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Optics is a core field in the curricula of secondary physics education. In this study, we present the
development and validation of a test instrument in the field of optics, the ray optics in converging lenses
concept inventory (ROC-CI). It was developed for and validated with middle school students, but can also
be adapted for the use in higher levels of physics education. The ROC-CI can be used as a formative or a
summative assessment of students’ conceptual understanding of image formation by converging lenses,
assessing the following: (i) the overall understanding of fundamental concepts related to converging lenses,
(ii) the understanding of specific concepts, and (iii) students’ propensity for difficulties within this topic.
The initial ROC-CI consists of 16 multiple-choice items; however, one item was removed based on various
quality checks. We validated the ROC-CI thoroughly with distractor analyses, classical test theory, item
response theory, structural analyses, and analyses of students’ total scores at different measurement points
as quantitative approaches, as well as student interviews and an expert survey as qualitative approaches.
The quantitative analyses are mostly based on a dataset of N ¼ 318 middle school students who took the
ROC-CI as a post-test. The student interviews were conducted with seven middle school students after they
were taught the concepts of converging lenses. The expert survey included five experts who evaluated both
individual items and the test as a whole. The analyses showed good to excellent results for the test
instrument, corroborating the 15-item ROC-CI’s validity and its compliance with the three foci outlined
above.
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I. INTRODUCTION

Optics is one of the core fields in physics [1–3] and, as
such, it is universally represented in the curricula of
secondary physics education across the world (e.g., in
K–12 education [4]). One fundamental topic in optics
education is the learning of concepts regarding the refrac-
tion of light by a converging lens and how images can be
formed using a lens. This phenomenon of an illuminated
object being refracted by a lens and projected on a screen is
depicted in Fig. 1.

Conceptual understanding is a fundamental aim of
science education [4–6]. It can be described as relational
knowledge about the key concepts of a domain and the
interrelations among these concepts, including the under-
standing of relations between observable phenomena and
the underlying abstract and invisible principles [7,8].
In this article, we introduce a test instrument that can be

used to assess middle school students’ conceptual under-
standing of image formation by a converging lens. This
instrument is called the ray optics in converging lenses
concept inventory (ROC-CI). A concept inventory (CI)
contains conceptual ideas and common students’ difficul-
ties in the single items and is easily usable due to its
multiple-choice item format. In this paper, we describe the
development and validation process of the instrument. We
validated the ROC-CI thoroughly with multiple comple-
mentary approaches, namely, quantitative analyses including
distractor analyses, classical test theory, item response
theory, structural analyses, and analyses of students’ total
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scores at different measurement points, as well as qualitative
analyses including student interviews and an expert survey.
In the assessment of the ROC-CI’s validity, we followed

the recommendations of Jorion and colleagues [9]. They
suggested an analytical framework to validate three claims
that developers frequently make about the potential of a CI
to successfully assess students’ conceptual understanding.
These “three generic claims underlie the common uses of
CIs in classrooms and educational research:
(1) Students’ CI scores can be used to indicate their

overall understanding of all concepts identified in
the CI. […]

(2) Students’ CI scores can be used to indicate their
understanding of specific concepts. […]

(3) Students’ CI scores can be used to indicate their
propensity for misconceptions or student errors.
[…]” [9] (p. 456)

We aim to make evidence-based statements about the
validity of the ROC-CI concerning the degree to which this
test instrument complies with these three claims.

II. BACKGROUND

A. Geometrical optics and lenses in middle school

The diffraction of light at the interface between optical
components, such as lenses and the air, can be described by
Snell’s law. Snell’s law relates the refractive indexes of the
two materials on each side of the interface to the refractive
angle [1,2]. This implies that light is refracted, that is, it
changes its direction at each interface where the light enters
a medium with a different refraction index. Snell’s law is
often excluded from the curricula of middle and high
schools. Instead, students learn a method for drawing ray
diagrams for objects placed at various locations in front of,
for example, a double convex lens (converging lens). To
draw a ray diagram (see Fig. 2), the three rules of refraction
for a double convex lens are applied as follows:
• Any incident ray traveling parallel to the principal axis of
a converging lens will refract through the lens and travel
through the focal point on the opposite side of the lens
(parallel ray).

• Any incident ray that passes through the center of the
lens will in effect continue in the same direction that it
had when it entered the lens (central ray).

• Any incident ray traveling through the focal point on the
way to the lens will refract through the lens and travel
parallel to the principal axis (focal-point ray).
We call the parallel ray, central ray, and focal-point

ray the three construction rays. Construction rays do not
necessarily need to pass through the lens as they are
regarded as theoretical constructs that help to predict where
the image of the object will be projected in focus. If the
lens’ diameter is too small and a construction ray does not
cross the lens itself, the lens plane is used as the reference
point for refraction (see Fig. 2).
Figure 2 shows a schematic view of an illuminated object

(in the left), which is refracted by a converging lens
(middle), such that on the right, the image of the object
is formed. When students in middle or secondary school
are taught about optics in their physics classes, typically,
several phenomena of image formation by a converging
lens are taught. These are the influence of the object
distance, object height, and focal length of the lens on
the resulting image of the object. Moreover, the effects of
partly covering the lens and removing the screen are
additional topics that are addressed in class.

B. Students’ difficulties with image formation
by converging lenses

Because of the ubiquitous nature of light and refraction
phenomena, students hold several conceptions that are
inconsistent with the actual phenomena and their physical
descriptions (often termed “misconceptions,” cf. [10], “stu-
dents’ conceptions” or “alternative conceptions,” cf. [11], or
“naïve conceptions,” cf. [12]). Together with the procedure
of the construction of an optical image using the construction
rays, these may lead to difficulties for students during
learning. Galili and colleagues [13] (p. 280) introduce five
core concepts (CC) about image formation and observation
in the context of converging lenses:

FIG. 2. Conceptual idea of the refraction and imaging process
drawn in a ray diagram according to the three rules of refraction.
The three construction rays predict where a point of the object is
projected (parallel ray in green, central ray in red, and focal-point
ray in blue). The yellow shaded area represents the bundle of light
rays originating from the top point of the object that is refracted
by the lens.

FIG. 1. An illuminated object being refracted by a lens and
projected on a screen.
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(CC1) “Object point and image point: An extended
object is an assembly of object points; an image is an
assembly of image points.”

(CC2) “Optical device: The entire flux of light diverging
from each object point and interacting with the optical
component contributes to the image point.”

(CC3) “Diverging, converging light fluxes: An optical
device may change flux of light diverging from an
object point into another flux that either (a) converges
to a unique point called the real image point; light
diverging from real image point must then enter an
observer’s eye for the image point to be observed, or
(b) diverges from a different unique point; if part of
this light flux then enters an observer’s eye, the virtual
image point will be simultaneously formed and
observed.”

(CC4) “Observer’s eye as an additional optical instru-
ment: The screen is a convenience for observation of
real image points in space.”

(CC5) “Light rays: The image formation process can be
represented by a light ray diagram; the light ray is a
theoretical tool to represent the direction of light
propagation.”

Previous works by Bendall and colleagues [14], Colin
and Viennot [15], Galili and colleagues [13], Goldberg
and McDermott [12], Haagen-Schützenhöfer [16],
Haagen-Schützenhöfer and Hopf [11,17], Kaltakci-
Gurel and colleagues [10], Galili [18], Galili and
Hazan [19], Goldberg and colleagues [20], and LaRosa
and colleagues [21] have identified several difficulties of
students in the field of light, human vision, and lens
optics. The concept inventory presented in this work
intends to reveal students’ difficulties in the field of lens
optics, for instance, as a formative or a summative
assessment. The concepts of light and vision serve as
the basis for understanding image formation by converg-
ing lenses and were, therefore, considered in the ROC-CI,
as well. The most relevant core concepts (CC1-CC5 and
additional ones identified in the previously mentioned
literature) for the topic of image formation and the
corresponding learning difficulties are summarized in
Table I.

C. Previously developed test instruments

While tests exist within the context of geometrical optics,
they have certain limitations: First, they often do not
address the topic of image formation by a converging lens
at all (Refs. [22–25]) or not comprehensively, considering
all the well-known student difficulties that are outlined in
Table I (Refs. [10,19,26,27]). Second, these instruments
were partly constructed for postsecondary rather than
secondary students (Refs. [10,27]) and often lack differ-
entiate empirical validation.
Therefore, our newly developed ROC-CI fills the

existing gap of comprehensive test instruments for middle

school lens optics by presenting an assessment of students’
conceptual understanding of image formation by a con-
verging lens.

III. INSTRUMENT DEVELOPMENT, CONTENT,
AND FORMAT

A. Instrument development

We gathered a team of experts in physics, physics
education, and educational psychology, consisting of
university faculties, university research and teaching staff,
and middle school teachers to jointly develop the test.
Two researchers took the lead in the item development,
the other team members were frequently consulted and
involved throughout the whole development process.
First, frequently observed difficulties of students con-
cerning converging lenses were identified in the literature
(see Table I). Second, items from existing optics tests
were screened as to whether they covered any of the
identified students’ difficulties; then, they were judged
concerning their potential to be modified and used in this
test. Third, we agreed upon the format of the test, which
is described in detail in the section “Format,” below.
Then, we generated multiple-choice test items based on
the students’ difficulties; each incorrect answer option
(distractor) was constructed such that it represented a
specific facet of a student’s difficulty (see Refs. [28–30]
for Jim Minstrell’s “facets of student knowledge”). Each
of the answer options was developed with text and a
picture to increase the clarity and understandability of
what was meant by this answer. The text passages were
written in easy language so that especially middle school
students can understand their meaning. The pictures were
designed in simple and meaningful sketches to focus on
the essential concept.

B. Content

The complete test instrument in its original format
containing 16 items can be found in the Supplemental
Material I [31]. The content of the items is based on the
core concepts and student difficulties that were summarized
in Table I. Table II describes the concrete link of each item
to the core concepts and the student difficulties.

C. Format

When developing the CI, we paid special attention to a
practical format of test implementation and test score
evaluation. The goal was to create a test that could be
used easily in schools and for empirical research alike.
Therefore, it should be as parsimonious as possible,
reflect a broad range of difficulties, and its scoring
should be fast and objective. Still, the test should cover
all the relevant core concepts to provide a comprehensive
view on students’ conceptual understanding of the topic.
We decided for a one-tier test to keep the test structure
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TABLE I. Description of the most relevant core concepts and the corresponding difficulties that students have when learning about
image formation by a converging lens.

Core concepts
Student difficulties (with overarching student difficulties, if existent,

printed first and facets listed afterwards)

Light properties (LP): In theory, light rays propagate
infinitely

“Light is resting brightness.” [17] (p. 92)
LP1: “Light fills space and remains stationary (hence, the sky is bright).”
[14,19] (p. 66)
“Light is often described as substance-like, a substance that
instantaneously fills spaces as soon as a light source is turned on.” [17]
(p. 92)
LP2: “Light remains as a glow around a light source (candle, match,
bulb, fire).” [14,19] (p. 66)
“Light and light source are often perceived as an entity not separable
from each other.” [17] (p. 92)
LP3: “Light is comprised of (many or an infinite number of) light rays
which fill space.” [14,19] (p. 66) [21]
“It is assumed […] that light beams […] cannot overlap without
interacting with each other.” [17] (p. 92)

Light spread (LS): Light propagates from each point into
all directions
“Light emanates leaving each point of the light source and
propagates, diverging in all spatial directions.” [18]
(p. 853)

“Light beams spread out linearly.” [17] (p. 92)
LS1: “The ‘Flashlight model’ (for an isolated light source): Light goes
out (like a ray or line) only in radial directions.” [18] (p. 853)
LS2: “The ‘Flashlight model’ (for a compound situation, source þ
‘consumer’): The light, which is relevant for the observed image, goes
out in a preferential straight-line direction from a point on the source.”
[18] (p. 853)

Human vision (HV): An object needs to be illuminated to
be visible and light from the object needs to fall into the
eye

“When it’s bright, we see something.” [17] (p. 98)
HV1: “Objects are observed only if they are located in the observer’s
field of vision and are not blocked.” [19] (p. 64)
HV2: “Light is needed to illuminate eyes, thus enabling their
functioning.” [14,19] (p. 65)

Refraction of parallel light (RP): Light is conserved.
Parallel light is refracted by the converging lens such that
all rays travel through the focal point and further beyond
“When the light meets with a lens, the rule of refraction
holds true.” [10] (p. 4)

“Light can become more or less.” [17] (p. 94)
RP1: “The converging lens collects light at the focal point.” [17] (p. 94)
RP2: “Light is multiplied as it passes through the converging lens.” [17]
(p. 94)
RP3: “There is more light behind the lens than in front of it.” [17] (p. 94)
RP4: “Light rays […] simply end at the focal point after passing through
the converging lens.” [17] (p. 94)

Left-right and top-bottom swap (TB): The image is an
inversion in a point to the object

“The converging lens inverts the image, therefore it is upside down.”
[17] (p. 102)
TB1: “A lens turns an image upside-down.” [13,19] (p. 72)
“The impression is created that converging lenses produce images that
are merely upside down on the screen, while the left-right reversal is not
perceived.” [17] (p. 102)

CC1/Point-to-point imaging (PI): An object is always
imaged point-to-point through a lens
“An object is a collection of object points and an image is
a collection of image points.” [10] (p. 4)

“Images travel as a whole.” [17] (p. 100)
PI1: “A converging lens compels light rays to pass through its centre and
an inverted image is obtained.” [19] (p. 73)
PI2: “Entire object and entire image […] (There is little or no awareness
of the role of light in these processes.)” [13] (p. 280)
“An optical device is responsible for forming the entire image from the
whole object.” [13] (p. 280)
“An image of the object is travelling (in presence of light) to the lens.
The lens inverts the entire image.” [18] (p. 854)

Correct screen placement (CS): The image can be
observed clearly only in one point

CS1: “If the screen moves towards or away from the lens the image
becomes bigger or smaller but remains sharp.” [13,19] (p. 72)

(Table continued)
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TABLE I. (Continued)

Core concepts
Student difficulties (with overarching student difficulties, if existent,

printed first and facets listed afterwards)

“There is a particular image position for a sharp image of
an object to be observed on a screen.” [10] (p. 4)

CS2: “After the image reaches the screen it is localized on it.” [18]
(p. 854)

“When the screen [is] moved from its original position
[…], light originating at each object point now produces a
whole region of illumination on the screen, rather than a
point of illumination. If the screen is very close to its
original position, the observer […] will see a blurry
reproduction.” [20] (p. 223)

CC4/Screen removed (SR): The screen is not necessary
for the existence of the image, only for its observability
“A screen is a convenience for observation of real image
points in space (i.e., aerial image).” [10] (p. 4)

“No screen no image.” [17] (p. 103)
SR1: “Surface for image location and observation: A surface is
necessary for the observation and location of any image.” [13] (p. 280)
“Learners often see the function of the screen in ‘catching’ or
materializing images.” [17] (p. 103)
SR2: “Remove screen and look at image. Where is the image located?
¼ > Other locations” [12] (p. 115)
“[Learners think] the presence of a screen is necessary for image
formation. Thereby it is unimportant for the formation of the image,
where, i.e., at which distance from the lens or in which relation to the
object width the screen is placed. From the point of view of many
students, the position of the screen ultimately determines only the size of
the image.” [17] (p. 103)

Diameter of the lens (DL): Not the diameter, only the
focal length (lens’ curvature) affects the image

“The diameter of the lens determines the size of the image.” [17] (p. 103)

CC2/Partly covered lens (PC): As the object is imaged
point-to-point, covering the lens partly does not affect the
image (except for making it less bright)

“A half lens produces a half image.” [12,19] (p. 72)
PC1: “A half-lens produces a half-image. The rest of the image […] is
blocked.” [19] (p. 61)
PC2: “When half of a lens is covered, half the light rays from the object
are blocked, so only half of its image appears.” [19] (p. 73)

CC5/Object larger than lens (OL): Object size compared
to lens diameter does not affect the imaging of the object

OL1: “A lens can only image objects completely if they are not larger
than the lens itself.” [17] (p. 103)
OL2: “If the object is larger than the lens diameter, the construction [of
the parallel ray through the lens] fails and learners conclude that no
image can be formed.” [17] (p. 103)

“The light ray is a representational tool to show the
direction of light propagation. The special rays [i.e.,
construction rays] serve as an algorithm to locate the
position of an image. […] However, special rays are
sufficient but not necessary in order to form an image
point.” [10] (p. 4)

Rule of motion (RM): If the object is far away, the image
is closer to the focal point on the other side; if it is close to
the focal length, the image is far away on the other side;
an object in the focal point cannot be imaged by the lens
(this rule can be directly derived from the three rules of
refraction)

No student difficulty was specifically identified for the understanding of
the rule of motion in previous literature.
We suggest as distractor: Imaging works like mirroring: object and
image of the object will always have the same distance to the lens.

CC3/Virtual image (VI): If the object is closer to the lens
than one focal length, there is a virtual image on the same
side and upright (this can be directly derived from the
three rules of refraction)

No student difficulty was specifically identified for the understanding of
virtual image construction in previous literature.
We suggest as distractor: The image of the object will always appear on
the opposite side of the lens.
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TABLE II. Description of the single items and the core concepts and student difficulties they are based on (“basis”). Answer options of
each item are labeled A, B, C, etc. The correct answer option(s) is (are) marked with an asterisk.

Item Short description of the answer options within each item Basis

Q1 A: Light behaves similarly to a fluid LP1
B: Light is inside a light source LP2
C*: Light propagates infinitely LP
D: Light beams can collide and bounce off each other LP3

Q2a A: All light rays propagate away from an imaginary center of the light source LS1
B: All light rays propagate in the same direction from the surface of a light source LS2
C*: Light propagates from each point into all directions LS

Q3 A: Eye and object are both in the shadow, but there is no shielding between eye and object HV1
B: Only the object is in the shadow, but the eye is illuminated HV2
C*: Light can spread from the source to the object and into the eye (version 1) HV
D*: Light can spread from the source to the object and into the eye (version 2) HV

Q4 A: Light rays end in the focal point and continue like a laser RP1, RP
B: Behind the lens, there are more light rays than in front of the lens RP2
C: The lens does not affect the light rays’ path but makes them brighter RP3, RP
D*: Light is conserved and all rays travel through the focal point and further beyond RP
E: Light rays are brighter behind the lens and stop in the focal point RP3, RP4
F: Light rays are multiplied and continue on their parallel path after the focal point RP2, RP

Q5 A: The lens does not invert the image at all TB
B*: The image is an inversion in a point to the object TB
C: Only left and right are inverted TB1
D: Only top and bottom are inverted TB1

Q6 A: Only left and right are inverted TB1
B: The lens does not invert the image at all TB
C: Only top and bottom are inverted TB1
D*: The image is an inversion in a point to the object TB

Q7 A: The light rays travel through the lens without crossing PI1
B: The lens plane flips the object when traveling through the lens PI2
C: The center of the lens flips the object when traveling through the lens PI1, PI2
D*: An object is always imaged point-to-point through a lens PI

Q8 A: The image is smaller because it is further away CS1
B: The image is the same size but blurred because of the distance CS2, CS
C*: The image is larger and blurred CS
D: It does not matter where the screen is placed, the image will always be the same CS2

Q9 A: The screen needs to catch the image SR1, SR2
B*: The image will be at the same place, only not observable SR
C: No screen causes the light rays to not pass the lens SR2
D: No screen leads to no rotation of the image SR1, SR2
E: All rays will be collected in the focal point like with parallel rays SR1
F: No screen leads to an image at infinity SR1, SR2

Q10 A*: The image remains the same DL
B: If the diameter of the lens is larger, the image becomes larger DL
C: If the diameter of the lens is larger, the image becomes smaller DL

Q11 A*: The image remains the same DL
B: If the diameter of the lens is smaller, the image becomes larger DL
C: If the diameter of the lens is smaller, the image becomes smaller DL

Q12 A: The image of the object does not fit through the lens, leading to no image at all PC1
B*: Covering the lens partly does not affect the image except for making it less bright PC
C: Only the part of the object that fits through the pinhole can be imaged on the screen PC1
D: There is no difference in the image with pinhole PC
E: Only the outer parts of the image are cut off PC1

(Table continued)
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simple and save time during test implementation, and for
a multiple-choice format to ensure the quick and objec-
tive evaluation of students’ answers.
Of the 16 items, 11 items conformed to what we will call

the default format, which is text with picture in both the
item stem and in all answer options (items Q1–Q4 and Q6

are different). One exemplary item in the default format
(item Q7) is shown in Fig. 3.
The combination of text and picture in both the item stem

and the answer options is a strength of the ROC-CI,
because this format makes it more independent from purely
schematic representations of the rays. This can be especially

TABLE II. (Continued)

Item Short description of the answer options within each item Basis

Q13 A: The parts of the object that do not fit through the lens are cut off OL1
B: The image of the object does not fit through the lens, leading to no image OL2
C: If the object is larger than the lens, a smaller image of the object is created OL
D*: Covering the lens partly does not affect the image except for making it less bright OL

Q14 A: Only the part of the object that fits over the cover can be imaged on the screen PC2
B: As not all constructing lines travel through the lens, there will be no image at all PC2
C*: Covering the lens partly does not affect the image except for making it less bright PC
D: The parts of the object that fit over and under the cover can be imaged on the screen PC2

Q15 A: An object in the focal point of the lens creates an image in the other focal point RM
B*: An object in the focal point cannot be imaged by the lens RM
C*: An object far away from the lens creates an image close to the lens RM
D: An object far away from the lens creates an image far away from the lens RM
E: An object close to the focal point creates an image close to the other focal point RM
F*: An object close to the focal point creates an image far away from the lens RM

Q16 A: The image is upside-down on the other side of the lens VI
B: The image is upside-down on the same side of the lens VI
C: The image is upright on the other side of the lens VI
D*: The image is upright on the same side of the lens VI

aItem Q2 was removed from the final version of the ROC-CI.

FIG. 3. Exemplary item of the ROC-CI (item Q7) with the default format: text and picture in both item stem and all answer options.
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important for identifying the prior difficulties that students
have before they are taught about converging lenses in
school, because, at this point in time, they are mostly not
familiar with the schematic representation including rays.
The items had either 3 (3 items), 4 (9 items), 5 (1 item), or 6
(3 items) answer options. Table IX in the Appendix gives a
detailed overview of the formats of all test items and their
specificities. Prior to solving the ROC-CI, students were
given oral or written test instructions and a written intro-
duction to the test, including an example item. Both the test
instructions and the introduction can be found in the
Supplemental Material I [31]. The instructions and the
introduction informed test takers that each item could, in
principle, have multiple correct answers, which should
encourage students to actually read through all answer
options in detail before choosing their answer. The minimum
number of correct answer options was 1 and the maximum
number was 3. We used a partial credit model to score the
test: Full credit, that is, 2 points were given, if a student had
selected all the correct answers and no wrong answers.
Partial credit, that is, 1 point was given, if a student had
selected only some of the correct answers or if a student had
selected the correct answer(s) plus incorrect ones. No credit
was given if a student had selected only the wrong answer(s).
This scoring rule was illustrated in the example item as part
of the test introduction. Notably, the majority of the items
had only one correct answer (14 items); in addition, there
was one item with two correct answer options out of four
(Q3), and one item with three correct answer options out of 6
(Q15). This aspect is discussed in the limitations and outlook
sections of this article.

IV. QUANTITATIVE VALIDATION

In this section, we first report analyses of the test with
a special focus on the single items, beginning with an
analysis of the distractors we used in the test. We further
conducted the analyses suggested by Jorion and col-
leagues [9] and evaluated the test corresponding to their
“categorical judgment scheme and assignment rules for
evaluating a CI” (see Ref. [9], p. 482). The suggested
analyses include item and test analyses according to
classical test theory and item analyses according to item
response theory [9].
As these first analyses all indicated that item Q2 should

be removed from the test, we followed the suggestion of
Jorion and colleagues [9] and excluded students’ answers
for item Q2 from the subsequent analyses conducted with
the test in total. These analyses include structural analyses
of the test [i.e., exploratory factor analysis (EFA) and
confirmatory factor analysis (CFA), as suggested by
Ref. [9]], the distribution of students’ test scores in pre-
and post-test, the correlation of students’ grades and their
test scores, and the test-retest reliability we evaluated from
pre- and post-tests as well as from post- and follow-up tests.
Table III gives an overview of the analyses conducted
within the quantitative validation of the ROC-CI.
All analyses were conducted using R (version 4.1.1) and

the package PSYCH (version 2.1.9) to calculate Cronbach’s
alpha values, the package MIRT (version 1.34.11) for the
item response theory analyses, the packages PSYCH and
GPArotation (version 2014.11–1) to calculate the EFA, and
LAVAAN (version 0.6–9) for the CFA.

TABLE III. Summary of analyses conducted for quantitative test analyses of the ROC-CI.

Analysis Measures

Distractor analysis Percentage of students selecting each answer option in pretest
and post-test

Classical test theory
Item statistics Item difficulty

Item discrimination
Total score reliability Cronbach’s alpha of total score

Cronbach’s alpha-with-item-deleted

Item response theory Individual item measures
Fit of the items with the model

Structural analyses
Exploratory factor analysis Fit of the model to the data
Confirmatory factor analysis Item loading

Comparative fit index
Root-mean-square error approximation

Distribution of students’ test scores Increase of students’ test scores from pre to post (t-test)

Correlation of students’ grades and test scores Pearson correlation of the grades with pre-, post-, and follow-up
tests

Test-retest reliability Intraclass correlation coefficient of pre- and post-test
Intraclass correlation coefficient of post- and follow-up test
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A. Method of quantitative validation

1. Test administration

We administered the ROC-CI to students three times:
first, approximately one week before students were intro-
duced to converging lenses in their school lesson (as a
pretest), second, one day after their lessons on converging
lenses in school (as a post-test), and third, approximately 4
to 8 weeks after their lessons on converging lenses in
school (as a follow-up test). Data were gathered either in an
in-person setting in school where the test administrators
came into the class and administered the ROC-CI in a
standardized procedure or during COVID-19 induced
school closures, during which the ROC-CI was adminis-
tered online using the software Qualtrics. In each situation,
students answered the test individually. All instructions that
were given by the in-person instructors were also provided
in written format in the online survey. Before solving the
ROC-CI, students went through an example item unrelated
to the topic of the test to understand how the items were
organized. Students were asked to solve the ROC-CI alone
and without the help of the internet, learning material, or
other persons such as classmates, siblings, or parents. In both
the in-class and the online setting, most students took around
20min to solve theROC-CI. In the in-class scenario, the time
for solving the test was restricted to amaximum of 30min; in
the online setting, the time was not restricted. However, no
participant in the online setting took longer than 30 min to
solve the ROC-CI. Participants who answered fewer than 14
itemsof the16-itemROC-CIwere excluded from the sample.
The whole instrument contained the ROC-CI and demo-
graphic questions about students’ ages, genders, mother
tongues, and physics grades. Students were asked about their
past two science or physics grades and their grade on the last
physics exam (all on a scale of 1 ¼ very good to
6 ¼ insufficient); their average physics grades were then
calculated as the means of these three grades. Students were
explicitly instructed that they had no advantage from
reporting their grades incorrectly.
For the ROC-CI quantitative validation analyses, we

used the pre-, post-, and follow-up test data. The reason for
administering the test to students at three time points was
that we wanted to show how students’ preconceptions
related to converging lenses eventually changed after they
were taught about converging lenses in school (pre to post)
and we wanted to measure the test-retest reliability of this
test instrument from pre to post and after a few weeks (post-
to follow-up test). We claim that our test instrument can
detect conceptions that students possess prior to optics
classes (pretest) and that it can measure how elaborate
students’ conceptual understanding may become after
optics classes (post-test). Thus, the test instrument should
be able to reflect changes in students’ understanding, as
indicated by a medium-sized retest reliability of pretest and
post-test. At the same time, once conceptual understanding
has been obtained, it should be relatively stable, as reflected

in a high test-retest reliability of post-test and follow-up
test. We used only the post-test data for the item and test
analyses according to classical test theory, item response
theory, and for structural analyses of the test, as this is the
standard procedure when CIs are validated [9]. In the post-
test, students’ conceptions regarding the topic are more
coherent and less influenced by potential guessing behavior
and, hence, provide more information regarding the quality
of the items and the test as a whole.

2. Sample

In total, N ¼ 349 students took the pretest and N ¼ 318
students took the post-test. These samples are overlapping,
in that 277 students took both tests, whereas the remaining
113 students missed either the pretest (41 students) or
the post-test (72 students). N ¼ 72 students who took the
post-test also participated in the follow-up test. Students
from grade 7 (and ten students from grade 9) of German
Gymnasiums and middle schools participated in the post-
test sample, agedMage ¼ 12.6 years and SDage¼0.7 years.
46% of these students were male, 43% were female, and
11% did not indicate their gender. Most students had
German as their mother tongue (88% in the post-test).
Students participating in the post-test had an average
physics grade of Mgrade ¼ 2.4 and SDgrade ¼ 0.8 on the
German grade scale of 1 (very good) to 6 (insufficient).
Students’ age, gender, mother tongue, and physics grade in
the pretest and follow-up test samples were not signifi-
cantly different from those of the post-test sample; all t-test
comparisons were not significant, with p values >0.16.

B. Distractor analysis

For the distractor analysis, we evaluated which answer
options students chose in the pre-, post-, and follow-up test.
Students were allowed to select multiple answer options for
each item. Figure 4 displays the percentage of the students
who selected each answer option for all 16 items of the pre-,
post-, and follow-up test. Correct answers are marked with
an asterisk in Fig. 4. Table SM.I in the Supplemental
Material II [31] shows all values for the percentages of
students selecting the item answer options for pre-, post-,
and follow-up tests.
In the pretest, students selected the distractors as well

as the correct answer options on a frequent basis. All answer
options were chosen by at least 5% of the students in the
sample, except for item Q2, where answer option B was
chosen by 2% of the students only. In items Q1, Q3, Q4, Q5,
Q6, Q7, and Q8, the correct answer option(s) was (were)
selected by most students already in the pretest, suggesting
that these items were relatively easy. However, in these
items, the distractors were still chosen frequently.
When comparing the pre-, post- and follow-up tests in

Fig. 4, it is apparent that students chose the correct answer
options in the post-test and follow-up test more frequently
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than in the pretest. Moreover, in the post-test and the
follow-up test, the distractors in most items were chosen
much less frequently than in the pretest. Most students
selected the correct answer option(s) in the post-test for all
items except for the items Q2, Q13, Q15, and Q16. In the
follow-up test, most students selected the correct answer
option(s) in all items except for item Q2 and item Q15, in
which the correct answer option Q15_C was still chosen
less frequently than the incorrect answer option Q15_D.
When looking in detail at item Q2, it appears that

students did not change their minds about this item from
the pre- to post- and follow-up test, and that more students
chose the incorrect answer option A than the correct answer
option C at all measurement points. Moreover, only 2–3%
of the students selected distractor B in all three measure-
ment points, which is the smallest percentage of students
who selected an answer option in the whole test. As it
seems to be evident to most students that distractor B is not
a correct answer here, students are only left with two other
answer options and they could simply guess which of the
two remaining options, A or C, might be correct. This
indicates item Q2 is not a well-functioning item in this test.

C. Analyses according to classical test theory

All values corresponding to the item statistics and the
total score reliability can be found in Table SM.II in the
Supplemental Material II [31].

1. Item statistics

We calculated the difficulty of each item by evaluating
what ratio of students solved the item correctly (probability
of solving the item correctly, on a scale of 0 ¼ the item was
solved incorrectly to 1 ¼ the item was solved correctly).
We calculated the item difficulties for all original 16 items

of the ROC-CI. They ranged from 0.28 (Q15, difficult) to
0.78 (Q14, not so difficult), except for item Q7, which had a
difficulty of 0.87 and was therefore rather easy (see Fig. 5).
According to the scheme of Jorion and colleagues [9]
(p. 482), this indicates the difficulty is “good” (almost
“excellent”). According to Ding and Beichner [32], who
suggest a desired value of the difficulty index between 0.3
and 0.9, all our items lie within the desired range.
Item discrimination was calculated by considering the

correlation between the points reached in one item and the

FIG. 4. Percentage of the students who selected each answer option for all 16 items in the pre-, post-, and follow-up test (split up in
Q1–Q8 and Q9–Q16). Correct answer options are indicated by an asterisk.
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sum of points reached in all other items of the test, except
for the item of interest across the 318 students.
We calculated the item discrimination for all original 16

items, resulting in values between 0.18 (Q1) and 0.45 (Q5),
except for item Q2, which had a discrimination of −0.03
(see Fig. 5). Figure 5 shows the items’ discriminations
against the items’ difficulties for all 16 original ROC-CI
items in one plot. The fact that Q2’s item discrimination is
negative was another argument to remove item Q2 from the
ROC-CI.
As a consequence, we calculated the items’ discrimination

once again after item Q2 was removed from the test. At that
point, only one item showed a discrimination below 0.20,
namely, Q1 with 0.18. All the other items ranged from 0.20
(Q9) to 0.44 (Q5; see Table SM.II in the Supplemental
Material II [31]). According to Jorion and colleagues [9]
(p. 482), the item discrimination can therefore be considered
“good” (almost “excellent”). Ding and Beichner [32] suggest
a stricter discrimination index of equal to or higher than 0.3,
which is the case for 8 out of the 15 ROC-CI-items.

2. Total score reliability

Even though the test was constructed based on multiple
conceptual ideas and, therefore, is likely to be multidimen-
sional, we also computed Cronbach’s alpha for thewhole test
instrument. Cronbach’s alpha for the subscales identified in
the structural analyses section are considered later.
Cronbach’s alpha of the total score for the 16-item ROC-

CI was 0.69. Cronbach’s alpha-with-item-deleted for the
16-item ROC-CI showed values between 0.66 (when
deleting Q5 or Q10) and 0.69 (when deleting Q1, Q9,
or Q13), except for item Q2, which showed a higher alpha-
with-item-deleted of 0.72 (see Table SM.II in the
Supplemental Material II [31]). Again, item Q2 being an
outlier suggests removing this item from the test.
Hence, we calculated Cronbach’s alpha for the 15-item

ROC-CI (0.72) and Cronbach’s alpha-with-item-deleted for
the remaining 15 items again. The values for Cronbach’s

alpha-with-item-deleted now ranged from 0.69 (when
deleting Q4, Q5, or Q10) to 0.72 (when deleting Q1,
Q9, or Q13; see Table SM.II in the Supplemental Material
II [31]). However, deleting Q1, Q9, or Q13 would not lead
to further improvement of Cronbach’s alpha compared to
the 15-item ROC-CI Cronbach’s alpha of 0.72. After
removing item Q2, according to Jorion and colleagues
[9] (p. 482), the Cronbach’s alpha of the total score (0.72)
can be considered “average” and the Cronbach’s alpha-
with-item-deleted “excellent.”

D. Analyses according to item response theory

Jorion and colleagues [9] additionally suggest item
response theory analyses with all original items of the
evaluated CI. We performed an analysis of the ROC-CI
with the package MIRT in R, using a unidimensional IRT
model. Since students could receive 0, 1, or 2 points for each
item, a dichotomous model was not possible, so we used a
generalized partial credit model. We assessed the adequacy
of model fit using the root mean square error of approxi-
mation (RMSEA), the standardized root mean square
residual (SRMSR), and the comparative fit index (CFI).
The obtained RMSEA value ¼ 0.08 (95% CI [0.07, 0.09])
suggests that this model has a rather fair to poor fit
(recommended cutoff value RMSEA <¼ 0.06); however,
the SRMSR value ¼ 0.08 is in the range of the recom-
mended cutoff value of SRMSR <¼ 0.08 and the CFI ¼
0.76 is below the recommended 0.95 threshold [33]. This
indicates an overall acceptable fit of the generalized partial
credit model to the data.
Next, we assessed how well each item fits the model using

the S-X2 item fit index for polytomous IRT models [34]. The
RMSEA values of the S-X2 item index fit were below the
suggested threshold of 0.06 for all items (cf. Table IV),

TABLE IV. RMSEA values of the S-X2 item index fit and item
parameters for the IRT model.

Item RMSEA of S-X2 a b1 b2

Q1 0.03 0.28 −3.37 0.07
Q2 0.04 −0.03 −100.12 88.53
Q3 0.03 0.46 −3.95 −0.33
Q4 0.00 0.74 0.06 −1.63
Q5 0.00 0.79 3.11 −4.08
Q6 0.03 0.60 5.74 −7.86
Q7 0.04 0.59 −0.62 −3.93
Q8 0.04 0.36 7.89 −8.80
Q9 0.05 0.29 3.78 −6.61
Q10 0.00 0.72 5.31 −6.25
Q11 0.04 0.68 5.04 −6.00
Q12 0.01 0.61 2.84 −2.44
Q13 0.04 0.27 10.85 −7.93
Q14 0.04 0.80 1.74 −4.06
Q15 0.00 0.58 −0.07 4.75
Q16 0.03 0.56 6.75 −5.76

FIG. 5. Item statistics for all original 16 items of the ROC-CI.
Item Q2 shows negative discrimination.
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indicating an adequate fit of all items to the model.
According to Jorion and colleagues [9] (p. 482), the
individual item measures according to item response theory
can therefore be considered “excellent.”
Next, we computed the item parameters for the model.

The parameters a, b1, and b2 for all 16 items are shown in
Table IV.
The values of the slope parameter (a-parameter) ranged

from −0.03 (Q2) to 0.80 (Q14). Larger values (steeper
slopes) indicate better differentiation of learners’ abilities.
Item Q14 was, therefore, the most discriminating item, with
a slope estimate of 0.80; item Q2 shows a problematic
negative slope. The problematic item parameters for item
Q2 can also be observed in the diagram of the probability
function of item Q2 in Fig. 6. The probability functions for
all 16 items are depicted in the Supplemental Material II
[31]. The blue curve represents the probability of scoring 0
points on this item, the pink curve represents the probability
of scoring 1 point on this item, and the green curve
corresponds to scoring 2 points on this item. The totals
of all three probability values for a certain learner’s level
always add up to 1.0.
Figure 7 shows the probability function of item Q14. For

this item, learners with low ability mostly scored 0 points,

learners with medium ability scored 0, 1, or 2 points, and
learners with high ability mostly scored 2 points. This
indicates an adequate solving pattern for this item. Item Q2
does not show this adequate solving pattern; learners with
low ability scored equally 0 or 2 points in this item, learners
with medium ability scored mostly 0 points, second most
frequently they scored 2 points, learners with high ability
similarly scored mostly 0 points and only second most
frequently they scored 2 points. This again supports the
idea to remove item Q2 from the test.

E. Structural analyses of the test

For the structural analysis of the test, we excluded item
Q2, as it was clear from the prior analyses that this item
would ultimately be removed from the test (“Any items
with poor properties should be removed from subsequent
structural analyses.” [9], p. 457). As suggested by Jorion
and colleagues [9], we first conducted an exploratory factor
analysis and then a confirmatory factor analysis: “If the
exploratory factor analysis indicates recoverable structure,
either comparable to or different from the developer’s
originally designated constructs, confirmatory factor analy-
ses […] can also be conducted to test specific hypotheses
about structure.” [9] (p. 457). Thereby, we followed the
approach recommended by Anderson and Gerbing [35]
(p. 421): “Ideally, a researcher would want to split a
sample, using one half to develop a model and the other
half to validate the solution obtained from the first half.”

1. Exploratory factor analysis

We calculated the exploratory factor analysis with one
half of our post-test dataset of the ROC-CI (n ¼ 159). First,
we conducted a parallel analysis (factor method: minimum
residual solution, eigen values: principal axis factor analy-
sis) and identified from the Scree plot (attached and
explained in the Supplemental Material II [31]) that a
number of factors between 4 and 8 would be reasonable;
four factors were suggested by R. Therefore, we computed
the exploratory factor analysis for all five scenarios, using
oblique rotation, as suggested by Jorion and colleagues [9],
due to possible underlying relations between the single
factors. We compared the models of 4 to 8 factors con-
cerning their root mean square of the residuals (RMSR)
value, their RMSEA value, and their Tucker-Lewis index
(all model values are summarized in Table SM.III in the
Supplemental Material II [31]). The model with 8 factors
showed the best fit to the dataset, considering the model
values and “compared to the developers’ concept group-
ings” [9] (p. 488).
Figure 8 shows the distribution of items to the 8 factors.

Item Q16 was not single loading and did not load on one
factor with more than 0.3: it loaded with 0.27 on MR6 and
with 0.25 on MR5. Because Fig. 8 uses a factor loading
threshold of 0.3, Q16 is depicted without being assigned to
a factor. Factor loadings range between 0 and 1; low values

FIG. 6. Probability function of item Q2. P1 (blue) indicates 0
points, P2 (pink) 1 point, and P3 (green) 2 points scored. The axes
represent the learner’s ability (x axis, theta) and the probability of
solving this item correctly (y axis).

FIG. 7. Probability function of item Q14. P1 (blue) indicates 0
points, P2 (pink) 1 point, and P3 (green) 2 points scored. The axes
represent the learner’s ability (x axis, theta) and the probability of
solving this item correctly (y axis).
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indicate that this item does not fit well to the factor and 1
indicates a perfect fit of this item to the factor.
The 8 factors can be matched with the subscales as

indicated in Table V. Factor MR3 (containing Q5 and Q6)
refers to the core concept “Left-right and top-bottom swap”
(TB). Factor MR4 (containing Q10 and Q11) refers to the
core concept “Diameter of the lens” (DL). Factor MR5
(containing Q4, Q9, and possibly Q16) refers to the core

concepts “Refraction of parallel light” (RP), “Screen
removed” (SR), and possibly “Virtual image” (VI).
These items have in common that there is no screen
visualized; thus, they might rely on a common underlying
erroneous conception about the image formation by a
converging lens without having a projection surface.
Factor MR2, which only contains Q1, refers to the core
concept “Light properties” (LP). Factor MR1 (containing
Q12 and Q14) refers to the core concept “Partly covered
lens” (PC). Factor MR6 (containing Q8, Q13, Q15, and
possibly Q16) refers to the core concepts “Correct screen
placement” (CS), “Object larger than lens” (OL), and “Rule
of motion” (RM). All these core concepts might be related
to the common student’s misconception that imaging and
mirroring are mixed up. The core concept underlying item
Q16 (“Virtual image,” VI) would also fit this broader idea.
Factor MR7 contains only Q7, referring to the core concept
“Point-to-point imaging” (PI). Last, factor MR8 (contain-
ing only Q3) belongs to the core concept “Human
vision” (HV).
All in all, the model chosen based on the exploratory

factor analysis also conforms to the predicted constructs
and can thus be evaluated as “excellent” according to Jorion
and colleagues [9] (p. 482).

2. Confirmatory factor analysis

To further confirm these factors, we calculated a con-
firmatory factor analysis (CFA) with the other half of the
post-test dataset (n ¼ 159). We used the factors determined
in the EFA; item Q16 was added to MR6 because it showed
a higher load to this factor than to MR5. The results of the
CFA are summarized in Table V in the columns “factor
loadings” and “estimated error variance.”

FIG. 8. Distribution of the 15 ROC-CI items to the 8 factors
MR1-MR8 determined in an exploratory factor analysis. The
connecting arches on the right indicate correlations between
the single factors, which were allowed in this model due to the
oblique rotation used in the analysis.

TABLE V. Cronbach’s alpha values for the subscales containing more than one item.

Subscale Core concepts Items Factor loadings Estimated error variance Cronbach’s alpha

MR1 PC Q12 0.58 0.66 0.46
Q14 0.43 0.82

MR2 LP Q1 1.00 0.00 n=a

MR3 TB Q5 1.87 −2.49 0.78
Q6 0.35 0.88

MR4 DL Q10 0.85 0.28 0.80
Q11 0.83 0.31

MR5 RP, SR Q4 0.58 0.67 0.47
Q9 0.42 0.82

MR6 CS, OL, RM, VI Q8 0.40 0.84 0.41
Q13 0.12 0.99
Q15 0.36 0.87
Q16 0.40 0.84

MR7 PI Q7 1.00 0.00 n=a

MR8 HV Q3 1.00 0.00 n=a
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The factor loading of Q5 to MR3 is larger than 1, with a
negative estimated error variance. This can probably be
explained by the fact that Q5 and Q6 are too similar in
students’ answering behavior. Deleting either item Q5 or
item Q6 from the model resolves this problem. However, as
all the other analyses we conducted suggested that item Q5
and item Q6 are unproblematic, and especially that stu-
dents’ interviews suggested that the two items are indeed
different from each other in the way they were understood
by students, we decided to keep both items.
All itemloadingscanbeconfirmed tobevalidwith theother

half of the dataset and the CFA, except the loading of Q13 to
MR6. All items load onto the respective factors with loadings
higher than 0.3; only Q13 shows an item loading of 0.12.
Therefore, the item loading of the CFA can be considered
“good” according to Jorion and colleagues [9] (p. 482).
The comparative fit index of the model is higher than 0.9

with a value of 1.00 and the root-mean-square error
approximation of the model is lower than 0.03 with a
value of 0.00; both are, therefore, “excellent,” according to
Jorion and colleagues [9] (p. 482).
Furthermore, we calculated the internal Cronbach’s

alpha values for each of the subscales containing more
than one item (Table V, column “Cronbach’s alpha”). These
Cronbach’s alpha values are partly very high, showing
good internal consistency, and partly relatively low, which
is normal, considering that these scales consist of few
items and that the items in MR5, MR1, and MR6 do not
duplicate, but rather, complement each other and serve the
same underlying subscale.

F. Distribution of students’ test scores
in pre- and post-test

For an analysis of the distribution of students’ total
test scores in pre- and post-test, we added up all the item
scores students gained in the test, except the score for item
Q2. With a maximum of 2 points per item, students could
achieve a maximum of 30 points in the whole test. We
plotted a histogram of students’ total test scores for pre- and
post-test in Fig. 9.
Figure 9 shows that students’ total scores shifted from

the lower half of the scale to the upper half of the scale from
pre- to post-test and that both distributions correspond to
approximately normal distributions. These findings were
tested statistically, too: The test scores’ mean and standard
deviation shifts fromMpre ¼ 11.1 points out of 30 (36.9%),
SDpre ¼ 4.4 (14.6%) to Mpost ¼ 17.8 points out of 30
(59.5%), SDpost ¼ 5.8 (19.3%). This shift is statistically
highly significant, indicated by a t-test (p < 0.0001). Both
the pretest data (p < 0.0001) and the post-test data
(p ¼ 0.001) are normally distributed, indicated by
Shapiro-Wilk normality tests.
Figure 9 shows that the test does not show floor effects of

testing: No student scores 0 or 1 point in the total score, not
even in the pretest; it shows ceiling effects of testing in the
post-test for only 2 out of 318 students (0.6%) who
achieved the maximum test score. Therefore, the test can
differentiate well between different levels of students’
conceptual understanding both before and after the teach-
ing of converging lenses at school.

FIG. 9. Histogram of students’ total test score (without item Q2) for the pre- (light blue) and post-test (dark blue).
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G. Correlation of students’ grades
and their test scores

As, in general, students’ grades give a good insight into
the overall performance of a student in a certain discipline,
we used students’ physics grades as a measure of students’
general physics performance and compared the students’
ROC-CI test scores to their grades. For this analysis, we
again used the test scores of the final 15-item version of the
test, excluding item Q2.
We calculated Pearson’s correlation coefficient for stu-

dents’ pretest performance with their physics grades
yielding r ¼ −0.24, p < 0.0001, and for each post-test
and follow-up test performance with their physics grades
r ¼ −0.42, p < 0.0001 (the minus arises because in the
German grading system lower grades indicate better
performance). This indicates that the post- and follow-up
test ROC-CI scores have a good correlation with students’
general physics performance, which further strengthens the
evidence for the ROC-CI being a valid test instrument for
middle school students. The lower correlation between
grades with the students’ pretest performance compared
with their post-test and follow-up test performance is
plausible, given the students’ lack of prior knowledge of
the topic of the test.

H. Test-retest reliability

To evaluate the test-retest reliability of the ROC-CI, we
used the paired data of pretests and post-tests as well
as post-tests and follow-up tests. We again used the test
scores of the final 15-item version of the test, excluding
item Q2. We calculated the intraclass correlation coefficient
(ICC) with a two-way mixed-effects model, single meas-
urement type, and absolute agreement definition as pro-
posed for test-retest reliability evaluation by Koo and Li
[36]. The ICC for pretests and post-tests was κ ¼ 0.19
(95% CI ¼ −0.03; 0.37); F ¼ 2.1, df1 ¼ 28, df2 ¼ 28,
p < 0.0001. This indicates a poor reliability (values less
than 0.5), according to Koo and Li [36]. The ICC for post-
tests and follow-up tests was κ ¼ 0.54 (95% CI ¼ 0.38;
0.66); F ¼ 3.5, df1 ¼ 71, df2 ¼ 71, p < 0.0001, indicat-
ing a moderate reliability (values between 0.5 and 0.75),

according to Koo and Li [36]. It is appropriate that the ICC
for pre- and post-test is poor and smaller than the ICC of the
post- and follow-up test, because students’ conceptual
understanding improved significantly from pretest to
post-test. Against the background of the rather long time
period between the post-test and the follow-up test and the
potential small change in conceptual ideas of the students
(e.g., through forgetting or further physics instruction), the
ROC-CI’s test-retest reliability for post- and follow-up test
can be considered sufficiently good.

V. QUALITATIVE VALIDATION

For our qualitative analyses on construct validity, we
used student interviews and expert surveys. Student inter-
views were conducted to gain an insight into students’
actual thoughts about and understanding of the items and
the answer choices, and why students decided for or against
an answer choice. The expert survey was conducted to
confirm the curricular validity and content validity of the
test for the topic of converging lenses taught in middle
school.
To strengthen and complement the findings from the

quantitative analyses and to further evaluate the con-
struct validity of the ROC-CI, we went into more detail
using qualitative analyses. We chose two methods: con-
ducting student interviews and conducting an expert
survey.

A. Student interviews

1. Method of the student interviews

We recruited students for interviews from classes that
had already been taught about converging lenses. Students
were offered a 10€ reimbursement for participating in an
interview; they had the opportunity to contact us via their
teacher if interested. We accepted all seven students who
were interested in participating in interviews. Demographic
and other background data about the seven students is pro-
vided in Table VI (the physics grade is reported again on the
German grade scale of 1¼very good to 6¼ insufficient).
While Alexander and Ben had not taken the ROC-CI before

TABLE VI. Demographic and other background data about the students participating in the interviews (the
physics grade is reported on the scale of 1 ¼ very good to 6 ¼ insufficient). Students’ names were changed for
reasons of data protection.

No. Name Grade Age Gender Mother tongue Physics grade

1 Alexander 8 13 Male German 3.1
2 Ben 10 15 Male German 2
3 Charlotte 7 13 Female German 1
4 Daniel 7 13 Male German, Russian 2.3
5 Emma 7 12 Female German 1.5
6 Fleur 7 13 Female German 1
7 Gabriel 7 13 Male German 1.3
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the interview, the other five participants were recruited from
the post-test sample and had thus previously taken the
ROC-CI.
The interviews were scheduled by the students and were

conducted online via one-on-one videocalls with only the
leading researcher and the student participating. In the
interviews, the students’ screens with the test questions and
the conversation audio were recorded. Students and their
parents were required to give consent about the recordings
and the students’ voluntary participation in the interview.
During the interviews, the researcher introduced herself and
explained how the interview would proceed. Then, the
students shared their screens and opened the online test via
a link provided by the researcher. The students answered
the demographic and background questions first without
being interrupted by the researcher. Then, the researcher
explained the format of the ROC-CI and asked the students
to express what came to their minds when solving a
question (think aloud). Specifically, students were asked
to read each question aloud and to explain their thoughts
about it and why they would or would not choose each
answer option. As the student solved the test question by
question and thought aloud, the researcher asked small
encouraging questions, reminded the student to express out
loud their thinking, and asked for a more elaborate
explanation if the student’s explanation for why they did
or did not choose an answer option was very short,
superficial, or lacking.

2. Results of the student interviews

The student interviews provided very informative
insights into how students understood the items and the
answer options and how they decided between answer
options. The complete interview transcripts can be found in
the Supplemental Material III [31]. Because of space
restrictions, only selected examples can be used in this
section to illustrate the main findings from the student
interviews.
All participants explained their answers to all 16 items

except for participant Ben, who only solved 11 items out of
the test for time reasons (his test lacked Q1, Q2, Q3, Q13,
and Q15). The sample of participants consisted of a good
mixture of high- and low-achieving students when consid-
ering their total scores in the test: while Alexander, Ben,
and Daniel achieved rather low total scores (A: 28%,
B: 18%, D: 31%), Charlotte, Emma, and Fleur scored
rather high (C: 88%, E: 72%, F: 67%). Gabriel scored
mediocre with 44%. This distribution is in line with the
students’ self-reported physics grades (cf. Table III); the
Spearman correlation coefficient of students’ total test
scores and their physics grades was ρ ¼ −0.76, p ¼ 0.049.
The item that was solved correctly by most students was
Q7 (6 out of 7); the item that was solved incorrectly by
most students was Q15 (0 out of 6). Q14 was also
frequently solved correctly (5 out of 7); Q13 was frequently

solved incorrectly (1 out of 6). These results are in line
with the item statistics according to the psychometric
analyses reported above and the experts’ survey answers
described below.
The students’ reasoning for selecting incorrect answer

options matched well with the student difficulties that were
used for creating the distractors during the instrument
development. Likewise, students’ reasonings for selecting
correct answer options matched well with the correct
conceptual ideas that were intended to be represented by
these answer options. Some examples for reasoning regard-
ing incorrect and correct answer options are provided in
Table VII.
A structural analysis of the students’ answer behavior

suggests that the structure which was found and confirmed
with the structural analysis (EFA and CFA) appears here,
again. There are noticeable parallels within the answering
behavior of the students, for example, for items Q12 and
Q14, where 6 out of 7 students chose either the correct
answer option in both items or chose the distractors
corresponding to the same underlying student difficulties
in both items. The same holds true for items Q10 and Q11,
where 5 out of 7 students chose the respective correspond-
ing answer options, and Q5 and Q6 for 4 out of 7 students.
Items Q4 and Q9 were both answered correctly or incor-
rectly consistently by 6 out of 7 students, and the item
cluster of Q8, Q15, Q16, and Q13 was answered correctly
or incorrectly almost consistently by 3 out of 6 students
(when neglecting one of the three correct answers in the
very difficult item Q15).
When looking into the students’ answers for item Q2 in

more detail, it appears again that this item might be
misleading and problematic in how the students interpret
the answer options. They choose the incorrect answer
option A because they “have also drawn something like
this before” (Daniel) and this is “the way [they] always
drew light rays in physics class […] around the light
source” (Charlotte). They say that “the light bulb is the
center point, so to speak, and then it spreads out” (Emma)
and “light is a center point, it spreads out evenly in all
directions” (Gabriel). Gabriel excludes the correct answer
C because “the light comes … the light bulb containing it,
this doesn’t bring the light to the outside, but it is the power
within the light bulb.” These answers suggest that the
students do not see the light bulb as an extended light
source, but as a point light source. They are familiar with
the concept of light bulbs being point light sources and
therefore did not interpret the answer options of this
question correctly. This, again, strengthened the evidence
for removing item Q2 from the ROC-CI.

B. Expert survey

1. Method of the expert survey

The expert survey consisted of a Microsoft Word
document in which the ROC-CI, all questions about the
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ROC-CI, and the corresponding answer fields were
embedded. We asked five experts from the field of physics
education in research and practice (research associates who
work as teachers at the same time) to participate in the expert
survey. They had to solve the test and give reasons for each
of their choices of answer options. Then, they were asked to

evaluate the single items of the test and judge them according
to the criteria of (1) how relevant they were to the middle
school curriculum (curricular or content validity) on a scale
of 1 ¼ not relevant at all to 5 ¼ very relevant, (2) how
suitable they are for the students’ age group or grade (target
group validity) on a scale of 1 ¼ not suited at all to

TABLE VII. Examples for students’ reasoning about why they chose a specific answer option. “CC or SD” stands for “core concept”
or “student difficulty” addressed in the student’s answer.

Item CC or SD Student reasoning

Q3 HV Charlotte (correct): “I would say that the observer can see the duck in D and also in C. I wouldn’t say the same for A
and B, because in B the light does not reach the duck at all; in A it doesn’t either… (unintelligible murmuring)…
so definitely C and D.”

Q5 TB1, TB Alexander (incorrect): “It’s B. Because I have watched an explanatory video and there was also an example like that.
For example, the boy is now upright and on the other side he is… um… upside down… ah…what about D? No
… um… it’s D, because now that I’ve looked again, it’s D because with B it would be left-right-reversed and that
wasn’t the case, so now I’m logging in D.”

Ben (incorrect): “It would then be flipped… um… like in a mirror, so I don’t know why it would be upside down at
all. […] I would simply exclude these [means B and D] because otherwise it would have to be … turned around
… again … somehow. The rays are actually just sent to the other side. That’s why I think it’s C.”

Q8 CS Fleur (correct): “Well, I think that if you were to start from this, for example, from the arrowhead, um, then the rays
would first, the rays would first be refracted on the focal plane and then go downwards and I think that because
the screen is farther away, they have a longer path and therefore they also go lower at some point, because, for
example, if they were to go straight and then be refracted, then they wouldn’t stop at some point and then kind of
go on horizontally, but I think that they simply continue diagonally and, so to speak, the farther back the screen is,
the larger the object, well the image, then.”

Q9 SR Emma (correct): “I would say that it’s B, because um that … um … I think you just can’t see the image anymore if
the screen doesn’t catch the image, but, so, I think that the screen makes it visible, except that it’s still there, just
not in the same place, so that you just can’t see it anymore.”

Q10 DL Daniel (incorrect): “B would be right for me, because the lens would be larger and the object is also in that size and
then the image on the screen is larger as well, because with a smaller lens, the image would also be smaller here.
And because it’s a bigger lens now, I think the image point becomes bigger to the arrow.”

Gabriel (incorrect): “Um, so the rays kind of hit … so the rays are sort of emitted and they arrive at the lenses at
different points. And the topmost and the very lowest are refracted accordingly. And the larger the lens, the further
up and the further down the ray is then refracted and therefore does not arrive at the same place as before, but
further down and further up. And that’s why I would say it gets bigger [chooses B].”

Q11 DL Daniel (incorrect): “That is because of the lens. If it were larger, then the image on the screen would also be larger,
and when it’s smaller, then the image on the screen is also smaller [chooses C].”

Q12 PC1 Ben (incorrect): “D doesn’t make any sense because, for example, if the tip passes through the focal point, it will
bounce off the aperture down here and then be reflected here and wouldn’t even reach the lens. E seems
reasonable, because for example, here, where the arrow kinda stops, it still passes through, no problem, and can
also still be reflected and then arrive at the back. […] That [pointing to C] would also make no sense, because then
it is more or less the same as if there were no lens at all, that this would simply be an image of an arrow behind it,
or that there is the lens in the middle, then the whole thing is refracted again and then taken apart again, so to
speak. And that’s why I would say E, because for example here the tip doesn’t fit through the pinhole and is then
deflected. So, example here below, that a part passes through the aperture again and then arrives down there.”

Daniel (incorrect): “I think that A and D, so that A is wrong, that you don’t see anything, because you could see
something for sure. And that D is also wrong, because it can’t actually remain unchanged. Something has to
change there. I also don’t think that the image becomes fainter. I simply think that the image … you only see the
middle part and cannot see the arrow, that the edges are cut off.”

Interviewer: “Then the question is, cut off as in C or as in E?”
Daniel: “I think it would be … Fifty, fifty, E.”
Interviewer: “What would be your reasoning?”
Daniel: “Mmh. Because it could also be enlarged by the lens, the middle part.”
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5 ¼ very suited, and (3) for which learner level in the target
group they would suggest the item (i.e., how difficult they
rate the item) on a scale of 1 ¼ learner level below average,
2 ¼ learner level is average, and 3 ¼ learner level above
average. The experts were also asked to provide their brief
reasoning for their judgment of each item. After rating all 16
items individually, the experts were asked to judge the
overall suitability of the test, again on the scale of 1 ¼ not
suited at all to 5 ¼ very suited and they were again asked
for their brief reasoning for their judgment.

2. Results of the expert survey

The experts’ ratings for the single items and the test in total
for the three categories of interest are shown in Table VIII.
The experts’ written reasoning and evaluations about the
items can be found in the Supplemental Material IV [31].
The experts’ reasoning for choosing the correct answer

confirmed the reasoning that was intended when the items
were created. All items show a good rating for relevance
(4.0 or higher), except for item Q12, which was rated with
3.6 on average. For this item, the experts either strongly
supported Q12’s relevance (two experts rated it with 5, one
with 4) or judged it as not relevant (two experts rated it
with 2). The reasons for rating the item with 2 were: “The
question presupposes a deeper understanding of the visual
process and the formation of the image (since, for example,
it is no longer possible to draw in the focal ray)” and
“I consider the combination of pinhole and converging
lens to be of little relevance.” The reasons for rating the
item with 4 or 5 were, for example, “Difficult question,

but very relevant. Requires deeper understanding of the
topic” and “This question is very relevant to evaluate the
understanding of how an object is imaged through a lens.”
According to all experts, this item requires deeper under-
standing. Therefore, the critical question is whether this
deeper understanding is relevant; we answered with “yes”
for this test and therefore kept item Q12 in the test.
All items were rated well suited (4.0 or higher), except

for items Q2 (rated 3.25 on average) and Q6 (rated 3.8 on
average). Item Q2 was rated as suited (4 and 5) by two
experts; one expert rated it with 3, and one expert with 1.
The expert rating the item as “undecided” in suitability
reasoned: “I find the item difficult to assess. From text-
books, etc., one would always assume a point light source
and therefore prefer A as the answer. It therefore also
depends somewhat on the light source assumed.” The
expert rating the item with 1 reasoned: “A and C prob-
lematic. To solve this item correctly, an extended, diffuse
light source MUST be taught. Otherwise, it is not possible
to distinguish whether the lamp is only symbolic, like in the
majority of sketches in class (in which case, answer A
would clearly be correct). Also, it is not clear if the inside of
the lamp absorbs, as in the case of the sun, in which case A
could also be considered correct. Third, the projection from
3D to 2D could lead to confusion. Do the rays in C go to the
inside of the lamp or pass it?” The expert rating with 4 still
commented: “I find the illustration difficult because it
neglects the internal structure of the bulb.” Only the expert
who rated the item with 5 wrote: “If an object is imaged by
a converging lens onto a screen, the object can be perceived
as an extended light source. This is important for the

TABLE VIII. Means and standard deviations of the experts’ ratings for the single items and for the test in total. Item difficulty was
taken from the quantitative analyses and is displayed for easier comparison with the learner’s level.

Item Core concept Relevance [1:5]a Suitability [1:5]a Learner’s level [1:3]b Item difficulty [0:1]c

Q1 LP 4.4 (0.5) 4.0 (0.6) 1.9 (0.7) 0.62
Q2d LS 4.5 (0.9) 3.25 (1.5) 2.0 (0.7) 0.43
Q3d HV 5.0 (0.0) 4.25 (0.8) 2.1 (0.2) 0.71
Q4 RP 5.0 (0.0) 4.8 (0.4) 1.9 (0.5) 0.67
Q5d TB 4.8 (0.4) 4.5 (0.5) 2.1 (0.7) 0.62
Q6 TB 4.4 (0.8) 3.8 (0.7) 2.3 (0.7) 0.73
Q7 PI 4.8 (0.4) 4.2 (0.7) 2.1 (0.7) 0.87
Q8 CS 4.8 (0.4) 4.6 (0.5) 2.5 (0.4) 0.57
Q9 SR 4.4 (0.5) 4.6 (0.5) 2.3 (0.7) 0.67
Q10 DL 4.4 (1.2) 4.0 (0.9) 2.1 (0.7) 0.62
Q11 DL 4.4 (1.2) 4.0 (0.9) 2.1 (0.7) 0.62
Q12 PC 3.6 (1.4) 4.2 (0.7) 2.6 (0.5) 0.45
Q13d OL 4.5 (0.9) 4.3 (0.8) 2.4 (0.4) 0.33
Q14 PC 4.2 (1.2) 4.4 (0.8) 2.6 (0.5) 0.78
Q15 RM 4.0 (1.5) 4.2 (0.7) 2.8 (0.4) 0.28
Q16 VI 4.4 (0.8) 4.4 (0.8) 2.0 (0.9) 0.39
Test in total All concepts n=a 4.2 (0.4) n=a n=a

aRelevance and suitability were indicated on a scale of 1 ¼ strong disagreement, 2 ¼ disagreement, 3 ¼ undecided,
4 ¼ agreement, and 5 ¼ strong agreement.

bLearner’s level was indicated on a scale of 1 ¼ below average, 2 ¼ average, and 3 ¼ above average.
cItem difficulty was indicated by 0 ¼ low solving probability, 1 ¼ high solving probability.
dThese items were each answered incorrectly by one of the experts, whose ratings were therefore excluded from the summary.

SALOME WÖRNER et al. PHYS. REV. PHYS. EDUC. RES. 18, 020131 (2022)

020131-18



basic understanding of the construction of ray paths.”
The experts’ concerns about item Q2 were also echoed
frequently by the teachers of the classes participating in the
pre-post assessment for the psychometric analyses of the
test and also occurred in the student interviews. This, again,
supports the argument to remove item Q2 from the test.
Item Q6 was criticized by the experts mostly because of

its similarity to item Q5; however, it was described to be
more abstract than Q5 by the experts. Therefore, to keep the
differentiation of abstraction within the conceptual idea
represented in items Q5 and Q6, we decided to keep item
Q6 in the test.
The questions’ difficulties, indicated by the rating of

learner’s level(s), seem to be appropriate according to the
experts. The difficulty rating showed values between 1.9
and 2.8, with nine items between 1.9 and 2.1, indicating
average learner’s level(s). The items related to higher lear-
ner’s levels (item Q15, Q12, Q8, and Q13) also showed
higher difficulty in the psychometric analyses of the test,
with item Q15 appropriately evaluated as the most difficult
item. Only items Q2 and Q16 were rated as easier by the
experts compared to the difficulty shown in the psychometric
analyses, and item Q14 was rated as more difficult than it
turned out in the psychometric analyses.

VI. DISCUSSION, LIMITATIONS, AND OUTLOOK

A. Discussion

In this paper, we describe the development and validation
process of the ROC-CI.We collected evidence for the degree
towhich this test instrument can complywith the three claims
for concept inventories presented in the introduction. These
claims were that a CI can assess (i) the overall understanding
of all concepts within the test, (ii) the understanding of
specific concepts, and (iii) students’ propensity for difficul-
ties within this topic [9].
There are eight facts that support claim (i) (measuring the

overall understanding of the concepts): First, the distractor
analyses show that the distractors were chosen by the
students much less often in the post-test than in the pretest.
Second, the analyses according to classical test theory after
removing item Q2 show “good” values for the item statis-
tics difficulty and discrimination, an “average” value for
Cronbach’s alpha of the total score, and “excellent” values
for Cronbach’s alpha-with-item-deleted, according to the
categorical judgment scheme by Jorion and colleagues [9].
However, the fact thatCronbach’s alpha of the total scorewas
average is not surprising for a test instrument that consists of
multiple subscales [9]. Third, analyses according to item
response theory revealed an “excellent” for the individual
item measures of the test, because all items fit the model [9].
Fourth, the test scores are normally distributed in both pre-
and post-test and a clear shift from the pretest to the post-test
total scores distribution can be observed. Fifth, the students’
post- and follow-up test scores show a good correlation to

their general physics performance (measured in physics
grades). Students’ physics grades are very likely an indicator
of their overall conceptual understanding in physics, thereby
also attesting to the criterion validity of the test. Sixth, the
test-retest reliability of post- and follow-up testwasmoderate
and higher than the test-retest reliability of pre- and post-test.
Concepts can change due to instruction (pre-post), but if not
further addressed, they can be considered rather stable
constructs (post-follow-up). Still, it is not known what
happened in between the two test points of post-test and
follow-up test. Perhaps more teaching about converging
lenses or optics took place and slightlymodified the students’
conceptual understanding of the topic assessed in the ROC-
CI, or maybe students simply forgot about the topic over
time. This can explain why the test-retest reliability of the
post- and follow-up test is onlymedium. Seventh, the student
interviews suggest that the test is able to assess the overall
understanding of all concepts within this topic, suggested by
the good correlation of students’ performances in the test and
their physics grades. Eighth, the experts’ ratings suggest that
the single items are highly relevant for this topic and the
single items as well as the overall test are well-suited for
assessing middle school students’ conceptual understanding
of image formation by converging lenses.
Moreover, there are four facts that support claim

(ii) (adequately measuring the understanding of specific
concepts): First, concerning the structural analyses, we
found in the exploratory factor analysis that the explora-
tory factor constructs also conformed very well to the
subscales we used for the test development. This can be
rated “excellent,” according to Jorion and colleagues [9].
Second, the confirmatory factor analysis showed “good”
values for item loading and “excellent” values for the
comparative fit index and the root-mean-square error
approximation. Third, the subscale Cronbach’s alpha val-
ues can be considered good according to the circumstances
of small subscales. Therefore, these subscales show good
reliability in measuring the conceptual understanding of the
respective core concepts. Fourth, the student interviews,
especially the findings about the structures in students’
answer choices and argumentations that fit very well to the
previously detected factor structures, suggest that the test
can measure the understanding of single concepts, as well.
Furthermore, there are three facts that support claim

(iii) (detecting students’ propensity for difficulties): First,
the distractor analysis showed that all distractors seem to be
fair alternatives to the correct answer options, especially in
the pretest, indicating that the students’ difficulties we
intentionally built into the distractors work well and are a
good indicator of whether this specific difficulty is pos-
sessed by the respective student. The fact that students
tended to select the correct answer options after they were
taught about converging lenses supports, again, that the
ROC-CI can measure students’ difficulties, because these
difficulties should be decreased after instruction about the
topic. Second, the good fit of the underlying core concepts

DEVELOPMENT AND VALIDATION OF THE … PHYS. REV. PHYS. EDUC. RES. 18, 020131 (2022)

020131-19



with related student difficulties and the structural model
detected in the structural analyses suggests that this test
instrument can evaluate students’ difficulties well. Third, in
the student interviews, students’ reasonings about why they
chose a distractor based on the underlying students’
difficulty provided detailed insights into their actual con-
ceptual understanding and their erroneous conceptions.
Here, students’ answers indicate that the test can detect
students’ propensity for difficulties.
All in all, this combined evidence attests to a good

validity of the ROC-CI, if item Q2 is removed from the test.
As this item is not immediately relevant contentwise, as it
does not include a conceptual idea about a converging lens,
but rather about light propagation, this basic item can be
removed without the need to replace it.

B. Limitations

As the ROC-CI was developed as a parsimonious one-
tier instrument to be used in schools and research settings,
we cannot directly assess students’ response confidence
and their explanation for selecting the respective answer
option. If such information is important to the teacher or
evaluator, the additional tiers can, of course, be added to the
single test items.
Moreover, the ROC-CI is a multiple-choice test, which,

among the advantages of this format, also highlights the
shortcoming that students cannot indicate their actual
thoughts in open answers; they can only choose from
the given answer options. Students’ underlying reasonings
for answers and their underlying conceptions can, there-
fore, not been assessed in the same way as with open
answer tests or in interview situations.
Additionally, the differences in test administration

should be mentioned at this point; pre- and post-tests were
administered in-person, but the follow-up tests were
administered via an online setting. It is not clear whether
these different test settings might have had an influence on
students when they solved the test. However, we do not
expect differences, given the good test-retest reliability of
post-test and follow-up test, the similarities of answer
choices in post- and follow-up tests, and the similar
duration of the tests when students took them.
An additional weakness of the test is based on the

partial credit model we used to score students’ answers: If
students chose all answer options in all items, they would
theoretically get partial credit for them all. However, this was
not the case for a single student participating in one of our
tests. Even selecting all answer options for a single item
occurred rarely in our sample. If this occurs, test admin-
istrators can still decide whether this might be a systematic
method to collect partial credit points in the test and score the
items answered in this manner with 0 points, or whether the
student might actually have perceived all answer options as
correct and, therefore, correctly gets the partial credit.

Moreover, the partial credit model used for scoring
students’ tests makes items with more than one correct
answer optionmore difficult than itemswith only one correct
answer option. This could be one reason why item Q15 was
so difficult for students.However, itemQ3 showed amedium
difficulty. One solution to these shortcomings of the partial
credit model could be to transform the ROC-CI into a
dichotomous test instrument by cutting one of item Q3’s
correct answer options and making multiple items out of the
initial item Q15 with only one correct answer within each.
This might be subject to further analyses of the test instru-
ment. However, we want to emphasize at this point that we
intentionally announced to students that each itemcouldhave
multiple answer options to encourage them not to rush over
the test, but to properly read all presented answer options and
to considerwhethermultiple suggested answer options could
be correct in their perception.

C. Outlook

Overall, the 15-item version of the ROC-CI can be
recommended as a valid and comprehensive test instrument
to assess middle school students’ understanding of image
formation by a converging lens. It can be used as a formative
or summative assessment in school or in research settings.
Concept inventories are always subject to development,
further improvement, and change [9], as is the ROC-CI;
further implementation of the ROC-CI, further discussion
with experts, and more data of students’ answers can help, in
the future, to eventually improve the items and their answer
options even more. For instance, the ROC-CI could be
transformed into a dichotomous test instrument, as suggested
in the limitations, and the potential of this transformation for
improving the ROC-CI as a test instrument could be
evaluated. Moreover, as the items are constructed with
multiple external representations (i.e., texts and pictures),
more process-related analyses of the items would be inter-
esting, for example, investigating the information selection
and information integration processes of this item format via
eye tracking. In this context, the interplay of students’
representational competence [37] and their understanding
of the test items might also give new insights into how the
ROC-CI can best be used to assess students’ conceptual
understanding of image formation by converging lenses.
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APPENDIX: EXTENDED INFORMATION ON TEST DEVELOPMENT

Table IX gives a detailed overview of the format of all ROC-CI items. The items’ designs with text and picture are
specified, as well as the number of answer options per item. Additionally, the correct answers of each item are listed, thereby
indicating the number of correct answers for each question.
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