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Even graduate physics students have many misconceptions about basic wave optics phenomena. This
suggests that there is much room for improvement of the traditional wave optics curriculum. An effective
way for initiating a curriculum change is to reconsider and revise the expected learning outcomes and
corresponding assessment instruments. By systematically enriching our wave optics instruction and
assessment with conceptual tasks, we may increase the probability of students actively engaging in learning
the conceptual aspects of wave optics. In this paper, we present the process of developing an item bank for
measuring understanding of wave optics in typical introductory physics courses at universities. Thereby,
the Rasch modeling approach has been used. The development of the item bank has been guided by results
from multiple expert and student surveys, as well as from group interviews and think aloud interviews.
Altogether 65 multiple-choice items with a single correct answer and three distractors have been prepared
for field testing. Until now, 35 out of 65 items have been field tested by means of a paper and pencil survey
which included 188 participants from five universities in Bosnia and Herzegovina, Croatia, and Slovenia.
The field test showed that 32 out of 35 items have good psychometric characteristics and that they may be
very useful for uncovering students’ misconceptions in wave optics.
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I. INTRODUCTION

Supporting students in developing scientific conceptions
about physics in order to explain natural phenomena is one
main aim of school physics. However, students learn about
natural phenomena in school physics but also through

everyday experience [1]. Although the conceptions origi-
nating from everyday experience help the students to cope
with everyday life, they are less powerful than scientific
conceptions when it comes to providing precise predictions
and explanations of a wider range of phenomena [1,2].
Some authors suggest that everyday and scientific con-
ceptions can coexist, whereas others believe that learning of
scientific concepts is best promoted through the process of
conceptual change [2]. Both highlight that helping students
become aware of their misconceptions and the limits of
their scope is crucial for developing scientific conceptions.
However, in order to best support students in this process,
the teacher needs to know at any time where students are in
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their process of developing scientific conceptions and the
misconceptions they still hold about the area of physics in
question (e.g., wave optics).
In physics education research, students’ conceptions are

typically explored through oral interviews and/or written
surveys. Although oral interviews allow us to study student
conceptions at great depth, written surveys are more efficient
for assessing the conceptions of larger number of students
(e.g., in a university course). Over the course of time physics
education researchers have carefully examined students’
conceptions in many different areas of physics. The results
of that research have been used for developing multiple-
choice tests (e.g., for development of attractors and dis-
tractors in these tests). Some authors suggest that an even
better approach than developing a simple assessment instru-
ment is to develop comprehensive item banks that can be
used for tailoring assessment instruments in order to meet
different assessment goals [3]. Maybe the most effective
approach to developing such item banks is the Rasch
modeling approach, which is situated within the probabilistic
test theory [4]. Although there was some highly valuable
research in the field of students’ misconceptions in wave
optics, to the authors’ knowledge at this moment there is
no wave optics item bank that would allow for assessing
university students’ understanding of wave optics (e.g., light
wave concept, superposition, thin film interference, multiple
slit interference, and diffraction) [5].
In this paper we therefore describe the development of a

wave optics item bank using the Rasch modeling approach
and demonstrate its potential for measuring university
students’ understanding of wave optics. Building on prior
research on student conceptions of wave optics we auth-
ored, tested, and revised multiple-choice questions. We
finally administered these items in a field study and used
the Rasch modeling approach to combine theoretical
rationales and empirical evidence for purposes of support-
ing the adequacy of potential inferences and actions from
data obtained through our items [6].

II. THEORETICAL BACKGROUND

A. Students’ ideas about wave optics phenomena

Students’ ideas about light are shaped by sensory
experience, social and cultural practice, as well as by
informal discovery learning and different meaning of terms
in everyday and scientific language [7]. In primary school,
students typically learn that light is something we need to
see objects around us and something that plants need to
grow. They also learn to name various sources of light, and
develop first conceptions about the formation of shadows.
In lower-secondary school, students in most countries learn
that light is an electromagnetic wave and they are taught
about the spectrum of electromagnetic waves. At this level,
students typically begin to develop the concept of the light
ray and learn to apply it in basic contexts related to

rectilinear propagation, reflection, and refraction of light.
In the upper-secondary school, the approach to teaching
optics becomes more quantitative and the contexts in which
the ray model is applied become more complex. Typically,
ray optics is thereby used for explaining the principle of
how various optical instruments work. However, after
being exposed to instruction about basics of wave optics
(e.g., double slit interference, single slit diffraction, and
optical grating) the students’ conceptions of light change
and hybrid (particle-wave) models of light may develop [8].
At the level of introductory physics courses at the uni-
versity, students often additionally learn about thin film
interference and diffraction on a circular aperture [9–14].
Learning about multiple slit interference is sometimes part
of the introductory physics curricula, too [11,14].
Earlier research has shown that students at all educa-

tional levels hold many misconceptions about light phe-
nomena [7]. First, it is important to note that students hold
somewhat inconsistent views about the concept of light.
On the one hand, they often fail to conceptualize light as
something that exists apart from its source and effects
[7,15]. For example, many students are not aware that there
is laser light between the illuminated single-slit mask and
the screen placed directly opposite to the mask. On the
other hand, the students realize that we are able to see the
objects in our living room because everything in the room is
immersed in a sea of light [16]. As a result of learning about
ray optics some students begin to believe that rays are
actual constituents of light waves, and as a result of wave
optics instruction many students end up with hybrid
conceptions which combine various models of light [8].
When it comes to propagation of light, for most students the
idea of a light ray and rectilinear propagation of light is
intuitively acceptable. On the other hand, many students
struggle with interpreting the sinusoidal representation of
the propagation of a plane electromagnetic wave [17].
Concretely, students often misinterpret the sinusoid as
something that spatially delimits the wave propagation
(e.g., higher amplitude means a broader wave) or as a
trajectory of “light particles” or photons [18]. Such a
mechanicistic reasoning is also reflected in the erroneous
belief that reducing wavelength results in reducing of other
“dimensions of the wave” [19]. Sometimes students also
struggle with distinguishing the spatial and temporal
versions of sinusoidal representations of a light wave
which is probably a difficulty that has its origins in the
mere characteristics of traditional wave optics instruction
[20]. Besides difficulties in interpreting representations
of light waves, students often fail to correctly apply the
Huygens principle, although they know to verbally repro-
duce it. For example, many students believe that only the
points at the edges of a slit become sources of secondary
waves when the slit is illuminated with laser light [18].
Taking into account the difficulties related to understanding
basic characteristics of a light wave it is no surprise that
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students also struggle with conceptualizing the superposi-
tion of two or more light waves. Some students believe that
superposition only occurs if light waves are mutually
coherent. Others believe that the resulting wave has always
a larger amplitude and/or a larger wavelength compared to
the individual, interfering waves [21]. Furthermore, there
are also students who believe that two identical waves that
propagate towards each other cancel out. Finally, many
students tend to apply the superposition principle for
individual pairs of waves that arrive at a certain point,
instead of applying it for all waves at the same time [22].
When it comes to students’ ideas about the characteristics
of the interference pattern, many of them believe that there
is only maximal constructive and maximal destructive
interference of waves on the screen [19]. This is probably
due to the fact that exactly these conditions (i.e., maximal
constructive and maximal destructive interference) are
mostly discussed in introductory physics courses. An
alternative explanation is that students typically do not
perceive the variations in irradiance within a single inter-
ference fringe in the context of a laboratory. As a result of
an intensive use of mathematical relations for maximal
constructive and maximal destructive interference many
students in traditional courses learn how to use proportional
reasoning for predicting how the fringes separation changes
as a result of changing slit separation or slit width.
However, thereby many students do not have a correct
visual notion of the processes modeled by the mentioned
mathematical relations. For example, they are often not sure
how many waves are interfering at a given point of the
screen. Particularly, they are confused by the fact that in
double-slit interference we assume that there is an inter-
ference of only two secondary waves at an arbitrary point of
the interference pattern, whereas in single-slit diffraction
we typically assume that there is an interference of an
infinite number of secondary waves at an arbitrary point of
the diffraction pattern. This is reflected in the erroneous
belief that in single-slit diffraction we should observe a first
order maximum when the difference in path lengths of the
two waves originating at the edges of the slit amounts to
exactly 1 wavelength [23].
A possible source of students’ difficulties in learning

wave optics is that it is very demanding to create internal
visual representations of a light wave which is a function of
two variables [24]. Thereby, for students it is particularly
difficult to overcome the mechanistic notions that are often
associated with the sinusoidal representation of the light
wave. Additionally, in wave optics phenomena it can be
also very demanding to correctly visualize the scale of the
given system (e.g., approximately parallel paths of light
from edges of the slit towards an arbitrary point of the
screen in the Fraunhofer approximation). Finally, it seems
that in certain situations conceptual understanding is
hindered due to a lack of factual knowledge regarding
the scope of the ray model of light [18].

B. A Rasch model approach to item bank building

Speaking from a technical point of view, conceptual tests
can be designed either in the classical test theory framework
or in the probabilistic test theory framework. In classical test
theory, it is assumed that a person’s observed test score is
comprised of their “true” score and a measurement error,
whereas a defining feature of probabilistic test theory is that
its models allow us to make statements about outcome
probabilities for certain manifest (observable) variables [25].
According to Liu [26] the large majority of conceptual tests
in the field of science education are based on classical test
theory. However, most researchers agree that probabilistic
test theory has many advantages in comparison to classical
test theory. Hambleton, Swaminathan, and Rogers [27] name
the following advantages of probabilistic testmodels: (a) item
characteristics (e.g., difficulty parameter) are not group
dependent, (b) examinee ability estimates are not test
dependent, (c) test model is expressed at the item level,
and (d) the possibility of providing measures of precision for
each ability score.
There are various probabilistic test models which

differ with respect to the shape of the item characteristic
function—a function that models the relationship between
examinees’ responses to items and corresponding measures
of examinees’ ability [27]. One of the simplest probabilistic
test models is the dichotomous (simple) Rasch model
[28,29]. It distinguishes itself from other probabilistic
models by the specific objectivity feature (differences
between item difficulty estimates are sample independent),
as well as by the possibility to generate relatively stable
item estimates already for samples as small as 100 students
[4,30,31]. For the Rasch model, the item characteristic
function is as follows [27]:

PiðθÞ ¼
eðθ−biÞ

1þ eðθ−biÞ
; ð1Þ

where PiðθÞ is the probability that a randomly chosen
examinee of ability θ correctly responds to item i and bi is
the difficulty parameter for item i.
We can see that in the Rasch model there is only one

item parameter which in interaction with the ability of
the examinee predicts the probability of correctly solving
the item. This is the difficulty parameter of the item. It
corresponds to the point on the ability scale for which the
probability of a correct solution amounts to 50% (Fig. 1).
Both, the person ability and the item difficulty, are
measured in the same units, i.e., in logits. Thereby, “one
logit is the distance along the line of the variable that
increases the odds of observing the event specified in the
measurement model by a factor of 2.718” [32].
Only if empirical data fit the item characteristic curves,

the item parameters are as independent as it is statistically
possible for the particular sample of persons from a
homogeneous population [27,33]. The data-model fit is
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of great importance for many practical applications of the
Rasch model. In the Rasch context, fit statistics indicate
how accurately or predictably data fit the model [34] and
we can say that a single response pattern exhibits misfit
if that pattern is improbable or too probable given the
Rasch model or given the other patterns in a sample [35].
If that response pattern represents a single person’s set of
responses we speak of person misfit, and if that response
pattern represents all persons’ answers on a single item we
speak of item misfit.
Another important measure in the Rasch modeling

approach is the item information function. The information
function of an item tells us how much the item contributes to
ability estimation at various points along the ability scale,
whereby the functions of individual test items are mutually
independent, i.e., they can be estimated without knowledge
about other items included in the test [27]. For example, a
very difficult item usually offers much more information
regarding differences among high-proficiency students than
among low-proficiency students. When it comes to test
construction, the Rasch modeling approachmakes it possible
to adjust the precision of the test at different points of the
ability continuum. Thereby, the standard error of an ability
parameter θ is calculated based on the corresponding value
of the test information function [36]:

SEðθÞ ¼ 1
ffiffiffiffiffiffiffiffiffi

IðθÞp ; ð2Þ

IðθÞ ¼
X

k

i¼1

IiðθÞ; ð3Þ

where IiðθÞ is the information function of item i at θ and k is
the number of items.
According to Szabo [4] the advantages of the Rasch

model can be best utilized by development and use of item
banks. Thereby, the function of an item bank is to “store a

large number of test items with information concerning the
content and psychometric characteristics of each, so that
the user can select from this a set of items to construct a
test which suits his/her requirements” [37]. Typically,
information about item ID, item type, difficulty parameter,
point biserial, item information function, content coverage,
as well as item text and responses are provided in the
item bank. Development and use of item banks is most
effectively performed through psychometrics software,
such as TestAssembler or FastTest [38]. Within these
software packages items with required properties (content
and psychometric characteristics) can be easily identified
and multiple test forms of similar characteristics can be
generated. For example, it is possible to construct two tests
whose items completely differ, yet achievement on them
may be related to a common measurement scale [39].
Moreover, we can tailor the characteristics of the instruments
to meet various testing aims. To that end, it is first necessary
to decide on the shape of the desired test information
function (often called target information function) and to
select items from the item bank until the test information
function matches the target information function [27]. For
example, if it is important to have equally precise measures
along the whole proficiency continuum then we would
attempt to obtain an approximately flat test information
function. On the other hand, if our aim is to decide whether
examinees are below or above a certain cutoff score (e.g.,
indicating mastery level) our goal would be to obtain a test
information function that has its maximum at the corre-
sponding cutoff value of the ability parameter [27].
Tailoring tests to the needs of various target samples only

works efficiently if we have developed large item banks.
The criteria that have to be met for purposes of successful
development of item banks in the probabilistic test theory
framework are as follows [4]: (a) a sufficiently large sample
of respondents is available for field testing of items, (b) a
suitable test model is selected, (c) clear criteria are set for
adding items to the item bank (e.g., in terms of item and
person fit statistics), (d) an efficient linking schema is used
for continuous adding of new items to the item bank, and
(e) adequate software is available.
An important application of item banks is in computer-

ized adaptive testing (CAT). In CAT the central idea is to
have the computer select the items that best suit the abilities
of the particular respondent [3]. Thereby, the estimation
of the respondents’ ability level starts already after their
answer to the first or second question, whereafter the
computer selects an item that is aligned with the current
estimate of the proficiency and the proficiency estimation
process continues until the proficiency estimate converges.
Such an approach typically results in quicker and more
precise testing.
Generally, the main criteria for assessing the quality

of testing are objectivity, validity, and reliability [40].
Objectivity is related to the requirement that the testing,

FIG. 1. Examples of item characteristic curves for the Rasch
model.
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scoring, and interpretation procedures are objective, i.e.,
independent from the people who implement them [41].
Reliability defines the precision of measurement [40] and
in the Rasch approach it can be assessed by means of the
mentioned test information functions. Finally, validity can
be defined as an [6] “integrated evaluative judgment of the
degree to which empirical evidence and theoretical ration-
ales support the adequacy and appropriateness of infer-
ence and actions based on test scores or other modes of
assessment.”

III. METHODOLOGY

In developing our measurement instrument we mainly
followed the procedure proposed by Liu [26]: (i) Defining
the construct, (ii) delineating the construct into items,
(iii) small scale item try out (group interviews, individual
think-aloud interviews, written survey), (iv) final field
testing, and (v) Rasch modeling. Through all the above-
mentioned stages the instrument has been iteratively
improved and validity arguments have been constructed.
We investigated content validity, cognitive validity, con-
struct validity, and correlational validity and checked for
which student population our test ensures the most reliable
and valid measures.

A. Defining the construct

The aim of our efforts was to develop a wave optics item
pool capable of measuring university students’ conceptual
understanding of wave optics. The item pool was supposed
to be able to identify misconceptions (i.e., have a diagnostic
function) and to obtain insights into different levels of
students’ conceptual understanding for comparing the
effectiveness of different wave optics courses (i.e., have
a summative function).
Defining conceptual understanding first required us to

define the content to be addressed by test items. This
served as a basis for identifying relevant misconceptions
and meaningful levels of understanding wave optics.
According to McKagan, Perkins, and Wieman [42], if
we want to use a test for purposes of evaluating the efficacy
of different university courses, we should make sure that its
content cover the intersection of content taught in the
corresponding courses. In order to identify this intersection
of wave optics content taught in introductory physics
courses, we analyzed several introductory physics text-
books that are used worldwide [9–14]. In addition to the
content typically covered in standard introductory text-
books, we included content that we considered relevant
for a comprehensive understanding of wave optics, but that
are sometimes left out from introductory physics textbooks
(e.g., spatial and temporal coherence, multiple slit inter-
ference, combined interference and diffraction). Combined
interference and diffraction is, for example, relevant for
understanding double-slit experiments in practice, since

due to the finite width of the slits we always have
interference and diffraction effects which results in
differences in the brightness of the fringes. Still, we decided
to leave out polarization and scattering, since inclusion of
this content would likely reduce homogeneity of construct
and increase the risk of violating the unidimensionality
assumption central to the Rasch modeling approach. Based
on these considerations the final list of content areas
included the following: (i) Fundamentals of wave optics
(wavelength, frequency, period, amplitude, light intensity,
phase, difference in optical path lengths, phase difference,
coherence, superposition of waves, Huygens-Fresnel prin-
ciple); (ii) interference on thin films; (iii) double slit
interference (very narrow slit approximation); (iv) multiple
slit interference (very narrow slit approximation [43]),
(v) single slit diffraction; (vi) combined interference and
diffraction; (vii) optical grating; (viii) diffraction from a
rectangular, circular aperture, or obstacle.
Based on our review of the literature we identified

misconceptions that students would typically hold in these
content areas [17–19,21,22] (Electronic supplement A
[44]). Many of these misconceptions are related to mis-
application of geometrical optics in contexts that require a
use of the wave model (e.g., narrowing a slit results in a
narrower central diffraction maximum), whereas others are
related to misinterpretations of some widely used repre-
sentations in wave optics (e.g., sinusoids represent photon
trajectories).
In order to measure students’ levels of conceptual

understanding about wave optics we developed a learning
path model for wave optics based on the results of earlier
studies on learning and teaching wave optics, as well as on
our experience in teaching introductory physics courses.
For each content area, we specified broad learning goals.
These learning goals were then arranged in terms of
increasing complexity. That is, in the learning path model
initial learning goals related to basic features of the light
wave were followed by goals related to superposition of
two light waves, superposition of multiple light waves,
single slit diffraction, combined interference and diffrac-
tion, concluding with diffraction in two dimensions. The
learning path model served as the basis for delineating the
construct into items. The complete version of the learning
path model is provided as Supplemental Material B [45].

B. Delineating the construct into items

A core aspect of developing a measurement instrument is
to make sure the items and subsequently students’ perfor-
mance on the items yield sufficient evidence to draw
conclusions about the to-be-measured construct [46]. To
ensure sufficiently alignment between the construct and
student performance we expressed our ideas about stu-
dents’ understanding of wave optics in terms of observable
behaviors that can reasonably be expected from students
in introductory physics courses at the university level.
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In assessing students’ understanding of wave optics we
aimed to focus on the application as the ability to apply the
explanation of a phenomenon or predict what will happen
to a system if the system is perturbed across a wide range of
situations [47,48]. As situations, we chose those situations
that had earlier been shown to trigger student misconcep-
tions about wave optics. For these situations we delineated
appropriate misconceptions from the list of misconceptions
identified from the literature and the general objectives in
the learning path model into observable student behaviors
(i.e., performance expectations) in order to obtain a pro-
ductive basis for purposes of writing the test items. That is,
the level of concreteness of the specified observable behav-
iors was between the broad learning goals and concrete
physics items. Based on these observable behaviors we
authored items suitable to foster such behaviors [49].
In authoring items we first created item stems describing

the situation and raising an issue or questions meant to elicit
behaviors such as the ones described previously. In order to
visually represent the given phenomena as well as make our
items more attractive for students, we situated many items
within a wave optics laboratory context. However, in order
to take into account the “faculty buy-in component” [42]
we also situated several items in contexts typically used in
conventional wave optics instruction. Based on the observ-
able behaviors specified we authored response options.
For each item stem we created four response options: one
correct option based on the learning goals and four
incorrect ones based on misconceptions identified.
Initially, altogether 60 items were created, whereby most

of these items were original. After the specification of
the initial item pool, we decided to conduct the process
of content validation. This process proceeded through
two stages.
In the first stage of content validation, we asked five

physicists whose field of expertise is atomic, molecular
and optical physics to take the questionnaire from
Supplemental Material C [50]. Unfortunately, one of them
did not respond to our request at all, one responded only
partially, and three responded in detail. Besides having
subject matter expertise, all three of the experts who
provided detailed opinions were engaged in teaching
physics at the university level. They all had experience
with teaching introductory physics and/or authoring intro-
ductory physics textbooks. Generally, all three experts
agreed that the learning goals from the model of the
learning path are mostly adequate for an introductory
physics course, at the university level. Furthermore, they
agreed that learning goals are correctly linked to specific
learning objectives (i.e., operationalizations of goals) and
test items. However, they also identified room for improve-
ment when it comes to wording of certain items.
Based on feedback obtained from the first stage vali-

dation surveys, we attempted to further improve the model
of the learning path and the original item pool. Some items

from the initial pool were deleted, and some new were
added in order to better represent the model of the learning
path, which resulted in the fact that the number of items
increased to 72. In the second stage of the validation
process seven university professors of physics were asked
three questions for each of the 72 items and were provided
the opportunity to comment the items (Table I). The results
of the expert survey showed that in 80% of all cases the
experts agreed that the test item measures an important
aspect of understanding of wave optics in the context of
typical introductory physics courses, at the university level.
Furthermore, the average rating of the items was 8.3 on a
scale from 5 to 10. On average, the first part of the pool
(i.e., fundamentals of wave optics), was rated with a 8, and
the second part of the pool (i.e., applications of wave
optics) received an average rating of 8.5. Based on these
results, we concluded that the “faculty buy-in” [42] aspect
seemed to be satisfying for our item pool. Additionally, on
average the item difficulty was estimated to be 2.14 on a
scale from 1 to 3. The average difficulty of the funda-
mentals of wave optics part of the pool was estimated to be
1.95, whereas the average difficulty estimate for remaining
items was 2.3. It is interesting to note that an increase in the
rating of item difficulty was positively related to the rating
of item attractiveness (r ¼ 0.38, p < 0.001). Based on the
answers to the first two questions from the survey and
our considerations of the integrity of the item pool as a
whole, we decided to exclude 11 questions from the pool
and to slightly modify the model of the learning path. For
example, most experts indicated that the question which
was supposed to measure students’ understanding of the
mathematical representation of the plane electromagnetic
wave does not measure conceptual understanding, at all. So
we excluded this question, as well as the corresponding
learning objective from the model of the learning path.

C. Small scale item try out

Before the final field testing of the item pool, we decided
to conduct a small scale item try-out in order to further

TABLE I. Excerpt from the expert survey from the second stage
of content validation. The scale from 5 to 10 corresponds to the
grading scale used at most ex-Yugoslavia universities in which 5
stands for insufficient, 8 for very good, and 10 for outstanding.

Is the skill (or knowledge) measured by this item an important
aspect of understanding wave optics in the context of typical
introductory courses of physics at the university level? Yes No

On a scale of 5 (not at all) to 10 (very much) how much do you
like the item? 5 6 7 8 9 10

On a scale of 1(appropriate for below average university students)
to 3 (appropriate for above average university students) how
would you rate the degree of item difficulty? 1 2 3

Here you can specify potential additional comments:
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improve the technical and psychometric characteristics
of our items. Taking into account the fact that one of the
aims of our items was assessing the effectiveness of
introductory wave optics curricula, we concluded that
the student sample should consist of students who had
recently attended and completed an introductory course of
physics or optics at university. According to Ding, Chabay,
Sherwood, and Beichner [51] the item try out can be
conducted with students who had attended the relevant
physics course 3 months or even 5 semesters earlier. In all
stages of our item try-out participants were physics students
who had earlier attended the introductory optics course at
the Faculty of Science, University of Sarajevo. This one-
semester (15 weeks) course is attended by second year
students. It includes 3 h of lectures and 2 h of recitations per
week. Thereby, wave optics is taught from week 10 to week
15 in the spring semester, which is 30 teaching hours, in
total. The item try out mostly included third and fourth year
physics students who had completed the introductory optics
course between eight and twenty months earlier.
The item try out proceeded in three stages. In the first

stage of item try out we asked physics teacher students (3rd
and 4th year students) to solve the constructed response
version of our test items and to give a written explanation
for each of their answers. We decided to use the constructed
response version of our items because we wanted to gain
additional insight into potential student misconceptions.
Because of the relatively big size of the item pool (61 item),
we could not administer all of the items in only one
appointment, but we had to divide the item pool into two
parts and administer them in two different appointments. At
the first appointment, six physics teacher students answered
the first 24 items (related to basic wave optics concepts—
e.g., optical path length, phase difference, coherence,
superposition), and at the second appointment eight physics
teacher students (mostly the same students as in the first
appointment) answered the remaining 37 items (related to
applications of basic wave optics concepts—e.g., thin
films, slits, gratings, apertures, or obstacles). After students
had finished the written survey, they were asked to further
discuss their ideas about the wave optics items within a
group interview.
For purposes of data analysis, for each of the 61 items,

we gathered together the written information from all the
students, as well as information from the video-taped
group interview. Based on synthesis of the information,

we tried to improve the item stems, as well as the item
distractors.
In the second stage of the item try out, we conducted

think-aloud interviews in order to investigate the cognitive
validity of our item pool, i.e., we investigated the cognitive
processes induced by our items [52]. For that purpose, we
asked ten physics students from the University of Sarajevo
(nine third year students, and one second year student) to
think aloud about a sample of 24 out of 61 test items
(multiple-choice version). Thereby, the item sample has
been drawn by the procedure of proportionate stratified
(random) sampling [53]. The strata consisted of item sets
associated to the individual learning goals from the model
of the learning path.
On average, an individual think-aloud interview lasted

approximately 75 min. The think-aloud interviews were
audio taped and subsequently transcribed and coded,
whereby the unit of coding was a sentence. The following
main coding categories were used: test item (e.g., sentences
from the item stem or student’s opinion about the item),
strategy (e.g., sentences that provide information about
item solving strategy), person and situation (e.g., sentences
about the way the student feels at that moment), and other
(all sentences that could not be assigned to previously
mentioned categories). Furthermore, within the strategy
category we tended to distinguish construct relevant versus
construct irrelevant strategies, with the aim to check
whether our items indeed measure wave optics under-
standing or something else. Sentences were coded as
“construct relevant” if they provided us with relevant
information about a student’s level of proficiency on the
measured construct, and they were coded as “irrelevant” if
they failed to provide that information (e.g., when students
attempted to solve the item by guessing). In certain
occasions, from the analysis of a sentence it was not
possible to unambiguously infer whether it reflects con-
struct relevant processes or guessing (e.g., “The first option
is certainly correct.”) and such sentences were coded as
“undecidable.” Figure 2 shows the share of the individual
main coding categories, whereas Fig. 3 shows how con-
struct relevant strategies compared to construct irrelevant
strategies. From Figs. 2 and 3 it followed that the cognitive
validity of our item pool was satisfying. Concretely, from
the 1864 sentences that described the students’ thoughts
related to item-solving processes, there were only 291
sentences that did not provide relevant information about

FIG. 2. Distribution of coded segments with respect to the main coding categories—a summary for the pool of 24 items.
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students’ level of proficiency on the measured construct. In
addition, we checked the use of construct relevant strategies
for each item included in the think-aloud interviews, and
drew conclusions that could be used for further improve-
ment of potentially problematic items. In the third stage of
item try out we administered the improved version of our
item pool to physics students. Similarly, as in the stage 1 of
the item try out, we had to schedule two appointments in
order to survey our students about all the items from the
item pool. At the first appointment, 15 physics students
(14 third year students and 1 second year student) answered
questions about the 24 basic of wave optics items, and at
the second appointment 17 physics students (16 third year
students and 1 second year student) answered questions
about the remaining 37 items. For each of the 61 items from
our pool, students were asked several questions with the
purpose to gain additional insight into technical character-
istics of items and their cognitive validity (Table II).
Based on the obtained data we calculated some classical

psychometric measures (item difficulty index, point biserial,
KR-20) for our items. The itemdifficulty index represents the
proportion of correct answers on a given item [54], whereas
the point biserial reflects the item by test-score correlation
and is a measure of item discrimination [33]. KR-20 is a
special case of the widely known Cronbach’s alpha that is
derived when items are measured exclusively on a dichoto-
mous level [55]. Similar as Cronbach’s alpha the KR-20
coefficient primarily measures the internal consistency of a
test. In classical test theory the square root of the Cronbach’s
alpha value represents the correlation of the observed person

scores and their errorless true scores [56]. Although the
average difficulty index of our items was relatively low
(DI ¼ 0.31), most of the items proved to have satisfying
discrimination properties and KR-20 amounted to 0.91
which was an indicator of very good reliability.
Based on the results of item try out, we attempted to

improve wording and clarity of items that have been
detected as potentially problematic. In addition, we decided
to add four more items in order to ensure a better coverage
of the model of the learning path. Thus we obtained an item
pool consisting of 65 wave optics items that could be put to
final field testing.

D. Final field testing of the item pool: characteristics
of the student sample and curriculum

According to Ding et al. [51] and Maloney et al. [57] the
final field testing of an assessment instrument should
include a “postinstruction” population. When it comes to
the sample size, Liu [26] suggests that field testing should
include 5–10 times more respondents than the number of
items. Linacre [30] even suggests that a “sample of 50 well-
targeted examinees is conservative for obtaining useful,
stable estimates,” and 100 is an adequate size for most
purposes, if our aim is to obtain item calibrations and
person measures stable within�0.5 logits. A sample size of
such a magnitude has been already used by Szabo [4] for
purposes of constructing a language test item bank.
Taking into account the relatively large size of our item

pool (Ni ¼ 65), as well as the practical difficulties that
we faced in attempting to get access to a student sample of

FIG. 3. Distribution of solving strategy categories—a summary for the pool of 24 items.

TABLE II. Excerpt from the written student survey used for purposes of small scale item try out.

1. In the given test item underline every word (including response options) that you do not understand or do not know.
2. Do you think that some parts of the test item are confusing? If so, please explain briefly what confuses you.
Yes No
4. How confident are you in your solution of the given test item?
A: I am not confident in my solution at all.
I cannot discard any of the response
options and my answers are pure
guessing.

B: Mostly I am not confident
in my solution. I can merely
discard the response option
__.

C: Mostly I am not confident
in my solution. I can merely
discard the response option
__.

D: I am completely
confident in my
solution.

5. Are you familiar with the content covered by the test item?
(a) Yes, I learned about them within the university course ___________ (b) Yes, I learned about them in my free time (c) No
6. How much mental effort have you invested in solving the given test item?
1 (very little) 2 3 4 5 6 7 8 9 (very much)
7. How much difficult is the test item?
1 (not at all) 2 3 4 5 6 7 8 9 (very difficult)
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appropriate size, we decided to conduct the item banking
process through multiple stages [4]. Within the first stage
of item banking a representative sample of 35 conceptual
items was supposed to be evaluated. In order to ensure
fairly stable parameter estimates we had to gather a sample
of minimally 100 respondents who already had completed
at least one university course that covered wave optics at
the introductory level. In order to be in a better position to
get access to a large student sample, we prepared the item
pool in Bosnian, Croatian, Serbian, Slovenian, German,
and English language. Eventually, the field testing of our
first set of 35 items has been implemented in the period
between April and July 2018 at University of Sarajevo
(UNSA, Bosnia and Herzegovina), University of Zagreb
(UNZA, Croatia), University of Maribor (UNMA,
Slovenia), University of Rijeka (UNRI, Croatia), and
University of Split (UNSP, Croatia). Altogether, the field
testing included 188 physics and engineering students who
agreed to anonymously volunteer in our study. The dem-
ographic section of the survey consisted of 14 items
followed by 35 wave optics items subdivided into two
booklets (Supplemental Material D [58]). Most students
completed the survey in 45 min.
In Table III, we present the demographic features for the

entire student sample and by area of study.
It is interesting to note that students consistently claimed

their performance in optics was lower compared to their
performance in introductory physics, in general. Only 14
out of 188 students claimed that their optics performance
was better than their introductory physics performance, in
general. In addition, only 17 out of 81 students who earlier
attended physics competitions rated their optics perfor-
mance as good (15 students) or very good (2 students).
Finally, for reasoning about the characteristics of the target

population and possibilities of generalizing the results of this
study, we analyzed thewave physics curricula at the sampled
universities. Unsurprisingly, it could be shown that the wave
physics curricula were much more extensive for physics
study programs than for electrical engineering study pro-
grams (Supplemental Material E [59]).

E. Rasch modeling

Next, we had to check which of the 35 field-tested items
are characterized by good psychometric features and can be
combined with other items to give a scale that measures
conceptual understanding of wave optics. These checks
were mainly performed within the Rasch modeling frame-
work. For purposes of Rasch modeling we used the
WINSTEPS 4.0.0 software [33].
When performing Rasch modeling we attempted to

follow the guidelines by Linacre [60] who recommended
to firstly check for negative point-biserial correlations,
followed by inspections of infit and outfit statistics, and
a check for multidimensionality. The modeling procedure
is iterative in its nature, and its goal is to obtain a

Rasch-conform set of measures [4,26]. Concretely, our
Rasch modeling approach to developing a scale for
measuring understanding of wave optics was as follows:
(1) Taking into account that the wave physics curricula

for physics studies were much more comprehensive
than wave physics curricula in engineering studies,
we first wanted to check whether our items function
in the same way for the subsamples of physics and
engineering students. A Rasch calibration that in-
cluded all 188 students showed that in even 18 out of
35 items the differential item functioning (DIF)
contrast was larger than 0.64 logits for the com-
parison of subsamples of physics and engineering
students. According to Linacre [33] these differences
are considered large. Generally, physics students
largely outperformed the engineering students and
classical indices of reliability such as the Cronbach’s
alpha were much larger for the physics subsample
than for the engineering subsample. Consequently,
we decided to continue the Rasch modeling process
based on physics students’ data only. A consequence
of this approach is that the developed scale is most
suitable for measuring conceptual understanding of
wave optics in physics students.

(2) In the second step we reran the Rasch modeling
procedure only on data obtained from the physics
students (n1 ¼ 119). According to Szabo [4] a good
practice in Rasch-based item banking is to first
check for person misfit. We identified two persons
with negative point-biserial correlations and deleted
them from our database.

(3) We reran the Rasch modeling procedure and found
that the item 15B had a negative point-biserial
correlation. Consequently, this item has been deleted.

(4) In the next run of the Rasch modeling procedure
we identified one more person with a negative point-
biserial correlation and deleted the person from the
database.

(5) The next Rasch calibration showed that the point-
biserial statistics for items 10A and 9B was below
0.2. Consequently, these items were deleted from
our database.

(6) Our final Rasch calibration (based on 116 out of
119 students and 32 and 35 items) showed that the
point-biserial statistics was above 0.2 and item infit
and outfit statistics were between 0.7 and 1.3 for all
32 items.

For practical applications and item banking it is of
critical importance to obtain invariant, i.e., sample inde-
pendent item difficulty parameters. An extreme approach to
checking difficulty parameter invariance is to rank the
respondents based on the Rasch ability measure, and to run
separate Rasch calibrations with students from the upper
half (higher proficiency subsample) and students from the
bottom half (lower proficiency subsample) of the rank list.
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The estimates of item difficulties from these two separate
calibrations are then cross plotted and it is checked whether
some of the points in the scatterplot are outside of the
95% confidence band that is presented in the same
plot [28].

According to Linacre [60], after checking for negative
point biserials and item fit statistics, it is necessary to check
for multidimensionality. Concretely, the Rasch model is
based on the assumptions of unidimensionality and local
independence of items [27]. In other words, our items

TABLE III. Demographic features for the student sample in the field testing stage of the study.

Total (N ¼ 188) % of
valid answers

Physics students
(n1 ¼ 119) % of
valid answers

Engineering students
(n2 ¼ 69) % of
valid answers

University
Zagreb (UNZA) 47.9 60.5 26.1
Maribor (UNMA) 35.1 12.6 73.9
Sarajevo (UNSA) 8.5 13.4 � � �
Rijeka (UNRI) 6.4 10.1 � � �
Split (UNSP) 2.1 3.4 � � �
Age
19–20 38.8 17.3 74.6
21–23 38.8 48.0 23.7
24–30 22.3 34.7 1.7

Gender
Male 66.3 53.4 88.4
Female 33.7 46.6 11.6

Year of study
1st year 28.7 2.5 73.9
2nd year 22.9 31.1 8.7
3rd year 9.6 6.7 14.5
4th year 12.2 19.3 � � �
5th year 26.6 40.3 2.9

Self-reported proficiency in physics
Very good 8.6 10.9 4.4
Good 29.9 31.9 26.5
Satisfactory 49.2 48.7 50.0
Just sufficient 10.7 5.9 19.1
Poor 1.6 2.5 � � �
Self-reported proficiency in optics
Very good 3.8 5.9 � � �
Good 19.0 23.7 10.6
Satisfactory 47.8 45.8 51.5
Just sufficient 21.8 16.9 31.3
Poor 7.6 7.6 7.6

Time passed since learning wave optics?
Less than 3 months 51.6 41.5 69.1
3–6 months 19.4 24.6 10.3
6–12 months 8.1 10.2 4.4
12–24 months 12.4 11.9 13.2
More than 24 months 8.6 11.9 2.9

Participation in physics competitions?
Yes 43.4 37.8 52.9
No 56.6 62.2 47.1

Participation in mathematics competitions?
Yes 57.2 45.4 77.9
No 42.8 54.6 22.1
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are supposed to measure a single construct and there
should not be a substantive relationship between residuals
(differences between observed data and data expected from
the Rasch model).
When it comes to checking for unidimensionality, we

decided to apply the Bejar’s method [61–63]. This method
requires us to first run a Rasch calibration with all items (in
our case 32 items) included, with the aim to estimate the
difficulty parameter for each individual item. Then we are
supposed to divide the sample of items into two as much as
possible dissimilar subtests (subtest A and subtest B), and
to run two separate Rasch calibrations on these subtests.
Consequently, for each item from our item pool we get two
difficulty estimates one based on the whole item pool
calibration and one based on the subtest calibration. Finally,
two scatterplots are drawn, showing the relationship
between whole item pool estimates and subtest estimates
for subtest A items and subtest B items, respectively. If the
trend lines in the obtained cross plots are parallel to the
identity line (line with a slope of 1), we have evidence for
unidimensionality.
In our study, subtests A and B have been obtained based

on our model of the learning path (Supplemental Material B
[45]). Subtest A covered all the items associated with
content area 1 (i.e., fundamentals of wave optics) of the
learning path model, as well as the item 8B that had been
initially associated with content area 3 (i.e., double-slit
interference) from that model, although being primarily
related to determining path length difference. For example,
subtest A covered concept of phase and phase difference,
optical path length and path length difference, wave front
and sinusoidal representation, coherence and general con-
cept of superposition. Subtest B covered goals associated
with the remaining content areas from the model of the
learning path (applications of basic concepts mainly related
to analysis of patterns in single-slit, double-slit, circular-slit,
rectangular-slit interference and diffraction). Eventually,
subtest A (basics of wave optics) consisted of the following
items: 1A, 2A, 3A, 4A, 5A, 6A, 7A, 8A, 18A, 1B, 2B, 3B,
4B, 5B, 8B, 13B. On the other hand, subtest B (applications)
included the following items: 9A, 11A, 12A, 13A, 14A,
15A, 16A, 17A, 19A, 20A, 6B, 7B, 10B, 11B, 12B, 14B.
The assumption of local item independence has been

checked by inspection of largest standardized residual
correlations. Thereby, standardized residuals represent
those parts of the data not explained by the Rasch model
[33], and standardized residual correlations are correlations
between these residuals. According to Linacre [33] stand-
ardized between-item correlations that are positive and
larger than 0.7 may be source of concern.

F. Item banking

Items that exhibited good psychometric features (item fit
statistics between 0.7 and 1.3) have been added to the item
bank. In line with the system of data storage suggested by

Szabo [4], we decided to include the following information
in our item bank: Item ID, Rasch difficulty measure,
standard error for the difficulty measure, infit statistics,
outfit statistics, point-biserial measure, item stem and
response options, and related goal in the model of the
learning path.

IV. RESULTS

In this section summative and diagnostic use of the wave
optics item pool is discussed separately. First, we report the
results of Rasch modeling and describe the characteristics
of the 32-items scale [wave optics test (WOT)] developed
for measuring conceptual understanding of wave optics. In
the second part of this section, we report our findings on the
diagnostic potential of the field-tested set of conceptual
questions.

A. Using the wave optics item pool for
constructing a measurement scale

1. Unidimensionality and local item independence

As has been already described, unidimensionality has
been checked by means of Bejar’s method. Figure 4 shows
the cross plots of full-test-based and subtest-based esti-
mates of item difficulties, for basics of wave optics items
and applications of wave optics items, respectively. If the
points lie on a line that is parallel to the identity line this
can be taken as evidence for unidimensionality of the scale
[61–63]. Specifically, if the slope coefficient of the trend
line is nearly 1 then the relative item difficulties are nearly
the same for the full-test-based and subtest-based scale.
This implies that the difference in log-odds for passing two
items does not depend on which other items are included
in the test. Consequently, we can say that a single trait
explains performance on all items.
Next, the assumption of local item independence has

been checked by inspecting the largest residual correla-
tions. It has been found that only for two pairs of items
(13A, 16A; 13B, 18A) the standardized residual correlation
was higher than 0.3. Concretely, it amounted to 0.36 and
0.31, respectively. Linacre [33] points out that high local
dependency of items is characterized by correlations
above 0.7.

2. Reliability

The person separation coefficient amounted to 1.62,
whereas the item separation coefficient amounted to 3.77.
These values correspond to reliabilities of 0.72 and 0.93,
respectively.
Here the separation coefficient is defined as the number

of statistically different performance strata that the test can
identify in the sample [64], whereas the value of person
reliability coefficient can be interpreted in a similar way as
Cronbach’s alpha [33]. Further, the strata can be defined as
statistically distinct measures [65]. Linacre [33] offers the

MEASURING STUDENTS’ CONCEPTUAL … PHYS. REV. PHYS. EDUC. RES. 15, 010115 (2019)

010115-11



following guidelines for relating reliability coefficients to
the number of performance levels (i.e., strata) the test
can discriminate in the given sample: 0.9 ¼ 3 or 4 levels;
0.8 ¼ 2 or 3 levels; 0.5 ¼ 1 or 2 levels. Generally, low
person separation with a relevant person sample indicates
that the instrument may not be sensitive enough to
distinguish between low and high performers, whereas a
low item separation reflects problems with confirming the
item difficulty hierarchy.

3. Item fit statistics and item difficulty invariance

For our 32 items, the infit mean square (MNSQ) statistics
ranged from 0.86 to 1.12, whereas the outfit mean square
(MNSQ) statistics ranged from 0.71 to 1.26. No item had a
standardized (ZSTD) infit or outfit statistic outside the
range from -2.0 to 2.0.
For practical applications it is of high importance that the

item difficulty parameters are invariant, i.e., independent
of the concrete sample of respondents from a particular
population. In order to check for item difficulty invariance
we ranked our respondents based on ability and created two
subsamples—58 students from the upper-half of the rank
list were the high-proficiency subsample and 58 students
from the lower-half were the low-proficiency subsample.
Figure 5 shows the cross plot of item difficulties estimated
in two separate calibrations, with the high-proficiency and
low-proficiency group, respectively.
It is desirable that the points in the cross plot of item

difficulties are not outside the 95% confidence band [28].

4. Person-item targeting

Person-item targeting can be best discussed based on
the Wright’s map (Fig. 6) which can be defined as a
“combined item difficulty and examinee ability diagram
showing the distribution of items and examinees along a
same unidimensional logit scale” [26]. This map allows for

FIG. 4. Scatterplots for full-test-based versus subtest-based WOT item estimates. Identity line passes through the origin and is red in
color. Cross hairs represent 68% confidence intervals. (a) Scatterplot for items related to basic wave optics concepts. (b) Scatterplot for
items related to applications of wave optics concepts.

FIG. 5. Evidence for item difficulty invariance. Numbers
represent items and a 95% confidence band is shown.
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a comparison between respondents and items. Typically,
the hierarchy of respondents is shown in the left part of
the map and the hierarchy of items is shown in the right

part of the map. The difficulty of items and the ability
of persons increase if we go from the bottom to the top of
the map [29].
According to Linacre [33] good tests typically have the

items targeted, i.e., lined up, with the persons. In addition,
Linacre points out that it is desirable to have an even spread
of items along the y axis, with no gaps. Additional insight
into person-test targeting can be gained through inspection
of the test information function (Fig. 7).
Note that a higher information value corresponds to more

precise measurement, i.e., lower standard errors.

5. Rasch ability and demographic characteristics
of respondents

Finally, we decided to check whether there is a relation-
ship between the Rasch ability measure and following
variables: gender (1-male, 2-female), self-reported perfor-
mance in introductory physics (SPIP—1-very good to
5-poor), self-reported performance in optics (SPO—1-very
good to 5-poor), time passed since having learned about
wave optics for last time (TIMEP—1-less than 3 months to
5-more than 24 months), participation in physics compet-
itions (PPC—1-yes, 2-no), participation in mathematics
competitions (PMC—1-yes, 2-no). Results of correlational
analyses are presented in Table IV.
The self-reported performance was higher for male

(reverse coded M: 3.52, SD: 0.97) than for female students
(reverse coded M: 3.34, SD: 0.73) and the average
Rasch ability of male students (M: 0.11, SD: 0.87) was
also higher than the Rasch ability of female students
(M: −0.34, SD: 0.69).

B. Item-level analyses

In the previous Sec. IV-A we have shown that 32 out of
35 field-tested items can be combined into a scale that
measures conceptual understanding of wave optics in
physics students.
Taking into account that the items functioned very

differently for physics and engineering students, we
decided to construct the scale only for summative use with
physics students. However, when items are applied for
diagnostic uses “the focus is on analyses of students’
selections of incorrect answers and the analysis is typically
done on the individual item level” [26]. Consequently, we
decided to base our analysis of students’ difficulties and
misconceptions on the whole sample of 35 items, and all
188 students.

FIG. 6. Wright’s map for inspecting person-item targeting and
empirical hierarchy of item difficulties.

FIG. 7. The test information function for the 32-items scale.

TABLE IV. Relationship between Rasch ability and demographic characteristics of respondents.

Gender SPIP SPO TIMEP PPC PMC

Rasch ability measure r ¼ −0.27 r ¼ −0.21 r ¼ −0.12 r ¼ −0.19 r ¼ −0.02 r ¼ 0.06
p ¼ 0.004 p ¼ 0.021 p ¼ 0.221 p ¼ 0.040 p ¼ 0.793 p ¼ 0.523
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1. Difficulty of the field-tested items

An additional insight into the difficulty level of field-
tested items is provided in Fig. 8.
The mean item difficulty index for the entire sample

was 0.4 and only the difficulty of items 15B and 19A was
outside the recommended range of 0.2 to 0.8 [66]). Items
4A, 8A, and 1A proved to be easier compared to other items
from our item pool.
In general, the items were substantively easier for physics

students (average item difficulty index ¼ 0.44) than for
engineering students (average item difficulty index¼ 0.33).
The results of Fisher’s exact test [67] showed that the
proportion of correct answers was significantly higher (p <
0.0001) for physics students than for engineering students.

2. Results of distractor analysis

The purpose of the distractor analysis was to provide us
additional insight into the quality of our distractors. In all of
our items there was a single correct answer and three
distractors. For multiple-choice items with three distractors
it is desirable that each of the distractors is selected by at least
5% of the student sample [68]. In our study, 3 out of 105
distractors have not met this criterion. The response option
“c” in item 1Ahas not been selected at all, whereas option “d”
in the same item has been selected by only 2.1% of the
respondents. In addition, the response option “b” in item 13A
has been selected by only 4.8% of the sampled students.
Taking into account that the probability of choosing the

correct answer by mere guessing was 25%, we decided to
consider the distractors chosen by at least 35% of the
respondents, as indicators of pronounced students’difficulties
andmisconceptions.We have detected 11 distractors that met
this criterion (Table V).

V. DISCUSSION

A. Using the wave optics item pool for constructing
a measurement scale

1. Unidimensionality, local item independence,
and reliability

The results of Bejar’s test do not indicate a violation of
the unidimensionality assumption—the slope coefficients
of the trend lines in Figs. 4(a) and 4(b) are very close to 1,
which means that our test dominantly measures a single
construct which is the conceptual understanding of wave
optics.
Finally, the local item independency assumption proved

to be also met for our dataset. For none of the 496 unique
item pairs the standardized residual correlation was higher
than 0.7. The largest standardized residual correlations
were detected for the pairs “13A, 16A,” and “18A, 13B.” It
is very interesting to note that the detected item pairs indeed
thematized similar situations. In items 13A and 16A the
students were expected to overcome the misconception that
increasing slit separation or slit width results in wider
fringes on the screen. On the other hand, in items 18A and
13B students were expected to apply the Huygens-Fresnel
principle within the single-slit and sharp edge context,
respectively.
The person reliability for our set of 32 items amounted to

0.72. Taking into account that this value is interpreted in
the same way as the traditional Cronbach’s alpha, we can
conclude that the reliability of our wave optics test is at a
satisfactory level [63]. Indeed, from the classical test theory
perspective an obtained alpha value of 0.72 suggests that
the correlation between observed person scores and their
errorless true scores amounts to 0.85 which represents a
strong relationship. Furthermore, the item reliability
amounted to 0.93 which indicates a highly reproducible
item difficulty hierarchy and speaks for the possibility to
precisely locate the test items on the latent variable. Based
on the tentative interpretation guidelines that relate reli-
ability coefficients to number of performance strata [33],
we can conclude that approximately two levels of student
performance and four levels of item performance can be
consistently identified for samples of items and respondents
like the ones used in our field test.

2. Item-fit statistics and item difficulty invariance

Taking into account that the infit and outfit MNSQ
values were all within the 0.7 to 1.3 range, we can conclude
that our set of 32 conceptual items is characterized by very
good item fit statistics [26].
Item difficulty invariance can be assessed through

analysis of the item difficulty cross-plot from Fig. 5.
It is evident that none of the points lies outside the
95% confidence band which suggests that the values of
item difficulty parameters are not significantly different
for the high-proficiency and low-proficiency student

FIG. 8. Proportion of correct answers for all 35 field-tested
items.

TABLE V. A list of the most frequently chosen distractors.

Item 9A Item 19A Item 14A Item 16A Item 2A Item 1B

a: 35.1% c: 35.3% a: 36.4% d: 38.5% c: 38.6% b: 42.6%

Item 6A Item 15B Item 12A Item 3B Item 10B
a: 42.6% b: 43.5% c: 44.6% d: 45.4% b: 47.5%
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subsamples [28]. This is an important finding because it
indicates that our item difficulty parameters are sample
independent, which makes them suitable for item banking.

3. Person-item targeting and characteristics
of the discarded items

Based on the inspection of the Wright’s map it can be
seen that the items are mostly lined up with persons which
speaks for good person-item targeting. However, it should
be noted that the item spread is not perfectly even. The most
pronounced gaps are between approximately -0.5 and -0.7
logits, as well in the region above 1 logits. Concretely, in
the region between -0.5 and -0.7 logits there are many
persons, but only one item. Consequently, in this region of
the latent trait the person ability is not measured very
precisely. Based on the test information function, we can
conclude that the test provided most precise measures at
0 logits which would make it a suitable cutoff score if
the test were used for criterion-referenced assessment.
Least precise measures are obtained in the low and high
ability regions of the latent trait continuum. This issue
may be resolved through the next stages of item banking
in which an additional 30 items are going to be added to
the wave optics item bank. We expect that at least some
of these items will help to fill the identified gaps within
the latent trait continuum, which will lead to more
precise measurement.
Next, we will first demonstrate how to use the Wright’s

map for purposes of drawing conclusions about the
empirical structure of students’ achievement in wave optics
and thereafter we will compare this empirical picture of
students’ achievement with our a priori model of the
learning path in wave optics.
Based on visual inspection of gaps between larger item

groupings in Wright’s map, as well as based on theoretical
considerations, we could identify approximately four
groups of items. Empirically, this may be also related to
the fact that our reliability analysis identified four different
performance strata for the items. The first group of items
starts with item 4A and ends with 18A. The second group
starts with 15A and ends with 1B. Next, the third (largest)
group starts with 7B and ends with 11B, whereas the fourth
group consists of items 10B, 12A, and 19A. A common
feature of items from the first (easiest) group is that they
seem to require only low level transfer of knowledge. At
this first level of understanding, students are able to
determine the phase difference between two points on a
sinusoid, and they associate the constancy in phase differ-
ence with coherence of laser light. Furthermore, they relate
geometrical path length difference with occurrence of
maxima or minima and they are able to identify the
mathematical formula for path length difference between
two waves in the context of double-slit interference.
Finally, they are also able to apply the Huygens-Fresnel
principle within the diffraction at single-slit and sharp edge

contexts. At the next level of understanding students
differentiate between geometric path length and optical
path length, and they show basic understanding of the wave
front representation (e.g., they are able to find the phase
difference between two points). Furthermore, they also
differentiate between diffraction patterns obtained from a
single slit and optical grating. Finally, at this level of
understanding students are also often able to correctly
relate the width of the interference fringes with the
separation between the two slits in double slit interference.
The third group of items covered nearly all items that were
related to analysis or prediction of patterns obtained in the
settings of interference on thin film items, as well as most
items related to single slit diffraction. Within the fourth
(most difficult) group of items, students had to demonstrate
understanding of patterns in combined interference and
diffraction phenomena, as well as detailed understanding of
the appearance of multiple slit interference patterns. Only a
small number of students were found to understand the
characteristics of the resulting electric field vector at the
locations of minima and maxima in double-slit interfer-
ence. We can conclude that the first two groups of items
mostly corresponded to content area I (basics of wave
optics) of our model of learning path, whereas the remain-
ing two groups of items mostly corresponded to higher
levels of the model of learning path. However, the match
was not perfect—in the first two groups of items 5 out of 15
items were from higher levels of the model of the learning
path, whereas in the remaining two groups of items 5 out of
17 items were from the first content area of the learning
path model. Empirical results suggest that it would make
more sense to put the optical grating content area immedi-
ately after double-slit interference. Items related to the
superposition principle were mostly situated in a two-point-
source context and it is eventually not surprising that these
items were not easier than items related to double-slit
interference. Although the content area of diffraction on
two-dimensional objects has been a priori classified as
most complex, the item 20A proved to be of average
difficulty. In this item the students were required to reason
about the relationship between the diameter of a circular
obstacle and the diameter of the central diffraction maxi-
mum. Probably many students could solve this item
through a simple analysis of the formula for diffraction
on circular apertures, i.e., the item did not necessarily
require the students to engage in far transfer activities.
According to Kauertz [69] item difficulty depends not only
on complexity of content but also on type of cognitive
activity.
Although due to their poor psychometric characteristics,

items 9B, 15B, and 10A were discarded from the scale
development, such items can provide us often with valuable
information about our curricula [42]. Indeed, items that are
equally often correctly solved by high- and low-proficiency
students could be an indicator of poor curriculum-test
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targeting. This would mean that content covered in items
9B, 15B, and 10A is probably not well covered in the
sampled curricula (Supplemental Material E [59]). In both
item 9B and item 15B, students were expected to judge
whether or not the ray model of light is suitable for
analyzing the presented phenomena. More specifically,
they were expected to recognize that even at dimensions
of an aperture or obstacle as large as one-tenth of a
millimeter the diffraction effects are typically too large
such that the ray model should not be applied [70]. On the
other hand, if in double-slit interference we shorten the slits
(along the y axis) from 3 to 1.5 mm the ray model of light is
still reliable for predicting how light illuminates the screen
along the y axis, which means that the interference fringes
would become shorter (along the y axis). In item 15B the y
dimension of the rectangular obstacle is 150 nm, and the x
dimension is 0.15 mm. This means that diffraction happens
in both dimensions, whereby it is much more pronounced
along the y axis. Taking into account that the y dimension
of the obstacle is even smaller than the wavelength of the
used laser light, no interference minima should occur due to
the diffraction along the y axis. However, interference
minima occur due to diffraction along the x axis. A
combination of these two effects gives rise to the diffraction
pattern shown in distractor “d” of item 15B, which can be
vividly simulated within the Webtop software [71]. When it
comes to item 10A, it should be noted that it was the only
item that was supposed to measure students’ understanding
about the necessary conditions for occurrence of fringes of
equal inclination.

4. Rasch ability and demographic characteristics
of respondents

A statistically significant correlation of low size has been
detected for the relationship between the Rasch ability
of respondents and the following variables: gender, self-
reported proficiency in introductory physics, and time
passed since the respondent has learned about wave optics
for the last time. In other words, on average, higher Rasch
abilities are associated with being a male student, having
reported higher proficiency in introductory physics, and
having learned about wave optics more recently. The
detection of the gender effect could be probably related
to the fact that many of our items required performing
visual tasks. In multiple earlier studies it has been found
that there are significant between-gender differences when
it comes to the activity of visuospatial reasoning [72].
On the other hand, for us it was somewhat surprising that

our Rasch ability measure does not correlate significantly
neither with the self-reported proficiency in optics nor with
students’ participation in physics and mathematics com-
petitions. When it comes to the relationship between the
Rasch ability measure and proficiency in physics or optics,
it is important to note that our correlation estimates would
probably be more reliable if they had been based on more

reliable and objective measures of proficiency. Indeed,
much of earlier research suggests that for self-reported
measures the level of reliability is often questionable [73].
When it comes to the relationship between Rasch ability
and competitions, the low correlations could be probably
explained by the fact that the category of “competitors”
included those who competed at the school level, as well
as those who competed at the level of the International
Physics Olympiad.

5. Validity of score-based actions and inferences

In our study, we aimed to develop an instrument that may
be used for measuring students’ understanding of wave
optics. Thereby, we have intensively constructed validity
arguments throughout the complete process of instrument
development. Evidence about the content validity of our
instrument has been obtained through two-stage expert
surveys. Thereby, the sampled university professors mostly
agreed that our test items cover most of the content (except
the content of polarization) typically included in introduc-
tory courses of physics at the university, and they noticed
that the item difficulty is appropriate for the level of
university courses of physics. Information that has been
gathered within this phase of validation has been used for
purposes of additional improvement of the quality of our
items. The improved version of the item pool has been
tested for cognitive validity. Based on videotaped group
interviews, audio-taped think-aloud interviews, and written
surveys we found that our questions mostly function in line
with our intents—students understand the questions and the
questions mostly induce in students those cognitive proc-
esses that can be used as indicators of (mis)understanding
of wave optics. Information gathered in this phase helped
us to further improve the clarity of the item stems, as well as
to significantly improve our distractors, which is important
for ensuring validity of diagnostic testing [26].
In the next stage of validation, we analyzed the field test

data and found that the hierarchy of items in the Wright
map fairly follows our theoretical description of the
learning pathway in wave optics—at least, it could be said
that items related to basic wave optics concepts were more
represented at the bottom of the map, while items related
to more complex areas were more represented at the top of
the map. This can be taken as additional evidence of
construct validity. On the other hand, the correlational
validity evidence proved to be relatively weak for our study
and this requires further investigation.
Finally, it could be shown that our test provides more

reliable measures for physics students than for engineering
students. Consequently, it seems that it is more appropriate
to use our test with physics students than with engineering
students, at least at universities in Slovenia, Bosnia and
Herzegovina, and Croatia. These results also indicate that
the level of consistency of students’ knowledge structures
can affect the internal consistency of a measurement
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instrument. Therefore it is recommended that the validity
and reliability of this (and any other) test is investigated in
various contexts.

B. Item-level analyses

1. Difficulty of the field-tested items

Although most item difficulty indices were inside the
recommended range of 0.2 to 0.8 [66], it seems that
the level of demand of our items was somewhat above
the ability level of our student sample. However, it is also
important to note that the targeting was better for physics
students than for engineering students. Concretely, the
average item difficulty index for the physics sample was
0.44 which is close to the optimal average item difficulty
of 0.5 [54]. The differences between the performance of
physics and engineering students were not surprising if we
know that the wave optics curriculum was much more
extensive for physics studies than for engineering studies
(Supplemental Material E [59]).

2. Distractor analysis

Next, we will discuss the five most frequently chosen
distractors from Table V.
From students’ answers on item 6A, it follows that many

students believe that two light waves that propagate in
opposite directions along an x axis can constructively
interfere in the same way as two light waves that propagate
in the same direction along the same axis. Actually, only for
waves propagating in the same direction the two waves’
minima as well as maxima coincide all the time (e.g., this
is the case all along the θ ¼ 0° direction in double-slit
interference). Generally, interference of two waves that
propagate in opposite directions gives rise to standing wave
patterns.
In item 15B, that has been already discussed, students

were required to predict the diffraction pattern obtained
on a rectangular obstacle. It seems that almost 44%
of our sampled students believed that diffraction will
happen only along the y axis (rectangle height of
150 nm), but not in the direction of x axis (rectangle
width of 0.15 mm). This could be related to the fact that
in conventional instruction students often hear that
“diffraction only occurs if the dimensions of the aper-
ture/obstacle” are similar to the light’s wavelength. As
has been earlier emphasized, diffraction effects may be
pronounced even when the dimensions of the aperture or
obstacle are one-tenth of a millimeter [70]. Furthermore,
for large distances of the screen even larger dimensions
of the obstacle or aperture can result in observable
diffraction effects.
Based on students’ answers to item 12A it follows that

nearly 45% of students believe that the resultant electric
field vector at locations of interference maxima is not
changing at all over time.

In item 3B, most students believed that using a lens is the
best way to increase coherence of light, even better than
using a narrow aperture combined with a color filter. Earlier
research has already found that students often do not
understand the role of lenses in the context of wave optics
phenomena [74].
In item 10B students were shown two interference

patterns and they were expected to identify these patterns
as three-slit and four-slit interference patterns (N-2
secondary maxima between two main maxima; N number
of slits). However, nearly 50% of our students believed that
they are shown two-slit and three-slit interference patterns.
On the one hand, in this item it was probably relatively easy
to eliminate option “a” because students are well familiar
with the single slit pattern. However, instead of using the
N-2 formula for determining the number of secondary
maxima, it seems that many students used a N-1 formula.

C. Next steps in the item banking process

In this first stage, we have field tested 35 out of 65 wave
optics items. The results of the field test showed that 32 out
of 35 items exhibit good psychometric characteristics
and can be combined into a scale that reliably measures
understanding of wave optics in physics students. These 32
items had been added to our item bank which contains
information about item ID, Rasch difficulty measure,
standard error for the difficulty measure, infit statistics,
outfit statistics, point-biserial measure, item stem, and
response options, and related goal in the model of the
learning path. In the years that follow the remaining 30
items will be field tested. Thereby they will be combined
with the most precisely estimated items from the existing
item bank, i.e., an item anchor-test design will be used [27].
This will allow setting all the difficulty measures on the
same scale.
It is important to point out that the process of item

banking can be continued even after field testing of all 65
items. By providing open access to members of the physics
education community, everyone could be given the oppor-
tunity to contribute new items and to help in their field
testing and adding to the item bank.

D. Limitations of the study

The final Rasch calibration was based on the answers of
only 116 physics students. According to Szabo [4] such a
sample size is sufficient for Rasch-based item banking,
although using larger samples would certainly have helped
us to obtain more stable estimates of the item difficulty
parameters. It is important to note that the current scale
does not provide very precise measures in the low- and
high-ability regions of the latent trait continuum. The
32-item scale is mostly suitable for measuring understand-
ing in physics students and with other student populations it
may be used for purposes of uncovering misconceptions
only. However, in future research we will try to identify a
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subset of these 32 items (or 65 items) that may be also used
for summative purposes with engineering students.
Another important limitation of this study is that it

failed to provide sufficient evidence on criterion validity for
the developed scale. However, validation is a continuous
process and in our future research we will attempt to
provide more evidence on criterion (correlational) validity.
In this stage, we found only a small correlation between
respondents’ Rasch ability and self-reported proficiency in
introductory physics. This could be related to the fact that
self-reported measures are often less reliable than objective
measures [73], which negatively impacted our correlational
analyses. Finally, it has been also found that there is room
for improvement of distractors in items 1A and 13A.

VI. CONCLUSION

In this paper we described how the Rasch model can be
applied for purposes of wave optics item bank building.
Thereby, the content domain included all the content
typically covered in introductory physics courses at the
university level, apart from scattering and polarization. The
distractors for each item were based on results of earlier
studies, as well as on group interviews, and student think-
aloud interviews. For purposes of ensuring content validity
we implemented and analyzed multiple expert surveys,
whereas cognitive validity has been checked through
analyses of group interviews, think-aloud interviews, and
written student surveys. Final field testing has been
performed for 35 out of 65 items. The evaluation of the
field-tested items was mostly implemented within the
framework of the Rasch model. It has been shown that
the Rasch model assumptions were met and that 32 out of
35 field-tested items can be combined into a scale that
relatively reliably measures physics students’ conceptual
understanding of wave optics. The technical features of the
developed scale proved to be promising—the item-fit

statistics was very good and the item difficulty parameters
proved to be sample independent. Furthermore, the match
between the Wright’s map representation of item difficulty
hierarchy and our model of learning path was fair, which
provides further evidence for construct validity.
The developed 32-item scale may be used for mea-

suring physics students’ understanding of wave optics.
Furthermore, all of the 35 items can be used for diagnostic
purposes and for sparking classroom discussions about
wave optics phenomena. Indeed, the field-tested items
proved to be powerful when it comes to uncovering
students’ misconceptions. While some of the identified
misconceptions were already detected in earlier studies
(e.g., increasing width of the slit results in increasing of the
fringes’ width), other misconceptions were not reported
in earlier research (e.g., at the locations of maxima the
resulting electric field vector is constant over time).
In our future research we are going to further explore the

range of contexts in which our measurement instrument can
allow for drawing valid inferences about students’ under-
standing of wave optics. Also we plan to extend the existing
wave optics item bank and to investigate in more detail
possible differential item functioning for male and female
respondents. To that end it would be desirable to get access
to larger samples of well-targeted respondents.
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