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Wave optics is a mandatory part of Croatian secondary school physics curriculum for students in the final
year of secondary school (age 18-19). Many physics education research studies have shown that it is a
difficult physics topic for both university and secondary school students. An inquiry-based teaching
sequence on wave optics, designed for eight 45-min teaching periods, was developed by the authors. The
sequence included four investigative students’ experiments on the topics of interference, diffraction, and
polarization of light, as well as several teacher demonstrations. The experimental group included six classes
of students from six different Croatian urban secondary schools, who underwent the teaching intervention
with the new inquiry-based sequence on wave optics, whereas the control group consisted of six classes
from the same schools, taught in a predominantly lecturing way. Both groups were post-tested with the
same instrument, the Conceptual Survey on Wave Optics (CSWO), to evaluate the research hypothesis that
the new sequence might improve students’ conceptual understanding better than the traditional teaching.
The results of the experimental and control groups were analyzed and compared using the Rasch analysis.
The results show that the experimental group outperformed the control group in four out of five conceptual
areas probed by the CSWO, suggesting that the new inquiry-based teaching sequence may contribute to
stronger development of secondary school students’ conceptual understanding of wave optics, especially
concerning typical wave optics patterns, reasoning from experiments, and explaining basic wave optics
phenomena. A questionnaire on attitudes toward the teaching intervention was administered to students and
it was found that students generally liked the inquiry-based teaching intervention and expressed positive
attitudes to interactive, experimental, and collaborative aspects of physics teaching. The results are very
promising, but their generalization may be limited by the selection of the students, as well as by the short

duration of the teaching intervention and the relatively small breadth of the covered topics.

DOI: 10.1103/PhysRevPhysEducRes.20.010156

I. INTRODUCTION

A. Wave optics in physics education research

Wave optics is a challenging topic for students, which
was investigated in several studies, conducted either at
university or secondary school level [1-15]. Many student
difficulties with understanding interference, diffraction,
and polarization of light have been identified and reported
in those studies. According to a recent summary of student
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difficulties with interference and diffraction [15], and
polarization [12], the most common student difficulties
include not distinguishing between geometrical and wave
optics and the areas of their application [1,4—7,15], creating
hybrid models [1,4,5,9], treating every slit (regardless of its
width) as a single point source of light [1,5], confusing slits
with polarizers [1,12], not properly understanding waves,
their properties, and interactions [7,16], not understanding
the role of path length difference in interference conditions
[1,2,59,12], and having trouble expressing distances in
terms of wavelengths [2,17]. Once modern physics is
introduced, students may also have difficulties linking the
quantum model of light with wave optics phenomena [1,4].

To these specific difficulties, other more general diffi-
culties can be added, such as difficulties with predicting,
describing, and explaining wave optics patterns in basic
experiments [15], the tendency to use simplified reasoning

Published by the American Physical Society
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and avoiding complex explanations (attempting instead to
reduce more challenging concepts to simpler ones), or a
tendency to remember but misinterpret common schematic
representations and analogies presented at school, such as,
e.g., the mechanical analogy of a wave on the rope and two
fences in the context of polarization of light [12,15].

In some studies, students were required to recognize
or distinguish typical interference and diffraction patterns
[14,18,19]. The recently developed Conceptual Survey on
Wave Optics showed that the most difficult group of items
for secondary school students concerned explanations and
applications of wave optics phenomena and the second
most difficult group was related to the recognition and
distinguishing of wave optics patterns [14].

In some recent studies, secondary school students’
recognition of typical interference and diffraction patterns
was investigated using eye tracking [18,19]. It was found
that distinguishing wave optics patterns typically is a
complex and challenging task for students but that students
who performed investigative experiments in wave optics
had less difficulty with such tasks.

B. Inquiry-based teaching and learning

Inquiry-based learning (IBL) is an educational approach
that emphasizes the active and student-centered exploration
of knowledge. It involves posing questions, problems, or
scenarios that encourage students to investigate and seek
solutions through their own observations, research, and
critical thinking skills. Instead of relying solely on direct
instruction from teachers, inquiry-based learning promotes
a more hands-on and collaborative learning environment
[20-22]. It is based on constructivist philosophy of learning
[23]. The core components from the learner’s perspective
are Refs. [24,25]:

1. Learner engages in scientifically oriented questions,
2. Learner gives priority to evidence in responding to
questions,
Learner formulates explanations from evidence,
4. Learner connects explanations to scientific
knowledge;
5. Learner communicates and justifies explanations,
and
6. Learner designs and conducts investigations.

There is less consensus, however, on how IBL should be
translated into the teaching of scientific disciplines, how
much teacher guidance it should include, or how the work
in the classroom should be organized. There exist three
main types of classroom inquiry, which involve different
levels of teacher guidance: open inquiry, guided inquiry,
and structured inquiry. In open inquiry, students pose their
own research questions and choose their own methods of
investigation to answer those questions. However, open
inquiry is usually not well suited for class investigation,
because of practical concerns regarding the organization of

hed

class work within the constraints of limited time and
sometimes also resources. In structured inquiry, the teacher
presents both the research questions and the investigation
procedures, leaving little autonomy in the investigation to
students. In the physics education community, the most
accepted and promoted is the middle level of inquiry, the
guided inquiry [26], in which the teacher provides the
research questions but students investigate on their own and
come to their conclusions, which are then discussed and
negotiated with the whole class.

Inquiry-based teaching has long been recognized as a
teaching strategy that can contribute to better teaching
outcomes, although it is not always easy to experimentally
establish its efficacy, and studies sometimes give mixed
findings. One meta-analysis on science teaching [27]
reviewed 62 experimental and quasiexperimental studies.
The authors found an effect size of 0.65 for the subset of
studies that included inquiry strategies, defined as those that
are student-centered and in which students answer scien-
tifically oriented research questions. Another meta-study
included 138 studies [25], including qualitative, experimen-
tal, quasiexperimental, and nonexperimental studies. The
authors identified a subset of 42 comparative studies that
compared inquiry-based teaching with other approaches.
They did not calculate an effect size for the subset of these
studies but reported the following findings [25]:

* collaborative work with peers increased the concep-
tual learning of students, compared to independent
work,

* higher levels of inquiry, especially those that included
hands-on investigation and emphasis on student
responsibility for learning did statistically signifi-
cantly better in comparative studies than treatments
with lower amounts of inquiry,

* there exists a clear and consistent trend indicating that
instruction with an emphasis on active thinking and
within the investigation cycle that includes the gen-
eration of questions, designing experiments, collect-
ing data, drawing conclusions from the data, and
communicating findings is associated with students’
improved learning of concepts,

* hands-on activities are important but do not appear
to be enough to produce improved understanding
alone—it is crucial that students can construct and
refine the meaning of content through class discus-
sion, so pairing experimental activities with teacher-
guided activities and class discussion may be a more
productive way to organize instruction.

One of the important goals of inquiry-based teaching is
the development of students’ scientific reasoning. Scientific
reasoning includes types of reasoning that are used in
science for investigation, conducting experiments, evalu-
ation of arguments, and forming explanations and con-
clusions. Lawson [28,29] suggests that scientific reasoning
is mostly hypotheticodeductive in its nature and includes
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different aspects, such as proportional reasoning, control of
variables, probabilistic and correlational reasoning, and
forming and testing of hypotheses. It includes abilities
necessary for designing scientific experiments and forming
conclusions based on the results of experiments. Inquiry-
based physics teaching relies very much on experimental
investigation and is therefore very suitable for developing
scientific reasoning. But even though experimental work is
important for physics teaching, inquiry-based teaching
requires much more than just the use of hands-on experi-
ments or experimental kit-based instructional materials. It
is true that using these materials may focus students’
thinking and promote learning in the right sequence.
However, even the use of the best materials does not
necessarily engage students in full-on inquiry mode nor
does it guarantee students’ active learning. A key feature of
IBL is a skilled teacher who guides students carefully
through the process of inquiry. This was emphasized in a
systematic review of research on secondary school science
programs [30]. The outcomes of the review seem to support
the use of programs with a strong focus on professional
development, technology, and support for teaching, rather
than materials-focused innovations.

Another meta-study [31] reviewed 37 experimental and
quasi-experimental studies on inquiry-based teaching, pub-
lished between 1996 and 2006, and found an overall mean
effect size of 0.50. The authors defined inquiry in terms of
two dimensions: the cognitive and social activities of the
student and the guidance provided to students by their
teacher, their peers, or curriculum. For the cognitive and
social part, they relied on Duschl’s [32,33] identification of
three categories of inquiry that included:

(1) conceptual structures and cognitive processes of

scientific reasoning,

(2) epistemic frameworks in development of scientific

knowledge, and

(3) social interactions that guide communication and

representation of knowledge.

To these three, they added the fourth category, which
they called procedural. It comprises the posing of scien-
tifically oriented questions, designing experiments, execut-
ing procedures, and creating data representations [31]. The
guidance dimension of inquiry distinguishes on a con-
tinuum between teacher or student leading the activity, with
the traditional teacher-led instruction on one end and
completely open discovery learning on the other, and the
teacher-guided inquiry in the middle. The results not only
indicate a positive effect of inquiry-based teaching on
student learning of science but also suggest the importance
of the role of the teacher in actively guiding student
activities in the context of IBL. Once again the authors
emphasize that inquiry-based teaching should not be
equated with completely open and unguided student
investigation (e.g., discovery learning) and that adequate
teacher guidance is an important element of success in

inquiry-based learning, which was demonstrated by the fact
that studies in their analysis, which contrasted guided
inquiry with traditional instruction, had the mean effect
size of 0.65, and those that contrasted student-led inquiry
with traditional instruction only had the mean effect size
of 0.25.

Inquiry-based teaching has found its place in the
Croatian physics curriculum prescribed by the Croatian
Ministry of Education [34], in line with many research
study results and educational institutions’ suggestions that
incentivize inquiry-based teaching and learning and pro-
vide practical guidelines on its implementation in class-
rooms [35-39]. Research has shown overall that inquiry-
based teaching can be an effective teaching method for
science courses and is considered an extremely beneficial
teaching strategy for helping students conceptualize basic
concepts and apply science process skills in their daily lives
[40]. Inquiry-based learning has also been associated with
students’ positive attitudes toward science [41], as well as
fostering motivation [37,42], mastery goal orientation [43],
enhancing learning of women and low-achieving groups of
students, with no harm done to other groups [44] and
increasing standardized achievement test gains [45].

C. Some inquiry-based programs developed
through physics education research

There exist multiple programs employing inquiry in
physics teaching, developed through physics education
research, but those that are probably best known and that
have partly inspired our new sequence on wave optics are
Physics by Inquiry, Tutorials in Introductory Physics, and
Investigative Science Learning Environment (ISLE).

Physics by Inquiry [26] is a set of laboratory-based
modules that guides students in the formation of basic
physics concepts through the in-depth study of selected
simple physical systems. It also attempts to introduce
students to the process of science and to develop their
scientific reasoning skills. It is based on students’ exper-
imental investigations in small groups and discussions with
the instructor and peers. Students work experimentally in
small groups, investigating, forming concepts, hypotheses,
and ideas about basic physics phenomena, and then testing
and discussing them. Physics by Inquiry does not cover the
topic of wave optics but provides a general framework for
developing a conceptual understanding of physics phenom-
ena and concepts and student scientific reasoning through
guided inquiry.

Tutorials in Introductory Physics [46] is a set of
supplemental instructional materials that promote the
intellectual engagement of students in the process of
learning physics and aim at developing the reasoning
necessary to construct and apply physics concepts.
Inquiry is focused here mostly on building and refinement
of functional conceptual understanding. The learning takes
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place in small groups, with the help of an instructor who
circulates among groups and helps students with Socratic
questioning, intended to promote reasoning. The set pro-
vides tutorials for wave optics, starting from the analysis of
wavefronts on water, formation of interference pattern, and
relating the pattern and interference conditions on the water
surface to the pattern observed in Young’s experiment.
Tutorials that follow lead students to multiple-slit pattern
and optical grating and then introduce a model for single-
slit diffraction based on multiple-slit interference. Students
are then guided to develop and apply a conceptual model
for combined interference and diffraction and afterward to
explore the thin film interference. Polarization of light
tutorial includes exploring the behavior of polarizing filters
and analyzing incident and transmitted electric fields.
Although tutorials are intended for university introductory
physics courses, some selected parts can be applied in
secondary school physics teaching, when trying to deepen
student understanding of basic concepts in an interactive
small group setting. Tutorials for wave optics were tested
on university student populations and shown to be effective
in improving students’ conceptual understanding [2].

Investigative Science Learning Environment, ISLE
[47,48], is a learning environment that attempts to help
students learn physics by engaging them in the processes
that mirror scientific practice. It also aims at developing
student perseverance, growth mindset, and physics identity.
The key elements of the ISLE approach, as listed in
Ref. [47] are as follows:

e observing phenomena and looking for patterns,

¢ developing explanations for these patterns,

* using these explanations to make predictions about the

outcomes of testing experiments,

¢ deciding if the outcomes of the testing experiments are

consistent with the predictions,

e revising the explanations if necessary, and

 encouraging students to represent physical processes

in multiple ways.

This is applied to every conceptual unit, including wave
optics. The special emphasis of the approach is the use of
multiple representations in teaching and helping students
develop capacities for qualitative reasoning and problem
solving. The general outline of the ISLE approach to wave
optics [49] includes analysis of Young’s double slit experi-
ment and introduction of interference of light, followed by
interference on optical grating, the application of interfer-
ence phenomenon to thin films, and diffraction of light.
Polarization of light is treated separately from wave optics,
at the end of the unit on electromagnetic (EM) waves. ISLE
relies mostly on hypothesis testing, which strongly pro-
motes students’ scientific reasoning but may be difficult to
follow exclusively in some secondary school settings, due
to time and equipment constraints. However, ISLE is very
helpful for shaping the inquiry-based teaching cycle,
introducing different roles of experiments in it

(observational, testing, and application experiments), and
for its emphasis on active learning and multiple represen-
tations which promote the development of students’ deeper
understanding of physics and scientific reasoning.

D. Research questions

Even though it is prescribed by the national physics
curriculum, the inquiry-based approach to physics teaching
is still not very widespread in Croatian secondary schools
(the situation is better in elementary schools, where physics
is a compulsory subject in grades 7 and 8). Some physics
teachers, inclined to traditional teaching, are skeptical
about the applicability and advantages of the inquiry-based
approach. This study is an attempt to investigate how
teachers can be helped in their efforts to transition to
inquiry-based teaching and what benefits can be expected if
the transition is made. We developed a new inquiry-based
teaching sequence on wave optics, which was applied by
six secondary school physics teachers in six schools in
Zagreb, Croatia, and compared its effects on students’
conceptual understanding of wave optics to the effects of a
traditional lecture-based approach. We were also interested
in students’ attitudes toward this type of instruction. Our
hypothesis was that the new sequence would result in a
better student conceptual understanding of wave optics
than the traditional lecture-based teaching.

With this study, we aimed to answer the following
research questions:

RQ1. How does a new inquiry-based teaching sequence
affect students’ conceptual understanding of wave optics in
comparison to traditional teaching?

RQ2. What aspects of student understanding are
improved through the new teaching sequence?

RQ3. What are students’ attitudes toward the new
teaching sequence?

II. METHODS

To answer our research questions, we conducted a
five-year research project from 2018 to 2023 [50], with
the following outline:

(1) Qualitative investigation of secondary school stu-

dent difficulties with wave optics.

(2) Selection of the participating physics teachers.

(3) Development and validation of the diagnostic instru-
ment in wave optics.

(4) Testing of the control group.

(5) Development and testing of the inquiry-based teach-
ing sequence on wave optics including selection of
experimental equipment for wave optics school
experiments.

(6) Training of the participating teachers.

(7) Implementation of the new teaching sequence by the
participating teachers.

(8) Testing of the experimental group.
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(9) Evaluation of the teaching sequence and of the

testing results.

These steps are described further in this section, except
for steps 4 and 8 which are described in Sec. III B. Since
steps 1 and 3 were already described in detail in our
previous publications [12,14,15,19], we bring here only a
summary of their results.

A. Qualitative investigation of secondary school student
difficulties with wave optics

We investigated student difficulties with wave optics
through demonstration interviews with 27 secondary school
students and through one eye-tracking study [12,15,18].
Interviews were held with students who volunteered to
participate, after the regular school instruction on wave
optics, which included all the phenomena probed in the
interviews. Interviews were audiotaped, transcribed, and
analyzed to identify common difficulties. In the 45-min
interviews, students were presented with some common
school demonstration experiments from wave optics (dou-
ble-slit, optical grating, and single-slit experiments) and
asked to predict the patterns on the screen, describe their
observations after the demonstration, and provide an explan-
ation of the observed patterns [15]. Interviews revealed
student difficulties already with predicting and describing
but especially with explaining the patterns. Regarding
polarization, students were asked to design a simple
experiment to discover with a known polarizer which of
the other two slides, which looked alike, was also a polarizer,
and then to explain what polarization of light means. Their
answers not only revealed many difficulties with under-
standing of polarization of light but also with the underlying
model of light [12].

The results have not only confirmed the presence of
most of the previously known student difficulties but also
revealed some new difficulties, especially those related to
the recognizing and distinguishing of typical wave optics
patterns and their explanations. The results were interpreted
in the framework of knowledge-in-pieces [51] and re-
source-based model [52-57] and suggested that most
of the student difficulties could be explained with student
activation of p-prims and conceptual resources [15]. Most
students did not seem to have formed any prior models of
the wave optics phenomena but tried to form them on the
spot, when they were asked to provide explanations of
phenomena, activating various p-prims (elements of intui-
tive reasoning) or conceptual resources, such as those from
geometrical optics or mechanical waves, in the process.
An interesting result was students’ extensive use of the
p-prim “breaking,” with which they often tried to explain
or describe phenomena (e.g., observed patterns were
described as a broken line of light and explained through
the idea that the laser beam was broken by the slits or
obstacles between them).

B. Selection of the participating physics teachers

A seminar was held early in 2019 for secondary school
physics teachers from the Zagreb area, announcing the
project and searching for volunteers. We accepted all
teachers who were prepared to volunteer and participate
in the teaching intervention (initially, nine teachers vol-
unteered, but three of them dropped out over time for
personal reasons), and all others who were willing to give
us access to their students for testing and validating the new
test on wave optics.

The teachers participating in the intervention were six
physics teachers from six different secondary schools in
Zagreb, Croatia. The schools of participating teachers
represent well the major types of secondary schools in
Croatia in which physics is a compulsory subject. In the
Croatian school system, after eight years of compulsory
elementary school, students can choose between secondary
schools preparing for the continuation of education at the
university level (called gymnasia) or different types of
vocational schools. Gymnasia is further differentiated into
general education type gymnasia, gymnasia focusing on
classical or foreign languages, and those focusing on
science and mathematics. Vocational schools have many
types, but the most interesting for physics education are
technical schools and natural science schools. Students from
vocational schools can also enter universities if they pass
state matriculation exams, which some do. In our sample,
schools labeled A and B were general-type gymnasia, C was
a foreign languages gymnasium, D was a science and
mathematics gymnasium, E was a technical vocational
school, and F was a natural science vocational school. In
schools A, B, C, and F, physics was taught two periods per
week for 4 years, and in schools D and E, three periods per
week for 4 years (one period per week being dedicated to
laboratory exercises, so basically all schools had two periods
per week to introduce new content).

All participating teachers were qualified and experienced
teachers, ranging in teaching experience from 10 to
30 years. They mostly practiced lecturing type of teaching
with some demonstrations, although three younger teachers
(A, B, and D) had been introduced to inquiry-based
teaching in the physics education courses during their
teacher study programs at the Faculty of Science,
University of Zagreb. The participating schools are all
urban public schools and are regarded as good schools.

C. Development and validation of the diagnostic
instrument on wave optics

When we were starting the project, several diagnostic
instruments already existed in the physics education com-
munity [8,10,11], however, none of them was well suited
for our purposes. They were either intended for university,
instead of secondary students, or did not cover the topics
that we intended to cover in the teaching intervention
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(the topics prescribed by the Croatian curriculum). We,
therefore, developed and validated a new diagnostic instru-
ment for secondary school, the Conceptual Survey on Wave
Optics (CSWO), to measure the level of student conceptual
understanding of wave optics in the control and exper-
imental group.

The process of test development included testing over 60
items on ca. 700 students in total, in several cycles of Rasch
analysis, and finally retaining 26 items that showed the best
functioning [14]. The construction of the test and its
evaluation was guided by the Rasch analysis, which relies
on the probabilistic modeling of the interaction of respon-
dents with test items [58].

The construction followed the steps described by
Liu [59], which include a definition of the construct (in
our case, student understanding of wave optics), and its
hierarchical organization, forming an item pool for differ-
ent levels of the construct, administering items to a suitable
sample of students, conducting Rasch analysis and remov-
ing items with poor characteristics, and repeating the
process until a set of well-functioning items is obtained
that function together as a valid and reliable instrument.
Rasch analysis provides many tools for checking the
quality of the instrument and its items, and its use in
science education is constantly increasing [58]. The final
version of the test, containing 26 multiple-choice items,
was administered to 224 Croatian students after regular
school instruction on wave optics and the test showed good
targeting to the sample, appropriate width, good fit of items
with the model, high item reliability (0.97), and good
person reliability (0.78) for diagnostic purposes (related to
the classical Cronbach’s alpha of 0.77).

The construct of the test was organized around the
cognitive complexity of items, and it was found that groups
of items in the test, labeled Knowledge, Interference
condition, Experiments, Patterns, and Explanations,
showed statistically distinguishable levels of difficulty.
The Knowledge group of questions investigates students’
basic knowledge about wave phenomena and the wave
model of light. Interference condition refers to a group of
questions probing students’ understanding and application
in simple cases of the mathematical conditions for con-
structive and destructive interference. Experiments label a
group of questions that probe students’ reasoning about
typical school experiments in wave optics. Group labeled
Patterns refers to students’ ability to distinguish and
recognize typical patterns characteristic of basic wave
optics phenomena covered in secondary school, such as
double-slit interference patterns, single-slit diffraction pat-
terns, and optical grating patterns. Group Explanations
includes questions that refer to explanations of the for-
mation of those patterns and the wave optics phenomena in
general. These groups of questions showed, respectively, a
statistically ~significant increase in difficulty, from
Knowledge being the easiest group to Explanations being

the most difficult, and corresponded well with the assumed
increasing cognitive complexity of items in the groups [14].

D. Development and testing of the inquiry-based
teaching sequence on wave optics

1. Selection of experimental equipment
Jor wave optics school experiments

An important obstacle to the wider implementation of
inquiry-based teaching in Croatia may be sometimes the
lack of experimental equipment for school experiments.
There are significant differences between schools in that
respect. Some schools are very well equipped, others less
so. All participating schools were well equipped, but since
we were planning to conduct a teaching experiment, it was
essential that all teachers worked with the same equipment.
We therefore selected, tested, and purchased the same
equipment for all participating schools as a part of our
project. We formed sets for student experiments and sets for
teacher demonstrations. Each school received six student
sets and one teacher set. The sets were not readily available
on the market: we assembled them from different elements,
according to the needs of our teaching sequence. The sets
were robust, inexpensive, and easy to use. The special
problem was optical elements, such as single and double
slits and optical gratings. Those that were commercially
available for school experiments often produced poor
patterns, especially in the case of the double-slit interfer-
ence, where the interference pattern was merged with a
strong diffraction pattern, which is not a favorable situation
for the initial introduction of students to the interference
pattern of equidistant and equal intensity maxima. We
teamed up with another physicist and succeeded in pro-
ducing good laser-printed slits, which gave interference
patterns free of noticeable diffraction effects, with the use
of the computer-to-film printing technique [60].

2. Development of the inquiry-based teaching
sequence on wave optics

The new teaching sequence was designed as guided
inquiry, promoting active learning through interactive
engagement teaching methods, and grounded in research
findings on students’ conceptual difficulties with wave
optics. The guided inquiry was chosen since it was shown
in studies to be the most effective approach [31] and the one
that fits best within the constraints of school physics
teaching but still leaves enough autonomy to students in
investigation. An investigation cycle that includes generat-
ing questions, designing experiments, collecting data,
drawing conclusions from the data, and communicating
findings was found to help students’ learning of concepts
[25] so this type of cycle was used in most lessons. The
research questions were provided by the teacher, the design
of the experiments was usually discussed by the whole
class and then students either performed the experiments
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and reached conclusions in small groups (in four of eight
lessons) or in some cases, the teacher performed the
experiment, but students actively participated in the inves-
tigation process by providing their predictions, observa-
tions, and conclusions. Finally, the results of the
experiments were gathered and discussed by the class,
and the answer to the research question was reached.
Interactive engagement methods were used as much as
possible in all lessons. The effectiveness of interactive
engagement methods in physics teaching was demonstrated
in multiple studies [61,62] and the frequent use of these
methods is the norm in reformed physics pedagogy.
Systematic observation of new phenomena through inter-
active demonstrations, collaborative work, hands-on
experiments paired with discussion, and conceptual ques-
tions in each lesson, aiming at problematic aspects of
understanding wave optics concepts and phenomena,
identified through research, was the backbone of the
new teaching sequence. We will describe shortly how
the most important interactive engagement methods are
integrated into the new teaching sequence:

1. Conducting class discussion: Every lesson starts
with an opening problem that is followed by a class
discussion, in which students are encouraged to give
their ideas about the problem. In class discussion, it
is important for the teacher to try to include as many
students as possible, keeping a positive attitude to
students’ ideas, not being in search for “the correct
answer” but allowing students to express their ideas
and in this way also get an insight into their level of
existing knowledge and possible preconceptions.
Class discussion is also used after experimental
investigation to discuss the findings with all students
and construct mathematical descriptions of some
phenomena, this time being led in a more converging
manner.

2. Interactive demonstrations: All observational experi-
ments, as well as a few investigative experiments, are
performed by the teacher in front of the whole class,
interactively. This means that students are asked to
write down their predictions, where appropriate (in
observational experiments usually not, since stu-
dents do not have the knowledge on which to base
their predictions if the phenomenon is completely
new to them), sketch and describe the experiment
on their own and state their observations, and to
participate in class discussion about the possible
explanations of the observed phenomenon and the
conclusions drawn from the experiments. In this
way, students are intellectually engaged with the
experiment, even if they do not perform it them-
selves. The same principles are applied not only in
the case of real experiments but also with occasional
substitutes for real experiments, such as videos or
simulations, which are presented to the whole class.

3. Collaborative work in small groups: Whenever
possible, students work in small groups, either
performing experiments or solving other tasks or
problems. Groups usually have three to five mem-
bers, depending on the size of the class. Working in
small groups helps students to discuss problems
more freely, express their difficulties and pose
questions, learn from strategies and problem ap-
proaches of other students, and generally be more
involved in the learning process. The teacher circu-
lates among groups and monitors their work, helping
when the group gets stuck or prompting their
reasoning with questions, therefore providing sup-
port, and guiding their thinking, but usually not
giving them direct answers and instructions.

4. Answering conceptual questions with ABCD cards
(peer instruction): In each lesson, usually near the
end of the class period, students’ understanding of
the new content and their reasoning about it is
probed with several conceptual multiple-choice
questions. Each question is projected, and students
are given sets of ABCD cards in different colors to
indicate their answers. The question is read aloud by
the teacher and students are asked to discuss the
question and the offered answers with students near
them, after which they are asked to raise the card(s)
indicating the answer(s) they consider correct. In this
way, the teacher can obtain a quick insight into the
state of the understanding of the physics content
for the whole class. The teacher then initiates the
discussion, asking for the reasons behind different
answers and guiding students through the discussion
to notice the possible reasoning mistakes and build
correct reasoning for the problem. In this method, it
is important to use well-formulated questions, which
really probe student understanding of crucial aspects
of the new phenomenon or concepts, along with
their reasoning, and not just the factual knowledge.
If some distractors include some common student
mistakes, this provides an opportunity to probe and
remedy those in the class, improving in that way
student reasoning and understanding.

As much as it was possible in the given time, there was
also an attempt to include some epistemic aspects of
scientific knowledge through discussion of scientific mod-
els, historical aspects of some discoveries, and the testing of
hypotheses.

It is important to stress that the new teaching sequence
was founded on the research results on student difficulties
with wave optics [12,14,15,18], aiming specifically at the
identified problematic points in teaching and learning of
wave optics.

The teaching sequence was developed for eight teaching
periods, which is approximately the amount of teaching
time that most secondary school physics teachers allocate
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to the introduction of this topic. Most teachers include an
additional three to four periods for problem solving,
reviewing, and regular testing (this was not included in
our new sequence but was replaced with pre- and post-
testing with diagnostic instruments, which were not
graded). Eight school periods are not a lot of time, so
we had to restrict the sequence to the fundamental topics:
double-slit interference, optical grating interference, single-
slit diffraction, and polarization of light. These topics are
also prescribed for secondary schools by the Croatian
physics curriculum and required for the state matriculation
exam in physics. Polarization is listed as an elective topic in
the curriculum, but we decided to include it because of
its presence in everyday items, e.g., polarizing sunglasses.
Table I presents a short overview of the content and goals of
the teaching sequence. All lesson plans, as well as the
methodological instructions for the unit, are available in
Croatian on the website of the project [50].

Each lesson was structured in the following way: In the
introductory part, an opening problem, related to the
historical problem (e.g., Newton—Huygens debate on
wave or particle model of light) or everyday items (e.g.,
how polarizing sunglasses work) is presented and shortly
discussed with students, without resolving it immediately.
Then some form of observational experiment [48] is
performed (either a real experiment or in some cases a
video or a simulation) with the intention of acquainting
students with the new phenomenon that will be studied and
letting them systematically observe it. After summarizing
their observations, the new phenomenon is usually named
and then investigated. The investigation begins with for-
mulating one or more questions to which the answer can
be obtained through an experiment. In four lessons, the
investigations were experimental, where students carried
out hands-on investigative experiments in small groups,
and in the other three lessons, investigations were carried
out either through teacher-led experiments with the par-
ticipation of students in the experimental design, predicting
and observing, or by students, working in small groups
with auxiliary materials (e.g., transparencies with circular
wave fronts). After investigation, the class would discuss
the obtained answer(s) to the investigation question(s).
Where necessary, the mathematical description of the
phenomena would be derived interactively and discussed
(the mathematical descriptions were developed for double-
slit and optical grating interference and for Brewster’s law).
The lesson would usually end with several conceptual
questions, probing student understanding of the new
phenomenon, to which students would answer by raising
ABCD cards, followed by a discussion of their answers and
explanations. In lesson 6 [systematization of phenomena
and problem solving (Table I)], the structure was different.
That whole lesson was dedicated to discussing conceptual
questions for all phenomena studied up to that point
(using ABCD cards) and later cooperatively solving and

discussing a few numerical problems in small groups.
Conceptual questions used in teaching differed from the
questions in the CSWO.

In the traditional approach, the content would be
presented through a lecture given by the teacher, outlining
the main features of the phenomena and their mathematical
descriptions, sometimes accompanied by a demonstration
of the typical experiments or just the images of the key
patterns (e.g., interference or diffraction pattern). That
would be followed by numerical problems, solved in a
traditional way (each student individually, or on the black-
board). There is typically far less interaction and exper-
imental work in a traditional classroom and the content is
not presented through inquiry but in the form of results and
facts. The new teaching sequence covers the same basic
content as the traditional sequences, but its novelty is in the
collaborative organization of class work, the use of an
inquiry-based approach through experiments, and much
more interactive engagement of students than is typically
the case in standard instruction, emphasis on conceptual
understanding, and inclusion of some epistemic aspects
(the nature of science).

3. Piloting of the new teaching sequence

The new teaching sequence was preliminary tested by
our research team in one class of a secondary school in
Zagreb (gymnasium of a general type) that was not
included in the later teaching intervention. One of the
researchers (K. J.) taught all eight periods. All lessons were
videotaped and qualitatively analyzed by the research team.
Students were tested with the CSWO. Five students of
different physics grades from the class were interviewed
for 15 min by the members of the research team. In the
interviews, students generally expressed satisfaction with
the new teaching, the experimental equipment, and the
experiments. The interviews and observation of the class-
room work helped us to pinpoint problematic areas in the
new teaching sequence.

After the piloting, the teaching sequence was revised
(mostly shortened and partly rearranged) based on the
results and observations from implementation and inter-
views with the students. Some of the students from the trial
class also participated in a follow-up eye-tracking study,
which investigated the effect of the pilot intervention on
students’ ability to recognize and distinguish wave optics
patterns. The results showed improvement in wave pattern
recognition in the intervention group compared to the
nontreatment group [19].

E. Training of the participating teachers

Due to the outbreak of the COVID-19 epidemic and the
epidemiological measures that followed, such as first
switching to online teaching and later introducing social
distancing in schools, the main teaching intervention,
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which was initially planned for September 2020, had
to be postponed until September 2022, when teaching
in Croatian schools returned to the prepandemic mode.
This also meant postponing the training of the included
teachers.

In June of 2022, a 2-day education for the seven (at the
time) participating physics teachers was held by the
research team. Teachers were introduced for the first time
to the new teaching sequence on wave optics. The teachers
experienced all eight lessons in the role of students, with
one of the researchers as the teacher (M. P.), and then
discussed with the research team the sequence, the experi-
ments, and the approach in general. They were provided
with detailed written lesson plans, experimental equipment,
and additional teaching materials. Each teacher was then
given the task of preparing two lessons for the 3-day
education workshop, which was held in August 2022.
There they were in the role of teachers for other partici-
pating teachers (ca. 40) from all around Croatia, who came
to be introduced to the inquiry-based teaching of wave
optics. The participating teachers were divided into two
groups of 20, and the seven teachers training for the
teaching intervention (one of which could not continue
with the project after the education because of personal
reasons) taught the sequence to the other teachers (one
lesson was taught additionally by one of the researchers).
The program also included several short lectures, given by
the members of the research team, on student difficulties
with wave optics, the inquiry-based approach to physics
teaching in general, and the results of the project available
at the time, as well as plenary discussions of the parts of the
teaching sequence, covered each day.

F. Implementation of the teaching sequence
by the participating teachers

The six trained teachers implemented the new teaching
sequence in their classes starting from September 2022 to
January 2023, depending on their schedule. Their lessons
were observed by the research team. All teachers but one
completed the teaching sequence in the allocated eight
periods, in about 4 weeks (teacher C completed it in
12 periods). The teachers managed to follow the lesson
plans and to perform all the experiments that were planned.
In schools where there were three physics lessons per week,
only two were used for the teaching intervention, and the
remaining period was used for laboratory exercises, unre-
lated to wave optics. Time was for most teachers the
greatest struggle. The second struggle was the inquiry-
based approach, which was relatively new for some of
them. All teachers were not equally skilled in effectively
guiding the students in reasoning and inquiry and that
seemed to be the most problematic observed aspect of some
teachers’ performance. Students in all schools were mostly
very cooperative and seemed to enjoy doing experiments
and group work in general.

G. Evaluation of the teaching sequence

Students’ scientific reasoning was evaluated with the
well-known Lawson’s classroom test of scientific reasoning
(LCTSR) [63] and their understanding of wave optics with
the Conceptual survey on wave optics (CSWO) [14]. The
LCTSR is a very well-known test in the PER community,
frequently used in research and classroom practice for the
evaluation of student’s scientific reasoning, including
aspects such as control of variables, proportional reasoning,
correlational and combinatorial reasoning, and hypotheses
testing. The testing with the LCTSR (pretest and post-test),
and with the CSWO (post-test) took three school periods.
Students also filled out a questionnaire, constructed by the
authors, in which they were asked about their attitudes
toward and impressions of the new teaching sequence. The
questionnaire consisted of statements about physics teach-
ing and the teaching intervention with which students could
agree or disagree on a four-point Likert scale, as well as
some demographic and open questions. The results of the
testing with the CSWO and the LCTSR were analyzed
using the Rasch analysis, compared for the control and
experimental group, and presented to the participating
teachers in May 2023 together with the qualitative descrip-
tive analysis of the experimental group questionnaire
results. Their experiences and suggestions for the future
implementation of the teaching sequence were discussed.
Students’ questionnaire results were also later analyzed
with Rasch analysis to provide a more detailed insight into
students’ attitudes and impressions. With all these results,
the impact of the new teaching sequence vs the traditional
approach was estimated and will be presented in the
Results section.

III. SAMPLE AND TESTING
A. Participants

The control and the experimental group both included
six classes of students (one from each participating school).
All classes were mixed regarding gender, with about 40%
of the students being female in both the control and the
experimental groups. Students were in the last year of their
secondary schooling, aged 18-19 years, belonging to the
urban population of middle socioeconomic status, and were
predominantly Caucasians.

In the control group (in 2019/20), 140 students were
pretested, 91 post-tested with the LCTSR, and 127 students
were post-tested with the CSWO (the post-testing was
performed after the traditional instruction on wave optics).
The difference in the size of the LCTSR sample at pretest
and post-test was due to the outbreak of the COVID-19
pandemic and the lockdown in the Spring 2020, because of
which two classes (B and E) could not be post-tested with
the LCTSR. Because of their incompleteness, the LCTSR
post-test data will not be used in further analysis. The
numbers of students who took the CSWO and the LCTSR
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TABLE II.

Overview of the participating schools and number of students who took the CSWO (post-test) and the

LCTSR (pretest). The number of physics periods per week in each school is labeled N, control group is labeled
CG, and the experimental group EG. Pre and post are abbreviations for pretest and post-test.

CSWO LCTSR
School Type Nper CG post EG post CG pre EG pre
A General type gymnasium 2 22 28 23 26
B General type gymnasium 2 18 18 23 24
C Foreign languages gymnasium 2 24 23 26 25
D Science and math gymnasium 3 26 23 27 23
E Technical vocational school 3 17 19 17 21
F Natural science vocational school 2 20 19 24 19
Total 127 130 140 138

varied because not all students were at school when each
testing was performed.

In the experimental group (in 2022/23), 138 students
were pretested with the LCTSR, 132 students post-tested
with the LCTSR, and 130 students post-tested with the
CSWO. All students participating in the testing and
teaching intervention were informed about the project
and signed their consent for participation in the study.
Their parents were informed by a written notice of the
implementation of the project and the principals of the
schools gave their consent. Students were generally excited
to participate and for the most part collaborated actively in
class activities. An overview of participating schools and
students is provided in Table II.

B. Testing

The CSWO was used to evaluate student understanding
of wave optics and was administered to students after they
had completed the unit on wave optics and before any
reviewing, additional problem solving or conventional
testing was attempted by their teachers, usually 1 week
after the completion of instruction. The testing was anony-
mous (students used a code name to receive their results)
and students received no grades or other incentives for it.

Students’ scientific reasoning was evaluated with the
LCTSR before and after the teaching on wave optics, both
in the control and experimental groups, with the intention
to check for possible changes in the scientific reasoning due
to instruction and also to compare the initial state of the
control and the experimental group. The latter turned out to
be important for this study because unexpectedly 2 years
had passed between the control and the experiment, in
which students were exposed to many personal stresses due
to the COVID-19 pandemic and to new forms of teaching
(e.g., online teaching), so it could not be readily assumed
that both groups of students were initially comparable in
their abilities. However, although it was planned to evaluate
and compare student improvement in scientific reasoning in
the control and experimental group, this turned out not to be

feasible, due to the incomplete LCTSR data, so only the
pretest LCTSR data were used to assess the comparability
of the experimental and control group before the teaching
on wave optics.

Each test was administered in a pencil-and-paper
form with an allocated time of 45 min, but most students
finished before that. The testing was always performed by
the members of the research team and the participating
teachers were not given a copy or the name of either test.
No answers to any questions were given to students after
the testing.

1. Control group testing

The control group was formed of six classes of students
of participating teachers (one class per teacher) taught by
them in their usual way of teaching, which was predomi-
nantly of the lecturing type (with some demonstrations) and
did not include inquiry-based teaching. In schools B-F, the
teachers in the control and experimental groups were the
same. In school A, the teacher who initially volunteered to
participate, and whose students were tested in the control
group, later decided not to participate in the teaching
intervention, for personal reasons, and was replaced by
another teacher from the same school, who underwent
training and performed the intervention. Even though the
teachers in the control and experimental group in school A
were different, we would not expect a large difference
between the control group results of these two teachers, due
to the homogeneity of the student population at school A
and the similar teaching methods that were typically used
before intervention.

The pretesting with the LCTSR was done at the
beginning of the school semester and the post-testing
with the LCTSR and the CSWO after the regular standard
teaching on wave optics had been completed and before
the students had their school test on wave optics. The
duration of the teaching intervention differed, depending
on the school, and may have included some reviewing
and problem solving.
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2. Experimental group testing

The pretesting of the experimental group with the
LCTSR was performed at the beginning of the school
semester and the post-testing with the LCTSR and the
CSWO after the students had completed the new teaching
sequence on wave optics and before any reviewing or
additional problem solving or conventional testing was
attempted, on average one week after the completion of
instruction. Students also filled out a questionnaire at the
end of the teaching intervention containing questions about
their impressions of the teaching sequence on wave optics.

IV. DATA ANALYSIS

The data were analyzed with the Rasch model, using
Winsteps software [64]. The post-test results on the CSWO,
as well as the pretest LCTSR results, were compared between
the control and experimental groups. The Shapiro-Wilk test
showed a significant departure of the CSWO (post-test) and
the LCTSR (pretest) scores of the control and experimental
group from the normal distribution [CSWO: W(127) = 0.94,
p <0.0001;, W(130) =091, p <0.0001; LCTSR:
W(140) = 0.97, p =0.01; W(138) =0.97, p = 0.005,
respectively]. The Mann-Whitney U test was used to assess
the difference between groups (using Rasch measures), and
its statistical significance and effect size (r = z/+/N) were
calculated. The corresponding Cohen’s d was also computed
[65] to facilitate comparisons with the results of previous
studies. Partial credit Rasch analysis was conducted to
compare the difficulties of groups of the CSWO items labeled
Knowledge, Interference condition, Experiments, Patterns,
and Explanations for the control and experimental group.
These groups of questions in the CSWO allow for a more
detailed analysis of aspects in which students may or may not
have improved during the teaching intervention. The ques-
tionnaire on student attitudes was analyzed using the rating
scale Rasch model.

V. RESULTS AND DISCUSSION

A. The CSWO results

The results obtained with the CSWO are shown in
Figs. 1 and 2, presenting comparisons of raw scores and

Rasch scores for control and experimental groups of
students The data on which these figures are based (number
of students, mean scores, and standard deviations for
control and experimental group) are presented in Table III.

The Mann-Whitney U test for the CSWO Rasch scores
showed that the differences between the results of the
control and experimental group on the CSWO test are
statistically very significant (U = 4536.5, p < 0.0001).
The effect size » was found to be 0.39, and the correspond-
ing Cohen’s d was 0.85.

On the other hand, the analysis of the pretest LCTSR
data showed that the difference between the control and
the experimental group is not statistically significant
(U =8905.5, p=0.26; r=0.068, corresponding to
Cohen’s d = 0.14), so the two groups may be considered
as being of similar ability before the teaching on wave
optics. The difference in their CSWO results can therefore
be attributed to different types of instruction in the groups.

Rasch measures were used for calculations since there
may be issues with calculating with raw scores, because of
their nonlinearity in the variable that they represent. It is
therefore recommended to transform raw scores into
Rasch linear measures expressed in logit and then express
gains or perform calculations with them [66—-68]. Since
raw scores, such as fractions of correct answers, are
expressed on a limited scale of 0 to 1, they cannot
accurately map students’ ability that is on a continuous
scale (ability being conceptualized in the case of this study
as student level of conceptual understanding of wave
optics, not as some form of general ability, such as
intelligence), and this mapping may become distorted,
especially near extremes [58]. This problem is solved by
transforming the raw scores into Rasch measures of
ability, which are expressed on a continuous logit scale.
By comparing graphs in Figs. 1 and 2, it can be noticed
that the difference in mean ability appears much larger on
the logit scale than for raw scores. The difference in raw
scores of about 15%, which does not seem like much,
translates into a 0.83 logit difference, which is a large
difference, implying that students from the experimental
group have on average 2.3 times higher odds of success on
items of the mean (zero logit) difficulty in the CSWO than
the students from the control group.

TABLE III. Number of students N, mean scores from the descriptive and Rasch analysis (fraction of correct
answers and Rasch measures in logit), and standard errors SE (standard deviations or Rasch standard errors) for the

control and experimental group.

Control group

Experimental group

Test N Mean SE N Mean SE
CSWO post-test (descriptive) 127 0.43 0.19 130 0.58 0.19
CSWO post-test (Rasch measures/logit) —0.30 1.06 0.53 1.19
LCTSR pretest (descriptive) 140 0.59 0.21 138 0.62 0.19
LCTSR pretest (Rasch measures/logit) 0.58 1.31 0.73 1.15
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FIG. 1. Comparison of the average fractions of correct answers
on the CSWO for the control and the experimental group. Error
bars represent the standard error of the mean.
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FIG. 2. Comparison of the mean Rasch CSWO person ability
scores for the control and the experimental group, expressed in
logit. Error bars represent the standard error of the mean.

Additionally, Rasch measures come with their standard
errors, enabling better and more realistic comparisons of
ability and difficulty calibrations than in the case of raw
scores. The zero-logit level is determined as the mean
item difficulty in the test, and person abilities and item

1.5

0.5

Interference
condition

Knowledge

M Control

FIG. 3.

=1
L

Experiments

difficulties are expressed on the same logit scale, allowing
for their comparison. The negative value of the Rasch mean
ability score for the control group can be interpreted as this
group of students having on average less ability than the
mean difficulty of the test, or in other words, that the test
was difficult for them. The positive value of experimental
group mean ability means that this group of students is on
average more able than the test is difficult, or that the test
was far easier for them than for the control group. To find
out which conceptual areas of the test were easier for them,
a partial credit Rasch analysis [58] was performed. Groups
of items were treated as super items, in that for each
student, the scores from all the items in the group were
added up, so the group could have different maximum
scores, depending on the number of items that were in a
particular group. The distribution of questions in groups is
described in the publication on the construction and
development of the CSWO [14]. The Rasch-Andrich partial
credit model was then used for analysis [58,66], in which
super items were not dichotomous but were treated as being
awarded credit for partial answers (credit for answering
some of the items in the group). The results are presented in
Fig. 3. Both control and experimental groups were ana-
lyzed together so that their item calibrations could be
expressed on the same scale. Table I'V. brings data from the
partial credit analysis, which enabled us to obtain more
precisely the difficulties of groups of items and their
uncertainties. The CSWO raw data comparison for item
groups can be found in Supplemental Material [69].
Figure 3 and Table IV show the better success of the
experimental group (lower item difficulty) on all groups of
questions except Knowledge, in comparison to the control
group. Rasch measures are considered statistically signifi-
cantly different when the difference between them exceeds
3 SE [70], and this is the case for groups Interference
condition, Experiments, Patterns, and Explanations. Again,

F

Patterns Explanations

W Experimental

Comparison of difficulties of groups of questions in the CSWO for the control and the experimental group, expressed in logit.

The zero-logit difficulty corresponds to the average difficulty of all items in the test. Groups below zero are less difficult than the

average. Error bars represent one Rasch standard error.
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TABLE IV. Results of the partial credit analysis (Rasch ability
measure with their standard errors, all expressed in logit) for the
control (N = 127) and the experimental (N = 130) group.

Control group  Experimental group

Conceptual area Measure SE Measure SE
Knowledge —0.69  0.09 —0.65 0.10
Interference condition —0.32  0.11 —0.70 0.11
Experiments 0.19  0.08 —0.13 0.08
Patterns 043 0.12 —0.36 0.12
Explanations 1.58  0.11 0.64 0.11

the zero-logit level corresponds to the average difficulty of
items in the CSWO, and item difficulties in the negative
range indicate groups of items that were easier for students
than the average, and those in the positive range indicate
groups of items more difficult than the average. So, the
easiest item group is knowledge about the wave model of
light, then comes the application of interference condition
(for the experimental group, this is equally easy as knowl-
edge), and then reasoning about typical experiments in
wave optics (it is of average difficulty for both groups of
students). The difficult areas for the control group are
recognizing and differentiating typical wave optics patterns
and explaining phenomena, whereas for the experimental
group, the patterns have become easier than the average,
leaving explanations as the most difficult aspect of
wave optics for them, although much easier than for the
control group.

B. Students’ attitudes

One important aspect of the new teaching sequence is
how it was perceived by the students and how willing they
were to engage in inquiry-based learning and activities.
We have observed students’ reactions and engagement
during the teaching intervention and noticed that they were
generally cooperative and willing to engage in the work in
all schools. To probe their attitudes further, we adminis-
tered a written questionnaire after the teaching sequence.

The questionnaire originally included, among some
other questions, 12 statements probing students’ impres-
sions of the teaching intervention. After preliminary Rasch
analysis of the questionnaire, nine well-functioning state-
ments probing students’ impressions of the teaching
intervention on wave optics were retained, which will be
further analyzed. The statements were rated by the students
on a four-point Likert scale: 1-—completely disagree,
2—disagree more than agree, 3—agree more than disagree,
and 4—completely agree. Students expressed a high degree
of agreement with the statements, with an average raw
score of 3.2 4+ 0.2. Students were also invited to give their
comments and suggestions in open form.

The rating scale Rasch analysis [58] was conducted on
the questionnaire data related to the teaching intervention to

1.5

l“iii.l

-1

-2

FIG. 4. The Rasch item measures (difficulties) for all state-
ments, sorted from the easiest to endorse (on the left) to the most
difficult to endorse (on the right). The error bars represent Rasch
standard errors.

analyze its functioning and obtain linear measures of
students’ attitudes toward the intervention. The Rasch
measures for nine statements on the teaching intervention
are presented in Fig. 4. The statements are listed in Table V
with their Rasch measures and standard errors.

Statements with lower Rasch measures (lower item
difficulty) are those more easily endorsed by students,
meaning that students expressed higher values of agree-
ment with such statements on the Likert scale. The value of
zero logit in Fig. 4 represents the average item difficulty
(endorsability of statements), corresponding to the raw
score value of 3.2, meaning that students on average agreed
with the statements more than they disagreed.

The findings from the questionnaire were consistent
with our observations during the intervention, that

TABLE V. Statements from the questionnaire with their Rasch
measures and standard errors.

Statements related to the teaching

intervention (in ascending difficulty Rasch

of endorsement) measure/logit  SE/logit

14. 1 felt good in group work. —1.47 0.2

2. Teacher’s demonstrations were —0.68 0.18
interesting.

I3. Experiments that we performed in —0.57 0.17
groups were interesting.

19. Computer simulations were —0.25 0.18
helpful.

I5. It was clear to me what we 0.26 0.16
investigated in group experiments.

16. The conclusions of experiments 0.33 0.17
were clear to me.

I8. Worksheets for investigation were 0.39 0.16
helpful.

I7. Conceptual questions with ABCD 0.85 0.16
cards were helpful.

I1. Instruction on wave optics was 1.15 0.17

generally understandable.
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students liked it and were willing to engage in inquiry-
based activities and learning.

It was found that these nine items defined a sufficiently
unidimensional construct—item misfit was within the allowed
range of 0.5-1.5 for items to be productive for measurement
and person and item reliabilities were satisfactory (person
reliability index was 0.81, and item reliability 0.95). The
classical reliability index Cronbach’s alpha was 0.86.

Students did not give many additional comments, but
those who did praised group work, experiments, and
questions in class, as well as the relaxed atmosphere. A
few students criticized the lack of numerical problems or
the pace as being too slow (quite the opposite from their
teachers, who mostly struggled with time, but the pace also
varied among teachers). Here are some examples of
students’ comments:

“I liked this type of teaching very much. Because
of many experiments and group work, I felt more
relaxed and so I better understood the content as
well.”

“I usually don’t like physics, because I will not be
needing it in life, so I rarely work and follow the
teaching in class, but during the project I followed
much more, although not completely, and I think
I learned in class more than usual. Also, the
experiments performed by the teacher and by us
were more interesting than the rest of the lesson,
and I learned from them quite a bit.”

“Great compliments for organization and design
of teaching. I liked reviewing with (ABCD) cards
very much.”

“I didn’t particularly like the pace of the teaching.
I think it could have been done more effica-
ciously, since it was kind of slow. Otherwise,
I liked interaction with experiments and group
work. I consider this type of work helpful.”

“Things were sometimes too slow, it took long
to come to some, for me trivial conclusion, so I
would drift off and be bored, and then miss some
important part. I liked that it was conceptually
very well explained, but I missed mathematics...”

“With experiments, it is easier to understand that
our predictions are wrong, and the group work
makes it easier to come to conclusions that made
me understand the content easier. Work at home is
still needed, at least some review, but questions in
class are a good way to check knowledge and
understanding.”

C. Discussion

The teaching sequence on wave optics was designed
according to the theoretical principles of IBL, described
in Sec. I. B. It engaged students with scientific questions,

observation, and description of phenomena, encouraged
them to design and conduct investigations, formulate
explanations from evidence (building on scientific knowl-
edge), and communicate and justify those explanations. All
three Duschl’s [32,33] categories of inquiry were present:
(i) conceptual structures were built through teaching, and
scientific reasoning was promoted and developed, (ii) epi-
stemic aspects of scientific knowledge were included in
teaching as much as possible through discussion of
scientific models and need for their change, and (iii) social
interactions by communication and representation of
knowledge were very strongly promoted through group
work and class discussions. The collaborative aspect was
strongly emphasized throughout the intervention, as well
as the interaction between students and their peers and
students and the teacher.

Some of the interactive engagement methods that were
often used in the teaching sequence included the previously
described class discussion, interactive demonstrations,
collaborative work in small groups, and answering con-
ceptual questions with ABCD cards (peer instruction).
These strategies were observed to be beneficial for stu-
dents, and students also expressed their satisfaction with
many of them (e.g., group work, questions with ABCD
cards, performing and observing experiments). It seems
that the new teaching sequence on wave optics achieved in
its design and implementation a sufficient level of inquiry
and students’ intellectual engagement to be called an
inquiry-based teaching sequence. The overall results of
the testing seem to suggest its benefits for students’
conceptual understanding of wave optics.

Regarding our first research question RQ1, we can say
that the new inquiry-based teaching sequence outperformed
the traditional lecture-based teaching in developing a
conceptual understanding of wave optics. Students showed
overall significantly better conceptual understanding, as
measured by the CSWO. Compared to the reported effect
sizes for the inquiry-based teaching interventions in liter-
ature [27,31], the effect size of 0.85 (equivalent to Cohen’s
d value, typically regarded as large) seems to be a good
result for such a short intervention. We attribute the
effectiveness of the new teaching sequence to the higher
level of intellectual engagement of students (achieved
through the extensive use of different interactive engage-
ment teaching methods) than is typically present in lecture-
based teaching, as well as to the structure of the lessons. In
each lesson, the new phenomenon was first introduced and
demonstrated, giving students the opportunity to system-
atically observe it, and then further investigated by the
students, providing at the end also the opportunity to apply
the new knowledge and test their understanding. Such a
structure may have helped students to follow and engage
more in the lesson and gain familiarity with wave optics
patterns. Students showed improvement in differentiating
the essential features of different wave optics patterns,
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which seems to be a cognitively complex skill [14,19],
which requires attention and intellectual engagement of
students, and is unlikely to be acquired in a predominantly
passive learning environment. Other improved areas, such
as explaining the phenomena and applying them to every-
day life situations, are also cognitively complex tasks that
require a solid underlying understanding of basic concepts
and connections between those concepts. We have noticed
in earlier interviews with students, conducted after the
standard lecture-based school instruction on wave optics
[12,15], that students’ knowledge was typically very
fragmented and lacked structure. The new teaching
sequence with its higher level of interactive engagement,
emphasis on direct experience of phenomena through
experiments, and building of conceptual knowledge may
have promoted the formation of better structured and more
integrated student knowledge networks related to wave
optics than was typically the case in lecture-based instruc-
tion. Improved student knowledge networks were also
suggested as a cause of the effectiveness of teaching
interventions in some other studies [71,72]. Well-integrated
conceptual networks may help students to better interpret
novel situations and form explanations using that
knowledge.

Regarding our second research question RQ2, we
showed that all groups of items in the CSWO, except
Knowledge (referring to the basic factual knowledge), were
significantly improved with the inquiry-based teaching
sequence. To find improvement in the experimental rea-
soning and pattern differentiation may not be surprising,
since inquiry-based teaching focuses much more on experi-
ments, as well as on observing and differentiating exper-
imental patterns, than the lecture-based teaching. However,
it is surprising that students showed improvement in the
application of interference conditions, which was tackled
quite shortly, compared to the traditional teaching, where it
is much more stressed and practiced in numerical problems.
Possibly, this improvement can be attributed to the more
conceptual approach, aimed at developing understanding,
students’ investigation of interference patterns with circular
wavefronts, and conceptual questions that were used in the
new teaching sequence. Even though less time was spent on
the application of interference conditions, compared to
traditional teaching, more emphasis on the meaning of
those conditions and more active engagement in discussing
and applying them may have contributed to better results.
The improvement in explanations is also striking and
suggests that the experimental group students have formed
a better understanding of typical wave optics phenomena
than the control group students. The same level of success
on knowledge questions in both groups is not surprising
since both groups acquired the same basic information on
wave optics phenomena and wave model of light during
teaching, and no special emphasis was put in the new
sequence on that aspect.

Regarding our third research question RQ3, from the
results of the questionnaire related to the teaching inter-
vention, we concluded that students were generally sat-
isfied with the new type of teaching, the experimental and
collaborative work, and the interactive engagement meth-
ods. Students seem to have found the teaching intervention
on wave optics generally understandable and teacher
demonstrations and student experiments interesting. It
seems that students liked the collaborative aspect (working
in groups) the most. Investigations, as well as their
conclusions, seemed overall clear to them. They rated
conceptual questions with ABCD cards, worksheets, and
computer simulations as helpful. This is consistent with
what was generally observed during the intervention, where
students mostly cooperated and actively engaged in exper-
imental work and inquiry-based learning.

D. Limitations of the study

Even though the study produced positive results, we are
aware of some of its limitations. It was conducted only on
the urban population in the capital of Croatia and in quite
good schools. The schools in the sample did represent the
major types of secondary schools in Croatia that have
physics as a compulsory subject, but they did not represent
all types of student populations that can be found in
Croatia—such as rural or small-town populations in differ-
ent regions of Croatia or students from more average
schools. The teachers were volunteers, who were obviously
motivated to engage in such a project that cannot be
automatically generalized to all physics teachers in the
country. They were willing to put a lot of effort into the
preparation of lessons, learning the new approach, studying
the teaching materials, participating in training, and were
willing to be observed during teaching by the researchers.
It may be questioned whether other teachers would be
willing to do all that. However, the large turnout of physics
teachers to our 3-day professional development program
dealing with implementing inquiry-based teaching to wave
optics is a sign that there are more teachers who would like
to know more about this type of teaching and try it out for
themselves. A large setback for the study was the pandemic
of COVID-19, and the epidemiological measures that
followed, due to which there was an unplanned 2-year
gap in the project activities at schools, resulting in some
teachers not being able to continue with the project.

The short duration of the teaching intervention and the
relatively small breadth of the covered topics are additional
limiting factors that suggest the need for more extensive
research to support the study findings.

VI. CONCLUSIONS

The presented results suggest that the new inquiry-based
teaching sequence on wave optics was more effective than
the traditional lecture-based type of teaching in developing
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secondary school students’ conceptual understanding of
wave optics. There are several findings that can be stressed.

A. The experimental group outperformed the control
group on the whole test and in almost all aspects of
understanding probed by the CSWO

This suggests that inquiry-based teaching may be a good
way to improve outcomes of secondary school physics
instruction and students’ overall understanding of physics
topics. The challenge remains how to fit it into the
constraints of the quite extensive physics curriculum and
limited time available (usually two periods of physics
instruction per week), as well as how to solve the equip-
ment problems in some schools.

B. Even a short teaching intervention can produce
positive measurable results

Our teaching intervention was quite short, lasting in most
cases only 4 weeks, but it still produced a significant effect
on students’ conceptual understanding of wave optics.
We can only imagine what effects on the overall student
understanding of physics the implementation of inquiry-
based teaching could have if it were applied systematically
and consistently throughout secondary school. However,
the student population in the study was not average, and the
teachers seemed to be very motivated, so this leaves open
the question of how the intervention would function in less
favorable circumstances.

C. Students seem to be willing to engage in inquiry-
based learning and have positive attitudes toward it

Physics teachers often doubt that students would be
willing to engage in experimental investigation and rea-
soning required in inquiry-based teaching, but our expe-
riences were very positive in this respect. Students’
attitudes and impressions seemed to be mostly positive,
as observed in their work and conduct during the inter-
vention, and as expressed in the questionnaire. However, a
question remains for further study on how students in other
types of schools or other social environments would
respond to this or similar teaching interventions.

In addition, it seems from our observations during the
project that to help teachers transition from traditional

lecture-based teaching to inquiry-based teaching, substan-
tial support may be needed. Traditional lecturing may be
appealing to teachers as a teaching method in which they
have more control and with which they are familiar, while
the inquiry-based teaching may initially appear to them as
complex, less controlled by the teacher, and with the
potential to go in unplanned directions. Inquiry-based
teaching has many aspects that could be initially difficult
for teachers, from structuring the lesson and guiding
students’ investigations in a way to promote inquiry,
to using many interactive-engagement teaching methods.
The last aspect appeared to us to be one of the greatest
difficulties for teachers in our study, who were not all
equally skilled in using such methods.

In conclusion, we believe that teachers should be
provided with a lot of support from educational authorities,
educational experts, as well as PER researchers, to find the
optimal path of transitioning to inquiry-based teaching. The
use of research-based, inquiry-based teaching materials can
help a lot in that process. In this study, we provided teachers
with detailed lesson plans, experimental equipment, and
education on inquiry-based teaching in general and on the
specific physics content, including related student difficul-
ties. We also modeled the teaching, as well as provided
opportunities for teachers to practice the teaching of the new
sequence with their colleagues. Although the quality of the
actual performance of the inquiry-based teaching by the
participating teachers still varied from teacher to teacher, it is
worth stressing that, despite all the limitations in the process,
all teachers in this study achieved with the inquiry-based
approach an improvement in students’ learning over their
own previous lecture-based teaching, and we feel that this is
a very valuable message coming from our project.
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