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ABSTRACT: This study has the following objectives: (a) understand nature of science as
progressive transitions in heuristic principles as conceptualized by Schwab (1962); (b) refor-
mulate Smith and Scharmann’s characterization of nature of science (Smith & Scharmann,
1999) in the light of evidence from history and philosophy of science; and (c) provide a
rationale for the inclusion of three more characteristics of nature of science, to the original
five suggested by Smith and Scharmann. It is concluded that nature of science manifests
in the different topics of the science curriculum as heuristic principles. Science education,
by emphasizing not only the empirical nature of science but also the underlying heuristic
principles, can facilitate conceptual understanding.C© 2001John Wiley & Sons, Inc.Sci Ed
85:684–690, 2001.

INTRODUCTION

In a recent article, Smith and Scharmann (1999) have considered the following character-
istics (objects and processes of study) to make a question or field of study more scientific:

1. Science is empirical.
2. Scientific claims are testable/falsifiable.
3. Scientific tests or observations are repeatable.
4. Science is tentative/fallible.
5. Science is self-correcting.

Although, I am in general agreement, it is important to point out that the first two charac-
teristics are problematic as stated and need clarifications. Furthermore, it appears that the
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following three characteristics can be added to the above list:

6. Scientific progress is characterized by competition among rival theories.
7. Different scientists can interpret same experimental data in more than one way.
8. Development of scientific theories at times is based on inconsistent foundations.

The main objectives of this commentary are to (a) understand nature of science as progressive
transitions in heuristic principles as conceptualized by Schwab (1962, 1974); (b) reformulate
the first two characteristics of Smith and Scharmann (1999) in the light of evidence from
history and philosophy of science (HPS); and (c) provide a rationale for the inclusion of
three more characteristics to the original five suggested by Smith and Scharmann.

ROLE OF HEURISTIC PRINCIPLES IN UNDERSTANDING THE NATURE
OF SCIENCE

Schwab (1962, 1974) made an important epistemological distinction between the method-
ological (empirical data) and interpretative (heuristic principles) components of scientific
knowledge. According to Schwab (1974) “In physics, similarly, we did not know from
the beginning that the properties of particles of matter are fundamental and determine the
behavior of these particles; their relations to one another. It was not verified knowledge but
a heuristic principle, needed to structure inquiry, that led us to investigate mass and charge
and, later, spin” (p. 165). In other words, scientific progress does not depend on empirical
data alone, but rather it is the heuristic principle (construction of the mind) that helps the
scientist to look for relevant data (cf. Matthews, 1994; Monk & Osborne, 1997; Niaz, 1999).
Schwab’s idea of a heuristic principle comes quite close to what modern philosophers of sci-
ence have referred to as presuppositions (Holton, 1978)/hard core (Lakatos, 1970)/guiding
assumptions (Laudan, Laudan, & Donovan, 1988).

Empirical Nature of Science can be Understood in the Context
of the Underlying Heuristic Principles

This section provides evidence to show that if we want students to understand the nature
of science, it is not enough to emphasize that “science is empirical” as suggested by Smith
and Scharmann (1999).

Thomson (1897) is generally credited to have discovered the electron while doing exper-
iments with cathode rays. Determination of the mass-to-charge (m/e) ratio of the cathode
rays can be considered the most important experimental contribution of Thomson . Yet, he
was neither the first to do so nor the only experimental physicist. Kaufmann (1897) and
Wiechert (1897) also determinedm/e ratio of cathode rays in the same year as Thomson
and their values agreed with each other. If we tell students that “science is empirical,”
we shall be denying students an important aspect of the nature of science, namely what
made Thomson’s work different from that of Kaufmann and Wiechert. Falconer (1987)
has explained the difference cogently: “Kaufmann, an ether theorist, was unable to make
anything of his results. Wiechert, while realizing that cathode ray particles were extremely
small and universal, lacked Thomson’s tendency to speculation. He could not make the
bold, unsubstantiated leap, to the idea that particles were constituents of atoms. Thus, while
his work might have resolved the cathode ray controversy, he did not ‘discover the elec-
tron’ ” (p. 251). The rationale behind the empirical determination of the (m/e) ratio was
provided by the heuristic principle, namely Thomson decided to determine (m/e) ratio to
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identify cathode rays as ions (if the ratio was not constant) or as universal charged particles
(if the ratio was constant). Niaz (1998) has reported that of the 23 general chemistry
textbooks analyzed (all published in the US), only two described Thomson’s heuristic
principle satisfactorily. Not surprisingly, most textbooks do provide empirical details of
Thomson’s experiments and yet ignore the heuristic principle that could facilitate conceptual
understanding.

Millikan’s oil drop experiment for the determination of the elementary electrical charge is
considered to be a classical experiment by most general chemistry textbooks. Nevertheless,
a historical reconstruction (Holton, 1978) showed that Millikan did not “design” the
experiment but “discovered” it. In other words, it was the electron theory which suggested
the existence of the elementary electrical charge and hence the need for its experimental
determination. It is interesting to ask if Millikan’s empirical data in the absence of his
guiding assumption (existence of an elementary electrical charge) would have meant much
for the scientific community. Furthermore, Millikan’s work (Millikan, 1910) formed part
of a progressive transition of heuristic principles, namely study of charged clouds of water
droplets by Townsend (1897), Thomson (1898), and Wilson (1903), which led to balancing
of individual droplets by Millikan and finally the oil drop experiment. Niaz (2000a) has
reported that of the 31 general chemistry textbooks analyzed (all published in the US), none
described satisfactorily Millikan’s guiding assumption or considered his experiment to be
a part of a progressive sequence of heuristic principles. It is not farfetched to suggest that
empirical details of the oil drop experiment (as provided by most textbooks) without the un-
derlying heuristic principles (guiding assumptions) provide little opportunity for conceptual
understanding.

In the early nineteenth century philosophers popularized the positivist version that Dalton
was led to his atomic theory and the law of multiple proportions by the discovery of Gay–
Lussac’s law of combining volumes based on empirical data (Rocke, 1978). According to
Pauling (1964), “The discovery of the law of simple multiple proportions was the first great
success of Dalton’s atomic theory. This law was not induced from experimental results,
but was derived from the theory, and then tested by experiments” (p. 26). Niaz (2001)
has reported that of the 27 general chemistry textbooks analyzed (all published in the US)
none explained that Dalton’s atomic theory explained Gay–Lussac’s law of combining
volumes.

Science Does Not Necessarily Advance through
Refutations/Falsifications

The role of refutations/falsifications has been the subject of considerable debate in the
HPS literature. Within a historical perspective, Popper with his “naive falsificationism” goes
beyond inductivism/positivism, whereas Lakatos (1970) goes beyond Popper by suggesting
“Contrary to naive falsificationism,no experiment, experimental report, observation state-
ment or well-corroborated low-level falsifying hypothesis alone can lead to falsification.
There is no falsification before the emergence of a better theory”(p. 119, original italics).
Furthermore, Lakatos (p. 120) suggests that refutation without an alternative shows nothing
but the poverty of our imagination. Lakatos ignored the importance of Popper’s counter
examples, in order to emphasize the Kuhnian point that all theories live in an “ocean of
anomalies” (p. 135). Giere (1988) has summarized this controversial issue in cogent terms:
“ . . . Lakatos turned Popper’s falsificationist methodology on its head. For Popper, con-
firmations count for little; refutations are what matter. For Lakatos, refutations count for
little; confirmations are what matter” (p. 39).
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Scientific Progress is Characterized by Competition among Rival
Theories (Research Programs)

Again this has been the subject of considerable debate in the HPS literature. According
to Lakatos (1970), “[Kuhnian] ‘normal science’ is nothing but a research program that
has achieved monopoly. But as a matter of fact, research programmes have achieved com-
plete monopoly only rarely and then only for relatively short periods. . . The history
of science has been and should be a history of competing research programmes. . . ”
(p. 155).

Rutherford’s experiments with alpha particles and the resulting model of the nuclear atom
(Rutherford, 1911) had to compete with a rival framework, namely Thomson’s model of
the atom, referred to as “plum-pudding” in most textbooks. The rivalry between Thom-
son and the Rutherford models of the atom was well known in scientific circles and
Rutherford in a letter dated Feb. 2, 1914 to the secretary of the Royal Society had this
to say: “I have promulgated views on which J.J. [Thomson] is, or pretends to be, skepti-
cal. At the same time I think that if he had not put forward a theoretical atom himself, he
would have come round long ago, for the evidence is very strongly against him” (repro-
duced in Wilson, 1983, p. 338). Niaz (1998) has reported that of the 23 general chemistry
textbooks analyzed, only seven described satisfactorily the rivalry between Thomson and
Rutherford.

Although present day kinetic theory and chemical thermodynamics in some sense do
complement each other, the two developed for various decades as rival research programs.
Duhem (1962) an important critic, questioned the atomic models used by the kinetic theory
and critically appraised it with respect to chemical thermodynamics: “[Thermodynamics]
. . . had reached maturity and constitutional vigor when the mechanical models and kinetic
hypotheses came to bring to it the assistance it did not ask for, with which it had nothing to
do, and to which it owed nothing” (p. 95). Brush (1974) has summarized this rivalry in the
following terms: “Those scientists who did suggest that the kinetic theory be abandoned in
the later 19th century did so not because of empirical difficulties but because of a more deep
seated purely philosophical objection. For those who believed in a positivist methodology,
any theory based on invisible and undetectable atoms was unacceptable” (p. 1169). Niaz
(2000b) has reported that of the 22 general chemistry textbooks analyzed (all published in
the US), only three made a brief mention to this rivalry.

Different Scientists can Interpret Same Experimental Data in More
Than One Way

Rutherford (1911) is generally credited to have conducted experiments with alpha parti-
cles and based upon these results he presented his model of the “nuclear atom.” The complete
story, however, is much more complex and is generally ignored by science educators. It is
generally ignored that Thomson and colleagues also performed experiments on scattering
of alpha particles (cf. Crowther, 1910). Both groups (Thomson and Rutherford) obtained
very similar experimental results based on scattering of alpha particles. Based on these em-
pirical findings, Thomson propounded the hypothesis of compound scattering (multitude
of small scatterings), whereas Rutherford propounded the hypothesis of single scattering,
in order to explain the large angle deviations of alpha particles. The two hypotheses led
to two different models of the atom and a bitter dispute between the proponents. At one
stage, Rutherford in a letter dated Feb. 11, 1911 to Bragg, even charged one of Thomson’s
colleagues (Crowther) to have “fudged” the data in order to provide support for Thomson’s
model of the atom (cf. Wilson, 1983, pp. 300–301). Niaz (1998) has reported that of the
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23 general chemistry textbooks analyzed, none mentioned that data from the alpha particle
experiments were interpreted differently by Thomson and Rutherford.

History of science shows how R.A. Millikan (1868–1953) and F. Ehrenhaft (1879–
1952) obtained very similar experimental observations, and yet their guiding assumptions
(heuristic principles) led them to postulate the elementary electrical charge (electrons)
and fractional charges (subelectrons), respectively. The Millikan–Ehrenhaft controversy
lasted for many years (1910–1923) and was discussed by leading scientists. According to
Holton (1978), “It appeared that the same observational record could be used to demonstrate
the plausibility of two diametrically opposite theories, held with great conviction by two
well-equipped proponents and their respective collaborators. . . ” (pp. 199–200). Niaz
(2000a) has reported that of the 31 general chemistry textbooks analyzed, none mentioned
the controversy between Millikan and Ehrenhaft.

Development of Scientific Theories, at Times is Based
on Inconsistent Foundations

Bohr’s model of the atom (Bohr, 1913) incorporated Planck’s “quantum of action” to the
classical electrodynamics of Maxwell. For many of Bohr’s contemporaries and philosophers
of science, this represented a contradictory “graft” or an inconsistent foundation. According
to Margenau (1950), “. . . it is understandable that, in the excitement over its success,
men overlooked a malformation in the theory’s architecture; for Bohr’s atom sat like a
baroque tower upon the Gothic base of classical electrodynamics” (p. 311). According to
Lakatos (1971, p. 113), if the rules of science had followed Popper, Bohr’s paper (Bohr,
1913) should never have been published. Niaz (1998) has reported that of the 23 general
chemistry textbooks analyzed, only two described this inconsistency satisfactorily.

Maxwell’s seminal paper on the kinetic theory (Maxwell, 1860) is another example of
a research program progressing on inconsistent foundations. It was based on “strict me-
chanical principles” derived from Newtonian mechanics and yet at least two of Maxwell’s
simplifying assumptions (referring to the movement of particles and the consequent gener-
ation of pressure) were in contradiction with Newton’s hypothesis explaining the gas laws
based on repulsive forces between particles. Apparently, because of Newton’s vast authority,
Maxwell (1875) still reiterated that Newtonian principles were applicable to unobservable
parts of bodies. Brush (1976) has pointed out the contradiction explicitly: “. . . Newton’s
laws of mechanics were ultimately the basis of the kinetic theory of gases, though this theory
had to compete with the repulsive theory attributed to Newton” (p. 14). Niaz (2000b) has re-
ported that of the 22 general chemistry textbooks analyzed, none mentioned the inconsistent
nature of Maxwell’s kinetic theory.

CONCLUSION

Nature of science manifests in the different topics of the science curriculum as heuristic
principles. Textbooks, by emphasizing not only the empirical nature of science but also
the underlying heuristic principles, can be particularly helpful in facilitating conceptual
understanding.
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