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We report on an experimental course in geometrical optics which heavily incorporates historical
models accounting for light, vision, optical images, and others. The design and contents of the
course were guided by previously elicited knowledge of high school students regarding optical
phenomena. We utilized the course in a year-long experiment. The content knowledge of students
expressed in a facets-scheme structure was compared with the same under regular instruction. We
made qualitative and quantitative assessments based upon facets-scheme frequencies. Clear
differences found in students’ conceptual knowledge may support the adopted rationale and
teaching approach: using appropriately selected historical materials that address knowledge issues
relevant for the students can significantly promote meaningful learning of the subject matter.
© 2000 American Association of Physics Teachers.
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I. INTRODUCTION

The process of learning science, and the success of
learner, remain the focus of various research efforts. Cla
cal science traditionally seeks understanding of natural p
nomena by means of establishing structural knowledge
revealing the dynamic relationship of its components. It
believed that, given such knowledge, we better underst
nature. Educational research practices a similar appro
with regard to the knowledge of the learner. The subjec
such research combines the complexity of the discipline w
the no less difficult analysis of students’ acquired know
edge. As in science, the progress manifests itself in determ
ing new elements of knowledge and the establishmen
their relationship within the structure. This perception im
plies determination of elements of adequate representa
power, their identification and elicitation in an appropria
empirical study. The complexity of the subject motivat
scholars to speculate about possible components in the s
ture of learner’s cognition.1 Such knowledge might facilitate
not only our understanding of learning science but also s
gest the objectives for remedial instructional interference
well as to evaluate the efficacy of the applied educatio
activity.

Many science educators consider the incorporation of c
tents from the history and philosophy of science~HPS! in
science instruction as powerful and beneficial.2 At the same
time, one could easily imagine several possible reservat
regarding such an approach.3 The present study tries, b
means of elicited structural components of students’ kno
edge, to infer the influence of a historically oriented instru
tion in optics on the content conceptual knowledge of s
dents in this science domain.

II. THE THEORETICAL BACKGROUND

A. Structure of knowledge in learners

The traditional requirement of parsimony of scienti
knowledge,4 and the devotion to positivist conception r
garding human knowledge, inspired Mach to perceive s
ence as a manifestation of the principle of ‘‘economy
thought.’’5 Congenial to the idea of simplicity was the beli
that nature can be understood in terms of structure,viz. well-
S3 Phys. Educ. Res., Am. J. Phys. Suppl.68 ~7!, July 2000
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defined elements interrelated within some wholeness.
know/investigate something was conceived as synonym
with to know/seek its structure. Following this perceptio
Bruner6 insisted on the inclusion of a structure of knowled
in the teaching of any scientific discipline, even emphasiz
such knowledge over that of factual contents. His argume
as those of Mach, refer to an inability to grasp, remember
manipulate a huge amount of complex contents with
knowledge of structure. This belief in the central role
structure, expanded in the humanities~anthropology, linguis-
tics! within the philosophical framework of structuralism7

With regard to learning, the issue of structure of knowled
was historically interwoven with the introduction o
constructivism,8 which replaced behaviorism that ignored th
structure of knowledge. Starting from Piaget, the constr
tivist theory pursues picturing human cognition by its e
ments related in schemata, as they emerge in the seque
stages of cognitive development.9

Cognitive organization, emerging in individuals as a res
of either personal experience or social interaction, becam
subject of much research effort. Numerous cause–ef
links and correlative rules of explanatory power were ide
tified in the mental activity of the learner, and described
terms of schemata and mental models, which reflected
accounted for the regularities in daily perceived reali
forming our ‘‘common sense.’’ Common sense consid
ations of the learners were understood as a highly influen
factor of their success in the science class.10

Following only one theoretical line, we mention he
diSessa,11 who argues for the existence of stable cogniti
constructs spontaneously created in the form of fundame
self-explanatory patterns, which he calls phenomenolog
primitives ~‘‘ p-prims’’!. P-prims establish relationships be
tween a few general factors or concepts~e.g., ‘‘maintaining
agency,’’ ‘‘Ohm’s p-prim’’ !, and thus guide the individua
activity of making sense of observed reality, perceptual
perience, and problem solving. Within this view, a picture
spontaneously produced ‘‘knowledge in pieces’’ emerg
prior to the formal instruction.

Minstrell12 elaborated students’ ways of making sen
striving for understanding of particular physical settings,
terms of facets of knowledge. Facets may represent consi
tently applied explanations manifested in a declarat
S3© 2000 American Association of Physics Teachers
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knowledge, but not only. They can also express certain s
egies, elements of students’ characteristic behavior~proce-
dural knowledge!, when coping with particular questions an
problems. Facets are more context specific, and thus
fundamental thanp-prims. Facets may incorporate seve
concepts, related in such a way as to represent individ
comprehension of the situation.

At first glance, facets may be reminiscent of the tende
to ‘‘compartmentalize’’ knowledge.13 However, that ten-
dency was elicited in knowledge accommodation result
from formal learning. The presented-by-instructor know
edge is adopted by the learner, and modified by surface c
acteristics of the context of its initial application. Studen
separate the knowledge acquired in one context from
acquired in another, ignoring its universality. Knowled
compartments may remain isolated even when they are
developed. This can be observed, for example, when stud
who did well in mechanics fail to transfer ‘‘mechanical
scientific knowledge required in dealing with problems
electricity.14

Here, the topic is different, and we consider students’
counts for physical situations, making sense of them
means of conceptions they hold in the same area of kno
edge. Some facets of knowledge might be due to the id
syncratic interpretation of instruction; others, consciously
intuitively, may have originated in spontaneousp-prims held.
Facets of knowledge can be grouped in clusters, which
respond to the same idea or physical mechanism, unde
ning all the facets affiliated with that cluster. This core co
stitutes ascheme of knowledge, which is less dependent o
the context, and hence, possesses a more inclusive me
than a facet.15 Unlike p-prims, which are elementary logica
blocks, schemes can relate concrete entities~instead of ab-
stract concepts!, and evolve in course of formal learnin
rather than be spontaneous.

The two-level facets-scheme hierarchical structure of s
dents’ knowledge was applied to represent the collec
knowledge of students regarding optics~images and othe
concepts!,16 seasons and illumination,17 and other topics. In
many cases, students’ schemes of knowledge were foun
be different than, and even conflicting with, formal scienti
knowledge. Thus, they represent ‘‘alternative knowledge
the naive conceptions of students. Free from the constrain
mutual consistency, schemes may coexist and complem
each other in a variety of associations. Information ab
schemes held and their abundance in a particular stu
population may serve as a reliable indicator of the metam
phose~in constructivist perspective, conceptual change! of
students’ knowledge in the course of learning, thus revea
the impact of a particular instruction.

Another merit of knowing learners’ schemes manifests
self in the design of instruction. There, it is reasonable
address schemes, thus aiming at the essence of the
conception, rather than situational details. This could be
crucial importance in facing the great versatility of nai
conceptions, proliferating in numerous research reports~e.g.,
3500 publications listed by Pfund and Duit18!.

Finally, a close look at scientific treatises at the dawn
science~Aristotle, Euclid, Archimedes!, may provide addi-
tional clues regarding scheme-facets organization of non
ture knowledge. Namely, one can recognize cases whe
number of claims and accounts about regularities, obse
in specific situations~as facets are!, were later represented b
one inclusive proposition~law, or principle, in science!.
S4 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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How can the established schemes of knowledge be
addressed in instruction?

B. Using HPS learning materials

Since Mach and Duhem, many science educators have
gued that history and philosophy of science can be used
improving success in learning.19 Leaving aside cultural, so
cial, and affective aspects, important as they are, one m
start with questioning the influence of HPS on the studen
content knowledge of the subject matter. The claim of Ma
and Duhem was categorical:20

The legitimate, sure and fruitful method of pre-
paring a student to receive a physical hypothesis
is thehistorical method. To retrace the transfor-
mations through which the empirical matter ac-
crued while the theoretical form was first
sketched; to describe the long collaboration by
means of which common sense and deductive
logic analyzed this matter and modeled that form
until one was exactly adapted to the other: that is
the best way, surely eventhe only way, to give to
those studying physics a correct and clear view
of the very complex and living organization of
this science.@emphasis added#

This claim often remained a claim of value, being wa
ranted by the high stature of its proponents. Many educa
share this conviction, whereas others decisively rejecte
~e.g., on the grounds of inadequacy of the old knowled
subsequently discharged in science, its misleading pote
for the students aimed at mastering the ‘‘accurate’’ theo
and its appearance for the contemporary student as stran
unusual21!. At the same time, the arguments in favor of HP
use in science instruction has been strengthened,22 expanding
on cognitive aspects.

First, the paradigm of a unique~in its form or content!
scientific truth, so noticeable in history, has been subs
tially modified in modern culture. In science itself, the sim
plest aspect of this conception is manifested in the legitim
of multiple representations of reality~e.g., geometrical and
algebraic understanding of the concept of derivative, integ
tive, and differential representations of classical mechan
matrix and wave-function formalism in quantum mechanic!.
Moreover, theprogressof science is no longer perceived a
linear, but a rich and complex stream, contributed to by
variety of resources. Thus, by likewise presenting ‘‘unsu
cessful’’ attempts at conceptual development that never
less helped to attain present scientific knowledge, stud
are shown a realistic picture of the complex transformat
of knowledge from old to new, arguments of conscious pr
erence given to its presently adopted version. Regardles
the degree to which past hesitations and alternative solut
perserved in the new and more powerful theoretical conte
the refuted alternatives previously practiced by hum
minds, do not present extra elements, but an organic pa
a body of science. This approach to learning science, con
ers HPS contents as essential and indispensable.

Second, philosophical and educational constructivist p
spectives not known in the past shed new light on the na
of the relationship between the evolution of science and
learning, the collective and individual dynamics of know
edge. In this perspective, the goal of HPS-based teachin
not to display the chronicles of discoveries, but to reveal
conceptual evolution of human thought and ideas about
S4000 Galili and Hazan
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the
ture. Many of the currently maintained scientific ideas, be
traced back to the past, reveal conceptual alternatives sim
to those ideas produced today by the naive common sen
students.23 Although limited in extent the recapitulation o
the science history in the growth of individual knowled
indicates similarities between the conceptual difficult
overcome by scientists in the past and by the learner of
day. The arguments of reasoning employed by the g
minds in the past can be reapplied today, helping numer
learners who face similar problems of comprehension. T
solidarity that the learner often experiences in such ca
constructive responses to the old ideas, can be interprete
a ‘‘cognitive resonance’’ between similar perceptions of t
same subject.

Third, an exposure to competitive ideas and subjec
perspectives in science humanizes scientific contents an
moves the unnecessary rigidity of the instruction. T
changes the image of science, making it appealing to a w
variety of minds. Too often, regular science instruction
high school is excessively focused on, and restricted to
merical problem solving according to the provided examp
and/or mastering instrumental procedures. In this, many
dents fail and/or find it irrelevant. This reality contradicts t
common view of school science as being preferably orien
to scientific literacy rather than professional training.

In our study, optics was chosen as a suitable area to
the impact of historical materials on the content knowled
of students. In fact, scientific knowledge of optics is high
anti-intuitive. This may explain the impressive abundance
naive conceptions with regard to optical phenomena24 as
well as the extremely rich chronicle of optical conceptio
that replaced each other during 2500 years of docume
history of science.25 These conceptions can be examined
light of the schemes of knowledge students hold regard
optical phenomena.

III. EXPERIMENT

A. Teaching resource

A specially prepared textbook served as the main learn
resource for both instructors and students in the year-l
experiment. Though the course preserved the standard m
of topics of a regular curriculum, it differed greatly from th
traditional in several aspects. The most pronounced dif
ence was the parallel exposure of the learner to the histo
growth in the understanding of vision, interwoven with d
cussions about the nature and behavior of light. These
trends created a constant focus on the relationship within
triad: object, light, and eye—the main participants in t
vision process. The line of instruction followed historic
progress,26 which interwove the growth of knowledge abo
light with that of vision, topics of simultaneous and equ
importance for learners. Duhem suggested that the histor
science is an illustration of ideas and theories raised
refuted with no specific preference. We therefore, had
choose which particular historical contents to include. T
schemes of students’ alternative knowledge with respec
vision, nature of light, optical imaging, and shadow27 guided
us in this search. Among the materials incorporated into
curriculum were ancient Greek, medieval Arabic, and ea
modern theories of vision, ideas regarding the nature of lig
ideas regarding light, its expansion light rays, shadows,
flection and refraction of light, mirror, lens and pin-hole im
ages, the speed of light. Table I specifies examples of c
S5 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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ceptual parallelism in optics knowledge used in t
experimental course.

B. Sample

Our sample incorporated two groups of high school s
dents. The experimental group~innovative instruction! in-
cluded four 10th grade classes (N5141), and the control
group ~regular instruction! included three 10th grade class
(N593). Students in both groups were chosen from
same schools. All the classes had equivalent populations
garding relevant background aspects. The three types
schools, public urban, regional rural, and boarding comp
hensive, made the sample representative of the educat
system. The time span of the experiment in both groups c
ered an entire academic year, with 4 h of instruction weekly.

C. Assessment

Our concern was to create a reliable profile of studen
content knowledge, after instruction. The facets-sche
framework provided the instrument to organize alternat
knowledge. Scientific knowledge was similarly considered
terms of facets of knowledge. Organized in this manner, s
dents’ knowledge, as resulting from the two forms of instru
tion, was examined for differences of facets and schem
held by students~qualitative comparison!, and their frequen-
cies of appearance~quantitative comparison!.

The evaluation of both groups was made at the end of
study year by means of an identical conceptually orien
test. To increase reliability and further support the inferen
made, an open-ended questionnaire was delivered and i
views carried out with randomly selected students. In ad
tion, the teachers of the experimental classes were in
viewed. The quantitative analysis was applied solely to
data of the paper-and-pencil test data. To illustrate the
sults, some quotes from the interviews will be given.

Questions of the 15-item questionnaire were adopted fr
previous studies of students’ optics knowledge,28 where their
validity and effectiveness was proven. The diverse data
tained by the open-ended questions, though more depen
on interpretation, are indispensable if one aims at revea
facets of knowledge. Students were encouraged to su
reasons for their answers as fully as they could, and sup
them with drawings, ray diagrams, or sketches to elucid
their ideas.

The questionnaire addressed understanding in three a

Table I. Examples of conceptual parallelism in optics knowledge used in
experimental course.

Historical conception
~practiced in the past science!

Student’s conceptions
~practiced in course of learning!

Pythagorean conception of vision ‘‘Active’’ vision
Euclidean visual and light rays Rays of sight, rays of light,

~rays reification!
Atomists’ conception of ‘‘Eidola’’ Image Holistic Scheme
Biblical–Medieval dichotomy of
light as an entity and perception
~lumen–lux!

Static light located in/around light
sources, halos, bright sky,
illuminated surfaces~light
reification as static entity!

Al-Hazen conception of vision by
means of light rays

Image Projection Scheme
S5000 Galili and Hazan
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~i! vision ~the role of light, observer, and the object in th
process!;

~ii ! general properties of light~light in space, light ema-
nating from a source!;

~iii ! optical images in context of reflection and refracti
~image formation, location, and observation!.

Each topic was probed by more than one question, to
hance the validity and reliability of the test. Such an a
proach also matches the intention of investigators to rev
facets of knowledge appearing when the same concep
issue is addressed in a variety of physical settings. Imp
tantly, none of the questions used in the assessment invo
any unique content of the experimental instruction. We
clusively addressed the content that is obligatory in the s
dard optical curriculum. The tests were administered in
regular class environment, during a 45-min period.

One should mention that this study, being focused on
investigation of conceptual knowledge, did not test the s
dents’ problem-solving abilities despite the fact that the c
riculum of both experimental and control classes includ
such activities. It is however clear that the control grou
conducting the traditional program, spent much more time
quantitative problem solving, whereas the experimen
group, which covered a lot of qualitative materials, spent l
time on such activity.

1. Qualitative analysis

The accumulated students’ answers were processed in
eral steps. Initially, responses which seemingly presented
same meaning, were grouped together@even if they were
expressed in somewhat different wording#. Then, representa
tive categories of explanatory patterns or strategies emplo
by the students in addressingparticular situations were iden-
tified. These were thefacets of knowledge, which reflected
either conceptual or procedural knowledge of the individ
als. Responses to different questions could contribute to
identification of a facet addressing a particular context~Fig.
1!. Here, we distinguish between facets representing alte
tive ~naive, scientifically incorrect! conceptions, and thos
reproducing various aspects of scientifically correct ones
the next step, the elicited facets of alternative knowledge
grouped around the same explanatory model~as interpreted
by the analysists!. These models presentschemes of knowl
edge. As already stated, a scheme of knowledge presen
sort of theoretical model underpinning for all facets in t
cluster. The facet’s form, although formulated by resear

Fig. 1. Process of data categorization into its facets-scheme organiza
Connections are only representative.
S6 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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ers, was mainly determined by the students~their wording,
elements of their drawings! in making sense of a particula
situation, whereas a scheme was formulated and determ
solely by the researcher, reflecting his/her intention to g
eralize and see a common rationale in a number of ‘‘f
mally’’ different patterns of knowledge or behavior. As suc
schemes involve a greater degree of interpretation by
researcher and, even though they contradict scientific kno
edge, they are normally formulated in the style and langu
used by science. The elicitation of schemes and their af
ated facets required painstaking analyses of the data. A s
matic representation of the data processing is shown in Fi
and is exemplified in the presentation of findings. To
crease reliability, the analysis in its different stages was p
formed by both researchers independently, followed by d
cussions to reach an agreed result.

This study did not touch on the complex process of fac
and schemes formation, such as whether scheme is ante
ent in genesis to its facets or vice versa.

2. Quantitative analysis

The frequency of each identified facet was represented
the parameter FAc for the control group, and FAe for the
experimental group. Quantitatively, the influence of instru
tion on each facet, is evaluated by the Facet Abundance
ference, FAD, FAe2FAc . Similarly, the frequency of the
evaluated scheme appearance~naive conception!, and that of
scientific conceptions, were characterized by the param
SA ~Scheme Abundance!, and SCA~Scientific Conception
Abundance!. They were determined by taking into accou
the contributions of each of the facets associated with
particular scheme or conception. Finally, the Scheme Ab
dance Difference~SAD! and the parameter SCAD, wer
used to measure the knowledge difference resulting from
particular instruction in terms of a spread of schemes
scientific conceptions correspondingly, and the statist
evaluation of the differences was computed.29 The param-
eters are defined and described in the Appendix.

IV. FINDINGS AND INTERPRETATION OF THE
DATA

For brevity’s sake, in presenting the findings we focus
the most representative schemes together with their affilia
facets. The appearance of a scientifically correct understa
ing was indicated by those facets which matched vari
aspects of scientific knowledge. In our perception, the
pearance of a facet associated with the scientific concep
should not be taken to indicate a complete acquisition of
correspondent scientific conception, but only of certain fra
ments or features of the ultimately required knowledge,
would definitely be recognized by a scientist. Although n
representing complete knowledge, such a facet does indi
a learning progress and positive gain in knowledge of
learner.

A. Knowledge of vision

With regard to the vision phenomenon, the Spontane
Vision Scheme, as observed in our study, can represen
most pronounced alternative knowledge of the subject. T
information was elicited from the responses of students

n.
S6000 Galili and Hazan
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Table II. Student’s knowledge of vision. FA—facet abundance, FAD—facet abundance diffe
(FAD5FAe2FAc). SA—scheme abundance, SAD—scheme abundance difference (SAD5SAe2SAc).
SCA—scientific conception abundance. SCAD—scientific conception abundance difference (SCAD5SCAe

2SCAc).

#

Nature of
knowledge/

Global
characteristics Facets of knowledge FAc FAe

FAD
and

statistical
significance

I Spontaneous
Vision Scheme

~1! Students being asked to explain vision cannot expand
beyond saying: ‘‘To see the object one aims~focuses!
his eyes~notice, puts attention, looks! at it,’’ ‘‘I look
and I see it.’’~Fig. 2-1, 2-9!

43 10 233
z55.86c

~2! Objects are observed when merely being located in the
field of vision ~and are not blocked!. ~Fig. 2-2!

55 0 255
z59.98c

SAc526%
SAe52%
SAD5224%
z55.63c

~3! In students’ written descriptions and sketches describing
vision, no reference is made to any physical relation
~agent! between the observing eye and the observed
object.~Fig. 2-1, 2-2, 2-3, 2-4, 2-9!

41 0 241
z58.32c

~4! Light moving through an empty space, or being
stationary and filling the space, can be seen from the
side.~Fig. 2-3!

48 8 240
z57.03c

~5! Students describing light say: ‘‘Light serves as a
medium, helping and improving vision.’’~Fig. 2-4!

20 0 220
z55.54c

II Scientific
conception

~1! Students say that vision can be explained by light
reflection from the observed bodies and its refraction
inside the eye.

27 22 25
z50.88~ns!d

~2! Students say that vision can be explained by light
rectilinear expansion and its refraction inside the eye.

17 16 21
z50.20~ns!d

~3! Students say that in order to see something, light must
‘‘enter’’ the eye.~Fig. 2-5!

0 42 142
z527.24c

~4! Vision is explained by the fact that light must leave the
object and enter the observer’s eye.~Fig. 2-6!

0 51 151
z528.29c

SCAc56%
SCAe522%
SCAD516%
z53.3c

~5! Students say that vision can be explained by light
reflection from the bodies, its rectilinear expansion in
space and its refraction within the observer’s eye.~Fig.
2-7!

0 32 132
z526.08c

~6! Students explain vision using beams of light which
travel from the object and cause formation of an image
on the retina.~Fig. 2-8!

0 10 110
z525.87c

ap,0.05.
bp,0.01.
cp,0.001.
d~ns!—statistically nonsignificant difference (p.0.05).
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questions like ‘‘How would you account for the fact that yo
see objects around you?’’ Table II contains five facets
which such understanding manifested itself, and Fig. 2 p
sents the schematically reproduced sketches by which
students illustrated these answers~facets in Table II include
references to the correspondent sketches in Fig. 2!. The
Spontaneous Vision Scheme implies vision is perform
naturally ~spontaneously! by a mere presence of eyes, wi
no mechanism or agent mediating between the eyes and
observed object. Instead of the latter, there might be a
ognition by the student of a necessity to turn the face towa
the observed object, ‘‘to aim her eyes’’ at it, ‘‘to focus on it
~facet I-1!. The mere location of the object in the ‘‘field o
vision’’ is considered to be a sufficient condition for th
object to be seen~facet I-2!. The corresponding sketches d
not show any physical agent connecting the observing
with the observed object or image~facet I-3, Fig. 2-1, -2, -3,
-4, -9!. Light is perceived as a bright object observed by
eyes ‘‘from the side’’~facet I-4!, when it is either stationary
and filling the space~Fig. 2-3!, or travels in empty space
duc. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
n
-

he

d

the
c-
s

e

e

~Fig. 3-1!. At best, light is recognized in this framework as
necessary medium, helping and improving vision~facet I-5!.

All these five manners, in which students elaborated
the vision of objects or images, share the common conc
tion variously displayed: vision is understood as a natu
phenomenon, lacking delivery of light~or anything! from the
object into the observer’s eye. This mode of thinking cons
tutes the Spontaneous Vision Scheme.

Although facets of the Spontaneous Vision Scheme w
registered in both experimental and control groups, only t
of them ‘‘remained’’ in the list of the facets employed by th
experimental group, and at a clearly lower rate. There wa
significant overall decrease in the frequency of the schem
the experimental group (SAD5224%).

Students also showed a variety of facets fitting the sci
tifically correct understanding of vision. Facets II-1, -2, -3,
reflect the claims elicited from the answers in which stude
showed fragments of the correct physical model of visio
All such facets manifest the evolving appreciation of t
S7000 Galili and Hazan
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components of the scientific conception, incompatible w
the Spontaneous Vision Scheme. It is specifically in fac
II-5, and especially in facet II-6, that we can recognize
required understanding of the subject. The interviews p
vided further support to this fact:

Q: If you want to explain vision to your friend,
what would you need?

S1 : It depends... if the object is not a source of
light I must use the property of reflection to ex-
plain how this object is illuminated. But I also
need to explain how light arrives from this object
to the eye, and for this, I need to use linearity of
light. Finally, I must explain how an image is cre-
ated by the lens, than the law of refraction must
be used.
S2 : The act of vision must begin by light spread-
ing from the object in all directions as beams of
light. One sees the object, when this light enters
the eye. Those light beams are focused by the eye-
lens, and create a real image on the retina. This is
what we need light for. It must enter the eye and it
is not enough to only illuminate the body.

Fig. 2. Schematic reproduction of students’ sketches provided to exp
their answers with regard to the phenomenon of vision. The correspon
facets of knowledge are shown in Table I.
S8 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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Those facets appeared only in the experimental gro
demonstrating that the scientific conception of vision w
significantly better entrenched in this group (SCA
516%).

B. Knowledge of the nature of light

Regarding the nature of light, the strongest scheme is
of light reification, ‘‘Light is Corporeal,’’ which was already
discussed in the literature see~Ref. 31!. Such information
was elicited from the responses of students to questions
‘‘Will the astronaut, floating in the space beside the spa
ships, see the light signals passing between the two sp
ships?’’~See the space configuration in Fig. 3-1!. Within this
scheme, students comprehend light as an external mat
object, a passive subject of observation, not related to
observer. The first five facets in Table III describe such u
derstanding, often supported by the literally taken claim t
light is composed of light rays, a frequent expression
many physics textbooks and common instruction. App
ently, the reification of light often coexists with the unde
standing of vision within the Spontaneous Vision Sche
~Table II!. Thus, for example, both schemes share the fa
‘‘Light moving through space or being stationary and fillin
the space, can be seen from the side’’~facet I-4 and facet
III-1 !, which simultaneously attests to the understand
within both schemes of knowledge, displaying the interd
pendence of views of vision and the nature of light. Circu
references in describing light as that causing vision, and
sion, as that caused by light, common in teaching materi
reflect the same conceptual closeness.

in
ng

Fig. 3. Schematic reproduction of students’ sketches provided to exp
their answers with regard to the nature of light. The corresponding face
knowledge are shown in Table II.
S8000 Galili and Hazan
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Table III. Student’s knowledge of the nature of light. FA—facet abundance, FAD—facet abundance diffe
(FAD5FAe2FAc). SA—scheme abundance, SAD—scheme abundance difference (SAD5SAe2SAc).
SCA—scientific conception abundance. SCAD—scientific conception abundance difference (SCAD5SCAe

2SCAc).

#

Nature of
knowledge/

Global
characteristics Facets of knowledge FAc FAe

FAD
and

statistical
significance

III Reified light
scheme

~1! Light moving through space, or being stationary and
filling the space, can be seen from the side.~Fig. 3-1!

48 8 240
z57.03c

SAc533%
SAe54.3%

~2! Light remains in a glow around and in a light source
~candle, match, bulb, fire!. ~Fig. 3-2!

42 11 231
z55.50c

SAD5229%
z55.88c

~3! Light is brightness~shine! and is better seen in darkness.
~Fig. 3-3!

47 0 247
z59.04

~4! Light is comprised of~many or an infinite number of!
light rays which fill the space.~Fig. 3-4!

61 6 255
z59.20c

~5! Lens break~bend! light rays.~Fig. 3-5! 36 5 231
z56.14c

IV Scientific
conception

~1! Light rays are not a real thing but a picture, a geometric
description of light which expands straight.

0 47 147
z57.82c

SCAc50
SCAe522%

~2! Light rays are a model by which we solve problems
using geometry.

0 12 112
z53.47c

SCAD522%
z54.9c

~3! Light is the energy that propagating in space in the form
of beams/vibrations/waves.

0 14 114
z53.78c

~4! Light expands in the environment of objects with a
decreasing intensity until it strikes opaque objects.

0 80 180
z512.00c

ap,0.05.
bp,0.01.
cp,0.001.
d~ns!—statistically nonsignificant difference (p.0.05).
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Common for all five facets of the Light is Corpore
scheme, was their substantially lower frequency in the
perimental group. For example, with regard to the strong
facet, representing students’ conviction that light is a co
position of rays, the difference was most striking: FA
5255%.

Students’ approach to the scientific conception of the
ture of light significantly prevailed in the experiment
group. The elicited facets seemingly reflect the desired re
tation of the naive ideas regarding light rays and prepond
ance of knowledge closer to scientific. Facet IV-3, whi
prevailed in the experimental group, contrasted with its
posites, facets III-1, -2, and -3, which were prevalent in
control group. In interviews, students of the experimen
group said:

S1 : Light rays are not something real or made of
some material. They just show which way light
goes, and help us to understand that light is trav-
eling in straight lines. Inside light beams there
are no rays. Light is some kind of energy.
S2 : Light rays are merely a model, a kind of line
people invented to describe light traveling. It
would be impossible to show light without draw-
ing rays, for light is not seen unless it enters the
eye.

Similarly, the evidence of the stronger refutation of t
idea of stationary light in the experimental group might
seen in the lower frequency of facet III-2, whereas the f
quency of the contrary facet IV-4 rose impressively the
All together, the experimental group showed significantly
duc. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
-
st
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perior knowledge in the assimilation of the scientifica
correct conception of the nature of light (SAD5229%,
SCAD5122%, Table III!.

C. Knowledge of optical imaging

Optical images present a central topic in all school c
ricula expanding on the contexts of light reflection, refra
tion, shadows, and illumination.~The latter two topics are
currently rare in optics textbooks.! Students often hold a va
riety of pronounced naive ideas about images. Such kno
edge was elicited from the responses to questions l
‘‘What will be the effect of covering a half of a convergin
lens on the image formed by it?’’ or ‘‘You are facing a plan
mirror on the wall and observe an image of a part of yo
body. Suggest and explain the way to see a greater pa
yourself in the mirror.’’

Among the strongest alternative conceptions with reg
to this knowledge we found the Image Holistic Scheme. A
cording to Rice and Feher,30 and Bendallet al.31 this scheme
is especially strong in preinstructed students, whereas
postinstructed students, the Image Projection Scheme
found as prevailing and seemingly replacing the holis
scheme.32 In our data we were able to recognize both ima
schemes by their facets~Table IV, Fig. 4!.

The Image Holistic Scheme interprets the image as an
tity which replicates an object and, as a whole, can eit
move, stay, revolve, or be deformed when passed throug
optical device~e.g., a lens!. This view commonly lacks fur-
ther details of image formation and its transfer in spa
Seven facets associated with this scheme were elicited in
S9000 Galili and Hazan
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Table IV. Students’ knowledge of optical imaging. FA—facet abundance, FAD—facet abundance difference (FAD5FAe2FAc). SA—scheme abundance
SAD—scheme abundance difference (SAD5SAe2SAc), SCA—scientific conception abundance, SCAD—scientific conception abundance diffe
(SCAD5SCAe2SCAc).

#

Nature of
knowledge/

Global
characteristics Facets of knowledge FAc FAe

FAD
and

statistical
significance

V Image
Holistic scheme

~1! Half lens produces a half image. The rest of the image is
blocked.~Fig. 4-1!

30 18 212
z52.15a

~2! If the screen moves towards or away from the lens the image
becomes bigger or smaller but remains equally sharp.

48 20 228
z54.53c

SAc542%
SAe59%
SAD5233%

~3! When a converging lens is removed, a right-side-up image
replaces the previously-observed~on the screen! inverted
image.~Fig. 4-2!

20 18 22
z50.38~ns!d

z55.96c ~4! Image is always formed and can be obtained on a screen
~mirror!. There it could be observed~afterwards!. ~Fig. 4-3!

64 0 264
z511.02c

~5! Trying to explain the image formed by the lens, students cannot
proceed beyond the claim that ‘‘lens turns an image
upside-down.’’~Fig. 4-4!

29 0 229
z56.81c

~6! The image travels to the mirror and bounces off it~is reflected
in it!. ~Fig. 4-5a, 4-5b!

33 0 233
z57.32c

~7! The image strikes the mirror and is reflected off it at equal
angles.~Fig. 4-6!

30 0 230
z56.94c

VI Image
Projection
Scheme

~1! When half of a lens is covered, half the light rays from the
object are blocked and only half of its image comes through.
~Fig. 4-7!

~2! Converging lens inverses the space ordering of light rays
passing through it, thus, an inverted image is obtained.~Fig.
4-8!

53

47

18

4

235
z55.63c

243
z55.63c

SAc539%
SAe510%
SAD5229%

~3! Light rays bring an image to a lens. The lens bends the rays and
when they pass through its focus, the image becomes inverted.
~Fig. 4-9!

33 10 223
z54.38c

z55.29c ~4! Explaining the image in a lens, students produce a diagram of a
point-to-point connection of an object with its image by means
of a single ray.~Fig. 4-8, 4-9!

30 18 212
z52.15a

~5! Light rays bring the image to the mirror. The image is then
reflected~bounced off! at equal angles with the rays of light.
~Fig. 4-10!

44 0 244
z58.68c

~6! Explaining the image in the mirror, students produce a diagram
of point-to-point connections of an object with its image by
means of unique rays.

26 12 214
z52.76b

VII Scientific
conception
~lens!

~1! Image is formed by the focusing/shifting/converging of light
~flux, beams! passed through the lens.~Fig. 4-11!

~2! Eye’s lens redirects cones of light from the observed object to
the retina.~Fig. 2-8!

0

0

17

49

117
z54.20c

149
z58.05c

SCAc50
SSCAe570%

~3! The material~and shape! of the lens enables it to form images
by the deviation of light bemas.

0 43 143
z57.37c

CAD570%
z510.62c

~4! Each point of the object sends a light beam that forms an image
point after passing through the lens.~Fig. 4-11!

0 27 127
z55.48c

~5! Image is comprised of light spots on a screen~retina!. ~Fig.
4-12!

0 28 128
z55.60c

~6! In sketches and explanations, students describe image as a
collection of light spots each created by a light flux emanating
from an object point.

0 31 131
z55.96c

~7! Half lens still produces a complete image.~Fig. 4-13! 0 76 176
z511.43c

~8! When the lens is removed, no image is produced. 0 79 179
z511.86c

Scientific
conception
~mirror!

~9! Explaining mirror images, students stipulate its formation by the
specular reflection of light although they do not provide any
construction procedure.

17 10 27
z51.57~ns!d

~10! Students explain that mirror image is created by intersections of
light rays extensions, however, no connection to the eye is
made.~Fig. 4-14!

33 0 233
z57.33c

SCAc558%
SCAe591%
SCAD533%
z55.96c

~11! Explaining mirror images students reproduce the correct path of
light and its specular reflection although they do not provide
correct construction procedure.

8 25 117
z53.30c
S10 S10Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2000 Galili and Hazan



Table IV. ~Continued.!

#

Nature of
knowledge/

Global
characteristics Facets of knowledge FAc FAe

FAD
and

statistical
significance

~12! Explaining mirror images students reproduce the correct path of
light using the concept of light flux, but do not provide any
construction procedure.

0 23 123
z14.99c

~13! Students correctly explain mirror image by using the concept of
virtual image formation.

0 33 133
z56.20c

ap,0.05.
bp,0.01.
cp,0.001.
d~ns!—statistically nonsignificant difference (p.0.05).
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study. Figure 4 presents some relevant students’ draw
attached to the answers classified by us as an expressio
the Image Holistic Scheme. The frequency of this schem
the experimental group was 17% lower than in the con
group, with four out of seven facets not observed at all.

Within the Image Projection Scheme,33 the formation of
an image is understood as the one-to-one mapping o
object to its image by means of a single light ray per obj
point. A light ray, traveling in the ‘‘relevant’’ direction,
‘‘carries’’ an image point. Though the two schemes, the I
age Holistic and Image Projection, reflect essentially diff
S11 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
gs
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ent understandings, they look similar and can be dis
guished only if the subject provides, verbally or throu
details in drawing, the mechanism by which he/she comp
hends the image transfer takes place from the object poin
the location where the image is observed. The adherent
the Image Projection Scheme, as opposed to the adheren
the Image Holistic Scheme, disassemble the image
points, each to be separately transmitted~e.g., Fig. 4-8, 4-9!.
Thus, for example, facet V-2 can fit both schemes, and
decision of affiliation could not be certain without the afor
mentioned details. It is then possible that a certain overe
kn
Fig. 4. Schematic reproduction of students’ sketches provided to explain their answers with regard to optical images. The corresponding facets ofowledge
are shown in Table III.
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mation of frequency of the Holistic Scheme was made du
the lack of the details which would cause the identification
the facet as belonging to the Image Projection Scheme. T
however, cannot change the fact that the total frequenc
the naive schemes regarding optical images was conside
lower in the experimental group. The Image Holistic Sche
was 17% lower, and the Image Projection Scheme 2
lower in the experimental group. Some of the facets, es
cially of the Holistic scheme, totally disappeared there.

The scientifically correct conception regarding image f
mation appeared in a number of facets~Table IV!. We
grouped them separately with regard to real and virtual
ages, as the images differ in mechanism of formation. O
results show a clear difference between the groups in the
students expressed their knowledge of light. The ambigu
~in the explanation of image formation! term ‘‘light ray’’
used by members of the control group, was replaced in
experimental group by terms such as ‘‘light,’’ ‘‘light beam,
and ‘‘light flux,’’ presenting a scientifically superior form o
expression. We note that some of the new facets, exclusi
observed in the experimental group, presented clear op
sites to certain facets widely observed in the control gro
For example, facet VII-7 clearly contrasted facets V-1 a
VI-1. Similarly, facet VII-8 and facet V-3 are also opposite
Responses such as the following were prevalent in the
perimental group:

A beam of light that comes from each point on
the body is deflected by the eye-lens, which con-
verges it to a light spot. These light spots cover
the retina and form an image in the shape of the
body.

The scientific conception of the real image, in contr
with its naive understanding, defines such an image as
reproduction of the object obtained by a collection of lig
spots, each obtained by a converging of correspondent
flux. This comprehension~facets VII-4, -5, -6! appeared fre-
quently, but only in the experimental group. Thus, one s
dent wrote regarding the image in the eye:

Light arriving from the body enters the eye and
hits the eye-lens. The role of the lens is to deflect
this light toward the retina. Because of the shape
of the lens, this deflection is exactly such that an
image of the body is formed on the retina.

Another important difference between the results of
two groups was found in the obtained descriptions of
mirror image, a very difficult topic for many students to u
derstand. A strongly held conception was registered in
control group, where students divided the process of mir
image observation into two separate processes or stages
age formation and, subsequently and independently, im
observation~facet V-4!. Although only facet VII-13 actually
presented a fairly comprehensive reproduction of the sc
tific conception of virtual image, other facets~VII-9, -11, and
especially VII-12! also showed considerable progress tow
the scientific conception, reproducing the understanding
mirror-image formation as a single process. In contra
many students in the control group reproduced the form
correct ray diagram to account for the mirror image, b
often did not complete it by relating the virtual image to t
observer’s eye, resulting in an ambiguous diagram~facet
VII-10!. The role of the eye is cardinal in virtual image fo
mation. In fact, facet VII-10, though increasing the score
scientific conception in the control group, left unanswer
S12 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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whether these students genuinely understood the subjec
deed, it remains unclear what was the status of the light
‘‘extensions’’ ~dashed lines! drawn by the students in thei
sketches~Fig. 4-14!. Even when asked in interviews, th
subjects were unable to explain the meaning of these ex
sions. In contrast, many students of the experimental gr
showed a more mature and sound knowledge when they
fined the mirror image as an optical illusion, and elabora
on its formation within the observer’s eye~facet VII-13!.
Overall, the experimental group exhibited a significa
change in the reduction of naive schemes regarding op
images as well as an increase in the mastering of scien
conceptions in the cases of real and virtual images~Table
IV !.

V. DISCUSSION

The advantage of the experimental instruction was evid
in all aspects of the performed assessment. Not only were
frequencies of all schemes of alternative knowledge re
tively lower ~Fig. 5!, and those of the scientifically correc
ideas higher~Fig. 6! in the experimental group, but th

Fig. 5. Frequencies of schemes of alternative knowledge of vision, light
optical imaging.

Fig. 6. Frequencies of scientific knowledge~in various degrees of complete
ness! of vision, light and optical imaging.
S12000 Galili and Hazan
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knowledge, identified as scientifically correct, was genera
of higher quality in the experimental group.

In looking to explain these results, we note that stude
who learned optics in accord with its historical developm
became acquainted with a scientific understanding of
subject as it evolved in stages. We cannot but be reminde
Aristotle, who stated that there is no other way to meani
fully comprehend the subject~we may add, scientific!, but by
following its historical genesis. The expectation that stude
will exchange their naive conceptions as a result of ‘‘strai
to the point’’ and ‘‘crystal clear’’ instruction, too often
showed itself, surprisingly to many, as unrealistic. Inste
when the students are given a chance to gradually dev
their ideas, by considering ideas as they evolved from
scientific past, the collision with the scientific conception
softened, and the latter appears as reasonable and supe
the views they had previously considered as plausible. T
in our experiment, the exposure, critical discussion, and re
tation of the Atomists’ theory of Eidola actually address
the ontologically similar naive conception of vision in th
form of the Image Holistic Scheme.

Similar resonant cognitive interaction was encouraged
an intensive discussion on Al-Hazen’s medieval theory
image transfer by means of light rays. That theory, norma
considered only in books on the history of optics,34 remark-
ably coincides with the Image Projection Scheme.35 When
reconstructed in the instruction, the historical refutation
Al-Hazen’s theory by Kepler’s later understanding of ima
formation seemingly contributed to the reduction of such
ternative knowledge in the experimental group. While t
Image Projection Scheme is very often held by stude
regular instruction usually does not mention this concepti
choosing to focus on numerical problem solving, calculat
of image characteristics by employing light-ray diagrams
special rays, and/or using the lens/mirror formula. Given
nontrivial character of optical knowledge, such a formal a
proach, ignoring alternative ideas of optical images, ha
notable chance of leaving the learner with scientifica
wrong conceptions, originated and developed in the cou
of learning.

An advantage of the experimental instruction was the h
attention given to the vision process, often insufficien
treated in regular courses. Too often, vision appears a
mere illustrative example of the lens theory. The eye is p
sented in the same breath with other optical instrume
magnifying glass, camera, etc. In reality, the situation mi
be even worse. As one of the teachers in the experime
group said:

I could see how students’ understanding of vision
slowly changed from totally naive views to scien-
tific conceptions, experiencing the important
breakthroughs in the history of optics. Talking
about scientists of the past, students could check
and argue their own views on the same subject,
sharing with the past similar difficulties of un-
derstanding. In a regular class, there is no
chance to deal with topics like these...I confess, I
myself often even skip over the subject of vision
at all, as I have no time to consider applications
of the theory, they simply have to master the
theory and know to solve problems.

A heavy accent on intensive and repetitive training of
standard problems comprising final exams often oversh
S13 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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ows such issues as the nature of light and vision, wh
learners are never asked to explain. Teaching of this k
becomes scholastic, and cannot satisfy even simple curio
Qualitative explanations to such common reality as ‘‘stati
light on a lit area, bright sky, shining halos around lig
sources, and twinkling stars are extremely rare in introd
tory physics textbooks.

Furthermore, the ontological status of ‘‘light rays,’’ inten
sively used as a tool in normal instruction but ignored
many textbooks, often remains an enigma to students. A
result, students’ spontaneously perform light ray reificati
To appreciate this fact theoretically, the perspective of C
et al.36 on cognitive development may be helpful. The
claim that students typically confuse the ontological status
concepts, naturally intending to refer to theprocess-based
concepts asmatter-basedones, thus failing to grasp scientifi
conceptions. In optics, we observed students reifying ligh
general, and light rays in particular~e.g., the Reified Light
Scheme, Table III!. In contrast with students in a regula
class, students of the experimental group explicitly learn
about the history of the concepts of ‘‘light ray’’ and ‘‘visua
ray,’’ starting from Euclid. The revived arguments of A
Hazen against ‘‘visual rays,’’ being discussed in the cla
encouraged students to reconsider and refute this conce
its naive perception. As to the concept of ‘‘light ray,’’ th
remedy may come from the study of the historical failure
explain light refraction by means of single rays. Why do
the light ray break? This historical question brought stude
to the necessity to introduce light beam, light flux, and lig
front concepts to explain the behavior of light. This wa
students are exposed to the historical conceptual chang
the ontological status of the light ray, from a fundamen
concept in the old science to an auxiliary tool in the mode
scientific model. This conceptual change could induce
similar one in our subjects, who were apparently much be
in understanding light ray status.

Finally, we comment on the identification of the qualit
tively positive and statistically significant output of the e
periment as evidence in favor of HPS-used materials. Inde
the experimental course was different from the traditiona
more than one dimension. Class discussions on concep
issues, addressing alternative conceptions, interweaving
topics of light and vision, all these factors presented in
experimental course could by themselves positively cont
ute to the success of the learners, and seemingly did
While we recognize that the above-mentioned factors c
and at times are, entered into curricula with the desi
results,37 we believe that HPS is still an important factor b
itself. It provides a natural setting in which the mention
factors can flourish. HPS contents provide students w
broad knowledge, expanding on metaphysical issues of
entific method and the nature of science, issues which
also valuable in their own right. Finally, in our experienc
discussions of student’s misconceptions might be close
spirit to the exposure of historical models, but the form
usually lack the richness of content and elaboration of
ideas, available in the history of science. Many educat
continue to rediscover the depth of Aristotle’s claim; there
seemingly a lot of sense in following the historical genesis
the subject, which brings us to its comprehension.

VI. CONCLUSION

This study probed the effectiveness of teaching h
school optics by means of materials heavily loaded with h
S13000 Galili and Hazan
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torical contents, which addressed known difficulties of s
dents in understanding optics. The positive evaluations,
sessed by means of diagnostics in terms of facets-sch
structure, qualitatively and quantitatively support this a
proach to teaching optics. The historical approach may
valuable in other fields as well, where the match betwe
historically employed models and naive conceptions of s
dents is strong. The observed merit of the approach for
conceptual knowledge of learners may suggest that we
consider our attitude that historical models are obscure or
complex for students to learn. This would indicate a need
a corresponding change in curricula that makes phy
courses both more effective and attractive to the wider po
lation of high school students, many of whom are disa
pointed with physics courses as they are often taught,
many who are failing their physics classes.

The approach discussed requires an extensive and in
sive research effort to further justify it in terms of the mo
ern theory of learning. This can be done by a more deta
study elaborating essential features of the suggested co
If adopted, such an approach to teaching implies the need
a twofold study to facilitate its application. First, to elicit th
structure of students’ knowledge~in our terms, identification
of schemes of students’ knowledge as they appear in stud
learning of a particular area of physics!. Then, such informa-
tion should guide the selection of the appropriate histor
contents. The result of both efforts should determine the
sign and contents of the new teaching materials. Knowle
of schemes of students’ knowledge may also support
follow-up control of the learning progress. We believe th
neglecting either of these two dimensions may result in m
ing the desired remedial effect of the HPS-based material
students’ knowledge.

APPENDIX

The following parameters were introduced to characte
the frequencies of facets and schemes:

FA-Facet abundance parameter. Initially, the researc
listed all responses which correspond to the same face~in
accord with the definition of what is a facet!. The accumu-
lated responses could originate either from the same or
ferent test questions. As each respondent contributed
one answer to a given question, the FA was computed
summing the frequencies of all appropriate answers.
sponses to the same question contribute as a sum. In ca
contributions from responses to different questions, we a
age contributing frequencies to obtain the resultant FA.
example, our data contained the following four propositio
in response to two questions, A and B:

~i! ‘‘The person sees the vase by looking at i
~16%!; ~A!

~ii ! ‘‘The vase can be seen because the man is aiming
eyes in its direction’’~20%!; ~A!

~iii ! ‘‘In order to see something you must focus your ey
on that something’’~29%!; ~B!

~iv! ‘‘To see something, you must put your attention at t
object you want to see’’~21%!. ~B!

The numbers shown are frequencies of the particular
swer to a particular question. All four propositions we
identified as representing the same pattern
understanding—facet of knowledge. Since the first two w
given in response to question A, we sum their frequenc
S14 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
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and obtain 36%. Similarly, the two other responses prov
50%. To total abundance of the facet~based on responses t
A and B!, we obtain as an average: FA543%. The facet was
described as:

Students being asked to explain vision cannot ex-
pand beyond saying: ‘‘To see the object one
aims (focuses) her eyes (puts attention, looks) at
it,’’ ‘‘I look and I see it.’’ (Table II, facet I-1).

FAD—Facet abundance difference parameter is define
a straight forward manner: FAD5FAe2FAc , characterizing
the difference in facet abundance between the control
experimental groups.

SA—Scheme abundance parameter is determined by
contributions of the facets affiliated with the scheme. Due
the format of our study, focusing ongroup differences, the
answers were analyzed per sample. To evaluate the dist
tion of the scheme, an average over the questions with c
tributing FAs was taken. Such a step moderated the influe
of each facet~context-dependent understanding! on the fre-
quency of the particular scheme~conceptual, context-
independent understanding!.

SCA—Scientific conception abundance parameter m
sured the extent to which a scientific conception appeare
students’ responses. This parameter was calculated in a m
ner similar to that described for the SA.

SAD—Scheme abundance difference parameter comp
the frequency of the same scheme between the control
experimental groups. Similarly to FAD, it was defined a
SAD5SAe2 SAc .

SCAD—Scientific conception abundance difference p
rameter is parallel to SAD with respect to scientifically co
rect knowledge. It was defined as SCAD5SCAe2SCAc .

1See, e.g., H. Niedderrer and H. Schecker, ‘‘Towards an Explicit Desc
tion of Cognitive Systems for Research in Physics Learning,’’ inResearch
in Physics Learning: Theoretical Issues and Empirical Studies~IPN, Kiel,
Germany, 1992!, pp. 74–99.

2M. Matthews,Science Teaching: The Role of History and Philosophy
Science~Routledge, New York, 1994!.

3I. Galili and A. Hazan, ‘‘Experts’ Views on Using History and Philosoph
of Science in Practice of Physics Instruction’’~unpublished!.

4J. Losee,A Historical Introduction to the Philosophy of Science~Oxford
U.P., Oxford, 1972!, p. 38.

5E. Mach, ‘‘The Significance and Purpose of Natural Laws,’’ inPhilosophy
of Science~Meridian, New York, 1908/1960!.

6~a! J. Bruner,The Process of Education~Vintage, New York, 1960!; ~b! J.
Bruner,Toward a Theory of Instruction~Harvard U.P., Cambridge, MA,
1966!.

7T. Hawkes,Structuralism and Semiotics~University of California Press,
Berkeley, CA, 1977!.

8~a! E. von Glaserfeld, ‘‘A Constructivist View of Learning and Teaching
in Research in Physics Learning: Theoretical Issues and Empirical Stu
~IPN, Kiel, Germany, 1992!, pp. 29–40;~b! E. von Glaserfeld, ‘‘Cogni-
tion, Construction of Knowledge and Teaching,’’ inConstructivism in
Science Education~Kluwer Academic, Dordrecht, The Netherland
1998!, pp. 11–30.

9J. Piaget,The Child’s Conception of Physical Causality~Littlefield, Ad-
ams & Co, Totowa, NJ, 1972!.

10~a! J. K. Gilbert, R. J. Osborne, and P. J. Fensham, ‘‘Children’s Scie
and Its Consequences for Teaching,’’ Sci. Educ.66 ~4!, 623–633~1982!;
~b! R. Driver, E. Guesne, and A. Tiberghien, ‘‘Children’s Ideas and Lea
ing of Science,’’ inChildren’s Ideas in Science~Open U.P., Philadelphia,
1985!; ~c! M. Mariani and J. Ogborn, ‘‘Towards an Ontology of the Com
monsense Reasoning,’’ Int. J. Sci. Educ.13, 69–85~1991!.

11~a! A. diSessa, ‘‘Knowledge in Pieces,’’ inConstructivism in Computer
Age ~Erlbaum, Hillsdale, NJ, 1988!; ~b! A. diSessa, ‘‘Toward an Episte-
mology of Physics,’’ Cognit. Instr.10, 105–225~1993!.

12J. Minstrell, ‘‘Facets of Student’s Knowledge and Relevant Instruction
S14000 Galili and Hazan



die

i
l

-

n,

s

-

y

o

n-

r-

c.

n,

r
es.

ci.

-

of

rs’

l-
Sci.

ci.

e
ach.

J.

A
arn.
in Research in Physics Learning: Theoretical Issues and Empirical Stu
~IPN, Kiel, Germany, 1992!, pp. 110–128.

13J. Hiebert and P. Lefevre, ‘‘Conceptual and Procedural Knowledge
Mathematics: An Introductory Analysis,’’ inConceptual and Procedura
Knowledge: The Case of Mathematics~Erlbaum, Hillsdale, NJ, 1986!, pp.
1–27.

14~a! A. Arons, A Guide to Introductory Physics Teaching~Wiley, New
York, 1990!; ~b! I. Galili, ‘‘Mechanics Background for Students’ Miscon
ceptions in Electro-Magnetism,’’ Int. J. Sci. Educ.17 ~3!, 371–387~1995!.

15I. Galili and V. Lavrik, ‘‘Flux Concept in Learning about Light. A Critique
of the Present Situation,’’ Sci. Educ.82 ~5!, 591–614~1998!.

16I. Galili and A. Hazan, ‘‘Learners’ Knowledge in Optics: Interpretatio
Structure, and Analysis,’’ Int. J. Sci. Educ.22 ~1!, 57–88~2000!.

17I. Galili and V. Lavrik, ‘‘Flux Concept in Learning about Light. A Critique
of the Present Situation,’’ Sci. Educ.82 ~5!, 591–614~1998!.

18H. Pfundt and R. Duit,Bibliography: Students’ Alternative Framework
and Science Education~Kiel, IPN, 1994!.

19S. J. Brush, ‘‘History of Science and Science Education,’’ Interch.20 ~2!,
60–70~1989!; M. Matthews, ‘‘A Role for History and Philosophy in Sci
ence Teaching,’’ Interch.20 ~2!, 3–15~1989!.

20P. Duhem,The Aim and Structure of Physical Theory~Princeton U.P.,
Princeton, NJ, 1906/1954!, p. 268.

21I. Galili and A. Hazan, ‘‘Experts’ Views on Using History and Philosoph
of Science in Practice of Physics Instruction’’~unpublished!.

22M. Matthews,Science Teaching: The Role of History and Philosophy
Science~Routledge, New York, 1994!.

23M. McCloskey, ‘‘Intuitive Physics,’’ Sci. Am.248, 114–122~1983!.
24See, e.g.,~a! B. Andersson and C. Karrqvist, ‘‘How Swedish Pupils U

derstand Light and Its Properties.’’ Eur. J. Sci. Educ.5 ~4!, 387–402
~1983!; ~b! E. Guesne, ‘‘Light,’’ in Children’s Ideas in Science~Open
U.P., Philadelphia, 1985!, pp. 10–32;~c! I. Galili, S. Bendall, and F.
Goldberg, ‘‘The Effects of Prior Knowledge and Instruction on Unde
standing Image Formation,’’ J. Res. Sci. Teach.30 ~3!, 271–301~1993!;
~d! N. J. Selley, ‘‘Children’s Ideas on Light and Vision,’’ Int. J. Sci. Edu
18 ~6!, 713–723~1996!.

25~a! V. Ronchi,The Nature of Light~Harvard U.P., Cambridge, MA, 1970!;
~b! D. C. Lindberg,Theories of Vision from Al-Kindi to Kepler~The Uni-
S15 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2
s

n

f

versity of Chicago Press, Chicago, 1976!; ~c! D. Park,The Fire Within the
Eye ~Princeton U.P., Princeton, NJ, 1997!.

26~a! V. Ronchi,The Nature of Light~Harvard U.P., Cambridge, MA, 1970!;
~b! D. C. Lindberg,Theories of Vision from Al-Kindi to Kepler~The Uni-
versity of Chicago Press, Chicago, 1976!.

27I. Galili and A. Hazan, ‘‘Learners’ Knowledge in Optics: Interpretatio
Structure, and Analysis,’’ Int. J. Sci. Educ.22 ~1!, 57–88~2000!.

28See, e.g.,~a! I. Galili, S. Bendall, and F. Goldberg, ‘‘The Effects of Prio
Knowledge and Instruction on Understanding Image Formation,’’ J. R
Sci. Teach.30 ~3!, 271–301~1993!; ~b! I. Galili and A. Hazan, ‘‘Learners’
Knowledge in Optics: Interpretation, Structure, and Analysis,’’ Int. J. S
Educ.22 ~1!, 57–88~2000!.

29J. L. Bruning and B. L. Kintz, ‘‘Test of Significance of Difference Be
tween the Proportions,’’ inComputational Handbook of Statistics~Scott,
Foresman and Co., Glenview, IL, 1977!, pp. 223–224.

30K. Rice and E. Feher, ‘‘Pinholes and Images: Children’s Conceptions
Light and Vision,’’ Sci. Educ.71, 629–639~1987!.

31S. Bendall, F. Goldberg, and I. Galili, ‘‘Prospective Elementary Teache
Prior Knowledge about Light,’’ J. Res. Sci. Teach.30 ~9!, 1169–1187
~1993!.

32~a! I. Galili, S. Bendall, and F. Goldberg, ‘‘The Effects of Prior Know
edge and Instruction on Understanding Image Formation,’’ J. Res.
Teach.30 ~3!, 271–301~1993!; ~b! I. Galili and A. Hazan, ‘‘Learners’
Knowledge in Optics: Interpretation, Structure, and Analysis,’’ Int. J. S
Educ.22 ~1!, 57–88~2000!.

33I. Galili, S. Bendall, and F. Goldberg, ‘‘The Effects of Prior Knowledg
and Instruction on Understanding Image Formation,’’ J. Res. Sci. Te
30 ~3!, 271–301~1993!.

34D. C. Lindberg,Theories of Vision from Al-Kindi to Kepler~The Univer-
sity of Chicago Press, Chicago, 1976!.

35I. Galili, ‘‘Student’s Conceptual Change in Geometrical Optics,’’ Int.
Sci. Educ.18 ~7!, 847–868~1996!.

36M. T. H. Chi, J. D. Slotta, and N. De Leeuw, ‘‘From Things to Process:
Theory of Conceptual Change for Learning Science Concepts,’’ Le
Instruc.4 ~1!, 27–43~1994!.

37See, e.g., CPU projects in the SDSU: http:/cpuproject.sdsu.edu/CPU/
The collective judgment of scientists, in so far as there is substantial agreement, constitutes the
body of science. The fact that there are very large areas of agreement, in spite of the individual-
istic, antiauthoritarian nature of science, is partial evidence for the validity of scientific methods.
However, there are cases where universal agreement has been attained for an untruth, though this
has more often been the case with sweeping generalizations than with the basic observations. Each
generation of scientists has to decide for itself what it will believe, using the best available
evidence and the most careful methods of interpretation. With the best luck in the world, some of
these decisions will later be proved wrong, but there is no other way.
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