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Abstract

The Conceptual Survey on Wave Optics (CSWO) is a new diagnostic instrument aimed at the as-
sessment of high school students’ understanding of some basic phenomena of wave optics. The
CSWO consists of 26 multiple choice items that include questions about double-slit and optical
grating interference, single-slit diffraction, and polarization of light. Both Croatian and Austrian
students were tested in the process of the CSWO development and validation. The final version of
the CSWO was administered to 167 students at several Viennese high schools, who took the test in
an online form after finishing regular school instructions on wave optics. The survey was conducted
during the summer term of school year 2020/21. The Rasch analysis of the results of Austrian stu-
dents on this survey is presented and discussed, together with some implications for high school
instruction on wave optics. The results suggest that wave optics is a rather difficult topic for high
school students, and it seems that recognizing patterns and explaining the basic wave optics phe-
nomena are especially difficult tasks for students.

1. Introduction

This study is part of the first authors’ doctoral re-
search, whose goal is to determine high school stu-
dents’ difficulties with wave optics and to create a
measuring (diagnostic) instrument for determining
prevalence of identified high school students’ diffi-
culties with wave optics. The research was mostly
conducted in Croatia, within a research project
granted by the Croatian Science Foundation, with
Croatian high school students, who are introduced to
wave optics for the first time in their final year of high
school, when they are typically 18 years old. The di-
agnostic instrument, the Conceptual Survey on Wave
Optics (CSWO) was developed and validated on Cro-
atian (mostly) and Austrian students [1]. Then, the fi-
nal version of CSWO was translated to German lan-
guage! and administered to Austrian high school stu-
dents, after their regular school instructions on wave
optics. This paper will shortly present and discuss the
results that Austrian high school students achieved on
the CSWO.

1 The German version of CSWO is available upon request.

2.Literature review

Previously conducted investigations of student under-
standing of wave optics included university level stu-
dents [2-6], and high school students too [1, 7-10].
Their results were similar — wave optics is a rather
difficult topic for many students at the university or
high school level. Students are not sure when to apply
geometrical optics and when to apply wave optics, so
sometimes they mistakenly use geometrical optics for
the case when light is passing through a very narrow
slit, or they use wave optics for light passing through
a very wide slit [2]. Geometrical optics phenomena,
such as reflection and refraction of light, are some-
times used as the explanations of the process of po-
larization [9]. Some of the students even create hybrid
models of optics with elements of both geometrical
and wave optics. One example of a hybrid model is
that students apply geometrical optics for light that is
passing through the middle portion of the slit, and
wave optics for the light passing near the edges of the
slit [2]. Edges of the slit are also sometimes consid-
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ered new sources of light, which shows students’ ten-
dency to simplify difficult parts of physics and their
lack of understanding of the Huygens-Fresnel princi-
ple [6]. Slits are also sometimes considered to have
polarizing characteristics [2, 9].

Application of the wave model of light is a source of
some other difficulties, too. For example, students
struggle with expressing distances in terms of wave-
length [5], and some of them do not understand that
the path length difference, not just the total path
length, is a crucial condition for determining the type
of interference that will occur [2]. Introducing mod-
ern physics concepts, such as photons and the quan-
tum model of light in the following physics lessons,
results sometimes in the common student (wrong)
idea that photons move through space following si-
nusoidal paths [6].

Usually, students are not able to distinguish or predict
basic wave optics patterns that are observed on the
screen in typical school experiments [10-12], and
they have difficulties with explaining basic wave op-
tics phenomena [2-11].

3.The Rasch model

To quickly assess students’ understanding of some
topics, teachers and researchers often use multiple-
choice diagnostic instruments (tests). Students’
choices of answers on carefully designed items can
give an important insight to their teacher, or re-
searcher, about how well students understood the
topic and what difficulty students are facing. Multi-
ple-choice format enables easy administration to
many students at once and easy grading. An ideal di-
agnostic instrument (test) should serve as a ruler that
will enable us to estimate students’ abilities regarding
the investigated topic and to compare them. But, if the
markings on this ruler are expressed in raw scores,
there are some problems because not every raw point
has the same weight. For example, in a math test, one
can be asked to sum two one-digit numbers, to multi-
ply two two-digit numbers, or to divide two multiple-
digit numbers. If each correct response yields the
same number of points, which is often the case on
multiple-choice tests, we cannot conclude much from
just raw scores, because it is obvious that answers for
some items are much more complicated than the an-
swers to the others [13-15].

In order to avoid the problem with raw scores, many
researchers use the Rasch model, one of the most used
statistical models that helps (and guides) researchers
in the process of test construction and evaluation.
This statistical model is capable of evaluating each
item in the test, and also to evaluate the test as a whole
[16].

The basic role of the Rasch model is to transform non-
linear raw scores (number of points on the test that
students achieved) into linear measures of student
ability and item difficulty expressed in the mathemat-
ical unit defined by the model, called logit [17].
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Some of the assumptions of the Rasch model used to
construct the CSWO were unidimensionality, mean-
ing that the test should investigate only one variable
or construct (here: understanding of basic phenomena
of wave optics) and local independence of items,
meaning that the answer to one item should not influ-
ence the answer to some other item [18].

4.Methodology
4.1.CSWO development and validation

The new instruments’ (CSWO) development and val-
idation were conducted in a period of slightly over a
year. More than 700 high school students from Croa-
tia and Austria took part in five cycles of testing,
where more than 60 items were probed. After the final
cycle of testing, we obtained 26 coherent and well-
functioning items, that are distributed across five fol-
lowing learning outcomes (LO) [1]:

LO1. Demonstrate knowledge of basic wave concepts
and the wave model of light

LO2. Apply mathematical conditions for the interfer-
ence of light from two sources

LO3. Reason about school experiments in wave op-
tics (interference of light on two slits, interference on
an optical grating, diffraction of light on a single slit,
and polarization of light with polarizers or by reflec-
tion on different media)

LO4. Differentiate patterns of basic interference and
diffraction phenomena introduced in high school
physics

LO5. Explain wave optics phenomena and apply
them to real-life situations.

The items in LO1 are expected to be the easiest group
of items for students, while items in LO5 are expected
to be the most difficult group of items for the students.
Each learning outcome (from LO1 to LO5) is ex-
pected to be more and more complex for students.

The CSWO is focused only on basic wave optics phe-
nomena: interference of light on two slits and on op-
tical grating, diffraction of light on a single slit and
polarization of light. In high schools, the CSWO
should be used only as a posttest.

4.2.Sampling

The testing of Austrian high school students was con-
ducted in the school year 2020/21. Considering that
most of the schools were having online teaching at
that time, the CSWO could not be administered to stu-
dents in paper form, so an online questionnaire was
created on the UNIPark platform [19]. At the begin-
ning of the 2021, the invitation for participation in the
study was sent via an e-mail to several Austrian high
school (gymnasium) teachers. Interested teachers,
who responded to our invitation received a link to the
online questionnaire containing all CSWO items in
the multiple-choice format. After finishing lectures
on wave optics, teachers forwarded the link to their
students and students mostly solved the CSWO dur-
ing Physics lessons. The online questionnaire was
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open until the end of June 2021, and there were 167
respondents from nine Viennese gymnasiums. At the
beginning of the questionnaire, students were assured
that their participation in this study was purely volun-
tary and that they were allowed to stop responding to
the survey at any time, without penalty.

5.Results

The maximum score that the students could achieve
on the CSWO was 26, and the average score that Aus-
trian students achieved was 10 points (38%).
Cronbach alpha (the measure of internal consistency
of the test) of this test was 0.5.

The Cronbach alpha coefficient corresponds to Rasch
model parameter person reliability prel = 0.56 (where
prel = 1 is the maximum value). The person reliability
index indicates the replicability of person ordering if
this sample was given another set of items that is
measuring the same construct (here understanding the
basic wave optics phenomena) [13]. Item reliability
index here is very high, irel =0.93 (where irel =1 is
the maximum value). This index indicates the repli-
cability of the order of items according to their diffi-
culty, had these items been given to another same
sized sample, that behaved in the same way [13]. Item
reliability is usually higher than the person reliability
index because we know more about items (each item
was solved by 167 persons) than we know about per-
sons (each person was probed by 26 items).

The item-person map (shown in Fig. 1, sometimes
also called the Wright map) is the standard output of
Winsteps [20], the software that was used in this
study for analyzing data with the Rasch model. It of-
fers a comparison of the distribution of persons (on
the left-hand side of the map) and the distribution of
items (on the right-hand side of the map). In the mid-
dle of the item-person map, there is a vertical line that
represents the underlying variable of the test, the
measured construct (here students’ understanding of
wave optics). On the right-hand side of the item-per-
son map, there is the distribution of the items, where
the easiest items are at the bottom of the map, and the
most difficult items are at the top of the map. The item
of average difficulty has measure of 0.0 logits. Easier
items have negative estimated measures, and harder
items have positive estimated measures [13, 14]. On
the left-hand side of the map, there is the distribution
of students according to their estimated ability in
wave optics (which should not be confused with any
general ability indicators, such as e.g. intelligence),
from the least able students at the bottom (with nega-
tive values of the estimated measures of ability) to the
most able students at the top of the map (with positive
values of the estimated measure of ability).

It is noticeable that there is a gap between the means
of the two distributions, which indicates that this test
was too difficult for this sample. There are some gaps
between the difficulties of the items on the right-hand
side of the map, meaning that adding some easier
items would be beneficial. There are many students
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Fig.1: Item-person map.

with the estimated ability of around -1 logit, but there
are no items whose difficulty corresponds to students’
estimated ability. Nevertheless, most of the students
have items that are in the range + 1 logit of their esti-
mated ability, which is the range that allows good
measurement [21].

5.1.Students’ achievements on LO1-LO5

At the beginning of the process, we expected on the
basis of our previous results with Croatian students
[1] that LO1 would be the group of items that is the
easiest for the students, and that the LO5 would be the
most difficult for the students. In order to validate our
predictions (the theoretical construct), we conducted
the partial credit analysis of the data [1, 22]. For each
student that solved the test, we added up their raw
scores (points that students achieved) for each of the
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groups of items and each group was then analyzed as
a new item. There were five groups of items (LO), so
now each LO was represented as a single item, that
had different maximum score (corresponding to the
number of items in the group). For example, in LO4
there were 3 items, so the maximum score that a stu-
dent could achieve on the item_group LO4 was 3.

LO1 LO2 | LO3 | LO4 | LO5S
measure | -0.56 | -0.11 | -0.03 | 0.37 | 0.33

error
(35E) 0.24 027 | 018 | 0.3 | 0.27

Tab.1: Data from the partial credit analysis that were
used to create Fig. 2. Data are expressed in logits.

Empirical validation of the theoretical construct is
shown in Fig. 2. The group of items belonging to the
LO1 is, as expected, the easiest group of items for the
students in this sample. The difference in the diffi-
culty of groups of items LO2 and LO3 seems to be
statistically insignificant, and the same is true for
groups of items LO4 and LO5.
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Fig.2: Partial credit score for five item_groups, where
each item_group corresponds to a group of items probing
asingle LO. The vertical scale is in logits (0 logits corre-
sponds to the average item difficulty, negative values to
less difficult, and positive values in logits to more difficult
items).

5.1.1.LO1%

The easiest item for this sample was the first item of
the test, Q1, where students were asked to count how
many wavelengths is there on a sine wave. The ma-
jority of students (N=123) knew this. The second eas-
iest item, Q5, was solved by 112 students, who knew
that light diffraction shows us that light is a wave. In-
terestingly, 31 students thought that light diffraction
shows that light is a transversal wave. Item about cal-
culating path length difference from sources to point
T, Q8, seemed to confuse the students, because only
59 students knew what path length difference was
(the difference of the distances of each light source to
the point T). The most frequently chosen distractor

2 The English version of CSWO with distribution of Croa-
tian high school students' answers can be found on this web
page:
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was that the path length difference is the difference of
the wavelengths of the waves.

5.1.2.LO2:

Items Q3 and Q13 showed that the majority of the
students knew that for destructive interference to oc-
cur, troughs of one wave must meet with the crests of
another wave. On item Q3, 63 students knew how to
express this condition by words (the path length dif-
ference equals an odd number of half-wavelengths.),
while 54 of them simplified this to the path length dif-
ference being equal to an odd number of wavelengths.
On item Q13, the majority of the students (N=97) rec-
ognized that at a given point there would be a destruc-
tive interference, but 31 of them miscalculated the
path length difference for this point.

5.1.3.LO3:

Item Q10 asked students about the pattern on the
screen if the width of the 1 cm wide slit was narrowed
to 1 millimeter. The majority of the students knew
that this would result in a wide central maximum and
multiple horizontally aligned minima and maxima,
but the second most prevalent option was that on the
screen there would be only a fraction of the initial la-
ser dot.

Item Q11 asked students to predict which optical grat-
ing would produce maxima that are more apart on the
screen: grating with 100 or grating with 300 lines per
millimeter. The majority of the students (N=61)
thought that the grating with 100 lines per millimeter
would produce maxima that are more apart than max-
ima produced by the grating with 300 lines/mm
(N=55).

5.1.4.LO4:

The most difficult item (Q15), as shown in Fig. 1, is
the item probing the learning outcome LO4. Students
were expected to recognize that a given pattern is ob-
tained with laser light incident on a double slit (Fig.
3). Only 29 students knew how the pattern was pro-
duced, while most of the students (71) thought this
pattern was obtained with laser light incident on an
optical grating. In item Q18, students should have
recognized the pattern that laser light produces on op-
tical grating, and they were offered four different pat-
terns to choose from (narrow slit diffraction pattern,
double-slit interference pattern, less narrow diffrac-
tion pattern, optical grating pattern). Here, the major-
ity recognized the correct pattern (73), but it is inter-
esting to point out that the most frequent wrong
choice, that 39 students have chosen, was the double-
slit interference pattern (the same pattern used for

Q15).

https://journals.aps.org/prper/abs-
tract/10.1103/PhysRevPhysEducRes.18.010103



https://journals.aps.org/prper/abstract/10.1103/PhysRevPhysEducRes.18.010103
https://journals.aps.org/prper/abstract/10.1103/PhysRevPhysEducRes.18.010103

Assessing Austrian high school students® understanding of basic wave optics phenomena using the Conceptual

Survey on Wave Optics

Q15. The figure shows an experimental setup with an unknown optical element X.

Sereen

The following image was obtained on the screen with that setup:
What was used as element X in the experimental setup?

. An optical grating.

. Avery wide slit.

. A very narrow slit.

. Two very narrow slits.

Oowp

Fig.3: Item 15, the most difficult item for students.

5.1.5.LO5:

Item Q9 examined student knowledge of real life ap-
plication of wave optics and asked students for the
reason behind colors on the soap bubbles. The major-
ity of the students knew that interference of light is
involved in creating these colors (N=75), but the sec-
ond most prevalent option was that the refraction of
light creates these colors because the soap bubble acts
like a glass prism (N=54).

Item Q22 asked students for the explanations of the
pattern produced by the optical grating, and the ma-
jority of the students (N=77) knew that each slit on
the grating was considered to be a new point source
of the waves that interfere and create the pattern on
the screen, but some students (N=39) thought that
each slit produces its own maximum on the screen or
that (N=32) light is refracted on the optical grating.

6. Discussion

It is evident that students confuse geometrical optics
with wave optics (i. e. connecting every case of dis-
persion of white light to glass prism or invoking geo-
metrical optics phenomena (such as refraction of
light) to explain wave optics phenomena (optical grat-
ing pattern). Conditions for the destructive interfer-
ence are sometimes simplified: the path length differ-
ence is equal to the odd number of wavelengths in-
stead of the odd number of half wavelengths, and stu-
dents struggle with defining and calculating the path
length difference.

Recognition of the patterns seems to cause difficulties
for the students. The reason could be that, in a very
short time, students are shown multiple patterns that
are quite alike to the untrained eye. If features of the
patterns are not properly observed and discussed, they
might not be perceived as important. Also, patterns of
basic wave optics phenomena are quite dependent on

3 https://journals.aps.org/prper/arti-
cle/10.1103/PhysRevPhysEducRes.18.010103/fig-
ures/5/medium

the equipment used. For example, if laser light is in-
cident on a double slit, there will be multiple maxima
on the screen, equally spaced and with similar inten-
sity. If white light is incident on a double slit, the ob-
tained pattern is not something that can be easily con-
nected to the previously mentioned pattern: white
central maximum and multiple colorful spectra on
each side of the central maximum. Even though the
main characteristics of such patterns should be the
same, they cannot be easily spotted at all. Also, in the
double slit experiment, we usually have a pattern that
is a combination of two patterns: interference on two
slits, and diffraction on each slit. Depending on the
width of each slit, the diffraction pattern is more, or
less noticeable.

Since this is the continuation of our research of stu-
dents’ difficulties with wave optics, it is interesting to
stress out the similarities and differences between
Austrian and Croatian samples, which can be best
seen when examining the graph with estimated diffi-
culties of groups of items belonging to the same LO
(for Austrian students this is shown in Fig. 5 and for
Croatian students the data can be found in the [1] or
in the footnote3).

For the Austrian sample, the items belonging to the
LO1 were the easiest group of items, and the same is
for the Croatian sample. For both samples, items be-
longing to the LO2 and LO3 are more difficult than
items belonging to LO1, and for both samples items
belonging to the LO4 and LO5 are the most difficult
groups of items. However, for the Austrian sample,
we cannot differentiate the mean difficulties of LO2
and LO3, and LO4 and LO5.

The trend of the increasing difficulty of groups of
items is evident for both samples, but for Croatian
students, we can differentiate five different levels of
difficulties, while for Austrian sample we can differ-
entiate only three. Those differences might be ex-
plained by the differences in physics curriculums of
the two countries. In Croatia, teachers are mostly ori-
ented toward numerical exercises, so there is not
much time to properly conduct experiments during
the class. In Austria teachers usually dedicate more
time to experiments, than to numerical exercises. Sec-
ondly, the timing of teaching might have influenced
the results too because Croatian students took the test
before the pandemic, and Austrian students took the
test during the pandemic, when they had remote
teaching. Preparing and showing students basic ex-
periments from wave optics (i.e. Young’s experi-
ment) is difficult even during contact teaching (for
example, appropriate darkening of the room), but dur-
ing remote teaching it is even more difficult.
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7.Conclusion and implication for teaching

The CSWO is a new diagnostic instrument that has
been, for now, applied to two populations of high
school students in two countries in two very different
settings: one pre-pandemic (in Croatia) and one dur-
ing the pandemic (in Austria). The school year
2020/21 was very difficult because (most of the)
teaching was remote and online due to the pandemic,
especially during winter and early spring, when
teaching of wave optics usually took place.

Regardless of the way of teaching (online or contact),
the test results showed that basic phenomena of wave
optics are very challenging topic for high school stu-
dents. The most difficult items for students seemed to
be the items where students should have recognized
basic wave optics phenomena and items with expla-
nations of those phenomena.

One way to tackle these difficulties is putting more
emphasis on experiments. If students are asked for de-
tailed observations of basic wave optics patterns dur-
ing teaching, their attention will be directed to the
most prominent features of patterns, thus making it
easier to differentiate between very similar patterns
later. Asking students to predict the outcome before
an experiment might also increase students’ curiosity,
thus making them observe the pattern more carefully.
It is also possible to create a teaching environment
where students’ hands-on experiments can be in-
cluded (or giving students the chance to inde-
pendently explore appropriate simulations or anima-
tions in online or remote teaching). Students’ hands-
on experiments can be used as experiments to test hy-
potheses or to investigate relation between variables,
and the results of these experiments can serve as a ba-
sis for the explanations of phenomena, that will be
created with guidance and help of the teacher. If stu-
dents are included in all these steps, perhaps their un-
derstanding of basic wave optics phenomena will in-
crease and deepen.
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