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Abstract:  

 

In the field of physics education, the identification of students' preconceptions—especially 
regarding light and color—has been pivotal, as these foundational ideas often persist through 
higher education. Within teacher education, this is particularly crucial, as these early conceptions 
can deeply influence how future educators understand and teach these concepts, highlighting the 
need for an approach that weaves these initial understandings into a coherent scientific 
framework. Instructing students on color concepts reveals that many grapple with the fundamental 
optical principles. These initial understandings are integral to designing educational sequences 
that facilitate conceptual evolution, allowing for a deeper grasp of scientific ideas. This study 
aimed to examine and interpret the initial conceptions that aspiring primary and secondary 
educators hold about color and its optical fundamentals, while also developing and applying 
virtual teaching resources to promote a conceptual change about these foundational concepts. A 
quasi-experimental approach was employed, comprising control and experimental groups, and 
utilizing both qualitative and quantitative methods for a comprehensive analysis. Engaging 409 
trainee teachers through non-probabilistic sampling, the study stratified participants by degree 
program. These groupings facilitated a comparative evaluation of the pedagogical efficacy of the 
educational resources developed. The study utilized an online assessment comprising single-
answer multiple-choice questions, grounded in prior research, which was psychometrically 
validated. Educational tools were then developed and implemented to foster a deeper 



understanding of color concepts among prospective teachers. Results analysis highlighted the 
existence of preconceptions about color among participants from diverse educational 
backgrounds. The interventions employed were effective in catalyzing a shift in conceptual 
understanding and in elevating the knowledge levels of the trainee teachers. 

1. Introduction  
The intended audience for this paper primarily comprises physics educators, specifically 
those involved in the training of future primary and secondary school teachers. The 
study's insights and findings are tailored to address the pedagogical approaches within the 
physics curriculum, aiming to enhance the educators' understanding and teaching 
methodologies related to color concepts. While the nuanced discussions of color 
perception may intersect with the interests of vision scientists, the primary focus remains 
on the application and implications of these concepts within the domain of physics 
education. The paper aims to serve as a resource for teacher educators, curriculum 
developers, and educational researchers who are seeking to implement evidence-based 
strategies to improve the conceptual understanding of color in physics. 

The importance of using everyday references in science education, especially in the 
teaching of physics, has been a constant concern of educators (Pérez Lozada & Falcón, 
2009). This is due, to a significant extent, to the fact that current educational plans do not 
give sufficient relevance to the treatment of important topics in science education. The 
scientific literacy for citizenship perspective is often overlooked, which in turn limits 
innovation at the methodological level. Several studies point out how slight improvement 
has been made in the dynamics between the teacher and the student in the sciences 
classroom (Ghafarpour & Moinzadeh, 2020; Mellado Jiménez et al., 2014; Titsworth et 
al., 2010; Witt et al., 2004). This is because science is still taught in a unidirectional and 
expository way, centered on the teacher. Students' prior knowledge and their potential to 
achieve significant learning is often downplayed (Busquets et al., 2016; Cofré et al., 2010; 
Costa et al., 2015). Thus, for example, physics in general (and optics in particular) is one 
of the subjects in which students present many preconceptions and conceptual errors such 
as the belief that vision involves the eye emitting rays or that objects must emit light to 
be seen (Aydin, 2012; Duit et al., 2014; Martínez-Borreguero, Pérez-Rodríguez, et al., 
2013). In addition, physics is often identified as the subject that arouses the least interest 
in the students (Dávila-Acedo, 2017; Osborne et al., 1998). Furthermore, the importance 
of acknowledging and building upon preconceptions in educational settings is essential, 
as meaningful learning occurs when students can relate new concepts to their prior 
knowledge (Bleicher & Lindgren, 2005; Bruner, 1996; Duit & Treagust, 1998; 
Vosniadou, 2008, 2019), a process which has significant implications for teaching 
complex topics such as color and optics (Bendall et al., 1993; Ceuppens et al., 2018; Colin 
et al., 2002; Colin & Viennot, 2001; Favale & Bondani, 2014; Galili et al., 1993; Galili 
& Hazan, 2000; Gil-Llinás et al., 2003; Kaltakci-Gurel et al., 2016; Perales Palacios et 
al., 1989). 

Students' understanding of specific physics concepts such as those related to optics, from 
early childhood to university level and beyond, has attracted the interest of some 
researchers in different countries (Heywood, 2005; Langley et al., 1997; Martínez-



Borreguero, Pérez-Rodríguez, et al., 2013). In fact, there are several studies that show the 
presence of preconceptions about these physics contents, not only in primary and 
secondary school students, but also in university students such as, for example, pre-
service teachers (Colin et al., 2002; Tural, 2015). According to some authors, having 
passed physics courses or having obtained a university degree in the area does not 
guarantee an appropriate understanding and proficiency in the fundamental principles and 
concepts for a consistent application of phenomena or natural laws (Grizalez et al., 2002). 
Other research (Favale & Bondani, 2014; Galili & Hazan, 2000; Uzun et al., 2013) has 
shown that, even after formal instruction, students maintain preconceptions about 
concepts related to light and color, reaching higher stages with low knowledge about these 
topics (Andersson & Kärrqvist, 1983; Colin et al., 2002; Osborne et al., 1993). One study 
(Martínez-Borreguero, Pérez-Rodríguez, et al., 2013) indicated that more than 80% of 
respondents had preconceptions regarding the concept of color, such as, for example, 
assuming that color is a property of objects (Anderson & Smith, 1984; Eaton et al., 1986; 
Guesne, 1985). Most individuals spontaneously (especially in childhood) produce their 
own explanations of how science works (Disessa et al., 2004; Driver et al., 1985), which 
eventually evolve into preconceptions. In most cases, these preconceptions persist 
throughout life. Even at higher academic levels, such as university, instruction is not 
always enough to make preconceptions about color disappear (Feher & Meyer, 1992; 
Haagen-Schützenhöfer, 2017; Mota & Lopes Dos Santos, 2014; Viennot & de Hosson, 
2012). 

Focusing on university students, some researchers (Kaltakci-Gurel et al., 2016) have 
detailed some of the difficulties and conceptual errors presented by pre-service teachers 
in the teaching/learning of optics. Although vision is one of our most important senses 
and our experience with light begins at an early age, several studies indicate that 
individuals have serious problems in understanding the nature of light, light propagation, 
vision, and optical imaging (Bendall et al., 1993; Heywood, 2005; van Zee et al., 2005). 
Goldberg and McDermott (1986) examined university students' understanding of images 
formed with plane mirrors, converging lenses and concave mirrors, concluding that this 
group presented various difficulties in understanding this content. According to the 
intervention conducted by Pesa de Danón (1999), most students consider that, when 
illuminating a certain object with a light source and placing a white sheet behind it, the 
shadow observed is a consequence of the presence of the object. In fact, it is due to the 
absence of light, which proves that there are alternative ideas about light propagation. 
Studies on learning about the nature and perception of color reveal that, despite formal 
teaching, the explanations that remain in students are those that are constructed based on 
everyday knowledge (Pesa de Danón et al., 1995). Likewise, another study by Pesa de 
Danón & Colombo de Cudmani (1998) found that the surveyed students presented 
alternative ideas regarding the formation of both real and virtual images through mirrors 
and lenses. Kaltakci-Gurel et al. (2016) studied preconceptions and conceptual difficulties 
of physics teachers-in-training about geometrical optics, focusing on plane and spherical 
mirrors (concave and convex) and lenses (convergent and divergent), as did Tural (2015). 
Uzun et al. (2013) focus on the concepts of light and vision in pre-service teachers. In 



addition, van Zee, et al. (2005) conducted a case study during a summer school for 
elementary and secondary school teachers, who were required to construct explanatory 
models of various optical phenomena. 

Additionally, when the concept of color is explained to students at different educational 
levels, from elementary school to university, it is found that many have difficulties in 
understanding the basic concepts of optics involved. Feher and Meyer (1992), for 
example, studied children's ideas about colored objects and colored shadows, with 
particular attention to how these ideas are organized into mental models. Valanides and 
Angeli (2008) conducted a distributed collaborative investigation regarding the scientific 
concepts of light, vision, and color with sixth graders. On the other hand, Haagen-
Schützenhöfer (2017) focused a study on white light, a crucial element to understand the 
processes underlying color formation. This author concluded that students often lack an 
adequate concept of white light even after optics instruction, which causes learning 
difficulties with respect to color phenomena. Likewise, Martínez-Borreguero et al. (2013) 
conducted a study with 470 university students and used concept maps to combat the 
preconceptions found. In addition, within a broader study on geometric optics conducted 
with trainee teachers, a poor understanding of the concept of dispersion in prisms was 
detected (Perales Palacios et al., 1989). 

The above findings constitute a problem of relevance, especially when the subjects who 
present preconceptions and low levels of scientific knowledge are pursuing their 
university studies to become teachers (Kaltakci-Gurel et al., 2016) and must teach these 
concepts in their future professional practice. Of particular concern is the persistence of 
these preconceptions in pre-service teachers, both at the Primary and Secondary 
Education levels, as teachers' understanding and their interests, attitudes and classroom 
activities greatly influence students' learning (Abd-El-khalick & Lederman, 2000). 
Perhaps the most troubling aspect of preconceptions, however, is not their existence, but 
their persistence. In fact, preconceptions should not be seen by teachers as an impediment 
to learning, but as a necessary starting point to build new scientific knowledge (Furió Más 
et al., 2006). Teachers must ensure that students build scientific knowledge in which to 
integrate the ideas with which they come to class, and not the other way around, as is 
usually the case with much of scientific learning at school (Pozo, 1996). Therefore, one 
of the key issues is to determine which strategy best helps the student in the process of 
acquiring academic knowledge.  

Learning physics requires bringing concepts and models to the classroom, but also 
introducing pupils to the development of some specific aspects of scientific work, to 
ensure satisfactory learning by students (Bravo & Rocha, 2004). Many experts in the field 
agree that active teaching strategies are of significant help for the improvement of 
conceptual learning of the different subjects addressed both at university and secondary 
level (Bostan Sarıoğlan et al., 2021; Martínez-Borreguero et al., 2022; McDermott & 
Shaffer, 2002; Sokoloff & Thornton, 1997). Active learning methodologies, a product of 
the last 30 years of educational research, significantly improve the conceptual 
understanding of physics (Alborch et al., 2015; Laws, 1991), reproducing the scientific 
process in the classroom and aiding the development of reasoning skills. Therefore, 



various authors and international organizations have proposed methodologies and 
strategies to increase student achievement and motivation, always highlighting the use of 
experimental resources and experimentation in teaching (Pérez Lozada & Falcón, 2009). 
In this sense, to overcome the barriers associated with traditional teaching, active 
methodologies emerge that propose to emphasize the role that the student should have in 
the process of constructing his own knowledge (Alborch et al., 2015). This process 
considers, fundamentally, the students' starting situation, designing from there a path that 
helps them to solve the incongruities and contradictions between their beliefs and the 
scientific knowledge accepted by the experts of the discipline (Benegas et al., 2009). 
Specifically, education experts suggest relying on active approaches such as 
constructivism, inquiry, problem-based approaches, context-based learning, or 
interdisciplinary integration (Millar, 2020; Wood et al., 1995). However, despite 
indications from experts in the field, the use of active methodologies in the physics 
classroom is complicated when teachers lack the necessary knowledge to approach such 
methodologies effectively (Crismond & Adams, 2012). A successful change in the 
curriculum approach must start with well-trained and willing teachers (Martínez-
Borreguero et al., 2022).  

One of the didactic tools that can be developed and that can be useful for student learning 
at different educational levels are hyperrealistic simulations (Martínez-Borreguero, 
Naranjo-Correa, et al., 2013). For this reason, in the present research hyperrealistic 
spectral simulations have been developed as an educational resource to help the student 
to better understand the functioning of light and color as a complement to real 
observations. The novelty lies in the fact that these simulations provide the user with a 
more realistic perception of the physical phenomenon being simulated. Hyperrealistic 
spectral simulations are especially useful for the representation of optical phenomena, 
since the phenomenon being simulated is the one being seen. In this way, the students 
identify what they see happening in the simulated model with what they see happening in 
reality, which prevents problems from arising among students who have a lower capacity 
for abstraction. We consider it relevant to carry out this type of activities, especially with 
teachers in training, so that they can increase their levels of teaching self-efficacy, 
promoting their future professional development. 

Considering the above contributions, it is worth noting that initial and lifelong teacher 
training is part of the change, since educators are the ones who must learn new ways of 
teaching. Thus, initial teacher training, in the field of science, is a fundamental process in 
the professional development of future teachers and an interesting area to study and 
analyze due to its scope and implications (Cofré et al., 2010). For this reason, this work 
has focused on the development of simulations as didactic tools for teachers in training, 
with the aim of combating the preconceptions found and promoting an improvement in 
the teaching of color at all educational stages.  

Last, but not least, the present study, while framed within the context of physics 
education, touches upon the inherently complex nature of color perception—a subject that 
straddles the lines between physics, biology, and cognitive science. As such, certain 
terminologies and concepts traditionally accepted within the domain of physics 



education, such as referring to wavelengths of light as 'colors' of the visible spectrum, 
may diverge from those used in vision science. We acknowledge that from a vision 
science standpoint, color is not an intrinsic property of light or objects but rather a 
perceptual experience located within the observer. 

2. Methodology 
The research carried out followed a quasi-experimental and quantitative design, with pre-
test, post-tests, and distribution of the sample in control and experimental groups. To 
validate from a didactic point of view the usefulness of the teaching-learning sequences 
designed, the didactic strategies used in the sessions were considered as an independent 
variable The dependent variable was the learning achieved by the teachers in training at 
the end of the didactic intervention. 

2.1. Objectives 
Several objectives have been formulated according to the variables under study. The first 
objective of the study was to diagnose the preconceptions that teachers in training have 
about color and related basic concepts of optics. The second objective of the research was 
to validate, from an educational point of view, the usefulness of the didactic resources 
developed.  

2.2. Hypotheses 
The objectives of the study have served as a basis for formulating the following 
hypotheses: 

Hypothesis 1: Primary and secondary school teacher trainees present preconceptions 
about basic optics concepts related to light and color. 

Hypothesis 2: Hyperrealistic light and color simulations facilitate meaningful, long-term 
learning in primary school teacher trainees. 

2.3.  Sample 
The study was conducted with the participation of 409 trainee teachers who were selected 
by non-probabilistic sampling due to the ease of access to them. The 409 participants, 
future primary and secondary school teachers, were divided into separate groups 
according to their academic background. Prior to their participation in the study, all 
participants underwent screening for color vision deficiencies. Individuals diagnosed with 
any type of color vision deficiency were not included in the study. This measure was 
implemented to guarantee that the study's results solely represent the impact of the 
educational interventions, eliminating potential biases arising from differences in color 
perception abilities among participants. 

In this study, the utilization of the subsamples was strategically differentiated to address 
various phases. Subsamples 1 and 2, comprising students from the Degree in Primary 
Education and the Master's Degree in Teacher Training in Secondary Education 
respectively, were primarily involved in the diagnostic phase of the study (Hypothesis 1). 
Their participation was crucial in identifying and analyzing the persistence of 
preconceptions about color and optics, despite their formal educational backgrounds. 



Conversely, Subsample 3, which included only primary school teachers in training, 
played a pivotal role in the assessment phase (Hypothesis 2). This group was specifically 
engaged in evaluating the effectiveness of the hyperrealistic simulations developed for 
the study. Subsample 3 was divided into two groups, a Control Group (CG) and an 
Experimental Group (EG), to facilitate a comparative analysis of the learning outcomes 
influenced by the traditional teaching methods and the innovative simulation-based 
approach. This strategic division of subsamples ensured a comprehensive assessment of 
both the prevailing preconceptions in teacher trainees and the efficacy of the didactic tools 
designed to address them. Here follows a detailed and precise description of each 
subsample engaged in the study. 

 

Diagnostic phase: 

Subsample 1: On the one hand, several groups of students of the Degree in Primary 
Education participated, constituting a total of 184 subjects between 21 and 30 years of 
age. This group of students were in their last year of their university degree to become 
Primary Education teachers.  

Subsample 2: On the other hand, students from the Master's Degree in Teacher Training 
in Secondary Education with Bachelor's Degrees in Physics, Chemistry, Engineering or 
Architecture participated in the study. This group consisted of 156 subjects, aged between 
24 and 40 years. Our intention in selecting a sample of these characteristics was based on 
the persistence of preconceptions despite the formal instruction received throughout their 
years of study (Martínez-Borreguero, Naranjo-Correa, et al., 2013; Uzun et al., 2013).  

 

Validation phase: 

Subsample 3: We also worked in subgroups with the group of primary school teachers 
in training, with the purpose of validating the didactic tools designed, by means of a non-
probabilistic sampling due to the ease of access. As an example, this paper presents the 
results of the intervention developed with 69 students of the Degree in Primary Education, 
who are studying didactics of experimental sciences to become future teachers. These 
students were divided into two homogeneous and equivalent working groups in terms of 
initial knowledge, a Control Group (CG) and an Experimental Group (EG). The CG 
consisted of 33 students and the EG consisted of 36 students. The same amount of time 
was used with both the CG and the EG for the teaching of the contents.  

2.4. Development of the intervention  
In the Control Group, a conventional teaching approach was adopted, where instructors 
predominantly utilized PowerPoint presentations supplemented with theoretical 
explanations. These presentations were composed of diagrams and static images, 
illustrating key scientific principles. However, this method lacked interactive or practical 
elements, focusing solely on theoretical understanding without hands-on application.  



In contrast, the Experimental Group experienced a more innovative approach, engaging 
with the same scientific topics using hyperrealistic simulations (Martínez-Borreguero et 
al., 2016; Naranjo-Correa et al., 2017). This dynamic and interactive environment 
provided a more immersive and engaging learning experience, allowing students to 
explore and understand the underlying principles through direct experimentation, 
mirroring real-world scenarios more closely than traditional methods. It should be 
recalled that the hyperrealistic simulations developed show environments of optical 
phenomena that reproduce the behavior of real systems with a higher level of reality than 
those of traditional computer simulations. 

2.5.  Measuring instrument 
A test on basic concepts of optics related to light and color was used as a measuring 
instrument to analyze the increase in learning achieved by the students after the didactic 
interventions. This test consisted of closed multiple-choice questions with a single 
answer, designed based on previous studies (Martínez-Borreguero, Pérez-Rodríguez, et 
al., 2013; Naranjo-Correa, 2019; Naranjo-Correa et al., 2016) and elaborated considering 
the distractor theory. The different questions pose a series of situations that provoke in 
the subjects a reasoning about the optical phenomenon posed, so that each of the possible 
answers corresponds to a preconception (distractor) or to the desirable correct answer. 
Among the possible distractors, the best distractor corresponding to the incorrect answer 
most expected by the population was selected. Given that the participating subjects will 
be teachers at the primary and secondary academic levels, the optics contents included in 
the curricula of primary and secondary education were selected. 

The test was applied at three separate times. Specifically, once as a pre-test and twice as 
a post-test. The pre-test was taken at the beginning of the didactic sessions, before starting 
the teaching of the contents under study in the two groups. The aim of post-test I was to 
check the effectiveness of the didactic methodology used in each group, as well as to 
verify the persistence of the preconceptions after the realization of different teaching-
learning sequences. Specifically, it was passed to the students after their respective 
teaching sessions (control and experimental) to know the degree of acquisition of the 
contents explained according to the different didactic resources used. The purpose of post-
test II was to verify whether significant learning had taken place in the students and 
whether they remembered the contents explained after the passage of time. It was taken 
by the students of both groups 2 months after post-test I. It should be remembered that 
the test designed, as it was implemented on an interactive online platform, allowed the 
questions and their answer options to be displayed randomly, which prevented the post-
tests from being answered memoristically. 

Figure 1 shows an example question from the questionnaire developed for this purpose. 
The full questionnaire is available at Appendix A.  



 

Figure 1. Example question of the questionnaire 

Please note that in the present study, some expected answers, such as that “sunlight is 
made up of all the colors of the visible spectrum”, aligns with conventional physics 
education, while the notion that “color is a property of objects” is identified as a 
preconception. This perspective stems from physics, where wavelengths of light are often 
equated with colors. However, from a vision science viewpoint, this approach is 
somewhat simplistic, as color is a perceptual phenomenon experienced by the observer. 
For instance, while objects possess an intrinsic spectral reflectance, it is the interaction of 
this reflectance with light and the human visual system that results in the perception of 
color. This complexity suggests that what might be deemed a misconception in physics 
can hold validity in vision science. Therefore, to provide a comprehensive understanding, 
our study includes the questionnaire with marked correct answers, aiding in interpreting 
findings about misconceptions in color perception, particularly from a physics teaching 
perspective. As stated on the Colour Literacy Project website (ISCC & AIC, 2020), a 
joint educational initiative of the Inter-Society Colour Council (ISCC) and the 
International Colour Association (AIC), “this type of terminology, although not strictly 
correct, is helpful for communicating ideas about colour in an understandable manner” 
(ISCC & AIC, 2020). This approach highlights the divergent viewpoints between physics 
and vision science regarding color perception. 

After the intervention, our students are encouraged to further explore the topic of color 
perception, a complex subject that intersects physics and vision science. This area, 
although beyond the scope of the current study, offers valuable insights into how color is 
perceived and conceptualized across different scientific disciplines. Such exploration is 
especially advantageous for educators, aiding them in understanding the multifaceted 
nature of color teaching and comprehension, which extends beyond traditional physics 
education. By engaging with these broader aspects, educators can enrich their 
perspectives, better addressing intricate questions and potential misconceptions about 
color in their teaching practices. An excellent comprehensive resource for this endeavor 
may be found at the already mentioned Colour Literacy Project, as it aims to integrate art 
and science within contemporary color education, offering a website with comprehensive 
resources on color's artistry, science, and industrial aspects, targeting educators across all 
levels to correct misconceptions and misinformation (ISCC & AIC, 2020). 

2.6.  Validation of the Evaluation Instrument 
To establish the validity of the questionnaire, a first draft of the designed test was given 
to a group of expert teachers, with the aim of checking whether the questions included 
were adapted to the level of the participating subjects, or whether their formulation was 
appropriate for the research. Specifically, following the guidelines of other studies (C. S. 



Ding & Hershberger, 2002), a concordance test was conducted among experts, who were 
provided with eight assessment criteria on which they had to mark their degree of 
agreement (scored as 1) or disagreement (scored as 0). The degree of agreement is 
calculated as the result of the number of total agreements divided by the sum of the 
number of total agreements plus the total disagreements. The value obtained in this study 
was 0.91, which indicates a degree of agreement classifiable as very good according to 
the literature (C. S. Ding & Hershberger, 2002). 

Furthermore, several psychometric tests were conducted to highlight the reliability of the 
instrument within the study, following the recommendations of various authors (L. Ding 
et al., 2006; McColgan et al., 2017; Melo Niño et al., 2016). Statistical tests focused on 
the assessment of the test items were performed, such as the difficulty index, 
discrimination indexes, point biserial coefficient, Ferguson's Delta, and Kuder-
Richardson's 20 coefficient, using the formulas specified in previous studies. Table 1 
shows the values obtained and the values recommended in the literature (L. Ding & 
Beichner, 2009) of the calculated indices. As can be seen in Table 1, all values are within 
the recommended range. Based on this, the test presents an adequate degree of reliability 
and validity, constituting a reliable evaluation instrument, with an adequate level of 
difficulty and discriminatory power. Likewise, the designed items compose a 
measurement instrument with a great usefulness from a didactic point of view. 
Specifically, they can allow us an improvement in the teaching-learning of basic concepts 
of optics at different academic levels from the initial diagnosis of the preconceptions, 
with the purpose of carrying out an implementation of didactic sequences and the 
development of didactic materials (Naranjo-Correa et al., 2017) that allow a conceptual 
change in students and a meaningful and lasting learning of the concepts involved (Duit 
& Treagust, 2003). 

Table 1. Psychometric analysis of the Evaluation Instrument 

Coefficient Obtained Value Recommended Value 
Mean difficulty index (P) 0.49 [0.30 – 0.90] 
Mean discrimination index 1 0.36 ≥ 0.30 
Mean discrimination index 2 0.72 ≥ 0.50 
Mean point-biserial coefficient (r) 0.32 ≥ 0.20 
Ferguson's Delta (δ) 0.91 ≥ 0.90 
KR-20 0.72 ≥ 0.60 

2.7.  Simulations used with the experimental group 
A more detailed understanding of the principles behind the developed simulations and 
the simulation of spectral distributions for various light sources and object reflectance 
can be found in previous research (Naranjo-Correa et al., 2019; Naranjo-Correa & 
Martínez-Borreguero, 2023; Wahler, 2013). 

To enhance the realism of the color simulations, a virtual environment was modeled 
based on an actual lighting booth. These booths, essential for precise color evaluation, 
simulate standardized lighting conditions to assess color appearance and metamerism 



without environmental interference (Marcus, 2012). Typically, they are outfitted with a 
range of light sources to mimic different conditions, such as daylight with D50 or D65 
illuminants. The simulation overcomes the high cost and technical limitations of real 
booths by allowing the emulation of any light type, from incandescent to LED, and the 
visualization of objects, including those of atypically large sizes or altered appearances. 
For instance, Figure 2 demonstrates the capability of the simulated booth, showcasing 
apples under different illuminants, illustrating the booth's versatility and educational 
value in teaching color concepts. 

 

 

 

 
  

  
  

Figure 2.- Simulation of various objects in the illumination booth 

Simulations were conducted with variously colored objects under differing illuminants 
to demonstrate the effect of light-object interactions on color perception. This exercise 
aimed to address and correct common preconceptions by visually representing how 
different lighting conditions alter the perceived color of objects (Eaton et al., 1986; 
Feher & Meyer, 1992; Martínez-Borreguero, Pérez-Rodríguez, et al., 2013; Mota & 
Lopes Dos Santos, 2014).. For instance, the depicted simulations in Figure 3 include a 
pair of metameric rubber ducks illuminated by three distinct light sources: a cold white 
fluorescent tube, the CIE standard illuminant D65, and a high-pressure sodium lamp, 
showcasing the changes perceived under each type of lighting. 

 

 

Figure 3.- Simulation of a pair of metameric rubber ducks under three different 
illuminants. 



Figure 4 shows a beach ball in which, under a D65 illuminant, three distinct colors are 
perceived (left). If we change the illuminants appropriately, we can see how certain 
colors are no longer perceived. Of course, in the real world, objects reflect a broad 
spectrum of wavelengths, not just the narrow band of their perceived color, and when 
illuminated by light of a different color the object would still be visible, its appearance 
influenced by the object's reflective properties and the spectral power distribution of the 
light. Indeed, such a situation would typically occur with objects and light sources that 
reflect or emit a wide range of wavelengths, unlike the more constrained examples of 
laser beams or objects reflecting light in a very narrow wavelength range used in Figure 
4. They are, however, pedagogically valuable, providing an exaggerated effect within a 
controlled environment to enhance students' conceptual understanding. These initial 
simplifications should be considered as a steppingstone, helping students to first grasp 
foundational concepts before advancing to the nuanced realities of color perception and 
object illumination. 

 

Figure 4.- A beach ball under daylight (left) and under six different illuminants (right). 

 

2.8.Limitations 
The study's limitations include its reliance on non-probabilistic sampling, limiting the 
generalizability of results to all teacher trainees. Long-term retention of knowledge 
post-intervention remains to be evaluated, presenting an area for future research. 
Additionally, implementing the hyperrealistic simulations-based methodology on a 
broader scale is challenging due to the diversity in teaching styles, environments, and 
the requirement of specific technological resources. Furthermore, the focus on color and 
optics within physics education may restrict the applicability of findings to other 
scientific disciplines.  

Moreover, it should be considered that what is regarded as a misconception in one 
scientific field may not be categorized as such in another. For instance, while the 
physics-centric view in education may label the belief that color is a property of objects 
as a misconception, this statement finds validity when considering color from the 
perspective of an observer's perception in vision science. This study thus underscores 
the importance of context when evaluating preconceptions and invites a broader 
discussion on the teaching of color that encompasses multiple scientific disciplines. 



Last, while integrating simulations with real-world observations offers valuable 
insights, this approach was not within the intended scope of the study, as the primary 
focus was on diagnosing preconceptions in color and optics and validating the 
educational utility of the developed didactic resources. 

3. Results 

3.1. Results obtained after the analysis of preconceptions. 
Table 2 shows the descriptive statistics of the scores obtained in the test by the teachers 
in training at the primary education level and by the teachers in training at the secondary 
education level. 

Table 2. Descriptive statistics of the scores obtained in the test by the teachers in 
training 

Group N Mean Std. Error 
Mean 

Std. 
Deviation  

Primary school teachers in 
training (G1) 184 4.28 0.10 1.36  

Secondary school teachers in 
training (G2) 156 5.74 0.18 1.35  

 

As shown in Table 2, G1 obtains a mean of 4.28 points out of 10, with a standard 
deviation of 1.36. Conversely, G2 obtains a mean of 5.74 points out of 10, with a 
standard deviation of 1.35. In global terms, it is observed that both prospective primary 
and secondary teachers present low scores. This denotes the presence of preconceptions 
in these groups with respect to the subject under study. 

Regardless of the better results obtained by G2, the low scores obtained in general by 
both groups are worrying from a didactic point of view. These professionals will have to 
teach soon at the primary and secondary academic levels these basic contents of optics, 
which they clearly do not master. This is especially serious in G2, since these are students 
who come from degrees with a strong scientific background (such as physics, chemistry, 
engineering, or architecture). In the case of G1, most of its members (more than 75%) 
come from a social science or humanities baccalaureate and have received practically no 
instruction in science during their last years of training. 

By way of example, some of the preconceptions found in both groups are presented in 
detail. Thus, most subjects in both groups answered correctly that sunlight is made up of 
all the colors of the visible spectrum. However, there are statistically significant 
differences in the percentage of correct answers (96% in G2 versus 74% in G1). On the 
other hand, it should be noted that there is a 15 % of primary school teachers in training 
who present the preconception that sunlight is only formed by the color yellow, which 



already appears in the literature reviewed (Feher & Meyer, 1992; Haagen-
Schützenhöfer, 2017).  

On the other hand, 33% of teachers in training manifest the preconception that the sun 
only emits yellow, red, or orange light, compared to 11% in future secondary education 
teachers in science fields. This preconception is related to that obtained in the previous 
analysis and appears reflected in several studies (Feher & Meyer, 1992; Maurício et al., 
2017).  

Regarding the test questions referring to additive or subtractive color mixing (Hecht, 
2016; Nassau, 1997), it should be noted that there are multiple preconceptions about 
these concepts already described in the literature (Eaton et al., 1984, 1986; Martínez-
Borreguero, Pérez-Rodríguez, et al., 2013). Thus, for example, when asked about the 
mixing of light colors (additive mixing), it is observed that there are differences 
between the percentage of correct answers of primary school teachers in training and 
those of secondary school teachers in scientific specialties. Likewise, in both groups 
there are subjects with the same preconceptions. Table 3 shows, by way of summary, 
the most frequently found preconceptions in subsamples 1 and 2. 

Table 3.- Percentages of the results obtained in the test by teachers in training 

Answers 
Primary 
school 

teachers 

Secondary School 
Teachers 

(Technology / Physics 
& Chemistry) 

 
Right Answer in all questions 13.8 % 29.1 % 

Preconception 1 
The perceived color is the mixture of the color 
emitted by the object plus the color of the light that 
illuminates it. 

40.9 % 33.8 % 

Preconception 2 
Color is a property of objects. 

20.4 % 15.9 % 

Preconception 3 
The object will always be seen in the color of the 
light that illuminates it. 

12.4 % 11.3 % 

Preconception 4 
The color of the illuminant fills the space around the 
objects, so that an object of the same color as the 
illuminant will not be seen due to lack of contrast. 

4.1 % 3.3 % 

Other 8.4 % 6.6 % 

3.2.  Results obtained after didactic interventions 
The results of the Control Group and the Experimental Group from subsample 3 are 
presented after analyzing how the scores have evolved in each case over time, to estimate 



whether the change has been significant and thus evaluate the validity of the didactic 
interventions conducted in each group. 

Table 4 shows the descriptive statistics for the Control Group. 

Table 4. Statistics of paired samples from the Control Group 

 Mean N 
Std. 

Deviation 
Std. Error 

Mean Cohen’s d 

Pre-test vs Post-test I 
Pre-test 4.54 33 1.14 0.20 

1.72 
Post-test I 7.26 33 1.93 0.34 

Pre-test vs Post-test II 
Pre-test 4.54 33 1.14 0.20 

1.10 
Post-test II 5.84 33 1.22 0.21 

Post-test I vs Post-test 
II 

Post-test I 7.26 33 1.93 0.34 
-0.88 

Post-test II 5.84 33 1.22 0.21 

As shown in Table 4, the CG obtained a lower average score in post-test II than in post-
test I, with a mean difference between the two post-tests of 1.42 points. To further analyze 
these differences, several Student's t-tests for paired samples were performed to estimate 
the evolution between pre-test, post-test I and post-test II within each of the groups. Table 
5 shows the paired samples t-test for the comparison of the means between the three tests 
in the CG. 

Table 5. Paired samples test of the Control Group 

  

Paired Differences 

 t df Sig. (2-
tailed) Mean Std. 

Deviation 

Std. 
Error 
Mean 

 

95 % Confidence 
Interval of the 

Difference 

Lower Upper 

Pre – Post I  -2.72 2.34 0.41  -3.55 -1.89  -6.68 32 < 0.001 

Pre – Post II  -1.30 1.13 0.20  -1.70 -0.90  -8.36 32 < 0.001 

Post I – Post II  1.42 2.23 0.39  0.63 2.21  3.65 32 < 0.001 

Table 5 shows that the significance obtained is less than 0.05 in the three pairs analyzed, 
which indicates statistically significant differences between the average scores obtained 
by the CG in the three evaluation instruments. Based on these results, we can affirm that 
the implementation of the didactic methodology carried out in the CG has been effective, 
but only in the short term. Although the CG students significantly improve their initial 
scores immediately after the didactic intervention, this increase in scores is not maintained 
over time, as there is a significant decrease between post-test I and post-test II. 

Additionally, Table 6 presents the descriptive statistics for the EG. 



Table 6. Statistics of paired samples from the Experimental Group 

 Mean N 
Std. 

Deviation 
Std. Error 

Mean Cohen’s d 

Pre-test vs Post-test I 
Pre-test 4.27 36 1.14 0.19 

2.65 
Post-test I 7.12 36 1.01 0.17 

Pre-test vs Post-test II 
Pre-test 4.27 36 1.14 0.19 

2.03 
Post-test II 6.83 36 1.36 0.23 

Post-test I vs Post-test 
II 

Post-test I 7.12 36 1.01 0.17 
0.24 

Post-test II 6.83 36 1.36 0.23 

As can be seen in Table 6, the EG students significantly improve their scores after the 
interventions. In addition, these students obtain a similar average score in post-test I and 
post-test II, obtaining only a difference in scores of 0.29 points.  

To assess for the existence of statistically significant differences between means, a t-test 
for paired samples was applied for the comparison of means between the three tests in the 
EG. Table 7 shows the results obtained. 

Table 7. Paired samples test of the Experimental Group 

  

Paired Differences 

 t df Sig. (2-
tailed) Mean Std. 

Deviation 

Std. 
Error 
Mean 

 

95 % Confidence 
Interval of the 

Difference 

Lower Lower 

Pre – Post I  -2.85 1.59 0.27  -3.39 -2.31  -1.07 35 < 0.001 

Pre – Post II  -2.56 1.91 0.32  -3.21 -1.91  -8.03 35 < 0.001 

Post I – Post II  0.29 1.67 0.28  -0.27 0.86  1.05 35 0.301 

Table 7 shows that there are statistically significant differences between pre-test vs. post-
test I, and between pre-test vs. post-test II. However, the significance between post-test I 
and post-test II is greater than the 0.05 reference value (Sig. = 0.301), thus finding no 
statistically significant differences in the EG between the scores obtained in post-test I 
and the scores obtained in post-test II. Based on these results, we can affirm that the 
implementation of the didactic methodology carried out in the EG has been effective 
beyond the short term. The students in the EG significantly improve their initial scores 
after the didactic intervention, and this increase in scores does not decrease significantly 
with the passage of time. 

Based on the results obtained in the inferential statistical analysis in both the CG and the 
EG, we can indicate that the students in the CG control group seem to have forgotten the 
concepts worked on over time, with the resurgence of preconceptions about them like 
those obtained in the pre-test. This suggests that the CG had a more rote learning of the 



contents worked on in the didactic sessions. On the other hand, the students in the EG 
continued to remember the concepts after the passage of time, which indicates that they 
had a more meaningful learning of the concepts as opposed to the CG. Therefore, we can 
accept Hypothesis 2 formulated in the research (Hyperrealistic simulations on light and 
color facilitate meaningful and long-term learning in primary education teachers in 
training). 

 

4. Conclusions  
The progressive decrease in the number of students in scientific disciplines and the 
alarming scientific illiteracy observed in society require the implementation of novel 
resources and educational tools to teach and disseminate science. In this sense, the results 
obtained show that practical activities prove to be an effective tool for the promotion of 
scientific-experimental education of teachers (Pérez Lozada & Falcón, 2009) and their 
learning levels. The students participating in the study have significantly improved their 
level of knowledge after the interventions. However, it is verified that the practical 
interventions make it easier for learning to last over time. Specifically, in the comparative 
analysis between groups according to the didactic methodology used, it can be concluded 
that, in short-term learning, students who use hyperrealistic simulations for learning basic 
optics concepts obtain similar average scores to students who follow a more traditional 
didactic intervention. However, with respect to long-term learning, it was found that there 
are statistically significant differences in the learning variable of the student who follows 
a didactic intervention based on the use of hyperrealistic simulations versus the student 
who follows a more traditional didactic intervention. Specifically, the differences found 
are in favor of the EG, which used the didactic tools designed. Therefore, it can be 
concluded that the hyperrealistic simulations have facilitated meaningful long-term 
learning in the teacher trainees and the preconceptions that were initially encountered 
have been effectively combated with the intervention developed. Conversely, students 
who used a more traditional methodology have forgotten over time the contents learned, 
and some of the preconceptions found at the beginning of the research have resurfaced in 
them. Based on these results, it is concluded that it is necessary to develop physics 
learning strategies that are consistent with this orientation, which implies considering the 
preconceptions presented by the students (Grizalez et al., 2002). It is increasingly evident 
that purely expository classes are routine and demotivating for students.  

Finally, it should be noted that it is not so easy to change the methodological tradition of 
teachers. Doing so requires a great deal of effort, both institutional and individual. We 
believe that incorporating a mixed teaching system during initial teacher training could 
help students to gradually overcome this certain attitude of rejection. Teacher training 
plays a crucial role in ensuring that professional practice goes beyond the mere 
transmission of knowledge. It should also focus on guiding and accompanying the 
learning process. This will generate an encouraging environment for students to construct 
their own meanings.  



Future work stemming from this study will focus on enhancing learning outcomes 
through advanced simulations that bridge the gap between theoretical knowledge and 
real-world color perception. Integrating simulations with real-world investigations could 
enhance learning outcomes. The combination of virtual and hands-on experiences allows 
students to see the practical application of theoretical knowledge, providing a more 
holistic understanding of concepts. This may include augmented and virtual reality 
technologies to create immersive and customizable learning experiences, blending 
simulations with hands-on activities, and extending applications to interdisciplinary 
contexts. Longitudinal studies are also proposed to assess the long-term retention of 
knowledge, alongside empirical validation of these methods' impact on educational 
efficacy and test scores. Additionally, the integration of these simulation tools into teacher 
training programs will be explored to improve pedagogical approaches for teaching color 
theory. 
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Appendix A – Questionnaire 

Expected answer (within the physics education framework) is underlined. 

1. Sunlight is composed of… 
a) Only the yellow color  
b) Only the blue color  
c) Only the green color   
d) All the colors of the visible spectrum 



2. On a blank piece of paper you print a magenta circle. If you print a yellow line 
over the circle, what color will the line look like? 

a) White 
b) Yellow 
c) Red 
d) Black 

3. A wall looks white in daylight. What color will the wall look if you illuminate it 
at the same time with a green light and a red light on a very dark night? 

a) Black 
b) Green 
c) Yellow 
d) Red 

4. A wall looks white in daylight. What color will the wall look if you illuminate it 
at the same time with a red light and a blue light on a very dark night? 

a) Magenta 
b) Blue 
c) Red 
d) Black 

5. On a blank piece of paper you print a cyan circle. If you print a magenta line 
over the circle, what color will the line look like? 

a) Blue 
b) Magenta 
c) White 
d) Black 

6. A wall looks white in daylight. What color will the wall look if you illuminate it 
at the same time with a yellow light and a blue light on a very dark night? 

a) Yellow 
b) Blue 
c) White 
d) Black 

7. At noon, a ball looks magenta in the sunlight. On a very dark night you 
illuminate it with red light. What color will the ball look like? 

a) Magenta 
b) Red 
c) Pink 
d) Black 

8. At noon, a ball looks red in the sunlight. On a very dark night you illuminate it 
with green light. What color will the ball look like? 

a) Red 
b) Green 
c) Yellow 



d) Black 

9. At noon, a ball looks green in the sunlight. On a very dark night you illuminate 
it with green light. What color will the ball look like? 

a) Green 
b) It cannot be seen 
c) Magenta 
d) Black 

10. At noon, an eggplant looks magenta in the sunlight. On a very dark night you 
illuminate it with red light. What color will the eggplant look like? 

a) Magenta 
b) Red 
c) Pink 
d) Black 

11. The White Horse of St. James gallops at night illuminated only by a red 
spotlight. What color does the White Horse of St. James look like? 

a) White 
b) Pink 
c) Red 
d) It cannot be seen 

12. Choose the correct option 
a) Color is a property of objects 
b) Color is not a property of objects 

13. The sun only emits yellow, red or orange light 
a) True 
b) False 
 


