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Abstract: The current research study deals with students’ mental representations and cognitive
schemata of light refraction. In the study, 213 ninth grade students participated who had taken basic
Geometric Optics courses on refraction and Snell’s law. The students were given three tasks in which
they were asked to predict and explain the phenomenon of refraction. The results showed that the
vast majority of them articulated their responses based on representations that were not compatible
with the Geometric Optics model. Quite interestingly, the Multiple Correspondence Analysis led to
five distinct cognitive schemata resulting from a fixed combination of representations.

Keywords: refraction; light; students’ mental representations; students’ cognitive schemata

1. Introduction

Research on students’ understanding of the phenomena of optics over the past 30 years
has led to the development of a distinct area of research in Science Education. Phenomena
and concepts such as light as an entity, linear propagation, shadow formation, vision,
image formation and reflection [1–5] constitute some of the most common research topics
within this area. They are usually approached within the framework of the Geometric
Optics model, which is based on the assumptions of a point light source and isotropically
propagating light rays [6]. This model is dominant and is commonly used in the education
of children 5–6 to 15–16 years old [7–9].

The transformation of scientific models into appropriate school models offers sig-
nificant advantages in learning, with the ability to formulate stable reasoning being one
of the most prominent among them. The syllogisms here are based on three important
functions that become powerful tools of thought: description, interpretation and predic-
tion [10,11]. The Geometric Optics model possesses without deviation these syllogisms and
thus constitutes a very suitable framework for teaching and learning. However, there are
phenomena that are incorporated into the curriculum of primary and secondary education,
such as reflection and refraction, which explanation require the usage of the Wave Optics
model, even if their descriptions and predictions can be made with the basic elements
of Geometrical Optics. Given the fact that this model is usually introduced at the end of
secondary education while reflection and refraction are studied much earlier, it is apparent
that specific tools developed within the context of Geometrical Optics are exploited for
teaching these phenomena. One of them is Snell’s law, which gives us the capability to
measure the deviation of a light ray when passing from one medium into another through
establishing a relationship between the path taken by the light ray in crossing the surface
of separation between two contacting substances and the index of refraction.

It is well known in a Science Education research context that students approach
the phenomena of the natural world and the concepts of Physical Sciences through the
formation of mental representations that are not compatible with scientific knowledge and
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are resilient to both biological maturing and traditional teaching. Despite the importance
for teaching of recording and classifying mental representations, they are naive, implicit,
local and non-conscious [12,13]. However, in spite of their weak nature, representations
are often combined in a way that allow types of reasonings that are characterized by
stability, since they are used in a number of different situations, regardless of whether
they are compatible with the school–scientific model or not. The stability of these forms of
reasoning leads to the recognition of them not just as simple representations but as cognitive
schemata, i.e., cognitive organized units of knowledge that operate as a framework for the
approach of subjects, objects, situations, events and phenomena [14–16]. The term ‘mental
representation’ was chosen among others such as ‘alternative idea’, ‘misconception’, etc.
This schematization of naïve entities of children’s thinking signifies not only a specific
knowledge content but an entity included into a cognitive system with concrete structures
that are ‘processing and mapping’ procedures. In that kind of system, the term ‘mental
representations’ is considered more suitable, since it approaches the structural parameters,
as well as the functional interrelations of a wider system [17]. In the same perspective, the
concept of ‘cognitive schema’ was chosen. Based on Piaget’s [18] approach, the cognitive
schema of a mental operation is its general structure—that is, what is kept unchanged
in repetitions of the same operation, adapted to different situations and stabilized with
practice. The cognitive scheme consists of organized elements of different past experiences
and situations that form a relatively cohesive and persistent frame of knowledge that
guides one’s subsequent perception and consideration of the world [19].

Apparently, the relation of representations to schemata is not a given generalized
possibility but a potential conquest for the development of thinking in some specialized
fields that need systemic investigation. Along this line, in the current article, we attempt to
study the transition from mental representations to schemata for the phenomenon of light
refraction. Research on how students up to 15 years of age deal with refraction highlights
the existence of major difficulties in the conceptualization of this phenomenon.

Anderson & Kärrqvist [20] studied the representations of 12–15-year-old students
about light by posing the task of observing an object at the bottom of a container full of
water. Few students referred to refraction, while, during the case, they either attempted
interpretations based on reflection or used a mental construction labeled ‘vision rays’, i.e.,
they assumed that light is transmitted from the eye to the object. In addition, several
students simply were confined into making references to specific parts of the arrangement
such as the water or the container. Bouwens’ research also led to similar results [21].

In research conducted with high school and university students on a range of tasks
related to refraction such as the propagation of light through prisms, concave, convex and
flat surfaces or the formation of patterns, it was found that, very often, students were not
able to successfully apply the law of refraction as a general scheme that enables them to
deal with a number of different tasks in a stable way [22–25]. Thus, they usually dealt
with experimental tasks focusing their attention on the external surface features of objects.
Along the same research orientation, Kagawong et al. [26] studying 11- and 12-year-old
students’ representations of refraction asked them to create diagrams based on a simple
experimental situation in which the path of light rays was traced. The results showed that
the students could not apply the basic laws of refraction, even though they had been taught
Geometric Optics.

While few studies have been conducted on the transformation of students’ representa-
tions through systematic instruction, their results seem quite satisfactory. In an attempt
to study the transformation of representations on refraction of 11-year-old students, data
from two groups of students were compared. In particular, the experimental group worked
with ‘prediction–observation–explanation’ (POE) inquiry-based learning model, while the
control group worked with the traditional method. The data from this study showed
that students in the experimental group responded well to qualitative interpretations of
refraction-related phenomena such as observations with convex and concave lenses [27].
Moreover, the results in studies on 15-year-old students where the analogy of the light
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that propagates from air to glass with a pair of wheels that change direction as they rolled
diagonally from a hard to a soft surface was employed were satisfactory [28,29]. From
the perspective of transforming student and teachers’ representations of refraction, study
documents and tasks based on students’ misconceptions were used, aiming to lead to
change [30]. Specifically, an experimental group worked with these texts, while a control
group attended the traditional lessons. The data showed that students in the experimen-
tal group had better results in interpreting the phenomena of refraction. It should be
noted that satisfactory results for the transformation of student–teachers’ representations
were also recorded when they both engaged in inquiry-based teaching processes [31].
In a different direction, a study compared the results of two teaching interventions for
concepts and phenomena in optics, including refraction. The first teaching intervention
was conducted through a phenomenological theoretical framework, while the second was
through a classical model-based approach. The data of this study showed that both the
students’ performance on refraction, as well as their interest, were better when using the
phenomenological framework than the model-based approach [32,33].

It is a fact that the research conducted in recent decades on teaching and learning
refraction has been quite limited. It is usually carried out with older students, while the
tasks that entail concave and convex lenses, as well as prisms, have proven to be complex,
since they create difficulties in exploiting the refraction of light. In addition, difficulties
arise in applying Snell’s law, which, in fact, has a rather empirical rather than interpretative
character. In order to gain a deeper understanding of these difficulties, we tried to study the
representations and schemata of grade 9 students who have already been taught refraction.
That is, we studied children’s representations and schemata of Snell’s law, which refers
to the relationship between the angles of reflection and refraction and is considered to be
appropriate for this education level.

2. Materials and Methods
2.1. Research Questions and Tools of Analysis

Our research questions aim to capture, in a systematic way, the basic elements that
organize and constitute the representations and schemata of 9th grade students about the
phenomenon of refraction. The term mental schema refers to a group of representations
that express an organized pattern of students’ thoughts about the phenomenon under study.
Therefore, in the current study, we aspire to explore the following two fundamental issues
regarding children’s thinking about refraction:

1. Identify students’ representations.
2. Reveal how students’ representations are grouped and how they relate to the schemata.

To fulfill the aim of the research, we relied on an initial descriptive analysis [34]
based on the children’s responses to the individual tasks concerning light refraction. The
children’s responses for each task were qualitatively categorized, and thus, individual
student’s mental representations of refraction were detected. A multivariate analysis was
then performed, through which the individual representations were grouped into coherent
sets that identified the students’ individual schemata about refraction.

A multivariate analysis constitutes a suitable set of methods to investigate relationships
between variables, especially when the research data concern simultaneous measurements
of many parameters [35]. Multivariate analysis methods include different potentials, such
as (1) data reduction to the degree that the situation under study can be represented as
simply as possible, (2) sorting and grouping numerical variables or categories of qualitative
variables in order to investigate similarities and dissimilarities between groups, (3) inves-
tigation of dependence and/or interdependence relations among variables or categories,
and (4) predictions of relationships between variables or categories.

In our analysis, we used the Multiple Correspondence Analysis, which is suitable
for analyzing categorical data. The Multiple Correspondence Analysis [36,37] was used
for analyzing globally the students’ responses to research tasks (open questions based
on an activity sheet). This method was used because a descriptive statistical analysis
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of the students’ responses showed only their different approaches to the various tasks.
To overcome the limitations above, we used the multivariate analysis to further analyze
our research data and obtain an overall view of the students’ representations and reveal
numerous correlations across the research questions.

Our multivariate analysis aims at a deeper investigation of students’ cognitive schemata
of the refraction phenomenon after they were taught about it in school. We have chosen this
kind of analysis as it can aid us in revealing the various correlations, as well as studying
the students’ reasoning thoroughly. In this case, grouping the representations into sub-
groups provides a more comprehensive picture of how they are organized into students’
explanatory cognitive schemata of light refraction.

2.2. Sample

The sample of the survey was 213 students (102 boys and 111 girls) aged 14–15 years
old from 4 Greek schools located in areas resided in by parents of all socioeconomic levels
(low, middle and high). The students were recruited from 10 different classes of the 9th
grade (3rd grade of Greek secondary school). They had been taught some basic lessons
about refraction in primary school and a few applications of Snell’s law in the second
year of secondary school. The sample of the study consisted of students who attended
the third grade of secondary school. According to the Greek curriculum, physics is taught
in this grade for two hours per week. The chapter on optics, which is the last chapter
of the physics textbook, deals mainly with refraction and reflection, as well as convex
and concave mirrors. These phenomena are taught in a semiquantitative manner through
Snell’s law and textbook exercises. Experimental exercises are confined on apparatuses
such as a Newton disc, also known as the disappearing color disc, and a dispersive prism.
It should be noted that the phenomenon of refraction had already been taught in the sixth
grade of primary school in a qualitative manner. Written consent was asked and obtained
from all students and their parents to participate in the survey.

2.3. Tasks

The children’s mental representations and cognitive schemata were studied through
an activity sheet parted by 3 diverse tasks containing open questions. In each task, the
students were asked to predict the path of a light ray that strikes on the smooth, flat surface
of two media and justify their view. The activity sheet was completed individually and
anonymously. In what follows, these three tasks are presented.

2.3.1. Task 1

A thin beam of light propagates through air and strikes sideways into the smooth and
flat surface of a glass tile (see Figure 1). Please draw the path of the ray through the tile and
justify your choice.
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2.3.2. Task 2

The light source is located within the water, as shown in Figure 2. Please draw the
path of the ray and justify your choice.
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Figure 2. The movement of the light as it propagates from water to air ((a) depicts the figure that
should be filled in by students, and (b,c) depict the answers that are consistent with Geometric
Optics).

In this task, students were asked to draw the path of the light both within and out of
the water and justify their predictions. The light moves from a dense transparent medium
to a thinner one. It was clearly stated to students that the light source is located within the
water and that the light strikes sideways on the water–air surface. In the case that students
predict that the light will not exit the water, they draw the beam only within the water area.
The aim of this task was to test whether the students hold a basic understanding of the
total reflection phenomenon, at least at a qualitative level.

2.3.3. Task 3

The light source is located perpendicular to the edge of the glass tile (see Figure 3).
Please draw the path of the ray after striking the surface of the glass tile and justify
your choice.
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In this task, students were asked to draw the path of the light ray as it strikes vertically
from glass tile to air surface.

3. Results
3.1. Students’ Mental Representations Based on Different Tasks’ Descriptions

An analysis of the student responses led to five diverse categories per task (i.e.,
15 categories of analysis). The categorization of the representations was based on the
combination of the prediction and justification given by the students in each task [34].
Sufficient justifications are defined as those that are consistent with the Geometric Optics
model, i.e., the phenomenon of refraction explained based on Snell’s law. In Task 2, there
are two potentially correct answers related to the angle the light strikes the glass tile. In
categorizing the answers, we considered as correct answers those that either predicted
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refraction or total reflection, provided, however, that both of them were accompanied by a
scientifically accepted justification. The frequencies of the responses for each representation
category are presented in Table 1.

Table 1. Frequency of students’ responses to the 3 tasks.

Frequency of Students’ Responses to Task 1 Frequency Percentage%

(a) The light ray will converge towards the vertical with sufficient justification (T1Correct) 12 5.6
(b) The light ray will converge towards the vertical with insufficient or no explanation
(T1CorrectWithoutExplanation) 15 7

(c) The light ray will deviate from the vertical with insufficient or no justification
(T1IncorrectDeviation) 18 8.5

(d) The light ray will continue to move in a straight line with insufficient or no justification
(T1IncorrectStraightLine) 123 57.7

(e) The light ray will not enter the glass tile as it is reflected (T1IncorrectReflection) 45 21.1

Frequency of students’ responses to Task 2 Frequency Percentage%

(a) The light ray will deviate from the vertical with sufficient justification (T2Correct) 13 6.1
(b) The light ray will deviate from the vertical with no justification
(T2CorrectWithoutExplanation) 29 13.6

(c) The light ray will converge towards the vertical with insufficient or no justification
(T2IncorrectConvergence) 21 9.9

(d) The light ray will continue to move in a straight line with insufficient or no justification
(T2IncorrectStraightLine) 121 56.8

(e) The light will not come out of the water (T2IncorrectReflection) 29 13.6

Frequency of students’ responses to Task 3 Frequency Percentage%

(a) The light ray will continue to move in a straight line with sufficient
justification (T3Correct) 20 9.4

(b) The light ray will continue to move in a straight line with insufficient or no justification
(T3CorrectWithoutExlpanation) 89 41.8

(c) The light enters the glass tile and is deflected from the vertical with insufficient or no
justification (T3IncorrectDeviation) 34 16

(d) The light is reflected perpendicular to the glass tile in the opposite direction
(T3IncorrectReflection) 51 23.9

(e) The light ray is reflected and diffused in different directions
(T3IncorrectReflectionDeviation) 19 8.9

Drawing from the data presented above, it was found that, in all three tasks, less
than 1/10 students managed to construct representations compatible with Snell’s law.
Moreover, it was found that, while a small number of predictions seemed correct, they
were actually intuitive, as they were insufficiently justified. In the vast majority of students’
responses, they recorded unstable and contradictory answers regarding the issues of
prediction and/or justification. This finding clearly highlights a strong difficulty in the
construction of representations compatible with the Geometric Optics model. This fact
certainly requires deeper investigation, as the difficulty in the phenomenon of refraction,
to a great extent, is due to the nature of the model itself, which, instead of a qualitative
interpretation, essentially refers to the technical mathematical application indicated by
Snell’s law.

3.2. Identification of Students’ Cognitive Schemata about Refraction

The students’ individual representations, as presented above, can be studied on a sec-
ond level, forming more complex explanatory schemata through which students interpret
the phenomenon of light refraction and its individual aspects. These schemata generally
hold a specific logical organization in students’ thinking. The study of these entities is of
particular interest, since it provides, on the one hand, specific criteria for comparing them
with scientific–school knowledge and, on the other hand, it offers a framework for a deeper
analysis in organizing appropriate teaching interventions to transform them in case they
are not compatible with the scientific–school knowledge.
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To study the overall structure of students’ schemata about light refraction, we applied
the Multiple Correspondence Analysis (MCA) method. This analysis is a well-established
multivariate method allowing us to analyze and describe graphically and synthetically
a large amount of research data [36]. The MCA offers effective tools that can help us to
overcome the intrinsic limitations of the descriptive statistics. It aims at the graphical rep-
resentation of the structure of non-numerical (categorical) multivariate data. The leading
principle of the MCA statistical method is that complex multivariate data can be accessible
by displaying their main regularities and patterns in graphs and diagrams. The subjects un-
der study are usually described by many categories. In our study, the three tasks (variables
of analysis) are described by fifteen categories (Table 1). Therefore, the global structure of
students’ representations and schemata cannot be revealed through conventional statistical
methods. With the help of the MCA, as an exploratory statistical method, we can derive
not only students’ representations but also how their schemata are structured across the
various tasks. Furthermore, we can construct a topographic graph of those categories, thus
making students’ classification easily explainable based on their cognitive approach to the
different tasks [38]. Finally, the detailed correlation between the fifteen categories of the
three tasks that characterize the subjects of our study has a qualitative form, allowing us to
construct valid assumptions offered for further study and analysis.

We performed our MCA using the statistical software SPAD version 7.4. According
to Roux and Rouanet [39], SPAD is the most appropriate statistical software to conduct
this kind of analysis. SPAD gives highly readable graphical representations of clouds
of individuals and of categories. We applied the CORMU (Multiple Correspondence
Analysis—MCA) method. As categories of the nominal variables, we used the various
responses students gave to the three tasks (see Table 1). The MCA procured us a number of
factors, which determined all the information produced. Each factor was described by two
parameters [36]: (a) the eigenvalue λ, which corresponds to the eigenvectors describing the
values of the variables implicated in the analysis, and (b) the coefficient of inertia τ, which
is the proportion of the total information in the factor, as it is provided by the MCA.

The MCA factors are categorized by descending order according to their importance, as
far as the total information provided. Table A1 (Appendix A) presents the eigenvalues and
the coefficients of inertia for the first six factors revealed by our analysis. They cumulatively
represent the inertia at a percentage of 59.86%, which corresponds to 59.86% of the total
information produced by our analysis. In our study, we analyze extensively the five first
factors, which offer 51.56% (Table A1, Appendix A) of the total information but allow us
to interpret 14 out of the 15 categories concerning students’ representations. In is only the
T2Incorrect category that does not appear in this analysis, as it appears for the first time in
factor 6. For this reason, it is not necessary to extend our analysis to the lower order factors,
since they can give only complementary information about the same categories.

The analysis presented above provides us with a number of interesting findings. Quite
interestingly, the first three factors explain 12 out of the 15 categories of representations
that emerged from our analysis, while the 3 remaining categories appear in the fourth, fifth
and sixth factors. Most importantly, the data lead us to five main schemata concerning
the refraction phenomenon. In what follows, we present the main characteristics of these
schemata based on the weight of their occurrence in the context of the analysis carried out.
At the second level, we explore in detail how these schemata are constituted.

3.2.1. Mental Schema MS1: ‘Mental Schema of the Undisturbed Linear Path’

The mental schema MS1 is defined as the ‘mental schema of the undisturbed linear
path’. This schema is based on an assumption that does not take into account the refraction
phenomenon at all. Particularly, it involves reasoning that does not recognize that the
propagation of the light through the interface of two media of different densities implies
the deflection of its path. Therefore, this scheme is not in the context of reasoning within
Geometric Optics. A schematic representation of this schema across all three tasks is
presented in Figure 4.
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3.2.2. Mental Schema MS2: ‘Mental Schema Compatible with the Geometric Optics Model’

The mental schema MS2 is described as a ‘mental schema compatible with the Ge-
ometric Optics model’. It is a schema that generally leads to reasoning compatible with
Snell’s law. This mental schema appeared in the survey data with two variants (MS2a and
MS2b), which are presented below. Typical para-examples of the representations belonging
to this schema are presented in Figure 5.
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Geometric Optics model.

3.2.3. Mental Schema MS3: ‘Mental Schema Incompatible with the Geometric
Optics Model’

The mental schema MS3 is described as ‘a mental schema incompatible with the
Geometric Optics model’. Students here formulate reasoning that is far from what the
geometric perspective dictates. This mental schema appeared in the survey data with three
variants (MS3a, MS3b and MS3c), which are presented below. A particular feature of this
schema is that it was captured by responses confined in the first two tasks. Indicative
representations belonging to this schema are shown in Figure 6.
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3.2.4. Mental Schema MS4: ‘Mental Schema of the Deficient Approach to the Geometric
Optics Model’

The mental schema MS4 is described as ‘mental schema of the deficient approach to
the Geometric Optics model’. Particular features of this schema are apparent in responses



Educ. Sci. 2023, 13, 467 9 of 19

that either tend to converge the light ray towards the vertical and/or are not clearly
justified across all three tasks. Both of these features highlight an intuitive approach to the
phenomenon of refraction that, despite its deficiencies, signals some initial approach to
the Geometric Optics model. This mental schema appeared in the survey data with three
variants (MS4a, MS4b and MS4c), which are presented below. Indicative representations
belonging to this schema are shown in Figure 7.
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3.2.5. Mental Schema MS5: ‘Mental Schema of Confusion between Refraction and
Reflection/Diffusion’

The mental schema MS5 is described as the ‘mental schema of confusion between
refraction and reflection/diffusion’. This schema includes responses in which reflection
seems to dominate the act of light ray as it propagates from one media to the other. It was
mainly captured by responses confined in the first and third tasks and actually highlighted
a group of students who seemed unable to conceptualize the phenomenon of refraction.
Indicative representations belonging to this scheme are shown in Figure 8.
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In what follows, drawing from the statistical analysis, we present in detail the compo-
sition of these schemes. In particular, on the one hand, the results of the MCA are presented
by describing and analyzing the individual factors. On the other hand, two factorial planes
are presented that are constituted (a) by the first two most informationally important factors
and (b) by the third and fifth factors. These factorial planes were chosen as they contained
the set of schemata resulting from the analysis.

3.3. Structure of Students’ Cognitive Schemata about Refraction

In this section, we present the structure of schemata about refraction as provided by
the MCA based on the most important factors. Each factor (as an axis) gathers on each
side one group of categories (students’ responses). Therefore, each factor organizes and
represents two schemata, which contain specific representations while highlighting the
contradictions between these schemata.
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3.3.1. First Factor: MS2 Versus MS3 Cognitive Schemata

The first factor has an eigenvalue λ1 = 0.4989 and coefficient of inertia τ1 = 12.47%
(Table A1, Appendix A). This is characterized as the well-structured mental schema (MS2a:
the ‘mental schema compatible with the Geometric Optics model’) versus some fundamen-
tal alternative representations, which involve the reflection/deflection of light (MS3a: the
‘mental schema incompatible with the Geometric Optics model’). It is a very important
factor in our analysis, since it shows the contradictions between:

(1) the students’ correct responses, which concern a well-defined mental schema, MS2a
(one variant of the MS2 mental schema), with effectual reasoning in the first two tasks;

(2) some alternative representations exhibited by the majority of students in the sample,
which were based on the idea that the light ray will either not enter the glass tile as it is
reflected or diffused or will continue to propagate through glass tile moving in a straight
line (MS3a).

It is evident that students’ representations are explicitly grouped around two poles
(Table A2, Appendix B). The first pole is defined by the students having a well-structured
mental schema about the refraction of light, which is closer to the Geometric Optics model,
despite any deficiencies.

This mental schema (MS2a: ‘mental schema compatible with the Geometric Optics
model’, one variant of the MS2 mental schema) is determined by students who broadly
show across all three tasks the following answers:

Task 1 (a): The light will converge towards the vertical with sufficient justification.
Task 2 (a): The light will deviate from the vertical with sufficient justification.
Task 3 (c): The light enters the glass tile and is deflected from the vertical with little or
no justification.

The second pole (MS3a) is determined by those students who believe that:

Task 1 (e): The light will not enter the glass tile as it is either reflected or diffused.
Task 1 (d): The light will continue to move in a straight line with little or no justification.
Task 3 (d): The light is reflected perpendicular to the glass tile in the opposite direction.

In this case, we find a mental schema (MS3a, one variant of the MS3 mental schema)
that is incompatible with the Geometric Optics model. We will find the MS3 schema again
during the second factor analysis.

3.3.2. Second Factor: MS1 Versus MS3 Cognitive Schemata

The second factor has an eigenvalue λ2 = 0.4636 and coefficient of inertia τ2 = 11.59%
(Table A1, Appendix A). This factor is characterized by the contradiction between two alter-
native schemata (Table A2, Appendix B): MS1a (‘mental schema of the undisturbed linear
path’, one variant of the MS1 mental schema) and MS3b (‘mental schema incompatible with
the Geometric Optics model’, one variant of the MS3 mental schema). This is also a very
important factor in our analysis, since it shows the contradiction between students who
state across all three tasks that the light ray will move in a straight line and those who point
out that the light ray will get deflected. Thus, the students’ representations are grouped
around two poles.

The first pole is determined by those students who have a well-structured alternative
mental schema about the refraction of light. More specifically, the mental schema MS1a has
students who broadly show across all three tasks the following answers:

Task 1 (d): The light will continue to move in a straight line with insufficient or no justification.
Task 2 (d): The light will continue to move in a straight line with insufficient or no justification.
Task 3 (b): The light will continue to move in a straight line with insufficient or no justification.

Drawing from the frequencies of the responses (Table 1), it appears that the strongest
mental schema is that of the undisturbed straight line. Indeed, the majority of students
seem to rely on this initial explanation schema.

The second pole (MS3b) is determined by those students who believe that:
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Task 1 (e): The light will not enter the glass tile as it is reflected or diffused.
Task 3 (c): The light enters the glass tile and is deflected from the vertical with insufficient
or no justification
Task 3 (d): The light is reflected perpendicular to the glass tile in the opposite direction.

As stated above, these are students that rely on MS3b: the light ray will be deflected
either by reflection or refraction or by another kind of deflection that is not clearly explained
(see Figure 6).

3.3.3. Third Factor: MS2 Versus MS4 Cognitive Schemata

The third factor has an eigenvalue λ3 = 0.3895 and coefficient of inertia τ3 = 9.74%
(Table A1, Appendix A). This factor is characterized by the contradiction between two
alternative schemata (Table A2, Appendix B): MS2b (‘mental schema compatible with the
Geometric Optics model’, one variant of the MS2 mental schema), which have already
been found in the first factor, and MS4a (‘mental schema of the deficient approach to the
Geometric Optics model’, one variant of the MS4 mental schema). It is a very important
factor in our analysis, since it shows the contradiction between:

(1) students’ correct responses (well-defined mental schema) with sufficient justifica-
tion (MS2b);

(2) an alternative mental schema (MS4a), which was characterized as the ‘mental
schema of the deficient approach to the Geometric Optics model’. This schema was based
on the idea that the light ray will either converge towards the vertical or continue to move
perpendicular to the dividing surface without justifying this explanation.

Here, students’ representations are also explicitly grouped around two poles. The first
pole is defined by the students with a well-structured mental schema about the refraction
of light that is almost compatible with the scientific model. This mental schema (MS2b) is
determined by students who broadly show across all three tasks the following answers:

Task 2 (a): The light ray will deviate from the vertical with sufficient justification.
Task 2 (b): The light ray will deviate from the vertical with no justification.
Task 3 (a): The light ray will continue to move in a straight line with sufficient justification.

Although this mental schema, which is composed of answers given by the students in
tasks 2 and 3 and corresponds to specific representations, is not identical in all its individual
aspects with the corresponding mental schema that appears in the first factor (MS2a), it is
almost compatible with the scientific model of light refraction.

The second pole (MS4a) of this factor is determined by those students who believe
that the light rays converge to the vertical as soon as they do not move perpendicular to
the contact surface of the two media. More specifically, the answers concern:

Task 1 (b): The light ray will converge towards the vertical with insufficient or no justification.
Task 2 (c): The light ray will converge towards the vertical with insufficient or no justification.
Task 3 (b): The light ray will continue to move in a straight line with insufficient or no
justification.

These are students who rely on MS4a: the ‘mental schema of the deficient approach to
the Geometric Optics model’. The usage of this schema is often based on the convergence
of the light ray to the vertical, either with insufficient or without justification at all.

3.3.4. Fourth Factor: MS3 Versus MS4 Cognitive Schemata

The fourth factor has an eigenvalue λ3 = 0.3652 and coefficient of inertia τ3 = 9.13%
(Table A1, Appendix A). This is characterized (see the two groups in Table A2,
Appendix B) by one variant of mental schema MS3 (MS3c) and one variant of mental schema
MS4 (MS4c).

The first pole of this factor (MS3c) is determined by those students who believe that:

Task 1 (e): The light will not enter the glass tile as it is reflected.
Task 3 (d): The light is reflected perpendicular to the glass tile in the opposite direction
(T3IncorrectReflection).
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The second pole of this factor (MS4c) is determined by those students who believe
that light rays will change course without being able to reason their view according to the
Geometric Optics model. More specifically, the answers concern:

Task 1 (b): The light ray will converge towards the vertical with insufficient or no justification.
Task 2 (b): The light ray will deviate from the vertical with no justification.
Task 3 (c): The light ray enters the glass tile and is deflected from the vertical with insuffi-
cient or no justification.

Both of these schemata have already been found in the previous axes; therefore, there
is no need to analyze this axis further.

3.3.5. Fifth Factor: MS4 Versus MS5 Cognitive Schemata

The fifth factor has an eigenvalue λ5 = 0.3454 and coefficient of inertia τ5 = 8.63%
(Table A1, Appendix A). This factor is characterized by the contradiction between two
alternative schemata (Table A2, Appendix B): MS4 (‘mental schema of the deficient ap-
proach to the Geometric Optics model’), which were already found in the third factor, and
MS5 (‘mental schema of confusion between refraction and reflection/diffusion’). This is an
important factor in our analysis, since it shows the contradiction between:

(1) an alternative mental schema, which we called the mental schema of the deficient
approach to the Geometric Optics model (MS4). Here, we find a variant (MS4b), which was
based on the idea that the light ray will either converge to the perpendicular or continue to
move vertically without justifying these justifications;

(2) another alternative scheme, which we called the mental schema of confusion
between refraction and reflection/diffusion (MS5: ‘mental schema of confusion between
refraction and reflection/diffusion’).

Here, students’ representations are also explicitly grouped around two poles.
The first pole is defined by the students with the mental schema of the deficient

approach to the Geometric Optics model (MS4b) and involves students who believe that
light rays are either deflected or continue without deflection without being able to formulate
clear justifications. Students generally give the following answers:

Task 2 (b): The light ray will deviate from the vertical with no justification.
Task 3 (b): The light ray will continue to move in a straight line with insufficient or no
justification.
Task 3 (c): The light enters the glass tile and is deflected from the vertical with insufficient
or no justification.

This mental schema, which is composed of answers given by students in tasks 2 and 3,
primarily concerns ‘the mental schema of the deficient approach to the Geometric Optics
model’ (MS4b). While the answers here are given mainly with insufficient or no justification
at all, they tend to be close to the way of reasoning that governs the geometric perspective.

The second pole of this factor is determined by those students who confuse reflec-
tion with refraction (MS5: ‘mental schema of confusion between refraction and reflec-
tion/diffusion’. More specifically, the answers concern:

Task 1 (c): The light ray will deviate from the vertical with insufficient or no justification.
Task 3 (e): The light ray is reflected and diffused in different directions.

3.4. Organization and Graphical Representation of Students’ Cognitive Schemata about Refraction

In this section, we present two factorial planes: (a) the one constituted by the first
two—and most important in terms of information—factors and (b) the one constituted by
the third and fifth factors. These are the factorial planes comprising the set of schemata that
came up in our data analysis. In particular, in these factorial planes are placed the subgroup
categories of the representations. In this way, we can identify and explain graphically how
students’ representations are organized and structured and point out how, at the same
time, they are constituted in the schemata while highlighting the contradiction between
these schemata.
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3.4.1. First Factorial Plane (Factors 1 and 2): MS1, MS2 and MS3 Cognitive Schemata

An examination of the first factorial plane (Figure 9), which is formed by the first two
factors, provides interesting insights into the way in which students’ basic schemata of
light refraction are organized. The first two factors were chosen, because they represent the
most important information of the MCA. On the factorial plane, we observe three groups
of categories, i.e., answers to the three tasks, which express subsequent students’ mental
representations. As already presented, each group encompasses a main mental schema for
light refraction.
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Figure 9. Graphical representation of students’ cognitive schemata about light refraction (schemata
MS1, MS2 and MS3). The factorial plane is defined by the first two factors.

The first group counts as the ‘mental schema of the undisturbed linear path’
(MS1—variant MS1a) and is represented in the lower right quadrant of the factorial plane
in a three-point cloud. The second group counts as the ‘mental schema compatible with
the Geometric Optics model’ (MS2—variant MS2a) and is represented by the three-point
cloud in the left-hand quadrant of the factorial plane. The third group counts as the ‘cogni-
tive schema incompatible with the Geometric Optics model’ (MS3—variant MS3c) and is
represented in the upper-right quadrant. The factorial plan thus represents the three main
schemata resulting from our data analysis. Any additional information that the factorial
plane provides us is the following: Due to the way the MCA operates, the closer to the
beginning of the axes of the factorial plane a cloud is placed, the more subjects in the survey
exhibit the mental schema represented by this cloud. Consequently, as MS2 is the most
compatible with the Geometric Optics model, it is a mental schema that fewer subjects in
the sample possess compared to the MS1 and MS3 schemas. This finding is already evident
in the frequency tables (Table 1) with respect to the individual representations that form
these mental schemas.

3.4.2. Second Factorial Plane (Factors 3 and 5): MS2, MS4 and MS5 Cognitive Schemata

The examination of the factorial plane (Figure 10), which is formed by the third and
fifth factors, provides additional information about the way in which the students’ last
two schemata of light refraction are organized. These are schema MS4 (‘mental schema
of the deficient approach to the Geometric Optics model’) and schema MS5 (‘mental
schema of confusion between refraction and reflection/diffusion’). We chose this factorial
plane of the MCA, because it represents information that is not provided by the previous
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factors regarding mental schema MS5 (‘mental schema of confusion between refraction
and reflection/diffusion’) and is the only category that has not been described so far by our
analysis. This factorial plane also represents some categories concerning mental schema
MS4 (variant MS4a) (‘mental schema of the deficient approach to the Geometric Optics
model’) that do not appear in the previous factorial plane (Figure 9), as well as some
categories concerning schema MS2 (variant MS2b) (‘mental schema compatible with the
Geometric Optics model’).
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Figure 10. Graphical representation of students’ cognitive schemata about light refraction (schemata
MS2, MS4 and MS5). The factorial plane is defined by the third and fifth factors.

In particular, in the factorial plane, we observe three main groups of categories. The
first group contains the two categories mentioned earlier and concerns the ‘mental schema
regarding the confusion between refraction and reflection/diffusion’ (MS5). The second
group concerns the ‘mental schema of the deficient approach to the Geometric Optics
model’ (MS4) (variant MS4a), while the third group contains categories concerning mental
schema MS2 (variant MS2b). It can be seen that one variant of schema MS2 appears in
these factors as well. This is due to the nature of the MCA; each factor counts for specific
categories of the analysis and represents a percentage of the total information, while these
categories can be found on more than one axis.

4. Discussion and Conclusions

In the current research study, we attempted to explore, on the one hand, the mental
representations of 9th grade students about refraction and, on the other hand, to study how
these representations are grouped together and construct more stable forms of thinking
called schemata.

The results of the descriptive analysis captured the individual representations of
the students as they appeared in the three tasks. The findings for these representations,
which were classified into 15 distinct categories, are in line with the existing relevant
literature. Difficulty in approaching the refraction phenomenon was found in all tasks,
while more than half of the students were not able to deal with the refraction phenomenon at
all [22–25]. Given the fact that the students in the sample had already been taught the
refraction phenomenon, these data clearly highlight the issue of the ineffectiveness of
traditional instruction for teaching light propagation. However, we have to take into
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account that the approach to this teaching was model-based [40–42]. In recent years, the
emergence of a phenomenological perspective might perhaps give new dimensions to the
teaching and learning of refraction [32,33].

The results of the Multiple Correspondence Analysis (MCA) allowed the approach of
the organization and constitution of the 15 categories of mental representations in order to
establish the constitution of the schemata, i.e., explanatory mental entities for the concept
of refraction. These schemata hold interesting elements that clearly allow for further
deeper thinking.

The strongest mental schema (MS1) in terms of the frequency of occurrence in the
survey sample is the one that recognizes that light rays move in a straight line without
deflection, regardless of the change of the medium of propagation. Clearly, this is a thought
pattern that has not been affected at all by school instructions. In addition, refraction seems
to be out of context for those students who created their answers based on MS5, as they
predicted reflection for tasks in which the phenomenon of refraction was apparent. This
mental schema counted as a basic misconception that emerged in the reasoning of a small
number of students and is apparently distant from school–scientific knowledge.

Regarding the other three schemes (MS2, MS3 and MS4), the refraction effect seems to
be recognized in various ways. In particular, the reasonings found in the MS3 scheme are
not governed by fixed rules. Here, the students sometimes refer to reflection and sometimes
to an undisturbed path while other times pointing out a kind of change in the path of
the light ray. In all these reasonings, there is inadequate or a total absence of justification.
Consequently, in this scheme, the changes in the predictions are continuous and without
any regularity, so, in fact, it is a pseudo-schema that consists of representations that are not
related to the Geometric Optics model.

The representations that comprise the MS4 schema are characterized by a basic pattern
of scientifically correct predictions with insufficient justifications. It seems that it is a
schema that, while acting as the initial phase of dealing with the Geometric Optics model,
is still unstable and intermittent and therefore leads to difficulties in conceptualizing the
phenomenon of refraction.

In contrast, the usage of the MS2 schema compatible with Geometric Optics generally
leads to correct predictions and justifications, although, in some cases, there are some
ambiguities in the justifications. This schema does not seem to be very strong in terms of
the frequency of occurrence, and certainly, our findings raise the issue of teaching strategies
for the concept of refraction at this level of education.

The above-mentioned findings raise the matter of efficient teaching practices, as it
is apparent that the different ways in which children deal with the concept of refraction
through schemata have patterns that are relatively strong and stable. This is, after all,
the precise meaning of mental schema. Nevertheless, the fact that the reasoning derived
from these schemata is stable emphasizes the need for systematic and specifically oriented
teaching interventions that go beyond both the traditional teaching of refraction, i.e., the
presentation of the phenomenon and the declarative learning of Snell’s law, in terms of
both content and orientation. In addition, the inefficiency of a traditional didactic approach
to refraction is pervasive in the results of our research. Therefore, moving towards this
perspective, we are trying to design new learning environments that take into account the
findings of the current study.
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Appendix A

Table A1. MCA parameter values.

Factor Eigenvalue λ Coefficient of Inertia τ Cumulated Percentage

1 0.4989 12.47 12.47

2 0.4636 11.59 24.06

3 0.3895 9.74 33.80

4 0.3652 9.13 42.93

5 0.3454 8.63 51.56

6 0.3320 8.30 59.86

Appendix B

Table A2. Five first factors’ descriptions by active categories of MCA and cognitive schemata’s
description.

Printout on Factor 1 by the Active Categories

Variable Label Category Label Test Value Weight

MS2a: “mental schema compatible with the Geometric Optics model”

Task 1 T1Correct −7.52 12,000

Task 2 T2Correct −9.46 13,000

Task 3 T3IncorrectDeviation −6.26 34,000

MS3a: “mental schema incompatible with the Geometric Optics model”

Task 1 T1IncorrectReflection 4.06 45,000

Task 1 T1IncorrectStraightLine 4.28 123,000

Task 3 T3IncorrectReflection 6.69 51,000

Printout on factor 2 by the active categories

Variable label Category label Test Value Weight

MS1a: “mental schema of the undisturbed linear path”

Task 1 T1IncorrectStraightLine −9.35 123,000

Task 2 T2IncorrectStraightLine −8.81 121,000

Task 3 T3CorrectWithoutExlpanation −7.73 89,000

MS3b: “mental schema incompatible with the Geometric Optics model”

Task 1 T1IncorrectReflection 8.31 45,000

Task 3 T3IncorrectDeviation 4.76 34,000

Task 3 T3IncorectReflectionDeviation 7.27 51,000
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Table A2. Cont.

Printout on factor 3 by the active categories

Variable label Category label Test Value Weight

MS2b: “mental schema compatible with the Geometric Optics model”

Task 2 T2Correct 4.85 13,000

Task 2 T2CorrectWithoutExplanation 5.40 29,000

Task 3 T3Correct 6.07 20,000

MS4a: “mental schema of the deficient approach to the Geometric Optics model”

Task 1 T1CorrectWithoutExplanation −4.41 15,000

Task 2 T2IncorrectConvergence −9.01 21,000

Task 3 T3CorrectWithoutExlpanation −5.52 89,000

Printout on factor 4 by the active categories

Variable label Category label Test Value Weight

MS4c: “ mental schema of the deficient approach to the Geometric Optics model”

Task 1 T1CorrectWithoutExplanation −6.64 15,000

Task 2 T2CorrectWithoutExplanation −7.19 29,000

Task 3 T3IncorrectDeviation −4.73 34,000

MS3c: “mental schema incompatible with the Geometric Optics model”

Task 1 T1IncorrectReflection 4.77 45,000

Task 3 T3IncorrectReflection 4.48 51,000

Printout on factor 5 by the active categories

Variable label Category label Test Value Weight

MS5: “mental schema of confusion between refraction and reflection/diffusion”

Task 1 T1IncorrectDeviation −5.66 18,000

Task 3 T3IncorrectReflectionDeviation −11.00 19,000

MS4b: “mental schema of the deficient approach to the Geometric Optics model”

Task 2 T2CorrectWithouExplanation 4.86 29,000

Task 3 T3CorrectWithoutExlpanation 5.81 89,000

Task 3 T3IncorrectDeviation 3.90 34,000
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Handbook of Physics Education Research: Teaching Physics; Taşar, M.F., Heron, P.R.L., Eds.; AIP Publishing: Melville, NY, USA, 2023;
pp. 20.1–20.12.

10. Genzling, J.-C.; Pierrard, M.-A. La modélisation, la description, la conceptualisation, l’explication et la prédiction (Modelling,
description, conceptualisation, explanation and prediction). In Nouveaux Regards sur l’Enseignement et l’Apprentissage de la
Modélisation en Sciences; Martinand, J.-L., Ed.; INRP: Paris, France, 1994; pp. 47–78.

11. Ravanis, K.; Boilevin, J.-M. What use is a Precursor Model in early Science teaching and learning? Didactic perspectives. In
Precursor Models for teaching and learning Science during early childhood; Boilevin, J.-M., Delserieys, A., Ravanis, K., Eds.; Springer:
Cham, Switzerland, 2022; pp. 33–49.

12. Tiberghien, A. Connaissances naïves et didactique de la physique (Naïve knowledge and didactics of physics). In Les Connaissances
Naïves; Lautrey, J., Rémi, S., Giraud, E., Sander, E., Tiberghien, A., Eds.; Armand Colin: Paris, France, 2008; pp. 103–153.

13. Weil-Barais, A. L’étude des connaissances des élèves comme préalable à l’action didactique. Bull. De Psychol. 1984, 38, 157–160.
14. Carlston, D. Social Cognition. In Advanced Social Psychology: The State of the Science; Baumeister, R.F., Finkel, E.J., Eds.; Oxford

University Press: New York, NY, USA, 2010; pp. 63–99.
15. Hampson, P.J.; Morris, P.E. Understanding Cognition; Blackwell Publishers Inc: Cambridge, MA, USA, 1996.
16. Piaget, J. La Psychologie de l’Intelligence; Colin: Paris, France, 1947.
17. Hubbard, T.L. What is mental representation? And how does it relate to consciousness? J. Conscious. Stud. 2007, 14, 37–61.
18. Piaget, J. The Origins of Intelligence in Children; International University Press: New York, NY, USA, 1952.
19. Segal, Z. Appraisal of the self-schema: Construct in cognitive models of depression. Psychol. Bull. 1988, 103, 147–162. [CrossRef]
20. Andersson, B.; Kärrqvist, C. How Swedish pupils aged 12-15 years understand light and its properties. Eur. J. Sci. Educ. 1983, 5,

387–402. [CrossRef]
21. Bouwens, R.E.A. Misconceptions among pupils regarding geometrical optics. In Misconception and Educational Strategies in Science

and Mathematics, Proceedings of the Second International Seminar, Ithaca, NY, USA, 26–29 July 1987; Novak, J., Ed.; Cornell University:
Ithaca, NY, USA, 1987; Volume III, pp. 23–28.

22. Chen, J.-Y.; Chang, H.-P.; Guo, C.-J. The development of a diagnostic instrument to investigate students’ alternative conceptions
of reflection and refraction of light. Chin. J. Sci. Educ. 2004, 12, 311–340.

23. Galili, I.; Bendall, S.; Goldberg, F. The effects of prior knowledge on understanding image formation. J. Res. Sci. Teach. 1993, 30,
271–301. [CrossRef]

24. Saxena, A.B. The understanding of the properties of light by students in India. Int. J. Sci. Educ. 1991, 13, 283–289. [CrossRef]
25. Singh, A.; Butler, P. Refraction: Conceptions and knowledge structure. Int. J. Sci. Educ. 1990, 12, 429–442. [CrossRef]
26. Keawkhong, K.; Emarat, N.; Arayathanitkul, K.; Soankwan, C.; Chitaree, R. Student’s misunderstanding in using a ray diagram

in light refraction. Thai J. Phys. 2008, 3, 175–176.
27. Zhao, L.; He, W.; Liu, X.; Tai, K.H.; Hong, J.C. Exploring the effects on fifth graders’ concept achievement and scientific

epistemological beliefs: Applying the prediction-observation-explanation inquiry-based learning model in science education. J.
Balt. Sci. Educ. 2021, 20, 664–676. [CrossRef]

28. Harrison, A.G.; Treagust, D.F. Teaching with analogies: A case study in grade-10 Optics. J. Res. Sci. Teach. 1993, 30, 1291–1307.
[CrossRef]

29. Treagust, D.F.; Harrison, A.G.; Venville, G.J. Using an analogical teaching approach to engender conceptual change. Int. J. Sci.
Educ. 1996, 18, 213–222. [CrossRef]

30. Aydin, S. Remediation of misconceptions about geometric optics using conceptual change texts. J. Educ. Res. Behav. Sci. 2012, 1,
1–12.

31. Ubawuike, A.B. Using guided inquiry-based approach to teach refraction: An experience with college students. Res. J. Educ. Stud.
Rev. 2018, 4, 49–54.

32. Fliegauf, K.; Sebald, J.; Veith, J.M.; Spiecker, H.; Bitzenbauer, P. Improving early Optics instruction using a phenomenological
approach: A field study. Optics 2022, 3, 409–429. [CrossRef]

33. Sebald, J.; Fliegauf, K.; Veith, J.; Spiecker, H.; Bitzenbauer, P. The world through my eyes: Fostering students’ understanding of
basic Optics concepts related to vision and image formation. Physics 2022, 4, 1117–1134. [CrossRef]

34. Fyttas, G.; Komis, V.; Ravanis, K. Ninth grade students’ mental representations of the refraction of light: Didactic implications.
Revis. Mexic. Fisic. E 2013, 59, 133–139.

35. Jonson, R.; Wichern, D. Applied Multivariate Statistical Analysis, 4th ed.; Prentice Hall: Upper Saddle River, NJ, USA, 1998.
36. Benzécri, J.P. Correspondence Analysis handbook; Marcel Dekker: New York, NY, USA, 1992.
37. Greenacre, M.J. Correspondence Analysis in Practice; Academic Press: London, UK, 1993.
38. Jimoyiannis, A.; Komis, V. Computer simulations in physics teaching and learning: A case study on students’ understanding of

trajectory motion. Comp. & Educ. 2001, 36, 183–204.
39. Le Roux, B.; Rouanet, H. Multiple Correspondence Analysis; SAGE Publications, Inc.: Thousand Oaks, CA, UK, 2010.
40. Kaltakci-Gurel, D. Exploring Pre-Service Teachers’ Conceptual Understanding and Confidence in Geometrical Optics: A Focus on

Gender and Prior Course Achievement. Educ. Sci. 2023, 13, 452. [CrossRef]

https://doi.org/10.1037/0033-2909.103.2.147
https://doi.org/10.1080/0140528830050403
https://doi.org/10.1002/tea.3660300305
https://doi.org/10.1080/0950069910130306
https://doi.org/10.1080/0950069900120409
https://doi.org/10.33225/jbse/21.20.664
https://doi.org/10.1002/tea.3660301010
https://doi.org/10.1080/0950069960180206
https://doi.org/10.3390/opt3040035
https://doi.org/10.3390/physics4040073
https://doi.org/10.3390/educsci13050452


Educ. Sci. 2023, 13, 467 19 of 19

41. Métioui, A. Primary School Preservice Teachers’ Alternative Conceptions about Light Interaction with Matter (Reflection,
Refraction, and Absorption) and Shadow Size Changes on Earth and Sun. Educ. Sci. 2023, 13, 462.

42. Ravanis, K. Natural sciences in kindergarten: A socio-cognitive framework for learning and teaching. Int. Rev. Educ. 2005, 51,
201–218. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11159-005-1885-x

	Introduction 
	Materials and Methods 
	Research Questions and Tools of Analysis 
	Sample 
	Tasks 
	Task 1 
	Task 2 
	Task 3 


	Results 
	Students’ Mental Representations Based on Different Tasks’ Descriptions 
	Identification of Students’ Cognitive Schemata about Refraction 
	Mental Schema MS1: ‘Mental Schema of the Undisturbed Linear Path’ 
	Mental Schema MS2: ‘Mental Schema Compatible with the Geometric Optics Model’ 
	Mental Schema MS3: ‘Mental Schema Incompatible with the Geometric Optics Model’ 
	Mental Schema MS4: ‘Mental Schema of the Deficient Approach to the Geometric Optics Model’ 
	Mental Schema MS5: ‘Mental Schema of Confusion between Refraction and Reflection/Diffusion’ 

	Structure of Students’ Cognitive Schemata about Refraction 
	First Factor: MS2 Versus MS3 Cognitive Schemata 
	Second Factor: MS1 Versus MS3 Cognitive Schemata 
	Third Factor: MS2 Versus MS4 Cognitive Schemata 
	Fourth Factor: MS3 Versus MS4 Cognitive Schemata 
	Fifth Factor: MS4 Versus MS5 Cognitive Schemata 

	Organization and Graphical Representation of Students’ Cognitive Schemata about Refraction 
	First Factorial Plane (Factors 1 and 2): MS1, MS2 and MS3 Cognitive Schemata 
	Second Factorial Plane (Factors 3 and 5): MS2, MS4 and MS5 Cognitive Schemata 


	Discussion and Conclusions 
	Appendix A
	Appendix B
	References

