The influence of an historically oriented course on students’ content
knowledge in optics evaluated by means of facets-schemes analysis
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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.
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I. INTRODUCTION defined elements interrelated within some wholeness. To

i i know/investigate something was conceived as synonymous
The process of learning science, and the success of t'With to know/seek its structure. Following this perception,

learner, remain the focus of various research efforts. Classgnef insisted on the inclusion of a structure of knowledge
cal science traditionally seeks understanding of natural ph&y, ihe teaching of any scientific discipline, even emphasizing
nomena by means of establishing structural knowledge ang,q, knowledge over that of factual contents. His arguments,
rev_ealmg the dynam|c relationship of its components. It is s those of Mach, refer to an inability to grasp, remember, or
believed that, given such knowledge, we better underStanﬁlanipulate a huge amount of complex contents without
nature. Educational research practices a similar approa owledge of structure. This belief in the central role of
with regard to the knowledge of the learner. The subject o tructure, expanded in the humanitiasthropology, linguis-

such research combines the complexity of the discipline withi ) "\ithin the philosophical framework of structuralisim.

the no less difficult analysis of students’ acquired know'.'With regard to learning, the issue of structure of knowledge

edge. As in science, the progress manifests itself in determm-as historically interwoven with the introduction of

ing new elements of knowledge and the establishment o onstructivisnt which replaced behaviorism that ignored the

tr;ieelg rdetla?:mﬁgﬁo\g'tggnerggesr:;gcél]frgaghlzsatgerrgeféfgm'gi'vstructure of knowledge. Starting from Piaget, the construc-
p S e or adequ P taliviist theory pursues picturing human cognition by its ele-
power, their identification and elicitation in an appropriate

empirical study. The complexity of the subject motivatesments related in schemata, as they emerge in the sequential

scholars to speculate about possible components in the stru%:t-ages of cognitive developmeht.
P P P Cognitive organization, emerging in individuals as a result

ture of learner’s cognitioh.Such knowledge might facilitate . : o X
not only our understanding of learning science but also sug(-)f either personal experience or social interaction, became a

gest the objectives for remedial instructional interference, aFUbJeCt of much research effort. Numerous cause—effect

; . : nks and correlative rules of explanatory power were iden-
well as to evaluate the efficacy of the applied educationa ified in the mental activity of the learner, and described in

activity. .
Many science educators consider the incorporation of conerms of schemata and mental models, which reflected and

tents from the history and philosophy of scien¢¢PS in ?cco_unted fo“r the regularltles:, 'g daily perceived rea(;lty,
science instruction as powerful and benefiéialt the same orming our- ‘common Sense. - L.ommon Sense consider-
time, one could easily imagine several possible reservation tions of the. learners were understood gz a highly influential
regarding such an approathThe present study tries, by actor of their success in the science class.

means of elicited structural components of students’ knowl-,. Folloa\ivllng only one theoretlcql line, we mention hgre
edge, to infer the influence of a historically oriented instruc-diS€SS& who argues for the existence of stable cognitive
tion in optics on the content conceptual knowledge of sty.constructs spontaneously cregted in the form of fundame_ntal
dents in this science domain. se_lf—t_explanatory_patterns, v_vhlch he c_alls phe_nome_nolog|cal
primitives (“ p-prims”). P-prims establish relationships be-
tween a few general factors or concefgsy., “maintaining
Il. THE THEORETICAL BACKGROUND agency,” “Ohm’s p-prim”), and thus guide the individual
activity of making sense of observed reality, perceptual ex-
perience, and problem solving. Within this view, a picture of
The traditional requirement of parsimony of scientific spontaneously produced “knowledge in pieces” emerges
knowledge! and the devotion to positivist conception re- prior to the formal instruction.
garding human knowledge, inspired Mach to perceive sci- Minstrell’? elaborated students’ ways of making sense,
ence as a manifestation of the principle of “economy ofstriving for understanding of particular physical settings, in
thought.”® Congenial to the idea of simplicity was the belief terms offacets of knowledgeFacets may represent consis-
that nature can be understood in terms of strucwirewell-  tently applied explanations manifested in a declarative

A. Structure of knowledge in learners
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knowledge, but not only. They can also express certain strat- How can the established schemes of knowledge be best

egies, elements of students’ characteristic behafpooce- addressed in instruction?

dural knowledgg when coping with particular questions and

problems. Facets are more context specific, and thus leg$ ysing HPS learning materials

fundamental tharp-prims. Facets may incorporate several _

concepts, related in such a way as to represent individual Since Mach and Duhem, many science educators have ar-

comprehension of the situation. gued that history and philosophy of science can be used for
At first glance, facets may be reminiscent of the tendencymproving success in learning.Leaving aside cultural, so-

to “compartmentalize” knowledgé® However, that ten- Cial, and affective aspects, important as they are, one might

dency was elicited in knowledge accommodation resultingstart with questioning the influence of HPS on the students’

from forma' |earning_ The presented_by_instructor know'_ content knOWIedge Of the SUbJeCt matter. The C|a|m Of I\/IaCh

edge is adopted by the learner, and modified by surface cha®nd Duhem was categorica:

acteristics of the context of its initial application. Students The legitimate, sure and fruitful method of pre-
separate the knowledge acquired in one context from that  paring a student to receive a physical hypothesis
acquired in another, ignoring its universality. Knowledge is the historical method To retrace the transfor-
compartments may remain isolated even when they are well ~ mations through which the empirical matter ac-
developed. This can be observed, for example, when students  crued while the theoretical form was first
who did well in mechanics fail to transfer “mechanical” sketched; to describe the long collaboration by
scientific knowledge required in dealing with problems in means of which common sense and deductive
electricity 1 logic analyzed this matter and modeled that form
Here, the topic is different, and we consider students’ ac- until one was exactly adapted to the other: that is
counts for physical situations, making sense of them by the best way, surely evehe only wayto give to
means of conceptions they hold in the same area of knowl- those studying physics a correct and clear view
edge. Some facets of knowledge might be due to the idio- of the very complex and living organization of
syncratic interpretation of instruction; others, consciously or this science[emphasis adddd
intuitively, may have originated in spontanequprims held. This claim often remained a claim of value, being war-

Facets of knowledge can be grouped in clusters, which cofrynteq py the high stature of its proponents. Many educators
respond to the same idea or physical mechanism, underpipare this conviction, whereas others decisively rejected it
ning all the facets affiliated with that cluster. This core CoN-(e.g., on the grounds of inadequacy of the old knowledge
stitutes ascheme of knowledgevhich is less dependent on g hsequently discharged in science, its misleading potential
the context, and hence, possesses a more inclusive meanig the students aimed at mastering the “accurate” theory,
than a facet” Unlike p-prims, which are elementary logical anq its appearance for the contemporary student as strange or
blocks, schemes can relate concrete entiiestead of ab-  nysuad}). At the same time, the arguments in favor of HPS

stract concepls and evolve in course of formal learing yse in science instruction has been strength@herlpanding
rather than be spontaneous. on cognitive aspects.

The two-level facets-scheme hierarchical structure of stu- First, the paradigm of a uniquén its form or content

dents’ knowledge was applied to represent the collectivecientific truth, so noticeable in history, has been substan-
knowledgleG of students regarding optiGmages and other ta|ly modified in modern culture. In science itself, the sim-
concepts ™ seasons and illuminationl,and other topics. In  plest aspect of this conception is manifested in the legitimacy
many cases, students’ schemes of knowledge were found & multiple representations of realite.g., geometrical and
be different than, and even ConﬂiCting Wlth, .formal scientific a|gebraic understanding of the Concept of derivative, integra_
knowledge. Thus, they represent “alternative knowledge, tive, and differential representations of classical mechanics,
the naive conceptions of students. Free from the constraint ¢hatrix and wave-function formalism in quantum mechahics
mutual consistency, schemes may coexist and complemeMoreover, theprogressof science is no longer perceived as
each other in a variety of associations. Information aboutinear, but a rich and complex stream, contributed to by a
schemes held and their abundance in a particular studebriety of resources. Thus, by likewise presenting “unsuc-
population may serve as a reliable indicator of the metamorcessful” attempts at conceptual development that neverthe-
phose(in constructivist perspective, conceptual change  |ess helped to attain present scientific knowledge, students
students’ knowledge in the course of learning, thus revealingire shown a realistic picture of the complex transformation
the impact of a particular instruction. of knowledge from old to new, arguments of conscious pref-

Another merit of knowing learners’ schemes manifests it-erence given to its presently adopted version. Regardless of
self in the design of instruction. There, it is reasonable tahe degree to which past hesitations and alternative solutions
address schemes, thus aiming at the essence of the naigerserved in the new and more powerful theoretical contents,
conception, rather than situational details. This could be othe refuted alternatives previously practiced by human
crucial importance in facing the great versatility of naive minds, do not present extra elements, but an organic part of
conceptions, proliferating in numerous research regerts,  a body of science. This approach to learning science, consid-
3500 publications listed by Pfund and Difjjt ers HPS contents as essential and indispensable.

Finally, a close look at scientific treatises at the dawn of Second, philosophical and educational constructivist per-
science(Aristotle, Euclid, Archimedes may provide addi- spectives not known in the past shed new light on the nature
tional clues regarding scheme-facets organization of nonmasf the relationship between the evolution of science and its
ture knowledge. Namely, one can recognize cases when learning, the collective and individual dynamics of knowl-
number of claims and accounts about regularities, observeeldge. In this perspective, the goal of HPS-based teaching is
in specific situationgas facets angwere later represented by not to display the chronicles of discoveries, but to reveal the
one inclusive propositiolaw, or principle, in sciende conceptual evolution of human thought and ideas about na-
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ture. Many of the currently maintained scientific ideas, beingTable I. Examples of conceptual parallelism in optics knowledge used in the

traced back to the past, reveal conceptual alternatives simil&xperimental course.

to those ideas produced today by the naive common sense of

studentg® Although limited in extent the recapitulation of

the science history in the growth of individual knowledge

indicates similarities between the conceptual difficulties Pythagorean conception of vision  *“Active” vision

overcome by scientists in the past and by the learner of to-Euclidean visual and light rays Rays of sight, rays of light,

day. The arguments of reasoning employed by the great _ . (rays reificatioh

minds in the past can be reapplied today, helping numeroug\tomists’ conception of “Eidola”  Image Holistic Scheme

learners who face similar problems of comprehension. The'lbllcal—Medle'vaI dichotomy pf Static light Iocated_ in/around light
. . . . light as an entity and perception  sources, halos, bright sky,

solidarity that the learner often experiences in such cases

Historical conception Student’s conceptions
(practiced in the past science (practiced in course of learnihg

. ; . (lumen—luxy illuminated surfaceglight
constructive responses to the old ideas, can be interpreted as reification as static entily
a “cognitive resonance” between similar perceptions of the al-Hazen conception of vision by  Image Projection Scheme
same subject. means of light rays

Third, an exposure to competitive ideas and subjective
perspectives in science humanizes scientific contents and re-
moves the unnecessary rigidity of the instruction. This
changes the image of science, making it appealing to a widegeptual parallelism in optics knowledge used in the
variety of minds. Too often, regular science instruction inexperimental course.
high school is excessively focused on, and restricted to nu-
merical problem solving according to the provided examplejs |
and/or mastering instrumental procedures. In this, many st?- Sample
dents fail and/or find it irrelevant. This reality contradicts the Our Samp|e incorporated two groups of h|gh school stu-
common view of school science as being preferably orientedients. The experimental grounovative instructioh in-
to scientific literacy rather than professional training. cluded four 10th grade classebl 141), and the control
In our study, optics was chosen as a suitable area 1o tegtqyp (regular instructionincluded three 10th grade classes
the impact of historical materials on the content knowledge(N:93). Students in both groups were chosen from the

of students. In fact, scientific knowledge of optics is highly g5 e schools. Al the classes had equivalent populations re-
antl-intuitive. T.h's may explain the Impressive abu%%ance Of;arding relevant background aspects. The three types of
haive conceptions with regard to optical phenonteres S5 public urban, regional rural, and boarding compre-

well as the extremely rich ch.ronicle of optical conceptionsh nsive, made the sample representative of the educational
that replaced each other during 2500 years of documente§§stem_ The time span of the experiment in both groups cov-

history of sciencé® These conceptions can be examined in ; : ; : :
light of the schemes of knowledge students hold regardingered an entire academic year, i h ofinstruction weekly.

optical phenomena.

C. Assessment

IIl. EXPERIMENT Our concern was to create a reliable profile of student’s

content knowledge, after instruction. The facets-scheme
framework provided the instrument to organize alternative
A specially prepared textbook served as the main learningnowledge. Scientific knowledge was similarly considered in
resource for both instructors and students in the year-lonterms of facets of knowledge. Organized in this manner, stu-
experiment. Though the course preserved the standard medents’ knowledge, as resulting from the two forms of instruc-
of topics of a regular curriculum, it differed greatly from the tion, was examined for differences of facets and schemes
traditional in several aspects. The most pronounced differheld by studentgqualitative comparison and their frequen-
ence was the parallel exposure of the learner to the historicaies of appearanc@uantitative comparisgn
growth in the understanding of vision, interwoven with dis- The evaluation of both groups was made at the end of the
cussions about the nature and behavior of light. These twetudy year by means of an identical conceptually oriented
trends created a constant focus on the relationship within theest. To increase reliability and further support the inferences
triad: object, light, and eye—the main participants in themade, an open-ended questionnaire was delivered and inter-
vision process. The line of instruction followed historical views carried out with randomly selected students. In addi-
progres<® which interwove the growth of knowledge about tion, the teachers of the experimental classes were inter-
light with that of vision, topics of simultaneous and equalviewed. The quantitative analysis was applied solely to the
importance for learners. Duhem suggested that the history afata of the paper-and-pencil test data. To illustrate the re-
science is an illustration of ideas and theories raised andults, some quotes from the interviews will be given.
refuted with no specific preference. We therefore, had to Questions of the 15-item questionnaire were adopted from
choose which particular historical contents to include. Theprevious studies of students’ optics knowledgeihere their
schemes of students’ alternative knowledge with respect tgalidity and effectiveness was proven. The diverse data ob-
vision, nature of light, optical imaging, and shaddguided tained by the open-ended questions, though more dependent
us in this search. Among the materials incorporated into then interpretation, are indispensable if one aims at revealing
curriculum were ancient Greek, medieval Arabic, and earlyfacets of knowledge. Students were encouraged to supply
modern theories of vision, ideas regarding the nature of lightreasons for their answers as fully as they could, and support
ideas regarding light, its expansion light rays, shadows, rethem with drawings, ray diagrams, or sketches to elucidate
flection and refraction of light, mirror, lens and pin-hole im- their ideas.
ages, the speed of light. Table | specifies examples of con- The questionnaire addressed understanding in three areas:

A. Teaching resource
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Question 1 ers, was mainly determined by the studefiteir wording,

I— : elements of their drawingsn making sense of a particular
[ v

Facet of Knowledge situation, whereas a scheme was formulated and determined

solely by the researcher, reflecting his/her intention to gen-

Question 2 ) — eralize and see a common rationale in a number of “for-
[ FAcet of hnowTecee mally” different patterns of knowledge or behavior. As such,
Students' Answers schemes involve a greater degree of interpretation by the

Question 3 researcher and, even though they contradict scientific knowl-

edge, they are normally formulated in the style and language

%‘-‘ ’m’ used by science_. The e_zlicitat_ion of schemes and their affili-
ated facets required painstaking analyses of the data. A sche-

eoe matic representation of the data processing is shown in Fig. 1
DATA and is exemplified in the presentation of findings. To in-
crease reliability, the analysis in its different stages was per-
Fig. 1. Process of data categorization into its facets-scheme organizatioh@ormed by both researchers independently, followed by dis-
Connections are only representative. cussions to reach an agreed result.
This study did not touch on the complex process of facets

) o . o and schemes formation, such as whether scheme is anteced-
(i) vision (the role of |Ight, observer, and the ObjeCt in the ent in genesis to its facets or vice versa.

process
(i)  general properties of lightight in space, light ema-
_ nating from a sourde _ 2. Quantitative analysis
(iii) optical images in context of reflection and refraction ] -~
(image formation, location, and observation The frequency of each identified facet was represented by

the parameter FAfor the control group, and FAfor the
Each topic was probed by more than one question, to erexperimental group. Quantitatively, the influence of instruc-
hance the validity and reliability of the test. Such an ap-tion on each facet, is evaluated by the Facet Abundance Dif-
proach also matches the intention of investigators to revederence, FAD, FA—FA.. Similarly, the frequency of the
facets of knowledge appearing when the same conceptualaluated scheme appearaficaive conceptiop and that of
issue is addressed in a variety of physical settings. Imporscientific conceptions, were characterized by the parameter
tantly, none of the questions used in the assessment involves)A (Scheme Abundangeand SCA(Scientific Conception
any unique content of the experimental instruction. We exAbundancg They were determined by taking into account
clusively addressed the content that is obligatory in the stanthe contributions of each of the facets associated with the
dard optical curriculum. The tests were administered in garticular scheme or conception. Finally, the Scheme Abun-
regular class environment, during a 45-min period. dance Difference(SAD) and the parameter SCAD, were
One should mention that this study, being focused on theised to measure the knowledge difference resulting from a
investigation of conceptual knowledge, did not test the stuparticular instruction in terms of a spread of schemes and
dents’ problem-solving abilities despite the fact that the curscientific conceptions correspondingly, and the statistical
riculum of both experimental and control classes includedevaluation of the differences was compufédihe param-
such activities. It is however clear that the control group,eters are defined and described in the Appendix.
conducting the traditional program, spent much more time on
guantitative problem solving, whereas the experimental
group, which covered a lot of qualitative materials, spent les$v. FINDINGS AND INTERPRETATION OF THE
time on such activity. DATA
1. Qualitative analysis For brevity’s sake, in presenting the findings we focus on
The accumulated students’ answers were processed in sete most representative schemes together with their affiliated
eral steps. Initially, responses which seemingly presented thacets. The appearance of a scientifically correct understand-
same meaning, were grouped togetheven if they were ing was indicated by those facets which matched various
expressed in somewhat different wordjnghen, representa- aspects of scientific knowledge. In our perception, the ap-
tive categories of explanatory patterns or strategies employegokearance of a facet associated with the scientific conception
by the students in addressipgrticular situations were iden- should not be taken to indicate a complete acquisition of the
tified. These were théacets of knowledgewhich reflected correspondent scientific conception, but only of certain frag-
either conceptual or procedural knowledge of the individu-ments or features of the ultimately required knowledge, as
als. Responses to different questions could contribute to thevould definitely be recognized by a scientist. Although not
identification of a facet addressing a particular cont€g.  representing complete knowledge, such a facet does indicate
1). Here, we distinguish between facets representing alterna learning progress and positive gain in knowledge of the
tive (naive, scientifically incorregtconceptions, and those learner.
reproducing various aspects of scientifically correct ones. At
the next step, the elicited facets of alternative knowledge arg_ Knowledge of vision
grouped around the same explanatory mddslinterpreted
by the analysists These models preseathemes of knowl- With regard to the vision phenomenon, the Spontaneous
edge As already stated, a scheme of knowledge presents ¥dision Scheme, as observed in our study, can represent the
sort of theoretical model underpinning for all facets in themost pronounced alternative knowledge of the subject. This
cluster. The facet’'s form, although formulated by researchinformation was elicited from the responses of students to
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Table Il. Student's knowledge of vision. FA—facet abundance, FAD—facet abundance difference
(FAD=FA.—FA;). SA—scheme abundance, SAD—scheme abundance difference {SAD-SA.).
SCA—scientific conception abundance. SCAD—scientific conception abundance difference £SCTAD

—SCA,).
Nature of FAD
knowledge/ and
Global statistical
# characteristics Facets of knowledge FAFA, significance
| Spontaneous (1) Students being asked to explain vision cannot expad@ 10 -33
Vision Scheme beyond saying: “To see the object one aiffiscuse$ z=5.86
his eyes(notice, puts attention, lookst it,” “I look
and | see it.”(Fig. 2-1, 2-9
(2) Objects are observed when merely being located in t5& 0 —55
field of vision (and are not blocked(Fig. 2-2 z=9.9¢
SA.=26% (3) In students’ written descriptions and sketches describidd 0 —41
SA=2% vision, no reference is made to any physical relation z=8.3%
SAD= —24% (agent between the observing eye and the observed
z=5.6% object.(Fig. 2-1, 2-2, 2-3, 2-4, 29
(4) Light moving through an empty space, or beingl8 8 —-40
stationary and filling the space, can be seen from the z=7.03
side. (Fig. 2-3
(5) Students describing light say: “Light serves as &0 0 —-20
medium, helping and improving vision.(Fig. 2-4) z=5.5¢
Il Scientific (1) Students say that vision can be explained by ligla7 22 -5
conception reflection from the observed bodies and its refraction z=0.88(ng)¢
inside the eye.
(2) Students say that vision can be explained by light7 16 -1
rectilinear expansion and its refraction inside the eye. z=0.20(n9¢
(3) Students say that in order to see something, light must 42 +42
“enter” the eye. (Fig. 2-5 z=—-7.24
(4) Vision is explained by the fact that light must leave thed 51 +51
object and enter the observer’s eyeig. 2-6 z=-8.29
SCA.=6% (5) Students say that vision can be explained by ligh® 32 +32
SCA.=22% reflection from the bodies, its rectilinear expansion in z=-6.08
SCAD=16% space and its refraction within the observer’s gyeg.
z=3.% 2-7)
(6) Students explain vision using beams of light which0 10 +10
travel from the object and cause formation of an image z=—-5.87F
on the retina(Fig. 2-8
4p<0.05.
Pp<0.01.
°p<0.001.

d(ns—statistically nonsignificant differencep>0.05).

guestions like “How would you account for the fact that you (Fig. 3-1). At best, light is recognized in this framework as a
see objects around you?” Table Il contains five facets innecessary medium, helping and improving visitacet I-5.
which such understanding manifested itself, and Fig. 2 pre- All these five manners, in which students elaborated on
sents the schematically reproduced sketches by which th@e vision of objects or images, share the common concep-
students illustrated these answéfacets in Table Il include tjon variously displayed: vision is understood as a natural
references to the correspondent sketches in Fjg.The henomenon, lacking delivery of lighor anything from the
Spontaneous Vision Scheme implies vision is performegypiect into the observer's eye. This mode of thinking consti-
naturally (spontaneouslyby a mere presence of eyes, with { o the Spontaneous Vision Scheme.

no mechanism or agent mediating between the eyes and theAIthough facets of the Spontaneous Vision Scheme were

observed object. Instead of the latter, there might be a recr'egistered in both experimental and control groups, only two

ognition by the student of a necessity to turn the face towards L . o ;
thge obser\)//ed object, “to aim her eyei” atit, “to focus on it” of them “remained” in the list of the facets employed by the

(facet I-1). The mere location of the object in the “field of e'xpgr.imental group, and at a clearly lower rate. There was a
vision” is considered to be a sufficient condition for the Significant overall decrease in the frequency of the scheme in

object to be seeffacet I-). The corresponding sketches do the experimental group (SA‘Bf 24%). o _
not show any physical agent connecting the observing eye Students also showed a variety of facets fitting the scien-
with the observed object or imagfacet I-3, Fig. 2-1, -2, -3, tifically correct understanding of vision. Facets II-1, -2, -3, -4
-4, -9). Light is perceived as a bright object observed by thereflect the claims elicited from the answers in which students
eyes “from the side”(facet I-4, when it is either stationary showed fragments of the correct physical model of vision.
and filling the spacdFig. 2-3), or travels in empty space All such facets manifest the evolving appreciation of the
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Fig. 3. Schematic reproduction of students’ sketches provided to explain
their answers with regard to the nature of light. The corresponding facets of
knowledge are shown in Table II.

Those facets appeared only in the experimental group,
demonstrating that the scientific conception of vision was
significantly better entrenched in this group (SCAD
=16%).

Fig. 2. Schematic reproduction of students’ sketches provided to explain
their answers with regard to the phenomenon of vision. The corresponding
facets of knowledge are shown in Table I.

B. Knowledge of the nature of light

Regarding the nature of light, the strongest scheme is that

components of the scientific conception, incompatible withof light reification, “Light is Corporeal,” which was already
the Spontaneous Vision Scheme. It is specifically in facetgliscussed in the literature s¢Ref. 31). Such information
II-5, and especially in facet 11-6, that we can recognize thewas elicited from the responses of students to questions like
required understanding of the subject. The interviews pro~Will the astronaut, floating in the space beside the space-
vided further support to this fact:

Q: If you want to explain vision to your friend,

what would you need?

S,: It depends... if the object is not a source of
light | must use the property of reflection to ex-
plain how this object is illuminated. But | also

need to explain how light arrives from this object
to the eye, and for this, | need to use linearity of
light. Finally, | must explain how an image is cre-

ated by the lens, than the law of refraction must

be used

S,: 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 bady

S8 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2000

ships, see the light signals passing between the two space-
ships?” (See the space configuration in Fig. B-Within this
scheme, students comprehend light as an external material
object, a passive subject of observation, not related to the
observer. The first five facets in Table Il describe such un-
derstanding, often supported by the literally taken claim that
light is composed of light rays, a frequent expression in
many physics textbooks and common instruction. Appar-
ently, the reification of light often coexists with the under-
standing of vision within the Spontaneous Vision Scheme
(Table 11). Thus, for example, both schemes share the facet
“Light moving through space or being stationary and filling
the space, can be seen from the sidécet I-4 and facet
I1I-1), which simultaneously attests to the understanding
within both schemes of knowledge, displaying the interde-
pendence of views of vision and the nature of light. Circular
references in describing light as that causing vision, and vi-
sion, as that caused by light, common in teaching materials,
reflect the same conceptual closeness.
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Table Ill. Student’s knowledge of the nature of light. FA—facet abundance, FAD—facet abundance difference
(FAD=FA.—FA;). SA—scheme abundance, SAD—scheme abundance difference {SAD-SA.).
SCA—scientific conception abundance. SCAD—scientific conception abundance difference £SCTAD

—SCA,).
Nature of FAD
knowledge/ and
Global statistical
# characteristics Facets of knowledge FAFA, significance
Il Reified light (1) Light moving through space, or being stationary and8 8 —40
scheme filling the space, can be seen from the sitfég. 3-1) z=7.03
SA.=33% (2) Light remains in a glow around and in a light sourcet2 11 -31
SA.=4.3% (candle, match, bulb, fiye(Fig. 3-2 z=5.5C
SAD=—-29% (3) Light is brightnesgshine and is better seen in darkness 47 0 —47
z=5.8¢ (Fig. 3-3 z=9.04
(4) Light is comprised offmany or an infinite number pf 61 6 —55
light rays which fill the spaceFig. 3-4 z=9.20
(5) Lens breakbend light rays. (Fig. 3-5 36 5 -31
z=6.14¢
IV Scientific (1) Light rays are not a real thing but a picture, a geometri® 47 +47
conception description of light which expands straight. z=7.8%
SCA.=0 (2) Light rays are a model by which we solve problemsO 12 +12
SCA.=22% using geometry. z=3.4F
SCAD=22% (3) Light is the energy that propagating in space in the forn® 14 +14
z=4.9 of beams/vibrations/waves. z=3.7¢
(4) Light expands in the environment of objects with a0 80 +80
decreasing intensity until it strikes opaque objects. z=12.00
4<0.05.
bp<0.01.
p<0.001.

d(ns)—statistically nonsignificant differencep>0.05).

Common for all five facets of the Light is Corporeal perior knowledge in the assimilation of the scientifically
scheme, was their substantially lower frequency in the exeorrect conception of the nature of light (SAD-29%,
perimental group. For example, with regard to the strongessCAD= +22%, Table II).
facet, representing students’ conviction that light is a com-
position of rays, the difference was most striking: FAD
= —55%.

Students’ approach to the scientific conception of the na- Optical images present a central topic in all school cur-
ture of light significantly prevailed in the experimental ricula expanding on the contexts of light reflection, refrac-
group. The elicited facets seemingly reflect the desired refution, shadows, and illuminatior(The latter two topics are
tation of the naive ideas regarding light rays and prepondereurrently rare in optics textbooBsStudents often hold a va-
ance of knowledge closer to scientific. Facet IV-3, whichriety of pronounced naive ideas about images. Such knowl-
prevailed in the experimental group, contrasted with its opedge was elicited from the responses to questions like:
posites, facets Ill-1, -2, and -3, which were prevalent in the*What will be the effect of covering a half of a converging
control group. In interviews, students of the experimentalens on the image formed by it?” or “You are facing a plane
group said: mirror on the wall and observe an image of a part of your
body. Suggest and explain the way to see a greater part of
yourself in the mirror.”

Among the strongest alternative conceptions with regard
to this knowledge we found the Image Holistic Scheme. Ac-
cording to Rice and Fehéf,and Bendalkt al3! this scheme
is especially strong in preinstructed students, whereas in
postinstructed students, the Image Projection Scheme was
found as prevailing and seemingly replacing the holistic
schemé? In our data we were able to recognize both image

C. Knowledge of optical imaging

S, : 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

S,: 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 schemes by their facet3able IV, Fig. 4.

eye The Image Holistic Scheme interprets the image as an en-
Similarly, the evidence of the stronger refutation of thetity which replicates an object and, as a whole, can either
idea of stationary light in the experimental group might bemove, stay, revolve, or be deformed when passed through an
seen in the lower frequency of facet IlI-2, whereas the fre-optical device(e.g., a lens This view commonly lacks fur-
qguency of the contrary facet V-4 rose impressively therether details of image formation and its transfer in space.
All together, the experimental group showed significantly su-Seven facets associated with this scheme were elicited in this
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Table IV. Students’ knowledge of optical imaging. FA—facet abundance, FAD—facet abundance difference KRABFA.). SA—scheme abundance,
SAD—scheme abundance difference (SABA.—SA;), SCA—scientific conception abundance, SCAD—scientific conception abundance difference
(SCAD=SCA.— SCA,).

Nature of FAD
knowledge/ and
Global statistical
characteristics Facets of knowledge FA FA. significance

\% Image (1) Half lens produces a half image. The rest of the image is 30 18 -12

Holistic scheme blocked.(Fig. 4-1) z=2.158
(2) If the screen moves towards or away from the lens the image 48 20 —28
becomes bigger or smaller but remains equally sharp. z=4.5F
SA.=42% (3) When a converging lens is removed, a right-side-up image 20 18 -2
SA.=9% replaces the previously-observe@dn the screen inverted z=0.38(ng"
SAD= —33% image.(Fig. 4-2
z=5.96 (4) Image is always formed and can be obtained on a screen 64 0 —64
(mirror). There it could be observe@fterwards. (Fig. 4-3 z=11.02
(5) Trying to explain the image formed by the lens, students cannot 29 0 -29
proceed beyond the claim that “lens turns an image z=6.81°
upside-down.”(Fig. 4-4
(6) The image travels to the mirror and bounces ofistreflected 33 0 -33
in it). (Fig. 4-5a, 4-5p z=7.37
(7) The image strikes the mirror and is reflected off it at equal 30 0 -30
angles.(Fig. 4-6 z=6.94

VI Image (1) When half of a lens is covered, half the light rays from the 53 18 -35
Projection object are blocked and only half of its image comes through. z=5.63
Scheme (Fig. 4-7) 47 4 —43

(2) Converging lens inverses the space ordering of light rays z=5.63
passing through it, thus, an inverted image is obtairiEdy.
4-8)
SA.=39% (3) Light rays bring an image to a lens. The lens bends the rays and 33 10 -23
SA.=10% when they pass through its focus, the image becomes inverted. z=4.3¢
SAD= —29% (Fig. 4-9
z=5.2¢ (4) Explaining the image in a lens, students produce a diagram of a 30 18 -12
point-to-point connection of an object with its image by means z=2.158
of a single ray(Fig. 4-8, 4-9
(5) Light rays bring the image to the mirror. The image is then 44 0 —44
reflected(bounced off at equal angles with the rays of light. z=8.68
(Fig. 4-10
(6) Explaining the image in the mirror, students produce a diagram 26 12 —-14
of point-to-point connections of an object with its image by =276
means of unique rays.

Vil Scientific (1) Image is formed by the focusing/shifting/converging of light 0 17 +17
conception (flux, beam$ passed through the lengig. 4-17) z=4.2C
(lens (2) Eye’s lens redirects cones of light from the observed object to 0 49 +49

the retina.(Fig. 2-8 z=8.05
SCA.=0 (3) The materialland shapeof the lens enables it to form images 0 43 +43
SSCA=70% by the deviation of light bemas. z=7.37
CAD=70% (4) Each point of the object sends a light beam that forms animage 0 27 +27
z=10.62 point after passing through the ler{Eig. 4-11) z=5.48
(5) Image is comprised of light spots on a screeeting. (Fig. 0 28 +28
4-12 z=5.60°
(6) In sketches and explanations, students describe image as a 0 31 +31
collection of light spots each created by a light flux emanating z=5.96’
from an object point.
(7) Half lens still produces a complete imad€ig. 4-13 0 76 +76
z=11.43
(8) When the lens is removed, no image is produced. 0 79 +79
z=11.86
Scientific (9) Explaining mirror images, students stipulate its formation by the 17 10 -7
conception specular reflection of light although they do not provide any z=1.57(n9"
(mirror) construction procedure.
(10) Students explain that mirror image is created by intersections of 33 0 -33
light rays extensions, however, no connection to the eye is z=7.3%
made.(Fig. 4-14
SCA.=58% (11) Explaining mirror images students reproduce the correct path of 8 25 +17
SCA.=91% light and its specular reflection although they do not provide z=3.3C
SCAD=33% correct construction procedure.
z=5.96
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Table IV. (Continued)

Nature of FAD
knowledge/ and
Global statistical
# characteristics Facets of knowledge FA FA, significance
(12) Explaining mirror images students reproduce the correct path of 0 23 +23
light using the concept of light flux, but do not provide any z+4.99

construction procedure.

(13) Students correctly explain mirror image by using the concept of 0 33 +33
virtual image formation. z=6.20

8 <0.05.

bp<0.01.

°p<0.001.

d(ns—statistically nonsignificant differencep>0.05).

study. Figure 4 presents some relevant students’ drawingsnt understandings, they look similar and can be distin-
attached to the answers classified by us as an expression gifished only if the subject provides, verbally or through
the Image Holistic Scheme. The frequency of this scheme idetails in drawing, the mechanism by which he/she compre-
the experimental group was 17% lower than in the controhends the image transfer takes place from the object point to
group, with four out of seven facets not observed at all.  the location where the image is observed. The adherents of
Within the Image Projection Scherfiethe formation of the Image Projection Scheme, as opposed to the adherents of
an image is understood as the one-to-one mapping of atihe Image Holistic Scheme, disassemble the image into
object to its image by means of a single light ray per objecipoints, each to be separately transmittedy., Fig. 4-8, 4-2
point. A light ray, traveling in the “relevant” direction, Thus, for example, facet V-2 can fit both schemes, and the
“carries” an image point. Though the two schemes, the Im-decision of affiliation could not be certain without the afore-
age Holistic and Image Projection, reflect essentially differ-mentioned details. It is then possible that a certain overesti-

| cover
4 ’ - 4 E
half I ¢
imag > -
object image ~ lens image object . image
) lens is removed Object Lens
b (4-2) (4-7) Bulb Lens Imagc
(4-8)
Mirror
Mirror é
' NG
@ Object Lens Image \
Non-Observer @9) N
NS
AR
Object N
=) Observer Image
Mirror %ﬂ)l‘ (4-10)
\\ Image
Observer Observer Lens s
(4-5a) (4-5b) (4-11) (4-12)
Mirror
Object
Image
\ | ..
LY S,
(f f Lens P 2
Observer's (4-13)
Eye
4-6
o Observer Image
(4-14)

Fig. 4. Schematic reproduction of students’ sketches provided to explain their answers with regard to optical images. The correspondingdadetigef kn
are shown in Table IlI.
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mation of frequency of the Holistic Scheme was made due to %
the lack of the details which would cause the identification of 77 SA (experim P <A (control
the facet as belonging to the Image Projection Scheme. This, SA (experimen) S (eontroD
however, cannot change the fact that the total frequency of
the naive schemes regarding optical images was considerably
lower in the experimental group. The Image Holistic Scheme
was 17% lower, and the Image Projection Scheme 27%
lower in the experimental group. Some of the facets, espe-
cially of the Holistic scheme, totally disappeared there.

The scientifically correct conception regarding image for-
mation appeared in a number of facdfBable V). We
grouped them separately with regard to real and virtual im-
ages, as the images differ in mechanism of formation. Our 0 L o
results show a clear difference between the groups in the way @g&mews E_eiﬁfd gﬁim %};:)a_gceﬁon
students expressed their knowledge of light. The ambiguous Scheme G e Scheme  Scheme
(in the explanation of image formatiprierm “light ray”
used by members of the control group, was replaced in theig. 5. Frequencies of schemes of alternative knowledge of vision, light and
experimental group by terms such as “light,” “light beam,” optical imaging.
and “light flux,” presenting a scientifically superior form of
expression. We note that some of the new facets, exclusively
observed in the experimental group, presented clear oppavhether these students genuinely understood the subject. In-
sites to certain facets widely observed in the control groupdeed, it remains unclear what was the status of the light ray
For example, facet VII-7 clearly contrasted facets V-1 and‘extensions” (dashed linesdrawn by the students in their
VI-1. Similarly, facet VII-8 and facet V-3 are also opposites. sketches(Fig. 4-14. Even when asked in interviews, the
Responses such as the following were prevalent in the exsubjects were unable to explain the meaning of these exten-
perimental group: sions. In contrast, many students of the experimental group

A beam of light that comes from each point on s_howed a more mature and sour_1d know!edge when they de-
the body is deflected by the eye-lens, which con- f|ne_d the mirror image as an optical illusion, and elaborated
verges it to a light spot. These light spots cover on its formation within the observer's eyéacet VII-13.

the retina and form an image in the shape of the Overall, the experimental group exhibited a significant
body: change in the reduction of naive schemes regarding optical

images as well as an increase in the mastering of scientific

_The scientific conception of the real image, in contrasiconceptions in the cases of real and virtual imagesble
with its naive understanding, defines such an image as thﬁ/)

reproduction of the object obtained by a collection of light

spots, each obtained by a converging of correspondent light

flux. This comprehensioffacets VII-4, -5, -6 appeared fre- V. DISCUSSION

quently, but only in the experimental group. Thus, one stu-

dent wrote regarding the image in the eye: The advantage of the experimental instruction was evident
in all aspects of the performed assessment. Not only were the
frequencies of all schemes of alternative knowledge rela-
tively lower (Fig. 5, and those of the scientifically correct
ideas higher(Fig. 6) in the experimental group, but the

40

30

20 7

10 7

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 the 10
two groups was found in the obtained descriptions of the

mirror image, a very difficult topic for many students to un- 1 Fsca iment
derstand. A strongly held conception was registered in the 80 (experiment)
control group, where students divided the process of mirror- SCA (control)

image observation into two separate processes or stages, im-
age formation and, subsequently and independently, image 60
observation(facet V-4). Although only facet VII-13 actually
presented a fairly comprehensive reproduction of the scien-

tific conception of virtual image, other facdigll-9, -11, and 40
especially VII-12 also showed considerable progress toward

the scientific conception, reproducing the understanding of

mirror-image formation as a single process. In contrast, 20 2o

many students in the control group reproduced the formally ] 6

correct ray diagram to account for the mirror image, but 0 0 [ 0y A
often did not complete it by relating the virtual image to the Nature of Nature of  Optical  Optical
observer’s eye, resulting in an ambiguous diagrdacet Vision Light Imaging  Imaging

VII-10). The role of the eye is cardinal in virtual image for- (Lens) - (Mirror)

m"fltior_‘-_ In fact, fa_cet .V”'lo’ though increasing the score ofrig. 6. Frequencies of scientific knowledge various degrees of complete-
scientific conception in the control group, left unanswerechess of vision, light and optical imaging.
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knowledge, identified as scientifically correct, was generallyows such issues as the nature of light and vision, which
of higher quality in the experimental group. learners are never asked to explain. Teaching of this kind
In looking to explain these results, we note that studentbecomes scholastic, and cannot satisfy even simple curiosity.
who learned optics in accord with its historical developmentQualitative explanations to such common reality as “static”
became acquainted with a scientific understanding of théight on a lit area, bright sky, shining halos around light
subject as it evolved in stages. We cannot but be reminded @fources, and twinkling stars are extremely rare in introduc-
Aristotle, who stated that there is no other way to meaningtory physics textbooks.
fully comprehend the subjetive may add, scientifi¢ but by Furthermore, the ontological status of “light rays,” inten-
following its historical genesis. The expectation that studentSively used as a tool in normal instruction but ignored by
will exchange their naive conceptions as a result of “straightnany textbooks, often remains an enigma to students. As a
to the point” and “crystal clear” instruction, too often result, students’ spontaneously perform light ray reification.
showed itself, surprisingly to many, as unrealistic. InsteadT0 appreciate this fact theoretically, the perspective of Chi
when the students are given a chance to gradually develdff @l on cognitive development may be helpful. They
their ideas, by considering ideas as they evolved from thé&laim that students typlcally confuse the ontological status of
scientific past, the collision with the scientific conception isconcepts, naturally intending to refer to tpeocess-based
softened, and the latter appears as reasonable and superioCRCePts amatter-basednes, thus failing to grasp scientific
the views they had previously considered as plausible. Thu§onceptions. In optics, we observed students reifying light in
in our experiment, the exposure, critical discussion, and refudeneral, and light rays in particulée.g., the Reified Light
tation of the Atomists’ theory of Eidola actually addressedScheme, Table I In contrast with students in a regular

the ontologically similar naive conception of vision in the class, studgnts of the experimental group explicitly Igarned
form of the Image Holistic Scheme. about the history of the concepts of “light ray” and “visual

Similar resonant cognitive interaction was encouraged by@:  Starting from ELfC"d' T”hg Fe"i‘g?d argudmgntsh of f‘l'
an intensive discussion on Al-Hazen’s medieval theory of 1aZ€n against “visual rays,” being discussed in the class,
image transfer by means of light rays. That theory, norma”fncoqraged St“d?”ts to reconsider and reflit_e this co,r,lcept in
considered only in books on the history of opfiésemark- its naive perception. As to the concept of “light ray,” the

ably coincides with the Image Projection SchefnaVhen remedy may come from the study of the historical failure to
reconstructed in the instruction, the historical refutation ofEXplaIn light refraction by means of single rays. Why does

‘ > Thic Mictas ;
Al-Hazen’s theory by Kepler's later understanding of imagethe light ray break? This historical question brought students

formation seemingly contributed to the reduction of such al-t0 the necessity to introduce light beam, light flux, and light
ternative knowledg)é in the experimental group. While thefront concepts to explain the behavior of light. This way,

nowleag &Xp group. students are exposed to the historical conceptual change in
Image Projection Scheme is very often held by student

reqular instruction usually does not mention this conce t.or?fhe ontological status of the light ray, from a fundamental
gufar instruction usually : : pu concept in the old science to an auxiliary tool in the modern

choosing to focus on numerical problem solving, calculatio cientific model. This conceptual change could induce a

of im.age characteristic_s by employin_g light-ray diagfams Olsimilar one in our subjects, who were apparently much better
special rays, and/or using the lens/mirror formula. Given the, understanding light ray status.

nontrivial character of optical knowledge, such a formal ap- * gina)y we comment on the identification of the qualita-
proach, ignoring alternative ideas of optical images, has yely positive and statistically significant output of the ex-
notable chance of leaving the learner with scientifically heriment as evidence in favor of HPS-used materials. Indeed,
wrong conceptions, originated and developed in the coursg,e experimental course was different from the traditional in
of learning. : . . .__more than one dimension. Class discussions on conceptual
An advantage of the experimental instruction was the highsses, addressing alternative conceptions, interweaving the
attention given to the vision process, often insufficientlyspics of light and vision, all these factors presented in the
treated in regular courses. Too often, vision appears as @aperimental course could by themselves positively contrib-
mere illustrative example of the lens theory. The eye is preyte to the success of the learners, and seemingly did so.
sented in the same breath with other optical instrumentsyile we recognize that the above-mentioned factors can,
magnifying glass, camera, etc. In reality, the situation mighlgnd at times are, entered into curricula with the desired
be even worse. As one of the teachers in the experimentabsylts}” we believe that HPS is still an important factor by

group said: itself. It provides a natural setting in which the mentioned
| could see how students’ understanding of vision factors can flourish. HPS contents provide students with
slowly changed from totally naive views to scien- broad knowledge, expanding on metaphysical issues of sci-
tific conceptions, experiencing the important entific method and the nature of science, issues which are
breakthroughs in the history of optics. Talking also valuable in their own right. Finally, in our experience,
about scientists of the past, students could check discussions of student’s misconceptions might be close in
and argue their own views on the same subject, spirit to the exposure of historical models, but the former
sharing with the past similar difficulties of un- usually lack the richness of content and elaboration of the
derstanding. In a regular class, there is no ideas, available in the history of science. Many educators
chance to deal with topics like these...I confess, | continue to rediscover the depth of Aristotle’s claim; there is
myself often even skip over the subject of vision seemingly a lot of sense in following the historical genesis of
at all, as | have no time to consider applications the subject, which brings us to its comprehension.
of the theory, they simply have to master the
theory and know to solve problems VI. CONCLUSION

A heavy accent on intensive and repetitive training of the This study probed the effectiveness of teaching high
standard problems comprising final exams often overshadschool optics by means of materials heavily loaded with his-

S13 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 68, No. 7, July 2000 Galili and Hazan S13



torical contents, which addressed known difficulties of stu-and obtain 36%. Similarly, the two other responses provide
dents in understanding optics. The positive evaluations, a®0%. To total abundance of the fagbased on responses to
sessed by means of diagnostics in terms of facets-schemeand B), we obtain as an average: FA3%. The facet was
structure, qualitatively and quantitatively support this ap-described as:
proach to teaching optics. The historical approach may be
valuable in other fields as well, where the match between
historically employed models and naive conceptions of stu- ; :
dents is strong. The observed merit of the approach for the ﬁumsl (I]:;):l? ?,;153 Ih g;ee B(te > ((%:E)?ear It ??;L%r:’ll_it))_ks) at
conceptual knowledge of learners may suggest that we re-
consider our attitude that historical models are obscure or too FAD—Facet abundance difference parameter is defined in
complex for students to learn. This would indicate a need fol straight forward manner: FABFA.—FA., characterizing
a corresponding change in curricula that makes physicthe difference in facet abundance between the control and
courses both more effective and attractive to the wider popuexperimental groups.
lation of high school students, many of whom are disap- SA—Scheme abundance parameter is determined by the
pointed with physics courses as they are often taught, andontributions of the facets affiliated with the scheme. Due to
many who are failing their physics classes. the format of our study, focusing ogroup differences, the

The approach discussed requires an extensive and inteanswers were analyzed per sample. To evaluate the distribu-
sive research effort to further justify it in terms of the mod- tion of the scheme, an average over the questions with con-
ern theory of learning. This can be done by a more detailedributing FAs was taken. Such a step moderated the influence
study elaborating essential features of the suggested cours#. each face{context-dependent understandiran the fre-
If adopted, such an approach to teaching implies the need fguency of the particular schemeéconceptual, context-
a twofold study to facilitate its application. First, to elicit the independent understanding
structure of students’ knowleddi our terms, identification SCA—Scientific conception abundance parameter mea-
of schemes of students’ knowledge as they appear in studergsired the extent to which a scientific conception appeared in
learning of a particular area of physichen, such informa- students’ responses. This parameter was calculated in a man-
tion should guide the selection of the appropriate historicaher similar to that described for the SA.
contents. The result of both efforts should determine the de- SAD—Scheme abundance difference parameter compared
sign and contents of the new teaching materials. Knowledgthe frequency of the same scheme between the control and
of schemes of students’ knowledge may also support thexperimental groups. Similarly to FAD, it was defined as:
follow-up control of the learning progress. We believe thatSAD=SA,- SA..
neglecting either of these two dimensions may result in miss- SCAD—Scientific conception abundance difference pa-
ing the desired remedial effect of the HPS-based materials orameter is parallel to SAD with respect to scientifically cor-
students’ knowledge. rect knowledge. It was defined as SCABCA,— SCA, .

Students being asked to explain vision cannot ex-
pand beyond saying: “To see the object one
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the frequencies of facets and schemes: sermany, 1998 pp. 74-99. . .
FA-Facet abundance parameter. Initially, the researchersM' Mat(:(hews,Suence Teaching: 'ghe Role of History and Philosophy of
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