does change the outcome. In fact, Volta himself confirms this by noting
that adding salt to water made the shock much stronger.

His second argument would have been unassailable, if he could provide an
independent evidence that the conductivity of a liquid depends on the substance
dissolved, its concentration, the area of contact, etc. However, for static electricity,
such measurements were limited to comparing pure water with sea water. As to
galvanic electricity, no such data existed at all. In fact, eventually it became clear
that the only way to compare the conductivity of two piles made of the same
number of couples was by comparing an effect that depends on current, such as
a shock received by the same person. Thus, Volta had no ground to assume that
given the same number ofcouples, the pile made of copper and zinc immersed into
a weak sulfuric acid acts stronger than the one made of silver and zinc immersed
in saline water, because the former pile has a greater conductivity than the latter.

Initially, Volta's theory of the pile had a considerable support, especially from
Parisian physicists, but with time, especially since the 1830s, the chemical the
ory gained the upper ground. Interestingly, after 1802, Volta himself no longer
participated in the debate.

3. Lessons from History

3.1. DEBATING THE TRUTH IN SCIENCE

A teacher should expect students to be surprised by the fact that scientists' behavior
does not suit the image they have ofa "scientific discussion," where the participants
are attentive to the views of one another, passionless, and pursue no other goal as
finding the truth. What they learn from the story, however, is quite different.

First, they see a rigid, uncompromising attitude, where each side claims to have
the whole truth and insists on it until death. As shown above, there was some evid
ence that both "animal" and "contact" electricity exist. However, neither Galvani
and Aldini, nor Volta were interested in a compromise. One finds this even more
surprising when one remembers that Volta's first theory contained both sorts of
electricity. Actually, instead of eliminating "animal electricity" Volta's last theory
of the "universal contact" created a new model for it: electricity inside an animal
originates at the contact of different tissues. Bearing this in mind, it would have
been fair for him to say either in 1797 or in 1800: "There is no way I can disprove
the existence of electricity inside an animal shown in the "all-animal circuit." But
I can offer a better model of this electricity: animal electricity is produced not by
"vital forces" which exist exclusively in animals but by a universal physical cause
such as a contact of different tissues." This would have been perfectly consistent
with his physical model of the electric organ of the torpedo. However, Volta never
said this, and no one raised this sort of objections to his theory, at least not publicly.

Second, neither side was willing to reveal the shortcomings ofone's own theory
until forced to do so. Galvani knew that both muscles and nerves are conductors,
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thus to preserve his Leyden-jar model he invented an oily substance that supposedly
insulated the sciatic nerve from the muscle. Likewise, Volta could not have been
unaware that his latest theory of the ''universal contact" was unverifiable. Indeed,
to test, for instance, that a contact of two different tissues creates the "contact"
electricity one cannot use another frog's preparation as a detector, because the latter
could generate the "animal" electricity. Nor can one employ an electrometer, since
in this case the true source of electricity could be a contact of an animal tissue with
a metal part of the instrument rather than a contact of two animal organs.

Third, while comparing a theory to experiment, its partisans emphasized only
those aspects ofan experiment that suited their theory. For instance, Volta preferred
to measure the "power" (or "activity") of a voltaic pile by its tension, because
tension does not depend on the chemical activity of the liquid. Davy, on the other
hand, chose for that purpose the amount of gas released by the pile, because it
depends on the liquid.

Fourth, when a logical connection between experiments and a theory was neces
sary but difficult to establish, a circular reasoning was called to help. For instance,
to prove that the true "mover" of electricity is a contact of two different metals
rather than that of a metal and a liquid, Volta carried out an experiment with
dry zinc and copper plates connected to a condenser-electrometer. Whatever was
the nature of the electricity he measured (probably it was static electricity), his
conclusion that it was the same electricity he had obtained with the two metals
touching animal tissues was unfounded . Such conclusion would be logical only if
one presumes that the cause of the phenomena is solely in the metals, which is what
one has to prove.

Finally, unlike the case of Galvani, in his debate with Davy, Volta does not offer
any new experiments that could have shed new light on the matter. Apparently,
he believes that his theory does not need an additional support, thus he focuses
on counter-charges which could weaken the claims of the chemical theory. For
instance, he questions the evidence that certain chemical reactions, such as oxida
tion, create electricity. Or, he attacks the usage of the shock as a gauge of a voltaic
pile. In his view, "the electrometer is the best judge of the electric force, that is, it
provides us with a more reliable and more exact measurement of this force than the
commotion" (Volta 1802, p. 343). This change of his original position might have
resulted from Volta's inability to explain why a shock produced by a pile does not
depend on the size of its plates.

Without denying that the "human factor" affected somewhat the rhetoric of
these controversies, there are details which do not fit the picture of a scientific
debate as a purely social activity. Let us check the possibility of objective factors
at work, by asking questions about the "deviations" from such a social discourse.



SCIENTIFIC CONTROVERSIES IN TEACHING SCIENCE: THE CASE OF VOLTA

3.2. OBJECTIVE GROUNDS

267

The first question is: why did scientists divide for a long time between two theories
instead of agreeing to embrace one of them? We see that in both cases each of the
two competing theories was internally consistent, supported by experiment, and
initially enjoyed about the same standing among scientists . If two theories appear
to be equally legitimate, choosing one of them should be a matter of a personal
choice, subject to various factors. For instance, we see an influence ofprofessional
interests, since physiologists primarily supported Galvani, physicists sided with
Volta, and chemists preferred the "chemical theory." .

The fact that the experimental results cited by each side did not contradict
those of the opponents means that there was enough room for two theories. This
was possible because the two theories focused on different aspects of the same
complex phenomenon combining physiological and physical components. It was
possible for Galvani to see the origin of electricity inside an animal and for Volta,
outside it, because in most of these experiments both electricities were present:
bio-potentials always exist in animal tissues, and employing metal conductors to
connect them introduces electrochemical potentials . This was proven only around
1850, when the invention ofdepolarizing electrodes permitted scientists to separate
the two electricities . While such technology did not exist at Galvani's time, still his
experiment with the "all-animal circuit" should have warned against dismissing the
idea of "animal" electricity too easily.

In the case of the pile, one could attribute the origin of electricity to a contact of
two different metals (the "contact" electricity) with the liquid being a conductor, or
to a contact ofthese metals with a liquid (the "chemical" electricity). As long as one
considered the effect of the pile to be a multiplication of the effect of a single pair,
it did not matter how the pair functioned. To account for a rise in a pile's ability to
produce gas when a diluted acid replaced water, or with an increase of the size of its
plates, one could say either that a greater chemical activity released more electricity
at the contact, or that it improved electric conductivity: the difference was semantic,
because the two concepts could not have been measured independently.

The second question is: why did not contenders try to reach a compromise? This
appears to be quite possible in the case of Galvani and Volta because initially Volta
accepted both "animal" and "contact" electricities . The main reason for him to
eventually eliminate the former was adhering to the "Occam's razor", the principle
of reducing the number ofpossible causes ofphenomena to a minimum. As soon as
he found that he could explain all galvanic phenomena by the "contact" electricity,
he pronounced the concept of"animal" electricity unnecessary. Scientists had used
"Occam's razor" frequently but not always successfully, and Volta was out of lack.

The third question is: why did each contender stubbornly adhere to a chosen
theory ignoring its deficiencies? Since some defects of each theory were obvious
to its defenders from its inception, apparently they decided to support it because of
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the theory's positive contribution, with the hope that future research will resolve its
difficulties and prove their theory to be the winner.

Thus, the behavior ofVolta and his opponents in a debate was in part determined
by impersonal factors that depended either on the phenomena under investigation
or on common practices of scientists. It is quite clear, though, even from the mater
ials presented above that personal factors were also involved, for some arguments
of some participants suggest that winning an argument was no less important to
them than finding the truth . However, this subject is beyond the scope of this paper.

4. The Experiments

These experiments are to be conducted in conjunction with the corresponding part
of the story. To a large extent they may be open-ended. If a teacher wants to use
these experiments to teach students the art of an investigation (Kipnis 1992), it
is desirable to do them when students know only some of the historical results:
in this way students will have an opportunity to compare their own results with
those of Galvani or Volta. The experiments, especially those of Volta, allow many
easily achievable modifications, and students are to be encouraged to be creative
and devise new experiments to resolve the issue between Volta and Davy.

To give students a better feel of the original experiments, the emphasis here
is on using the apparatus similar to the historical one and employing the original
procedure. In the case of Volta, an electrometer had to be replaced with a voltmeter.
Measuring current with a multimeter is a modern addition; however, lighting a bulb
is a modification of a historical experiment of fusing a thin wire.

4.1. GALVANI'S EXPERIMENTS

If possible, do these experiments in a laboratory setting . Otherwise, the teacher
should do them with students' help as a demonstration, making them visible to the
whole class by means of a camcorder and a television set.

Materials: A frog's preparation (prepared not in front of students): it consists of
hind legs and a part ofthe vertebra, from which sciatic nerves should be uncovered.
Needle, electrostatic generator, a wire insulated at one end, strips of various metals
(zinc, copper, aluminum, steel, etc.), insulated wires .

Procedure: First, demonstrate stimulation means known before Galvani : mech
anical, static electricity, and chemical. Prick the nerve with a needle until a leg
twitches. Take a metal rod with an insulating handle . Charge it from any source
of static electricity and bring the metal in touch with the nerve or the muscle: you
should see a brief contraction. Put a grain of salt on the nerve: the leg will start
twitching.
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Then show Galvani's experiments: (1) Touch the nerve with a zinc strip then touch
the muscle with a copper strip: you should not have any reaction. Then bring the
other ends of the metals into a contact: a contraction occurs. Try other pairs of
metals, then try two strips of the same metal; (2) place a piece of aluminum foil
under the nerve and another one under the muscle and touch them instead of the
tissues: you should see contractions; (3) cover the top parts ofzinc and copper strips
with an insulating tape and repeat the procedure: you should see no twitching at
all.

4.2. VOLTA'S EXPERIMENTS

4.2.1. The Pile

Materials: Zinc and copper squares with a side of 4 em or larger, paper towel,
diluted sulfuric acid or lemon juice, multimeter, a small 25 mA bulb, wire leads
with alligator clips, a plastic cup.

Procedure: Cut pieces of a paper towel slightly smaller than the metal squares,
moisten it with water squeezing the extra liquid out, make a pile of 30 couples: Zn,
paper, Cu, Zn, paper, Cu, etc. Attach the leads to the ends of the pile and grasp
them firmly with fingers of both hands previously well moistened. If the shock is
not felt, immerse the leads into two cups with water and put the fingers into the
cups.

Touch the leads to the tip and the back of your tongue: you should feel a sour
taste . Touch the leads to the tongue and the upper gum: you shall see a flash of
light (close the eyes). While doing physiological experiments, you can start with
connecting one wire to an intermediate plate rather than the end plate and gradually
increase the number of couples in the circuit (5, 10, etc.)

Measure the voltage across the pile and the current. Calculate the resistance.
Try to light a small bulb.

Reassemble the pile, replace the paper squares with others moistened with a
weak acid. Repeat all experiments and compare the results. Does the choice of a
liquid affect the power of a pile?

4.2.2. The Chain a/Cups

Materials: 30 plastic cups which are large enough to host zinc and copper elec
trodes , wire leads with alligator clips, multimeter, a small bulb. If possible, make
electrodes ofthe size of2 em x 10 em; otherwise, use the squares from the previous
part.

Procedure: Place a zinc and a copper electrode in each cup, taking care they do
not touch one another (use a separator made out of an insulator), fill the cups with
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water, and connect the electrodes so that zinc of one cup were connected to copper
of the next cup, and so on.

Repeat all the experiments described in the previous part and compare the res
ults. Replace water with the weak acid and repeat the experiments. Does the choice
of a liquid affect the power of the battery? Compare to the case of the pile.

4.3. STUDENTS LEARN FROM SCIENTISTS

If a teacher is keen on the investigative experimentation, the story supported by
some historical experiments may have a practical importance in teaching students
how to go about creating a theory explaining their own investigative experiments.
In particular, they learn that as long as a theory is consistent and explain several
experiments, it has a right to exist even if it cannot account for other experiments.
Here the concept of the "partial truth" is very useful : within the given range of
phenomena studied and time spent the "partial truth" is the truth, and if future
research modifies it, the original conclusion still preserves its validity within the
original range . Although both Galvani and Volta believed to have discovered the
whole truth , since their theories did not cover all known phenomena, they come
under the above stated definition ofa "partial truth" . And if something was good (in
the modem view) for Galvani and Volta, it is good for students too. This means that
students should not fear of inventing a false theory in their investigations, provided
they take care to make their conclusions sufficiently consistent and based on a
sufficient number of experiments.

Naturally, students will find out soon the ambiguity of the word "sufficient":
one cannot know in advance how many times to repeat each experiment and how
many times to modify it in order to arrive at a "partial truth" that is closer to the
correct result rather than a false one. Having learned this from their own experi
ence students will become more critical to the certainty of the results of historical
experiments and their validity as arguments in a theoretical debate .

5. Conclusion

Learning about a historical controversy may improve students' understanding of
how scientists defend a new theory. While the conclusions drawn here are consist
ent with other cases not discussed in this paper, teacher is not advised to present
them as general: it is better to discuss other cases (at least one) and let students
do the generalization. Our analysis is not complete, because the role of "human
factors" in a scientific debate is left out. This subject certainly deserves a separ
ate study, however, its absence should not preclude teachers from discussing the
impersonal factors, especially because the latter are more relevant to improving
students' skills in conducting their own investigative experiments.
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I The author treats the immersion of the whole hand into water as nothing more than a
showmanship.
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ABSTRACT. The general aim of this paper is to elucidate some aspects of Newton 's theory
of light and colours, specially as presented in his first opti cal paper of 1672. This study
analyzes Newton 's main experiments intended to show that light is a mixture of rays with
different refrangib ilities. Although this theory is nowaday s accepted and taught without
discussion it is not as simple as it seems and many questions may arise in a critical study .
Newton 's theory of light and colour can be used as an example of the great care that must
be taken when History of Science is applied to science teaching . An inadequate use of
Histor y of Science in educ ation may convey to the students a wrong conception of scientific
method and a mythical idea of science .

1. INTRODUCTION

It is nowadays assumed that the use of the history of science may improve
the teaching of science . Accordingly, there has been an increasing use of
history of science by teachers - both at high-school and university levels.
In the specific case of physics, the development and status of uses of
history of physics in education has been recently reviewed (Bevilacqua
and Giannetto 1996).

There are, however, some pitfalls on the way to this approach. The
history of science can be misused (as anything else) and lead to a mistaken
view of science . The general aim of this paper is to elucidate some of
those dangers and to show that, given suitable precautions, the history of
science may indeed help science teaching. Great care, however, must be
taken to ensure adequate use of historical resources in education.

Instead of discussing those dangers in an abstract way, this paper will
focus upon one recent attempt to apply History of Physics to education:
Dudley Towne's use of Newton's colour theory (Towne, 1993). Towne
used Newton's 1672 original presentation of his theory, together with
experiments and other aids , in teaching beginning, nonscientist students.
He claimed that Newton's work is clear, easy (and even 'delightful') to
read and understand. He stated that the original paper is a model for the
presentation of the scientific method. He also emphasized how easy it is
to draw the correct inferences from Newton's experiments.

Both the analysis of Newton 's work and its educational use as presented
by Towne are highly problematical. Newton's arguments are not as
straightforward as they seem . Besides, the interpretation of scientific
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Figure I. Newton's scheme for the first experiment in his 1672 paper.

method implicit in his paper is at variance with curre nt histori cal and
philosoph ical knowledge.

The general aim of this pap er is to elucidate Newton's work and to
show how it may improve science teaching.

2. TH E DEFLECTION OF LIGHT BY A PRISM

In a paper published in 1672 (Newton 1672a), Newton pre sented his
concept that light is a 'heterogeneou s mixture of differently refrangible
rays' - each colour corresponding to a different refrangibility . He pre
sented several experiments to corroborate this theory. In the first one
(Figure 1), t a beam of sun light passed through a prism and formed a
spor' on the wall of his chamber. He noticed that the spot was not circular
as the disk of the sun - it was oblong (Kuhn 1978, p. 35; Lohn e 1968, p.
172). To explain this effect he assumed that the white light of the sun was
composed of many different rays. Each kind of ray is refracted in a
different direction and is associated with a different colour: ' the least
refrangible rays are disposed to exhibit red colour, and (. . .) the most
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Figure 2. A prism in the minimum deviation position.

refrangible rays are all disposed to exhibit a deep violet colour' (Newton
1672a, p. 53).

One important fact in favor of Newton's theory was his Experimentum
Crucis. In this experiment , light passed through two prisms. The first one
produced a coloured spectrum and the second was used to study the
deviation of each colour. The experiment showed that each colour of the
spectrum suffered no further division at the second prism, and that each
colour was deflected at a different angle .

In modern textbooks either the first or both those experiments are
usually introduced as sufficient evidence for Newton's theory of composi
tion of white light.

3. THE MINIMUM DEVIATION POSITION OF THE PRISM

When Newton described the single prism experiment, he remarked that
the spot projected on the wall should be circular and not oblong, according
to the 'received laws of refraction' .

Why did Newton state that he expected that the 'image' should be
circular? Ask this question to undergraduate physics students, and you
will notice the difficulty of that point. To understand what Newton meant,
it is necessary to take into account the details of his experiment and some
implicit considerations concerning the exact position of the prism.

There is one single position of the prism that would produce a circular
'image ' , according to the Cartesian law of refraction . It is the so-called
'minimum deviation' position . If the prism is slowly rotated around the
axis that passes through the centre of the triangular faces, one observes
that the direction of the deflected beam changes . There is one special
position where the angle between the initial direction of the beam and its
direction after passing through the prism is a minimum. In this position,
the incident and refracted beams make equal angles with the sides of the
prism (Alonso and Finn 1972; Figure 2) . It is possible to prove that at
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this position the 'image' should be circular, if the prism exhibited a single
index of refraction for all incident light (Newton 1984, pp . 53-54) .

Newton was aware of all those properties of the prism and made his
colour experiments in the minimum deviation position. However, in his
1672 paper, Newton provided only a short description of the first experi
ment ." There , one finds the following remark: 'Also the Refractions on
both sides of the Prisme, that is, of the Incident, and Emergent Rays,
were as near, as I could make them, equal (...)' (Newton 1672a, p. 49).
As stated above , the position of the prism that conforms to this condition
is exactly the minimum deviation position . However, in his paper Newton
neither stressed the importance of this position, nor did he state that only
in this position one would expect a circular ' image' , according to the
'received laws of refraction' .

Did Newton know all that in 1672? In his published articles of that time
he presented neither a proof similar to the one provided in the Lectiones
opticae nor even the simpler one published in the Opticks (Newton 1704,
p. 49). However, he clearly stated in the 1672 paper that he computed the
angle between the rays coming from the Sun after they passed through
the prism 'and found, that the emergent Rays should have comprehended
an angle of about 31', as they did, before they were incident' (Newton
1672a, p. 49). However, the measured divergence of the deflected beam
was 2° 49' instead of 31' . The discrepancy between the predicted and
observed angle required an explanation , and Newton 's theory provided
it.

All this shows that the minimum deviation position is a necessary condi
tion of Newton's first experiment ." On the other hand, if one reads criti
cally the 1672 paper, it becomes evident that Newton's article is far from
being clear and didactic, since Newton did not make it clear that the
minimum deviation position of the prism was important. He also did not
tell how to find this position (Sabra 1981, p. 237).

4. MISUNDERSTANDING OF NEWTON'S PAPER

When Newton published his first paper, many people were unable to
understand that the whole argument depended on the choice of the
minimum deviation position , The first critic of Newton's theory was the
French priest Ignace Pardies.

Pardies stated that two rays that arrive at the prism would suffer no
change in their relative angles in planes parallel to the axis of the prism.
However, in a plane perpendicular to the axis, the angle after passing
through the prism might be different from the initial angle. To substantiate
his claim , Pardies presented the detailed computation corresponding to a
special position of the prism . He concluded that two rays arriving at the
first surface of the prism encompassing an angle of 30' might leave the
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prism forming an angle of more than 3°, depending on the angle of
incidence (Pardies 1672a, p. 87)5.

In his answer to Pardies, Newton accepted the method and compu
tations of the priest. However, he remarked that in his own experiment
and calculations, he had assumed that the incident and emergent rays had
equal inclinations relative to the sides of the prism, whereas in Pardies'
calculation the angles were widely different:

But the Rev . Father is under a mistake. For he has made the refractions by the different
parts of the prism to be as unequal as possible, whereas in the experiments, and in the
calculation from them, I employed equal refractions (Newton 1672b, p. 90) .

Newton then presented a general (geometric) proof that when his ex
perimental conditions are satisfied, the angle of the deflected rays should
be equal to that of the incident rays.

Once Pardies understood the required conditions of the experiment, he
agreed with Newton that the 'image' should be round, according to the
usual optical theory. Pardics' behavior shows that he did not understand
from Newton's first paper that the minimum deviation position was a
crucial condition . It also shows that Pardies' criticism was not as silly as
it seems at first sight.

Let us now consider Towne's account of Newton's first experiment.
Nowhere in his article does he refer to the relevance of the minimum
deviation position . On the contrary: in his footnote 7 he says that 'although
it is not essential to do so for any of the experiments described in Newton's
paper, to preserve a sense of reproducibility it is advisable to turn the
prism so that some colour is at minimum deviation' . That is wrong. If the
prism were not in this position in the first experiment, nothing could be
concluded from it - as shown by Pardies.

5. ELIMINATION OF DIFFERENT HYPOTHESES

After one understands the theory behind Newton's first experiment, it is
possible to grasp his first conclusion: the facts are in disagreement with
the accepted theory of refraction . What else could be concluded from this
experiment?

Towne stated that this experiment alone is sufficient to conclude that
the light of the Sun was heterogeneous:

(... ) the oblong shape of the spectrum can be measured with a ruler , and is sufficient
evidence for the declaration that light consists of 'difform rays, some of which are more
refrangible than others' . (Towne 1993, p. 115)

It was not possible to conclude that, since other explanations were possi
ble. Indeed, both Newton and his contemporaries (Pardies, Hooke , Huyg
ens, etc .) suggested several explanations for this effect. In the 1672 paper,
Newton explored many conjectures that occurred to him. He tested whe-
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ther the oblong shape of the spot could be due to the different thickness
of the prism, or to the size of the hole, or to the position of the prism
(inside or outside the dark room) . In all those variations of the first
experiment, the spot remained oblong. Newton then devised a second
experiment:

Then I suspected, whether by any uneveness in the glass, or other contingent irregularity,
these colours might be thus dilated . And to try this, I took another Prisme like the former ,
and so placed it , that the light, passing through both, might be refracted contrary ways,
and so by the latter returned into that course, from which the former had diverted it. For ,
by this means I thought, the regular effects of the first Prisme would be destroyed by the
second Prisme, but the irregular ones more augmented, by the multiplicity of refractions
(Newton 1672a) .6

The test showed that the spot was now circular. So, the irregularities
of the glass were not the cause of the oblong shape.

Another interesting conjecture of Newton's was that light might travel
in curved lines after passing through the prism. If light travels in a straight
line, and if the hole is of negligible size, the dimensions of the spot will
be proportional to the distance between the hole and the screen . If one
takes into account the dimensions of the hole , then it is the difference
between the dimensions of the spot and the diameter of the hole that
should be proportional to the distance - as Newton indeed observed. So,
light travels in straight lines after passing through the prism (Newton
1672a, p. 50) .

In Newton's Opticks there is a much clearer presentation of the evi
dence. The second proposition of part 1, book 1, states that 'The light
of the Sun consists of rays differently refrangible' . In the proof of this
proposition, Newton presented his experiment of the oblong spot, but
afterwards remarked :

So, then , by these two experiments it appe ars that in equal incidences there is a consider
able inequality of refractions. But whence this inequality arises, whether it be that some
of the incident rays are refracted more, and others less, constantly. or by chance . or that
one and the same ray is by refraction disturbed, shattered, dilated, and as it were split
and spread into many diverging rays, as Grimaldi supposes, does not yet appe ar by these
experiments, but will appear by those that follow (Newton 1704. p. 34).7

After this remark, Newton presented experiments #5 to # 10 (Newton
1704, pp. 34-61) , together with many variations and commentaries, before
he concluded the proof of the proposition. Therefore, Newton himself
clearly perceived that the first experiment was not sufficient to prove that
the light of the Sun contains 'rays differently refrangible ' .

After eliminating several alternative explanations, Newton presented a
new important experiment. He called it the Experimentum Crucis - an
obvious reference to Francis Bacon - and he probably intended it to be
decisive.
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6. THE 'EXPERIMENTUM CRUCIS'

A planned experiment is always undertaken after theoretical analysis . The
naive belief that one must go to the laboratory with an 'empty mind' or
that 'experiments talk by themselves' (as Towne's paper puts it) is an old
scientific myth - and here 'myth' means 'outside reality '. When Newton
undertook his study of colours, he was deeply concerned with a few
theories about light. He was trying to find out which one was correct.
Theory guided experiments - not the converse .

As Newton tells us, he was not the first one to observe the colours
produced by a prism. Indeed , he stated that 'I procured me a Triangular
glass-Prisme , to try therewith the celebrated Phenomena of Colours'
(Newton 1672a, pp . 47-48) . It was well known that prisms produced an
effect similar to a rainbow - the phenomenon was described by Robert
Boyle, Rene Descartes, Robert Hooke (Boyle 1664; Descartes 1637;
Hooke 1665) and several different authors of that time . Several
explanations had already occurred to many people .

In Newton's first experiment , the oblong shape of the spot was produced
by different colours. Each colour emerged from the prism in a different
direction . Nowadays, we interpret this as a separation of colours that are
already present in white light. However, that was not the only (or even
the most 'intuitive' ) interpretation .

The first idea that occurred to everybody - including Newton himself
- was that the prism produced colours - that is, white light was transfor
med into a set of colours . Indeed, white light always seemed to be the
simplest kind of light. When light passes through a transparent or translu
cent coloured body it acquires colour - and this seemed a transformation
of light. In the same way, it was believed that the prism created the colours
- it was not just a separation of colours.

When Newton published his studies of light and colour, Hooke's Micro
graphia (published in 1665) was an influential work . Hooke had presented
in that book a very obscure theory about the transformation of white light
when it is obliquely refracted.

In his 1672 paper, Newton had already arrived at the 'correct' conclu 
sion : each spectral colour has fixed, unchangeable properties; and each
colour has a specific refrangibility .

In Newton's theory, the least refrangible rays correspond to red and
the most refrangible correspond to violet. This is a delicate point of
Newton's theory. The relative refrangibilities of different colours vary in
different substances. It is possible to find transparent bodies that deflect
blue and violet light less than red light - contrary to Newton's belief.

Newton 's idea that white light is not simple but a mixture of all colours
is not intuitive. It did not arise at once in his mind, but evolved slowly
from his intensive work. The main point was to find out whether colours
can be transformed and created or not. This is the central aim of Newton's
Experimentum Crucis (Lohne 1968).
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In that experiment, a beam of solar light passes through a first prism
and strikes a board with a small hole in it, so that only a small portion of
the spectrum (a single colour) passes through it. This secondary beam
reaches a second prism . Newton observed that the second prism did not
change the colour of the secondary beam. He also noticed that different
colours presented different deflections in the second prism : the red light
suffered again the least deviation, and violet the greatest (Newton 1672a,
pp.50-51).

Newton compared this experiment to what happened in the case of
white light in a single prism : different colours appear and each colour is
deflected in a different direction. His explanation was that white light
consists of a mixture of all colours that appear in the spectrum, each
colour being separated from the others - but not created - by the prism,
because of their different refrangibilities. This hypothesis also explained
the oblong form of the spot in the first experiment :

(. . .) the true cause of the length of the image was to be no other. then the Light consists
of Rays diff erently refrangible which without any respect to a difference in their incidence ,
were, according to their degree s of refrangibility , transmitted toward s divers parts of the
wall (Newton 1672a , p. 51) .

The relation between colour and refrangibility stated by Newton did not
cause great controversy . The problematic question was the composition of
white light. The statement that white light is a 'Heterogeneous mixture of
differently refrangible Rays' led to a strong controversy between Newton
and Hooke, Huygens and Pardies (Sabra 1962).

For Hooke, white light was a simple kind of vibration and coloured
light was a modification of white light. He supposed that light was some
kind of non-periodic wave that would acquire different properties near
the edge of the light beam. Hooke believed that the wave front would
become inclined relative to the direction of propagation when light was
obliquely refracted - as in a prism . The extremity of the wave front that
came first would become red and the end extremity would become blue .
Near the prism we do not observe all spectral colours . We see exactly
what Hooke describes : a white beam with small blue and red fringes on
opposite sides .

If one observed the beam very far from the prism, the red and blue
regions would expand and overlap . Hooke believed that all colours were
produced by the blending of blue and red . So, it was possible to explain
the colours produced by the prism.

In answer to Hooke's letter (Hooke 1672) Newton presented many
experiments to show that white light is a mixture of different rays (Newton
1672c). In the 1672 paper, he had already combined the colours produced
by the prism with the aid of a converging lens and produced white light.

(. . .) all Colours of the Prisme being made to converge , and thereby to be again mixed
as they were in the light before it was Incident upon the Prisme , reproduced light , intirely
and perfectly white , and not at all sensibly differing from a direct Light of the Sun , unless
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when the glass, I used , were not sufficiently clear ; for then they would a little incline it
to their colour . (Newton 1672a, p. 55)

The plan of Newton's experiment may be found in Newton's original
drawing published in the 1672 paper. Towne referred to this experiment,
but the conception of his drawing is unintelligible (Towne 1993, p. 115).
It presents a parallel beam that becomes divergent without apparent cause.
The beam leaving the prism is divergent, not parallel as he represents it.
It will be difficult for any student to understand that drawing. It would
be better to use Newton's orig inal scheme, as it is much clearer than
Towne's.

The composed white light produced by Newton was visibly equal to
solar light. Nevertheless, neither this experiment nor the Experimentum
Crucis proved that this resulting light was really equal to solar light. It
could happen - as Hooke believed - that the white light of the Sun was
simple , and that the different modifications of white light (the several
colours) could be combined to produce another kind of white, by mutual
compensation of their differences .

In all of Newton's experiments, light is refracted at least once. It could
happen that the refracting medium acted upon light by changing it, in
such a way that this modification remained unchangeable in subsequent
refractions.

The choice between Newton's theory and the 'modification theory' could
not be decided by experiment alone . Indeed , it was impo ssible to perceive
the existence of all colours in white light, before it was refracted . Hence,
it was always possible to maintain that , before any transformation , white
light is simple and not composite.

Newton at last perceived that the distinction should be grounded upon
methodological arguments . In his answer to Hooke , he said:

I see no reason to suspect, that the same Phenomena should have other causes in the
Open Air . (Newton 1672c, p. 134)

This means that he saw no reason to introduce a distinction between two
kinds of white light, if they exhibited the same properties in all experi
ments. One should not multiply entities if this is not necessary: one should
choose the simplest theory, according to the methodological rule known
as Occam's razor/ :

Returning to Towne's paper, one sees that it does not discuss those
questions.

He states that

(. . .) the simplicity of the experiments and the order in which Newton presents them allow
the theory to form in the reader's mind before Newton makes a formal statement of the
hypotheses. (Towne 1993, p. 113)

According to Towne , students will be led to the same theory as Newton
and will conclude that white light is a mixture of rays. However, it was
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shown above that this conclusion is not straightforward and that there are
other possible interpretations of Newton 's experiments.

7. CONSTANCY AND COMPOSITION OF COLOURS

An important part of Newton's argument is contained in his experiments
intended to show that spectral colours cannot be transformed into different
colours. In his first paper Newton already stated the immutability of
colours. He made several experiments intended to modify them and never
observed any change. In his experiments he

(. . .) refracted it with Prismes, and reflected it with Bodies, which in Day-light were of
other colours ; I have intercepted it with the coloured film of Air interceding two com
pressed plates of glass; transmitted it through coloured Mediums, and through medium s
irradiated with other sorts of Rays, and diversly terminated it; and yet could never produce
any new colour of it. (Newton 1672a, p. 54)

The Experimentum Crucis showed that a second refraction did not
decompose the colours that came from the first prism. It was also necessary
to show that when pure light (e .g . a spectral red light) is diffused by a
coloured body (e .g. a blue paper) or passes through a transparent coloured
glass its colour does not change - it only suffers an intensity change .
Additional experiments devised by Newton to show that spectral colours
do not change in those conditions were highly relevant to support his
claim of the constancy of pure colours.

According to Newton's theory, coloured bodies do not transform the
colour of the light they receive: they act as filters , allowing some colours
to be reflected and absorbing other colours. Newton stated that the colours
of natural bodies

(. . .) have no other origin than this, that they are variously qualified to reflect one sort
of light in greater plenty than the other. ( . . .) that means any body may be made to
appear of any colour. They have there no appropriate colour, but ever appear of the
colour of the light cast upon them , but yet with this difference, that they are most brisk
and vivid in the light of their own day-light-colour (Newton 1672a, p. 56).

This is another very important point of Newton's theory that Towne
was unable to grasp. To illustrate this theory, Towne suggested an experi
ment that contradicts Newton's concept. He stated that two strips of blue
and red paper illuminated by the spectrum will appear black and then
turn into white depending on the part of the spectrum that shines upon
them.

According to Newton's theory a paper will appear white if it reflects
light of all colours of the spectrum, in a proportion similar to that of the
Sun's light. This can never occur in the suggested experiment and therefore
the strips of paper would never appear white. Besides, a paper will appear
black if it absorbs most or all incident light. This would not occur with
common blue or red paper under red or blue light - as stated in the
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suggestion. They must look dark but will reflect a small part of the incident
light.

In the 1672 paper, Newton described experiments with red and blue
pigments. When he threw different colours of the spectrum upon those
pigments, he observed that they appeared of the same colour used to
illuminate them, although they appeared more bright when their natural
colour was cast upon them.

8. PRIMARY AND COMPOUND COLOURS

To understand Newton's argument , it is also necessary to stress his concept
of simple (or primary) colour. Our common sense accepts that colours
can be changed in several circumstances, such as in the case of mingling
pigments or beams of light. If we regard colour as the qualitative property
of light perceived by our senses, colour can indeed be changed. It is
possible to produce orange colour from yellow and red paint. So, accord
ing to common sense , colours are not immutable as Newton asserted .

To develop his theory, Newton created a new concept of colour. He
distinguished between our sensation and the properties of light itself. He
carefully stated that different rays of light have different 'disposition to
exhibit this or that particular colour'. The same kind of light always
produces the same sensation, but the same sensation is sometimes due to
different kinds of light.

Newton introduced a theoretical distinction between simple (or primary)
colour and compound colour. The first one (primary colour) corresponds
to a homogeneous light, one that cannot be decomposed into different
components. The second one (compound colour) corresponds to a hetero
geneous light, one that can be decomposed into different components.
Our eyes cannot distinguish primary from compound colours: they may
look exactly alike ." However, the two kinds can be distinguished by experi
ment: compound light can be decomposed in two or more components by
a prism . Primary light cannot be so decomposed.

It follows from this definition that white light is not simple or primary.
It is compound, since it may be decomposed into several different colours
by a prism .

Now, it might seem as though Newton was merely playing with words:
if he defined in this way simple and compound colour, it follows from the
definition that white light is not simple . So, the whole question is reduced
to a choice of definition. It seems that Newton did not need much to
attain his objective .

This, of course, is an oversimplification of the problem, but that is the
way it is understood by most students and - unfortunately - by teachers.
If one accepts Newton's definition, then one single experiment - the
'decomposition' of white light by a prism - is sufficient to prove that white
light is compound.10
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One must remark, however, that definitions and distinctions are not
arbitrary. Newton proposed a dichotomy between primary and compound
colour (or light). This dichotomy is philosophically adequate if any colour
(or light) can be exclusively classified either as primary or as compound,
but never as both or neither. His concept will be useful if both sets are
not empty . Only experience can show whether it is adequate or not.

The Experimentum Crucis is instrumental in showing that there are ,
indeed, pure colours . If one separates from the coloured spectrum a
narrow beam of light , its colour will not be changed by a second prism.
Besides, it is also necessary to show that this colour cannot be decomposed
or altered by other means (for instance: by passing it through a coloured
glass) .

It is also necessary to test whether the concept of compound colour
holds water. Suppose one joins two pure beams of light (for instance, red
and yellow), producing orange light. According to the concept of com
pound colour, this orange cannot be pure or primary. However, only
experience can show whether this orange light will be decomposed by a
prism. It could happen (in principle) that the combination of two different
primary colours would , in some cases , yield another different colour that
could not be decomposed by a prism. lI For this reason , Newton had to
test this, too . So he did , and he observed that the simple colours used to
form a compound colour could be always retrieved again by passing the
compound light through a prism .

Several other points of Newton 's work could deserve discussion . Let
us, however, discuss the moral of this history .

9. HISTORY OF SCIENCE AND EDUCATION

There are several ways of using history of science as an aid in teaching.
The choice depends on the educational aim and on the kind of students
in view. The public may include science students , future teachers, non
scientists, etc. The aim may include learning scientific theories and con
cepts , the nature of science and its method , the relation of science to its
social context , and so on.

The use of history of science has been particularly popular among
people who address non-scientists (Gross 1980; Hetherington 1982). This
is the specific case of Towne's use of Newton 's work on colour. It seems
that his aims in using Newton 's paper were:
• to exhibit a particular concept of (inductive) scientific method;
• to show that scientific works can be clear and interesting even when

read by non-scientists ;
• to teach some physics (the classic theory of colours).
Let us discuss each of these points in turn.
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9.1. Scientific Method

Physics teachers (even at university level) sometimes do not understand
the nature of science. There is still a widespread belief in an inductivist
model of scientific inquiry, of the worst positivist kind (Abimbola 1983;
Hodson 1985). Teachers who do not have interest and competence in
history and philosophy of science will usually transmit a distorted view of
the scientific enterprise to their students (Matthews 1988). They may try
to show how one gets a theory from observation and experiment or how
one can prove a theory - notwithstanding the philosophical impossibility
of both attempts. Sometimes they are not aware of their lack of under
standing and even try to use history of science to improve their teaching.
However, the kind of history of science they use is distorted and oversimpl
ified - the kind of thing historians of science call 'Whig history' (Brush
1974; Siegel 1979).

The careful study of history of science can teach a lot about the nature
of science. Pumfrey (1991), for instance, lists a few important components
of the contemporary view of scientific endeavor:
1. Meaningful observation is not possible without a pre-existing expec

tation .
2. Nature does not yield evidence simple enough to allow one un

ambiguous interpretation.
3. Scientific theories are not inductions, but hypotheses which go imagina

tively and necessarily beyond observations.
4. Scientific theories cannot be proved.
5. Scientific knowledge is not static and convergent, but changing and

open-ended.
6. Shared training is an essential component of scientific agreement.
7. Scientific reasoning is not itself compelling without appeal to social,

moral, spiritual and cultural resources.
8. Scientists do not draw incontestable deductions, but make complex

expert judgments.
9. Disagreement is always possible.

It is easy to perceive that the analysis of Newton's 1672 paper presented
in this paper provides an example of most of those components of the
nature of science . However, this cannot be achieved by the mere reading
of Newton's 1672 paper. It is necessary to discuss it and to read it in the
light of its context .

It is very misleading to study a detached piece of scientific work, without
a knowledge of its context. For this reason, a teacher who is not fully
conversant with the context had better use 'case studies' produced by
professional historians of science - such as Conant's (1966) Harvard Case
Histories in Experimental Science - rather than attempting to use a de
tached piece of primary source. A fine scientific appreciation of Newton's
1672 paper requires some knowledge of Newton's other works on optics,
and also some knowledge of previous and contemporary optical studies
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by other researchers. Depending on the aim, it will be necessary also to
study the philosophical, technological and social contexts behind Newton's
work . Only in this way can a nice picture of the scientific practice emerge.

9.2. Science for Non-scientists

Many science teachers are eager to show that science is not an esoteric
discipline: anyone may understand and enjoy science. There is some truth
in this statement: anyone may understand and enjoy some part or aspect
of science . However, science itself is an esoteric discipline - exactly as
music, for instance, is. Most people can enjoy music, but only a few
persons are able to understand its structure, to play it well or to compose
good music . To be a competent piano player, any person must undergo
a technical training that may last for many years . To become a good
composer, the training will be even more difficult and sometimes painful.
The same kind of thing occurs in science . One should not present scientists
as demigods (it is always nice to remember that scientists are human and
fail) . On the other hand, the difficulties of scientific training should not
be underestimated.

When teaching physics to non-scientists , there is always the danger of
presenting some kind of 'watered-down science', which avoids difficult
aspects - such as measurement, equations, complex arguments, and so
on . There are, indeed , many interesting things about science that can be
learned without entering into technical details . It seems , however, that
history of science is not the best way to present the simple aspects of
science. Of course, one can use the 'external' history of science to discuss
issues such as the relation between scientific and technical development
without the analysis of 'difficult ' aspects . However, if one intends to teach
science itself through the history of science, it will be impossible to avoid
technical details . Indeed, it may be easier to present or to learn a textbook
version of any scientific subject than to present or to learn its conceptual
history .

9.3. Scientific Knowledge

There is an important distinction between scientific knowledge and scien
tific belief. A person has scientific knowledge about some subject if he
knows the scientific results , accepts this knowledge, and has the right to
accept it, because he knows how this knowledge was justified and
grounded. 12 Scientific belief, on the other side, corresponds to the knowl
edge of the scientific results, together with its acceptance as true , when
this acceptance is due to mere belief in the authority of the teacher or of
'the scientists' . Scientific belief is just a modern kind of superstition.
However, it is much easier to acquire than scientific knowledge .

One possible way to acquire scientific knowledge, in the above sense,
it is to study the history of science." - but not 'Whig history' . It is
necessary to study the scientific context, the experimental basis, the several
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alternatives of the time, and the dynamic process of discovery (or inven
tion) , justification, discussion, and diffusion. In this way can one learn
how a theory was justified and why it was accepted. At the same time,
one will learn a lot about the very nature of science.

10. CONCLUSION

Newton's first paper presented an experiment where a beam of solar
white light passed through a prism set at minimum deviation position and
perpendicularly reached a wall. According to common refraction laws
(that is, the Snell-Descartes law), the spot at the wall should be circular
- but only a complex theoretical computation can prove it.

Newton found that the spot was oblong. The explanation provided by
Newton for this new phenomenon was that white light is a mixture of
rays, of different colours, which differ in refrangibility. Newton justified
this statement by a smart combination of experiment and theoretical argu
ment.

Newton studied the relation between colour and refrangibility in the
Experimentum Crucis. He stated that to each colour corresponds a well
defined refrangibility, and conversely . This property only applies to pure
or primary colours - those that cannot be decomposed by a prism . This
new concept introduced by Newton was central to his argument.

By a set of experiments, he showed that pure coloured light is immutable
in several circumstances where composed colour changes. Since pure col
ours are immutable and since each colour is related to a given refrangi
bility, this last also must be immutable .

In no experiment with pure or compound colours did Newton observe
the change or creation of new colours, or the change of their refrangibility.

Since the refrangibility of the rays is immutable they must be the same
before any refraction , that is, prisms do not modify this characteristic of
the rays. Hence the coloured rays are already present in white light before
it passes through a prism.

To confirm his theory, Newton presented another experiment: the col
oured rays emerging from a prism passed through a convergent lens and
at its focus white light was produced, with the same characteristics as
those of the Sun. Since entities should not be multiplied without necessity,
these two white lights - the solar one and the produced by the convergence
of the coloured rays - must be accepted to be equal.

Newton's complex argument does not correspond to a mere 'induction'
from experiments. If one wants to teach Newton's theory of light, it is
necessary to present it as it is: a fine but difficult piece of scientific work
that exhibits the complex interplay of theory and experiment.

A correct understanding of the structure and dynamics of science is
essential to education. Without such an understanding, many mistakes
may easily occur - as happened with Towne.
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Towne's paper does not exhibit the structure of Newton's argument.
Many of the misunderstandings pointed above may be attributed to the
fact that Newton's argument is not as simple and direct as it was supposed
to be . Indeed, below the apparent simplicity of Newton's theory there is
a deep and complex work . The detailed discussion of Newton's argument
seems a nice example of how the history of science may be used in teaching
to discuss the complexity of actual scientific work.
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NOTES

I The descript ion of this experiment by Newton in his 1672 paper is accompanied by no
drawing. The draft reproduced here is from Newton's manu script Lectiones opticae (circa
1672): MS. Add . 4002, fol. 3 of the Cambridge University Library, reprinted in Whiteside
(1973).
2 it is not really correct to say that the prism projects an image on the wall, although Newton
himself uses this expre ssion. When an optical device produces an image of an object , each
point of the object corre spond s (ideally) to one single point in the image. When a system
of lenses produces a real image of a small light source, the light ' rays' converge after passing
through the lens and concentrate to form the image . When an image of the Sun is formed
with the aid of a converging lens, for instance, it is possible (with suitable magnification) to
see in the image the sunspot s that may happen to be visible in the Sun's disk. If we use a
divergent lens, it will be possible to project upon a surface a round 'image' of the Sun, but
it will be impossible to see sunspots. A prism will produce only a virtual image of real
object s. This virtual image can be seen if one looks towards the object through the prism .
Only if we use both a prism and a converg ing lens, then it will be possible to produce a real
image on the wall. In Newton's first experiment , however , we can only talk about the light
spot - not the image - on the wall. By the way: the distinction between 'objective' and
'subjective' experiments stressed by Towne (1993, p. 117) is nothing but the difference
between observing the virtual image and the spot projected on the wall. One way is no more
'objective' than the other: in both cases, light is seen with the use of the observer's eyes.
3 In this art icle we shall refer to the first experiment described by Newton in his 1672 paper
as 'Newton's first experiment' . One should remember, however , that this was not the very
first opt ical experiment made by Newton . It is possible to find a description of his first
observations in the notebooks he kept during the period 1664-1665 . See McGuirre and
Tammy (1983).
4 Let us remark how difficult it is to obtain the required angular conditions for Newton's
experiment. It is necessary that the prism be put in the minimum deviation position and, at
the same time, the deflected beam must be perpendicular to the wall of the room where the
experiment is being done . If the axis of the prism is horizontal and parallel to the wall (as
shown in all drawings), the experiment can be performed only on two precise days each



NEWTON AND COLOUR : THEORY AND EXPERIMENT 289

year . Some difficulties of Newton's experiments are discussed by Lohne (1964, pp . 125
139).
S Pardies' computation is wrong, although his method seems correct. Re-doing his calcu
lations, one finds that instead of the divergence of 2° 23' that Pardies obtained for incidences
of 30° and 29° 30', the correct divergence is 1° 40' . For the incidences of 29° 30' and 29°,
the correct divergence is 1° 57' . For the incidences of 29° and 28° 30' the divergence would
be 2° 29' and for incidence of 28° 30' and 28' the divergence would be 4° 17' . So, in principle
Pardies is correct : it is possible to explain the length of Newton 's oblong spot supposing that
all rays have the same refractivity. It is remarkable that Newton did not point out Pardies'
calculation mistake .
6 About Newton's modifications of his experiment, see Mamiani (1976, p. 115).
7 For more information about the optical theory of Grimaldi see Hall (1987).
8 Newton made constant use of this kind of simplicity arguments in his work . In his Philoso
phiae naturalis principia mathematica one finds a set of philosophical rules (Regulae philoso
phandi) . Two of them, that were already found in the first edition of this book, read : 'Rule
1: We are to admit no more causes of natural things than such as are both true and sufficient
to explain their appearances. Rule 2: Therefore to the same natural effects we must, as far
as possible, assign the same causes' . This is a clear presentation of the methodological rule
he had already used in his optical work. (See : Koyre 1972, Vol. 2, pp. 550-6) .
9 Notice that this is a strange property of light. In the case of sound, human sensation is
able to distinguish pure tones (those corresponding to a single frequency) from compound
tones . There is a subjective quality (pitch) that allows us to distinguish between notes of the
same main frequency produced by different instruments. When two different notes are
played together, they do not produce a single intermediary sound : they are heard separately
and can be harmonious or otherwise. There is nothing of this kind in light and colour - but
there is no a priori reason why light and sound should lead to different sense structures.
10 Newton's first experiment is usually called 'the experiment of decomposition of white
light'. The name itself implies the conclusion .
" To understand this possibility, one may compare the phenomena of light to those that
occur in chemistry . In some cases , when we join two pure substances it is possible to separate
them again by physical procedures (distillation, or another process) . However, in other
cases, the union of two pure substances produces a third pure substance that cannot be
decomposed by physical procedures. It could happen , in principle, that something similar
occurred to light: in some cases we could have a mere mixture of colours, in other cases a
combination of colours. It could also happen that the result of the combination of colours
could not be decomposed by a prism .
12 This distinction has been pointed out by Rogers (1982), although in a slightly different
way - he assumed that scientific knowledge is true. Of course, scientific knowledge may be
useful, well grounded and acceptable, but it is temporary and not true, in a philosophical
sense.
13 Another way is, of course, the practice of scientific research. However, in an educational
context , it seems that the only way of acquiring scientific knowledge about 'established'
science is the historical one.
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Abstract. This paper is part of a larger work on the history, philosophy and utilisation of pendulum
motion studies (Matthews 2000) . The paper deals with the fate of Christiaan Huygens 1673 proposal
to use the length of a seconds pendulum (effectively one metre) as a universal, natural and objective
standard of length . This is something which, if it had been adopted, would have been of inestimable
scientific, commercial and cultural benefit. Why it was not originally adopted in the late seventeenth
century, and why it was again rejected in the late eighteenth century (1795) when the Revolutionary
Assembly in France adopted the metric system with the metre being defined as one ten-millionth
of the quarter meridan distance - raise interesting questions about the methodology and politics of
science. Given that pendulum motion is a standard component of all science courses throughout the
world, and given that most science education reforms, including the US National Science Education
Standards and recent Australian state reforms, require that something of the 'big picture' of science
be conveyed to students (the relationship of science to culture, commerce, history and philosophy) 
it is suggested that these educational goals can be advanced by teaching about the fate of Huygens'
proposal.

In the past two decades, science curricula in many parts of the world have endorsed
a liberal or contextural science programme where students are expected to learn
something of the philosophical, social, historical and ethical dimensions of science,
as well as acquire scientific knowledge and process skills (Matthews 1994, chap, 3;
McComas and Olsen 1998). These curricula expect students to learn about science
as well as learning the content of science. This is sometimes stated as learning
about 'the nature of science' (McComas et al. 1998), and sometimes it is expressed
as developing a deeper, more informed or 'critical' scientific literacy (Bybee et al.
1992, chap. 2).

The US National Science Education Standards (NRC 1996) , for instance, ask
that students should learn how:

science contributes to culture (NRC 1996, p. 21) ;
Technology and science are closely related. A single problem has both sci-

* Parts of this paper have appeared in M.R. Matthews Time for Science Education (Plenum, 2000)
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entific and technological aspect s (NRC 1996, p. 24);
curriculum will often integrate topics from different subject-matter area s
.. . and from different school subjects - such as science and mathematics,
science and language arts, or science and history (NRC 1996, p. 23);
scientific literacy also includes understanding the nature of science, the sci
entific enterprise, and the role of science in society and personal life (NRC
1996, p. 21);
progress in science and technology can be affected by social issues and
challenges (NRC 1996, p. 199);

Comp arable statements can be found in Canadian, Japanese, British and
Australian (specifically the state of New South Wales) curricular documents.

Unfortunately teacher education programmes have lagged behind these cur
ricular developments. Mo st programmes do not adequately prepare teachers to
cope with the broader cultural dimen sions of the new curricula. The joint BSCS
SSEC document recognised this when, after developing its curri culum framework
for a more histori cal and philosophical approach to the teach ing of natural and
social science, it said that the first barrier to implementin g such a curriculum was
that 'the preparation of teachers is inadequate' (Bybee et al. 1992, p. xiii ).

One clear need is to provide teachers with accessi ble case studies that can be
utilised in classrooms to illustrate the historical , philosophical and cultural dimen
sions of science. The fate of Huygens' 1673 proposal of the seconds pendulum as
a universal standard of length is one such case. I

1. Christiaan Huygens

Chri stiaan Huygens (1629- 1695) was one of the preeminent minds of the seven
teenth century. He was born in The Hague in 1629. By the age of thirteen he had
built himself a lathe , by seventeen he had independently discovered Galilee's time
squared law of fall and Galilee's parabolic trajectory of a projectile," by twenty
he had completed and publi shed a study of hydro statics, by twenty-three he for
mulated the laws of elastic coll ision, by twenty-five he was an optical lens grinder
of national renown, by twenty-six, and using one of his own tele scopes, he had
discovered the ring of Saturn. When he was in his mid-thirties many thought of
him as the greatest mathematician in Europe - no slight claim given that his con
temporaries included Pascal, Mersenne, Fermat, Descartes, Leibniz and Newton.
In 1663 he was made a member of England 's newly founded (1662) Roy al Society.
In 1666, at age thirty -seven, he was invited by Loui s XIV to be founding president
of the Academic Royal des Sciences, an invitation he accepted, and a position he
held till 1681, even throu ghout the war between France and Holland.3

Huygens made fundamental contributions to mathematics (theory of evolutes
and probability), mech anics (theory of impact), optic s (both practical with his own
ground lenses, and theoretical with his wave theory of light), astronomy (discovery
of Saturn 's rings and determination of the period of Mars), and to philosophy (his



METHODOLOGY AND POLITICS IN SCIENCE 295

elaboration of the mechanical world view, and proposals for a form of hypothetico
deductive methodology in science). In 1695 he died where he was born." Upon his
death, Leibniz wrote: 'The loss of the illustrious Monsieur Huygens is inestimable;
few people knew him as well as I; in my opinion he equaled the reputation of
Galileo and Descartes and aided theirs because he surpassed the discoveries that
they made; in a word, he was one of the premier ornaments of our time' (Yoder
1991,p.l).

Huygens refined Galileo's theory of the pendulurn.l His first book on the subject
was the Horologium (1658),6 his second and major work was the Horologium Os
cillatorium ('The Pendulum Clock' (1673). He recognized the problem identified
by Descartes - 'the simple pendulum does not naturally provide an accurate and
equal measure of time since its wider motions are observed to be slower than its
narrower motions' (Huygens 1673/1986, p. 11). Huygens changed two central fea 
tures of Galileo's theory, namely the claims that period varied with length, and that
the circle was the tautochronous curve (the curve on which bodies falling freely
under the influence of gravity reach its nadir at the same time regardless of where
they were relea sed) . In contrast Huygens showed mathematically that period varied
with the square root ('subduplicate' as Huygens refers to it) of length, and that the
cycloid was the tautochronous curve."

Huygens thought so highly of the second result that he described it in a 1666
letter to Isrnael Boulliau as 'the principal fruit that one could have hoped for from
the science of accel erated motion, which Galileo had the honor of being the first
to treat' (Blay 1998, p. 19).8 Huygens realised that such an isochronic motion
could be the regulator for a new, and accurate clock, the pendulum clock which
he proceeded to make and with which he hoped to win the various longitude prizes
offered by governments and monachs."

2. The Seconds Pendulum as a Universal Length Standard

In the process of elaborating his theory of pendulum motion and clockwork design
Huygens argued that the seconds pendulum could provide a new international
standard of length. Undoubtedly this would have been a major contribution to
simplifying the chaotic state of measurement existing in science and everyday life.
Within France, as in other countries, the unit of length varied from city to city. A
not insignificant problem for commerce, trade , construction and technology. To say
nothing of science. Many attempts had been made to simplify and unify the chaotic
French system. The emperor Charlemagne in 789 was among the earliest to issue
edicts calling for a uniform system of weights and measures in France. Henry II
repeated these calls, issuing a decree in 1557 stating that :

Weights and measures shall be reduced to clearly defined forms and shall
bear the appellation of royal weights and measures. Since in all duchies,
marquisates, counties, viscountcies, baronies, castellanies, cities and lands
observing the laws of our kingdom, weights and measures are of diverse
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names and dimensions, wherefore many of them do not correspond to their
designations; and often, indeed, there coexist two weights and two measures
of different sizes, the smaller one being used in selling and the other in buying,
whence innumerable dishonest deals arise . . . All shall be required to regulate
their measures according to ours. (Kula 1986, pp. 168-169)

This had the same effect as King Canute's admonition to the rising tide. One
traveller to France in 1789 was infuriated by a country 'where infinite perplexity of
the measures exceeds all comprehension. They differ not only in every province,
but in every district and almost in every town ' (Alder 1995, p. 43) . There were 700
or 800 different units or measures, with different towns and localities having their
own version of the measure or unit. As Heilbron notes, 'In Paris a pint held a little
less than a liter ; in Saint-Deni s, a liter and a half; in Seine-en-Montagne, two liters;
and in Precy -sous -Thil , three and a third' (Heilbron 1989, p. 989) . One estimate is
that in France alone there were 250,000 different, local , measures of length, weight
and volume (Alder 1995, p. 43) .

The situation was little better in the German states. Although the 'Common
German Mile ' was widely used, and taken to be 1115th of a degree at the equator,
in Vienna it was sub-divided into 23,524 'work shoes' , whilst in Innsbruch it was
sub-divided into 32,000 'work shoes ' . Other cities had their own idiocyncratic
divisions. Some Italian States used the 'Italian Mile' which was 1/60th of an equat
orial degree, and contained 5,881 Vienna work-shoes. The multiplicity of measures
facilitated widespread fraud , or just smart business practice: merchants routinely
bought according to 'long' measures and sold according to ' short' measures.

The English situation was at least more uniform, if more 'unnatural' . In 1305
Edward I had established the standard yard as the length of the Iron Ulna kept in
the Royal Palace, and one thirty-sixth part of it was to be an inch. Away from the
Palace , in in places without access to a copy of the Royal Ulna it was ordained
that 'three grains of barley, dry or round, make an inch ; twelve inches make a foot ;
three feet make an ulna ; 5! ulna make a perch' . A slightly shorter yard standard
was decreed by Henry VII in 1497, and a slightly shorter one again by Elizabeth I
in 1588.

These English standards were arbitrary and artificial; the yard was not a natural
unit. The Royal Society at its inception was asked to investigate the reform of the
length standards, and Christopher Wren proposed, as did Huygens, the length of a
pendulum beating seconds as an English, and also international, length standard. 10

Both Huygens and Wren assumed that a seconds pendulum would beat seconds no
matter where in the world it was taken. The technical problems were firstly, how to
get a pendulum to beat seconds and next, how to measure its effective length.

Huygens, in the early pages of his Horologium, after giving the length of his
seconds pendulum, says :

When I say 'three feet', I am not speaking of ' feet' as this term is used in
various European countries, but rather in the sense of that exact and eternal
measure of a foot as taken from the very length of this pendulum. In what
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follows I will call this an 'hour foot', and the measurement of all other feet
must be referred to it if we wish to treat matters exactly in what follows .
(Huygens 1673/1986, p. 17)

This topic is taken up later in the book when he discusses the centre of
oscillation of bodies, there he remarks:

Another result, which I think will be helpful to many, is that by this means I
can offer a most accurate definition of length which is certain and which will
last for all ages . (Huygens 1673/1986, p. 106)

Elaborating this 'useful result', he says :

A certain and permanent measure of magnitudes, which is not subject to
chance modifications and which cannot be abolished, corrupted, or damaged
by the passage of time, is a most useful thing which many have sought for a
long time. If this had been found in ancient times, we would not now be so per
plexed by disputes over the measurement of the old Roman and Hebrew foot.
However, this measure is easily established by means of our clock, without
which this either could not be done or else could be done only with great
difficulty. (Huygens 1673/1986, p. 167)

In brief, Huygens says that first a seconds clock is built and tested against the
rotation of the fixed stars (as described on pp. 23-25 of his 1673 book), then a
pendulum is to be set swinging with a small amplitude and its length adjusted until
it swings in time with the seconds clock, then :

.. . measure the distance from the point of suspension to the center of the
simple pendulum. For the case in which each oscillation marks off one second,
divide this distance into three parts . Each of these parts is the length of an
hour foot .. . By doing all this, the hour foot can be established not only in
all nations, but can also be reestablished for all ages to come. Also, all other
measurements of a foot can be expressed once and for all by their proportion
to the hour foot , and can thus be known with certainty for posterity. (Huygens
1673/1986, p. 168)

Thus his basic unit of length was to be three horological feet (0.9935 m, 39k
English inches), less than a millimetre short of the original metre adopted a cen
tury later. The astronomer Picard concurred in this recommendation, saying that a
'universal foot' should be one-third the length of a seconds pendulum.

3. An Astonishing Discovery: Jean Richer's Cayenne Voyage of 1672-1673

Huygens thought that his universal length standard, the seconds pendulum, was
dependent only upon the force of gravity, which he took to be constant all over
the earth, and thus the length standard would not change with change of location.
The standard was to be portable over space and time. He did recognise that the
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centrifugal force exerted by the rotating earth (the force that tends to throw bodies
off the earth's surface) varied from the equator (largest) to the pole (smallest), but
he did not think that its effect on the pendulum would be measurable. II In this he
was wrong.

As soon as the Academic Royale des Sciences observatory was established by
Jean -Dominique Cas sini in 1669, the Academic, according to its secretary 'began to
discuss sending observers under the patronage of our most munificent King into the
different parts of the world to observe the longitudes of localities for the perfection
of geography and navigation' (Olmsted 1942, p. 120). The Academic instituted the
modem tradition of scientific voyages of discovery, and Jean Richer's voyage to
Cayenne in 1672-1673 was the second such purely scientific voyage undertaken' ?
- the first being Jean Picard's voyage to Uraniborg in Denmark in 1671. Cayenne
was in French Guiana, at latitude approximately 5° N. It was chosen as a site for as
tronomical observations because equatorial observations were minimally affected
by refraction of light passing through the earth's atmosphere - the observer, the
sun and the planets were all in the same elliptic.

The primary purpose of Richer's voyage was to ascertain the value of solar
parallax and to correct the tables of refraction used by navigators and astronomers.
A secondary consideration was checking the reliability of marine pendulum
clocks which were being carried for the purpose of establishing Cayenne's exact
longitude.

The voyage was spectactularly succe ssful in its primary purposes: the obliquity
of the ecliptic was determined, the timing of solstice s and equinoxes was refined
and , most importantly, a new and far more accurate value for the parallax of the sun
was ascertained - 9.5" of arc. But it was the unexpected consequences of Richer's
voyage which destroyed Huygens' vision of the seconds pendulum as a universal
standard of length 'for all nations ' and 'all ages ' .

Richer found that a pendulum set to swing in seconds at Paris, had to be
shortened in order to swing in seconds at Cayenne. Not much - 2.8 mm (0.28%)
- but nevertheless shortened. Although, with good reason, many doubted his
experimental ability.P Richer found that a Paris seconds-clock lost 2~ minutes
daily at Cayenne. Richer was adamant that Huygens' clocks slowed, that they
had to be shortened. This was tantamount to saying that the force of gravity, and
hence the weight of bodies, diminished from Paris to the equator - an astonishing
conclusion.14

Richer's demonstration raised the problem of an independent measure of time.
He did not have a second timepiece (a digital watch , for instance) against which
to measure the speeding up or slowing down of his pendulum clock. The only
independent clock he had was the clock of the heavens . He probably measured
the number of pendulum swings against the number of seconds in a solar day
(noon to noon) or a sidereal day, or measured portions thereof. This was a difficult
enough technical exercise, and it was compounded by the fact that the solar day
actually varies in length by plus or minus 15 minutes through the year. But the
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yearly variation, the Equation of Time, was known, and the technical problems of
timing the sun's transit were overcome.

4. Some Methodological Matters

Richer's claim that the pendulum clock slows in equatorial regions nicely illus
trates some key methodological matters about science, and about theory testing .
The logic of the accommodation of theory to evidence constitutes the methodo
logy of science. Methodology is usefully distingui shed from the method of science
which involve s how one conducts experiments, gathers data, seeks information,
and selects appropriate tools, instruments and means of analysis for the conduct
of an investigation. Methodology involve s what one doe s with the data , and how
one relate s it to hypotheses and theories: How many white swans does one have to
see in order to conclude that 'all swans are white ' ? How does finite evidence bear
on the truth of scientific hypotheses that are universal in their scope? And so on.
The se methodological que stion s have been, since Aristotle , the core subject matter
of philosophy of science.

Huygen s himself provided perhaps the first statement of the hypothetico
deductive account of the methodology of science. In the Preface to his Treatise
on Light (Huygens 1690/1945) he wrote :

One finds in this subjec t a kind of demonstration which does not carry with it
so high a degree of certa inty as that employed in geometry; and which differs
distinctly from the method employed by geometers in that they prove their
propositions by well established and incontrovertible principles, while here
principles are tested by the inferences which are deriv able from them . The
nature of the subject permits of no other treatment. It is possible, however,
in this way to establi sh a probability which is little short of certainty. Thi s
is the cas e when the con sequences of the assumed principles are in perfect
accord with the observed phenom ena, and especially when these verifications
are numerous; but above all when one employs the hypothesis to predict new
phenomena and finds his expectations realized.

The entrenched orthodoxy since at least the second century Be was that the earth
was spherical (theory T) . On the assumption that gravity alone affects the period of
a constant length pendulum, the observational implication was that period at Paris
and the period at Cayenne of Huygens' seconds-pendulum would be the same (0).
Thu s:

T-+O

But Richer seemingly found that the period at Cayenne was longer (~O). Thus, on
simple falsificationist views of theory testing :

T-+O
~ O

.'. ~ T
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But theory testing is never so simple. Many upholders of T just denied the second
premise, .......,0 . The astronomer Jean Picard, for instance, did not accept Richer's
findings . Rather than accept the message of varying gravitation, he doubted the
messenger. Similarly Huygens was not favourably disposed towards Richer. In
1670, on one longitude testing voyage to the West Indies and Canada, Richer had
behaved irresponsibly with regard to Huygens' clocks - he did not immediately
restart them when they stopped in a storm, and finaIly he allowed them to crash to
the deck (Mahoney 1980 , p. 253). Huygens did not require much convincing that
it was Richer's ability, not gravity, that was lacking at Cayenne.

Others saw that theories did not confront evidence on their own, there was
always an 'other things being equal ' assumption made in theory test ; there were
ceretis paribus clauses (C) that accompanied the theory into the experiment. Thus:

T+C~ 0
......., 0

.'. ......., Tor r-C

These people maintained belief in T, and said that the assumption that other things
were equal was mistaken - humidity had interferred with the swing s, heat had
lengthened the pendulum, friction increased in the tropics, and so on . These, in
principle, were legitimate concerns. But, one by one, these explanations were ruled
out. And others, including Sir Edmund Halley, confirmed Richer's finding that
the pendulum slowed in equatorial regions . IS Thus .......,0 became established as a
scientific fact, and upholders of T, the spherical earth hypothesis, had to adjust to
it. This was not easy.

Newton, for instance, acknowledged the veracity of Richer's claims, writing in
his Waste Book of 1682, that:

Monsr. Richer sent by ye French King to make observations in the Isle of
Cayenne (North Lat 5gr

) having before he went thither set his clocke exactly
at Paris found there in Cayenne that it went too slow as every day to loose
two minutes and a half for many days together and after his clock had stood
& went again it lost 2& minutes as before. Whence Mr HaIley concludes that
ye pendulum was to be shortened in proportion of - to - to make ye clock true
at Cayenne. In Gorea ye observation was less exact. (Cook 1998, p. 116)

In his Principia (Bk, III , Prop. XX , Prob. IV), Newton util ised Richer's, and
Halley 's comparable observations from St. Helena, to develop his oblate account
of the Earth's shape.

In 1738 Voltaire, a champion of Newtonian science, wrote on the Richer epi s-
ode, drawing attention to the problems of adju stment that scientists experienced:

At last in 1672, Mr Richer, in a Voyage to Cayenna, near the Line, undertaken
by Order of Lewis XIV under the protection of Colbert, the Father of all
Arts ; Richer, I say, among many Observations, found that the Pendulum of
his Clock no longer made its Vibrations so frequently as in the Latitude of
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Paris, and that it was absolutely necessary to shorten it by a Line, that is,
eleventh Part of our Inch, and about a Quarter more .

Natural Philosophy and Geometry were not then, by far, so much cul
tivated as at present. Who could have believed that from this Remark, so
trifling in Appearance, that from the Difference of the eleventh of our Inch, or
thereabouts, could have sprung the greatest of physical Truths? It was found,
at first, that Gravity must needs be less under the Equator, than in the Latitude
of France, since Grav ity alone occasions the Vibration of a Pendulum.

In Consequence of this it was discovered, that , whereas the Gravity of
Bodies is by so much the less powerful, as these Bodies are farther removed
from the Centre of the Earth , the Region of the Equator must absolutely be
much more elevated than that of France; and so must be farther removed
from the Centre; and therefore, that the Earth could not be a Sphere. Many
Philosophers, on occasion of these Discoveries, did what Men usually do, in
Point s concerning which it is requisite to change their Opinion; they opposed
the new-discovered Truth . (Fauvel and Gray 1987, p. 420)

5. From the Seconds Pendulum to the Original Metre: Some Political
Matters

Richer's findings did, in an Age of precision, rule out the seconds pendulum as an
invariant universal standard of length, verifiable for all nations . But once a loca
tion, or latitude , was specified, then the length of the seconds pendulum would be
invariant, and it could still be a universal standard. Moreover such a standard would
be natural, not arbitrary . It would of course be a matter of some national pride as to
what location was chosen : Pari s, London, Madrid, Berlin or Rome, for instance. La
Condamine and others , in an expedition to Peru in 1735, ascertained the length of
the equatorial seconds pendulum to be 439 .15 lines. In 1739 the length of a Paris
seconds pendulum was determined to be 440 .5597 lines. In 1745 in the Academy
of Sciences, La Condamine proposed, perhaps as a way of rising above nationalist
rivalries in Europe , that there be a universal and invariable measure based upon the
length of the second pendulum at the equator (all major European powers having
equatorial colonies where they could do their own measurements).

The French revolutionaries of 1789 not only proposed to do away with the ar
cane feudal system of the ancien regime , but also with the cacophony of measures
that people saw as robbing them in every transaction, and as requiring elitist know
ledge to judge and manipulate. The people wanted a simple , rational, democratic
and universal system; one where , as Sir John Riggs Miller the English cham
pion of measure reform would say, 'the meane st intellect is on a par with the
most dextereous ' (Heilbron 1989, p. 990) . And exactly one thousand years after
Charlemagne's call for unified French measures, the anti-Royalists of the French
Revolution resolved to do something effective about the matter.
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One of the first decisions of the Estates General was to direct the Academic to
establish a Committee on Weights and Measures to recommend reform of French
measurement. This committee was duly established and included Lavoisier, Cou
lombe, Delarnbre, Lagrange and Laplace. Talleyrand, the Bishop of Autun, was
not too worried about nationalist bias and, in 1790, suggested to the new, post
Revolution, National Assembly that the unit of length be the seconds pendulum at
the 4SO latitude, a latitude conveniently running through France. Talleyrand wrote
to Riggs Miller in the English parliament urging him to use his influence to have
a common system adopted between France and England, saying 'Too long have
Great Britain and France been at variance with each other, for empty honour or for
guilty interests. It is time that two free Nations should unite their exertions for the
promotion of a discovery that must be useful to mankind' (Berriman 1953, p. 141).
Alas this entreaty, even when followed by Louis XVI being asked by the Assembly
to write to George III seeking a unified standard, fell upon deaf ears.

The committee's second report, in 1791, rejected the pendulum measure and
instead revised a version of Abbe Gabriel Mouton 's 1670 suggestion for using the
length of a geodetic minute of arc decimally divided . Cassini had also advocated
this geodetic foot measure in 1720, wanting it to be 1/6,000 of a terrestrial minute
of arc. The committee recommended that the length standard be one ten-millionth
of the distance of the quadrant of the arc of meridian from the north pole to the
equator passing through Dunkirk, Paris and Barcelona. Dunkirk and Barcelona
'anchored' the segment of meridian at sea level, and the Paris meridian was the
obvious choice for the French standard. This was painstakingly measured by the
astronomer-geodesists Delambre and Mechain during the years 1792-1799 using
classical surveying techniques and the Toise (approximately 2 m) as their unit of
length (Chapin 1994, p. 1094).

The committee 's third report , 1793, named the new geodesic unit a metre (from
the Greek word metron, meaning 'measure'). The Convention, which had replaced
the Assembly, accepted this, and the new standard was enacted in the law of the
18th Germinal, Year III (7 April 1795), 5th Article. These new metric measures
were officially termed 'republican' , indicating their political dimension. As the
Minister of Finance in year II of the Republic said, 'the introduction of new weights
and measures was extremely important on account of its association with the Re
volution, and for the enlightenment and in the interest of the people' (Kula 1986, p.
239). This association also meant that Lavoisier, Laplace and Coulombe were dis
missed from the Agency of Weights and Measures for un-Republican associations.
The brass standard metre was put in place in 1799.

It is problematic why the Academy's committee opposed Talleyrand's proposal
of the seconds pendulum, which was Huygens' suggestion of one hundred years
earlier. The length of the seconds pendulum at a given latitude was constant,
public, recoverable, natural and portable. It seemingly fitted all the criteria for a
good standard. Ostensively the committee's reason was that it introduced temporal
considerations into a length standard. Some have suggested that the real reason is
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that the Academy wanted to preserve its intellectual and technical territory, and
boost its funding. The determination of its standard was a highly complex and
elitist matter, that required not only the most sophisticated technology, but also
agreement being reached on the degree of oblateness of the earth. On August 8th
1791, it received 100,000 livres , about twice its normal annual budget, as a down
payment for the geodesic survey of the meridian sector. Estimates of the total
cost of determining the length of the 10 millionith part of the quarter meridian
through Paris vary from 300,000 livres to millions of livres (Heilbron 1989, p.
991) . There was, in the Committee's recommendation, a certain element of venal
self interest hiding behind noble academic ideals. As one commentator at the time,
the surveyor Jean Baptiste Biot, wrote: 'If the reasons that the Academy presented
to the Assembly [to obtain support for the project] were not altogether the true
ones, that is because the sciences also have their politics' (Heilbron 1989 , p. 992).
It is salutory to recognise that politics, even fairly venal politics, was involved in
the determination of the length standard upon which all measurement in modem
science is predicated.

There was more than just impersonal scientific interest involved in adopt
ing a unified system of measurement. As one early nineteenth century French
commentator remarked:

The conquerors of our day s, peoples or princes, want their empire to possess
a unified surface over which the superb eye of power can wander without
encountering any inequality which hurts or limits its view. The same code of
law, the same measures, the same rules, and if we could gradually get there,
the same language; that is what is proclaimed as the perfection of the social
organization . . . The great slogan of the day is uniformity. (Alder 1995, p. 62) .

Huygens' pendulum standard did survive its rejection by the Academic. After
years of patient measurement of the meridian sector, and the expenditure of a great
deal of state money, the Academic choose a fraction of the meridian distance that
coincided with Huygens 'three horological feet', and accepted the seconds pen
dulum as a secondary reference for its new length standard. Their metre differed
from that of Huygens by only 0.3 of a millimetre, or 0.0003 m. This is a remarkable
cosmic coincidence. The number of seconds in a day - 86,400 - is purely conven
tional, yet the length of a pendulum beating seconds turns out to be exactly one
40th million part of the circumfrence of the earth.

The Academic 's argument about not mixing temporal and length considerations
failed at the time to convince sceptics; two hundred years later in 1983 , it did not
convince delegates to the General Conference on Weights and Measures meeting
in Paris who defined the standard universal metre as 'the length of path travelled
by light in vacuum during a time interval of 1/299,792,458 of a second'. Thus time
and space become inextricably linked. Again, pleasingly, this seemingly arbitrary
figure, that is among the first things to confront students opening modem textbooks,
is within a millimetre of Huygen's original and entirely natural length standard."



304 MICHAEL R. MATIHEWS

Educational Suggestions

The fate of Huygen 's 167 3 proposal for a universal standard of length well
illustrates a number of central methodological features of science, as we ll as the in
terrelations of scie nce, technology, culture and politics. Given that the US National
Science Education Standards explici tly advocate teachin g about such interrelation
ships, and given that the document devo tes two pages to the pendulum, it is a grea t
pity that abso lutely none of this story is ment ioned.' ? Its neglect indicates the de
gree of rapp rochement still needed between science education and the history and
philosoph y of science. Th e pendulum figures in just about every scie nce curric ulum
in the world - and is standardly voted the most boring topic. There is an opportunity
to embelish , with rich and inform ative history and phil osophy, the dry practicals,
formulae and exercises. Whether the opportunity is realised will depend upon the
knowledge and enthusiasm that teachers have for the history and philosophy of the
subject they teach .

Thi s pape r is part of a book that indicates a little of the cultural, historical,
techn ological, relig ious and philosoph ical dimen sions of the analys is of pendu
lum motion and of timekeepin g (Matthews 2000). It is unrealistic to think that
all these aspec ts of pendulum motion can be covered in a scie nce co urse . But it
is not unrealistic to hope that some coordination betw een school subjec ts can be
achieved, and thus for teachers in related field s to work together on the 'big picture '
of pendulum motion and timekeepin g. Th is is prec isely what, n the Uni ted States,
the BSCS/SSEC project , and Project 206 1 recommend.

T he school curricu lum appea rs to both students and teac hers as bein g co m
pletely compa rtme ntalised: subjec ts are isolated from eac h other, and topics
within subjects are freque ntly unrelated. In schoo l, knowledge seems to be truly
fragmented.

However, well chose n themes that are heuri stically rich, can organi se a cur
riculum to maximi se the degree to which the interdependence of knowledge
become s more transparent. It may be, minimally, a matter of looking at exi sting
independentl y generated curricula and simply pull ing the related part s together
and arranging for some coordination and cross -refe rencing. But it can be more
than this.

The following diagram illustrates how cross-di sciplinary approaches to pendu
lum motion can bring some degree of cohesion and interrelatedness to the school
curriculum.
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Timekeeping, navigation, and the longitude problem, for instance, provide rich
materials for multicultural science teaching and comparative anthropology. We
know that the polynesians made great sea journeys. Although it needs be admitted
that we know little about the failures of their journeys, nevertheless comparing their
navigation methods with the marine chronometer methods of Europe is instructive.

Technology classes are one clear field for cooperation . The making of a simple
pendulum clock is a wonderful opportunity to appreciate the combination of brain
and hand that is so essential to science. Likewise the making of water clocks,
candle clocks, sundials and so on. The making of a sundial is the occasion for the
world of astronomy to be opened up for students - the path of the earth, solstices,
seasons, the names of the months, and so on. Questions such as whether or not the
school flag pole might function as a sundial can be investigated. These technical
activities can be combined with some basic historical study of ancient societies,
and simple anthropology of contemporary societies that are not awash with clocks
and watches. More sophisticated questions about timekeeping, wage labour, time
related cultural mores such as punctuality, sporting records, and so on, can also be
raised .

Mathematics is another obvious area for collaboration. Geometrical depiction of
the pendulum, and the progressive working out of its 'geometrical' properties, can
give an oft-missing, applied focus, to basic geometry. How geometrical depiction
allows pendulum motion to be related to freefall, and to inclined-plane motion, can
be investigated.
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History classes can wonderfully complement science, technology and mathe
matics classes on pendulum and time-related topics . That Dava Sobel's Longitude
book (Sobel 1995) shot to the top of best-seller lists around the world, indicates
that the seemingly arcane problem of longitude is capable of generating great
interest. It is tied up with navigation, European expansion and trade, colonisation
and numerous topics with which good history courses can deal. Hopefully history
curricula might be encouraged to include such hitherto off-limits topics as the
scientific revolution. Collaboration on the pendulum is certainly an occasion for
bringing some aspects of the scientific revolution into history classes - methodo
logy, measurement, technology, timekeeping and so on can be introduced, along
with great names such as Galileo, Huygens and Newton .

Music classes can be fruitfully enlisted in pendulum based, collaborative efforts .
It is usually eye-opening for music students to learn that their craft played any role
in the scientific revolution, let alone an important role . The metronome is familiar
to these students, and provides a tangible way into the physics and history of pendu
lum motion. Classes can usefully investigate the distinction between timekeeping
and time measurement, and practical work on the reliability of rhythmic beat as a
measure of time can be undertaken.

And much more is possible. Religion classes can deal with the chequered his
tory of the design argument and its utilisation of the clock as a metaphor for the
world . Literature classes can study the rich genre of prose and poetry occasioned
by the scientific revolution, and of course write their own verse on time-related
themes. Philosophy classes can take up methodological matters raised by the study
of pendulum motion, they can deal with the relationship of theory to evidence,
and of experiment to both theory and evidence. Drama classes could conduct a
dramatic reenactment of the deliberations of the French Academy's metrication
committee and its decision to opt for the expensive and elitist geodesic unit of
length rather than the cheap and democratic chronological measure of Huygens.
Such a reenactment would involve historical, philosophical and scientific studies,
as well as the full range of dramatic competencies.

Notes

I This case study is part of a larger investigation of the history of the pendulum, its utilisation in
timekeeping , and its philosophical and cultural ramifications (Matthews 2000) .
2 He sent these proofs to his father for possible publication, but almost immediately he obtained
and read a copy of Galilee's Discourse wherein was Galilee's original proofs . He wrote to his father
retracting the request for publication, saying 'I did not wish to write the Iliad after Homer had' (Yoder
1988, p. 9).
3 This was an early manifestation of the view that science should be above, or at least beyond,
politics . During the Napoleonic Wars the English scientist Davy would be allowed to travel freely in
France conducting his research; during the First World War, the French scientist and historian, Pierre
Duhem, defended the achievements of German science (Duhem 1916/1991) ; during the Second
World War, the German scientist Max Planck appealed to such a separation to justify his remaining
as director of the Kaier Wilhelm Institute in Nazi Germany (Heilbron 1986).
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4 The life and achievements of Huygens are written up in Bell (1947), Bos (1980a) and in the entry
in The Dictionary ofScientific Biography.

5 For Galileo's influence on Huygens horological investigations, see Dobson (1985).
6 A translation of this work is appended to Edwardes (1977) .

7 The cycloid curve had been studied by Galileo and his pupil Torricelli . Huygens recognised that,
for large amplitudes, the effective length of the pendulum had to be shortened with respect to the
amplitude; a cycloid enabled this to happen.

8 No small praise for something so seemingly abstruse and arcane ; and a reminder, given its
utilisation in producing truly isochronic pendulum motion in clocks, of the utility of 'theoretical'
research.
9 Dava Sobel provides a very readable, best-seller, account of the British efforts at solving the
problem of longitude - ultimately done in the 1770s by John Harrison (Sobel 1995). The problem
of finding longitude at sea is dealt with in many places , but see especially Gould (1923, pp. 1-17),
Williams (1992, chap . 6), Landes (1998), Matthews (2000, chaps . 2, 7) and Stimson (1998). See
also other contributions to Andrewes (1998), these being the papers presented at the 1993 Harvard
Longitude Symposium on which Sobel's book was based .
10 Nothing came of Wren's proposal. and the English persisted with their artificial yard standard. In
1758 it was found that even the two standard yards preserved at the Exchequer were not the same
length (Heilbron 1989, p. 990)! An Act of 1824 did specify that if the Imperial Standard Yard were to
be destroyed, then it should be replaced by the natural unit of a seconds pendulum. Such a catastrophe
did happen in 1834 when a fire in the House of Parliament destroyed the standard yard. However by
then it was realised that the length of a seconds pendulum was not as invariant as originally thought;
and so the English, and their colonies, persisted with the artificial yard standard (Scarr 1967, pp.
2-5).
II He had calculated that the radius of the earth would have to be hundreds of times larger than it is
for the centrifugal force to equal a body's weight, and hence for the body to be thrown off the rotating
earth (Matthews 2000 , pp. 150-152). Galileo had made this point in his arguments with those who
claimed a rotating earth would hurl bodies . and buildings, into space .
12 Full details of Richer's voyage, its aims and accomplishments. can be found in Olmsted (1942).

13Richer had previously not excelled as a careful experimentalist (Mahoney 1980, p. 253).
14The fact that the weight of a body changed from place to place, as was manifest in the variation of
the pendulum 's period, sowed the seed for the conceptual distinction between weight and mass. The
intuition was that although weight changed with change in gravity, nevertheless something about the
'rnassiness ' of the body remained the same . Jean Bernoulli first introduced the distinction between
mass and weight , and Newton, as will shortly been seen , clarified it by introducing the idea of inertial
mass.
15 In 1677 Edmund Halley took a London seconds-pendulum to St. Helena (16° Lat. South) and
found that it also had to be shortened (Cook 1998, p. 87) . However he attributed the effect to the
height above sea level at which he took his readings on the island . That is, the greater distance from
the earth 's center and hence the less gravitational attraction. In 1682 Robert Hooke informed the
Royal Society that a London clock beat faster, that is, its period was shorter, when taken to Tangiers .
On these and other examples, see Ariotti (1972, p. 406-407).

16 Accounts of the development of the standard metre can be found in Alder (1995), Thompson
(1967), Kline (1988, chap . 9), Kula (1986), Heilbron (1989), Petry (1993, pp. 302-303) and Berriman
(1953, chap . XI) . Additionally see L'Epope du Metre Historie Systeme Decimel, Ministry of Weights
and Measures, Bicentennary of the French Revolution Documentation, Paris, September 1989.
17 For elaboration of this matter, see Matthews (1998).
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Abstract. Research in the history and philo sophy of physics has shown that the formalism of Gen 
eral Relativity can be interpreted in several different ways and, consequ ently , its teaching is very
problematic . The present contribution is an example of a reconstruction of the debate concerning the
foundations of General Relativity on the basis of cultural and educat ional cr iteria. In parti cular, the
debate will be presented as guided by the concept of space, and by the different perspec tives from
which such a concept can be viewed. It will be pointed out that the various ways of lookin g at space
give powerful criteria not onl y to create an order among the interpretations, but also to exploit the
educational and cultural value of the debate.

1. Introduction

Current teaching of General Relativity (GR) is based on two strong assumptions:
I. The theory should only be taught in highly specialised university courses, as

advanced mathematics is necessary. Hence GR is seldom mastered ; neither its
general outline s nor its basic ideas are widely known, at least in Italy.

2. The educational and cultural aspects to be dealt with are the 'emblematic '
story of non-euclidean geometry and the 'emblematic' success of a theory
constructed on formal criteria and able both to explain 'an cient ' observations
(the precession of the perihelion of Mercury) and to predict new and surpri sing
experimental results (the deflection of light by gravitational fields) .

GR is usually introduced, when taught, in much the same way Einstein introduced
it:

• recognition that Lorentz frames, in Special Relativity (SR), have maintained a
residual privilege, in other words an absolute character ;

• formulation of the problem of making motion completely relative, and expre s-
sion of Mach's Principle (MP);

• introduction of the Equivalence Principle (EP) ;
• discussion of the lift thought experiment;
• generalisation of the Principle of Relativity (RP) through the Principle of

Equivalence and introduction of the concept of general covariance (GC) ;
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• con struction of the equation of geodesics and recognition of Newton's the 
ory as the limiting case of particles moving slowly in a weak stationary
gravitational field;

• development of differential geometry and construction of Einstein's field
equation .

Research in the history and philosophy of physics have shown how problematic the
links among the various points can be. Each step has also given rise to questions
which leave the debate lively and open . For example:

• What is the real nature of the privilege maintained by Lorentz frames in SR ?
Epistemological (a characteristic of our description) or ontological (a feature
of spacetime)?

• What is the real physical meaning of the EP? Is gravitation 'apparent', like the
Coriolis force? Or do apparent forces have a gravitational nature?

• What is the cognitive role played by the lift thought experiment? Does it
bring out the inertial nature of gravitation or the gravitational nature of inertial
effects?

• Does GR satisfy a Principle of General Relativity? If so, why do neither Mis
ner, Thorne and Wheeler nor Hawking and Ellis mention such a principle
in their well-known textbooks? What is the meaning of GC ? Is it a physical
principle or only a prescription regarding the form to be given to equations?

The presentation and interpretation of the formali sm of GR depends signific
antly on how the basic principles are interpreted, as a glanc e at popular university
textbooks on GR and cosmology shows. Misner, Thorne and Wheeler, for instance,
base their interpretation on the synthetic power of geometry to suggest imagery and
design spacetime curved by matter (Misner et aI., 1970), whereas Weinberg uses
tensors and the other geometrical objects as pure formal instruments character
ised by particular transformation properties under arbitrary changes of coordinates
(Weinberg, 1972) .

The following considerations have motivated the present study:
• the choices made by the authors of textbooks are not always altogether expli

cit in their cultural and educational presuppositions and students can find it
difficult to compare different textbooks;

• the current debate on the history and philosophy of GR is interesting and rich
from a cultural and educational point of view, but is not exploited enough for
improving teaching, even at university level;

• though the basic ideas of modern physics (at least those of quantum phys 
ics and relativistic theories) have introduced radical modifications in human
thought, they have not influenced the general outlook of educated citizens. One
reason could be that research in science education has not developed strategies
for making the basic ideas of modern physics accessible to secondary school
students; in other words for reaching the physical and cultural core of modern
theories without getting trapped in their formalisms .

Specific aims of the study are:
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• analysing and reshaping the current debate on the meanings of GR in order
to design teaching materials that can support and guide the reading of the
most widely used university textbooks (Misner, Thome and Wheeler; Shutz,
Weinberg, Hawking and Ellis , for example);

• singling out those concepts and ideas that should be known by educated
citizens, and about which materials for preservice teacher education can be
produced.

2. The Concept of Space as an Educational Criterion for Reconstructing the
Current Debate on the Foundations of GR

From an educational perspective a reading of the actual debate on the foundations
of GR can be based on looking at it as the most recent expression of the traditional
dispute between two particular images of space.

In fact the crucial role assumed by geometry in GR has re-opened the question
concerning the real nature of space: Is it a physical object endowed with substan
tiality (the 'space-container' or 'substantival space') or is it no more than a set
of formal relations among objects or possible positions of objects (if we refer to
space), or among events or possible events (if we refer to spacetime), construc
ted by human reason to organise or comprehend the factual world ('relational
space')? Such a question is at the basis of the historical debate between Newton
and Leibniz about the meaning of classical mechanics (Friedman, 1983) and of the
debate about the different interpretations of SR given by Minkowski, Einstein and
Poincare (Levrini, 1999). Nowadays space is seen as substantival in the so-called
geometrodynamical interpretation of GR given by Wheeler, whereas an explicit
denial of such a space is at the basis of the interpretations given by Weinberg, and
by Einstein's followers, such as Sciama.

The concept of space can be seen as an educational criterion for reorgani sing
the discussion about the meaning of GR for several reasons . The main ones are that
space, being an intuitive and primitive concept, is a powerful tool for:

• anchoring the interpretation of the meaning of GR to a primitive question
('What is space?') that students should recognise as a real cultural problem.
Hence GR can be presented as a real cultural product and not simply as an
empty, abstract algorithm of raising and lowering indexes , of which one should
only consider the predictive power;

• guiding the comparison of the different interpretations of the same formal
ism expres sed in different textbooks, bringing out the fact that behind each
interpretation there is a specific epistemological and ontological dimension;

• providing students with conceptual tools for taking a personal position on the
meaning of the theory and, consequently, for feeling themselves more and more
engaged in the learning process.

In the next section I shall present the main results of the analysis we have carried
out in order to reshape the debate on the foundations , history and philosophy of GR
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from an educational perspective. The results are meant to be a guide for university
teachers who want to provide students with tools for reading and interpreting dif
ferent textbooks. Moreover they represent our starting point for selecting the basic
ideas of GR which, in our opinion, should be part of the general knowledge of
each secondary school teacher. Indeed, on the basis of these results, conceptual
paths relating to 'spacetime physics', to be used at preservice teachers education
level, have been designed (Grimellini et al ., 1999; Levrini, 2000a, 2000b).

3. The Different Conceptions of Space and Their Implications for the
Different Interpretations of General Relativity

"Space acts on matter, telling it how to move. In turn, matter reacts back on space,
telling it how to curve" (Misner et al ., 1970, p. 5): This statement describes the
basic image of the geometrodynamical interpretation of the theory, Such an in
terpretation cannot be understood unless one assumes - as Misner, Thome and
Wheeler do - a substantival space. conceived of as a real entity whose existence is
independent of the contained matter, even if the two interact.

Despite the wide acceptance among physicists of the geometrodynamical
interpretation and despite its educational effectiveness, I such a space is not un
animously accepted: It is criticised above all on grounds of its unobservability and ,
hence, of its absoluteness. To this objection the ' substantivalist ' usually answers
that since GR expresses a physical-causal interaction between matter and space, the
latter, even if not directly observable, is not causally inert. Its existence manifests
itself in the fact that, if postulated, it can convincingly explain observable gravita
tional effects. This kind of argument is known as "inference to the best explanation"
(Boniolo and Dorato, 1997): Existence is ascribed to theoretical entities, even if
these are not directly observable, because their postulation allows the formulation
of the explanation providing the most persuasive interpretation of the empirical
data. It is easy to understand that such an argument cannot solve the question
because, for the 'relationist', a substantival space is unacceptable in any case, even
if presented as a hypothesis at the basis of an 'effective' interpretation.

The best argument against substantival ism is. however, the "principle of the
identity of indescernibles" used by Leibniz against Newton's absolute space (Al
exander, 1956): If everything in the world were reflected East to West (or better,
translated a few meters East), retaining all the relations between bodies, would
we have a different world? Unlike the relationistis, the "Newtonian" substantival
ist must answer "yes" since the bodies in the world are now in different spatial
positions. even though the relations between them are unchanged.

Such an argument can be translated into the context of GR, where the diffeo
morphisms take the place of Leibniz' displacements of all bodies in space in such a
way that their relative relations are preserved. In other words, substantivalists must
nowadays bear in mind that their position leads them to deny the so-called "Leibniz
equivalence": diffeomorphic models represent the same physical world. But by
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denying Leibniz equivalence, substantivalists must also accept a radical form of in
determinism, because a corollary of Leibniz equivalence states that diffeomorphic
models can differ in properties that remain undetermined (the "hole argument") .
Therefore substantivalists must not only accept that diffeomorphic models rep
resent different worlds, but also that some of these worlds have undetermined
properties.i

Nevertheless, it cannot be denied that the assumption of a substantival space
introduces a strong criterion for interpreting the basic principles of GR, and this
may be the reason for its widespread acceptance, even if it is not always made
explicit. If a substantival spacetime continuum is accepted, every principle is inter
preted as a statement about the continuum. The substantivalist aims at constructing
a 'geometrical theory of the physical world', which means, from the substantivalist
perspective, explaining physical processes and events in terms of their relations
with spacetime, conceived of as a primitive entity. The substantivalist project is
illustrated by Friedman as follows :

[. . . ] According to the present point of view, then, the basic or primitive
elements of our theories are of two kinds: space-time and its geometrical
structure; and matter fields - distributions of mass, charge, and so on - which
represent the physical processes and events occurring within space-time. Our
theories seek to explain and predict the properties of material processes and
events by relating them to the geometrical structure within which they are
"contained". [... ] In the present treatment we explicitly take the more abstract
geometrical entities as primitive and define the more observational entities in
terms of them. (Friedman, 1983 , p. 32)

The substantivalist project of geometrizing gravitation arises from the interpreta
tion of the Equivalence Principle (EP) due to Pauli :

For every infinitely small region (i.e.. a world region which is so small that
the space- and time-variation of gravity can be neglected in it) there always
exists a coordinate system Ko (XI , X2 , X3, X4 ) in which gravitation has no
influence either on the motion of particles or any other physical processes.
In short, in an infinitely small world region every gravitational field can be
transformed away.
[. . . ] The special theory of relativity should be valid in Ko. All its theorems
have thus to be retained, except that we have put the system Ko, defined for
an infinitely small region, in place of the Galilean coordinate system. (Pauli,
1921, p. 145)

Such a definition led Pauli to a very radical interpretation of gravitation as an ap
parent force, in the sense that changing the frame of reference can locally eliminate
it:

Gravitation in Einstein's theory is just as much of an apparent force as the
Coriolis and centrifugal forces are in Newtonian theory. (We would be equally
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justified in taking the view that neither of the two force s should be called as
apparent force in Einstein's theory.) It does not affect the argument that the
gravitational force cannot, in general , be transformed away in finite regions,
whereas the other forces can . The gravitational force can always be trans
formed away in infinitely small regions, and this fact alone is decisive. (Pauli,
1921; p. 148)

The interpretation of gravitation as an apparent force is no longer accepted because
all the relativists agree that only the uniform component of gravitation can be
considered a fictitiou s term and that a coordinate tran sformation or change in the
state of motion of the observer have no effects on the presence or absence of a
gravitational field. The presence of a 'true' gravitational field is determined by an
invariant criterion, the curvature of the metric.

Pauli's formulation has, however, opened the possibility of interpreting gravita
tion, if not as an apparent force, as a geometrical one : a force which manifests itself
as a modification of spacetime identified with the differentiable manifold. Such a
possibility did not figure in Einstein 's original intentions. As we shall see, Ein stein
saw the EP as the key to interpreting the inertial effects as being of gravitational
origin and, at least when he was trying to con struct GR as a 'Machian theory of
inertia', he was not at all interested in eliminating gravitation (Norton, 1989).

Corre spondingly, the lift thought experiment is used by substantivalists as an
argument supporting the idea that gravitation can be locally transformed away : The
lift is imagined as falling freely in a gravitational field, so as to suggest an image of
the world whose real essence can be revealed by eliminating gravitational effects.
The imagery adopted is that of spacemen hovering in their spaceships, because the
new privileged class of frames of reference to which GR would have led is the class
of Local Inertial Frames (free-falling, nonrotating frames) .

From the substantivalist perspective GC and the principle of GR cannot be
considered equivalent. Their meanings, identified by Einstein , must be separated.

GC is said to have lost its physical meaning because each spacetime theory
(including Newtonian mechanics) can be given a generally covariant formulation .!
Con sequently, this property does not provide any information about the character
istic s of the manifold which means, for the substantivalist, that it cannot have any
physical meaning. It only tells us the form to be given to physical equations, for
the geometrical essence of the world to be made more explicit.

On the other hand, a RP is related to a concept of invariance, i.e., to spacetime
symmetries. Indeed both the Galilean and Lorentz groups of transformations can
be viewed as the symmetry groups of classical and Minkowski spacetime, respect
ively, as Poincare firstly pointed out in 1905. But if one looks at the principles of
relativity in this way, the conclusion is that the principle cannot be extended to GR ,
because its curved continuum has no other symmetries but the trivial ones:

[. . .1although there are no inertial frames in general relativity, there are in
ertial (geodesic) trajectories, and these trajectories give rise to an absolute
distinction between inertial and noninertial (accelerated or rotating) motion,
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just as in previous theories. It is not true, therefore, that all frames of refer
ence are 'equivalent' or 'indistinguishable' . We still have a privileged subclass
of frames , the local inertial frames [.. . ]. The existence of such a privileged
subclass of frames clearly shows that the general theory does not institute a
thoroughgoing relativity of motion. (Friedman, 1983; p. 27)4

The interpretation of the RP as related to the concept of invariance with respect
to a group of transformations cannot be considered peculiar to the sustantivalist
interpretation, and is widely accepted from a relationist point of view as well. The
substantivalist can , nevertheless, be more inclined to accept the idea that the RP
cannot be extended because his choice of assuming a substantival space already
expresses his preference for absolute over relative concepts. This interpretation can
be seen , therefore, as lending support to his point of view. The relationist, instead,
argues that such an interpretation attributes to the RP a weaker role than it had in
SR and makes it marginal in the entire structure of the theory (Norton, 1989) . This
can account for the omission of the RP from certain textbooks.

To complete the substantivalist framework, it must be pointed out that Mach's
Principle (MP), in its more famous formulation that traces the origin of inertia back
to gravitation," plays no role in the theory structure. It would in fact undermine the
real meaning of GR, which, for the substantivalist, expresses the geometrical nature
of gravitation and not the gravitational origin of inertial effects .

Einstein 's position and the relationist position, represented nowadays by
Sciama, for instance, are basically different from the substantivalist one . They
arise from the intention of eliminating from physics every absolute concept, like
the 'unjustified' privileged role attached to inertial states of motion in classical
mechanics and in SR . The main goal of GR is therefore to address such an "inherent
epistemological defect" (Einstein, 1916a, 112), i.e., to find the physical nature of
this 'mysterious' priv ilege . Einstein's refusal of a substantival space is expressed
as follows :

space as opposed to 'what fills space' has no separate existence [.. . ]. There is
no such thing as an empty space, i.e., a space without field. Spacetime does not
claim existence on its own, but only a structural quality of the field. (Einstein,
1952,p.375)

The quotation indicates that the primitive entity is the field, a physical object, while
space is a derived ent ity: Space is an interpretative category constructed by humans
in order to "comprehend" the natural world , i.e., to create:

an order among sense impressions, this order being produced by the creation
of general concepts, relations between the concepts and by definite relations
of same kind between the concepts and sense experience. (Einstein, 1954, p.
292)

At the basis of such a relationist view is the Machian conviction, in Einstein's
interpretation, that inertial effects have a gravitational origin. The substantivalist
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interpretation of the EP has upset the original interpretation given by Einstein:
the EP was the indication of the gravitational origin of inertia, and not of the
geometrical nature of gravitation. In other words, while gravitational effects must,
for a substantivalist, be interpreted in terms of spacetime geometry, for the rela
tioni st a la Mach inertial effects derive from an interaction among all the mas ses
of the universe. The gravitational nature of the inertial effects can be understood
in the particular setting of the uniformly accelerated lift. The thought experiment
is used by Einstein and Sciama to create a gravitational field in vacuum and not to
eliminate gravitation in a gravitational field. So gravitation is present everywhere
in Einstein's universe, becau se every relative accelerated motion produces a grav
itational field. His universe is as full as the Cartesian universe, as Einstein himself
recognises:

[. . . ] Descartes was not so far from the truth when he believed he must exclude
the existence of an empty space. The notion indeed appears absurd, as long as
physical reality is seen exclusively in ponderable bodies. It requires the idea
of the field as the representative of reality, in combination with the general
princ iple of relativity, to show the true kernel of Descartes' idea : there exists
no space 'empty of field' . (Ein stein, 1952, pp. 375-376)

The discussion about the role and the status of the so-called MP within the structure
of GR is still open. It is nevertheless accepted that the implementation of the MP in
GR is not a logical necessity, since non Machian theories, like de Sitter's, also exist.
On the other hand Machian models , such as Sciama's , have so far presented neither
logical nor physical contradictions. In other words, the choice among possible
models has its roots in meta-physical reasons. The role of meta -physical beliefs
is clear in Einstein's position, when he refuses space as a primitive entity - which
he considers antimachian - and gives to the basic principles of GR the following
meanmgs:

• The EP: besides the manifestation of the gravitational origin of inertia, the
equivalence between inertia and gravitation allows us to interpret the distinc
tion between inertial and non-inertial frames not as an inherent property of the
frames, but as a distinction induced by the structure of the gravitational field.

The structure responsible for inertial and gravitational effects is the metric
tensor. The space-time manifold itself has no properties that would enable us
to designate the motion associated with any given world line as privileged,
that is as ' inertial' or 'unaccelerated ' . This designation depends entirely on
the metric and the affine structure for space-time that it determines. (Norton,
1989, p. 41)

Correspondingly, the determination of Lorentz frames depends on the
Minkowski tensor which is interpreted, by Einstein, as a particular gravita
tional field: Minkowski spacetime, indeed, represents not space in the absence
of gravitation, but an example of the four-dimensional generalization of a
special gravitational field:
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If we imagine the gravitational field, i.e ., the functions s.« . to be removed,
there does not remain a space of the type, but absolutely nothing. [.. . ]
[Minkowski 's space-time] is not a space without field, but a special case
of g ik field, for which - for the coordinates system used , which in itself has
no objective significance - the functions gik have values that do not depend
on the coordinates /' (Einstein, 1952, p. 375)

• Principle ofGC: From the relationist point of view the principle still conserves
a real physical meaning, since it plays the role of a 'principle of reality ' : It
allows us to distinguish mathematical properties from the physical world. From
the relationist point of view there is no substantival space literally identified
with nature to ensure that the theory is referring the factual world. A criterion
of reality must be sought within the equations, and "Leibniz equivalence" is
the criterion chosen: physical properties are those invariant under the general
group of diffeomorfisms, because properties of the physical world must not
depend on our ways of describing them ." The application of this principle of
reality implies that only topological space is real , because the other geometrical
structures (i.e., the metrical, affine and conformal properties) depend on the
coordinate system . Einstein writes:

Reality is physically nothing other than the totality of space-time point co
incidences. If, for example, all physical occurrences were constructed from
the motion of material points alone, then the meetings of the points, i.e., the
intersections of their world lines, would be the only reality, i.e., that which
is in principle observable. (Einstein, 1916, in Speziali, 1972, p. 64)

In the famous article on the foundations of GR Ein stein wrote:

That this requirement of general co-variance [. . . ] is a natural one, will be
seen from the following reflection. All our space-time verifications invari 
ably amount to a determination of space-time coincidences. If, for example,
events con sisted merely in the motion of material points , then ultimately
nothing would be observable but the meanings of two or more of these
points. Moreover, the results of our measuring are nothing but verifications
of such meetings of the material points of our measuring instruments with
other material points, coincidences between the hands of a clock and points
on the clock dial, and observed point-events happening at the same place at
the same time . (Einstein, 1916a, p. 117)

Einstein is so convinced that a principle of GR must hold in physics:

The laws of phys ics must be of such a nature that they apply to systems of
reference in any kind of motion. (1916a)

that he reformulates the RP as follows:

Principle of relativity: The laws of nature are only assertions about time
space coincidences; therefore, they find their only natural expression in
general covariant equations. (1916a)
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[The] exact formulation of the general principle of relativity [. .. ]. All Gaus
sian co-ordinate systems are essentially equivalent for the formulation ofthe
general laws of nature. (l916b, p. 108)

It is clear that this formulation of the principle of GR has nothing to do with the
standard formulation, according to which special relativistic physics would hold
in arbitrary frames of reference. Einstein's formulation of the principle of GR
expresses the need to reduce the physical content of natural laws to the catalogue
of spacetime coincidences and to consider every further structure as a construction,
because such a catalogue is the same from any frame of reference in any kind of
motion.

Nowadays relationists also prefer to detach the principle of GR and the PGC,
for their coincidence leads to a rather weak interpretation of the former and of the
physical content of theories. Sciama for example, aiming at the construction of a
Machian theory of inertia in analogy to the electromagnetic theory, was able to
implement a general principle of relativity. His laws of gravitation, containing a
static and a dynamical part of inertial/gravitational interaction, are the same not
only for observers moving at any constant speed but to all observers, however their
laboratories may accelerate or rotate. The price of the requirement was, however,
certain modifications to SR (Sciama, 1953, 1959).

Beside Mach's form of relationism another interpretation exists which refuses to
attribute a geometrical character to gravitational force or, in other words, to identify
the differentiable manifold with spacetime. Its main exponent is Weinberg, and the
position is expressed in his text Gravitation and Cosmology (Weinberg, 1972).
An interesting point is the explicit analogical role ascribed to geometry. In the
paragraph titled "The Geometric Analogy" Weinberg writes :

We have seen in this chapter that the nonvanishing of the tensor RA/l VK is the
true expression of the presence of a gravitational field. We also saw in Chapter
I that Gauss was led to introduce the Gaussian curvature K = - R /2 as the
true measure of the departure of a two-dimensional geometry from that of
Euclid, and that Riemann subsequently introduced the curvature tensor RA/LV K

to generalize the concept of curvature to three or more dimensions. It is there
fore not surprising that Einstein and his successors have regarded the effects
of a gravitational field as producing a change in the geometry of space and
time . At one time it was even hoped that the rest of physics could be brought
into geometric formulation, but this hope has met with disappointment, and
the geometric interpretation of the theory of gravitation has dwindled to a
mere analogy, which lingers in our language in terms like "metric", "affine
connection", and "curvature", but is not otherwise very useful. The important
thing is to be able to make predictions about images on the astronomers'
photographic plates, frequencies of spectral lines, and so on, and it simply
doesn't matter whether we ascribe these predictions to the physical effect of

. gravitational fields on the motion of planets and photons or to a curvature of
space and time. (The reader should be warned that these views are heterodox
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and would meet with objections from many general relativists.) (Weinberg,
1972, p. 147)

The analogy in Weinberg shows all the characteristics of a "theory-constitutive
metaphor" (Boyd, 1979). A metaphor, in other words, whose main feature is that of
orienting a "programmatic research". Its primary system (explanandum) is an only
partially understood physical phenomenon; whilst the secondary system (model)
is a strongly structured system which has not yet been completely explored, i.e.,
which is characterised by "conceptual open-endedness". A theory-constitutive
metaphor is introduced:

when there is (or seems to be) good reason to believe that there are theoretic
ally important respects of similarities or analogy between the literal subjects
of the metaphors and their secondary subjects. The function of such metaphors
is to put us on the track of these respects of similarity or analogy. (Boyd, 1979,
p. 363)

The metaphor represents a theoretical device, because the dynamics of its con
struction allows the discovery of new features both of the physical phenomenon
under investigation and of the formal language used to describe it. In other words,
a theory-constitutive metaphor is:

one of many devices available to the scientific community to accomplish the
task of accommodation of language to the causal structure of the world. By
this I mean the task of introducing terminology, and modifying usage of ex
isting terminology, so that linguistic categories are available which describe
the causally and explanatorily significant features of the world . (Boyd, 1979,
p.358)

In Weinberg's analogy the natural phenomena to be studied are the effects of grav
itation (primary system) and the structured linguistic system is the Gauss-Riemann
theory of curved surfaces (secondary system). The two systems have already been
viewed by Einstein as the terms of the analogy constructed on the identification
of spacetime and the manifold. Such an analogy has been exploited to such an
extent by the geometrodynamical interpretation that the two systems have finally
coincided and the metaphor was dead . In Weinberg's opinion, the main reason to
separate the two terms of the metaphor is that the geometrical nature of gravitation
introduces a difference between this interaction and the other fundamental ones .
And this difference is unacceptable for a scientist who intend s to unify natural
interactions. The project itself would suggest that the core identification be moved
toward the EP, considered by Weinberg the expression of a principle of symmetry
(the equivalence among systems of coordinates) and therefore closer to the basic
principles of quantum field theories. The EP can be seen as the analogical term of
Gauss' postulate because:

• the former states that at any point in space-time we may erect a locally inertial
coordinate system in which matter satisfies the laws ofspecial relativity;
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• the latter states that at any point on a curved surface we may erect a locally
Cartesian coordinate system in which distances satisfy Pythagoras' theorem.

The laws of gravitation must, as a consequence, be very similar to those of
Riemannian geometry. The modified core of the analogy and the attention paid
to possible links with the other theories introduce further elements to be explored,
new relations to be constructed: a new dynamism typical of a theory-constitutive
metaphor.

The central role attached by Weinberg to the EP is emphasised by the mean
ings ascribed to the other basic principles of GR . The principle of GC is read by
Weinberg as the operative reformulation of the EP.

[. . . ] we shall follow a different method, one that is of precisely the same
physical content [of the EP], but is much more elegant in appearance and
convenient in execution . This method is based on an alternative version of
the Principle of equivalence, known as the Principle of General Covariance.
(Weinberg, 1972, p. 41 )

The Principle of GC gives explicit expression to the character of dynamical
symmetry inherent in EP, and by this its analogy with the local gauge symmetries.

The EP is also seen as a possible explanation of the origin of inertia: in this
sense it is considered an alternative to the MP (Weinberg, 1972).

In conclusion I would like to point out the characteristics of the EP that, in my
opinion, could have led Weinberg to emphasise it. The EP:

• allows the construction of a bridge toward differential geometry and its
powerful formal system;

• constrains the theory to a well corroborated experimental result (the equival
ence between inertial mass and gravitational mass) and to accepted theories,
like SR and the Newtonian theory of gravitation.

In other words, focusing the interpretation of GR on the EP exploits the power of
the geometrical formalism, while having at the same time the minimum number
of ontological constrains. These aspects are not trivial for a physicist engaged
in research in particle physics, where a highly elaborate formalism coexists with
ontological constraints loose enough to allow new interpretations. This particular
perspective allows us to understand why Weinberg sees the equivalence between
inertia and gravitation as a coincidence. It derives from experiments and this is
enough to place it at the basis of a theory, but not enough to lead us to interpret
gravitation in terms of inertia or inertia in terms of gravitation. Weinberg 's opinion
is that the current state of the research prevents us from constraining the theory in
excessively tight ontological interpretations. GR is a theory still very internal to
its language and its formal rules . Only the unified theory will give us the tools to
anchor the theory to the natural world and to interpret correctly its terms and the
relationships among them.
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The concept of space as criterion to re-organise the discussion leads us to identify
three possible interpretations of the formalism of GR. The interpretations are
different because they evoke strongly different imagery, attach a different role
to geometry, look at physical knowledge from a different perspective, and use
different criteria to decide what is ' real' .

In the substantival world , as much empty of gravitation as it is full of geometry,
the latter is the essence and the structure of the natural world. Physics reveals its
real nature through geometry and therefore a spacetime theory must be written as a
geometrical-axiomatic ' theory of prin ciples' c'' Real ity is attached to those entities
whose exi stence, if po stulated, can simplify the theoretical explanation.

Einstein 's preference for a 'theory of principles ' does not imply that reality
can be attached to non -observational entities. A distinction between reality and
physical knowl edge persists and the role of the latter is to make a "conceptual con
struction or model for the real world" (Ein stein , 1954). In Einstein 's world full of
gravitational field , geometry is the struc ture of our knowledge, the form al relations
built to create "an ord er among sensory impress ions" and among observations to
whi ch reality is attached.

In Weinberg 's interpretation, phy sical phenomena and geometry are the two
terms of a theory-constitutive metaphor, term s that mu st be explored and investig
ated together. In this case the role of geometry as language is explicit and GR is
presented as a 'constructive theory' , in which some relationships are taken as the
basis for the creation of new link s with phenomena different form the initial ones .
The interpretation of EP as a principle of symmetry, indeed, creates links with the
other quantum theories of fields . If we look at GR from the overall perspective
outlined by Weinberg, we are led to think that the weakness of the ontological
commitments doe s not imply giving up realism but only a temporary judgement
suspension while we search for a better ontological interpretation.

Thus, differences in interpretation are deep and belong to various levels (ima
ginative, epistemological, ontological, metaphysical . .. ). Their explication is im
portant for exploiting cultural and cognitive potentialities of GR and for comparing
university texts (Mi sner, Thome and Wheeler, Shutz as example of the substant
ivalist perspective and Weinberg, Hawking and Ellis as relat ionalist presentations).
This doe s not mean that a university course of GR mu st address in detail all the in
terpretation s. On the contrary, I believe that the choice of one leading interpretation
(and one leading text) is nece ssary, prov ided that it is explicit and presented as one
possible interpretation of the theory. A teacher should situate the chosen conceptual
path within the overall cultural context and give the students the main conceptual
tools for reading several different text s and comparing different interpretations.
"Teaching controversy" should help students to focus the peculiar aspects of each
interpretation and to elaborate critical criteria both to express their own preferences
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and to give them a cultural collocation (Bevilacqua, 1999). Furthermore, a critical
comparison between different interpretations of the same formali sm can capture
the interest of a larger number of students and remove the idea of physics as a
sterile and static collection of truth s.

As far as teaching the basic ideas of GR is concerned, the main problem is that
only few concepts of GR can be taught avoiding the use of the tensorial form
alism. Hence teaching at secondary school level doe s not usually go beyond the
presentation of the EP, the gravitational red-shift and the lift thought experiment.
My opinion is that these topics can be enough to give students ideas about the
physical and cultural value of GR, provided that their discussion is anchored to
the controversy about space and if the classical roots of the controversy are made
expli cit. In this case teaching should aim at guiding students to compare some
popular exposition s of GR such as, for instance, Einstein (1916b), Sciama ( 1959,
1969), Smolin (1992), Weinberg (1992), and Wheeler (1990).

5. Conclusion

The analysis allowed us to point out criteria for interpreting also the historical
debate on the foundations of SR among Minkowski, Einstein and Poincare and
that on classical mechanics between Newton and Leibniz (Levrini, 1999, 2000a).
Therefore we can state that it is possible to start from classical phy sics and re
construct fundamental issue s of phys ics on the basis of an intuitive or imaginable
concept, such as that of space (Grimellini et al., 1999) and that is possible to lead
students to recognise that at basis of modem physics there are primitive ideas, even
if they have been transfigured by an incre asingly difficult form al language.

I believe that this can be a powerful way to make the most important concepts
of modem physics more easily accessible and, at the same time , clas sical physics
more intere sting as it becomes a field open to updated interpretations in the light
of present physical research.
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I Important university textbooks follow, indeed, such an interpretation. Besides the quoted Misner
et al. (1970), see for example , Schutz (1985) .
2 For more details, see, for example, Earman and Norton (1987) , Norton (1992) .

3 Kretschmann, in 1917, was the first to point out that each physical law can be given a general
covariant formulation. A complete and comprehensible discussion of the issue can be found in
Friedman (1983) .
4 More details can be found , for example, in Friedman (1983 , pp. 46-61).
5 The so-called MP has been formulated in many ways, as one can infer from the Barbour and
Pfister, eds . (1995) volume .

6 Italics added by author.
7 More details can be found, for example, in Norton (1992) .
8 'Theories of principles' and 'constructive theories ' are here used in the sense indicated by Einstein.
See, for example, Pais (1982) .
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Abstract. Our research is focused on the selection, classification and comparative presentation of
the various proposals concerning the contribution of the history of physics in physics education, that
have been designed and/or carried out as part of either research or curriculum development during
the last century. The framework of the classification is the result of the study of the aims of the
teaching-learning of physics, as they have been presented since the I960s, coupled with the current
trends in science education, including discovery learning in the 1960s and constructivism nowadays.
The study of the various proposals concerning the contribution of the history of physics in physics
education revealed different points ofview and led to the creation of new sub-categories of the initial
framework . In an attempt to have a better overall view of the classification , we designed a chart so
that the various proposals reported could be observed and commented on in a comparative way. The
framework of the classification is presented on the vertical axis ofa chart, while time from 1893, the
year of the earliest reference available (Lodge 1893), till today is presented on the horizontal axis .

1. Introduction

Since 1893 (Lodge 1893), a significant number of ideas have been recorded con
cerning the fruitful use of the history ofphysics in physics education . For example,
2006 published papers are available from the Personal Library Software of WWW
under the topic: History and Science and Education (December 1996). Such a large
number of papers concerning the contribution of the history of physics in physics
education requires a classification ofall the proposals presented that would provide
teachers and/or researchers with all the information they need as well as help them
concentrate on the proposals touching their own project.

Selective collections of previous proposals on a certain subject are included in
publications concerning curriculum development. For example, Nielsen and Thom
sen present the reasons for using the history and philosophy of physics in physics
education in order to change students' attitude towards the teaching-learning of
physics . They also develop a curriculum that expresses a turning-point: Teaching
ofphysics is no longer focused on the content of physics but on presenting physics
as a human activity (Nielsen and Thomsen 1990).

Whiteley reports on eight proposals about the important role of the history of
physics in physics education and argues that the history ofphysics may become the
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keystone of a curriculum and also be used in the exams for evaluation (Whiteley
1993).

Sherratt makes a historical review of the evolution of science education during
he first half of the 20th century and presents various trends, proposals, applications
and problems about the use of the history of physics in the teaching of physics and
in the curricula (Sherratt 1980, 1982).

A significant bibliography of publications, in quantity as well as in quality,
about the use of the history of physics in physics education is presented in Science
Teaching: The Role ofHistory and Philosophy ofScience (Matthews 1994). This
book is a multidimensional report on the history of debate on the potentials of the
rapprochement between history, philosophy and science education and highlights
the problems ofscience education which may be alleviated by the beneficial contri
bution of the history and philosophy of science . It also presents curricula designed
with the perspective of facilitating teaching - learning of science with the use of
history ofscience and suggests ways in which the history and philosophy ofscience
can be usefully included in teacher preparation programs .

We support the view that researchers, curriculum designers and teachers, work
ing in this area, either at present or in the future, need a useful tool that will help
them to get briefly acquainted with the different trends and the various proposals
concerning the use of history of physics in physics education, as well as to define
and confine their area of research and, furthermore , study the conditions and the
perspectives of its touching on other areas of research. We make an attempt to cover
this need with our classification . The framework of the classification is the result
of the study of the changing and evolving aims, the current trends and the various
factors influencing the teaching - learning of physics education during the years.

2. The Framework of the Classification

The framework of the classification is a result of the study of the aims of the
teaching and learning of physics, as they have been presented since the I960s,
coupled with the current trends in science education including discovery learning
in the 1960s and constructivism nowadays. The various trends introduce a number
of factors that should be taken into account in order to accomplish a certain aim,
i.e., in the context of constructivism, pupils ' ideas become a very important factor
influencing the aims of the teaching and learning ofphysics. In many cases, there is
a very thin line between what we call an aim and what we define as a factor. That is
a result of the fact that a parameter of the teaching and learning procedure may be
defined as a factor in one decade and in the next decade, after the acknowledgement
of its contribution to teaching and learning and expressing the recent research and
curriculum developments, it may be defined as an aim. For example, in the 1980s
students' metacognitive skills were considered to be an important factor which
influenced learning , while now, in the 1990s the metacognitive aims of physics
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teaching are clearly defined in modem curricula (Gunstone and Northfield 1994;
White and Gunstone 1989).

Recent research in science education points out that conceptual change, there
fore learning, has not only a cognitive character but also a metacognitive and
an emotional one (Duit 1994; Tyson et al. 1997). During the last 30 years, the
objectives of physics teaching can be classified in four categories: cognitive, meta
cognitive , emotional (or affective) and practical objectives (Thijs and Bosch 1995).
Practical objectives, which refer to developing skills in performing science invest
igations, analysing data, communicating and skills in working with others during
labwork, are not included in the framework ofour classification as proposals for the
use of history of physics in this area of physics education have not been reported.
Each one of the above category of aims expresses a different dimension of the
teaching and learning procedure. Reflecting this view, the current framework of
science education is three-dimensionally defined as cognitive, meta-cognitive and
emotional. Each one of these dimensions includes a number of areas for study,
which are all presented in brief in the following chapters.

2.1. THE COGNITIVE DIM ENSION

The cognitive dimension includes the following categories : The teaching and
learning of the content of physics, of the methodology of physics, of problem
solving skills and students ' alternative ideas. Each one of these categories reflects
a cognitive objective of the teaching - learning of physics .

The content of physics consists of the phenomena and concepts of physics, the
theories and their models , the symbols and terminology of physics that students
have to deal with during the teaching and learning process .

The teaching ofphysics methodology may either aim at the teaching of a certain
methodology of physics, in the context of physics, or become a useful tool in fa
cilitating the development of students' cognitive skills. A significant feature of the
change in science curriculum during the past twenty-five years has been the shift
away from the teaching of science as a body of established knowledge towards the
experience of science as a method of generating and validating such knowledge
(Hodson 1993).

Problem solving is concerned with the knowledge, comprehension, analysis and
application of a set of exact concepts and/or relationships describing mostly veri
fiable phenomena of physics and demands definite cognitive strategies in which
functional use is made of concepts and relationships (Mohopatra 1987). During
the 1990s researchers propose that the concept of ' problem' in problem-solving
processes should be extended to include the generation and development of bod
ies of knowledge such as models. For example, the differentiation between the
use, the creation, the improvement and the revision of a scientific model may be
characterised as a problem (Stewart and Hafner 1991).
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According to constructivism, research on pupils ' ideas about the phenomena
and the concepts of physics coupled with the actual use of the information coming
from the above research in instructional design may facilitate pupils' conceptual
change. In the 1990s, students' alternative ideas have been recorded regarding the
methodology of physics (Guillon 1995), furthermore, discussion has already star
ted on the research of students' alternative ideas about problem-solving (Stewart
and Hafner 1991).

2.2. TH E METACOGNITIVE DIMENSION

The use of generative self-regulatory cognitive strategies that enable individuals
to reflect on, construct meaning from and control their own activities, enhance the
acquisition of knowledge by overseeing its use and by facilitating the transfer of
knowledge to new situations (Glaser 1994; Duschl and Erduran 1996). Students are
more likely to develop wide-ranging thinking skills if they are encouraged to think
about their own thinking, to become aware of the strategies of their own thinking
and actions (Nickerson et al. 1985; Perkins and Salomon 1989; Adey and Shayer
1993).

The metacognitive dimension includes the understanding of the nature of sci
ence and the understanding of the science-society interrelations which are both
essential factors in the teaching and learning of science (Driver et al. 1996). The
understanding of the nature of science involves the understanding of the nature of
the content of science as well as the understanding of the nature of scientific meth
odology. The understanding of the nature of the content of science is reflected on
the understanding of the philosophical dimension of explanation, ofexperiment, of
model and on the recognit ion that physics is a functional model of interpreting, de
scribing and predicting the evolution of phenomena. Studies on the understanding
of the nature of science indicate that research should be focused on 'the under
standing of the processes ofscientific inquiry' (Durant et al. 1989; Robinson 1965).
Some explicit reflection on the role of observation and experiment, the relationship
between evidence and theory and their influence on the selection and application
of a certain research methodology, is an essential component of the understanding
of science (Driver et al. 1996).

Scientific and technological knowledge are, to a significant extent, culturally
determined and reflect the social, religious, political, economic and environmental
circumstances in which science and technology are practiced (Hodson 1993). Cur
rent debate on multicultural science education seeks to examine to what extent
science is culturally determined and whether science transcends human differences,
functioning as a hard-won vehicle for common engagement across cultures, reli
gions and races (Matthews 1994). The interrelation of science and society may
have a democratic, a utilitarian, a cultural and a moral character, in agreement with
Thomas and Durant's overview of arguments in the literature for promoting public
understanding of science (Thomas and Durant 1987).
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Furthermore, as students present a number of alternative ideas about physics
concepts and phenomenon at a cognitive level, they may also present alternative
ideas about the nature of science (e.g., students consider scientific knowledge to
be the 'absolute truth') and the interrelation between science and society (e.g.,
scientific and technological evolution cause an increasing number ofenvironmental
problems) at a metacognitive level. Recording such alternative ideas and develop
ing ways and strategies on how to deal with those ideas in the classroom may
encourage both learning and meta-learning.

2.3. THE EMOTIONAL DIMENSION

Until the 1980s, although educators and science education researchers used theor
ies ofmotives in the development of teaching strategies, the influence ofmotivation
was actually reduced to the aspect of providing the energy for cognitive develop
ment without having any influence on the cognitive structure itself. In the middle of
the eighties psychological research rediscovered interest and motivation and since
then many investigations have been made to throw light on its role. According to
international meta-analysis about motivation and learning, motivational and emo
tional elements can be used to anticipate students' behaviour related to learning.
Current research focuses on the correlation between the emotional/motivational
and cognitive elements of learning (Fischer and Horstenhalt 1997).

The emotional dimension of the framework represents the attempts of re
searchers and curriculum designers in physics education to develop and apply
(observable, measurable and improvable) methods in order to attract pupils to the
world of physics . Efforts in this field vary from the awakening of pupils' interest,
to their motivation, to the study of attitudes and finally to the study of behavioural
intention.

2.4 . BEYOND THE CURRENT FRAMEWORK OF SCIENCE EDUCATION

The framework of our classification also includes an area for proposals about the
contribution of the history of physics in physics education, that we may come
across during our research, and which cannot be classified within the current
framework of science education. For example, if our classification was carried out
in the 1960s, when the framework of science education was very different, some
proposals inspired by the work ofThomas S. Kuhn would remain unclassified since
these proposals refer either to students' alternative ideas or to the metacognitive
dimension of teaching and learning . These very proposals influenced the evolution
of the theories of conceptual change and constructivism in science education as
well as the evolution of the framework of science education (Thagard 1992; Duschl
1994). Nevertheless, Kuhn's work had a direct influence on the development of
Harvard Project Physics. However, at that time, educators and curriculum designers
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took into account only that part of his work that could fit in their contemporary
framework of science education.

3. Classification of the Proposals for the Contribution of the History of
Physics in Physics Education

During the study and the classification of the proposals different approaches
and different perspectives of the same subject classified in the same area of the
framework were indicated. This led to the creation of new sub-categories in the
original framework. The original framework enriched with the new sub-categories
is presented in Figure 1. Each sub-category is named after the discipline which
mainly influences the perspective expressed by the proposals to be classified.



THE CONTRIBUTION OF THE HISTORY OF PHYSICS IN PHYSICS EDUCATION

3.1. THE COGNITIVE DIMENSION

333

3.1.1. The Teaching and Learning ofthe Content ofPhysics

The proposals classified in this category express three different approaches regard
ing the use of the history of physics in the teaching and learning of the content of
physics : the point of view of the philosopher, the point of view of the researcher
in science education and the point of view of the physicist. Each one of these
approaches to the teaching of the physics content similarly reflects the perspective
of philosophy, the perspective of science education and the perspective of physics .

(I) The Perspective ofPhilosophy
In the first half of the 20th century, the philosophical extension of the theory of
ontogeny-philogeny in biology, according to which ontogeny recapitulates philo
geny, led science educators both to focus attention on and to increase interest in
the history of physics and to include original material from the history of physics
in the physics courses in the schools (Lodge 1893, 1905; Nunn 1919; Westaway
1929; Sherratt 1982). At that time educators supported the view that the same three
successive phases of interest in the understanding ofnature exist both in the history
of physics as well as in the personal development of an individual. These three
phases were wonder, utility and systematizing knowledge . These three phases were
related to children of various ages. Children were supposed to respond 'most surely
and actively to the direct appeal of striking and beautiful phenomena' at about the
age of II, while they were more interested in discovering the utility of knowledge
and they were supposed to be ready to accept and study the systematization of
knowledge after the age of 17 (Sherratt 1982).

In 1977 Piaget makes a different proposal indicating that we find stages in the
history of science (before the 17th century) similar to the stages in a child 's devel
opment. For example, in Aristotelian physics, the movement of a body is caused
by the activation of its inner 'motor'. Furthermore, a body is supposed to move
towards a certain destination. In the next stage, the inner 'motor' is replaced by an
outer one. In the third stage, the movement ofa body is studied using the concept of
impetus and in the last stage before Newton, the movement ofa body is interpreted
by using the concept of acceleration. It has also been observed that children from
the age of 4 until the age of 12 pass successively through all these four stages
(Piaget 1977).

Nersessian commenting on the idea that 'ontogeny recapitulates phylogeny'
indicates this recapitulation is neither feasible nor desirable, and although the
changes in the ideas of students and scientists from one stage to the next are
much alike, this does not mean that the processes that lead to these changes are
necessarily the same (Nersessian 1994).

Many researchers have commented on the differences and the similarities that
exist between students' reasoning today and scientists' reasoning in the history
of physics. On the one hand, scientists generally master the most advanced levels
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of knowledge in their fields, whereas students do not (Wiser 1988). Scientists are
meta-cognitively aware of their enterprise. They have an understanding of what
they are out to investigate, the methods used to test their hypothesis, etc. In con
trast, students generally construct knowledge about physics without being aware
of the knowledge they have (Carey 1988). The world of the scientists in the his
tory and of students nowadays are incredibly different and so must be their vastly
different experiences in these worlds (Wiser 1988; McCloskey and Kargon 1988).
The contemporary social background provides students with both knowledge and
experience of instruments and phenomena, that scientists in the previous centuries
actually ignored (Tselfes 1991). The concepts used by scientists in the history were
invested with different meanings and interpretations than those of students today
(e.g., the medieval explanations of projectile motion had gravity as a characteristic
of the projectile itself, while students conceive of gravity as an external downward
force that acts on the projectile) (Strauss 1988; McCloskey and Kargon 1988).
Scientists constitute a community of individuals bent on solving problems in a
particular domain. Students are individuals in a community to be sure, but not a
community that shares the goals of problem solving for the particular concepts
scientists have in mind. They are just trying to get the solution to the problem
right (Carey 1988). There may be developing constraints on children's processing
limitations and inferential capacities, whereas we do not imagine that these con
straints are important for scientists in the history (Carey 1988). The development
of cognitive schemata differs among individuals. The way a cognitive schema was
developed by its creators does not reflect the actual way that students use nowadays
to develop the same schema. Students and scientists have different starting-points
in their thinking and different cognitive backgrounds (Tselfes 1991).

On the other hand, scientists in the history and students today are at the very
beginning ofconceptualizing aspects of their domains of knowledge. It may be that
some early science grows out of individuals everyday experiences, which may be
common to scientists 300 years ago and 20th century individuals (Strauss 1988). It
is considered that both scientists in the history and students are at the same level in
their struggle for crystallization of a paradigm: they define theoretical entities and
attempt to relate them causally in a rough theory (McCloskey and Kargon 1988).

(II) The Perspective ofScience Education
Since 1980, constructivism in physics education indicates the use of the history
of physics as a source of inspiration for instructional design that would facilitate
conceptual change. The history ofphysics may provide researchers with significant
information about how a scientific concept has been constructed, changed and
spread. The study of historical data provides researchers with similar proposals
about students' learning processes in physics. For example, in the pre-Principia
period, Newton himself dealt with a number of conceptual difficulties before com
ing to the formation of his laws. The way that Newton dealt with his conceptual
difficulties may indicate a number ofproposals about methods that would facilitate
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students to overcome their conceptual difficulties on the same subject (Steinberg et
al. 1990; Izquierdo 1995).

According to another proposal, the teacher, by comparing the current scientific
ideas with the historical ones in the classroom, helps his students to overcome
their alternative ideas and accept the current scientific ideas (Wandersee 1985).
For example, when the students attend or even participate in 'historical dialogues '
dramatized in the classroom between Aristotle, Newton and Galileo, they recognize
their own alternative ideas being expressed in the words of these three famous
scientists and they are guided through discussion to the current scientific theory
about movement (Conant 1957; Lochhead and Dufrence 1989; Solomon 1989).

(III) The Perspective ofPhysics
Since 1903, there have been many reports and studies indicating the history of
physics as a source for experiments that clearly show the scientific principles.
Furthermore, an anthology of experiments was recommended for instructional use
(Sherratt 1980; Spurgin 1990). These proposals express the point of view of the
physicist in search of the 'good' experiment.

3.1.2. The Teaching and Learning ofthe Methodology ofPhysics

(I) The Perspective ofPhysics
From the point of view of the physicist, students are facilitated, by their acquaint
ance with certain events and stories from the history of physics, in understanding
the methodology of physics as they come to meet the ways and methods that fam
ous physicists used in order to experiment and evolve their theories. The proposals
classified in this sub-category, aim at the teaching and learning of a certain method
ology ofphysics in the context ofphysics. Similar proposals were recorded towards
the end of the previous century and the beginning of the current one, when the
teaching of the methods of famous scientists was recommended by educators for
the introduction of students to the methodology of physics (Cajori 1962; Sherratt
1982). Even though these proposals have such a long history, similar ones have
been recorded until as recently as 1992.

(II) The Perspective ofScience Education
Since 1965, there have been proposals influenced by research in science education,
according to which the history of physics may provide teachers and researchers
with instructional material to support the teaching-learning of the methodology of
science as a tool for developing students' cognitive skills (Arons 1959, 1990; Brush
1969; Chambers 1989; Dunn 1993).

3.1.3. The Teaching and Learning ofProblem-Solving Skills

During the last decade with the extension ofthe concept of 'problem' in the context
ofscientific research and model construction, proposals about the use of the history
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ofphysics in order to facilitate the development of students' problem-solving skills
have been recorded. For example, the study and analysis of historical events that
describe how scientists in the past dealt with such problems may start discussion
and further consideration on the way students deal with similar problems in the
classroom (Arons 1990).

According to the 'cognitive-historical' method, the problem-solving strategies
scientists have invented and the representational practices they have developed over
the course of the history of science are very sophisticated and refined outgrowths
of ordinary reasoning and representational processes. Understood in this way, the
cognitive activity of scientists becomes potentially quite relevant to learning, e.g.,
the study of the periods of transition before major conceptual 'revolutions' in phys
ics indicates repeated use of specific heuristic procedures such as analogy, thought
experiment, limiting case analysis and reasoning from imagistic representations.
These techniques generate conceptual change in science and may help both teach
ers and students understand science. For example, when students, like Galileo and
his followers, are introduced to Newtonian mechanics, they become familiar with
constructing an abstract, mathematic representation ofphenomena for the first time
and, at the same time, adjusting such a representation to the natural world around
them (Nersessian 1992).

3.1.4. Research on Students' Alternative Ideas

Since 1980, constructivism coupled with the research on students' alternative
ideas has indicated history of physics as a source of fruitful information that may
help and prepare researchers and/or teachers to expect students' alternative ideas
(Benseghir 1989; Wandersee 1985). In the history of physics , in those cases where
scientists presented contradicting arguments and theories, then in the same content
area students' alternative ideas should be anticipated (Wiser and Carey 1983; Arons
1990; Sequeira and Leite 1991; Whiteley 1993).

Up to this point, proposals about the use of the history ofscience in the research
on students' alternative ideas about the methodology of physics have not been
recorded. However, it is our hypothesis that similar proposals may appear in the
future.

3.2. THE METACOGNITIVE DIMENION

3.2.1. The Nature ofScience

According to the proposals classified in this category, the history of physics
may become a useful tool for presenting the nature of the content and of the
methodology of physics in the classroom.
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(I) The Nature ofthe Content ofPhysics
Since 1917, there have been proposals concerning the use of the history of

physics in the classroom in order to emphasize the evolutionary nature of science
and promote discussion on the traditional consideration that science presents an
'absolute truth' about the natural world (Sherratt 1982). In the early 1920s, Eric
Holmyard suggested that the study of certain events from the history of science
would encourage students to differentiate between the 'truth of science ' and the
'truth of religion' (Holmyard 1923-4; Sherratt 1982). This trend may have been
initiated by the previous revolutionary changes in science (e.g., Einstein's Theory
of Relativity). In the last 30 years, an increasing number of proposals in this area
reflects the idea that students will be facilitated in the operative use of the con
cepts of explanation, experiment and model if they understand the philosophical
background of these concepts (Arons 1973, 1983, 1985, 1988; Brouwer and Singh
1983; Matthews 1988; Chambers 1989; King 1991). Previous theoretical models,
ideas, experiments and further significant material from the history of physics that
led to the evolution of these models, as well as of the scientific concepts involved,
are presented in curricula , designed in the 1990s. The transition from particle to
wave theory of light in optics, the transition from the caloric theory to the kinetic
theory in thermodynamics and the transition from the Thomson to the Rutherford
model in atomic physics are some paradigm shifts embedded within this curricula
(Whiteley 1993).

(II) The Nature ofthe Methodology ofPhysics
According to proposals in this area, the history ofphysics may facilitate the under
standing of different methodologies as students may compare such methodologies
with the study of certain experiments from the history of physics (Arons 1959,
1984; Matthews 1988; Dunn 1993). We would like to point out that this meta
cognitive category deals with the comparative study of different methodologies of
physics, whereas the cognitive category about methodology deals with the teaching
and learning of one, and only one, methodology of physics. After 1989, a number
of proposals suggest that the use of the history of physics in the classroom may
facilitate students to realize the relation between observation and theory and may
provide them with the opportunity to closely follow the way scientists deal with
alternative theories and/or methods in order to choose the most appropriate one
and thereby come to a conclusion (Brush 1989; Arons 1990, Whiteley 1993).

3.2.2. Interrelation ofScience and Society

The proposals in this category refer to the study and comparative consideration of
the various interrelations of science and society. These interrelations concern the
inner structure of the scientific community as well as its operation in the wider
social context. Current trends both in sociology and epistemology are reflected in
the proposals of the four groups in this category: the democratic, the utilitarian, the
cultural and moral interrelation of science and society.
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(I) Democratic Interrelation
Proposals appeared in the last twenty years and in a way such proposals reflect
the concept of democracy has come to a political maturity. Many people deal every
day with or attend discussions about problems like the pollution of the environment
or the aftermath of nuclear testing. The sometimes contradictory arguments, that
scientists present when they give an account of these current universal problems,
are part of the most recent history of science, which people should be informed
about in order to be able to express their personal opinion when asked (NSTA
1982; Bybee et a1. 1991).

(II) Utilitarian Interrelation
Proposals appeared after 1960 when a rapid evolution in technology was initiated
and since then a number of technological objects and processes have become part
ofeveryday life. Therefore, the way and the quality of life has changed, while it has
become necessary for laymen to be technologically literate. For example, a course,
coupled with a similar exhibition, about the story of the invention of telephone by
Bell or of wireless by Marconi and about the evolution of communication to the
present, may become a connecting link between school and every day technology
(Barret and Stanyard 1979; NSTA 1982; Arons 1983; Hurd 1987; Bybee et a1.
1991 ).

(III) Cultural Interrelation
The argument that the study of the history of science encourages people to appreci
ate science as a major cultural achievement was used, more than once, against the
notion that the teaching of physics was too technocratic and culturally indifferent
to the public, as for example, in the beginning of our century, when the importance
of physics educat ion as part of compulsory education was questioned (Westaway
1929). Since 1960 a number of proposals have been recorded about the recognition
of the relation between physics and culture and of physics as part of our cultural
heritage through the study of the history ofphysics . The theories ofCopernicus and
Galileo that influenced the way we perceive our position in the universe, Newton's
theory that the same laws of motion apply both in Earth and in space, Einstein's
Theory of Relativity are considered to be fundamental elements of culture (Arons
1965, 1988; Klopfer 1969; Sherratt 1982; Brouwer and Singh 1983; Jenkins 1989;
Bybee et a1. 1991; Dunn 1993).

(IV) Morallnterrelation
Certain incidents from the history of physics clearly show that a scientific discov
ery may either contribute to a better quality of life or become a destructive tool
(Humby and James 1942; Brush 1969; Sherratt 1982; Brouwer and Singh 1983;
Dunn 1993). The creation and use of the atomic bomb during the Second World
War made scientists face their moral responsibility. Such proposals present a peak
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in the years after the war trying to help science regain its lost morality due to the
fact that science supported the war industry during the years of the conflict.

3.2.3. Research on Student's Alternative Ideas

Research on students' ideas about the nature of science and the interrelation of
science and society, ideas which belong to the metacognitive dimension of learn
ing, indicate the history of physics as a useful source of information for the
interpretation of students' alternative ideas in this area.

3.3. THE EMOTIONAL DIMENSION

Research in this field changed focus from the awakening of pupils' interest, to
their motivation, to the study of attitudes and finally to the study of behavioural
intention, as has already been mentioned in previous paragraphs . As both focus
and terminology changed, the proposals about the use of the history of physics in
physics education classified in this area also followed these changes.

Since the beginning of the century, proposals have been recorded suggesting
that the use of incidents from the history of physics in the classroom may become
a source of admiration for the pioneers of science and strengthen students' interest
(Lodge 1893, 1905; Westaway 1929; Brush 1969; Arons 1990). Proposals, recor
ded in the 1960s and 1970s, suggested that students become motivated to study
physics by discussion arising from the presentation of historical incidents about the
evolution of science (Klopfer 1969; Thomason 1992). Since 1970, proposals have
suggested that the use of incidents from the history of physics or even dramatized
presentations of 'historical dialogues' in the classroom may encourage students'
positive attitude towards the teaching and learning of physics (Summers 1982;
King 1991).

4. Comments on the Chart

In an attempt to have a better overall view of the classification, we designed a chart
so that the various proposals reported could be observed and commented on in a
comparative way. The framework of the classification is presented on the vertical
axis of a chart, while time since 1893 (the year of the earliest reference available)
till today is presented on its horizontal axis. If two more areas are added to the
vertical axis of our chart, an area presenting the proposals applied in curricula
and a second area presenting the proposals applied in teacher training courses,
new opportunities are provided for further comment and comparative study on the
proposals about the contribution of the history of physics in physics education and
their application in curricula and teacher training. The chart is presented in Figure
2. The references corresponding to the numbers in Figure 2 are presented in the
Appendix.
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In Figure 2, among the first things we observe is a gap during a period oftwenty
years, in the 1940s and the 1950s, as there are not many proposals regarding the
use of the history of physics in physics education recorded during the Second
World War and the years that followed. Nevertheless, we should point out that
although there are no proposals coming from European researchers, educators and
curriculum designers during this period, a strong influence ofhistory of science on
the development of US curricula has been recorded (Conant 1947, 1957; Cohen
1950; Holton 1952). The proposals surrounding this period are those about the
interrelation of science and society. The idea that 'scientific discoveries are social
activities with social implications' is indicated in a study published in 1942. After
1965, there are a significant number of proposals about the use of the history of
physics in physics education, aiming at the presentation of the interrelation of sci
ence and society with special emphasis given to the cultural and moral interrelation.
The relation of science to culture provides science with a human face.

A second observation of the chart, presented in Figure 2, is the gradual shift in
the focus of research interest from the cognitive to the metacognitive dimension
since 1965. Such a shift is in agreement with the discussion on the teaching of the
nature of science and the interrelation of science and society through the study of
the history of physics, that has been going on during the last decade and aims at
the development of students' metacognitive skills. For example, the teaching of the
methodology of physics aimed to show the 'magnitude' of physics as a science in
the beginning of the century, while since 1960 it has focused on the development
of students' cognitive skills. However, methodology was presented as knowledge
only up to 1980, since when it is also considered as meta-knowledge, as a tool
for organizing and controlling reasoning and interpretation patterns used by the
individual.

It is interesting to observe in the chart (Figure 2) that each curriculum ex
presses previous and/or contemporary proposals, like Harvard Project Physics and
Whiteley's new Caribbean curriculum.

The application of these curricula brought to light a number of shortcomings
and problems arising from the fact that teachers were not trained to deal with
such curricula. At the same time proposals about the contribution of the history
of physics for teacher training appeared. Current developments in both areas led to
a number of application of proposals in teacher training.

For example, in the 1910s, 1920s and 1930s, a number of books were pub
lished recommending the use of the history of physics in physics teaching (Heath
1919; Taylor 1923; Wood 1925; Partington 1928; Roberts and Thomas 1934). In
the middle of that period, studies on the problems teachers had to deal with as
they used instructional material that included aspects from the history of physics
appeared. Later, during the 1960s, the design of Harvard Project Physics was based
on a number of previous proposals about the use of history of physics in physics
education. In the following decades researches on teachers' problems in applying
Harvard Project Physics in the classroom and on the causes of these problems were
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carried out (Brush 1969; Bileh and Malik 1977; Russell 1981). In the 1990s, cur
ricula, which realized a number of proposals about the contribution of the history
of physics in physics education, have been designed and applied in the classroom.
This time, researches on teacher training in the history of physics and its use in
physics teaching started about a decade before and have been going on during the
application of curricula (Garrison and Bentley 1990; Arons 1990; Gallagher 1991;
Whiteley 1993; Matthews 1994). Over the last few years, researchers in the area of
teacher training and curriculum designers have co-operated in this field.

Appendix

Number Reference Number Reference

1 Lodge 1893 31 NSTA 1982
2 Lodge 1905 32 Bybee et al. 1991
3 Sherratt 1982 33 Barret and Stanyard 1979
4 Nunn 1919 34 Hurd 1987
5 Westaway 1929 35 Klopfer 1969
6 Sherratt 1982 36 Arons 1988
7 Piaget 1977 37 Sherratt 1982
8 Nersessian 1994 38 Humby and James 1942
9 Arons 1965 39 Summers 1982

10 Lochhead and Dufrence 1989 40 Thomason 1992
11 Solomon 1989 41 Heath 1919
12 Arons 1973 42 Taylor 1923
13 Whiteley 1993 43 Wood 1925
14 Izquierdo 1994 44 Partington 1928
15 Fish 1903 45 Roberts and Thomas 1934
16 Arons 1985 46 Lauwerys 1935
17 Cajori 1962 47 Arons 1990
18 Sherratt 1982 48 Bileh and Malik 1977
19 Arons 1959 49 Russell 1981
20 Chambers 1989 50 Garrison and Bentley 1990
21 Dunn 1993 51 Gallagher 1991
22 Nersessian 1992 52 Arons 1984
23 Wiser and Carey 1983 53 Brush 1969
24 Benseghir 1989 54 Wandersee 1985
25 Sequeira and Leite 1991 55 Steinberg et al. 1990
26 Sherratt 1982 56 Brouwer and Singh 1983
27 Arons 1983 57 Spurgin 1990
28 Matthews 1988 58 Jenkins 1989
29 King 1991 59 Carey and Stauss 1968
30 Brush 1989 60 Matthews 1994
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science education ix
Harvard University,

Case Studies in Experimental
Science I, 99, 285
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231,331,341

Hermeneutics 109-119
History of science

Piaget's account of 197-210
science education, in xi,5-15,
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251,255-270,273,284-288,
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Idealisation see phenomenology,
Galilean-Newtonian epistemology
131-132,134,144

Indigenous science see multicultural
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Instrumentalism 115-119
Intellectualism see dualism,

phenomenology 131-137
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education see Third International
Maths and Science Study

Internat ional History, Philosophy and
Science Teaching Group ix, xii
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Kuhn

conceptual change research, and
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Paradigms 200-201,214-216
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